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INTRODUCTION 

The  c h e m i s t r y  o f  me ta l  c o m p l e x e s  fea tur ing  a lkyne  and  a lkynyl  (acetyl ide)  li- 
gands  has  b e e n  an area o f  i m m e n s e  in teres t  for  decades .  E v e n  the  s imples t  exam-  
ples  o f  these,  the  m o n o n u c l e a r  me ta l  ace ty l ide  c o m p l e x e s  LnMC----CR, are now 
so n u m e r o u s  and  the  ex ten t  o f  the i r  reac t ion  chemis t ry  is so d iverse  as to defy  
effor ts  at a c o m p r e h e n s i v e  review. 1-3 The  ut i l i ty o f  these  c o m p l e x e s  is wel l  docu-  
mented .  S o m e  meta l  a lkynyl  c o m p l e x e s  have  b e e n  used  as i n t e rmed ia t e s  in prepar-  
at ive organic  chemis t ry  and  toge the r  wi th  der ived  po lymer i c  mater ia ls ,  m a n y  have  
useful  phys ica l  p roper t i es  i nc lud ing  l iquid  c rys ta l l in i ty  4-6 and  n o n l i n e a r  opt ica l  
behaviour .  7 The  s t ructural  p roper t i es  o f  the M--C--=C moie ty  have  been  used  in 
the  cons t ruc t ion  o f  r e m a r k a b l e  s up r am o l ecu l a r  a rch i tec tures  b a s e d  u p o n  squares ,  
boxes ,  and  o ther  g e o m e t r i e s )  
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Coordination of metal centers to the alkyne n-system has led to the development 
of alkyne protecting group strategies 9 and to the stabilization of reactive interme- 
diates such as propargylium ions.l° The geometrical and electronic reorganization 
of the alkyne which occurs following complexation has resulted in new synthetic 
strategies, like the Pauson-Khand reaction.11 The multifaceted coordination modes 
available to alkynes through combinations of a and Jr bonding, coupled with the 
propensity to bridge two or more metal atoms, have led to a plethora of polynuclear 
and cluster compounds. 

The presence of multiple C--C moieties in di- and poly-ynes hints at a vast 
potential for expansion of this chemistry. Recent developments in the chemistry 
and material properties of these complexes have led to a surge of interest in the 
chemistry of these highly unsaturated ligands. Some of these results have been the 
subject of several recent short reviews and highlight articles. 12-14 

Poly-ynyl moieties linking a variety of redox-active metal centers are also effi- 
cient carriers of electronic charge.15-17 The potential of these systems to function 
as "molecular wires 'q8-21 and rectifiers 22'23 prompted many investigations. 24-33 
In a recent review of the role of the Fe(dppe)Cp* fragment in such complexes, 
it was concluded that the terminal metal-ligand fragments play a crucial role in 
determining the degree of electronic communication along the wire. 34 Long-range 
photo-induced electron transfer in several oligomeric alkyne complexes has been 
demonstrated. 35-37 

Introduction of two or more terminal diyne units, either at a metal center or, 
for example, on an 0-ring complex, leads to the possibility of generating metal- 
containing polymers. Many examples of such polymers derived from alkynes have 
been described, but studies of similar systems derived from di- or poly-ynes are in 
their infancy. 37,38 The role of transition metals in polymeric 7r-conjugated organic 
frameworks, including organometallic a-alkynyl polymers and polymeric sys- 
tems containing Jr-bonded metal-ligand fragments has recently been reviewed. 38 
Further development of the chemistry of a-ethynyl, a-diynyl, a-poly-ynyl, and 
ethynyl-substituted 0-C4, C5 or C6 ligand-metal complexes should also afford 
novel molecular architectures, including linear, star-shaped, and spherical 
aggregates. 4°-53 

The presence of multiple C----C moieties affords the potential to assemble novel 
arrays of metal centers by combinations of a-  and ~r-bonding interactions. 54-57 
However, examples of multimetallic complexes containing poly-yne and poly- 
yndiyl ligands are limited, although preliminary reports suggest that there is much 
scope for the preparation of new structural types. 

In this article we have tried to draw together a comprehensive review of this 
area and in general, when discussing the various complexes that have been re- 
ported, we take a Periodic Group approach. Complexes with a-bonded diynyl 
and poly-ynyl ligands are presented, together with a description of their reaction 



74 PAUL J. LOW AND MICHAEL I. BRUCE 

chemistry and routine spectroscopic properties, followed by a description of the 
various rTZ-bonded systems featuring one or more metal centers. Experimental 
and theoretical work leading to a description of the MC- and CC-bonding in- 
teractions in di- and poly-ynyl systems is presented in Section X.D. Numerous 
reactions of diynes and poly-ynes with metal species that lead to products dis- 
tinct from those previously discussed are described in Section VII, as are C--C 
bond forming reactions which lead to poly-ynes. Other ligands containing diynyl 
groups are summarized in Section IX. The preparative chemistry and electronic 
structures (where possible) of metalladiynes are addressed (Section XI), and a 
survey of novel materials obtained from diyne complexes completes the review. 
Even given the relatively recent surge in interest in these poly-yne complexes, we 
have found it necessary to be selective in our coverage, which extends to the end 
of 1999. 

II 

DIYNYL COMPLEXES, M{(C--=C)2R},, (n = 1, 2) 

A. Syn~e~ Me~o~ 

While in principle diynyl complexes may be formed either by reactions of 
preformed diyne reagents with metal centers or via coupling reactions of metal 
alkynyls with other alkynyl reagents, only the first procedure has been explored in 
any depth to date. The latter route is more commonly used to prepare longer chain 
analogues (see following). The key step in the preparative methods is therefore the 
formation of the bond between the metal center and the poly-yne ligand. There 
are several successful synthetic approaches which are generally comparable with 
those used to prepare the analogous alkynyl complexes. However, the thermal 
sensitivity of some 1,3-diynes may limit the application of some of the traditional 
methods. 

Examples of diynyl complexes featuring elements from most groups of the tran- 
sition metals are now known. Table I summarizes the diynyl complexes known to 
us at the end of 1999, and provides an indication of the preparative method em- 
ployed for individual complexes. The most widely utilized preparative methods are 
(a) reactions of diyne anions with metal-halide complexes (Method A), (b) Cu(I)- 
catalyzed reactions of 1,3-diynes with metal-halide complexes (Method B), 
(c) oxidative addition of 1,3-diynes to suitable electron-deficient metal complexes 
(Method C), (d) metal exchange and coupling reactions involving Group 14 diynyl 
reagents (Method D), (e) deprotonation of alkyne or vinylidene intermediates 
(Method E). These methodologies will be discussed in turn, followed by a de- 
scription of the various applications by Group. 
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T A B L E  I 

TRANSITION METAL DIYNYL COMPLEXES { L n M }  ( C ~ C C ~ C R ) n  

Synthetic 
MLx R n Method a v (C~C)  3C(J) b Co, C 0, C v, C~ Reference 

TiClCpSi 2 Et 1 A 2193 m, 2032 vs 136.0, 121.7, 90.2, 65.8 98 
TiC1CpSi2 Fc 1 A 2175, 2028 143.4, 117.5, 87.2, 66.0 97 
Ti(C~CRc)CpSi2 Fc 1 A 2173, 2058, 2023 n.d. 97 
Ti(C~CFc)CpSi2 Fc 1 A 2173, 2054, 2024 147.2, 116.5, 86.7, 66.2 97 
TiCpz Fc 2 A 2172, 2021 n.d. 97 
TiCpSi z Fc 2 A 2171, 2021 149.4, 119.7, 89.5, 66.0 97 
TiCpSi 2 FC; Rc 2 A 2173, 2021 n.d. 97 
TiCpSi2 SiMe3 2 A 2001 s, 1994 vs 143.1, 118.2, 96.3, 88.6 97, 99 
TiCpSi2 Et 2 A 2189 m, 2023 s 141.3,118.3,92.5,65.8 98,99 
Zr{2-N(SiMe3)-4- SiMe3 1 A n.d. 143.6, 92.2, 90.4, 80.6 100 

MeCsH4N}3 
Cr(CO)5 C(NEt2)C(Me)~--- l F 2149 w, 2000 w 175.3,102.2/94.7/87.3 102 

C(NMe2)2 or 55.8 
Cr(CO)5 C(NMe2)2 1 A 2140 w, 1998 w 174.1,99.5/95.7/49.6 101 
Mo(CO)(dppe)Cp SiMe3 1 A 2185 w, 2065 w 137.0 (JcP 32), 107 

100.2/87.9/70.5 
Mo(CO)(dppe)Cp H 1 B, G 1981 w, 1968 w 136.7 (Jcr, 21), 107 

94.5/71.9/59.9 
Mo(CO)3Cp H 1 B 2145 m 110.46, 87.25, 70.27, 104, 109 

62.10 
Mo(CO)2(CTHT) SiMe 3 1 A 2117, 2161 114.2, 95.9, 90.8, 74.8 108 
Mo(CO)2(C7H7) H 1 A, G 2127 111.6, 94.4, 71.1, 57.1 108 
Mo(CO)(PMe3) H 1 A 2114 125.6 (Jcv 26.2), 93.7, 71.7 108 

(0-C7H7) (Jcr, 4.4 Hz), 56.2 (JcP 2.5) 
Mo(CO)3Cp Ph 1 H 2183 m 110.92, C~ n.d., 104 

76.42/72.59 
W(O)zCp* Ph 1 I n.d. n.d. 112,257 
W(O2)OCp* Ph 1 I n.d. n.d. 112, 257 
W(CO)3Cp* Ph 1 B n.d. n.d. 106, 112 
W(CO)3Cp H 1 B 2145 m 110.52, 71.60 (Jcw 88), 104 

70.13 (Jcr, 94), 63.30 
W(CO)3Cp SiMe3 1 J 2174 w, 2127 w 111.74, 110.86, 90.04, 104 

73.59 
W(CO)3Cp P(O)Ph2 1 J 2138 m 110~57 (Jcw 16), 91.32; Cv, 104 

C~ n.d. 
W(CO)3Cp Ph 1 H 2183 m, 2059 m 111.03 (Jcw 22); Ct~ n.d.; 104 

76.19/73.78 
W(CO)3Cp C6H4Me-4 1 H 2180 m n.d. 104 
W(CO)3Cp C6H4OMe-4 1 H 2174 w n.d. 104 
W(CO)3Cp C6H4CO2Me-4 1 H 2179 m n.d. 104 
cis-W(CO)2(PPh3)Cp Ph 1 I 2172 m 113.27 (Jcw 8), 100.14, 104 

72.75/72.2 
W(CO)5 C(NEt2)C(Me)~ 1 F 2148 w, 2001 w 175.2, 102.5/93.9/87.4 102 

C(NMe2)z or 58.3 
W(CO)5 C(NMe2)2 1 A 2140 w, 1999 w 153.8 (Jcw 102.6), 94.6 101 

(Jcw 25.6), 99.5/52.1 
Re(NO)(PPh3)Cp* SiMe3 1 E 2119 m, 2097 m 105.8 (JcP 15.9), 112.3, 87 

93.5 (JcP 2.7), 80.6 

(continued) 



76 PAUL J. LOW AND MICHAEL I. BRUCE 

TABLE l (continued) 

Synthetic 
ML~ R n Method a v(C--~C) c~C(J) b Ca, C~, Cy, Ca Reference 

Re(NO)(PPh3)Cp* H 1 G 2113 s, 1975 w 102.1 (JcP 15.9), 110.8, 87 
72.4, 65.2 

Re(NO)(PPha)Cp* Me I J 2194 m, 2029 m 96.8 (JcP 17.3), 111.6, 31, 87 
69.1 (JcP 3.1), 71.9 

Re(NO)(PPh3)Cp* Cu 1 J n.d. n.d. 144 
Re(NO)(PPh3)Cp* C(OMe)=[Mn 1 J 2057 m, 2046 m 167.1 (JcP 14.8), 31, 114 

(CO)~(0-C5Cl5)] 127.4/116.3/82.4 
Re(NO)(PPh3)Cp* C(OMe)-~-[Mn 1 J 2054 m 169.7 (Jcp 11.4), 31 

(CO)2(~-C5Br5)] 127.6/116.7/82.6 
Re(NO)(PPha)Cp* C(OMe)-.=[Mn 1 J 2064 m 155.6 (JcP 15.3), 118.3 31 

(CO)2(r/-CsH4CI)] 
Re(NO)(PPh3)Cp* C(OMe)=[Fe(CO)4] 1 J 2018 vs 183.6 (JcP 14.1), 31 

127.4/l 19.6/88.1 
Re(CO)3(But2bpy) H 1 A n.d. n.d. 80 
Re(CO)3(But2bpy) Ph 1 A n.d. n.d. 80 
Fe(CO)2(~-CgH7) Bu n 1 A n.d. n.d. 555 
Fe(CO)[P(OMe3)]Cp Bu n 1 I n.d. n.d. 555 
Fe(CO)2Cp* SiMe3 1 A 2171 w, 2120 w 106.3, 96.5, 94.7, 69.5 27 
Fe(CO)2(0-CsPhs) SiMe3 I A 2185 s, 2129 s 99.8, 99.4, 92.6, 71.1 27 
Fe(dppe)Cp* SiMe3 1 1 2165 w, 2090 s, 142.2 (Jcr, 38), 102.3 27 

1980 m (Jcp 2), 96.2 (JcP 3), 64.7 
Fe(CO)2Cp* H 1 G 2142 m 102.9, 95.0 (JcH 6), 73.4 27 

(Jcn 51), 54.1 (Jcn 216) 
Fe(CO)2(o-CsPhs) H 1 G 2141 w 94.1, 99.7 (JcH 5), 72.8 27 

(Jell 51), 55.9 (Jcn 259) 
Fe(dppe)Cp* H 1 G 2099 s, 1958 w 136.6 (JcP 38), 100.7 (JcH 5), 27 

75.1 (Jca 50, Jct, 3), 
50.5 (JcH 248) 

Fe(CO)2Cp SiMe3 1 A n.d. n.d. 24, 148 
Fe(CO)2Cp nBu 1 D 2203 vw 97.4/83.8/67.9/67.1 (n.a.) 148 
Fe(CO)2Cp Ph 1 D 2184 m 97.3/96.2/77.3/64.8 (n.a.) 148 
Fe(CO)(PPh3)Cp SiMe3 1 I n.d. n.d. 24, 148 
Fe(CO)2Cp H 1 B, G 2174 w, 2127 w 96.80, 89.85, 70.88, 24, 83, 104, 

54.35 (n.a.) 157, 505 

Fe(CO)2Cp* SiMe3 1 A 2178, 2125 n.d. 115 
Fe(CO)2Cp* H 1 G 2141 106.4, 92.8 (Jcr~ 7), 71.9 115 

(Jcrt 50), 53.5 (Jcr1252), 
Fe(CO)2Cp C(NMe2)W(CO)5 1 A 2140 w, 2055 w 128.52, 97.66, 118.65, 66 

66.17 
Fe(CO)(PPh3)Cp H 1 I 2170 w 109.4 (Jcp 39.4), 99.1, 24 

72.1, 54.3 
Ru(PPh3)2Cp H 1 A i971 m 116.4 (Jce 24.6), 94.4/73.9, 62 

128.4 
Ru(PPh3)2Cp Ph 1 E 2162 s, 2025 s 80.47 (JcP 11.0), 119 

102.40/95.64/62.87 
Ru(CO)2Cp C(NMe2)= 1 D 2145 w, 2060 w 119.24, 92.30, 117.99, 66 

[W(CO)5] 67.81 
trans-RuCl(dppe)e Ph 1 E 2154, 2018 131.67 (JcP 15), 81.22 95 

(JcP 2), 62.73 (JcP 1), 95.53 
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T A B L E  I (continued) 

Synthetic 
MLx R n Method a v (C~C)  3C(J) b C,, C~, C×, Cs Reference 

trans-RuCl(dppe)2 Fc 1 E 2163 s, 2018 s n.d. 123 
trans-Ru(dppe)2 Fc 2 E 2171 s, 2017 s nA. 123 
trans- Fc 1 E 2169 s, 2063 s, 133.6 (JcP 15), 98.8, 76.7, 123 

Ru(C~---CFc)(dppe)2 2024 s 69.6 
trans- Ru(C~C Fc 1 E 2170 s, 2052 s, 129.7 (Jcl, 15), 119.4 123 

C6HaNO2-4)(dppe)z 2026 s (Jcp 4), 100.6, 62.0 
cis-Ru(dppm)2 SiMe3 2 A 2108 s 97.05/95.05/69.71 122 
trans-Ru(dppm)2 SiMe3 2 A 2107 s 98.22/95.63/67.99 122 
trans-RuCl(dppm)2 SiMe3 1 A 2107 s 96.11/95.95/67.11 122 
trans-RuCl(dppm)2 CPh2(OSiMe3) 1 D, E 2176 s, 2024 s 125.97 (JcP 15.1), 93.48, 85, 86 

80.24/63.79 
trans-Ru(dppm)2 CPh2(OSiMe3) 2 E 2175 s, 2020 s 131.18 (JcP 15.2), 96.42, 85, 86 

80.27/64.96 
trans- CPh2(OSiMe3) 1 E 2178 s, 2077 m, 132.91 (JcP 14.4), 96.26, 125 

Ru(C~CPh)(dppm)2 2028 m 80.52/64.55 
trans- CPh2(OSiMe3) 1 E 2175 s, 2098 m, C~n.d., 95.25 (Jcl, 1.2), 125 

Ru(C~CBu)(dppm)2 2020 m 80.81/63.71 
trans-RuCl(dppe)2 CPh2(OSiMe3) 1 E 2177 s, 2029 s 127.10 (Jo'  15.2), 94.07, 124 

79.90, 68.03 
Ru(CO)2(PEt3)2 SiMe3 2 A 2165 m, 2121 m 103.9 (JcP 12.5), 93.2, 117, 118 

92.4, 70.8 
Ru(CO)2(PEt3)2 H 2 G 2137 m 101.3 (JeP 12.0), 91.7, 117, 118 

72.1, 54.5 
RuCl(PMe3)(rl 6- CPh2OSiMe 3 1 E 2186 s, 2035 m 121.11 (JcP 39.5), 89, 90, 120 

C6Me6) 86.38/78.26/76.75 
RuCI(PMe2Ph)(r/6- CPh2OSiMe 3 1 E 2185 s, 2033 m 121.11 (Jcp 39.5), 78.40 89, 90, 120 

C6Me6) (JcP 3.6), 86.73/76.80 
RuCI(PMePh2)(~ 6- CPh2OSiMe3 1 E 2189 s, 2038 m 120.22 (JcP 37.2), 78.30 120 

C6Me6) (JcP 3), 87.83/76.68 
RuCl(PMePh2)(rt 6- [C(C6H4NMe2- 1 E 2085, 1996 180.11 (JcP 36.1), 121.15 89 

C6Me6) 4)2] + (Jcp 3), 100.13, 76.98 
OsHCI(pipr3)2 CPh2OH 1 C 2059 80.7 (JcP 11.0), 104.1, 557 

78.5/75.0/74.5 
RhHCI(PPri3)2 CPh2OSiMe3 1 C 2187 s, 2041 s 109.76 (JrchC 50.9, JcP 127 

16.5), 88.24 (Jr~¢ 11.4, 
JcP 2.2), 78.80 (JRhC 3.8, 
JcP 1.9), 77.17 

RhHCl(py)(PPri3)z CPh2OSiMe3 1 I 2187 s, 2041 s 109.76 (JcRh 50.9, JcP 127 
16.5), 88.24 (JcRh 11.4 
JcP 2.2), 78.80 (JeRh 3.8, 
Jcp 1.9), 77.17 

Rh(CO)(pPri3)2 SiMe3 1 D 2150, 2105 121.25 (JcRh 43.3, JCP 126 
22.1), 103.0 (JRhc 13.1, 
JcJ' 2.5), 93.2/77.2 

Rh(CO)(PPr~3)2 Ph 1 I 2150 126.33 (JcRh 43.4, Jc,,, 21.6), 71 
102.22 (JcRh 12.7, 
Jcr, 3.2), 79.15, 71.95 
(Jcp 2.1) 

RhH(CO)(pPri3)2 Ph 2 1 n.d. n.d. 71 
RhH(py)(pPri3)2 Ph 2 I 2140, 2010 n.d. 71 

(continued) 
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T A B L E  I ( con t inued )  

Synthetic 
MLx R n Method" v(C~C)  ~C(J) b C=, C~, Cr, C~ Reference 

RhH(PPri3)2 Ph 
RhHCI(Ppri3)2 Ph 
RhHCl(py)(pPri3)2 Ph 
IrHCI(Ppri)2 SiMe3 

lrHCl(py)(pPri)2 SiMe3 

IrHCI(Ppri)2 CPh2OH 

IrHCl(py)(pPri)2 CPh2OH 
Ni(PPh3)Cp H 

Ni(PEt3)2 H 
trans-Ni(PBu3)2 H 
trans-Ni(PEt3)2 Me 
trans-Pd(PBu3)2 H 
trans-Pt(PEt3)2 Me 
trans-Pt(PEt3)2 SiMe 3 

trans-Pt(PEt3)2 H 
trans-Pt(tol){P(tol)3}2 H 

trans-Pt(tol)(PPh3)2 H 
cis-Pt(PBu3)2 H 
trans-Pt(PBu3)2 H 

trans-Pt(PBu3)2 

Pt(dppe) 
Pt(dcype) 
Pt(dcype) 

Pt(PMe2Ph)2 
Pt(dppp) 
Pt(PEt3)2 
P~(dppe) 
Pt(dppe) 
Pt(dppe) 
Pt(dppe) 
Pt(dppe) 
Cu 
Cu 

SiMe3 

H 
SiMe3 
H 

Ph 
H 
H 
Me 
H, SiMe3 
H, Au(PPh3) 
SiMe3 
Ph 
Me 
SiMe3 

2 C, E 2140, 20•0 n.d. 71 
1 C n.d. n.d. 71 
1 I 2165, 2050 n.d. 71 
1 L 2180,2110 80.0 (Jcp 11.2), 79 

94.4/92.5, 75.5 
1 I 2180, 2115 85.l (JcP 11.4), 95.6, 79 

85.0/7 1.4 
1 L 2180, 2020 82.65 (Jcp 11.3), 76.68 72 

(Jcp 1.8), 89.86 (Jcv 1.2), 
72.56 or 65.67 

1 I 2188, 2043 n.d. 72 
1 A,B 2138 85.9 (Jcp 44), 71.5 (Jcp 3), 128, 129 

99.5, 66.1 
2 A n.d. n.d. 65 
2 B n.d. n.d. 132 
2 A n.d. n.d. 65 
2 A n.d. n.d. 130 
2 B n.d. n.d. 65 
2 A n.d. 102.7 (Jr,a: 1268, ./PC 14.8), 131 

93.6 (.It, to 284), 94.1 
(Jvtc 35), 76.6 

2 G n.d. n.d. 131 
1 B 2143 s I 11.2 (Jcv 13.8, Jc~ 650), 147 

96.0 (JcH 5.2, Jcr,t 225), 
73.6 (JcH 50.% 
58.8 (Jcrt 249.6) 

1 B 2143 s 110.7, 96.3, 73.7, 59.2 147 
2 B n.d. n.d. 68 
2 B 2142s 99.7(Jr~clOO1;Jvc30), 68, 131,464 

92.3 (Jr~c 285), 73.4, 60.4 
2 A n.d. 102.9 (Jptc 1003, Jvc 14.8), 131 

93.3 (J~c 305), 94.1, 76.5 
2 B 2147 s 93.7 m, 77.21 m, 71.75, 61.74 193 
2 B 2128 s, 2181 s n.d. 464 
2 B, G 2082 s, 2146 s 99.9 (Jptc 1090; J ~  15, 464 

135), 93.3 (Jerv 308; Jvc 
0.1, 32), 72.6 (J~c 36), 
60.7 

2 B n.d. n.d. 154 
2 B 2151 s 72.0, 64.4 (Ca, C a n.d.) 133 
2 B 2147 s 94.7, 80.9, 72.0, 60.9 133 
2 J 2148 s, 2082 m 96.9, 93.1, 71.8, 61.7 133 
2 J 2•49 s, 2089 m n.d. 133 
2 J 2140 m, 2084 m n.d. 133 
2 J n.d. n.d. 133 
2 H n.d. n.d. 133 
1 A n.d. n.d. 135 
1 A n.d. n.d. 136 
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TABLE I (continued) 

Synthetic 
MLx R n Method ~ v(CwC) ~C(j)b Ca, Ct~, C v, C~ Reference 

H 2 A 2141 s 83.56,71.84,56.73 110 
(C~ n.d.) 

Au2(/z-dppm) H 1 A 2140, 2080 89.7, 84.1,71.4, 65.4 110 
Au(PPh3) H I A 2148 s 129.55, 128.79, 69.39, 

60.39 
2 B n.d. n.d. 110 

Au ~̧ 

Au H, Cu3 
(#-I)3(/z-dppm)3 

[Zn(NPMe3)]4 SiMe3 1 A n.d. 108.84/92.46/90.95/75.48 139 
[Zn(NPEt3)]4 SiMe3 1 A n.d. 111.36/92.83/90.73/76.67 139 
ZnCI SiMe3 1 A n.d. n.d. 138 
Hg Ph 2 A/B n.d. n.d. 135 
Hg Me 2 A/B n.d. n.d. 135 
Hg C(NMe2)~ 2 A Not observed 138.39, 87.52, 111.53, 66 

[W(CO)5] 71.76 

'*Methods: A--reactions of diyne anions with metal-halide complexes; B--Cu(I)-catalyzed reactions of 1,3- 
diynes with metal-halide complexes; C--oxidative addition of 1,3-diynes to suitable electron-deficient metal 
complexes; D---metal-exchange and coupling reactions involving Group 14 diynyl reagents; E--deprotonation 
of alkyne or vinylidene intermediates; F--addition of electrophilic reagent to cumulenylidene complexes; G-- 
desilylation of corresponding SiMe3 complexes; H--Sonogashira coupling protocols; I--Ligand modification 
about metal center of diynyl complexes; J--deprotonation and quenching of diynyl complexes; K--deprotonation 
of diyne complexes; L--elimination of H2 and oxidative addition reactions. 

bn.d. not determined or not recorded. 
C[ppn][Au(C---_--CC_----CH)2]. 

1. Syntheses from Diacetylide Anions and Metal-Halide Complexes 

The acetylenic hydrogens of 1,3-diynes are about as acidic as those of  1-alkynes 
and diynes are therefore readily metallated. 58'59 All told, the various diynyl anions 
RC~-CC~-C- have been successfully employed in the preparation of both diynyl 
and bis(butadiynyl) metal complexes featuring metals from across the Periodic Ta- 
ble. Treatment of  H C ~ C C ~ C R  (R = H, alkyl, trialkylsilyl, aryl) with one equiv- 
alent of  BuLi affords L i C ~ C C ~ C R ,  6° while Grignard reagents are made in the 
conventional manner. Thus, treatment of  HC-~CC~CR (R=H, alkyl, trialkylsilyl, 
aryl) with 1 equiv of EtMgBr affords B r M g C ~ C C ~ C R ;  metal exchange reac- 
tions between MgBr2 and the diynyllithium have also been used. 59 However, as 
a result of the tendency of the mono-deprotonated derivatives of  buta-l,3-diyne 
to disproportionate to the insoluble dianions, reactions involving these reagents 
are rather sensitive to the conditions employed. Nevertheless, the mono-Grignard 
BrMgC-~CC~CH and mono-lithiated buta- 1,3-diyne have been used to synthesize 
diynyl complexes of nickel 61 and ruthenium, 62 respectively. 
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The problems of disproportionation, coupled with the thermal sensitivity of 1,3- 
diynes, which often polymerize in a rapid, highly exothermic, and occasionally 
explosive manner in the pure state, have led most workers to examine alter- 
nate methods of generating 1,3-diynyl anions. The reaction of Z-l-methoxy-1- 
buten-3-yne with 2 equiv of BuLi gives LiC--=CC--CH and LiOMe. 63 Substi- 
tuted derivatives may be obtained following sequential treatment of the same 
cis-HC-----CCH=CH(OMe) with 1 equiv of BuLi and RCH2C1, which affords 
cis-RCH2C=-CCH=CH(OMe). These substituted methoxy-ene-ynes yield LiC=-- 
CC--=CCH2R upon treatment with 2 equiv of LDA. Quenching with aqueous NH4C1 
or silylation give RCH2C=CC=CR ' (R' = H, SiMe3, respectively). 64 

An excess of NaNH2 in liquid NH3 reacts directly with MeCCI2CHzCC12Me to 
give NaC----CC------CMe, which was found to displace chloride from MC12(PEt3)2 to 
give trans-M(C=--CC=--CMe)2(PEt3)2 (M = Ni, Pt). 65 

The SiMe3-protected diyne synthon LiC-------CC=--CSiMe3 is readily obtained by 
treating the doubly protected analogue Me3SiC-----CC~CSiMe3 with MeLi.LiBr; 
1-10 mol% of the KF.18-crown-6 complex has also been used to achieve this 
transformation. 59'6° The relative nucleophilicity of Li(C--=C)nSiMe3 decreases 
with increases in chain length, and only LiC-----CSiMe3 reacts with M(CO)6 
(M = Cr, W). 66 However, the diynyl reagent is still sufficiently nucleophilic to 
displace halide from a variety of transition metal complexes (see Table I). This 
property, together with the simplicity of preparing LiC-----CC~CSiMe3 from the air- 
stable crystalline diyne Me3SiC--=CC=CSiMe3 has resulted in this reagent becom- 
ing the most widely used diacetylide anion in the preparation of diynyl complexes. 

2. Cu(1)-Catalyzed Reactions of l,3-Diynes with Metal-Halide Complexes 

The use of CuI to catalyze reactions between transition metal halides and 
1-alkynes has considerable precedence in organic chemistry. 67 Copper(I)-catalyzed 
reactions between HC--=CC=CH and a variety of Group 10 complexes in amine 
solvents under mild conditions were initially reported in 1977, when the cis- and 
trans-isomers of Pt(C=CC--=CH)2(PBu3)z were obtained from the corresponding 
dihalides and HC=--CC--CH with retention of configuration at the metal center. 68 
More recently, the present authors and others have applied this reaction to the 
preparation of diynyl complexes featuring metals across the Periodic Table. 69 
Similar reactions have also been used to prepare a large number of polymeric 
diynyl Group 10 metal complexes. 38 

While the mechanisms of these reactions have not been investigated in detail, 
it is likely that an intermediate copper(I) alkynyl is formed, which undergoes 
an alkynyl-halide exchange with the metal halide, resulting in the formation of 
the transition metal ~r-alkynyl complex and a Cu(I) halide, which completes the 
catalytic cycle (Scheme 1).68'7° 
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HC~CC---CR HI (HX) 

Cul (CuX)  RCF-CC~CCu 

{LnM}-C~CC_=CR {LnM}-X 
SCHEME 1 

3. Oxidative Addition of Terminal Diynes to Electron-Deficient Metal Centers 

In a manner analogous to the reactions of 1-alkynes, 1,3-diynes oxidatively add 
to electronically unsaturated metal centers. Thus {RhCI(PPr'3)z}n and HC--CC-- 
CPh gave the Rh(III)-diynyl compound RhHCI(C=CC~CPh)(pPri3)2, while the 
acetato complex Rh(r/Z-O2CMe)(pPri3)2 reacted with 2 equiv of phenylbutadiyne 
in the presence of Na2CO3 to give the five-cordinate hydridorhodium(III) com- 
plex RbH(C=CC~CPh)z(PPtJ3)2. 71 A five-coordinate Ir(III) complex trans-IrHCl 
{C=CC~CCPbz(OH)}(PPri3)2 was similarly obtained prepared from IrHzC1 
(pPri3)2 and HC=-CC=CCPh2(OH). 72 

4. Metal Exchange and Coupling Reactions Involving Group 14 Diynyl Reagents 

Group 14 reagents are widely used in preparative organic poly-ynyl chemistry. 3 
Typical examples include the use of trialkylsilyl moieties as protecting and stabi- 
lizing groups in poly-yne synthesis 73 while tetravalent tin reagents have proven to 
be of remarkable utility in the construction of carbon-carbon bonds. 67'74,75 

As previously mentioned, the stable crystalline buta-l,3-diyne synthon 
Me3SiC------CC----CSiMe3 is readily and selectively mono-desilylated by MeLi.LiBr 
to generate the useful reagent LiC-----CC=--CSiMe3, which is sufficiently nucle- 
ophilic to displace labile ligands from a wide variety of transition metal sub- 
strates. The silylated diynyl complexes so prepared are readily proto-desilylated 
by standard methods, such as treatment with [NBua]F or KOH/MeOH to give the 
corresponding terminal diynyl complexes. These procedures have the advantage 
of avoiding the preparation of terminal diyne reagents. 
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Fluoride-catalyzed desilylation of trimethylsilyl-substituted diynes in the pres- 
ence of metal halides affords tr-diynyl complexes in high yields in reactions that 
are considered to proceed via the intermediate vinylidene or silyl-vinylidene. 76-79 
Thus, treatment of ReCl(CO)3(But2-bpy) with Me3SiC-----CC-----CSiMe3 in the 
presence of KF and AgOTf in refluxing MeOH for 24 h gave Re(C--=CC--CH) 
(CO)3(But2-bpy). 8° Similar reactions with RuCI(PPh3)2Cp 81 and RuC12(PMeR2) 
(r/6-C6Me6) (R ----- Me, Ph) 82 in the presence of other halide abstracting reagents 
gave diynyl complexes in good yield. 

The Stille reaction, in which an aryl-, alkenyl-, or alkynyl-stannane is cross- 
coupled with an aryl or vinyl halide, pseudo-halide, or arenediazonium salt in 
the presence of a Pd(0) catalyst, is a common method for the preparation of new 
carbon--carbon bonds. 75 Similarly, reaction of FeI(CO)2Cp with Me3SnC--CC---- 
CH in the presence of PdC12(NCMe)2 (5%) gives Fe(C----CC----CH)(CO)2Cp. s3 
Alkynyl complexes of M(CO)nCp (M = Ru, Mo, W) have also been prepared using 
Stille-type reactions suggesting that diynyl complexes involving these metals might 
also be prepared using this approach, s4 

Organostannanes can be used for the preparation of metal complexes containing 
poly-ynyl ligands from reactions that proceed without a catalyst. Thus the reac- 
tion of cis-RuC12(dppm)2 with Bu3SnC------CC~CCPh2(OSiMe3) in the presence of 
NaPF6 resulted in formation of trans-RuCl{C=---CC=--CCPh2(OSiMe3)}(dppm)2. 
Presumably the reaction is driven by the elimination of SnC1Bu3. 85'86 

5. Deprotonation of Alkyne or Vinylidene Complexes 

Deprotonation (KOBu t) of the o2-alkyne complex [Re(r/2-HC2C--CSiMe3)(NO) 
(PPh3)Cp*]BF4 affords Re(C--=CC----CSiMe3)(NO)(PPh3)Cp* in excellent yield. 87 

One of the most general methods of preparing transition metal compounds 
featuring acetylide ligands is by deprotonation of vinylidene complexes, which 
are conveniently obtained from reactions of 1-alkynes with a wide variety of 
transition metal complexes via a 1,2-H shift. 88 The nature of the products ob- 
tained from reactions of 1,3-diynes with metal complexes species depends on 
the electronic nature of the metal-ligand group. The reaction of RuC12(L)(o 6- 
C6Me6) (L = PMe3, PMe2Ph, PPh3) with HC=CC=CCPh2(OSiMe3) in the pres- 
ence of both a halide abstracting agent (NaPF6) and a strong base (NHPri2) afforded 
the diynyl complexes RuCI{C=CC~CCPh2(OSiMe3)}(L)(r/6-C6Me6), 82'89"9° pre- 
sumably via an ethynylvinylidene intermediate. With the more electron-rich frag- 
ments [Ru(PPh3)2Cp, RuCl(dppm)2, or RuCl(dppe)2], 1,3-diynes tend to undergo a 
1,4-H shift affording highly reactive butatrienylidene complexes. In contrast to the 
arene examples, the intermediates derived from these more electron-rich species 
are often complicated by nucleophilic addition reactions involving the carbon chain 
(Section VII.B.2). 91-95 
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B. Diynyl Complexes by Group 

1. Titanium and Zirconium 

Mono- and bis-diynyl complexes of titanium have been prepared from the reac- 
tions of titanocene dichlorides with LiC--CC--CR in the appropriate stoichiometry. 
While mono(alkynyl)titanocene chloride complexes are known to disproportionate 
readily in solution to give the corresponding bis(alkynyl)- and dichloro-titanocenes 
this reaction is suppressed in the presence of silyl-substituted cyclopentadienyl 
ligands 96 and complexes such as TiCI(C----CC----CR)CpSi2 may be readily pre- 
pared. Stepwise replacement of chloride in TiC12CpSi2 using LiC----CC--CR (R = 
Et, SiMe3, Fc, Rc) afforded TiC12.n(C----CC=CR)nCpSi2 (n = 1, 2), of which the 
ruthenocene complexes are sensitive to light. The metallocene monoalkynyls react 
further with Li(C--'--C)mMc (m = 1, Mc = Fc, Rc; m = 2, M = Rc) to give the mixed 
compounds Ti(C~CFc)(C~CC~CFc)CpSi2 and Ti(C-~CC=CFc){(C-~C)mRc} 
cpSi2 (m = 1, 2). 97-99 

The reaction of ZrCI{2-N(SiMe3)-4-MeCsHaN}3 with LiC~CC--CSiMe3 gives 
a structurally characterized mono-diynyl complex 1. l°° 

Me3Si ~ / ( n ~ Me3Si. / \ 
".---'% /2 

~ ' c . - . .  \ "h //' 
/SiMe  

N / z r ~ N  

(1) e3Si 

2. Chromium, Molybdenum, and Tungsten 

Reactions of M(CO)5(thf) (M = Cr, W) with LiC=CC-~CC(NMez)3, generated 
from Me3SiC=CC~-CC(NMe2)3 and LiBu in situ, gave [M{C=CC~CC(NMe2)3} 
(CO)5]- which were not isolated, but treated with BF3. OEtz to abstract one NMe2 
group with formation of the orange pentatetraenylidenes M{=C=C=C=C=C 
(NMez)2}(CO)5. Of the resonance structures A-F for these formally cum- 
ulated species, the zwitterionic diynyl forms D-F better represent the structural 
data.l°1 Both pentatetraenylidene complexes M{=C=C=C=C=C(NMe2)2}(CO)5 
(M = Cr, W) were susceptible to [2 + 2] cycloaddition reactions of the C~=C~ 
double bond with the ynamine MeC~CNEt2, to give, after ring-opening, 
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M{=C=C=C=C=C(NEt2)CMe=C(NMe2)2}(CO)5. Again, the IR and structural 
data are consistent with a significant contribution from the diynyl tautomers in these 
complexes. 102,103 

Although diynyl-chromium complexes are rare, similar Mo and W complexes 
have been extensively investigated. In general, the metal--diynyl bonds in these 
complexes are generated from Cu(I)-catalyzed reactions between the metal halides 
and terminal diynes in amine solvents, or by displacement of labile ligands from 
the metal by lithiated diynes. For example, high yields of M(C=--CC=CH)(CO)3Cp 
[M = Mo, W (2)] have been obtained from reactions of buta- 1,3-diyne with the 
corresponding metal halides in NHEt2 the presence of CuI (Scheme 2)1°4 and sim- 
ilar reactions were used to prepare W(C=--CC=CR)(CO)3Cp* (R = H, 105 phi°6). 
However, reactions with the more electron-rich substrate MoBr(CO)(dppe)Cp and 
HC----CC-----CH were rather less successful, and the terminal diynyl complex was 
isolated in only moderate yield.l°7 Deprotonation of the latter was achieved with 
LiBu ~ or LiNPri2, the resulting lithio derivative being trapped with SiC1Me3. 

Several diynyl complexes of Group 6 metals have been prepared directly from 
LiC=CC=CSiMe3. In the cases of WCI(CO)3Cp, 104 MoCl(CO)(dppe)Cp, 1°7 and 
MoBr(CO)2(r/-C7H7) 1°8 the silyl---diynyl complexes could be isolated in low to 
moderate yields. In all cases, proto-desilylation was achieved using KF in 
MeOH/thf. The terminal diynyl complexes were also obtained from MoBr(CO)(L) 
(~-C7H7) (L = CO, PMe3) and Li2C4 in low yield. 

The chemistry of W(C=CC=CH)(CO)3Cp (2) has been explored in some de- 
tail and in general the diynyl ligand behaves as a somewhat electron-rich 1-alkyne 
(Scheme 2). Not surprisingly, the reactivity of the molybdenum analogue is sim- 
ilar to that of the tungsten complex in the cases studied to date. The deproto- 
nated complexes formed following treatment of W(C~-CC=CH)(CO)3Cp with 
LDA can be quenched with SiC1Me3 or PC1Ph2 to give W(C----CC--CX)(CO)3Cp 
[X = SiMe3 (3) or P(O)Ph2 (4), respectively; the latter was formed by oxidation 
during work-up]. 104 

Coupling of the diynyl ligand in 2 with 4-ICrH4R (R = H, OMe, Me, CO2Me) 
is catalyzed by Pd(0)/Cu(I) in amine solvents and affords W(C=CC=CC6H4R-4) 
(CO)3Cp (5). 1°9 The formation of Mo(C=--CC--CPh)(CO)3Cp in a similar man- 
ner was also reported. Iodo-alkynes can also be coupled, the triynyl complexes 
W(C=--CC=--CC=CAr)(CO)3Cp (6; Ar =Ph,  Fc) being isolated in good yield 
from the reaction of ArC=--CI with W(C=CC=CH)(CO)3Cp.110 Oxidative homo- 
coupling reactions of M(C=CC~CH)(CO)3Cp(M = Mo, W) afforded bis(metal- 
lated) tetraynes, e.g., 7104'109; the hetero-coupling reaction with HC-----CC=CFc 
gave W{(C----C)4Fc}(CO)3Cp (8) together with both homo-coupled products.Ill 

Substitution of CO by tertiary phosphines in W(C=CC=CPh)(CO)3Cp is in- 
duced by trimethylamine-N-oxide and gives cis-W(C-----CC=--CPh)(CO)2(PPh3)Cp 
(9) in modest yields.I°4 Similarly, mono-substitution of CO by dppm occurs in the 
series W{(C~C)nFc}(CO)3Cp (n = 1-3). 1 I1 
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H2021H 

OOoo o . 2 o 2 , . +  ° 

R = H, Ph R (10) R (11) R 

SCHEME 3 

The W(VI) oxo-peroxo complex W(C~CC~CPh)(O2)(O)Cp* (10; Scheme 3) 
is obtained by oxidation of W(C~-CC~CPh)(CO)3Cp* with hydrogen peroxide 
in strongly acidic media. Subsequent treatment with PPh3 gave the dioxo-diynyl 
W(C~CC~CPh)(O)2Cp* (11). 112 The terminal diynyl di-oxo complex can be 
prepared similar fashion.113 

3. Rhenium 

While no simple diynyl complexes of manganese or technetium have been re- 
ported to date the Gladysz group has conducted an extensive study of poly-ynyl and 
poly-yndiyl complexes containing the chiral rhenium fragment Re(NO)(PPh3)Cp*. 
The key complex Re(C~CC~CH)(NO)(PPh3)Cp* (12; Scheme 4) has been pre- 
pared as a mixture of stereo-isomers by reaction of the labile complex [Re(C1C6H4) 
(NO)(PPh3)Cp*][BF4] with HC~CC~CSiMe3 to give both isomers of Re(0 2- 
HC~-CC~CSiMe3)(NO)(PPh3)Cp* (13). Treatment of this mixture with BuLi af- 
forded the silyl-diynyl complex Re(C~CC~CSiMe3)(NO)(PPh3)Cp*, which was 
proto desilylated by reaction with K2CO3 in methanol to give 12. 87'114 Lithia- 
tion of 12 affords Re(C=CC=CLi)(NO)(PPh3)Cp* which reacts with MeI to give 
Re(C~CC~CMe)(NO)(PPh3)Cp* (14). 87 

Luminescent diynyl complexes Re(C=---CC~CR)(CO)3(But2bpy) (R = H, Ph) 
have been prepared from reactions of ReCl(CO)3(But2bpy) with Me3SiC~CC~ 
CSiMe3 or HC~CC~CPh, respectively, in the presence of AgOTf as a halide 
abstracting agent and a suitable base such as KF (R = H) or NEt3 (R = Ph). In 
the case of the terminal diynyl complex, the KF also serves to protodesilylate the 
protected 1,3-diyne in situ. 8° 

4. Iron, Ruthenium, and Osmium 

Conversion of FeX(CO)2(0-CsRs) (X = halide, R = H, Me, Ph) to the cor- 
responding trimethylsilylbutadiynyl complexes has been achieved by reaction 
with LiC~CC~CSiMe3 at low temperatures. 24,26,27,115 The carbonyl halides 
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MX(CO)2Cp (M = Fe, X = I, C1; M = Ru, X = C1) also couple readily with stannyl- 
diynes in the presence of Pd(0) catalysts to give metal-diynyl complexes 66's3'116 
in reactions reminiscent of the Stille-coupling protocol. Carbonyl substitution 
reactions with these diynyl complexes have been performed both thermally and 
photochemically to give complexes such as Fe(C----CC-----CSiMe3)(CO)(PPh3)Cp 24 
and Fe(C~CC=CSiMe3)(dppe)Cp .26 in excellent yield. In all cases, protodesily- 
lation gives the the corresponding buta-1,3-diynyl complexes. 24,26'27,115 

Other diynyl anions may be used to construct M--C(diynyl) bonds with similar 
success. For example, Fischer and colleagues have employed the anion derived 
from the diynyl-carbene W{=C(NMe2)C--=CC--=CH}(CO)5 and LiBu in reactions 
with FeI(CO)2Cp to form Fe{C=CC=CC(NMe2)=[W(CO)5] } (CO)2Cp. 66 In con- 
strast, the ruthenium analogue was prepared via the Pd(0)-catalyzed coupling of 
W{=C(NMe2)C~CC~CSnBu3} (CO)5 with RuCI(CO)2Cp. 66,116 

Reactions between LiC~CC-----CR (R = H, SiMe3) and [Ru(thf)(PPh3)2Cp] [PF6] 
or trans-RuC12(CO)2(PEt3)2 afford Ru(C~CC-~CH)(PPh3)2Cp and trans-Ru(C=-- 
CC=--CSiMe3)2(CO)2(PEt3)2, respectively. 62'117'118 The latter was converted into 
trans-Ru(C=CC=-CH)2(CO)2(PEt3)2 with [NBu4]F, both complexes being quite 
air-, light-, and moisture sensitive and susceptible to oligomerization. 

In addition to their role as a source of lithiated diynes or terminal diynes silyl- 
protected diynes have found direct application in the preparation of Group 8 diynyl 
complexes. Reactions of Me3SiC--CC=CR (R = Ph, C~CPh, C=--CC=--CPh) with 
RuCI(PPh3)2Cp in the presence of KF afford the corresponding poly-ynyl com- 
plexes Ru(C~CC-~CR)(PPh3)2Cp. 119 

Reactions of HC-----CC------CCPh2(OSiMe3) with RuC12(PR3)(0-C6Me6)(PR3 = 
PMe3, PMe2Ph, PMePh2) 9°'12° in the presence of strong, non-nucleophilic bases 
such as NEt3 or NHPr'2 give RuCI{C--=CC~CCPh2(OSiMe3)}(PR3)(0-C6Me6) 
(15) via silyl-vinylidene intermediates which are desilylated in situ (Scheme 5). 89 
In contrast, Me3SiC----CC=CC(C6H4NMe2-4)2(OSiMe3) reacts with RuC12(PMe3) 
(o-C6Me6) in the presence of NaPF6 but without base to give the stable pentatetra- 
enylidene complex [RuCI{C=C=C=C=C(C6H4NMe2-4)2}(PMe3)(o-C6Me6)] + 
(16). On the basis of 13C and IR data, a significant contribution to the structure of 
this complex from the cationic diynyl form has been proposed. 89' 1Zl 

Products obtained from cis-RuC12(dppm)2 (17) and LiC----CC-~CSiMe3 depend 
on solvent and reagent stoichiometry (Scheme 6). For example, cis-Ru(C=-- 
CC=--CSiMe3)2(dppm)2 (18) was formed at -78°C in Et20, while the trans isomer 
19 was obtained from reactions conducted in thf. With a 1 / 1 ratio of reactants in 
thf at -78°C, trans-RuCl(C=--CC=-CSiMe3)(dppm)2 was isolated. An excess of 
diynyllithium reagent LiC=CC-----CSiMe3 displaces both C1 and C~CH ligands 
from trans-RuCl(C=--CH)(dppm)2 to give the trans-bis(diynyl) complex. 122 The 
stannyl-diyne Bu3SnC~CC--CCPh2(OSiMe3) and cis-RuC12(dppm)2 react with- 
out a catalyst but in the presence of NaPF6 to give trans-RuCI{C--CC=--CCPh2 
(OSiMe3)} (dppm)2 (20) by elimination of SnC1Bu3.85,86 
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Me3Si-C =-C-C---C-CR2(OSiMe3) 

NaPF6 

NaPF6 / NHPri2 R-C-=C-C-=C-CPh2(OSiMe3) 

L//Ru•C•C--C•C--CR2(OSiMea) Cl 

t R C C C C CR 

+ 

LjRu•-•-C-•-C•C•C•---CF I 
CI 

(15) R = H, SiMea; L = PMe3, PMe2Ph (16) R = CeH4NMe2-4; L = PMe3 

SCHEME 5 

PF6- 

PF; 

In the presence of NEt3, HC~CC~CPh reacts with c/s-RuC12(dppe)2 (21) and 
NaPF6 (effectively a source of [RuCl(dppe)2] +) to give trans-RuCl(C~-CC-~CPh) 
(dppe)2 (22), 95 while analogous reactions with HC~CC~-CFc gave trans-RuC12_n 
(C~-CC~CFc)n(dppe)2 (n = 1, 2), according to reagent stoichiometry. Mixed 
alkynyl--diynyl complexes were obtained similarly from trans-RuCl(C=-CR) 
(dppe)2 (23; R = Fc, C6H4NO2-4) and HC~CC~CFc. 123 The bis(diynyl) complex 
trans-Ru{C=CC=CCPh2(OSiMe3)}2(dppm)2 was obtained from RuC12(dppm)2 
and an excess of HC~CC~CCPh2(OSiMe3) in the presence of NaPF6 and NHPrJ2. 
The acetylide complexes trans-RuCl(C=-CR)(dppm)2 (R = Bu, Ph) behave sim- 
ilarly with HC~CC~CCPh2(OSiMe3) in CH2C12 and in the presence of NaPF6 
and NEt3 to give trans-Ru(C~CR){C=-CC=CCPh2(OSiMe3)}(dppm)2 (24) in re- 
actions that are both solvent (thf is unsuitable) and counterion (Na + rather than 
NH4 +) specific. 85J24'125 These complexes are assumed to form via intermediate 
vinylidenes, which are deprotonated in situ. 

5. Rhodium and Iridium 

The chloro complex {RhCI(Ppri3)2}2 reacts readily with HC=CC~CPh, giving 
a mixture of RhCI(~Z-HC2C-----CPh)(pPri3)2 (25) and RhHCI(C=CC=CPh)(PPri3)2 
(26) (Scheme 7). 71 The acetato complex Rh0?2-OzCCH3)(pPri3)2 reacts with 2 
equiv of 1-phenylbuta-l,3-diyne in the presence of NazCO3 to afford five- 
coordinate RhH(C~-CC~CPh)z(PPri3)2 (27) which readily adds Lewis bases to 
give RhH(C=CC--CPh)2(L)(pPri3)2 (28; L = py, CO). For L = CO, the complex 
undergoes reductive elimination of HC~CC--=CPh on warming in pentane to 
yield square-planar Rh(C=CC=CPh)(CO)(pPri3)2 (29), also obtained directly by 
sequential treatment of Rh(CHzPh)(PPri3)2 with CO and HC=CC----CPh. The 
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complex trans-Rh(C=-CC=CSiMe3)(CO)(PPd3)2 is formed from trans-Rh(OH) 
(CO)(pPri3)2 and Me3SiC~CC~CSnPh3 by preferential cleavage of the C--Sn 
bond. 126 The reaction is presumably driven by the elimination of Sn(OH)Ph3 in 
preference to Si(OH)Me3, and proceeds without cleavage of the C--Si bond. 

Slow isomerization of trans-RhHCI(C---CC=--CPh)(pPri3)2 and RhHCI(C-----C 
C=CPh)(py)(pPri3)2 occurs to give RhCI{=C------CH(C~CPh)}(pPri3)2 (30). 71 
Similar reactions have been found to occur with the products from RhCI(PPd3)2 
and HC=--CC=CCPh2(OSiMe3) to give eventually RhCI(=C-----C=C=C=CPh2) 
(pPri3)2, via intermediate t/2-alkyne, hydrido-diynyl and vinylidene complexes.127 
Closely related iridium compounds are obtained from reactions of IrH2CI(Ppri3)2 
with HC~CC~CR[R = CPh2(OH), 72 SiMe379]. Photochemical [R = CPh2(OH)] 
or thermal (R = SiMe3) rearrangements of IrHCI(C-=-CC--=CR)(PPd3)2 give the 
ethynylvinylidene species IrCI{=C=CH(C~CR)}(pPri3)2. Five-coordinate MHX 
(C-------CC-----CR)(pPri3)2 (M=Rh,  R = P h ,  X=C1, C----CC----CPh; M=Ir ,  R =  
CPh2OH, SiMe3, X = C1) readily add pyridine to give six-coordinate adducts MHX 
(C~CC~CR)(py)(pPri3)2 .71,72'79 

6. Nickel, Palladium, and Platinum 

Diynyl and bis(diynyl) complexes of all three metals (Ni, Pd, Pt) are prepared 
by similar reactions. In early work, these materials were prepared from cis- or 
trans-MX2(PR3)2 via halide displacement by diynyl anions. For example, the com- 
plexes Ni{(C--=C)nH}(PPh3)Cp (n = 1-3) were prepared from NiCI(PPh3)Cp and 
H(C___C)nMgBr 128 while a fourfold excess of HC=CC=CH reacts with NiBr(PPh3) 
Cp in NEt3 in the presence of CuI to give Ni(C=--CC--=CH)(PPh3)Cp. 129 Addi- 
tionally, trans-Pd(C=-CC~CH)2(PBu3)2 was prepared from LiC=CC=CH and 
PdC12(PBu3)2 in Et20 in 90% yield, 13° while trans-Pt(C=-CC=-CSiMe3)2(PR3)2 
(R = Et, Bu) have been obtained from LiC----CC----CSiMe3 and trans-PtC12(PR3)2. 
Protodesilylation ([NBu4]F) gave trans-Pt(C----CC=--CH)2(PR3)2 .131 

However, the preparative method of choice for these complexes is the CuI- 
catalyzed reaction of a terminal diyne with the halide precursors. The reaction is 
generally applicable and numerous compounds, including the complete series of 
M(C~CC~CH)2(PBu3)2 (M = Ni, Pd, Pt) complexes, have been prepared in this 
manner. In the case of nickel, the sensitivity of the halide species NiClz(PBu3)2 
to amine solvents employed necessitated the use of trans-Ni(C=-CH)2(PBu3)2, in 
which the ethynyl ligands are considered to be pseudo-halides and readily re- 
placed in reactions with buta-l,3-diyne in NHEt2 and a CuI catalyst. 132 Addition 
of HC=--CC=CH to a mixture of PtClz(PBu3)2 and CuI in NHEt2 at or below 
r.t. gave cis- or trans-Pt(C=--CC=CH)z(PBu3)2 according to the geometry of the 
starting material in high yield. 7° Subsequently, complexes Pt(C--CC=CH)z(L)2 
(L = PEt3; L2 = dppe, dppp) have been prepared and structurally characterized.133 
Coupling of 4-HC--=CC=C-terpy with trans-PtClz(PBu3)2 (CuI/NHPri2) gives the 
trans-bis(diynyl) complex. 134 
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Functionalization of the diynyl ligand in Pt(C~CC=CH)2(dppe) has been 
achieved with LiBu, the resulting lithio derivative reacting with MeI, SiC1Me3, 
or AuCI(PPh3) to give mono- or di-substituted derivatives according to stoichiom- 
etry. Coupling with iodobenzene gave Pt(C--=CC--=CPh)2(dppe). 133 

7. Copper and Gold 

While diynylcopper complexes are implicated as intermediates in the various 
Cu(I)-catalyzed coupling reactions described earlier, and alkynyl-Au(I) complexes 
are well known, there are few reports of simple diynyl complexes of this Group. 
A copper(I) derivative has been made from HC=CC=CMe and a large excess of 
ammoniacal CuC1 in the presence of NaOAc 135 while synthesis of CuC-CC=-- 
CSiMe3 has been achieved by successive reactions of Me3SiC--=CC=CSiMe3 with 
LiMe.LiBr and CuI. 136 However, to our knowledge, none of these derivatives have 
been structurally characterized nor have they been used to any great extent in 
synthesis of organometallic diynyl complexes. 

Reactions between [ppn] [Au(acac)z] 137 and buta- 1,3- diyne give [ppn] [Au(C-- = CCm-CH)2]. TM Similarly, (AuCl)2(/z-dppm) affords {Au(C~-CC~CH)2}(/z-dppm) 
while serendipitous use of a stoichiometric amount of CuI catalyst resulted in mi- 
gration of dppm from gold to copper and formation of the curious bis(diynyl) 
species Cu3(/z3-I)(/z3-C=CC~CAuC----CC----CH)(/z-dppm)3 (31). 133 Direct reac- 
tion between [ppn][Au(C=CC--CH)2] and [Cu2(/z-dppm)2(NCMe)2] + afforded 
the "dumbbell" complex 32. 

Ph2 
Ph2P- Cu ~I"P~ 
(1/11"/\ ~ . 2 - - C - - C ~ C - - A u - - C  ~ C - - C ~ C H  

\ ~ / ~ P P h 2  Ph2P-Cu,"- Cu 
I I Ph2P~,~ PPh2 

(31) 

Ph P-- Cu""~Ph2 / P~ Cuc~'-PPh2 
2 ( _ /  ...< 
I/N"~ . ~ C=C--C~---C--Au--C~C--C~'~C i - -  I ~'~" .. ~ I 

Ph2P_c!~PPh2 2 C~PPh2 
I I I I Ph2P ~ PPh 2 Ph2P~ PPh2 

(32) 

+ 
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8. Zinc and Mercury 

A brief account of the preparation of ZnCI(C-~CC=-CSiMe3) from ZnCI2 and 
LiC=CC=CSiMe3 is available. 138 In a recent report, Dehnicke and co-workers 
have described the preparation of the heterocubane zinc diynyl complexes {Zn(/z3- 
NPR3)(C~CC--CSiMe3)}4 (33; R = Me, Et) from the reaction of {Zn(/z3-NPR3) 
Br}4 with LiC--CC=CSiMe3. The Zn4N4 cores are only slightly distorted from 
the ideal cubic arrangement. 139 

/SiMe3 

c,,, 
Me3 Si ~ /, C / 

C~A R3F~ C ~'/ 
C;" C ~ N--Zn / 

~c / I  ~PR3 " Z n - - N  I 
Zfi- - -N, 

I / [  I /  PR3 ~N-5-Zn 
R3P III C k 

c "5 
C \ 

II i 
c % 

Me3 Si/ \SiMe3 
(33) 

A few mercury complexes featuring diynyl ligands are known. Deprotona- 
tion of W{=C(NMe2)C=CC-~CH}(CO)5 with BuLi, followed by treatment with 
HgCI2 has afforded Hg{C=CC=CC(NMe2)=W(CO)5}266 and mercury(I) deriva- 
tives of more common terminal diynes HC--CC=CR (R = Me, Ph) have also been 
described. 135 

C. Poly-ynyl Complexes 

The poly-ynes Me3Si(C=--C)nH (n > 2) are generally less thermally stable than 
the corresponding diynes, and the bis(silylated) compounds Me3Si(C=C)nSiMe3 
(n > 2) are more robust. 14° By using of an excess of the doubly protected triyne 
Me3Si(C~C)3SiMe3 over the alkyllithium reagent (4.1/3.5) and a limiting amount 
of FeI(CO)2Cp*, Akita and colleagues successfully prepared the triynyl com- 
plex Fe{(C=--C)3SiMe3}(CO)2Cp*, 141 and the related trans-RuCl{(C=-C)3SiMe3)} 
(dppe)2 has also been prepared. 142 However, attempts to desilylate T/2-alkyne 
rhenium complexes of 1,8-bis(tfimethylsilyl)octa-1,3,5,7-tetrayne did not proceed 
cleanly. 143 

More often, the preparation of mono-metallic complexes featuring long poly- 
ynyl ligands {MLn}(C~C)nR has been accomplished by a sequence of cross- 
coupling reactions between terminal poly-ynyl complexes and 1-halo alkynes and 
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poly-ynes involving intermediate ynyl-Cu(I) species (Scheme 4). Lithiation of 12 
in the presence of CuI, or direct reaction of Re(C~CC~CH)(NO)(PPh3)Cp* with 
Cu(O]3u t) gave Re(C~CC--CCu)(NO)(PPh3)Cp*. This heterometallic diyndiyl 
derivative reacts with X(C-----C)nR (34; n = 1, X = I, R = SiMe3; X = Br, R = SiEt3, 
tol; 35; n = 2, X = Br, R = SiMe3). Other synthetic approaches for Re{(C=C)3 
SiMe3}(NO)(PPh3)Cp* include reaction of 12 with IC=--CSiMe3 in pyrrolidine with 
a CuI catalyst, or addition of [PhlC=CSiMe3]OTf to lithiated 12. Similar combina- 
tions of reactions have given Re{(C~C)mR}(NO)(PPh3)Cp* (m = 5, R = H, SiMe3, 
SiEt3; m = 6, R = SiMe3). 29,143,144 Analogous coupling reactions have proved to 
be useful for the preparation of tungsten poly-ynyl complexes (see earlier). 

D. Reactions of Diynyl and Poly-ynyl Complexes 

1. Reactions at the Metal Center 

The presence of the ~7 l-diynyl ligand seems to have little effect on the normal 
reactivity associated with the metal-ligand fragment. Ligand substitution and ad- 
dition reactions at the metal center have also been widely employed to give other 
examples of diynyl complexes and, for example, carbonyl substitution by phos- 
phine ligands has been accomplished using the standard techniques of thermolysis, 
photolysis, and CO oxidation (Me3NO). 24'26'1°4 Diynyl complexes of coordina- 
tively and electronically unsaturated metal centers participate in ligand addition 
reactions, and have been extensively investigated, particularly by Wemer. 71'72'79 

2. Reactions of the Diynyl Ligand 

The diynyl ligand behaves chemically as a rather electron-rich organic alkyne. 
The complexes {ML,}C~CC=CSiMe3 (and those with longer chains) are readily 
protodesilylated under standard conditions, such as treatment with fluoride in pro- 
tic solvents or carbonate in methanol, to give the corresponding terminal diynyl 
complexes in high yield. 24'26' 27, 87,107,118 

Complexes featuring C=CC=CH ligands are highly versatile precursors of 
diynyl ligand complexes. The terminal diynyl ligand may be deprotonated by suit- 
able bases, such as LiBu or LiNPr'2, to give nucleophilic conjugate bases that 
are useful reagents for the preparation of novel diynyl and diyndiyl complexes. 
The choice of base appears to be critical. Thus, while the phosphine-containing 
complex Re(C~CC~CH)(NO)(PPh3)Cp*87 and Fe(C~CC~CH)(CO)(PPh3)Cp 24 
may be satisfactorily deprotonated with LiBu, more sterically hindered bases 
such as LiBu s or LiNPri2 are required to deprotonate the carbonyl complexes 
Fe(C--=CC--=CH)(CO)2Cp 24 and W(C-----CC=CH)(CO)3Cp. m4 Reactions of these 
carbonyl-rich complexes with LiBu are possibly complicated by nucleophilic 
attack on the CO ligands by the lithio derivatives. 
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The diyne may be functionalized by other standard methods appropriate for 1- 
alkynes including the Sonogashira cross-coupling reaction 67 with aryl and alkynyl 
halides carried out in the presence of a mixed Pd(0)/Cu(I) catalyst.l°4 The Cadiot- 
Chodkiewicz procedure 145 for oxidative coupling of alkynes has been applied to 
the synthesis of rhenium complexes containing extended poly-yne chains using 
copper derivatives prepared in situ. Reactions using catalytic amounts of CuI 
and Pd(PPh3)4 are also successful.143'144' 146,147 Homo-coupling affords complexes 
containing chains end-capped by metal-ligand fragments. 26' 104,146,147 

In addition, the 7r-system of diynyl and poly-yndiyl complexes is available for 
coordination to other metal centers. Numerous examples of these reactions have 
been reported, as summarized later. 

3. Addition of Electrophiles and Cycloaddition Reactions 

Addition of electrophiles to diynyl complexes is expected to occur at either 
C~ or Ca, the latter being favored if sterically demanding ligands shielding Ca 
and C~ are present. The products are butatrienylidenes and the chemistry of these 
species is closely related to the chemistry of the related unsaturated carbene ligands 
(Section VIII.B). 91'121 

Protonation of Re{(C=C)3(tol)}NO)(PPh3)Cp* occurred at Ct~ to give a 60/40 
equilibrium mixture of the ac/sc geometrical isomers of [Re{=C=CHC----C 
C=C(tol) } (NO)(PPh3)Cp* ] +, the position of electrophilic attack being confirmed 
by a 2D INADEQUATE 13C NMR spectrum which gave values of 'J(CC) within the 
carbon chain. 144 However, protonation of Ru(C----CC----CH)(PPh3)zCp is thought 
to afford the butatrienylidene cation [Ru(=C=C=C=CHz)(PPh3)zCp] + which has 
not yet been isolated. 62 The steric bulk of the metal fragment prevents attack at Ca 
and nucleophiles add exclusively to C×. 91 

Treatment of trans-RuCl{C=--CC=CCPhz(OSiMe3)}(dppm)2 with HBF4 in 
MeOH gives trans-[RuCl{=C=C=C(OMe)CH=CPhz}(dppm)2 ]+ (36), possibly 
via intermediate formation of the pentatetraenylidene trans-[RuCl(=C=C=C = 
C-----CPhz)(dppm)2] + which rapidly adds MeOH at C× (Scheme 8). In the ab- 
sence of an external nucleophile electrophilic attack at an ortho carbon of a 
pendant Ph ring with proton transfer to Ca occurs to give 37. Similarly, forma- 
tion of the bis-allenylidene trans-[Ru{=C=C=C(OMe)CH=CPh2}z(dppm)2] 2+ 
occurred with trans-Ru{C=---CC=--CCPhz(OSiMe3)}z(dppm)285 while protonation 
of trans-RuCl(C=--CC=--CPh)(dppe)2 with CF3SO3H in wet solvents affords the 
vinylidene cation 38. 95 Much of this chemistry has been reviewed.121 

Regioselective cycloaddition of the vinylidene ligand in Cr(=C=CMe2)(CO)5 
to the C~------C~ bond of butadiynyl complexes Fe(C=CC--CR)(CO)(PPh3)Cp (R = 
SiMe3, Bu, Ph) has given binuclear cyclobutenylidene complexes {(OC)sCr} 
{#-C4Mez(C--CR)}{Fe(CO)(PPh3)Cp} (39) (Scheme 9). Protodesilylation of 
the SiMe3 derivative (TBAF/thf) afforded the corresponding ethynyl complex; 
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Ph2P PPh2 
X-- RU~-C~-~-C--C~---CR 

Ph2P~nPPh2 

X = CI; R = CPh2(OSiMe3) 

HBF4/MeOH 

~P~IP--~ R'~u~===~h2 C =C./'OMe l*  

(36) 

CF3SO3H / CH2CI2 / H20 
[R = Ph] 

~ CI2 

SCHEME 8 

Ph2P\ /PPh2 / 2 l I 
• 

Ph2Pk~_.__jPPh2 "~0 J 

(3e) 

Ph2P~PPh2 ~ P h  
. j 

(37) 

further chemistry, including coupling to a third MLn fragment, has also been 
described. 148 

Reactions of W(C--=CC=CH)(CO)3Cp with tetracyanoethene [C2(CN)4 , tcne] 
result in addition to the C--=C triple bond further from the tungsten to give cyclo- 
butenyl 40, followed by ring opening to give W{C--=CC[=C(CN)2]CH=C(CN)2} 
(CO)3Cp (41) (Scheme 9). 1°4 Related complexes have been obtained from 
W{(C=C)nR}(CO)3Cp (n=2 ,  3, R = P h ,  Fc) and Ru{(C=C)nPh}(PPh3)2Cp 
(n = 1-3). 81'111 

E. Structural Studies 

There are few strictly comparable structurally characterized alkynyl/diynyl/poly- 
ynyl systems, which make detailed comparisons between the various unsaturated 
ligands difficult. For diynyl and poly-ynyl complexes, this is no doubt due to 
the poor packing qualities of the rod-like mono-metallic systems and resulting 
poor crystal quality. Structural features of poly-ynyl complexes are summarized in 
Table II. 

In general, the lengths of the C=C triple bonds in these complexes reportedly 
vary between 1.153(6) and 1.28(2) &, with an average of ca. 1.21/~. The conjugated 
--~-C--C-= single bonds are shorter [1.33(2)-1.40(5)/~] than the C--C separation in 
ethane (1.54 ~k) 149 as the bonds are between two C(sp) rather than C(sp 3) atoms. 
In buta-l,3-diyne itself, C--C and C--=C distances of 1.383(2) and 1.217(1) ,~, 
respectively, were determined by electron diffraction. 15° In the case of the iron 
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complexes Fe(C~-CH)(CO)2Cp* and Fe(C~CC~CH)(CO)2Cp*, the contraction 
of the Fe(1)--C(1) distance (by 0.014/~) and lengthening of the C~C distance 
(by 0.034/~) in the diynyl complex have been interpreted in terms of a greater 
contribution from a cumulenic structure, together with the implication that the 
C4H ligand is a better electron-withdrawing/accepting ligand than C2H 115 (see 
also Section X.D). 

Structural comparisons of the complexes Ru(C-~CC-~CR)2(CO)2(PEt3)2 (R = 
H, SiMe3) indicate some delocalization along the Ru--C4--Si chain, said to be faci- 
litated by the SiMe3 groups by hyperconjugation [cr(Si--Csp)-pzr(Csp)-dzr(M)] or 
by dzr (M)-pzr (Csp)-dJr (Si) conjugation. 117,118 These effects are also apparent from 
a comparison of the structures W(C~CC=CR)(CO)3Cp (R = H, SiMe3) (Table II). 

A striking feature in many structures is the curvature of the Cn chain. Many 
distortions of C,(sp) chains have been attributed to crystal packing forces rather 
than to any inherent feature of the ligand itself. Thus, the solid-state structures 
of Re{(C=C),(tol)}(NO)(PPh3)Cp * (n = 3, 4) showed a marked bending of the 
carbon chain, as evidenced either by the average ReCC, CCC, and CCC(tol) angles 
(between 174.7 and 175.7 °) or the angles of particular carbons to the vector joining 
the end atoms of the chain (maximum values: 17.7 °, n = 3; 17.08 °, n = 4). 144 This 
feature probably results from low bending force constants as found for alkynes 
and, indeed, has previously been conjectured as a necessity for long polyalkynes 
(carbynes) as precursors of fullerenes.143,151,152 Although significant curvature 
is not found in the Re--CsSiMe3 compound, elongated thermal ellipsoids are 
interpreted as indicating librational motion. 143 Similar librational motion has been 
found in other diynyl-platinum complexes. 133,153,154 

III 

DI- AND POLY-YNE ~r COMPLEXES WITH ONE OR TWO METAL CENTERS 

The first ~r complexes of 1,3-diynes were reported by Greenfield. 155 Shortly 
thereafter, Tilney-Bassett described the first heterometallic derivatives) 56 This 
area has grown steadily since these initial reports and many complexes of this type 
are now known. Diyne complexes are often simply alkyne-substituted analogues of 
conventional 7r-alkyne complexes. Indeed, transition metal compounds that form 
Jr-complexes with mono-alkynes can be expected to form complexes with diynes. 
However, the thermal sensitivity of terminal diynes, especially 1,3-butadiyne, may 
limit the application of routine reaction conditions in some cases. Further coordi- 
nation of the ynyl ligand by additional metal fragments is usually determined by 
the reagent stoichiometry and by steric effects. 

Complexes containing diyne--metal bonding of types G - K  are known. In the 
following, we have used the following convention in formulas: C=C represents a 
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/ R  
R~C ,i C ~ C  R\C c/R 

V Ln 
.q2 .q2:q2 
(G) (H) 

R ~C~_.~ c /C~ 'C /R  
j7% 

R R \ / 

I / U - - C ~ M L  

LnM 
p..l'~ 2 p.i'q2:l~2 
(I) (J) 

LnM~"~ MLn 

LnRM~,~M~ C~C~%'F~ 

(K) 

carbon--carbon triple bond which is not rr coordinated to a metal center, whereas 
C2 represents a rr-complexed carbon--carbon triple bond. For example, in C02 
(/z-o2-PhC2C=CSiMe3)(CO)6, the PhC-~C unit bridges the Co--Co bond, whereas 
the C=CSiMe3 unit is free. 

Generally, the preparation of these species is achieved by (a) coordination of 
preformed diynes to transition metal centers, and (b) coupling reactions of the 
alkynyl ligand in mono-alkynyl metal complex precursor. 
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A. Coordination of Preformed Diynes to Transition Metal Centers 

Structural and spectroscopic evidence as well as computational work 157 indi- 
cate a considerable degree of delocalization throughout the four-carbon chain of a 
conjugated diyne. However, individual C=C moieties retain sufficient electron 
density to sequester a wide variety of metal fragments, in processes which are 
often accompanied by the displacement of an equally diverse array of labile ligands. 
Thus, treatment of Pt(cod)(PR3)2 with buta- 1,3-diyne results in displacement of the 
labile cyclooctadiene ligand and the formation of Pt072-HC2C~CH)(PR3)2,158 
while CO and NCMe ligands are displaced from WI2(CO)3(NCMe)2 by PhC~ 
CC~CPh to give complexes such as WI2(CO)(NCMe)072-PhC2C--CPh)2.159 Sim- 
ilarly, C02(CO)8 and {Ni(#-CO)Cp}2 react with PhC~-CC~-CPh via the loss 
of two carbonyl ligands to give Co2(/z-r/2-PhC2C~fPh)(CO)6160 and Ni2(#-02- 
PhC2C~CPh)Cp2,156 respectively. 

B. Coupling Reactions of the Alkynyl Ligand in Mono-Alkynyl Metal 
Complex Precursors 

As an alternative to the use of preformed diyne reagents, the diynyl ligand may 
be formed via the coupling of two alkynyl moieties within the metal coordina- 
tion sphere. Thus, just as metal-catalyzed coupling reactions of terminal alkynes, 
typically using Cu(I/II) and/or Pd(0/II) redox couples, are the basis for many 
convenient methods of preparing free conjugated diynes, a combination of ox- 
idative coupling and reductive elimination reactions on appropriate metal centres 
have been used in the formation of diyne complexes from alkynyl-metal pre- 
cursors. In these reactions, coupling of alkynyl fragments occurs to give diynes 
or related ligands, either directly, or with concomitant condensation of metal 
fragments to form a binuclear or cluster core. In many cases, these reactions 
have not yet been fully investigated and the requirements for them to proceed are 
not known in detail. Examples of diyne complexes prepared in this manner include 
Mo2(#-o2-PhC2C--CPh)(CO)aCp2 by thermolysis of Mo(C~CPh)(CO)3Cp 161 
and {C02(CO)6}2(#-~72:/z-02-Me3SiC2C2SiMe3) from the sequential reactions of 
C02(/z-t/2-HC2SiMe3)(CO)6 with LiNPri2 and H20.162 

C. Survey of Complexes by Group 

1. Vanadium, Niobium, and Tantalum 

The reaction of an excess of VCp2 with RC=CC~CR (R = SiMe3, PPh2) re- 
suits in addition of one VCp2 moiety to each C~C moiety and the formation of 
cis-{VCpz}2(#-O2:tz-~2-RC2C2R) (42) 163 Magnetic susceptibility measurements 
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indicate a greater antiferromagnetic interaction between the V d ~ centers in the 
case of R ---- PPh2 than SiMe3. This has been attributed to the in-plane Jr-geometry 
and arrangement of the VCp2 centers in the R = PPh2 complex and the more 
favorable orbital interactions (mainly a linear combination of carbon p orbitals 
with dz 2 of the HOMO in a d 1 system) that result in this case. 

0 %  ~ C  cpSi2 N I / c - c \  l c, 
Cp2V MOp2 C k 

(42) CpSi2 Nb~lcI k C~C 
\ 

R R 
endo exo 

(43) 

Hexa-2,4-diyne reacts with NbI(CO)3(PEt3)3 (from an in situ reaction between 
[NEta][Nb(CO)6], PEt3 and I2) to give all-trans-NbI(CO)2(PEt3)z(qZ-MeC2C - 
CMe) in which the complexed C--=C triple bond is trans to I. 164 Reactions of 
NbClzCpSi2 with RC~-CC-----CR (R = Ph, SiMe3) give NbCI(0Z-RC2C~CR)CpSi2. 
Recrystallization of the R = SiMe3 complex at low temperatures ( -50°C,  pentane) 
results in a first-order intramolecular isomerization, the two forms being endo and 
exo with respect to the C1 atom (43-endo, -exo), the endo isomer being thermo- 
dynamically favoured. With HC1, selective formation of (Z)-PhCH=CHC-----CPh 
is found. 165 The chloride ligand in 43 is relatively labile and treatment with 
MgMe2 gives NbMe(~Z-Me3SiCzC=--CSiMe3)CpSi 2. The phenyl analogue could 
not be isolated, but a similar reduction, followed by addition of allyl bromide, gave 
NbBr(0Z-PhCzC=CPh)CpSi2. Reduction of 43 with sodium amalgam gives para- 
magnetic Nb(~2-Me3SiCzC--=CSiMe3)cpSi2, reoxidation of which with [FcH] + 
in the presence of a Lewis base affords [Nb(~Z-Me3SiCzC-----CSiMe3)(L)CpSi2]+ 
(L = MeCN, CNBut). 

The tantalum(V) calix[4]arene complex 44 provides an interesting scaffold for 
the construction of an 02-PhCzC~CPh ligand upon reaction with an excess of 
phenylethynyllithium (Scheme 10). The coupling reaction is presumed to proceed 
via bis-alkynyl 45, which is subsequently attacked at the c~-carbon of one of the 
acetylide ligands to give anion 46, isolated as its lithium salt. The addition of a 
further equivalent of LiC--=CPh is probably prohibited by orbital constraints. 166 

2. Molybdenum and Tungsten 

The reactions of MCln (M = Mo, n = 5; M = W, n = 6) with RC--CC=CR'  
(M = Mo, R = R' = Ph; M = W, R = R' = Ph, SiMe3, I; R = Ph, R' = SiMe3) in 
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Cl\Ta/CI 
.eO/O" o\O 2 LiC=-CPh 

m 

Ph% fo( 
C, Ta~C 

h h Ph 
I PhC~ C 

C.T/.~%C--C~CPh 

LiC~-CPhEt20 ~ M ~  

(44) (45) (46) L = Et20 
S C H E M E  l 0  

CC14 afford compounds of the type {M(/z-C1)C13(r/2-RC2C~CR')}2 which feature 
M(#-C1)2M bridged structures. The C~C triple bonds act as 4-e donors in each of 
these complexes. In the case of reactions with M = W, tetrachloroethene C2C14 was 
required as an additional reducing agent. In many cases, concomitant chlorination 
of the diyne occurred, resulting in the formation of PhC4C12Ph and PhC4C14Ph as 
by-products. 167 The selective coordination of the C=CPh moiety in the reaction of 
WC16 with PhC~CC~CSiMe3 has been attributed to favorable orbital interactions 
between this fragment and the electron-deficient WCl4 fragment. In the presence of 
an excess of WC16 both alkyne moieties are complexed resulting in the formation 
of polymeric { [WCla]2(Iz-o2:Iz-o2-PhC2C2SiMe3) }n • 

The chloride bridges are readily cleaved by reaction with various nucleophiles. 
Neutral species {WC14(L)}2(/z-O2:02-RC2C2R ') (L=py,  EtzO; R = R ' = P h ,  I, 
SiMe3; R = Ph, R' = SiMe3) are formed from reactions of the dimeric precursors 
with pyridine or Et20. Treatment of {W(/z-C1)C13(r/2-RC2C~-CR ') }2 with [PPh4]C1 
or [P(CH2I)Ph3]C1 results in the formation of the ionic derivatives [PPh4][WC15 
(r/2-RC2C-~-CR')]. 168'169 Subsequent reaction of [P(CH2I)Pha]2[{WC15}2(/z-~2:/_t - 
r/2-IC2C2I)] with AgCI results in alkynyl iodine/chlorine exchange to give [P(CH2I) 
Ph3]2[{WC15}2(/z-02:/z-r?2-C1C2C2C1)]. 169 Exchange of the metal-halide ligands 
has been observed following the reaction of { [WCla]2(/z-r/2:/~-r/2-PhC2C2SiMe3)}n 
with sodium fluoride in acetonitrile containing 15-crown-5 to give [Na(15- 
crown-5)][WFs(r/2-PhC2C=CSiMe3)] (47). In the crystal, the Na + cation is co- 
ordinated by two F atoms of the anion as well as by the crown ether O atoms. 17° 
The Mo--diyne bonds in {Mo(/z-CI)C13(r/2-PhCzC~-CPh)}2 are less robust and 
treatment of this complex with [PPh4]C1 affords the diyne and [PPh4]2[M02Cllo]. 
The free alkyne in {W(/z-C1)C13072-PhC2C~CPh)}2 reacts in a manner similar to 
that of a conventional alkyne, and forms {W(#-C1)C13(r/2-PhC2CBr=CBrPh)}2 
upon reaction with Br2.17° 
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.o,. i ) . . . .  F 

(47) 

The reaction of equimolar quantities of WI2(CO)3(NCMe)2 and PhC=CC-~ 
CPh gave the iodo-bridged dimer {W(/z-I)(I)(CO)(NCMe)(r/2-PhC2C-~CPh)}2 
(48; Scheme 11), while the use of a twofold excess of the diyne yielded monomeric 
WI2(CO)(NCMe)(02-PhC2C~CPh)2 (49). Further reaction of the latter with 
WI2(CO)3(NCMe)2 afforded the bimetallic complex {'W'I2(CO )(NCMe) }2(~- 2:#_ 
02-PhC2C2Ph)2 (50). In the majority of cases, geometries for the various complexes 
have been assigned on the basis of IR evidence, and by comparison with well 
characterized mono-alkyne complexes. The analogy to mono-alkyne complexes 
is quite appropriate, as usually only one of the diyne alkyne moieties is coordi- 
nated to the metal center, acting as a four-electron donor. 159 An exception to this 
generalization is found in 50 in which the two diyne ligands donate a total of six 
electrons to each metal. A description of the various NMR parameters associated 
with alkyne ligands acting as two- or four-electron donors has previously been 
given. TM 

The dimeric complex 48 is a useful precursor of monomeric species WI2(CO)L2 
072-PhC2C~CPh) via cleavage of the halide bridge and ligand exchange reac- 
tions with L --- PPh3, PPh2Cy, or the chelating ligands L2 [2,2'-bipy, 1,10-phen or 
Ph2P(CH2)nPPh2 (n = 1-6)].159 Similarly, iodide and NCMe ligands are displaced 
from 49 by treatment with equimolar amounts of bpy yielding [WI(CO)(bpy) 
(r/2-PhC2C~CPh)2]I (51), which exchanges anions in the presence of Na[BPh4]. 

Several complexes featuring metal--metal bonds have been described. The 
reaction of the unsaturated reagent {Mo(CO)2Cp}2 with RC=CC--CR gave Mo2 
(/z-r/2-RC2C~---CR)(CO)4Cp2 [R= SiMe3172, C5H4N-4173]. Similar reactions of 
(CH2=CHCH2)Me2SiC=CC--CSiMe2(CH2=CHCH2) with an excess of {Mo 
(CO)2Cp}2 gave {Mo(CO)2Cp}2{>-02:/_t-O2-(CH2CH=CH2)Me2SiC2C2SiMe2 
(CH2CH=CH2)}, which afforded {Mo(CO)2Cp}2(/z-02:/z-02-Me2FSiC2C2R) 
[R = SiMe2(CH2CH=CH2), SiFMe2] following treatment with the stoichiometric 
amount of HBF4.174 Protodesilylation of the SiMe3 complex with [NBua]F in moist 
thf afforded Mo2(#-02-HC2C~-CH)(CO)aCp2 .172 

In refluxing toluene, {W(CO)2Cp}2 reacts with Me3SiC=--CC=CSiMe3 to give 
{W2(CO)aCp2}2(/z-02:/z-0Z-Me3SiC2C2SiMe3) in which each alkyne moiety 
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Cp(OC)3Mo -- C~C--Ph - C O  [Cp(OC)2Mo _ C.~___C__Ph ] 

(CO)2Cp 

Ph-- ~ C - - C ~ C P h  

Mo 
(CO)2Cp 

C/Ph 

Cp(OC)2M° \ Mo(CO)2Cp 
Ph / C~'~C/ 

SCHEME12 

bridges a W2 unit. 175 This complex is also formed in the reaction between 
W(C--CSiMe3)(CO)3Cp and {W(CO)3Cp}2. Thermolysis of the mononuclear 
complexes Mo(C~CR)(CO)3Cp (R = SiMe3, Ph, 4-FC6H4) gave {Mo(CO)2Cp}2 
(/z-02-RC2C~-CR) in modest yield (Scheme 12). 161'175 A cross-coupling experi- 
ment using the Ph and C6HaF-4 complexes afforded a mixture of the two homo- 
coupled products as well as the two possible isomers of {Mo(CO)2Cp}2(/2-?/2- 
4-RC6HaC2C~CC6H4R'-4) (R, R' =H,  F; F, H). 161 Trace amounts of the Cr 
analogue were obtained by pyrolysis of Cr(C--CPh)(CO)3Cp, but the product 
is not thermally stable. 

3. Rhenium 

Treatment of the labile chlorobenzene complex [Re(C1Ph)(NO)(PPh3)Cp*IBF4 
with HC--CC~CSiMe3 gave two inseparable rotamers of [Re(02-HC2C~CSiMe3) 
(NO)(PPh3)Cp*]BF4 .87 

4. Iron and Ruthenium 

Reactions of the equilibrium mixture Fe(CO)z(PEt3)z(Nz)/{Fe(CO)z(PEt3)2}2N2 
with Me3SiC=CC--=CSiMe3 gave Fe(~Z-Me3SiCzC--=CSiMe3)(CO)z(PEt3)2 in 
almost quantitative yield. The analogous P(OMe)3 complex forms in a ca 2:1 
equilibrium with the vinylidene Fe{=C-----C(SiMe3)C=--CSiMe3 }(CO)2{P(OMe)3 }2 
following the reaction of the diyne with Na[FeI(CO)2{P(OMe)3}2].76 

Reactions of PhC=CC=CPh with either Ru(CO)z(PPh3)3 or [RuH(NCMe) 
(CO)2(PPh3)2]CIO4 in the presence of dbu afford Ru(/Tz-PhCzC~CPh)(CO)2 
(PPh3)2.176 This complex reacts with HC104, HBF4, and HPF6 to give Ru 
(r/3-PhC3=CHPh)(CO)2(PPh3)2 and with 1 equiv of HC1 to give RuCI{C(C~ 
CPh)=CHPh}(CO)(PPh3)2. Excess HC1 affords RuC12(CO)2(PPh3)2. 



1 10 PAUL J. LOW AND MICHAEL I. BRUCE 

5. Cobalt 

Mononuclear CoCI(rl2-PhC2C----CPh)(PMe3)3 has been obtained from CoC1 
(PMe3)3 and PhC----CC~CPh. 177 Reactions of diynes with a mixture of Co(L) 
(PMe3)3 (L = C2H4, cyclopentene, PMe3) and COC12 gave air-sensitive bimetallic, 
mixed-valence compounds C02(/Z-tl2-RC2C--=CR)(C1)(PMe3)4 (R = Bu t, SiMe3). 
The formation of GeMe3 analogues has also been noted. While thermally stable, 
these compounds fragment by reaction with CO to give the free diyne, CoCI(CO)2 
(PMe3)2, and C02(CO)4(PMe3)4. 

The diyne chemistry of cobalt is dominated by the formation of the dicobal- 
tatetrahedrane systems containing the C2C02 moiety. A large number of com- 
plexes of general form C02(/z-RC2C--=CR)(CO)4L2 (L = CO, tertiary phosphine 
or phosphite) are now known, and these are most commonly prepared by reac- 
tion of the diyne with C02(CO)8 or a substituted derivative in nonpolar solvents 
at moderate temperatures. The first diyne complex of a metal carbonyl to be de- 
scribed was the bis-C02(CO)6 derivative of Me2C(OH)C=CC=CCMe2(OH) 155 
and early work in this area has been reviewed. ~7s Dicobalt carbonyl complexes 
have long been used to protect alkynes and have the advantage that the dicobalt unit 
may be easily removed by gentle oxidation, e.g., with iron(III) or cerium(IV), or 
Me3NO. 10,179 

As expected, the extent of coordination the di-or poly-yne following treat- 
ment with Co2(CO)6L 2 is determined by the stoichiometry of the reaction 
and by steric factors. While 1:1 stoichiometric reactions invariably lead to 
mono-adducts, more highly coordinated compounds are observed from reactions 
with excess cobalt reagent or from further reaction of mono-complexed com- 
pounds with C02(CO)6L2 (Scheme 13) [ R = P h  16°, CH2(OH) 18°, SiMe3181]. 
The bis-adducts {C02(CO)6}2(/z-r/2:/z-r/2-RC2C2R) have also been obtained 
from C04(CO)12 and RC--CC--=CR (R=Me ,  Ph). It has been suggested that 
these reactions involve an undetected C04(#4-r/2-RCzC=CR)(CO)lo inter- 
mediate, which fragments upon coordination of the second C------C triple 
bond. 18z 

The C-=-C moieties in the asymmetric diynes RC=CC--CSiMe3 (R = Ph, tol) 
show no selectivity towards Co2(CO)s and give l:1 mixtures of the two possi- 
ble isomers in which either triple bond is coordinated. 183 While two adjacent 
C-------C triple bonds may be coordinated to C02(CO)6 or C02(tx-dppm)(CO)4 groups, 
introduction of a third such group to the next adjacent C----C triple bond is re- 
stricted by steric constraints (see following). However, less sterically encumbered 
derivatives of RC~CC6H4C=CC~CC6H4C~CR (R = H, SiMe3) in which all 
four C=--C triple bonds are complexed to C02(CO)6 fragments have been 
made.184 

Cobalt carbonyl adducts of buta- 1,3-diyne are best obtained via indirect meth- 
ods. Very early work showed that the reaction between Hg(Co(CO)4}z 
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and CH2C1C~-CCH2C1 afforded {C02(CO)6}2(#-q2:/z-r12-HC2C2H). 185 Cobalt 
complexes of terminal diynes Co2(kt-dppm)(/z-r/2-RCzC---CH)(CO)4 have also 
been obtained as minor components following lithiation of Co2(#-dppm)(bt-rl 2- 
RC2CH=CHCI)(CO)4 (R = SiMe3, tol, Ph, C6H4OMe-4, C6H4F-4) with LiNPri2 
and subsequent hydrolysis. 183 However, protodesilylation of complexes derived 
from Me3SiC=CC=CR (where R may also be SiMe3) provides the simplest route 
to dicobalt derivatives of the terminal diynes. The uncomplexed C--CSiMe3 groups 
are desilylated more readily than silylalkynes coordinated by the C02 moiety 
(see following). Thus, the SiMe3 group on the free C=C group in C02(/_t-~ 2- 
RC2C--CSiMe3)(/z-dppm)(CO)4 (R = SiMe3, tol, Ph, C6H4OMe-4, C6H4F-4) is 
easily removed under standard conditions (KOH/MeOH or [NBu4]F) to give C02 
(#-r/z-RC2C=CH)(~-dppm)(CO)4,172,183,186 while the isomeric Co2(/z-dppm) 
(/z-r/2-Me3SiCzC~CR)(CO)4 complexes remain unchanged. 

The complexes M(C=--CPh)(PPh3) (M = Au, Ag) or Hg(C~-CPh)2 react with 
Co2(C0)8 in CH2C12 to form {Co2(CO)6}2(#-rl2:/z-q2-PhC2C2Ph) as the major 
product along with a small amount of a red compound tentatively formulated as 
C02{#-r/2-PhCz[M(PPh3)]}(CO)6.187 The reaction is thought to involve initial for- 
mation of the usual tl 2 complex, which eliminates the bulky M(PPh3) group in 
a manner similar to the formation of {Co2(CO)6}2(/z-r/2:#-r/Z-Me3SiCzC2SiMe3) 
from C02(/.t-rl2-Me3SiC2Li)(CO)6 (see following). This proposal is given credence 
by the formation of {C02(CO)6}2(/.t-02:IZ-r12-Me3SiC2C2SiMe3) and {Fe(CO)2 
Cp}2 by thermolysis of Fe{CzSiMe3[Co2(CO)6]}(CO)2Cp. lss The reaction of 
FcC~CI with C02(CO)8 gives {Co2(CO)6}2(#-r12:#-r12-FcC2CzFc) by deiodinative 
coupling of the iodoalkyne followed by complexation of the resulting diynel89; the 
same complex has also been obtained by more conventional methods. ~90 Other ex- 
amples of cobalt-diyne complexes derived from alkyne coupling reactions include 
the formation of a 1:1 mixture of {Co2(CO)6}2(#-r/2:#-r/Z-Me3SiCzC2SiMe3) and 
Co2(/z-t/2-Me3SiCzC~CSiMe3)(CO)6 by deprotonation of Co2(#-~T2-HCzSiMe3) 
(CO)6 with LiNPr12 or LiN(SiMe3)2 [which gave a dark green-black solution, 
presumed to contain Co2(/.t-LiC2SiMe3)(CO)6], followed by quenching with 
H20.162 

Reactions of (CH2=CHCHz)Me2SiC--=CC=CSiMez(CHzCH--CH2) with di- 
cobalt carbonyl have given {C02(CO)6}n{(/.t-r/Z)n-(CHz-----CHCH2)Me2SiCzC2 
SiMez(CHzCH=CH2)} (n = 1, 2). Treatment of these derivatives with HBF4 re- 
sulted in stepwise replacement of the allyl group by F to give his adducts of the flu- 
orosilanes (CH2=CHCHz)Me2SiC--CC=CSiFMe2 or Me2FSiC=CC=--CSiFMe2, 
and the mono adduct C02{#-r/2-(CH2=CHCHz)SiMezC2C=--CSiFMe2}(CO)6. 
Electrophilic attack at the silicon center results in elimination of propene and 
formation of the silyl fluoride; silyl cations are unlikely to be involved. 174'191 

Two CO ligands of C02(#-r/2-RC2R)(CO)6 are labile, and compounds of gen- 
eral type C02(/z,r/Z-RC2R)(CO)4L2 are readily obtained via thermal substitution 
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reactions. More highly substituted complexes require forcing conditions. In the 
case of compounds featuring two Co2 fragments coordinated to adjacent C--C 
moieties, the increased steric demands of these more highly substituted deriva- 
tives may lead to decomplexation of one of the Co2 units (Scheme 13). 192 

The complexes {Co2(CO)6}2(/z-r/z:#-rlz-RC2C2 R) (R=Ph,  Fc) react with 
P(OMe)3 at room temperature to give small amounts of the substituted compounds 
{Co2(CO)5[P(OMe)3] }{Coz(CO)6_n[P(OMe)3]n}(#-oz:Iz-~z-RCzC2 R) (n=0-2)  
in addition to greater quantities of CO2(#-tlz-RCzC=CR)(CO)6_n{P(OMe)3}n 
(n = 1-3). Product complexes with 0:1, 1:1 and 1:2 substitution patterns at each 
metal have been identified. At higher temperatures dicobalt compounds were 
formed by dissociation of the Co2(C0)6 fragment aided by coordination of 
P(OMe)3 to the adjacent centre. Reintroduction of a C02(CO)6 group onto the sub- 
stituted complexes Co2(/z-0LRCzC--CR)(CO)6_n{P(OMe)3}n was readily achieved 
by reaction with C02(CO)8, indicating that steric hindrance between the P(OMe)3 
ligands on adjacent C02 centers rather than phosphite-carbonyl interactions 
result in the initial dissociation (Scheme 14). For {Co2(CO)5[P(OMe)3]}2 
(#-02 : #-~/2-RCzCzR), two isomers (ratio 1/1, R = Ph; 2/1, Fc) result from oc- 
cupation of the two sets of axial sites. The trisubstituted complex is labile (by 
steric interaction between phosphite ligands) and contains one equatorial and two 
axial P(OMe)3 ligands. 192 

The complexes C02(lz-02-Me3SiC2C--CSiMe3)(CO)4(L)2 [L2 = (PMePh2)2 or 
NH(PPh2)2] have been prepared directly from the phosphines and the parent 
carbonyl complex or from Co2{#-(PPh2)zNH}(CO)6 and the diyne. A second 
Co2{/z-(PPh2)2NH}(CO)4 moiety can be added to give {Co2[/z-(PPhz)zNH] 
(CO)4}2(/z-r/Z:/z-r/2-Me3SiCzCzSiMe3), while protodesilylation by [NBu4]F gives 
C02{/,_(pphz)zNH}(#_qZ_Me3SiCzC~CH)(CO)4.107 

The Co2(CO)4(dppm) complexes of thermally sensitive terminal di- and poly- 
ynes have been found to be particularly useful as these derivatives are stable 
enough to be used in further reactions under rather harsh conditions (Scheme 14). 
Reactions of {C02(CO)6}2(#-~/2:/~-r/2-PhCzCzPh) with dppm gave {C02(#-dppm) 
(CO)4}2(#-t/2:/z-o2-PhCzC2Ph) as the major product, together with some 
{Co2(#-dppm)(CO)4}(#,qz-PhC2CwCPh), a large excess of dppm being required 
to form {Co2(#-dppm)2(CO)2}(/z-oz-PhC2C=CPh). Reactions of dppm with 
{C02(CO)6}2(/~-tlz:#-lTZ-FcC2C2Fc) result in loss of C02(CO)6 and formation of 
{Co2(#-dppm)(CO)4}(#-oZ-FcC2C~CFc) together with some C04(#-dppm)2 
(C0)8.192 The diyne Me3SiC-~CC=CSiMe3 affords {Co2(/z-dppm)(CO)4}(#-tl 2- 
Me3SiC2C=CSiMe3).193' 194 

The dppm-subsituted complexes of the asymmetric diynes RC----CC~CSiMe3 
(R = Ph, tol) are readily obtained from thermal reactions of the hexacarbonyl 
complexes with dppm or by direct reactions of the diynes with Co2(/z-dppm)(CO)6. 
In these cases there is some evidence for regioselectivity due to steric interaction 
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between the SiMe3 and dppm, with the Coz(/z-dppm)(#-Oe-RC2C=CSiMe3)(CO)4 
isomer being formed preferentially. 183 

Addition of 2,3-bis(diphenylphosphino)maleic anhydride (bma) to {C02(C0)6}2 
(#-rl2:/x-~2-PhC2CzPh) under mild conditions (refluxing CH2C12 or addition of 
Me3NO) gives thermally sensitive {Co2(CO)6}(/~-r/2"/z-r/z-PhC2C2Ph){Co2(CO)4 
(/z-bma)} (52) (Scheme 15). 195 Above 80°C, P--C bond cleavage and C--C bond 
formation occurred to give Co2{/z-q2,P:r/2,P-(Z)-PPh2CPh=C(C~CPh)C=C 
(PPh2)C(O)OC(O)}(CO)4 (53) with competitive loss of the diyne ligand to give 
Co2(/z-bma)2(CO)2 (54) which further reacted to afford Co2(~-PPh2)(/z-bma){#- 
C=C(PPh2)C(O)OC(O)}(CO)2 (55). Complex 52 is the common precursor, by 
loss of a Co2(CO)6 group to give 53, and by reaction with an excess of bma for 54 
then 55. 

Metal complexes containing pendant alkynyl moieties coordinate readily to 
Co2(CO)s, as shown by an example derived from 2,2':6',2"-terpyridine-ruthenium 
centers linked by 1,3-diynyl groups, namely, [(tpy)Ru(tpy-4'-OCH2C2{Co2(CO)6} 
C2{C02(CO)6}CH20-4'-tpy)Ru(tpy)][PF6]4.196 Although no M + ion was pre- 
sent in the electrospray mass spectrum, the IR and NMR spectra were consistent 
with the formation of a symmetrical complex. Addition of C02(CO)8 to M(C= 
CC--=CH)(CO)3Cp (M = Mo, W) or Ru(C=CC~CPh)(PPh3)zCp affords the usual 
adducts Co2{/z-rlz-RczC~C[MLn]}(CO)6 [MLn = Mo/W(CO)3Cp, Ru(PPh3)2Cp] 
in which the C02(CO)6 moiety is attached to the least hindered C~C 
moiety.81,197 

a. Reactions ofdicobalt-diyne complexes. Both SiMe3 groups were removed 
from C02(/z-~/2-Me3SiC2C~CSiMe3)(CO)6 simultaneously by treatment with 
KF/MeOH to afford bright red C02(#-r12-HC2C=CH)(CO)6 which is unstable even 
at low temperatures. 172 The bis(silyl) complex C02(#-dppm)(/z-o2-Me3SiC2C~ 
CSiMe3)(CO)4 may be sequentially protodesilylated to afford the air-stable crys- 
talline derivatives C02(/~-dppm)(/z-r/2-Me3SiC2C~CH)(CO)4 and C02(#-dppm) 
(/z-~72-HC2C~-CH)(CO)4.172' 186 

An example of the protection afforded the C=C triple bond by complexation 
to a Co2(C0)6 fragment is afforded by the chemistry of 56 which in reactions 
with BF3(OEt2) was converted to the fused 6/9 bicyclic ether 57 (Scheme 16). 198 
The linking of two separated C-------C triple bonds in (HC=CCH2)20 in one of 
the products of its reaction with Co2(CO)s affords 58, formed by H migration 
and C--C bond formation to give a C40 ring and a Co-spiked Co3C 
cluster. 199 

Treatment of {Co2(CO)6}2{/z-tlz:/z-r/Z-(HO)CHzC2C2CHz(OH)} with HBF4 
generates the dicarbonium ion. In the presence of dithiols or thioethers, a se- 
ries of macrocycles of types 59, 60, and 61 (Scheme 17) were obtained. Linking 
groups include --S(CH2)2S--, --O(CH2)28--, --O(CH2)2 O-,  --OGePh20--, and 
--CMe2CHzC(-=-CH2)--. 2°° 
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R R 
Me \ / H2 ~ C~C__C ~C Me//~_kk 

( { ] N--N'i'" "'l~li--N ( ] ) 
cO,  !>_c H2C--(~// ~"~C O Me/ C,$e 

C --~.~...~ (67) 

( O C ) a C o ~ ~ J  R 
3(00)3 C/~ C~ 

R\C__~C/ 
(SS) 

(ButNC)2Pt / ~Pt(CNBut)2 

(7'0) R = Me, Ph 

6. Rhodium 

Treatment of {RhCI(Ppri3)2}2 with PhC~CC~CPh and NaI afforded trans- 
RhI(r/2-PhC2C~CPh)(pPri3)2(62; Scheme 18). The iodo-complex was also ob- 
tained by coupling of the alkynyl ligands in Rh(C~CPh)2(SnPh3)(PPlJ3)2 follow- 
ing reaction of the bis(alkynyl) precursor 63 with I2 when elimination of SnlPh3 
occurs. 2m The related complex trans-RhCI(o2-Me3SiCzC=-CSiMe3)(PP~3)> 
formed directly from {RhCI(PP{3)2}2 and Me3SiC~CC~CSiMe3, isomerizes to 
trans-RhCI{=C=C(SiMe3)C=--CSiMe3}(PP£3)2 upon UV photolysis and, in turn, 
can be hydrolysed to trans-RhCI(=C=CHC-~CSiMe3)(PPr'3)2 .78 The complex 
RhCI(PPd3)2{02-HC2C--=CCPh2(OSiMe3)}, formed from {Rh(/z-C1)(pPri3)2}2 
and HC-----CC=CCPh2(OSiMe3), rearranges on heating in toluene, first to 
RhHCI{C--=CC~CCPh2(OSiMe3)}(PP~3)2 and then to the vinylidene 
RhCI{=C=CHC--=CCPh2(OSiMe3)}(PPr'3)2 (64), which adds pyridine to give 
RhHCI{C=CC=----CCPh2(OSiMe3)}(py)(PPr'3)2 (65). Both 64 and 65 react 
with triflic anhydride (Tf20) and NEt3 to give the pentatetraenylidene 
RhCI(=C=C=C=C=CPh2) (pPri3)2 (66). 128 

Complexes containing arsine ligands were prepared in nearly quantitative ),ields 
by displacement of ethene from trans-RhCl(o-C2H4)(L)2 (L = AsPr~3, AsPr'2CH2 
CH2OMe) by RC~CC~CR (R = Me, SiMe3) to give RhC1072-RC2C-~CR)(L)2. 2°2 

7. Nickel, Palladium, and Platinum 

Numerous complexes M(02-diyne)(L)2 (diyne = HC~CC--=CH, HC~CC~CR 
or RC~CC=CR; L = tertiary phosphine) have been obtained from reactions of 
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HOCH2 (CO) 3 S 
IC Co S 

,oc,~co/~\c-_ / /  \coco "~, ( ) \;o/ 7 '  H-x-." c c 
(00)30o/~'''IT J "" '~ Co(CO)a <co,. ~c..o. ~ . ! /  \ i ~  

Co Co (co)3 (00)3 

(C0)3 (C0)3 
/ 1 i  °o %. 

(OC)3C°~c C~.~.~-'~ 00(00)3 

x 

(°c)3c° ~ C  ~ C~cc/o,,,~c°(c°)3 

(co)3 (C0)3 

(60) x = o, S 

SCHEME 17 

(59)  x = o, s 

.2°,,. .~ Me 
"~C ~ ~-, "----.... ~ .._..-. M e 
/ \ 

/I~c_o~?\ <oo>~co~-- W \/yco<co,~ 
Co Co 
(co)a (co)3 

(61) 

M(r/-C2H4)L2 [M = Pd, L2 = dippe, t58 M = Pt, l-,=PPh3, PMePh22°3], M(cod)L2 
(M = Ni, Pd, Pt; L2 = cod, bipy, dippe, dippp), 158 and Pd072-C6H10)(dippe) [pre- 
pared in situ from Pd(CH2CH=CHz)2(dippe)]. 15s The stoichiometry of the re- 
action is often the principal factor in determining the type of product formed. 
For example, the complexes {Ni(Lz)}n(#-r/z:O2-HC2C2H) (n = 1, 2; L2 = dippe, 
dippp) may be interconverted by addition of one equivalent of the nickel com- 
plex Ni(cod)L2 or buta-l,3-diyne, as appropriate. 2°4 The nature of the diynyl R 
group may also influence the product distribution, probably due to steric effects. 
While reactions of R C = C C ~ C R '  (R = R' = Ph, SiMe3; R = Ph, R' = SiMe3) with 
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P = PPri3 

SnPh3 /P 
PhC~-C--Rh~C~CPh / 

P 
(63) 

12/-SnlPh 3 

R CI P "~Rh/ ~qh/ RC~-CC~CR 
/ ~C/  \ p  R =SiMe3, Ph, 

CPh2(OSiMe3) 

J 
Y 

H 

CI--R!/Pc~c--c-~--~C--CPh2(OSiMe3) / . /  
PY 

(65) ~ T f 2 0  / N Et3 

SCHEME18 

Ph 
~c / 

c 
P \C  

(62) %C\ph 

l Nal (R = Ph) 

R 
/P  C / 

P C \ % c  \ 

R 
(i) isomerisation 

l (i) H20 / A 203 

P /H  
CI--Rh/~C=C 

P/ \C%c \ 
R 

R = SiMe3, CPh2(OSiMe3) (64) 

/P 
CI--Rh=C=C~--C=C=CPh;  / 

P 
(66) 
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Ni(cod)2 in the presence of PPh3 gave mononuclear Ni(02-RC2C~CR')(PPh3)2 
or binuclear {Ni(PPh3)2}2{/z-02:02-RC2C2 R'} according to reagent stoichiome- 
try, only mononuclear compounds were isolated from reactions of ButC~CC~CR 
(R = Bu t, SiMe3). 2°5 A comparison of the structures of NiL2(02-ButC2C~CBu t) 
(L2 = bpy, L = PPh3) suggests that changes in L have little effect on the geometry 
of the NiC2 fragment. 2°6 

The unusual complex {Ni(NCsH3Mez-2,6)}2(/z-02:02-Me3SiC2CzSiMe3)2 (67) 
featuring twin  02;02 diyne ligands has been obtained from the reaction of 
the lightly stabilized nickel complex Ni(02,02-C7H12)(NCsH3Me2-2,6) and 1 equiv 
of the diyne. Attempts to isolate analogous Ph or Bu t complexes were 
unsucessful. 2°7 

Reduction of MC12(PR3)2 in the presence of a suitable diyne has also been 
shown to afford complexes featuring 02-diyne ligands. Treatment of NiC12(PMe3)2 
with magnesium in the presence of Me3SiC--CC=CSiMe3 gave extremely air- 
sensitive mono- and bis-Ni(PMe3)2 complexes containing 02- and 02:02-diyne 
ligands, respectively. 2°8 The reduction of cis-PtC12(PPh3)2 with hydrazine in the 
presence of MeC~CC-~CMe gave only Pt(02-MeC2C~CMe)(PPh3)2, from which 
the diyne ligand is displaced by C2Ph2. A his-platinum complex could not be pre- 
pared, probably for steric reasons. 2°9 

P6rschke and colleagues have observed a curious isomerization of the com- 
plex {Pd(dippe)}2{/z-q2:02-HC2C2H} in d8-thf solution at -80°C. Over a period 
of about a week both Pd(dippe) moieties become coordinated to the same C~C 
bond. Warming a solution of this lower symmetry isomer to 0°C results in only par- 
tial reversal of the isomerization. The isomers are apparently in slow equilibrium, 
with various subtle and unspecified factors determining which one is preferred and 
while the {Pd(dippe)}2{/z-02:/z-02-HCzC2H} (68) form is thermodynamically fa- 
vored in solution, crystallization affords {Pd(dippe)}2{#-02:02-HC2C~CH} (69) 
(Scheme 19)J 58 

pri2 

/%, 
Pr.P\p  

(68) (solid state) 
SCHEME19 

A.r./" 
r2P~p/d C 

/ \ /  Pr'2 

P r i 2 P ~  

(69) (solution) 
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The reaction between aqueous KaPdC14 and CMe2(OH)C--=CC=CCMe2(OH) 
(L) has been reported to give the palladium(I) complex PdCI(L), which exchanges 
L for X with salts MX (M = alkali metal, X = SCN, Br, I) and adds py to give 
PdCl(L)(py). However, it must be said that the dark brown to black solids so 
formed are not fully characterized by contemporary standards. It was assumed 
that hydropalladation of one C------C triple bond has occurred. 21° 

Reactions of Pt(o-CzH4)L2 (L = PPh3, PMePh2) with equimolar amounts of 
RC--=CC--=CR [R = Me, Ph, SiMe3, CMe2(OH), CPhz(OH), Ph2P{M(CO)n} (n = 
5, M = Mo, W; n = 4, M = Fe)] 172,203,211 or of Pt(PPh3)4 with PhC=CC-----CPh 212 
proceed smoothly to give Pt(r/z-RCzC-~CR)L2. Successive formation of {PtL2}n 
(O2,02-RC2C2R) (n---1, 2; L = PPh3, PMePh2; R = Me, Ph) occurs with some 
diynes. 2°3 The compound Pt3(CNBut)6 acts as a source of the reactive platinum 
species Pt(CNBut)2 and reactions with RC--=CC--CR (R=Me,  Ph) gave the 
diplatinacyclobutene complexes Ptz(RC2C~CR)(CNBut)4 (70; R = Me, Ph). 

Other examples of compounds containing metal--metal bonded fragments at- 
tached to either one or both C----C triple bonds have been prepared either by cou- 
pling mononuclear precursors in situations where coordination of discrete metal 
fragments to adjacent C--C moieties is sterically unfavorable, or by direct re- 
actions of bimetallic reagents with diynes. Thus, while 1 equiv of Ni(cod)(bpy) 
reacts with the bulky diynes RC------CC-----CR' (R = R' = Bu t, Ph, SiMe3; R = SiMe3, 
R' = Bu t, Ph) to give {Ni(bpy)}072-R'C2C--=CR), analogous reactions with an ex- 
cess of the metal reagent gave the binuclear {Ni(bpy)}z(#-oz-RCzC------CSiMe3); in 
each, the C----CSiMe3 group remains uncoordinated. 2°6 The reaction of an excess 
of Ni(cod)2 with RC----CC----CR (R = Ph, SiMe3) afforded the tri- and tetranuclear 
complexes {Niz(cod)z}{Ni(cod)}(#-~/2:~z-RCzC2R) (71) or {Niz(cod)2}2(#-~T2:/z - 
~2-RC2C2R) (72), in which both alkynyl moieties are coordinated by Ni or Ni2 
fragments. 2°5,213 The diyne ligand in the latter (R = Ph) is cleaved in reactions 
with dppm to afford the mixed-valence bis-alkynyl complex Ni3(/z-dppm)3(/z-r/1- 
C-----CPh)2. 214 The reaction of {Ni(/z-CO)Cp}2 with an excess of PhC----CC----CPh 
gave a separable mixture of Niz(#-r/2-PhC2C-~CPh)Cp2 (73) and {NizCpz}z(/Z- 
~?2:/z-~2-PhC2C2Ph) (74). 156 

In several cases the 02-coordinated diyne ligand can be displaced by other 
ligands. The pentane-soluble, thermally stable compounds {Ni(L2)}n(HC2C2H) 
(n = 1, 2; L2 = dippe, dippp) react with P(OPh)3 to give Ni{P(OPh)3}4 with lib- 
eration of diyne and the bis-phosphine. The reaction of {Ni(dippp)}2(/z-O2:/z-~/2- 
HC2C2H) with four equivalents of CO resulted in polymerization of the butadiyne 
released from the metal center and the formation of Ni(CO)2(dippp). 2°4 

Low-temperature protonation (HBFn.OEt2) of Pt(02-RC2C~CR){P(tol)3}2 
(R = Me, SiMe3), which was obtained from Pt(r/-C2Ha){P(tol)3}2 and the diyne, 
gave hydrido complexes trans-[PtH(o2-RC2C=--CR){P(tol)3}2] + (75) which 
rearranged to [Pt(01,~72-RC2C=CHR){P(tol)3}2] + (76) on warming to -30°C 
(Scheme 20). In contrast, treatment of Pt(r/Z-MeCzC=CMe)(PPh3)2 with CF3COzH 
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gave the vinyl trans-Pt{oI-(E)-MeCH=CC=CMe}(O2CCF3)(PPh3)2 (77), which 
was too unstable to isolate. However, subsequent addition of LiC1 afforded trans- 
PtCI(01-MeCH=CCCI=CHMe)(PPh3)2 (78), possibly via an intermediate 
zr-propargyl cation such as 79. In the presence of water, the PPh3-substituted 
02-diyne complex reacted with CF3CO2H to give Pt{01-(Z)-MeCH=CC(O)Et} 
(O2CCF3)(PPh3)2 (80) which exchanged trifluoroacetate ligand with chloride to 
give Pt{01-(Z)-MeCH=CC(O)Et}(C1)(PPh3)2 (81). 215 

8. Heterometallic Derivatives 

Mixed-metal complexes can be obtained from sequential reactions of diynes 
with different ynophilic metal fragments. Reaction of 43 with C02(CO)8 affords 
NbCI{r/2:/z-02-PhC2C2Ph[Co2(CO)6]}cpSi2, obtained as a mixture of exo and 
endo isomers. 165 The pendant C=CSiMe3 moiety in Mo2(/z-02-Me3SiC2C --- 
CSiMe3) (CO)4Cp2 reacts readily with C02(CO)8 giving the mixed-metal complex 



124 PAUL J. LOW AND MICHAEL I. BRUCE 

Me / Me + /c _/ 
C H ÷ J 

. 7 3  ° H ~  t 

Me P = P(tol)3 
p Me 

I CF3CO2H 
P = PPh 3 

Me / 
P / J  
I CF3CO 2 -  Pt- -C 
I '~C--Me P / 

H 

(75) 

.30 ° 

Et 
P ,/~C~----O 

(77) [ CI ~t ~C~,  

(81) 

"•F3CO2H/H20 PPh 3 

Me\c\\\ I + 

P2Pt "" " " '~  \ /  
H A M e  

(76) 

Et 
p \ 
I / c = o  

CFaCO 2 - - P t - - C _ _  

P Me / 

cr / (80) 
, /  

Mo 

, M e +  
-,,t ...... ~ c, 

~ H p  ~J 
(79) (78) 

SCHEME20 

{Mo2(CO)4Cpz}{Co2(CO)6}(/z-r/z:#-o2-Me3SiC2C2SiMe3).172'175 In the latter 
case, exposure to atmospheric oxygen on silica gel was sufficient to remove se- 
lectively the Co2(CO)6 group by oxidative decomposition. 172 Similarly, the free 
C--C triple bond in Niz(#-r72-PhC2C=CPh)Cp2 reacts with C02(CO)8 to give 
{Ni2Cp2}{Co 2 (CO)6}(/z-~/2:#-r/2-PhCzC2Ph), and with Fe(CO)5 to give a mixture 
of dark blue-black and brown-black complexes, probably FeNi2(/z3-PhC2C--=CPh) 
(CO)3Cp2 (82) and Fe2Ni2(/zg-PhC2C=CPh)(CO)6Cp2 (83).156'216 
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D. Complexes Containing Poly-yne Ligands 

1. Vanadium 

The vanadacyclopropene-like structure 84 has been suggested for the brown 
crystalline material (#elf 1.9 /XB) obtained from the 1:1 reaction of VCp2 with 
Me3Si(C--=C)3SiMe3. In the presence of an excess of VCp2 the trans-ene(diyne) 
complex {VCp2}2(/zz-0I:~I-Me3SiC=CC2C--=CSiMe3) (85) was obtained as a 
black crystalline material (Scheme 21). 217 The triyne has a trans configuration, 
the two V atoms being coplanar with the SiC6Si skeleton. The formation of this 
complex, featuring V(III) centers and V-C cr-type bonding, is in stark contrast 
to the reactions of VCpa with the diynes discussed previously and has been at- 
tributed to the greater electron density associated with the central C=C moiety of 
the conjugated triyne. 

2. Rhenium 

The reaction of [Re(C1Ph)(NO)(PPh3)Cp*]BF4 with the 1,3,5,7-0ctatetrayne 
Me3Si(C~C)4SiMe3 yielded rotamers of [Re(rl2-Me3SiC=CC2C~-CC=CSiMe3) 
(NO)(PPh3)Cp*]BF4.143 

Me3Si SiMe3 \% 01110/ y Cp2 
~C~C / VCp2 j,, .~C--C~C~SiMe3 

\ / Me3Si--C~C--C" 
I V Cp2V Cp2 

(84) (85) 
SCHEME 21 
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3. Cobalt 

Direct reactions of C02(CO)6L2 [L2 = (CO)2, dppm] with poly-ynes occur in 
a manner entirely consistent with the reactions of alkynes and diynes. Diederich 
has reported the formation of C02(#-t/2-pri3SiC~CC2C~-CSiPri3)(CO)6 from the 
reaction of C02(CO)8 with Pd3Si(C--C)3SiPri3. At elevated temperatures (reflux- 
ing hexane) a dark blue oil tentatively formulated as Co4(/d,4-rl2-pri3sic~cc2c~- 
CSiPri3)(CO)10 was also obtained.186 Carbonyl substitution occurred readily upon 
treatment of Co2(#-r/2-pri3SiC~CC2C~CSiPri3)(CO)6 with dppm, yielding 
Co2(/z-rl2-pri3SiC=CC2C--CSiPri3)(#-dppm)(CO)4. Reaction of Co2(/z-dppm) 
(CO)6 with the less sterically hindered 1,3,5-hexatriyne Me3Si(C--C)3SiMe3 af- 
forded the two possible isomers, Co2(/z-Me3SiC2C=CC----CSiMea)(/z-dppm) 
(CO)4 (15%) and Co2(/z-Me3SiC-----CC2C~CSiMe3)(/z-dppm)(CO)4 (42%). 194 

Cobalt carbonyl adducts of the unstable terminal poly-ynes H(C=C)nR are best 
obtained indirectly. A suspension of C2(MgBr)2 reacts with Hg{Co(CO)4}2 to 
give {Co2(CO)6}3(J2-t]2:#-rJ2:~-t]2-HC2C2C2H).I85 However, the simplest route 
is by protodesilylation of complexes derived from R3Si(C=C)nR ' (R = alkyl; R' 
may also be SIR3). For example, deprotection of C02(#-dppm){/z-o2-pri3SiC~ 
CC2C~CSiPri3)(CO)4, with [NBua]F in moist thf gave stable C02(#-dppm){/z-02- 
HC-~CC2C~-CH)(CO)4, although the corresponding C02(CO)6 complex decom- 
posed under similar conditions. 186 

The tetrayne complexes 1,4-{C02(#-dppm)(CO)a}2{#-~z:#-~72-RC2C--=CC~ 
CC2R} have been obtained by oxidative coupling (Glaser) of the corresponding 
complexed terminal diynes] 83'186 The tetra-ynes are liberated by decomplexa- 
tion of {C02(#-dppm)(CO)4}z(#-*72:/z-02-RC2C=CC~-CC2R) with Fe(NO3)3 in 
MeOH at r.t. 218 

Other examples of cobalt carbonyl complexes containing poly-yne ligands in- 
volving coupling of various smaller fragments have been reported and usually pro- 
ceed via sequential deprotonation and electron transfer to an electrophile. Thus, 
deprotonation of {Co2(CO)6}2(#-r/2:/z-t/2-HC2C2SiMe3) with Li[N(SiMe3)2], fol- 
lowed by reaction with 4-NO2C6H4CHzC1, gave 1,2,4-{Co2(CO)6}3(/z-02:/*-r/2: 
#-rl2-Me3SiCzC2C~CC2 SiMe3) (86; Scheme 22).162 A related reaction also pre- 
sumed to proceed via C--C bond formation between C02(/z-rl2-RCC.)(CO)6 frag- 
ments has been observed following exposure of a methanolic solution of {Co2 
(CO)6}2(#-T/z:/z-q2-Me3SiC2CzSiMe3) to air for 24 h. The black insoluble polym- 
eric material that formed is thought to be a poly-yne (87, n ~ 10) with each 
(or most) C=C triple bond attached to a Co2(CO)6 unit. Dehydrochlorination 
of Co2(#-dppm)(/z-~2-RC2CH=CHC1)(CO)4 (R = SiMe3, tol, Ph, C6H4OMe-4, 
C6HnF-4) with LiNPri2 and subsequent hydrolysis affords {Co2(#-dppm)(CO)4}2 
(#-02:#-02-RC2C----CC-----CC2R) as the major product.183 

These studies have indicated that while two adjacent C----C triple bonds may 
be coordinated to Co2(CO)6 or Co2(/z-dppm)(CO)4 groups, introduction of a third 
such group to the next adjacent C~C triple bond is restricted by steric constraints. 
Thus, the reaction of Me3Si(C----C)4SiMe3 with a large excess of Co2(CO)8 gave 86 
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in low yield, 162 coordination of the remaining C-----C moiety being restricted by the 
carbonyl ligand of the adjacent dicobalt groups. Steric effects have also been cited 
as a likely cause for the coordination of the diagonally opposite C~-C triple bonds 
in 88 formed from the reaction of the cyclic tetrayne C6H4(C~CC~C)2C6H 4 with 
Co2(CO)8. 219 The silacyclyne ligand in 89 is distinctly nonplanar as a result of the 
bending of the coordinated alkyne (rather than diyne) group. 22° Structural charac- 
terization of 90 has also been reported. 221 Oxidative coupling reactions with the 
complex Co2(#-dppm)(/z-~2-HC--=CC2C--CH)(CO)4 afforded a mixture of the sta- 
ble crystalline complexes 1,4,7-{Co2(#-dppm)(CO)4}3-cyclo[18]carbon (91) and 
1,4,7,10-{Co2(/z-dppm)(CO)4}4-cyclo[24]-carbon (33 and 5.4%, respectively). 218 
The structural study of 91 shows the expected differences in bond lengths and 

(O0)300~(~°(00)3 
c 1( 

(88) 

(OC)30°~C~o~C°(CO)3 
 2siJ 

o___sif 

(89) 
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angles from those anticipated for free cyclo[ 18]carbon. Partial conjugation through 
the macrocyclic ring is suggested by the UV-vis spectra, which contain intense 
bands at 370 and 381 nm, respectively. 

4. Platinum 

While reactions of Group 10 reagents with diyne reagents are well documented, 
reports describing the analogous reactions with triynes R(C~C)3R are rare. The 
reaction of Me(C~C)aMe with Pt(r/-C2H4)(PPh3)2 affords two complexes which 
have been identified from their 31p NMR spectra as the symmetrical and asym- 
metrical adducts, together with a minor product formed by oxidative addition of 
the triyne, possibly cis-Pt(C-=CMe)(C=--CC=--CMe)(PPh3)2. 222 

E. Structures 

In general, coordination of a single metal to the Jr-system of coordinated diynes 
and poly-ynes results in a minor elongation of the C=C bond length. Direct com- 
parison between coordinated and free C--=C triple bonds is possible, from which it 
is found that coordination of a C--=C moiety results in elongation of C-=C bond by 
about 0.06 A. In monometallic complexes (type G), the substituents are bent back 
from the metal by up to 45 ° . Similar features are found in bimetallic complexes 
(type H), with further elongation to about 1.35 A as a result of both zr-bonds being 
used in bonding. There is little interaction with uncoordinated C-=-C triple bonds, 
which retain their linearity and usual structural parameters. 

As mentioned previously, the characteristic bend-back of substituents has en- 
abled derivatives containing cyclo[n]carbons to be obtained, in which the carbon 
ring is relatively free of strain. Thus, for cyclo[ 18]carbon, the bend-back resulting 
from coordination of the Co2 moieties in 91 amounts to between 131 and 134 °, 
with the largest bending at noncoordinated carbons of about 19 °.218 Earlier calcu- 
lations suggested that free cyclo[ 18]carbon might be stable enough to be isolated, 
the required 20 ° bending at each carbon atom requiring relatively little excess 
energy. 223 

IV 

METAL CLUSTER COMPLEXES DERIVED FROM 1,3-DIYNES 
OR POLY-YNES 

A. Syntheses 

Many examples of metal cluster complexes featuring diyne or higher poly-yne 
ligands are known, and have generally been obtained by three main routes. 
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1. Reactions of Cluster Carbonyls with Diynes or Poly-ynes 

In general, sources of metal cluster fragments, such as Ru3(CO)10(NCMe)2 or 
Ru3(/z-dppm)(CO)10 react readily with 1,3-diynes or poly-ynes initially to give 
alkyne complexes, which readily undergo further reactions as a result of activation 
by the cluster core. 

2. Coupling of cr-Alkynyl Groups with Concomitant Aggregation of the Metal Fragments 

While many examples of alkyne coupling reactions on metal clusters are known, 
here we are only concerned with those reactions that result in the formation of 
diyne or diynyl ligands, or the poly-yne/poly-ynyl analogues, by the combination 
of alkynyl fragments on a cluster core. 

3. From cr-Diynyl-metal Complexes and Other Metal Fragments 

Several diynyl complexes react with other metal substrates, the proximity of the 
u-bonded metal to a multimetal system often resulting in further cluster conden- 
sation. 

B. Survey of Complexes Formed in Reactions of Cluster Carbonyls with Diynes 
or Poly-ynes 

1. Iron 

Most reactions of iron carbonyls with diynes have given mono- or binuclear 
products (see Section VII). Cluster build-up occurs in the reactions of Fe2(CO)9 
with Fe2{/z-2r#l: 04_CPhC(NEtz)CPhC(C~CPh)} (CO)6 [from PhC=CC~CPh and 
Fez{/~-r/I:I/2-PhCC(NEt2 ) } (CO)7] to give the tri- and tetranuclear clusters Fe3 {#3- 
C(C-----CPh)CPhC(NEt2)CPh} (/z-CO)2(CO)6 (92) and Fe4{ #4-CPhCCCPhC(NEte) 
CPh}(CO)u (93). 224 

(00)2 

. , .  , 
//j,C~/._.==._\>C , I  NEt 2 ;C --"-'- ~ (00)2 

Z// / 
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2. Ruthenium 

As with the mono- and binuclear complexes described previously, reactions of 
1,3-diynes with cluster carbonyls such as Ru3(CO)10(NCMe)2 or Ru3(#-dppm) 
(CO)10 have in general given complexes in which only one of the C----C triple 
bonds is coordinated to the metal core. The structural types are similar to those 
obtained from monoalkynes.225-227 Fragmentation of Ru3(CO) le occurs in the reac- 
tion with PhC--=CC----CPh (refluxing hexane, 3 h), from which the symmetrical met- 
allacyclopentadiene complex RUa{/Z-2Ol:r/4-CPh=C(C--CPh)C(C-----CPh)=CPh} 
(#-CO)(CO)5 (94a; R = Ph) was isolated (Scheme 23). 228 Fragmentation of the 
trinuclear core also occurs in reactions between FcC--=CC------CFc and Ru3(CO)I: 
(refluxing hexane, 3 h), from which all three isomers of the metallacyclopentadiene 
Ru2{/z-2~I:~?g-c4Fc2(C~CFc)2}(CO)6 (94; R = Fc) and two isomers of dimetal- 
lacycloheptadienone Ru2(#-rIl,t]2:rIl,r/z-f4Fcz(f~-CFc)2CO}(CO)6 (95; R =Fc)  
were isolated. 229 Reactions of PhC=CC~CPh with Ru3(CO)12 activated by Me3NO 
carried out in thf afforded Ruz{/z-C(C~CPh)=CPhC(C----CPh)=CPh} (CO)6 (94b; 
R = Ph) and Ru2{/z-[C(C--CPh)=CPh]2CO}(CO)6 (95; R = Ph). The use of pre- 
formed Ru3(CO)10(NCMe)2 gave mononuclear Ru{C(C~CPh)=CPhC(C-- 
CPh)=CPh}(CO)3(NMe3) (96), trinuclear Ru3(/z3-q2-PhC2C~-CPh)(/z-CO)(CO)9 
(97; R = Ph) and tetranuclear Ru4(/Za-02-PhC2C~CPh)(CO)12 (98) in addition to 
94b and 95. 230 Complexes 94 and 96 are formed by the coupling of two diyne 
molecules in head-to-tail and head-to-head fashion, respectively. 

Thermolysis of Ru3(#-o2-PhCeC=CPh)(#-CO)(CO)9 gives two tetranuclear 
clusters, 98 and 99. The latter contains the diyne as a 2,5-diphenylruthenacyclo- 
pentadiene, the 3,4-substituents of which are supplied by an Ru2(CO)8 fragment. 
The diyne is converted into a metallated 1,3-diene which chelates one Ru atom by 
virtue of the "rehybridization" of the carbons. TM The Ru6 cluster 100 bearing two 
methyleneindyne ligands attached in 2 and/,14 modes to the cluster is also formed 
at high temperatures (refluxing xylene, 30 min). The latter has a novel geometry 
in which two Ru atoms are attached to one edge of a tetrahedron to give a puck- 
ered rhombus. The organic ligand is formed by attack of an acetylenic carbon on a 
phenyl group, resulting in cyclization to give the bicyclic system with concomitant 
migration of H from the phenyl ring to the end of the C4 chain. 232 

The simple alkyne clusters Ru3(/z3-o2-RC2C~CR)(#-CO)(CO)9 [97; R =  
Ph, 230'233 SiMe3,172 CsH8(OH)Y 4 CH2(OH) 228] are formed in low to moderate 
yields from Ru3(CO)lo(NCMe)2 and PhC~CC~CPh, Me3Si~CC~CSiMe3 or 
1,4-bis(1-hydroxycyclopentyl)buta-l,3-diyne, or as the sole product from (HO) 
CH2C~CC~CCH2(OH). In these complexes, the diyne is attached to the M3 clus- 
ter by a conventional #3-r/~:~1:02 interaction and there are no obvious significant 
differences in the geometries of the clusters. In the crystal of the hydroxymethyl 
complex, an extensive hydrogen-bonding network involves the OH groups of both 
ligand and EtOH solvate molecule. 228 
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Complexes 97 [R = CsHs(OH)], 101 (two isomers) and 102 were obtained 
from Ru3(CO) 12 and 1,4-bis(1-hydroxycyclopentyl)buta- 1,3-diyne (CHC13, 68 °C) 
(Scheme 24). TM Further reaction of 101 with the diyne resulted in formation of 
a second ligand analogous to that already present, together with intramolecular 
attack of OH on coordinated CO to give a carboxylate group in 103. The organic 
ligand in 104 [from 102 and Ru3(CO)12] is derived by activation of C=C and C--H 
bonds forming an 03-allyl group and bridging alkyl function. A by-product in this 
reaction is Ru6(Iz-H)(CO)IsCp, possibly originating from a hydroxycyclopentyl 
group by dehydration and dehydrogenation. Further transformations of the diyne, 
involving C=C triple bond activation, intramolecular cyclization and coupling, oc- 
cur on heating individual complexes with more Ru3(CO)~2, resulting in formation 
of tetranuclear 104. The bent Ru3 chain is attached to the organic ligand formed 
by fragmentation to two alkyne units and coupling to the second diyne, together 
with formation of the furyl ring as found in 102. Formal electron counting leads to 
a zwitterionic formulation of 104 with negative charges on the terminal Ru atoms 
counteracting formal positively charged oxygens. Its dark green color is attributed 
to strong MLCT transitions. 

Reactions between Ru3(#-dppm)(CO)]0 and PhC~CC~-CPh carried out in the 
presence of Me3NO give Ru3(#3-0e-PhC2C~CPh)(#-dppm)(#-CO)(CO)7 (105), 
also obtained from dppm and 97 (R = Ph), and Ru3(#-dppm){/z-C4Phe(C~CPh)2} 
(CO)6 (106) (Scheme 25). The former is a conventional /z3-alkyne complex, 
whereas in 106, two molecules of the diyne have combined to give a ruthenole, 
which is attached to the other two Ru atoms by a n  04 interaction from the ring 
and by 02 coordination of one C~C bond, respectively. TM Thermolysis of 105 
(refluxing xylene, 30 min) gave two further complexes identified crystallograph- 
ically as Ru3{#3-CPhCHCC(C6H4)}(#-dppm)(CO)8 (107) and Ru3(#3-CaHzPhe- 
1,4)(/z-CO)(CO)5(dppm) (108). In each of these, the "free" C~C triple bond of 
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the diyne ligand in 105 has become involved in further bonding to the cluster by 
dint of forming a ruthenacyclopentadiene ligand. In 107, further cyclization with 
the Ph group and the third Ru atom occurs to give an unusual 6/5/5 tricyclic system 
with transfer of the aromatic H atom to the ring, while in 108, the ruthenole is part 
of a conventional thermodynamic isomer of a (substituted) Ru3(/z3-C4R4)(CO)8 
cluster. In neither case is the dppm ligand degraded. 
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Among several products obtained from the reaction between 105 and 
Me3SiC--=CC~CSiMe3 (Scheme 26) were 107, Ru2(#-dppm){#-C(C~CPh)= 
CPhC(SiMe3)=C(C~CSiMe3)} (CO)4 (109; head-to-head coupling of two diynes), 
Ru3{/z3- CPhCC(O)C(SiMe3)C(C~CSiMe3)CCPh}(/~-dppm)(/z-CO)(CO)6 (110; 
formed by coupling of the two diynes and CO on the Ru3 cluster to give a metallain- 
denone) and tetranuclear Ru4(/zn-o2-PhC2C~CPh)(#4-rl2-SiMe3C2C~CSiMe3) 
(/z-dppm)(/z-CO)(CO)8 (111), in which the two diynes are on opposite sides of 
the Ru4 puckered rhomboid. Again it is interesting that in these reactions, the 
often-found dephenylation of the dppm ligand does not occur .  235'236 
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The reaction of HC-~CC--CSiMe3 with Ru3(/z-dppm)2(CO)8 in thf afforded 
Ru3(/z_H)(/z_dppm)2(/z_0 l: r/2_C2C=CSiMe3)(CO)5 (112) via oxidative addition of 
the terminal C=CH portion of the diynyl ligand across one of the dppm-bridged 
Ru--Ru bonds.172 An unusual/z-03-PhCCC=CHPh ligand is found in 113, formed 
in the reaction of PhC--=CC~CPh with Ru3(/z-H)(/z3-PhNCsH4N-2)(CO)9. 237 

An extensive series of complexes has been obtained from reactions of Ru4(/z3- 
PPh)(CO)13 (114) with RC~CC~CR (R = Ph, Me, SiMe3) (Scheme 27). 238 The 
first products to be formed are the 62-e clusters Ru4{/z4-r/1: r/1 :r/2_PPhC(C=CR)CR} 
(/z-CO)2(CO)lo (115), formed by an easy P--C bond formation and preserving a 
free C=C triple bond. The structure contains one C--C triple bond coordinated 
in the usual 2~r,zr fashion, although one ~r bond is to P and is consistent with 
the P atom behaving as part of the cluster framework. On heating (hexane, reflux, 
4 h), complexes 115 are decarbonylated to form 62-e Ru4(/z4-PPh)(/za-r/1: r/l: r/2. r/2_ 
RC2C--CR)(/z-CO)(CO)10 (116; R = Ph, Me). The rearrangements of R = Ph and 
R = Me feature opposite regiochemistry with respect to the diyne ligand and the 
Ru4 face, which is reflected in different distributions of Ru--Ru bond lengths 
and only one symmetrical/z-CO in the latter. In solution, all CO groups exchange 
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readily, even at -90°C. A compound with spectroscopic properties consistent with 
the analogous SiMe3 compound was formed as a by-product in the initial reaction 
of 114 with Me3SiC--=CC-----CSiMe3. 

Ph2 Ph2 

/ Ru \ 

,o 5 ( 2 u H ~ u( )2 

I c//°-P" 

SiMe3 <OC/2\C/ 
(112) \ Ph 

(113) 

Further heating of l l6 -Ph  or ll5-SiMe3 affords Ru4(/z4-PPh)(/z4-r/I:r/I:~/3:03- 
RCnR)(CO)10 (117; R = Ph, SiMe3) in high yield, z38 In the case of the SiMe3 
derivative the molecule has a mirror plane containing the C4 chain and substituent 
atoms (ipso C or Si). The Ru4 square is highly distorted and is coordinated to 
both C--=C triple bonds of the diyne. The R = Me derivative could not be obtained 
under similar conditions. Pyrolysis of l l5 -Ph  (heptane, 80-90°C) with a Hz purge 
results in hydrogenation of the diyne to trans-l,4-diphenylbut-l-ene, the cluster 
being recovered as RUa(/z-H)2(/z3-PPh)(CO)12. Solid-state 31p NMR investigations 
of nido-Ru4(Iz3-ol:~/l: 2_PPhCMeCC=CMe)(/z_CO)2(CO)10 and closo-Ru4(IZa- 
PPh)(/Za-r/1: r71:r73:r/3-SiMe3CC3SiMe3)(CO)10 were undertaken to determine the 
phosphorus chemical shift tensors of the PPh groups, in the former a phosphido 
and in the latter, a phosphinidene group. 239 

The 62-e diyne complexes 115 and 116 are effective scaffolds for the trimeriza- 
tion of the diynes and codimerization of diyne and alkynes, resulting in extended 
carbon chains coordinated to the cluster. 24° Thus, reactions with R'C--CC--=CR' 
(R '=Ph,  Me) afforded Ru4(/za-PPh){/za-RCC(C=CR')CPhC-r/4-CCPhCRC 
(C--CR')}(CO)8 (118; R = Ph, Me). The former was also found as a minor product 
from Ru4(/z4-PPh)(CO)13 and PhC----CC--=CPh. 242 These are 64-e clusters contain- 
ing a #4-PPh ligand capping an Ru4 face, together with a C12 ligand formed from 
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three molecules of the diyne. Eight of the carbons are bonded to the four Ru atoms 
of the square-planar array on the opposite side to the PPh group. A central diyne is 
coordinated by all four carbons, the other two diyne molecules forming a metallacy- 
clopentadiene with one Ru atom and an 04-cyclobutadiene coordinated to another 
Ru. One of the Ph groups has an "agostic" C--C interaction with one Ru atom. 
The regiospecific formation of 118 (R = Me) demonstrates that the uncoordinated 
C=--C moieties in this complex arise from the added diyne. Reaction of l lS-Ph 
with PhC--CPh affords 119, which is an analogue of 118 with no uncoordinated 
C~C triple bonds. 

Reactions of Ru4(/z-H)z(/z3-PPh)(CO)12 (120) with PhC--=CC----CPh afford non- 
cyclic trans-butatriene and trans-but-3-en- 1 -yne ligands in the complexes Ru4{#4- 
OI:~71:rll:~73-pPhC(CHPh)CCHPh}(CO)12 (121), Ru4(/z4-PPh)(#4-~l:r/l:t/2:O 2- 
PhCHCCCHPh)(#-CO)(CO)10 (122) and Ru4(/za-PPh)(Iz4- r] 1 : r/1: r/1:/73- 
PhCHCHCCPh)(CO)ll (123; R = Ph) in reactions which involve easy P--C bond 
formation, hydrometalation, and skeletal isomerization (Scheme 28). 241 The re- 
lated cluster RUa(/Z4-PCF3)(/za-PhCHCHCCPh)(CO)I] (123; R = CF3) has also 
been obtained. 242 The ligand in 121 lies on one side of the approximately planar 
Ru3P face, which is capped on the opposite side by the fourth Ru atom. 241 In 
heptane (80°C, 4 hr) decarbonylation of 121 gives 122, and migration and bond 
redistribution results in the organic ligand becoming located on the opposite side 
of the Run face to the PPh group. Both 121 and 122 originate from 1,4-addition 
of 2H to the diyne. In contrast, the other major product (123) results from 1,2- 
addition to give a/za-phenylethynyl group linked to an O2-styryl unit, the entire 
ligand acting as a 6-e donor in the 64-e cluster. Further reaction of 123 (R = Ph) 
with PhC-~CC=CPh (heptane, 80°C) results in displacement of the olefinic ligand 
and coupling to the diyne to give 124, containing a C8 ligand retaining a free C=C 
triple bond. 

In addition to Ru2(#-r/1,t/2-C2C~CR)(#-PPh2)(CO)6 (125; R = B u  t, Ph, 
SiMe3), 243 a series of cluster complexes 126-131 containing ligands formed by 
Ru--Ru, C--P bond cleavage and fragment recombination reactions was obtained 
by heating Ru3(CO)I 1 {PPh2(C~CC-----CR)} in refluxing thf (Scheme 29). The most 
extensive range is formed by the Bu t derivative. For R = Ph, only 126-Ph and 130- 
Ph were isolated, while for R = SiMe3, only 126-Si and 131-Si were formed. 244 Of 
the three tetranuclear clusters, 126 (62 c.v.e.) contains a flattened butterfly cluster 
with two adjacent outer edges bridged by PPh2 groups and supporting a six-electron 
donor #4-C2C=CButC~CC~CBu t ligand formed by head-to-tail coupling of two 
diynyl groups. Small amounts of 126 were among several products formed by 
thermolysis of Ru2(/z-r/]:02-C2C=CBut)(/z-PPh2)(CO)6. Although containing a 
distorted square-planar Ru4 array, 127 is best regarded as containing a substituted 
pentagonal-bipyramidal C2PRu4 core, the carbon atoms beating C=CBu t and Ph 
substituents, the latter originating from the PPh2 group. The structure is similar 
to that of 116 and also has 62 c.v.e. 238 Cluster 128 (64 c.v.e.), also obtained in 
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(Ru) = Ru(CO)2, [Ru] = Ru(CO)3 
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(Ru) = Ru(CO)2, [Ru] = Ru(CO)3 
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quantitative yield by thermolysis of 127, contains a square pyramidal PRu4 core. 
Further coordination of the C4 ligand to the square face occurs via the C--=CBu t 
group pendant in 127. Again, related complexes were obtained from RC--=CC----CR 
(R ---- Ph, Bu t, SiMe3) and Ru4(/z4-PPh)(CO)13238 and by tail-to-tail coupling of two 
alkynyl moieties in Ru3 {/z-P(C~CBut)2} (/z-~ l,r/2-CEBut)(co)9 (see following). 245 

The pentanuclear cluster 129 contains a distorted spiked-square framework on 
which two PPha groups bridge bonded and nonbonded Ru--Ru vectors. Two diynyl 
fragments are attached differently, one bonding via a terminal carbon to three Ru 
atoms, the other using two carbons to bridge all five Ru atoms. The latter ligand 
is formulated as an alkylidyne carbide, with the terminal C atom resonating at 

294.5 ppm. This cluster is formally electron deficient with 76 c.v.e, rather than 
the expected 80 c.v.e., with the two C4Bu t ligands contributing one and five elec- 
trons, respectively. The 90-c.v.e. cluster 130 contains a bicapped octahedral C2Ru6 
framework carrying a/z6-r/2-C2C=CBu t ligand, of which the terminal carbon is 
considered to be carbidic, interacting with five Ru atoms and therefore once again 
the ligand is considered as an alkylidyne-carbide. 246 An EHMO study analyzes the 
corresponding parent cluster Ru6(/_t6-CCCCH)(#-PH2)(~-CO)2(CO)13 in terms of 
octahedral [Ru4(CaCCH)(CO)II] 3- and [Ruz(/z-PH2)(CO)4] 3+ fragments and re- 
veals limitations to applications of the cluster condensation principle, resulting 
from the sharing of an edge by the two capping Ru atoms to give a CRu3 rhombus 
containing only five frontier orbitals. 244 

In contrast to the reaction with Coe(CO)8 (q.v.), that between Co2(#-dppm)(CO)6 
and Ru3(/z3-PhCEC-~CPh)(/z-CO)(CO)9 results in degradative fragmentation of 
the ruthenium cluster, coupling of two diyne ligands giving Ru2{/~2:r/1,r/4-C4Ph2 
(C-----CPh)2}(CO)6 (94) and coordination of a dicobalt fragment to one of the free 
C=C triple bonds to give Rue{#:/z-PhCC(C--=CPh)C[CzPh{CoE(/Z-dppm)(CO)4}] 
CPh}(CO)6 (132). 247 The reaction of Coa(#-dppm)(/z-oZ-SiMe3C2C=CH)(CO)4 
with Ru3(CO)12 gives an almost quantitative yield of Ru3(/z-H){/z3-r/1,~?2;/z-O 2- 
C:C2SiMe3 [Coe(/z-dppm)(CO)4] } (CO)9 (133). 17e 

Ph ~ c , / P h  
C ~ Ph ( O 0 ) 3 R u .~/~'~---------~ , / 

ph,,'J~~ , ' i I  ~ C / /  \ 
\ " \ '~/"~0o(co)2 

.oc.o&//  ".PP,2 t /3 ~ /z 
Ph2 P J  

(132) 

Ph2Pl~PPh2 
I t (00)200 ~ 0 0 ( 0 0 ) 2  

/ % ~ / C ~  --~C/~/C~ksiMe 3 

~ R u ~ H  
(co)~ 

(133) 
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Facile oxidative addition of W(C~CC~CH)(CO)3Cp to Ru3(CO)lo(L)2 
(L = MeCN, L2 = dppm) has given hydrido clusters containing the/23-0 l,rl2-alkynyl 
ligand, e.g., Ru3(#-H){/z3-OI,02-C2C-~C[W(CO)3Cp]}(#-dppm)(CO)7 (134), 
which exhibits restricted fluxional behavior in solution (Scheme 30).1°9'248 The #3- 
alkyne cluster Ru3 {#3-/72-HC2C~C [W(CO)3Cp] } (#-CO)(CO)9 (135) decarbonyl- 
ates in refluxing benzene to give the hydrido-alkynyl Ru3(#-H){#3-rl2-C2C~C[W 
(CO)3Cp]}(CO)9 (136). 249 Further reactions of 136 with metal carbonyls afford 
heterometallic systems such as 137, obtained from Fe2(CO)9 or Ru3(CO)I2, and 
138, formed with Co2(CO)8. In the iron-containing clusters, three of the Ru sites 
are partially occupied by up to two iron atoms. In 138, the hydride ligand has 
migrated to the C4 ligand, this time forming a vinylidene. 248 

The pentametallic cluster Rus(/zs-~72-C2Ph)(#-PPh2)(/z-CO)(CO)13 reacts with 
PhC=CC~CPh to give Rus(#5-~2-C2Ph)(/z3-02-PhC2C~CPh)(/z-PPh2)(CO)12 
(139) in which the diyne ligand acts as a four-electron donorY ° Several complexes 
were obtained from reactions of Rus(#5-C2)(#-SMe)2(#-PPh2)2(CO)~I (140) with 
PhC=CC~CPh (Scheme 31)Y 1 The major products were formed by attack of 
the diyne on one of the carbons of the C2 ligand, giving #5-CCCRCR' ligands 
(R, R ' =  Ph, C~CPh). Minor products were also characterized, including two 
isomers of 141, which contain only one cluster-bonded SMe group, the second 
migrating to the organic ligand to form a thioether. Double addition of the diyne 
to the same carbon atom afforded 142, containing a multibranched C10 chain 
attached to the square face of an "open-envelope" Ru5 cluster. Also notable are 
the electron counts for 142 and 143 (both 80 c.v.e.), which are two in excess 
of the number required for an electron-precise M5 cluster with six M--M bonds. 
The extra electron density is accommodated by lengthening of two Ru--Ru bonds 
in each cluster. 

3. Osmium 

But-3-yn-l-ol and Os3(CO)12 (at 130°C) or Os3(CO)10(NCMe)2 (at 90°C) give 
a 2,3-dihydrofuran-4,5-diyl ligand in Os3(/z-H)2(/z3-r/2-C4H40)(CO)9 (144). 252 
A related reaction between Os3(#-H)2(CO)lo and CH2(OH)C=CC=CCH2(OH) 
gives Os3(/z-H)(#-MeCC4H20)(CO)10 (145), in which the diyne is rearranged to 
a substituted furan bearing a methylcarbene substituent.180 A possible route for its 
formation (Scheme 32) involves coordination of one C=C triple bond and isomer- 
ization to the allene (cumulene) and intramolecular attack of the distant OH group 
at Ca, similar to that proposed for the rearrangement of CH2(OH)C~CCH2(OH) 
to an allene on reaction with Os3(/z-H)2(CO)lo .253 Surprisingly, the reaction of 
the C02(CO)6-protected diyne with Os3(/.z-H)2(CO)lo gave only Os3(#-H)(#-OH) 
(COho. 

Complex 146 (R, R ' =  H, SiMe3) is obtained from Os3(CO)Io(NCMe)2 and 
HC~CC-----CSiMe3 as a 2/1 mixture of the two possible isomers. Subsequent 
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reaction of 146 with Co2(CO)6 gave Os3{#3-/72:/z-r/2-HC2C2SiMe3[Co2(CO)6]} 
(#-CO)(CO)9 (147), in which addition of the Co2 fragment has only occurred 
to the C--=C triple bond adjacent to the SiMe3 group, there being no evidence 
for formation of the other isomer. 172 Symmetrically disubstituted 1,3-diynes re- 
act with Os3(CO)10(NCMe)2 to give Os3(/z3-r/2-RC2C~---CR)(/z-CO)(CO)9 (146; 
R = R' = Me, Et, Bu t, Ph, SiMe3); the two non-interconvertible isomers of the anal- 
ogous complex from Os3(CO)10(NCMe)2 and PhC--=CC=CSiMe3 differ only by 
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which of the C--C triple bonds is coordinated. 254'255 The PhC~CC~CPh deriva- 
tive is hydrogenated (octane, 1 atm, 125°C) to give Os3H3(/z3-CCH2Ph)(CO)9 .254 

4. Cobalt 

The tricobaltcarbon cluster C03(/z3-CBr)(CO)9 reacts with Me3SiC~CC= 
CSiMe3 in the presence of A1CI3 to afford C03(/z3-CC--CC--=CSiMe3)(CO)9 (148). 
It is thought that this reaction proceeds via the abstraction of the halo ligand by 
the Lewis acid to give the carbo-cation [Co3C(CO)9] +, which then participates 
in electrophilic attack on the diyne. Similar reactions with Me3SiC=CSiMe3 and 
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Me3Si(C=C)4SiMe3 failed. It was suggested that that the steric demands of the 
cluster carbonium ion prevented reaction with the bis(silyl)alkyne, while attempts 
to isolate the higher congeners Co3{/z3-C(C-----C)nSiMe3}(CO)9 were hampered by 
their instability. 256 

5. Heterometallic Clusters 

The reaction of two equivalents of W(C=CC=CH)(CO)3Cp with Ru3(CO)I 0 
(NCMe)2 gives the Ru3W cluster 149 (Scheme 30), which is also obtained from 
135 and W(C~CC~CH)(CO)3Cp. The extended organic ligand is formed by cou- 
pling of two molecules of the diynyl complex with two of CO, to form a cyclopen- 
tadienone attached by a carbenic interaction to the cluster W atom, and featuring 
formylethynyl and C~CW(CO)3Cp substituents. 249 One of the elementary steps 
in the reaction mechanism may involve formal rearrangement of the diyne to a 
dicarbyne. 

Reaction of W(C=CC--CPh)(O)2Cp* with Os3(/z-H)2(CO)10 gives Os3(/z-H) 
(/z-JTl:r/2-C(=CHPh)C2[W(O)2Cp*]}(CO)10 (150) (Scheme 33), in which the Ca 
ligand has added one H atom from the cluster hydride precursor. 257 Cluster 150 
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exists as at least two structural isomers, as shown by structural determinations 
of two polymorphs. The structural differences arise from migration of the/x-H 
ligand between Os--Os bonds, the three possible isomers each being sufficiently 
long-lived to be observed by their v(CO) and 1H NMR spectra. Thermolysis of 150 
(extended reflux in CH2C12) gives Os3W(/z-O)2(#-~7 l:~72_C2CH=CHPh)(CO)9Cp, 
(151) and Os3(/z-H)(/z-~71: r/Z-C2CH=CHPh)(CO)lo (152); the latter may be formed 
by reaction with traces of water during chromatography. 

As with 1-alkynes, Ir2W2(CO)loCp2 reacts with W(C~CC~CH)(CO)3Cp by 
formal insertion into a W--W bond to give butterfly cluster Ir2W2{/z4-r/2-HC2C~C 
[W(CO)3Cp]}(/z-CO)4(CO)4 (153) in which the diyne is attached by the terminal 
C-=-CH group parallel to the It-It hinge; the free C~C bond proved to be re- 
sistant to attempts to incorporate it into the cluster. 258 Similarly, Ir3W2(/z4-r/2- 
C2C~CPh)(#-CO)(CO)9Cp2 (154) is obtained from W(C~CC~CPh)(CO)3Cp 
and Ir3W(CO) 11Cp2. 

A heterometallic cluster was obtained from the reaction of M02{/z-J72-HC2C~C 
[Fe(CO)2Cp*]}(CO)4Cp2 with C02(CO)8, which gave Co2Fe{/z3-01,~/2:#-02- 
HC2C2[Moe(CO)4Cp2]}(#-CO)2(CO)5 (155). 259 The relief of steric congestion 
upon metal--metal bond formation apparently drives the reaction. No reaction 
occurred between MOz{#-0z-HCzC~C[Fe(CO)2Cp*]}(CO)4Cp2 and an excess of 
{Mo(CO)2Cp}2. 

Initial addition of Co2(CO)8 to Fe(C~CC~CH)(CO)zCp* occurs at the C~CH 
triple bond to give 156, which adds a second Co2 unit to give 157 (Scheme 34). 259 
Reactions of these products with Fez(CO)9 give mixed-metal clusters. Thus, 156 
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reacts to form CoFe2{#3-o2-C2C~C[Fe(CO)2Cp*]}(CO)9 (158), while both 159, 
which features a Fe(CO)Cp*-spiked FeCo2 core, and the purple allenylidene cluster 
160, are obtained from 157. Upon heating, 157 is converted into 161, while 159 
is transformed into the alkynylvinylidene Co2Fe{/z3-CCHC2[Co2(CO)6]}(CO)9 
(162). Formation of 159 and 160 (which are not interconvertible) is considered to 
occur by addition of a Fe(CO),(thf) fragment to 157 to give a common intermediate 
which transforms by either Fe--C bond cleavage or Co transfer. Both/z4-C2, #3- 
~1:~1:T]3-C 3 and/z-vinylidene ligands are present in 161. 

Complexation of one C=--C triple bond in {Mn(CO)ll}2(/z-bdpp) [Mn=Ru3, 
Os3, Re3(/z-H)3, Ru4(#-H)4] occurs in reactions with C02(CO)8 .260 The related 
complex from {Re3(/z-H)3(CO)ll}(/z-bdpp) {Os3(CO)11} was obtained as two 
separable isomers containing the Co2(CO)6 moiety attached to either C----C triple 
bond. Thermolysis of {Os3(CO)ll}2{/z-PPhEC2[Co2(CO)6]C=CPPh2} afforded 
C02Os3{/zs-CEC---CPPh2[Os3(CO)ll]}(/z-PPh2)(CO)13 (163), while similar treat- 
ment of Re3(#-H)3(CO) 11 {PPh2C----CCz [Co2(CO)6]PPh2[Os3(CO)I 1] } (164) gave 
Co2OsaRe{/z6-C2C=CH(PPh2)}(~-PPhE)(/z-CO)2(CO)14 (165) (Scheme 35). 

The reaction between Ru3(/z3-~72-PhC2C=--CPh)(/z-CO)(CO)9 and Co2(CO)8 
gives the bow-tie cluster Co2Rua(/zs-PhC2C2Ph)(#-CO)3(CO)~I (166), in which 
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Cp*(CO)2FeCCCCH 
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(00)3 
i__°~Co(CO)3 

' 
(CO) s 

H c~Fl~"-.c__O~-___FeCp, 
o'C~ 1 / Co 

-'1~\'1 cox--wco ~o 

CO 
(161) 

SCHEME 34 

the Ru3 cluster has been opened and the Co--Co bond also cleaved, as the only 
product. 261 Its formation is thought to proceed by initial insertion of cobalt into 
the Ru3 cluster, followed by Co--Co bond cleavage and coordination of the sec- 
ond C--C triple bond to the enlarged cluster. The reaction contrasts with that of 
the analogous osmium complex 146 (vide supra). Attempts to form the Co2Ru3 
cluster from Ru3(CO)lo(NCMe)2 and C02(/z-r/2-PhC2C~CPh)(CO)6 afforded only 
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SCHEME 35 

the disproportionation products Ru3(/z3-i72-PhC2C~CPh)(#-CO)(CO)9 and 
{C02(CO)6}2(/z- rI2:#-02-PhC2C2Ph). 

Reactions of Pt(r/2-PhCzC~CPh)(PPh3)2 with Fe(CO)5 or Ru3(CO)12 give MPt2 
(#3- 01:01:r12 PhC2C-~CPh)(CO)5(PPh3)2 (167; M = Fe, Ru).212 An isolobal inter- 
pretation of the structure is as an M(CO)3 complex of the diplatinacyclobutadiene 
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Pt2(#-02-PhC2C=CPh)(CO)2(PPh3)2. Two structural polymorphs of the FePt2 com- 
plex were obtained as benzene and CHC13 solvates, differing in parameters includ- 
ing the M--M distances, conformations of the PPh3 ligands, and orientation of the 
Fe(CO)3 groups. It would appear that there is either a weak or no Pt--Pt bond. 

Ph Ph 
Xc o/ 
/ ~ c  • c / l \  / o \ / X._/2 ulco,  

(OC)2Co~CO ~JCO)2 

Ph\ /C/~'C''Ph 
C ~ C  / \M / \ 

( p h3 p) (OC) p/- -~'-(C~-)-3~- -~Pt(CO) ( p p h 3) 

(166)  
(167)  M = Fe, Ru 

C. Formation of Diyne Complexes by Coupling of AIkynyl Moieties 

Independent investigations by Catty 262 and Mays 263 showed that two molecules 
of Fe2(/z-PPh2)(/z-01:02-C2Ph)(CO)6 couple upon heating in toluene (140 ° C, 2 hr) 
to give Fe4(#4-01:01:02:02 PhC4Ph)(/z_PPh2)2(CO)8 (168) (Scheme 36). The two 
alkynyl C,~ carbons are separated through the Fe4 face by a long C--C bond 
(ca 1.6 A). Formally, the two C2R ligands (5-e each) or PhC4Ph ligand (8-e) 
result in a 64-e or 62-e cluster. EH calculations suggest that the HOMO for a 64-e 
complex is 1.99 eV below the LUMO, favoring a structure with no through-cluster 
C • - • C bonding. However, the C • • • C overlap population (+0.66 e) indicates an 
attractive C . . .  C interaction. 262 An alternative view considers that the distorted 
octahedral C2Fe4 cluster with face-capping CPh groups has 68 c.v.e. 263 The reaction 
of CO with 168 (PhMe, 100°C) gives Fe3{#-Ph2PC(CPh)=C(CPh)PPh2}(CO)8 
(169), formed by coupling of the two alkynyl groups with the two PPh2 ligands 
and through the Ca atoms. The net process, given the source of the phosphido- 
alkynyl complex precursor, is the coupling of two phosphino-alkynes mediated by 
the iron cluster (Scheme 36). 262 

Thermolysis of Ru2(#-PPh2)(#-01:02-C2But)(co)6 in refluxing toluene also 
results in coupling to give an inseparable 1/1 mixture of tetranuclear Ru4 
(//~-PPh2)2(C2But)2(CO)9 (170) and Ru4(#4-ButCCCCBut)(/z-PPh2)2(CO)8 (171) 
in which the/za-diyne ligand is derived from alkynyl coupling on the same cluster 
face (Scheme 37). 264 Extended heating times give only 171, while pure 170 was 
obtained from the mixture by treatment with CO (PhMe, 80°C, 5 min). Cluster 
171 eliminates a Ru(CO), fragment upon reaction with CO to afford Ru3(/z-PPh2)2 
(~3-01 : 0 I:02_ButC2C~CBut)(co)7 (172). Complex 171 contains a flattened but- 
terfly core upon which the new butadiyne ligand formed by head-to-tail coupling 
of the two C2Bu t moieties is attached by a series of 02 interactions with all four Ru 
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atoms. Although the solid-state structure shows one long Ru--C bond, in solution 
only single Bu t and P resonances are found, indicating dynamic C2 symmetry. Pos- 
sible reaction sequences involve dimerization of the Ru2 complex, aligning of the 
two C2Bu t ligands in 170, which is followed by C--C bond formation to give 171. 
Degradation of 171 could proceed by formation of a 64-e spiked triangular core 
by addition of CO and loss of "Ru(CO)4" as Ru3(CO)12. Complex 172 shows the 
usual "windscreen-wiper" dynamic process which is frozen out at 203 K. In con- 
trast, thermolysis (refluxing toluene) of Ruz(/z-PPhz)(/z-~/l:r/Z-C2Ph)(CO)6 pro- 
duced unsaturated clusters Ru4(/z4-PPhzCCPhCCPh)(/z-PPhe)(CO)9 (173; 62-e) 
and Ru4(/z4-PPh2CPhCCCPh)(/z-PPh2)(CO)I0 (174; 64-e) (Scheme 38). 265 Car- 
bonylation of 173 results in an unusual reversible addition of three CO molecules 
to give 175. 

Thermolysis (thf, 60°C, 1 hr) of Ru3(CO)II{P(C~CBut)3} affords Ru3(/z3-r/2- 
C2But){#-P(C~CBut)2}(CO)9 (176) which on further heating (refluxing xylene, 
18 hr) gives square-planar Ru4{/z4-P(C~CBut)}(#4-ButC2C2But)(CO)l 0 (177), 
the diyne ligand being attached to all four Ru atoms and being formed by tail- 
to-tail coupling of two C~CBu t groups (Scheme 39); this complex is structurally 

(oc)#~U<p,,/'Ru(CO)~ 
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related to 128. 245 The diyne acts as an 8-e donor, and has been described as a 
bis(alkylidyne)dicarbide. Coupling of the adjacent alkynyl ligands may be a result 
of their bent geometry. The related complexes Ru3(CO)10(Ph2PC--=CPh)(Ph2PC = 
CR) (R = Ph, Bu t) transform under similar conditions to Ru3(#-PPh2)2(/z-r/1,~/2- 
CzPh)(/z-r/1j/2-CeR)(CO)7 (178) which convert smoothly at elevated temperatures 
(toluene, 110°C) to 172 (R = Ph, Bu t) (Scheme 37). 266 

Several of the complexes obtained from reactions of Ru3(CO)12 with RC-----CSEt 
(R = Me, Ph) contain C4 ligands formed by coupling of two alkynyl units after 
cleavage of the C--S bond, in addition to SEt groups which bridge Ru--Ru 
bonds. Coupling may occur head-to-tail, as in Ru3 {/z3-SEtCCPhC(SEt)CPhCCPh } 
(#-SEt)(CO)7 or Rus(/zs-CPhCCPhC)(/z-SEt)2(CO)13, or head-to-head, as in the 
90-e Ru6 cluster 179, in which a MeCCCCMe ligand spans all six Ru atoms of a 
rhombic Ru6 raft. 267 

_.C cfC  Me 
C ~ ' Et / \  s_t\ 

~ s  Et 

(179) 

Ph O 
(CO)2 \ c~(CO)2 

__ Ru O ~ G / - ~  Ru~PPh2  

\ [ -~"~C ._-..---~ R u ~  PPh2 \ / J  (co)2 
c 

(182) 

Coupling of phenylethynyl groups is also found in reactions of Fe2(CO)9 
with Ir(C=CPh)(CO)(PPh3)2 to give Felr2(/z3-r/2-PhC2C--=CPh)(CO)7(PPh3)2268 
and with Ni(C--CPh)(PPh3)Cp, which gives FeNi2(/z3-02-PhC2C--=CPh) 
(C0)2Cp2 .269 

D. C--C Bond Cleavage Reactions on Clusters 

The complexes Os3(/z3-r/2-RC2C~CR')(/z-CO)(CO)9 (R = R' = SiMe3, Ph, But; 
R, R' = SiMe3, Ph both isomers) undergo thermal decarbonylation reactions with 
associated cleavage of the diyne ligand C--C bond yielding Os3(/z-~/1-C2R 1) 
(~3-~2-C2R2)(CO)9 (180; R 1 = R  2 = SiMe3, Ph, But; R 1 =Ph,  R 2= SiMe3) 
(Scheme 40). 254,255 One of the resulting acetylide ligands is a conventional/z3-02 
system, while the other bridges the nonbonded Os. • • Os vector asymmetrically 
using only one carbon [the Os--C~ distance is 2.771(17) A]. Nevertheless, 
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(C0)3 

(181) (180) 
SCHEME 40 

bending of the CCR group toward one of the Os atoms suggests that this group 
should be considered as a 3-e donor. The nature of the unusual #-01-C2R group can 
be clarified by comparison with similar groups present in AuOs3(/z- r/Z-CePh)(CO) 10 
(PMe2Ph) 270 and Ru3(/z-PPh2)2(/z-r/2-C2But)(/z-r/1-C2But)(co)5 (PButph2) 271 and 
it is considered to interact only via the zr orbital on C,~. Both isomers derived 
from PbC-~CC~CSiMe3 give only Os3(/x3-~2-CzSiMe3)(/z-01-CzPb)(CO)9 . De- 
carbonylation of the R = R' = Et complex did not result in C--C bond cleavage, 
but rather in rupture of a methylene C--H bond and formation of Os3(/z-H)(/z3- 
EtC2C=C =CHMe)(CO)9 (181). 255 For R = Me, no hydride is present in the prod- 
uct which is formulated as Os3(C4Me2)(CO)6, and is possibly Os3(#3-CMe)(/z3- 
CC~CMe)(CO)9. 

The reaction of PhC=CC~CPh with a mixture of Ni(cod)2 and dppm afforded 
Ni3(/z3-01-C~CPh)2(/z-dppm)3, which is unstable toward both air and moisture. 
In this complex the alkynyl fragment is bonded via only one carbon, with the 
CCPh fragment retaining its linearity and the v(C~C) frequency being found at 
1933 cm-1. 214 
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Similar cleavage of the central C--C bond occurs in the reaction of Ru3(#3- 
~/2-PhC2C~CPh)(/z-dppm)(CO)8 with C02(CO)8, which gives C02Ru3(/-t4-C2Ph) 
(#3-C2Ph)(#-dppm)(/z-CO)(CO)9 (182). 272 Here, the C2Ph fragments are attached 
to the two sides of the severely twisted C02Ru3 bow-tie cluster. One of these 
spans the CoRu2 face in the usual #3-r/1:~/2:/72 mode, the C--C bond being per- 
pendicular to a Co--Ru edge. The other C2Ph group is similarly attached to the 
C02Ru face, which itself is twisted from the CoRu2 face, so that the a-bonded 
carbon bridges a Co--Ru vector. This reaction contrasts with that found for the 
dppm-free cluster 166. Comparison of the two complexes shows that while bond 
lengths of analogous moieties are similar, the cluster configuration differs, the 
central atoms being Ru in 166 and Co in 182. In 166, an open Ru3 array has 
each Ru--Ru bond bridged by Co, whereas in 182, the Ru3 unit is no longer 
preserved. 

The reaction of Os3(CO)Io(NCMe)2 with W(C~CC~CPh)(CO)3Cp ~ gives 
Os3W(#4-C2)(/z3-C2Ph)(CO)9Cp* (183; Scheme 41) by cleavage of the diynyl 
C--C single bond. Subsequent reaction with 02 gives Os3W(/~4-C2)(/z3-OCCPh) 

.w(co)3cp* 

i: ~c/ h. /C  
\C~--~-% (OC)30s~~/~ 08(00)4 

(CO)3 

W(CO) * C p . =  C. 

' 

(CO)~ 

(183) 

Ph 
Cp*(OC)w_..___._ - 

(oc)3os~C/~" ~ c/ 

(C0)2 

-CO 

I 02 

/o\ 
Cp*(OO)W:-~ C. 

~--~-~ , ' ; ~c .~  

(c0)2 

(185) SCHEME 41 (184) 
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(CO)9Cp* (184) which decarbonylates slowly in refluxing toluene to Os3W 
(/z4-C2)(/z3-CPh)(CO)9Cp* (185). This sequence corresponds to oxidative decar- 
bonation of alkynyl --+ ketenyl --+ alkylidyne. 1°6 

E. Complexes Derived from Poly-ynes 

The reaction of the air-stable crystalline 1,6-bis(trimethylsilyl)hexa-1,3,5-triyne 
with Ru(CO)5 afforded Ru3(/z3-r72-Me3SiC=CC2C=CSiMe3)(#-CO)(CO)9 
(186, M = Ru; Scheme 42) (6%) and RUa(/X4-02-Me3SiC-----CC2C----CSiMe3) (CO)12 
(187) (36%). 57 The former was obtained in greatly improved yield (60%) from 
the reaction of the triyne with Ru3(CO)10(NCMe)2, subsequent treatment with 
Ru(CO)5 giving 187 in 43% yield. With Ru3(CO)12 the triyne gives 187 and Ru2{#- 
2r/l:t/a-f4(C~CSiMe3)4}(CO)6 (188). 55,56 In all cases the products are formed by 
exclusive reaction of the central C~C triple bond. This may result from hyper- 
conjugation of the S i d  orbitals with the Jr-system, leading to deactivation of 
the "outer" C=C triple bonds. However, reaction of 187 with Co2(CO)8 gives 
Ru4{#4-Me3SiC2C~-CC2[Co2(CO)6]}(CO)12 (189), resulting from displacement 
of the Ru 4 cluster to a terminal C=--C triple bond, while the C02(CO)6 group is at- 
tached to the other end; NMR data suggest that there is some degree of electronic 
communication between the C02 and Ru4 centers. 56 Further reactions of 187 with 
Me3SiC-----CC=--CR (R = SiMe3, C=CSiMe3) result in insertion of an alkyne C--C 
triple bond into the Ru--Ru-hinge yielding RUa(/z4-SiMe3C=CC2C--CSiMe3) 
(#4-RC2C-~CSiMe3)(/.t -CO)3(CO)8 (190).273 With Os3(CO ) lo(NCMe)2, Me3SiC~ 
CC~CC-----CSiMe3 gives 186 (M = Os), which with Ru3(CO)12 gives Os3 Ru(/x4- 
Me3SiC=CC2C--CSiMe3)(CO)12 by formal substitution of the #-CO ligand by an 
isolobal Ru(CO)3 group. 56 

The reaction between Me3Si(C----C)3SiMe3 and 114 proceeds in a manner closely 
related to the reactions of the same cluster reagent with 1,3-diynes (vide supra) 
(Scheme 43). 55 Allowing an equimolar amount of each reagent to react in refluxing 
pentane afforded Ru4{/z-PhPC(C=CSiMe3)C(C-=-CSiMe3)}(/z-CO)2(CO)lo (191) 
which rearranged smoothly to RU4{/z4-/71: 7] 1 :/72: r72_Me3SiC=__CC2C~CSiMe3) (/.t- 
CO)(CO)10 (192). Attempts to coordinate one of the pendant C--=CSiMe3 moieties 
to the Ru4 cluster face by pyrolysis in toluene gave instead 193. 273 Reaction of 
either 114 or 192 with an excess of Me3Si(C=C)3SiMe3 gave Rua{/Z4-201: 02: 04:/.14_ 
C4(C=CSiMe3)2(C2SiMe3)Ca(C=--CSiMe3)3}(/z3-PPh)(CO)9 (194), containing an 
unusual C18 hydrocarbon ligand incorporated into the open cluster with t/2-alkyne, 
ruthenacyclopentadiene and cyclobutadiene fragments. 55 

The major product (57%) from the reaction of Co2(CO)8 and pri3Si(C~C)3SiPri 3 
in refluxing hexane is Co4(/z4-r/2-plJ3Sif~Cf2C~CSiPri3)(/z-CO)2(CO)8.186 

Pentanuclear NiRua(/Z4-O 1 :t71:72:04ButC~CC4C=CBut)(#_PPh2)2(CO)12 (195) 
is obtained from 125 (R = Bu t) and Ni(cod)2 or Ni(CO)4 by formal head-to-head 
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Ru(CO)5 
Me3Si--(C--~C)3-SiMe3 

Ru3(CO)12 
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SCHEME42 
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(190) R = SiMe3, C--~CSiMe3 
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coupling of two molecules of 125 about the Ni atom. In this reaction, head-to-tail 
coupling of two C4Bu t groups has occurred to give a C8 chain, the central four 
carbons of which are attached to all four Ru atoms. 54 

But~ CO C ( )3 ./Bu t 
~ C . c / i U ~ c ~ C  ~ c  

i \  

Ph2P(ij~ \ 
(OC)3R "-~--~. Ru(CO)3 \ p /  

Ph2 

(195) 

The heterometallic clusters FeM2(/z3-r/2-ButC~CC2C~CBut)(co)7Cp2 and 
MoMRh(/z3-q2-ButC~CC2C~-CBut)(co)4Cp2(qS-C9HT) (M = Mo, W) were ob- 
tained from reactions of M(---~CC~CBut)(co)2Cp (M = Mo, W) with Fe2(CO)9 or 
Rh(CO)2(05-C9H7). 274 The triyne ligand is formed by coupling of two alkynyl- 
methylidyne groups. In the case of the molybdenum-containing complexes, the 
triyne ligand is fluxional, and oscillates between two of the three possible M--M 
vectors.  274 

V 

o-,1r-DIYNYL COMPLEXES 

The C--=C triple bond of ~r-diynyl complexes can act as a good two- or four- 
electron Jr-ligand to one or more metal centers. In these complexes, juxtaposition 
of cr- and zr-bonded metal atoms often results in subsequent aggregation of the 
metal centers to form clusters in which the alkynyl groups interact with several or 
all of the metal atoms. However, in the case of the longer chain poly-ynyl systems 
the propensity for metal centers (particularly bi- or trinuclear) to coordinate in 
the close proximity required for cluster formation has to be balanced against the 
possibility of relieving steric congestion by coordination to more remote C ~ C  
fragments. Aspects of this chemistry including a discussion of the range of known 
bridging modes, the synthesis and properties of bis-alkynyl tweezer complexes, 
and their relationship to the coupling reactions found with Group 4 complexes of 
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this type (see Section VI) have been reviewed, although there are few references 
to diynyl systems. 275 Tables HI and IV list known examples with some IR, NMR, 
and structural data. 

A. Synthetic Methods 

1. Reactions of cr-Diynyl-Metal Complexes with Sources of MLn Fragments 

The reactions of titanocene derivatives TiX(C--=CC~CR)Cp'z (X = C1, C----- 
CC----CR; R = SiMe3, Et) or of cis-Pt(C=-CC--CR)2(PR'3)2 with mononuclear 
metal complexes have given numerous products in which the diynyl ligand(s) 
are chelated to a low-valent metal via the internal C------C fragment(s). These cis- 
bis(diynyl) complexes are often referred to as molecular tweezers. 

Binuclear complexes including {M(CO)2Cp}2 (M = Mo, W), Co2(CO)6(L)2 
(L = CO, L2 =/z-dppm) and {Ni(/z-CO)Cp}2 and trimetallic reagents, such as 
M3(CO)loL2 [M = Ru, L2 = (CO)2, (NCMe)z, dppm; M = Os, L2 = (NCMe)2] re- 
act readily with diynyl complexes. However, the proximity of a multimetal system 
to the or-bonded metal may result in further condensation to afford metal clusters 
of moderate nuclearity (see Section IV). 

2. Metallation of Pendant C=CR (R = H, SiMe3) Groups 

The pendant C----CR moiety of the cobalt complexes C02{/z-~2-RC2(C--=C)nR '} 
(/z-dppm)(CO)4 (n = 1,2; R, R' = SiMe3, H) can be metallated in much the same 
way as more conventional organic alkynes to afford the cr/rr complexes 
C02{/x-02-RC2(C~C)n[MLn]}(/z-dppm)(CO)4. 

3. P--C Bond Cleavage Reactions 

The P--C bond in PPhE(C------CC----CR) is prone to oxidative addition across 
metal--metal bonds, particularly in the case of Group 8 metal systems. Com- 
plexes featuring ]Z2-ol:/'/2 and/Za-ol:~/2-diynyl ligands have been isolated in this 
fashion. 

B. Survey of Complexes 

1. Complexes Derived from Ti(C-~CC~CR)2CpR2 
Reaction of TiCIE(r/-CsHMe4)2 with LiC----CC--=CSiMe3 gave the paramagnetic 

adduct [Li(thf)2] [Ti(C2C----CSiMea)E(r/-CsHMe4)2] (196), in which the lithium ion 
is associated with the inner C-~C triple bonds. The two thfligands complete pseudo- 
tetrahedral coordination for the lithium. The lithium ion has little effect on the 
geometry of the bis(diynyl)titanium fragment and the interaction is essentially ionic. 
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TABLE III 
SOME cr/rr-DIYNYL COMPLEXES {[LnM](C~CC~CR)n} {M'L'm} 

Complex 13 C NMR Reference 

{LnM}(C=~CC-~CR)n(cr-bonded) {M'L'm} (7r -bonded) 

[Ti(C2C~CSiMe3)2(q-CsHMe4)2]- [Li(thf)2] + 
Ti(C2C-=CEt)2CpSi 2 Ni(CO) 

Ti(C2C~CSiMe3)2cpSi 2 Ni(CO) 

Ti(C2C-=CEt)2cpSi2 Pd(PPh3) 

Ti(C2C-=CEt)2CpSi2 Pt(PPh3) 
TiCI(C2C-=CEt)CpSi2 CuBr 

Ti(C2CmCEt)2cpSi 2 CuBr 

Ti(C2C~CSiMe3)2cpSi 2 CuBr 

[Ti(C2C~CFc)2Cp2]2 Ag + 
[Ti(C2C~CFc)2cpSi2]2 Ag + 
trans-Pt(C-~CC2SiMe3)2(PEt3)2 C02(CO)6 

trans-Pt(C-=CC2SiMe3)2(PBu3)2 

trans-Pt( C-~CC 2H)2(PEt3 )2 
trans-Pt( C=~CC 2H)z(PBu3)2 
W(C~CC2H)(CO)3Cp 

Co2(C0)6 

Co2(C0)6 
Co2(C0)6 
Co2(C0)6 

Mo(C-=CC2H)(CO)3Cp C02(CO)6 

Fe(C~CC2H)(CO)2Cp* 

Fe(C-=CC2H)(CO)2Cp* 

Fe(C-=CC2H)(CO)2Cp* 

Fe(C2C2H)(CO)2Cp* 

Ru(C~CC2Ph)(PPh3)2Cp 
Ru(CmCC2SiMe3)(PPh3)2Cp 
Ru(C-=CC2H)(PPh3)2Cp 
W(C-=CC2SiMe3)(CO)3Cp 

Co2(C0)6 

Mo2(CO)4Cp2 

CoMo(CO)5Cp 

{Co2(C0)6)2 

Co2(CO)6 
Co2(/z-dppm)(CO)4 
Co2(#-dppm)(CO)4 
Co2(#-dppm)(CO)4 

(Assignments given where 
possible) 

N/R 276 
69.5 (-=CEt), 91.3 (C-=CEt), 99 

102.8 (TiC--=C), 178.0 (TIC-=) 
93.6 (-=CSiMe3), 95.2 (C~CSiMe3), 99 

102.4 (TiC-=C), 181.2 (TiC~) 
69.0 (-=CEt), 92.6 (C~CEt), 99 

102.0 (TiC--C) 
n.d. 99 
65.3 (~CEt), 108.8 (C-=CEt), 98 

122.9 (TiCmC), 129.8 (TIC----) 
65.4 (~CEt), 101.3 (C~CEt), 98 

126.4 (TiC--C), 134.9 (TIC-------) 
88.2 (~CSiMe3), 105.7 98 

(C~CSiMe3), 125.2 (TiC--C), 
138.3 (TIC------) 

n.d. ~ 277 
n.d. 277 
128.8 (PtC~), 105.3 (PtC~C), 131 

91.4, 78.3 (C2Co2) 
129.5 (PtC~), 104.2 (PtC--C), 131 

91.5, 78.5 (C2Co2) 
n.d. 131 
n.d. 131 
123.13 (WC-=), 94.34 109, 197 

(WC-=C), 73.84, 71.56 
(C2Co2) 

123.43 (MoCk), 109.52 197 
(MoC-=C), 74.07, 71.35 
(C2Co2) 

132.2/106.7, 78.9 (JcH 32), 259 
70.2 (JcH 224) 

110.2/109.8, 68.3 (JcH 5), 259 
62.1 (JcH 211) 

120.9/108.0, 77.9 (JcH 9), 259 
70.6 (JcH 217) 

129.5/115.4/90.0, 81.3 259 
(JcH 219) 

n.d. 81 
n.d. 278 
n.d. 81,278 
108.97, 95.77, 86.80, 84.43 172, 278 
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TABLE III (continued) 

Complex 13 C NMR R e f e r e n c e  

W(C~CC2H)(CO)3Cp 
Au(C~CC2H)(PPh3) 

Ni(C~CC2SiMe3)Cp 

Re2(/z-H) {/z- r/1,r/2:/z- rl2-C2C2SiMe3 } (CO)8 

Ru3(#-H) {/z-r/1,r/2:/z- r/2-C2C2SiMe3 }(CO)9 

trans-{ Rh( C=--CC zPh )( CO )(pPri3)2 

Ru2(/t- r/1:rl2_C2C.~_CBut)(/z_PPh2)(CO)6 

Ru2(#_r/1:r/2_C2C~.CPh)(/z_PPh2)(CO)6 

Ru2(,a-~71 :q2_C2C~CSiMe3)(/~_PPh2)(CO)6 

Ru2(/z_r 11: rl2_C2C2But) [C02(CO)6])(/z_PPh2)(CO)6 

Ru2Pt(/z3-r] 1,01,~ i-C2C------CBut)(/z-PPh2)(PPh3)(CO)7 
Ru2Pt(/z3-r/l,01,01 -C=CC~CPh)(/z-PPh2)(PPh3)(CO)7 
Ru2Pt(/z3-fll,01,01-C2C~CBut)(/z-PPh2)(CO)6(dppb) 
Ru2(/x- r/1: rl2_C2C~CBut)(#_PPh2)(CO)5(PPh3) 
Ru2(/z-01:02-C2C~CBut)(/z-PPh2)(CO)4(PPh3)2 
Ru2{/z-r/1 ,o2-C2C2PPh2[Ru3(CO) 11] }(/z-PPh2)(CO)6 
Some ahr-poly-ynyl complexes 
Ru(C~CCmCC2SiMe3)(PPh3)2Cp 

Ru(C------CC2C------CSiMe3)(PPh3)2Cp 

Co2(/z-dppm)(CO)4 Not observed 172 
Co2(/z-dppm)(CO)4 78.74, 70.63; Other 172 

r e s o n a n c e s  n.d. 
Co2(/z-dppm)(CO)4 118.16, 93.14, 278 

87.81, 84.54 
Co20z-dppm)(CO)4 96.86, 94.37, 172 

86.77, 80.01 
Co2(/z-dppm)(CO)4 165.10, 92.78; Other 172 

r e s o n a n c e s  n.d. 
RhCI(Ppri2)2 139.32, 106.29, 71 

82.28, 65.51 
100.2 (C,~), 88.1 (Ca), 243 

74.5 (C¢~), 66.8 (C~,) 
109.0 (Ca), 78.2 (Ca), 243 

77.4 (Cy), 74.0 (Cg) 
106.4 (Ca), 91.0 (C~), 243 

85.7 (Ca), 74.0 (Cy) 
115.7 (Ca), 113.1 (Ca), 243 

93.6 (C¢0, 74.6 (Cy) 
n.d. 54 
n.d. 54 
n.d. 54 
n.d. 54 
n.d. 54 

Co2(CO)6 n.d. 260 

Co2(/~-dppm)(CO)4 90.09 (RuC--=C), 194 
100.08 (RuC~C), 
89.82, 64.69 (C------C), 
84.68, 89.72 (C2Co2) 

Co2(/z-dppm)(CO)4 111.08 (RuC-----C), 
114.78 (RuC-~C), 
95.78, 99.75 (C------C); 
Other resonances n.d. 

194 

an.d. = not reported or not  d e t e r m i n e d .  

In contrast to the bis(alkynyl) titanocene complex [Mg(thf)C1][Ti(C--CSiMe3)2 
(05-CsH4Me)2], which displays a single pair of high intensity absorption bands 
(380/400 nm), the UV/vis spectrum of the bis(diynyl) complex [Li(thf)2] [Ti(C2C--= 
CSiMe3)2(o-CsHMe4)2] exhibits two pairs of bands at 363/392 and 380/400 nm. 
These transitions are tentatively attributed to d--+zr* transitions and are taken as an 
indication of a lower energy LUMO in the case of the species containing conjugated 
diynyl ligands. 276 
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/SiMe3 
/C//C 

(q5-C5HMe4)2Ti ( . ;; Li(thf)2 

\C~\~C,,.SiM e 3 
(196) 

Ph 
I /PPr'3 .~C 

CI--Rh~C~-C--C ", ppr 3 
pri3 P/ "'Rh / 

pri3 P/  \CI 
(199) 

SiMe3 
I 

( i ) n  
I /c 

Ph2 
( 2 0 3 )  m = 2 ,  n = 0 
( 2 0 4 )  m = 1, n = 1 

Reactions of Ti(C=CC~CR)2CpSi 2 (R = Et, SiMe3) with Ni(CO)4, Pd(PPh3)4 or 
Pt(o-C2H4)(PPh3)2 give similar "tweezer" complexes MLn(02-RC-----CC2)(X)TiCpSi 
[X = CI, MLn = CuBr; X = C2C~CR, MLn = CuBr, Ni(CO), Pd(PPh3), Pt(PPh3)] 
in which the cis-diynyl groups chelate the new metal center. 98,99 

Addition of AgPF6 to Ti(C-----CC~CFc)2Cp'2 (Cp' = Cp, Cp si) resulted in the 
formation of Fc(C~C)4Fc via the cationic intermediate [Ag{(r/2-FcC--CC2)2 
TiCp'2}2] +, in which the Ag + cation is tetrahedrally but asymmetrically coor- 
dinated lAg--C(1) 2.29, 2.33; Ag--C(2) 2.41, 2.42/~] to four inner C----C triple 
bonds of two titanium complexes. M6ssbauer studies show the iron nuclei in the 
ferrocene moieties remain Fe(II) and are electronically similar in both the precursor 
complex and the silver complex. 277 

2. Complexes Derived from trans-Pt(C=-CC~CR)2(PR'~)2 

Reactions of trans-Pt(C=--CC=CR)2(PR'3)2 (R = H, SiMe3; R ' =  Et, Bu) with 
C02(CO)8 give complexes in which both diynyl ligands are coordinated by 
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C02(CO)6 fragments at the C-----C triple bonds further from the Pt center. TM The 
Pauson-Khand reaction between trans-Pt{C-~CCzH[Co2(CO)6]}(PR3)2 (R = Et, 
Bu) (197) and norbomene or cyclopentene gives the corresponding cyclopen- 
tenones 198 (Scheme 44). 13 

3. Complexes Derived from M(C-~CC~CR)(CO),Cp R (M = Mo, W, Fe) 

Reactions of M(C=--CC--=CR)(CO)3Cp (M = Mo, R =  H; M =W, R = H ,  
Fe(CO)zCp) with C02(CO)8 have given M{C=--CC2R[Co2(CO)6]}(CO)3Cp, in 
which the dicobalt fragment has added to the C=C triple bond furthest from the 
Group 6 metal center, i.e., the least sterically hindered site. 109' 197 The iron diynyl 
complex Fe(C------CC----CH)(CO)2Cp* also reacts smoothly with Mo2(CO)aCp2, 
MoCo(CO)TCp or C02(CO)8, to afford the simple adducts M2L~{#-o2-HCzC~C 
[Fe(CO)2Cp*]} [M2L,=Mo2(CO)aCp2, MoCo(CO)sCp, C02(CO)6 (156)], in 
which the binuclear group is coordinated to the sterically less encumbered C-----CH 
moiety (see Scheme 34). 259 Further reaction of Co2{/z-02-HC2C-----C[Fe(CO)2Cp*]) 
(CO)6 with C02(CO)8 resulted in coordination of the free C--CFp* unit and the 
formation of {C02(CO)6}2{/z-~2 :/z-02-HC2C2[Fe(CO)2Cp *] }. 

4. Complexes Derived from Ru{(C=--C)nR}(PPhs)2Cp 

Addition of C02(CO)8 to Ru(C~CC-----CPh)(PPh3)2Cp afforded C02{#,02- 
PhC2C-------C[Ru(PPh3)zCp]}(CO)6 in which the C02(CO)6 moiety is attached 
to the least hindered C~C bond. 81 Similar complexes have been obtained 
from the reactions of C02(/z-dppm)(#,~2-RC2C=CR')(CO)4 with RuCI(PPh3)2Cp 
(see following). 

5. Complexes Derived from trans-Rh( C~CC=CPh )( CO )( PPri3 )2 

The outer C=C moiety of the diynyl ligand in trans-Rh(C--CC=--CPh) 
(CO)(pPri3)2 reacts with {RhCl(Ppri3)2}n to afford trans-{Rh(CO)(pPri3)2} 
(#-~ ~ : q2-C~CC=CPh){RhCI(PPri3)2} (199). 71 

6. Complexes Derived from Co2(lz-rl2-RC2C~CH)(tt-dppm)( CO)4 

The acetylenic C-----CH moiety in C02(#-02-RC2C-----CH)(#-dppm)(CO)4 (R = H, 
SiMe3) is readily metallated to afford a range of diynyl complexes in which 
one C-----C moiety is a-bound to a mononuclear metal center while the other 
remains ~r-bound to a C02(/z-dppm)(CO)4 fragment (Scheme 45). For exam- 
ple, Cu(I)-catalyzed reactions between C02(#-02-RC2C----CH)(CO)n(dppm) and 
WCI(CO)3Cp (R = H, SiMe3) or NiBr(PPh3)Cp (R = SiMe3) in amine solvents 
afforded C02{(/z-r/2-RC2C~C[MLn] }(/z-dppm)(CO)4 (200) [MLn = W(CO)3Cp, TM 
Ni(PPh3)Cp,278 respectively]. The C02(#-dppm)(CO)4 adduct of Au(C~ 
CC--=CH)(PPh3) has been obtained from C02(/z-dppm)(/z-HC2C=CH) (CO)4 and 
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R R 
\c [ 

~C \C~.~ C / _ S i M e 3  {LnM}__C~C__C~/~C~:I I 

(OC)3Co~o(CO) 3 {MLn}X ~= (OC)3C°'~' P S 
Ph2P~PPh2 Ph2 

(200) 
R = SiMe3, H MLn = W(CO)3Cp, 

Ru(PPh3)2Cp, Ni(PPh3)Cp 

Re2(CO)8(NCMe)2 

Me3Si~ (CO)3 
\c~Co~pph2 

tLI 

(OC)4Re~Re(CO)4 

(201) 

)12 

Me3SI ~C ~ (C°OL PPh2 

-PP"2 

(OC)3Ru/~"2~!~H" ,~ Ru(CO)3 

(CO)a 

(202) 

SCHEME 45 

AuCI(PPh3) in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (dbu). 171 
Treatment of C02(/~-r/2-RC2C~CH)(/z-dppm)(CO)4 (R=H,  SiMe3) with 
RuCI(PPh3)2Cp and NHaPF6 in MeOH gave the corresponding vinylidene com- 
plexes which were not isolated, but deprotonated with NaOMe or dbu in situ to 
give 200 [MLn = Ru(PPh3)2Cp]. 81'278 

The unsubstituted C~CH moiety in C02(#-dppm) (/z-02-Me3SiC2C=CH)(CO)4 
oxidatively adds across the Re--Re bond in Re2(CO)8(NCMe)2 to give 
Re2(/~-H){/z-t/1,r/2:/z-r/2-C2C2SiMe3[Co2(#-dppm)(CO)4]}(CO)8 (201) while a 
similar reaction with Ru3(CO)12 afforded Ru3(/z-H){/~3-r/l:r/2;#-r/2-C2C2SiMe3 
[C02(#-dppm)(CO)4]}(CO)9 (202) (Scheme 45). TM 

KF-induced desilylation (Section II.B.4) of C02(#-02-Me3SiC2C-~CC~ 
CSiMe3)(/z-dppm)(CO)4 and C02(#-qe-Me3SiC~CC2C~CSiMe3)(#-dppm)(CO)4 
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in reactions with RuCI(PPh3)2Cp afforded the two mono-desilylated com- 
plexes C02{#-172-Me3SiC2C----CC--=C[Ru(PPh3)2Cp]}(#-dppm)(CO)4 (203) and 
C02{/z-r/2-Me3SiC~CC2C~C[Ru(PPh3)2Cp] } (/z-dppm)(CO)4 (204). 194 

7. Complexes Formed by P--C Bond Cleavage Reactions 

Electron transfer-catalyzed reactions ofRu3(CO) 12 with PPh2(C=CC--CR) (R = 
Bu t, Ph, SiMe3) afford excellent yields of Ru3(COhl{PPh2(C----CC~CR)} which 
undergo thermal P--C bond cleavage to give 125, 243,279 in addition to smaller 
amounts of higher nuclearity clusters (Section IV). Structurally, the dimetallo- 
diynyl cores of these complexes are closely related to the mono alkynyl analogues 
Ru2(/z-PPh2)(/z-C2R)(CO)6. 28° The uncoordinated C----C bond in Ru2(#-PPh2) 
(/z-01:r/2-C2C~-~CBut)(co)6 is very short [1.172(6) A] compared with 1.227(5) 
/~ for the coordinated C----C bond, and on the basis of structural trends and 13C 
NMR data this moiety is considered to be an electronegative substituent on the 
#-7/t: 02-yny 1 fragment thereby enhancing Ru--C back-bonding, and elongating the 
zr-coordinated ynyl moiety. 243 A contribution from a Ru--C=C=C=C+Bu t form 
is also consistent with the reactivity of these species (see following). 244 The 
binuclear complexes exchange the 1 : 2  ligand between the two metals in a 
"windshield-wiper" process. 279 In the 13C NMR spectra, long-range P--C cou- 
pling to C~ is observed, suggesting enhanced electronic communication along the 
C4 chain. 243 

C. Reactions of ~ ,Tr-Diynyl Complexes 

1. With Nucleophiles 

Treatment of 125 (R = Bu t, Ph) with NHEt2 resulted in exclusive nucleophilic 
attack at Ca and H migration from N to C~ (Scheme 46). The resulting 1,4-addition 
products Ru2(/z-01,02-Et2NC=C=C--CHR)(/z-PPh2)(CO)6 (205) are best de- 
scribed as diethylaminobutatrienes. The Ru2C2 metallocycle in the R = Bu t product 
is characterized by short C--C single [1.470(5)/~] and C=N bonds [1.315(4)/~] 
and asymmetric Ru--C bonds [Ru--C(N) 2.121 (3)/~; Ru--C(C) 2.158(4) A]. These 
structural data, together with a relatively high field shift for the Ru--C(N) carbon 
(3c 220.4) suggest that the ligands in these products are best represented by con- 
tributions from zwitterionic iminium and neutral amino-carbene forms. 279 

Reactions of 125 (R = Bu t, Ph) with the carbene precursors R'zCN2 (R t =  
H, Ph) also resulted in addition at Ca and afforded 1-alkynylallenyl complexes 
Ru2{/z-01,02-C(C-------CR)=C=CRt2}(/z-PPh2)(CO)6 (206). In the case of R ' =  Ph, 
o l-indenyl derivatives 207 and 208 resulting from attack at C~ were also isolated. 
In the former, the C=CBu t group is attached to the second Ru atom, while in 208, 
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R 
I C 

Et2N,~ C j C  ~ '  

OC Ru/, (~) ~RuCO ( )3 - -  ( )3 \/p/ 
Ph2 

et2~ C//c 
\c c// 

OC 3Ru// ~Ru CO ( ) ~ ( )3 

Ph2 
(205) 

H ~ C/Ph Bu t 

C/R H (OC)3Ru~Ru(CO) 3 P /  

R'2C~c ~ / C~ Ph2 

(OC)3 ~ u(CO)3 i h Ph 
H p /  / C ~ c . . _ _ _  c /  

\ / um.Ru(CO)3 (OC)3~p/ 
Ph2 R'2CN2 (208) R / 

_c//~ ioc,~.,.f"--~ulco,~ 
Ph2 

( 1 2 5 )  R = Bu t, Ph 

R \ / 
C ~ ? / c  C~But L-- Pt~""-. c C/C 

oo~o/%/uco o~/ \ ( )3 u ~ R u ( C O ) a  
( ) - -  ( )3 

Ph2 R = Bu t, Ph; L 2 = (CO)(PPh3), dppb 
(209) (212) 

SCHEME46 
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isomerization to a #-vinylidene has occurred with coordination of C× to the second 
Ru atom. 281 

The preference for reactions of the tr,Jr-diynyl ligands in 125 (R = SiMe3, Bu t, 
Ph) with amines and carbenes at the coordinated, and hence activated, triple bond 
has been rationalized with assistance from EH MO calculations on the model 
complex RUe(#-~TI,~Z-ca--C~C×-------CsH)(#-PH2)(CO)6. 2sl In the ground state, at- 
tack at C,~ is favored on the grounds of orbital control. Attack of the bulky car- 
bene :CPh2 at Ca is sterically disfavored in the ground state, but when the fluxional 
a,~r diynyl ligand passes through the transition state in which the diynyl ligand is 
perpendicular to the Ru--Ru vector, attack at C~ becomes favored by both orbital 
and charge factors. Generation of the indenyl group could follow attack of :CPh2 
at C~, generating an electrophilic Ca center followed by attack at C(ortho) with 
C--C bond formation and migration of a proton to Ca. 

(CO)4 
Ru 

(OC)3 Ph2 / ~  

(OC)4 R u ~ " ~ } : : { u  " ' -  v ~  % _  P h 2 p ~ R f  u kRu (CO)  4 
\ / ~ / (co)3 \ L  -c c 

(co)4 (oc)3co//'" "'~Co(CO)3 
(210) 

Ph2 

/oc, co7%olco,  
(211) 
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2. With Metal Reagents 

The free C=CBu t fragment in 125 (R = Bu t) readily coordinates with C02(CO)s 
to give Ru2(/z-PPh2){/z-ql:02;/x-~/2-C2C2But[C02(CO)6]}(CO)6 (209). 243 The re- 
action between {Ru3(CO)ll }2(#-bdpp) and C02(CO)8 gives initially {Ru3(CO)t 1 }2 
{#-j72-pPh2C2[Co2(CO)6]C~CPPh2} (210), which on heating transforms to 
Ru2{#-ol:q2-C2C2[Co2(CO)6]PPh2[Ru3(CO)ll]}(#-PPh2)(CO)6 (211), which is 
closely related to 209 (Scheme 47). 260 

The complexed C--=C moiety in 125 (R = Bu t, Ph) is susceptible to attack by other 
metal reagents. Reactions with the cluster building blocks Pt(r/2-C2H4)(PPh3)2 and 
Pt(02-C2H4)(dppb) have afforded Ru2Pt(#3-r/1,~I,01-C=C--C=CR)(/x2-PPh2) 
(CO)6L2 [L2 = (CO)(PPh3), dppb, respectively] (212) (Scheme 46). 54 The phos- 
phine-substituted complexes Ru2(/z-PPh2)(/z-01:r/2-C2C=CR)(CO)6-n(PPh3)n 
(n = 1, 2) are formed as by-products in the reactions with Pt(r/2-C2H4)(PPh3)2. 

Vl 

o',~-DIYNE COMPLEXES OF GROUPS 3, 4, AND 5 

The diyne chemistry of the elements of groups 3, 4, and 5 is intimately coupled 
with that of the alkynyl derivatives by virtue of the C--C bond coupling/cleavage 
reactions that are found. With few exceptions, the chemistry is confined to the 
metallocene derivatives, i.e., those containing the MCp2 group. In one sense, these 
can be related to the tweezer complexes discussed earlier (Section V.B. 1). The 
nature of the products obtained from particular reactions is strongly dependent on 
the diyne (or alkynyl) substituent(s) and the metal-ligand fragment. In the limit, 
catalytic C--C single bond metathesis can be achieved. In the following account, 
we shall consider the chemistry of each group separately. 

A. Group 3 (Sc, Y, Rare Earth Elements) 

The results of three independent groups converged in 1.993 to allow an under- 
standing of the reactions in which alkynyl groups are coupled at the metal centers 
to give compounds containing the lanthanides attached to 1,3-diynes. It is likely 
that an uncoupled bis-alkynyl is the immediate kinetic precursor to the coupled 
dimers. 282,283 The C--C coupling reactions are considered to be formally equiva- 
lent to C--C bond formation in transition metal-based reductive elimination. 283'284 
For Group 3 metals, alkynyl coupling is promoted by a high degree of steric 
crowding, reactions not being found for sterically less demanding ligands, e.g., 
Cp. Coupling is also favored by alkyne substituents that are not too electron do- 
nating and is driven by the electrophilicity of the metal center. The tetrahedral 
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geometry assumed by the four Cp* groups in binuclear lanthanide compounds 
is also important. Other studies have concluded that a redox-active lanthanide is 
unnecessary, both "concerted" and "insertion" type mechanisms being consistent 
with the data to date. 282 

Structural studies showed that a red complex, variously obtained from HC--CPh 
and Sm{CH(SiMe3)2}Cp*2, 285 SmCp*2 or {Sm(/z-H)Cp*2}2, or by thermolysis of 
Sm(C=CPh)(thf)Cp*2 (120°C, 3 days; quantitatively, 145°C, 14 h), 284 and orig- 
inally described as the alkyne-bridged dimer {Sm(/z-C--'CPh)Cp*2}2, actually 
contains the 1,4-dimetallated butatriene ligand, [PhC=C=C=CPh] 2-. Addition of 
Sm(thf)2Cp*2 to PhC--=CC--CPh gives directly paramagnetic 3{SmCp*2}2 
(#-~2:02-PhC2C2Ph) (213-Sm/Ph)* in which the Sm is formally Sm +.283,286 

In general, lanthanide alkynyl derivatives {Ln(C~CR)Cp*2}2 (214; Ln = Ce, 
La; R = M e ,  Bu t) rearrange in solution (1 day at r.t.) to {LnCp*2}2(/z-r/3:r/3- 
RC2C2R) by a reversible C--C coupling reaction. The Me complexes couple much 
faster than the Bu t derivatives. For the La/Me complex, AG 4.5(4) kJ mo1-1, 
kl 8.3(4) × 10 -5 s -1, k_l 1.1(7) × 10 -5 s -1, AG # 96.3(1) kJ mol-l; at 298 K, 
the equilibrium mixture contains 86/14 dimer/monomer, the coupled form be- 
ing thermodynamically favored. 287 While La(C-----CBut)(thf)Cp*2 does not cou- 
ple after 48 h at 60°C, the reaction with HC--=CBu t affords {LaCp*2}2(#-O2:q 2- 
ButC2C2Bu t) (213-La/Bu t) quantitatively (60°C, 4 h). However, at 0°C, uncoupled 
{La(C--=CBut)Cp*2}2 (214-La/Bu t) is isolated in 60% yield. Conversion of 214 
to 213 occurs on heating, with first-order kinetics between 50-60°C, but with de- 
viations at 70°C, suggesting dissociation of 214 occurs at the higher temperatures. 

Coupling did not occur on heating Sm(C--=CR')(thf)Cp*2 (R '=  CH2CH2Ph, 
CH2NEt2, CH2CH2Pr i, Pr i, Bu t) obtained from Sm{N(SiMe3)2} Cp*2 and HC=CR'; 
however, HC--CR does react with SmCp*2 to give coupled products for R = Pr i, 
(CH2)2Pr i, (CH2)2Ph. Of interest is the agostic interaction between one of the CH2 
groups [C(24)] and the Sm center [Sm--C(24) 3.748/~] in {SmCp*2}2(/z-r~2:02- 
R'C2C2R') (215). A weak dimer, via intermolecular interaction of a Cp*-methyl 
group with Sm in {Sm(C-------CBut)Cp*2}2, is formed from HC=CBu t, together with 
Sm(ButCH=CCBut=CH2)Cp* 2. 

Addition of HC--=CPh to La{CH(SiMe3)2}Cp*2 gives {LaCp*2}2(/z-02:02- 
PhC2C2Ph) (213-La/Ph) as the only product. In contrast, Ln{N(SiMe3)2}Cp*2 
(Ln = Ce, Nd, Sm) and HC----CPh formed Ln(C------CPh)(thf)Cp*2 which in turn 
are converted to (LnCp*2}2(#-02:02-PhC2C2Ph) on heating in toluene. The com- 
plexes {Cp*2Ln(/z-C--CPh)2K}n (Ln = Ce, Nd, Sm) do not undergo coupling. 
Monomeric alkynyl complexes, e.g., Ce(C=CBut)(thf)Cp*2, are formed by addi- 
tion of Lewis bases to solutions of the initial alkynyl complexes or their dimers. 

*Reference to structures of complexes mentioned in this section has been simplified by giving the 
general structure and indicating the metal (M) and diyne substituent (R). 



Transition Metal Chemistry of 1,3-Diynes, Poly-ynes, and Related Compounds 179 

R  Lncp2  LnC 2 
C p 2 L n ' - ~  C p 2 L n ~  
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HI H2C~C 24 .Y--C j ' " ] 

, C "SmCp* 2 
• \ c  j 
"Hc~H24a---"CH2 

I Ph Ph 

(215)  (216)  

In these complexes, asymmetric attachment of the CC moiety is found, with 
Sm--C(1) [2.48(1)/~] comparable to the Sm--C(Ph) in SmPh(thf)Cp*2 but with 
Sm--C(2) longer at 2.76(1)/~; the C(1)--C(2) and C(2)--C(2') separations are 
1.33(2) and 1.29(2)/~, respectively. 283 Structural studies of 213-La/Ph and 214- 
La/Bu t show that in the former, the C4 chain is attached to La by three carbon atoms 
with separations 2.577/~ (consistent with an La--C a-bond) and 2.823, 2.950/~ 
(zr-bonds). For 214-La, the three carbons are attached with La--C distances of 
2.642, 2.761, and 2.912 A ; C--C separations along the chain are 1.36 and 1.26 A 
(R=Ph)  and 1.310, 1.338/~ (R = But). 282 

The coupled product can be displaced by other alkynes in thf solution, e.g., 
213-Sm/Ph reacts with HC=CPh to give (E)-PhCH=CHC=CPh (tail-to-tail cou- 
pling). Reaction of 213-La/Ph with D20 gives CnD2Ph2, while with H +, a variety 
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of products is formed. Only (E)-hex-2-en-4-yne was obtained from the Ln/Me 
compound and 2,6-But2-4-MeC6H2OH (ArOH), together with Ln(OAr)Cp*2. In 
contrast, the Ce/Bu t derivative reacts with ArOH to give three C4H2But2 isomers: 
cis- and trans-ButCH=CHC=--CBu t (60 and 20%) and ButCH=C=C=CHBu t 
(20%). 287 

A strongly temperature-dependent equilibrium mixture [AH°--67.0(2.0) kJ 
mo1-1, AS ° -228(8) J mol -~ K -1, Keq 0.68 (at 298 K)] of blue-purple {Y(4,13- 
diaza-18-crown-6)}2{#-~72:~72-(Z)-PhC2C2Ph)} (216) and white {Y(/z-C=CPh) 
(4,13-diaza-18-crown-6) }2 is formed in the reaction of Y(CH2SiMe3)(4,13-diaza- 
18-crown-6) with HC~CPh. A disordered X-ray structure is interpreted in terms 
of one of the N atoms of each cryptand bridging the two Y atoms. Although the 
system is still sterically congested, the (Z)-isomer is formed here, perhaps because 
the crown ether is more flexible. 288 Structural and low-temperature NMR data sug- 
gest that although the alkynyl is dimeric in the solid state, it probably dissociates 
in solution. 

B. Titanium, Zirconium, and Hafnium 

l. General Features of Diyne and Bis-alkynyl Complexes 

The diyne chemistry of Group 4 metallocenes is largely derived from the 
"MCp2" precursors Ti{r/-Cz(SiMe3)z}Cp2, Zr(L){0-Cz(SiMe3)2}Cp2 (L = thf, py) 
and Zr{OCMezC(SiMe3)=C(SiMe3)}Cp2. The chemistry of these complexes has 
been reviewed. 289'29° Alternatively, metal reduction of MClzCp2 provides a source 
of"MCp2." The reactions of di- and poly-ynes with "MCp2" have been summarized 
recently. 291 

The first complexes to be described were obtained from reactions between 
MClzCp2 and metallated alkynes and initially formulated as the dimers {M(#- 
C=CR)Cp}2. Further studies have clarified the nature of these complexes together 
with those formed from RC=CC~CR (R = Me, Bu t, Ph, SiMe3) and "MCp2." The 
several structural types obtained contain 1/1, 1/2, 2/1, and 2/2 ratios of MCp2 to 
diyne, as shown in Scheme 48. The nature of the complexes formed depends on 
diyne substituent and metal. 

The course of these reactions is assumed to proceed via initial formation of the 
02-diyne complex 217 which, however, has not often been isolated in the MCp2 
series. In early work, the formation of enynes RCH=CHC~-CR in reactions of 
an excess of LiC~-CR with ZrCI2Cp2, followed by hydrolysis, was interpreted 
in terms of the formation of "ate" complexes [Zr(C=CR)3Cp2]- and [Zr(C~-CR) 
(02-C2C~CR)Cp2]- (218; R = Ph, n-C6H13, CMe=CH2), 292 whereas the interme- 
diate [Zr(C~CPh)072-PhC2C~CPh)Cp2] - is obtained from an excess of LiC~CPh 
with ZrC12Cp2. 293 The 02-diyne is stabilized in anionic or electron-rich species 
(see following for the Cp* analogue). 
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Rapid conversion to the cyclic cumulene (219) may be followed by C--C 
bond cleavage to give the bis-alkynyl (220); rapid interchange between these 
two forms has been demonstrated. Cleavage of the diyne is favored for "ZrCp2" 
from Zr(thf){0-C2(SiMe3)2}Cp2, which gives Zr(C--CR)2Cp2 for all diynes ex- 
cept ButC~CC~---CBut. 294-296 Cleavage of the central C--C bond of the diyne is 
rationalized by formation of longer Zr--C bonds by the larger Zr atom. However, 
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Zr(py){q-C2(SiMe3)2}Cp2 reacts with ButC~CC=CBu t to give cyclocumulene 
Zr(r/4-ButC4But)Cp2, in which the diyne remains intact and is symmetrically co- 
ordinated to only one Zr atom. 297 

/c/~C/R 
C p * 2 Z r , .  

/ \ c  . 
/ 

R 

(21s) 
Form 219 provides a route to 2/1 complexes by coordination of the second 

"MCp2" group to the central C=C bond to give postulated intermediate 221. 
This has been demonstrated in the case of a titanium-nickel derivative (see fol- 
lowing), but with TiCp2, binuclear "zig-zag" diyne complexes 222 (or so-called 
tetradehydro-trans, trans-diene derivatives) are formed. Partial or complete con- 
version to the/z-r/i:~2-alkynyl 223 may occur. The stability of the five-membered 
titanacyclocumulenes 219 depends on the substituents on the diyne precursor; in 
one case, only {Ti(C---CSiMe3)Cp2}2 is formed. 312b It is interesting that similar 
derivatives of silicon have been obtained from reactions of the silylene SiBut2 
with RC----CC--=CR (R = Me, Bu t, SiMe3), 298'299 while mixed silicon/Ti or Zr 
derivatives 224 were obtained from Si(C=CR)4 (R=Ph,  Bu t, SiMe3) 
(Scheme 49). 300 
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Metallacyclic complexes containing two molecules of diyne per MCp2 group 
have also been isolated, that with titanium containing 2,4-alkynyl substituents (225) 
while with zirconium, the unusual seven-membered metallacumulene structure 
226 is adopted, which has only one alkynyl substituent. The bi- and tricyclic 2/2 
complexes 227 and 228 have so far been obtained only from reactions of "TiCp2" 
with PhC=CC=CPh. 3°1 

Ph 

C p2l-i ~ , L ~  ,,~'- 

Ph Cp2 
(227) 

Ph Ph 

Cp2"ri~/ ~T iCp2 

Ph Ph 
(228) 

Extensive theoretical studies of the alkynyl coupling reactions have been 
reported. An early MO study of the relationship between L2M(/z-C2R)2ML2 and 
L2M(/z-RCaR)ML2 used EH and MNDO techniques and encompassed a range of 
Main Group elements as well as Ti and Zr 3°2 and showed the transition between 
symmetrical, asymmetric, #-01:02 and linked C4 ligands. The structural evidence 
suggests that the acetylenic MOs are not involved to a great extent in the bonding in 
the Main Group systems. Later more detailed calculations using ab initio and DFF 
methods comparing Ti and Zr complexes with H, C1, or Cp ligands with variable 
alkynyl substituents (H, CN, or F) show that substituent changes can shift the equi- 
librium, particularly for the SiMe3 complexes, which gives some insight into C--C 
bond activation by the bimetallic template. The relative stabilities are reversed if 
Ti is replaced by Zr. Differences between Ti and Zr can be traced to differences 
in ionic radii, larger Zr leading to longer Z r - C  distances and in turn a longer 
central C. - • C bond. Calculations on likely transition states also indicate that 
C--C coupling is more likely for Ti than for Zr. 303'304 The metallacyclocumulene 
is thermodynamically more stable than the bis(alkynyl) as a result of additional 
rr-coordination from the central C=C bond. Complexation of a second ML2 frag- 
ment to the bis(alkynyl) 220 gives tweezer complex 229. Electron-withdrawing 
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substituents in the alkynyl group provide a method of stabilizing the coupled prod- 
uct on Zr (the coupled product with R = H is 13.5 kcal mo1-1 less stable, while 
R = F is 17.6 kcal mo1-1 more stable, than the bis-alkynyls). 

2. Reactions of  lndividual 1,3-Diynes, RC~CC=--CR' 

a. R = R ' =  Me. The only isolated products from Ti{772-C2(SiMe3)2}Cp2 and 
MeC----CC----CMe were {TiCp2}2(#-02:02-MeC2C2Me) (222-Ti/Me) (containing 
the trans, trans-diyne) and Ti{CMe=C(C--CMe)CMe=C(C----CMe)}Cp2 (225- 
Ti/Me). 3°1 

b. R = R' = Bu t. Reactions of "TiCp2" or "ZrCp2" with ButC=CC~CBu t af- 
ford metallacumulenes M(ButC----C=C=CBut)Cp2 (219-M/Bu t) in which the ring 
is highly strained, 297'3°s the bond from Ti to the central carbon (of the three) being 
2.31 A; the ZrC4 system is coplanar, with equivalent C--C distances (1.28-1.31/~) 
and angles at C of 147.2 and 150.0°. 297'306 The Ti complex has also been obtained 
by irradiation (390-450 nm) of Ti(C--CBut)2Cp2 which then reacts further with 
"TiCp2" to give 222-Ti/But. 3°7 Addition of "ZrCp2" gave the mixed Ti-Zr com- 
plex, also formed from Zr(ButC=C=C=CBut)Cp2 (219-Zr/Bu t) and "TiCp2." 
The Ti-Zr compound is fluxional by alkynyl group exchange. 3°5 

c. R = R' = Ph. The reaction between {Ti(/z-C1)Cp2}2 and NaC-----CPh results 
in coupling of the phenylethynyl groups to give the 1,4-diphenylbuta-1,3-dien-1,4- 
diyl ligand. 3°8'3°9 The anomalous ~3C NMR parameters found for M(C--CR)zCp2 
(M = Ti, Zr) and the reaction of TiC12Cp2 with LiC----CBu or MgBr(C=CBu) 
to give dark green paramagnetic solids had been noted earlier. 31° The un- 
stable metallacumulene Ti(t/4-CPh=C=C=CPh)Cp2 (219-Ti/Ph), formed from 
Ti{r/Z-c2(SiMe3)2}Cp2 and PhC~CC=CPh, has similar spectroscopic properties 
to the Bu t complex. Apparently, it is in equilibrium with the alkyne complex Ti(q 2- 
PhCzC--=CPh)Cp2 (217-Ti/Ph). On standing in toluene, green 227 is obtained, 
together with the symmetrical complex 228, 3°1'3°9'311 

Reactions of TiCI(r/-CsH4Me)2 either with NaC~CPh or with PhC--CC--=CPh 
and sodium gave dark green {Ti(0-CsH4Me)z}z(#-PhC4Ph) containing a planar 
TiC4Ti system in which there has been partial reduction of the diyne. 3°9 

d. R = R' = SiMe3. Reactions between {Ti(/z-C1)Cp2}2 and NaC-----CSiMe3 af- 
forded dark burgundy {Ti(/z-0 l: r/2-CzSiMe3)Cp2 } 2 (223-Ti/Si) 3 ~0, 312, 313; the same 
product was obtained from Me3SiC--=CC--CSiMe3 and "TiCp2. ''312b The X-ray 
structure confirmed that carbon--carbon coupling had not occurred, the central 
C --. C distance being lengthened to 2.762(2) ~. The reaction with the diyne is 
interpreted as an oxidative addition to intermediate TiCp2. Cleavage of the central 
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C - C  bond results from the "/3-effect" of SiMe3 groups which renders these 
carbons electron deficient via drr(Si)-prr(C) interactions. 297'3°6'314 The reaction 
of Me3SiC~CC=CSiMe3 with Ti{ J72-C2(SiMe3)2}Cp2 also gives Ti{C(SiMe3)= C 
(C~CSiMe3)C(SiMe3)=C(C~-CSiMe3)}Cp2 (225-Ti/Si). 3°5 

Small cyclic cumulenes are formed from Zr(py){0-C2(SiMe3)2}Cp2 and 
diynes, e.g., Me3SiC~CC~CSiMe3 gives Zr{2r/1,~/2-Me3SiC=C2=C(SiMe3)C 
(C~CSiMe3)=C(SiMe3)}Cp2 (226-Zr/Si), in which two diyne molecules have 
coupled at the metal to give a seven-membered cyclic cumulene; some 
{Z-(C=CSiMe3)Cp2}2 is obtained as a by-product. Both complexes were also 
made from the diyne and ZrBu2Cp2 [a precursor of Zr(r/2-CH2CHEt)Cp2]. 297'315 

The metallocyclic ring is essentially planar. The proposed mechanism of forma- 
tion is via metallacycle Zr{C(SiMe3)=C(C=CSiMe3)C(SiMe3)=C(C~-CSiMe3)} 
Cp2 (225-Zr/Si). 316 The complex Zr(thf){o-C2(SiMe3)2}Cp2 reacts with 
Me3SiC~CC~-CSiMe3 to give {Zr(/z-01:rl2-C2SiMe3)Cp2}2 which has also been 
obtained from ZrBu2Cp2 and the diyne. 296'310'316 

e. R=SiMe3, R ' =B u  t, Ph. The reactions of Ti{r/2-C2(SiMe3)2}Cp2 with 
Me3SiC-~CC~CR (R = Bu t, Ph) gave {TiCpz}z(#-RC4SiMe3) (222) containing 
an intact zig-zag diyne; no C--C bond cleavage is found with an excess of the diyne. 
The 13C NMR spectra are diagnostic while the central C--C bonds are 1.517(6) 
and 1.494(6) ~ for R = Bu t, R' = SiMe3, Bu t, respectively. No symmetrization of 
the But/SiMe3 complex o c c u r s .  306'317 

Reactions between Zr(thf){0-Cz(SiMe3)z}Cp2 and mixed 1,3-diynes 
SiMe3C~CC-~CR lead to cleavage of the diyne, affording {ZrCp2}2(#-01:02- 
C2SiMe3)(/z-J71:qZ-CzR) (223). For R=Ph,  only one Cp signal (1H, 13C NMR) 
indicates that the complex is highly fluxional, with rapid intramolecular migra- 
tion of alkynyl groups between the Zr centers. The complexes are diamagnetic, 
probably by electronic coupling via the alkynyl groups. 295,297 In contrast, reac- 
tion of Zr(~Z-SiMe3CzSiMe3)(py)Cpz with ButC~CC-~CSiMe3 gives the 
zirconacumulene Zr{qt,~3-SiMe3CC(C~CBut)C(SiMe3)=CC=CBut}Cp2 (226) 
(38%). 318 

Whereas coupling of alkynyl groups occurs during the formation of {TiCp'2}2 
(#-02:02-PhC2CzPh) (Cp'= Cp, Cp Me) from {TiCICp'2}2, the reaction of Zr(C---- 
CPh)zCpMea with Zr(trans-CaH6)cpMe2 gave {Zr(#-r/l:tl2-CePh)CpMe2} e (223- 
Zr/Ph), possibly via tweezer complex 229. 319 The related complex {Zr(#-01:0z- 
CzBu)Cpe}e was isolated from the reaction between ZrCleCp2, Mg and 
BuC~CTeBu. 32°'321 The direct reaction between "ZrCp2" (from ZrC12Cp2 and 
LiBu) and HC=CSiMe3 gives {Zr(#-tll:oZ-CeSiMe3)Cp2}2 as the only charac- 
terized, but minor (1%), product. 296 All these complexes have rather long Zr--C 
zr-bonds and short C--C multiple bonds, with low energy v(CC) absorptions around 
1750 cm -I. 
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3. C--C Bond Dismutation Reactions 

The challenge to combine cleavage of the central C--C bond with subsequent 
coupling of the alkynyl groups has been met by taking advantage of the accelera- 
tion of coupling of Ti(C=CBut)2Cp2 which occurs upon irradiation. 322 Metathe- 
sis of disubstituted butadiynes is mediated by "TiCp2." In practice, irradiation 
of equimolar amounts of RC=CC=CR (R = Bu t and SiMe3) in the presence of 
an excess of Ti{r/Z-Cz(SiMe3)z}Cp2 (100°C, toluene) gave ButC~CC~CSiMe3 
(4.9% isolated) in addition to the symmetrical diynes; in solution, the three dimers 
{TiCpz}2(/z- r/1:02_C2SiMe3)2 (14%) and {Tifpz}2(/z-ButCzCzR) [R = Bu t (36%), 
SiMe3 (21%)] contained 71% of the diynes. The thermal reaction occurs at tem- 
peratures above 140°C. Irradiation of a mixture of the symmetrical complexes 
gives the mixed bis-alkynyl (and hence mixed diyne after oxidative work-up with 
AgOTf) (Scheme 50). The Zr analogue is inactive. 323 

4. Other Diyne Systems 

Extension of these reactions of diynes to 1,3,5-(ButC~CC=C)3C6H3 affords 
complexes containing three moieties (230 and 231) analogous to 221 (Ti) or 
222 (Zr) .  324 No similar products were obtained from C 6 ( C ~ C C ~ - - C B u t ) 6  . Similar 
derivatives are formed in reactions with tetraynes R(C----C)aR (Scheme 51). 325 For 
R = Bu t, two "zig-zag" diyne fragments are linked in 232, whereas for R = SiMe3, 
only the central C-----C triple bonds are used in 233; the latter appears to be identical 
with a complex obtained by reaction of {Ti(/z-C1)Cp2}2 with LiC--CC----CSiMe3. 
The tetranuclear Zr complex 234 containing a/z-C4 ligand was obtained from 
Me3Si(C~C)4SiMe3. 
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5. Other Cp Ligands 

Two intermediate complexes are formed if {TiCI[(0-CsHa)2SiMe2]}2 is used. 
Reactions with LiC--=CPh, carried out in thf at -10°C, afford first the red para- 
magnetic {Ti(/z - 0 l_C_CPh) [(I/-CsHa)2SiMe2] } 2 which after 12 h affords red-black 
diamagnetic(by antiferromagnetic coupling) {Ti(/z-t/l:t/2-C~-CPh)[(t/-C5H4)2 
SiMe2]}2. On warming to r.t., conversion to dark green {Ti[(t/-CsH4)2SiMe2]}2 

2 2 (#-t/ :t/ -CaPh2) occurs. Treatment of each complex with HC1 gave HC----CPh 
for the first two, and 3/7 cis/trans PhCH=CHC--CPh for the third complex. 326 
The reaction between ZrC12{(t/-CsH4)(t/-CsH3SiMe3-3)SiMe2} and LiC=CSiMe3 
gives {Zr(/x-t/l:t/2-C2SiMe3-3)[(t/-CsH4)(t/-CsH3SiMe3-3)SiMez]}2 as the only 
characterized complex, the structure being consistent with contributions from the 
resonance forms L and Mo 327 

/SiMe3 /SiMe3 

[Zrl, ",. ~ [Zrl [Zr] 
", C ~ [  zr] ~ C ~  

/ 
Me3Si ~ Me3Si 
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Treatment of {Zr(/z-C1)Cp}2(#-Fv) with LiC~CR (R = Ph, SiMe3) gave orange 

{Zr(/z-q 1:172-CzR)Cp}z(/z-Fv). The SiMe3 complex is fluxional by exchange of the 
rlI:02 bonds on the Zr centers. 326'328 Comparison of kinetic parameters with the 
phenylethynyl complex showed no bond breaking occurs; the transition state for 
the latter is stabilized by conjugation with the Ph zr-electrons. 

Extension of this chemistry to complexes containing 06-boratabenzene ligands 
confirmed the expectation that the derivatives would be analogous to the Cp 
complexes. Zirconacycles analogous to 219 were obtained from RC~CC-~CR 
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and Zr(PMe3)2(r/6-C5HsBX)2 (R = Ph, X = Ph, NPri2; R = Et, X = Ph). However, 
Me3SiC--=CC=--CSiMe3 did not react. 329 

6. Derivatives Containing Cp* Ligands 

Replacement of the Cp group by Cp* on the Group 4 metals results in signifi- 
cant changes in the chemistry, largely as a result of participation of the ring-methyl 
groups in the chemistry. Other effects from increased steric bulk, stronger electron- 
donor properties, and even solubility also contribute. For Ti, 02-alkyne complexes 
are formed, whereas for Zr, the metallacyclocumulenes Zr(04-RC4R)Cp*2 
predominate. As found in the Cp series, the nature of the product is dependent 
on metal and diyne substituent. 3°1'33° 

The most useful synthetic route into these complexes is the reduction of 
MClzCp*2 by magnesium in the presence of the diyne. With an excess of magne- 
sium, the tweezer complex 235 is formed from Me3SiC=CC----CSiMe3, 331 while 
with a Ti/diyne/Mg ratio of 2/3/2, paramagnetic 236 is isolated, possibly being 
formed by coupling of ligands within an "ate" complex resembling 218 
(Scheme 52). 332 With appropriate stoichiometry, the 02-diyne complex 237 is 
formed. 333 In solution, a dynamic equilibrium involves shuttling of the TiCp*2 
group between the two C=C triple bonds, perhaps via the (unobserved) metal- 
lacumulene 238. Reaction of 237 with CO2 gives the titanafuranone 239. 

Similar reactions with RC--=CC=CR [R = Me, 33° Ph 333 ] result in activation of 
a Me group on each Cp* ring to give 240; the phenyl derivative reacts with CO2 to 
give 241, perhaps via tautomer 240a (Scheme 53). Two Me groups on the same Cp* 
ring are involved in the formation of complexes 242 in reactions of ButC--=CC=CR. 
Single isomers (with exo-Bu t or endo-SiMe3 groups) are formed (Scheme 54). The 
Bu t derivative is converted to 243 on heating, which is also obtained from Ti{r/2- 
C2(SiMe3)z}Cp*2 and the diyne at 140°. TM Successive treatments of 242-Bu t with 
HC1, Mg and HC1 again result in hydrogenation of the eight-membered ring to 
give complexes 244-246. Two chiral centers are present at the But-substituted 
carbons. 335 

The zirconium system reacts differently, zirconacumulenes 238-Zr being iso- 
lated from reactions of ZrClzCp*2 with RC=--CC=CR (R= Me, Ph, SiMe3) in 
the presence of magnesium, or by UV irradiation of Zr(C----CR)2Cp*2. The SiMe3 
derivative reacts with CO2 to give 247. With ButCm-CC~CBu t, activation of Cp* 
ring methyl groups occurs to give 248 (Scheme 55). 33°'333 

Detailed studies of these systems have enabled a rationalization of the 
observed chemistry to be made, involving as possible intermediates (a) the ful- 
vene complexes MHCp*{CsMe4(CH2)} or MHzCp*{CsMe3(CH2)2}, (b) the 

2 2 , -diyne complexes M(t/-RCzC--=CR)Cp 2, and (c) the 04-metallacumulenes, 
M(r/4-RCCCCR)Cp*2 .291,330 
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7. Heterometallic Complexes 

The rare combination of two electron-poor metals in heterodimetallic com- 
plexes has been found in reactions of dialkynylmetallocenes with suitable metal- 

4 locene precursors. Thus, reaction of Zr(r/ -C4H6)Cp2 with Hf(C-------CPh)2Cp2 affords 
{Cp2Zr}(/z-C2Ph)2{HfCp2} (222-Zr/I-If). 336 Similar reactions of VCp2 with 
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M(C=CPh)2Cp'2 (M = Ti, Cp' = Cp; M = Zr, Cp' = Cp, Cp Me, Cp Si, Cp But) give 
the paramagnetic (~1.73 #B) complexes of type 221, in which the vanadium is 
considered to be V(IV), by coordination of a VCp2 fragment to the zirconocumu- 
lene. 337 The trimethylsilyl diyne is, however, unreactive. 

The reactions between ~72-diyne-nickel complexes and "MCp2" have similarly 
given a range of products. 307'317'338 With the PhC--CC--CPh complex, formation 
of the cumulene system 249 is found, whereas with the Me3SiC~CC--CSiMe3 
derivative, cleavage of the central C--C bond occurs to give 250; rearrange- 
ment to 251 is found on treatment with CO (Scheme 56). The "mixed" diyne, 
PhC--CC----CSiMe3, gives tweezer complex 252, which with PPh3 eliminates 
PhC--CSiMe3 to give 253. It is concluded that while equilibria exist in solution 
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between the various structures, in the solid state, the energy minimum is deter- 
mined by the metal, ligand, and diyne substituent. The tweezer complexes are 
favored by phenyl diynes, whereas more bulky substituents (or ligands) result in 
formation of the/z-~/l:r/2-alkynyl complexes such as 250. The different products 
are rationalized by a common cyclocumulene complex which reacts either 
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intramolecularly via bis-alkynyl derivatives or intermolecularly, followed by C--C 
bond cleavage. The solid-state structures are energy minima, influenced by metal, 
substituents, and co-ligands, small ligands and substituents favoring the tweezer 
complexes, while bulky ligands result in unsymmetrical complexes. The formally 
Mm--Ni I complexes are diamagnetic via an electronic coupling via the bridg- 
ing groups, although a resonance contributor based on Ni ° and Ti TM can also be 
considered. 
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8. Planar Tetracoordinate Carbon 

An interesting feature in some of these alkynyl/diyne complexes is the geometry 
of the bridging carbons, whereby one or two of these may be considered to have 
a planar tetracoordinate geometry. While many examples, particularly but not 
exclusively, have been found in the chemistry of the Group 4 metallocenes, these 
are resticted to having only one such atom. 293'339 Most approaches to the Group 4 
examples involve the alkynyl-metallocene, which adds another species XMRn to 
give the dimetallacycle 254, in which C(2) interacts with four other atoms while 
retaining planar geometry. 

R + I Ph 
i C ~ C Cp2Zr"~" ~ c 2 j R  / '~C 

'~" "'-~:~ CpBut2Zr~ " I ~-VCp2 
jj~C....._.__.~ ZrCp2 ~ / C  

/° 'p, 
(254) (257) 

The/3-carbon is planar tetracoordinate in the complexes [{ZrCp2}2(/z-C~CMe) 
(/z-MeCzC~CMe)] + (255) and [{ZrCpz}z(/z-N=CHPh)(#-MeCzC~CMe)] + 
(256) (Scheme 57). Complex 255 is obtained from [Zr(C=CMe)Cp2] + (from 
Zr(C-~CMe)2Cp2 and [CPh3] +) and Zr(C~CMe)zCp2, 34° while the same cation 
reacts with Zr(C~CMe)(=N=CHPh)Cpz to give 256. The dynamic behavior of 
the latter is consistent with interconversion of the two diastereomers (cis/trans 
ratio 4:1) by rearrangement of the Zrz-diyne framework with concomitant 
symmetrization and rotation of the/z-aldimino group. 341 Formation of 255 oc- 
curs by coupling of the two propynyl groups; the resulting hexa-2,4-diynyl group 
bridges two bent ZrCp2 moieties in the ~l:0z mode. The asymmetric bridge re- 
sults in atom C(2) becoming planar tetracoordinate as part of a three-center-two 
electron Zr--C--Zr fragment. The attachment of the remaining C=C triple bond 
to Zr(2) is very unsymmetrical, apparently by C(3) only (a zr-agostic interac- 
tion). The structural data obtained for the internal carbons of the C4 ligand in 
{ZrCpBUtz}(/z-PhC4Ph){VCp2} (257) confirm that the two carbons are planar tetra- 
coordinate, a finding confirmed by detailed analysis of the electron localization 
function (ELF). 342 

In the alkyne chemistry described previously, combination of bis-alkynyl com- 
plexes with a second metal complex gives the "tweezer" complex, which may 
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rearrange via a symmetrical intermediate/z-01-alkynyl to the #-/71:17 2 complex. 318 
Coupling of alkynyl groups, particularly at a zirconium center in the presence of 
Lewis acids, has given a variety of products in which the Lewis acid is usually 
attached to the resulting C4 ligand and therefore lies outside the scope of this ar- 
ticle. However, while Zr(C--=CMe)2Cp2 reacts in this way with B(C6Fs)3 to give 
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Zr{01,r/2-CMe=C(BAr3)C2Me}Cp2, with a deficiency of B(C6Fs)3 (only 1% is 
necessary) or with [CPh3] +, catalytic coupling of propynyl groups occurs to give 
255. 343 Dynamic behavior in CD2C12 indicates rapid exchange of Zr centers via a 
/~-~2:02-diyne intermediate, the unsymmetrically bridged structure being favored 
over the dimetallacyclopentene by ca 10-12 kcal mol-1. 34°'344 

9. Other Related Chemistry 

trans-3,4-Dibenzylidene- 1,6-diphenylhex- 1-en-5-yne was the sole product from 
228 and HC1, formed by H-shift and ring-opening of the radialene; complex 227 
gives the cis isomer. 3°1 The intermediate [Zr(C=CPh)(o2-PhC2C=CPh)Cp2] - re- 
acts with HC1 to give E-PhC-~CCH=CHPh and with 12 to give PhC-~CC~CPh. 292 

Trace amounts of Ti{OC(O)CButC(C~CBut)}Cp2 (258) were obtained dur- 
ing attempts to recrystallize Ti(C~CBut)2Cp2 from Et20 cooled by dry ice; this 
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interesting complex could not be obtained from CO 2 and Ti(C-~CBut)2Cp2, 
[Li(thf)z][Ti(C-~CBut)zCp2] or Ti(r/2-ButCzC=CBut)Cp2. 345. Other reactions of 
the diphenyl analogue noted briefly are those with acetone and water, which af- 
ford the titanafuran Ti { OCMe2CPh=C (C ~CPh) } Cp2 (259) and { Ti [C (C ~CPh) = 
CHPh]Cp2}20 (260), respectively. 311 

Zirconacyclopentenes are intermediates in the catalytic reaction between 1,3- 
diynes and EtMgBr to give enynes; in contrast to the stoichiometric reaction, 
mixtures of stereoisomers are obtained (Scheme 58). Stoichiometric reactions of 
ZrEt2Cp2 [a source of Zr(0-C2H4)Cp2] with R1C~CC-~-CR 2 (R 1 = R 2 = Me, Et, Pr, 
Ph, SiMe3; R 1 = Ph, R 2 = Bu, Bu t) gave 261. With tetradeca- 1,13-dien-6,8-diyne, 
bicyclic 262 is formed. 346 In contrast with monoalkynes, which afford zirconacy- 
clopentadienes, no incorporation of a second molecule of diyne was found, with the 
exception of Me3SiC--CC--=CSiMe3. 297 Treatment of zirconacyclopentenes with 
CO and quenching with iodine gave alkynylcyclopentenones, 347 while reaction of 
the intermediate with H + gave the corresponding enynes. 346 Heating in the presence 
of PMe3 afforded alkynylcyclobutenes, while with alkynes, cyclobutenylzircona- 
cyclopentenes 263 are formed. 348 Reactions of bis(alkynyl)silanes with ZrEtzCp2 
give 2-methylenesilacyclobutenes after hydrolysis, possibly via intermediate 
264. 349 

VII 

OTHER REACTIONS OF DIYNES WITH METAL COMPLEXES 

There are many examples of reactions of diynes with metal species that give 
mono or binuclear products containing ligands other than simple tr- or zr-bonded 
diynes. This chemistry is summarized in this section and there are obvious con- 
nections with that presented earlier as many of the products are derived from 
isomerization, rearrangement, and bond-forming reactions of initially formed 2 
diyne complexes. 

A. Mono- and Binuclear Complexes from Metal Carbonyls 

1. Iron 

Reactions of PhC=CC--CPh with iron carbonyls [Fe(CO)5, Fe2(CO)9, or 
Fe3(CO)12] give isomers of complexes Fe(CO)a{(diyne)2} (265), Fez(CO)6 
{(diyne)2} (266), and Fe2(CO)7{(diyne)2} (267), to which structures analogous to 
those found for similar products obtained from C2Ph2 were ascribed; all three iso- 
mers of the second complex were formed. 16° The reactions of hexa-2,4-diyne and 
Fe(CO)5 have been described in more detail. UV irradiation of mixtures of the two 
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reagents in thf gave Fe{201-C(O)CMe=C(C-----CMe)C(O)}(CO)4 (268) as the only 
product. 35° In cyclohexane, a complex with composition Fe(CO)4(MeC2C2Me)2 
was formed, possibly 265a. The three possible isomers of Fe2{2771: r/a-c4Me2(C ~ 
CMe)2}(CO)6 (266a-c) have been obtained from the thermal reaction of the diyne 
with Fe(CO)5.351'352 One product of the photochemical reaction between Fe(CO)5 
and Me3SiC--CC=CSiMe3 in benzene is the fly-over complex Fe2{/z-[q]:02- 
C(C~CSiMe3) =C(SiMe3)]2CO}(CO)6 (267a) rather than the octacarbonyl previ- 
ously reported. 181'353 The ynamine complex Fe2(/z-PhC2NEt2)(CO)7 reacts with 
PhC=CC~CPh to give three isomers of the ferrole Fe2{#-2ol:r/4-CPhC(NEt2) 
CPhC(C=CPh)}(CO)6 (266d-e). 224 
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Reduction of CICH2C=CC=CCH2C1 with zinc in the presence of Fe3(CO)12 
gave a mixture of the syn and anti hexapentaene-{Fe2(CO)6}2 complexes (269). 
Similar reactions of C1CMe2C=CC~CCMe2C1 afforded the analogous iso- 
meric tetramethyl derivatives, together with Fe2(/z-r/3:rl3-Me2CCCCCCMe2)(CO)6 
(270). 354 

Reactions of 1,3-diynes with Fe2(#-H)(/z-PPh2)(CO)7 (prepared in situ from 
Na[Fe2(/z-PPh2)(CO)8] and HBF4) give Fe2(/z-PPh2){#-01:02-C(C=CR)=CHR} 
(CO)6 (271; R = Me, Ph) by cis hydrometallation of only one C-~C triple bond. 355 

Several 1,3-diynes HC~CC-----CR (R = H, Me, Bu) react with Fe2(/z-EE')(CO)6 
(E, E' = S, Se, Te) in the presence of NaOAc to give complexes in which the diyne 
has coupled with the chalcogen atoms in Fe2(/z-ECH=C(C~CR)E'}(CO)6 (272) 
or {(OC)6Fe2(/z-E)}n{CHC(C-~CR)}; in most cases, both isomers were obtained. 
In solution, the SSe derivative slowly disproportionates to the homochalcogen com- 
plexes. The uncoordinated C=C triple bond has been used to prepare heterometallic 
complexes with Mo2(CO)4Cp2, C02(CO)6 and M3(#-CO)(CO)9 (M = Ru, Os) frag- 
ments attached. 356-358 Reactions of Fe2(#-Se2)(CO)6 with HC-----CC~CR 
(R = SiMe3, SnBu3) in the presence of NaOAc/MeOH, or directly with HC = 
CC~CH in lower yield, give {Fe2(CO)6(/z-Se)2}2(#-CaH2) in which the diene has 
the s-trans conformation. 359 

The STe complex gives a single isomer of Fe2{#-SC(C~CMe)=CHTe}(CO)6, 
in agreement with EH MO calculations 36° which show the relative energies of 
isomeric forms to be 

MeC--CC(S)=CH(Te) < HC(S)=C(C--=CMe)(Te) 
< MeC(S)=C(C~CH)(Te) < HC~CC(S)=CMe(Te). 

2. Ruthenium 

Several reactions of 1,3-diynes with ruthenium cluster carbonyls have given 
mono- and bi-nuclear complexes (see Section IV.B.2). Reactions of Ru(CO)3 
(PPh3)2 and PhC=CC~CPh, carried out under CO2, give Ru(CO)2(PPh3){04- 
CaPh2(C~CPh)2CO} (273a,b; 4/1 ratio) formed by head-to-tail and head-to-head 
coupling, together with Ru(CO)(PPh3)2{0-CaPh2(C--=CPh)2} (274a,b; 1/1). The 
role of the CO2 is assumed to aid production of transient cis- and trans-isomers 
of [Ru(CO)a(PPh3)2] 2+ which afford the cyclopentadienone and cyclobutadiene 
complexes, respectively. 361 

3. Cobalt 

Cobalt carbonyl complexes react with 1,3-diynes to give a variety of com- 
plexes in which two molecules of diyne have coupled to form ~7-cyclobutadiene 
ligands; slightly different conditions result in formation of cluster complexes 
(see Section VII.E.2). In the mixture of complexes obtained from the reaction 



202 PAUL J. LOW AND MICHAEL I. BRUCE 

0 

M e 3 S i ~ , , , ~ S i M e 3  

Me3S I c ~ C  - / " ' ~  ~C~C .... 
/ \ ~lMe3 

(OC)3Fe" "Fe(CO)3 

(267) 

O I" 
Me 

(268) 

(OC)3Fe / 

T Fe(C( )3 

(270) 

R\C'x%C. C/,~ R 
,,~c~ I 

(OC)aFe ~ P'/Fe(CO)3 
Ph2 

Fe(CO)3 .Fe(CO)3 

anti 
.Fe(CO)3 Fe(CO)3 

(OC)3Fe (OC)3Fe 
syn 
(269) 

aN ~c.,,.c ~c/R /-\ 
E~ IE' 

(271) (272) 



Transition Metal Chemistry of 1,3-Diynes, Poly-ynes, and Related Compounds 203 

O 
II A D A 

Cp(Ph3P)C 

B , C /~ " ~ "  C ', , 
i~u(CO)2(pph3) Ru(CO)2(PPh3 ) D 

(273) (274) 
A B C O A B C D 

a Ph CCPh CCPh Ph a Ph CCPh CCPh Ph 
b Ph CCPh Ph CCPh b Ph CCPh Ph CCPh 

(278) 
A B C D 

a CCPh Ph Ph CCPh 
b Ph CCPh Ph CCPh 

of Me3SiC~CSiMe3 with Co(CO)2C p (Scheme 59) Co{t/4-C4(SiMe3)3(C ~ 
CSiMe3)}Cp (275) is assumed to arise from Me3SiC=CC=CSiMe3, perhaps 
formed by the metathesis reaction 

2 Me3Si--C~C--SiMe3 ~-~ Me3Si--SiMe3 + Me3Si--C~C--C-~C--SiMe3, 

presumably catalyzed by the cobalt complex. However, no alkyne metathesis was 
found in the reactions of the diyne itself. 362 

In refluxing decane, a mixture of Me3SiC~CC--=CSiMe3 and Co(CO)2Cp gives 
cyclobutadiene (275a,b; Scheme 59) and cyclopentadienone complexes (276), 
which could be protodesilylated with ethanolic KOH. 363'364 Complexes 275 were 
also obtained by co-dimerization of the diyne with Me3SiC~CSiMe3 or from 
a mixture of the diyne and Me3Si(C-~C)3SiMe3. The cyclopentadienones were 
formed by preferential oxidative coupling of two diyne molecules. Two isomeric 
tris(ethynyl)benzenes (277a,b) were also formed, while with a large excess of 
the diyne, 277c, was isolated, probably arising from 3% of Me3Si(C=C)3SiMe3 
present in the diyne. The complexes can be protodesilylated and separated to give 
the 1,2- and 1,3-isomers of Co{0-C4(SiMe3)2(C~CH)2}Cp. Thermal decomposi- 
tion of Co{t/-1,2-C4R2(C--CH)2}Cp occurs via Co{t/-1,2-C4H2(C~CR)2}Cp to 
give RC--=CC--=CR and C2H2 ,363 

The 1,2-isomer was flash pyrolyzed (525°C, 10 -4 Torr) to Co{t/-1,2-C4H2(C~ 
CSiMe3) 2}Cp, which in turn was converted to Co{t/-1,2-C4H2(C~CH)2}Cp. Pos- 
sible intermediates are indicated in Scheme 60. 363 Flash pyrolysis (0.005 s, 
10 -5 torr, up to 800 °C) of 275a in a quartz tube gives 275b (the 1,2-diethynylcyclo- 
butadiene rearrangement; Scheme 60), probably to release steric strain of two 
adjacent SiMe3 groups. 363'364 In general, such pyrolyses of Co(t/-C4R12R22)Cp, 
derived from 1,3-diynes, have shown that efficient reversion to the alkynes occurs. 
The rearrangement has AG # 37 kcal mo1-1 and occurs by ring opening-rotation- 
reclosure mechanisms, while the AG # for activation of decomposition is "-47-50 
kcal tool -1. The CoCp bond strength is 64 kcal mo1-1.365 Decomplexation is easier 
than the competing recyclization reaction. Mutual interconversion of the alkynyl- 
cyclobutadiene complexes occurs, but migration of the CoCp residue along the 
diyne chain does not occur. 365 
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Three isomers of the cobaltacyclopentadiene, Co{(C4Ph2)2}(PPh3)Cp (278), 
were obtained from Co(PPh3)zCp and PhC=--CC--=CPh, of which the major 
product was the 2,4-bis(phenylethynyl) compound. The 2,5-isomer was only ob- 
tained on heating. Some insoluble polymer was also formed, with average and 
highest MW 1.2 x 10 4 and 5.4 × 104, respectively. 366,367 The isomeric compo- 
sition is dependent upon substituent bulk, as shown by only the 2,4- and 2,5- 
isomers being obtained with Me3SiC~-CC=CSiMe3 and MeC~CC~CMe, respec- 
tively. The redox properties of these compounds show that the Me compound is 
oxidised most easily, and chemical reversibility in MeCN increases Me < SiMe3 < 
2,4-Phz. 367 The structures of Co(CR]CR2CR3CR4)(PPh3)Cp [278, R1=R4= 
C~CMe, R2=R3=Me (a); II, RI=R3=C=CPh,  R2=Ra=ph (b)] have been 
reported. 368 

4. Rhodium 

The use of several rhodacyclopentadiene complexes in syntheses of polycyclic 
aromatic compounds has been described by Miiller. 369 In general, alkynes displace 
the rhodium center to give substituted arenes. In this way, complex 279 [from 
1,2-{PhC~CC(O)}2C6H4] reacts with PhC~CC~CR (R = Me, Ph) to give 280 
(R = Me, Ph) (Scheme 61). 370 

B. Formation of Unsaturated Carbene Complexes 

l. Tungsten 

Sequential reactions of Li(C~C)3C(NMe2)3 [formed from Me3Si(C=---C)3 
C(NMe2)3 and LiBu in situ], W(CO)5(thf), and BF3(OEt2) afford low yields of 
a separable mixture of W{ =C=C=C=C=C(NMe2)CH=C(NMe2)2}(CO)5 and 
W{=C(C~CSiMe3)CBu=C=C=C(NMe2)2}(CO)5, the former corresponding 
to a 1/1 adduct of NHMe2 and W{=C=C=C=C=C=C=C(NMe2)2}(CO)5,  
nucleophilic attack taking place at C~. The carbene complex is formed by attack of 
the lithium reagent on a W-CO group, followed by abstraction of an NMe2 group 
by BF3(OEt2).103 

2. Iron 

Metal-promoted 1,2-migration of silyl groups in silylalkynes results in the for- 
marion of silylvinylidenes which are subsequently readily desilylated. 77,371-373 
Alkynyl-substituted silylvinylidenes have been obtained from silylated diynes and 
the Fe(N2)(CO)2{P(OMe)3}2/{Fe(CO)2[P(OMe)3]2}2(/z-N2) reagent 76 and similar 
species are implicated in the reactions of several Group 8 metal complexes with 
mono- and bis-trialkylsilyl diynes. 32,89,119 
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Addition of HC~CC=CSiMe3 to FeCl(dppe)Cp* in MeOH in the presence 
of NaBPh4 gave allenylidene [Fe{=C=C=CMe(OMe)}(dppe)Cp*] +, possibly 
via the unobserved intermediate [Fe(=C=C=C=CH2)(dppe)Cp*] + which adds 
solvent MeOH across the Cr=Ca bond. 374 

3. Ruthenium 

Electrophilic complexes, such as RuCl2(PR3)(0-arene), react with 1,3-diynes to 
give metallacumulene intermediates, which are readily attacked by nucleophiles, 
e.g., MeOH solvent, at C~ or Cy to give Fischer carbene or allenylidene complexes 
as the isolated products. If the reactions are carried out in CH2C12, dark blue 
solutions are formed, which on addition of R'OH form the violet allenylidenes. 
Evidence for the presumed cumulated intermediates has been obtained from reac- 
tion of Me3SiC~CC~CC(OSiMe3)(C6H4NMe2-4)2 with RuCI2(PMe3)(r/-C6Me6) 
which gives the deep blue C5 cumulene 281.121 

q + 7h 

CI/F~°% c -K"--"  / "'.,~ I ~ -  N--N 7ff Me3P ~ -  / ( ~ \  C 
Ph ~C(C6H4NMe2-4)2 

(281) (290) 

Ph + H Ph I i Me3Si N, 
Ph3P C C 

OC~ ~U,-'" ~ ~Pp~/i \~ I ~ C  /Me 
OC I ' /  s"/~'~ C Me3P x / C = C  

Ph3P II ~ Ip "C~// 'kSiMe3 
H/O,,p h pi h .jNi ~., 

X PMe3 
(291) (292) P = PPh 2 

R 

\%C\ C , ,= C/R 
I I 

Cp*2Ti %CH2 
(294) 

(293) 

SiMe 3 

Me 

Me3Si - -  C ~ C --  C~ - -~ /~O~ / (~oC3  ~C-Fe(CO)2Cp*  

~ Fe]C~O)3 
(300) 
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SCHEME 62 

Reactions of HC~-CC~CCPh2(OSiMe3) with RuC12(L)(r/-C6Me6) (282; L = 
PMe3, PMe2Ph, PMePh2; Scheme 62) result in elimination of Si(OH)Me3 to 
give the corresponding pentatrienylidene complexes which rapidly add any nu- 
cleophile present. For example, the carbene [RuCI{ =C(OMe)CH=C=C=CPh2} 
(L)(~/-C6Me6)]PF6 and the alkenylallenylidenes [RuCI{=C=C=C(OR)CH= 
CPh2}(L)(0-C6Me6)]PF6 (R =Et, pri; L = PMe3, PMePh2) were obtained from 
the reactions of HC-~CC~CCPh2(OSiMe3) with RuCI2(L)0/-C6Me6) in the pres- 
ence of NaPF6 and the appropriate alcohols. Similar derivatives are obtained with 
secondary amines, 12° NHPri2 or NHPh2 (but not more basic amines), or the iso- 
lated diynyl complex in the presence of HBF4, giving [RuCI{=C=C=C(NP~2) 
CH=CR2}(PR3)(0-C6Me6)]+. 12° Interestingly, the reaction of 282 (L = PMe3) 
with HC~CC~-CCPh2(OH) gave the chelate complex [RuCI{C(OMe)=CHC(O) 
CH=CPh2}(PMe3)(0-C6Me6)] + (283), possibly by dehydration followed by addi- 
tion of MeOH at Ca and of water at Cy. 375'376 

Reactions of cis-RuC12(dppm)2 with HC=CC~CH in the presence of tertiary 
amines afford trans-[RuCl{C=CC(NR3)=CH2}(dppm)2] + [NR3 =NEt3, NPr3, 
quinuclidine, EtN(C2H4)20, 1,4,7-Me3-tacn, NMe2(CH2Ph), NMe2(CH2C6H4 
OMe-3)], rationalized as proceeding by addition of the amine to C× of the in- 
termediate butatrienylidene cation 284 (Scheme 63). 94 With 4-Me2NCsH4N, the 
pyridine nitrogen attacks Cy to give trans-[RuCI{C=CC(NCsH4NMe2-4)=CH2} 
(dppm)2] +. Competing reactions of the amines to give trans- [RuCl(NR3)(dppm)2] + 
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also occur. Reactions with allylamine result in an aza-Cope rearrangement and give 
functionalized allenylidenes. 377 With FcCH2NMe2, the first-formed adduct trans- 
[RuCI{C-~CC(NMezCH2Fc)-----CH2}(dppm)2] + apparently rearranges by migra- 
tion of the FcCH2 + carbenium ion from nitrogen to carbon to give redox-active 
trans-[RuCl{C=--CC(NMe2)CH2CH2Fc}(dppm)2}] + (285). 378 Thioallenylidene 
complexes have been obtained from trans-[RuCI(=C=C=C=CH2)(PP)2] + (PP = 
dppm, dppe) and either thiols or allylic thioethers. 379 

Direct reaction of HC------CC--CPh with trans-RuC12(dppe)2 in the presence of 
MeOH gives trans- [RuC1 {=C=C----C(OMe)CH2Ph} (dppe)2] +, which is deproton- 
ated by NEt3 to trans-RuCl{C=-CC(OMe)=CHPh}(dppe)2 (286). Both reactions 
indicate formation of the butatrienylidene complex as a reactive intermediate. 95 
Similarly, protonation of trans-RuCl(C=--CC=-CPh)(dppe)2 with CF3SO3H results 
in formation of a bright red intermediate which turns green in seconds, afford- 
ing trans-[RuCl{=C=CHC(O)CH2Ph}(dppe)2] +, probably by addition of water 
to the intermediate trans-[RuCl(=C=C=C=CHPh)(dppe)2] +. The former is 
deprotonated to trans-RuCl{C--CC(O)CH2Ph}(dppe)2. 

Reactions of cis-RuClz(dppm)2 either with BuaSnC--CC~CCPh2(OSiMe3), or 
directly with HC----CC--CCPh2(OSiMe3), both in the presence of NaPF6, with 
in situ deprotonation by NEt3, give trans-RuCl{C=CC--CCPh2(OSiMe3)}(dppm)2 
(Section II.B.4). Treatment of this complex with HBF4 in MeOH gives trans- 
[RuCI{=C=C=C(OMe)CH=CPh2}(dppm)2 ]+, possibly via intermediate forma- 
tion of trans-[RuCl(=C=C=C=C=CPh2)(dppm)2] + which rapidly adds MeOH 
at Cy (Scheme 64). The bis-diynyl complex gives trans-[Ru{=C=C=C(OMe) 
CH=CPh2}2(dppm)2] 2+ from trans-Ru{C=---CC=CCPh2(OSiMe3)}2(dppm)2. In 
CH2C12, intramolecular cycloaddition of C× to an ortho carbon of a phenyl ring 
in the intermediate cumulene gives trans-[RuCI{=C=C=C(C6H4)CPh=CH} 
(dppm)2] + (287). 85'38o 

The first isolable pentatetraenylidene complex, [RuCI(=C=C=C=C=CPh2) 
(dppe)2] +, was obtained from cis-RuC12(dppe)2 and HC---=CC~CCPh2(OSiMe3) 
in the presence of NaPF6 and NEt3 using thf as solvent, via RuCI{C~CC~ 
CCPh2(OSiMe3)}(dppe)2 and its subsequent reaction with [CPh3]+. 89' 124 

The cation [Ru(=C=C=C=CH2)(PPb3)2Cp] + is obtained directly from buta- 
1,3-diyne and [Ru(thf)(PPh3)2Cp] +62,92'381-383 and is also formed by protonation 
of the diynyl Ru(C~CC~CH)(PPh3)2Cp. 62 Nucleophiles add readily to Cy (C, 
and C~ are sterically protected by the PPh3 ligands.) The course of the reaction is 
apparently decided by the substituent on C(3) of the first-formed vinylacetylide 
(Scheme 65). Addition of water gives Ru{C~CC(O)Me}(PPh3)2Cp by deprotona- 
tion of the intermediate hydroxy-allenylidene. With PPh3, the vinylphosphonium 
ethynyl complex [Ru{C-~CC(PPh3)=CH2}(PPh3)2Cp] + is formed, which can be 
further protonated to the dicationic vinylphosphonium vinylidene [Ru{=C=CHC 
(PPh3)=CH2}(PPh3)2Cp] 2+. With nucleophiles containing a hydrogen, addition to 
Cy is followed by H-shift to Ca to give a methylallenylidene (also see water above). 



Transition Metal Chemistry of 1,3-Diynes, Poly-ynes, and Related Compounds 211 

f P  
P~ L / C l  

Ru 
P/  I ~CI  

HC_--CC=-CCPh2(OSiMe3) 

MeOH / NaPF6 I 1 o,-Tu =c=c=c=oP.2, 
P . ~ /  P' 

/ HC~-CC=-CCPh2(OSiMe3) / 
[CPh3] 

R P ",, / 
CI-- Ru ~-~C~---C--C~C--CPh2(OSiMe3) 

p /  \ p  

~HBF4 
CH2CI2 x .  

P, P \ / 
CI- -Ru~C=C = 

p/  p /'N~.~J~- ph 

(287) 

HBF4 im 
MeOH 

+ 

p~_~p /OMe 
CI-- Ru ~ C = C = C  

p /  p ~CH2CPh 2 

p\ / p  /OMe 

p P Hc=CPh2 

(286) 

P\ /P  
(Me3SiO)CPh2--C~C~C~C~ Ru ~-C ~C--C~C--CPh2(OSiMe3) 

P P 

HBF4, MeOH 

• ~ "  2+ Ph2C =CH R P OMe 
"c=c=cDRu c=c=c / / / \ \ 

MeO p p HC=CPh2 

SCHEME64 

Thus with NHPh2, [Ru { =C=C=CMe(NPh2) } (PPh3)2Cp] + is obtained, while with 
N-methylpyrrole, the allenylidene [Ru{=C=C=CMe(CnH3NMe-2)}(PPh3)2Cp] + 
is formed. The latter can be deprotonated (LiBu) to give Ru{C-------CC(CaH3NMe- 
2)=CHz}(PPh3)2Cp. A slow reaction of the diphenylamino complex with 
CH2C12 afforded Ru(C~CCH=CHC1)(PPh3)2Cp, possibly by reaction with the 



212 

[Ru] = Ru(PPh3)2Cp 

PAUL J. LOW AND MICHAEL I. BRUCE 

p,3p./!\o A 
Ph3P 

[ NPh2] + 

RU]~'C~-'~-- C =' C~M e 

I / ' 1  • Ru]~C~-C - 
L PPh3] 

H + 

-I- 

HC~.C--C--.~CH RL 
Ph3P'/  ~C%C~c 
Ph3P ~CH2 

H20 
Me / 

I /Me 1 + 
[Ru] = C = C ~ C~_,......~ N Me/ O] 

Me © 

~ 2 

[Ru]~_C~C( C~PPh; 
H 

SCHEME 65 

LiBu 
(- H ÷) 

[ R u ] ~ C ~ C _ _ / H 2  

0 MO 



Transition Metal Chemistry of 1,3-Diynes, Poly-ynes, and Related Compounds 213 

[Ru] = Ru(PPh3)2C p 
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(288) (289) 
SCHEME66 

butatrienylidene.92,382 Cycloaddition of aromatic imines with [Ru(C=C=C=CH2) 
(PPh3)2Cp] + affords ethynylquinoline (288) or azabutadienyl complexes (289) 
(Scheme 66). The formation of quinoline products appears to be favored when 
electron-rich N-aryl groups are present. 381 

C. Formation of Enynyl Complexes 

Many examples of complexes containing enynyl ligands are known from re- 
actions of 1-alkynes with various metal complexes; two coordination sites are 
necessary for this reaction. 384 Displacement of the ligand often results in a cat- 
alytic cycle of head-to-head dimerization of the alkyne. The protonation may occur 
by solvent, e.g., MeOH, in other cases acid is required, e.g., CF3COzH. Coupling 
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of alkynyl and vinylidene ligands on rhodium has been described. 385 The few 
reactions of 1,3-diynes to give similar enyl complexes are summarized in the 
following. 

1. Yttrium 

The r~3-ynenyl complex 290 is formed from {Yb(#-H)Tp Me' But}2 and Me3SiC-- 
CC~CSiMe3 by insertion of one C=C triple bond into the Yb--H bond. 386 

2. Ruthenium and Osmium 

Addition of acids (HC104, HBF4, HPF6) to Ru(r/-PhC2C---=CPh)(CO)2(PPh3)2 
gives [Ru073-PhC3C=CHPh)(CO)2(PPh3)2] + (291) while addition of HC1 gives 
RuCI{C(C~CPh)=CHPh}(CO)(PPh3)2. The latter reacts with CO, followed by 
removal of chloride with AgBF4 or AgPF6 to give the same cation. With an excess 
of HC1, cis-RuC12(CO)2(PPh3)2 is formed.176 

The reaction of PhC=CC=CPh with RuHCI(CO)(PPh3)3 results in mono- 
insertion and formation of RuCI{C(C=CPh)=CHPh}(CO)(PPh3)2. 387 Reactions 
of Hg(C--CR)2 [R = Ph, tol, Bu, CMe2(OH)] with RuHCI(CO)(PPh3)3 also pro- 
vide a useful route to RuCI{C(=CHR)C--CR} (CO)(PPh3)2, although the osmium 
analogue is unreactive. 387'388 Similarly, insertion of SiMe3C=CC~CSiMe3 into 
the Ru--H bond of RuHCI(CO)(PPh3)3 gives RuCI{C(C~CSiMe3)=CH(SiMe3)} 
(CO)(PPh3)2, while substitution of one PPh3 by dppe affords RuCI{C(C---- 
CSiMe3)=CH(SiMe3)}(CO)(PPh3)(dppe). 389 However, reaction of RuHCI(CO) 
(PPh3)3 with HC~CC=CH (from Me3SiC~CC=CSiMe3 and [NBu4]F/[NH4] 
F/H20) gives {RuCI(CO)(NH3)(PPh3)2}20z-CH=CHCH=CH); omission of NH4F 
gives {RuCI(CO)(PPh3)2}2(#-CH=CHCH=CH). The former reacts with an ex- 
cess of PEt3 to give {RuCI(CO)(PEt3)3}2(/z-CH=CHCH=CH), whereas CO in- 
sertion occurrs in the reaction with ButNC, which affords [{Ru(CNBut)3(PPh3)2}2 
(/z_COCH=CHCH=CHCO)]2+.389 

Reaction of HC~CPh and RuH(O2CCF3)(CO)(PPh3)2 is presumed to give 
Ru(C~CPh)(O2CCF3)(CO)(PPh3)2 which reacts with excess phenylethyne to give 
Ru(O2CCF3){C(C=CPh)=CHPh}(CO)(PPh3)2. 39° However, this complex and its 
Os analogue are better formed from PhC~CC~-CPh and MH(O2CCF3)(CO)(PPh3)2 
by cis-l,2 addition of the M-H fragment across one C--C triple bond; the Os 
complex is a catalyst for HC=CPh oligomerization. 391 In the same manner, one 
of the C--=C triple bonds of (tol)C=CC=C(tol) inserts into the Os--H bond of 
OsHCl(btd)(CO)(PPh3)2 (btd = 2,1,3-benzothiadiazole) to give the corresponding 
enynyl complex OsCl{C[C=C(tol)]=CH(tol)}(btd)(CO)(PPh3)2. 392 

The complex [OsH(N2)(pp3)]BPh4 [pp3=P(CH2CHzPPh2)3] reacts with 
RC~CC~CR to give (E)-[Os(r/3-RC3=CHR)(pp3)]BPh4 [R = SiMe3, Ph (292)] 
quantitatively. Two isomers of 292 have different bonding modes for the enynyl 
ligand; both react with CO to give [Os{C(C~-CPh)--CHPh}(CO)(pp3)]+. 393 The 
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dinitrogen cation is a catalyst for regio- and stereoselective dimerisation of HC----CR 
(R----Ph, SiMe3) to (Z)-RC--CCH=CHR. It is thought that the intermediate 
alkynyl(vinylidene)osmium complexes rearrange to 03-butenynyl derivatives, 
which undergo cr-bond metathesis with HC--CR to give the enyne. 

3. Nickel 

Insertion of 1,3-diynes into NiXMe(PMe3)2 (X = C1, Br, I) gives the correspond- 
ing 1-alkynylalkenyl-nickel complexes 293, which undergo E/Z isomerization in 
solution, the former predominating, z°s 

D. Other Types of Products 

1. Titanium and Zirconium 

In common with alkynes, the titanium vinylidene Ti(=C=CH2)Cp*2, which is 
formed by elimination of CH4 or C2H4 from TiMe(CH=CH2)Cp*2 or Ti 
(c-CHzCHzC=CH2)Cp*2, respectively, undergoes [2+2] cycloaddition reactions 
with RC~CC=CR (R = Me, Ph, SiMe3, Bu t) to give the stable titanacyclobutenes 
294 in 100% regiospecific yield. 394 The unsymmetrical diyne ButC--=CC=CSiMe3 
gives a 9/1 mixture of the two isomeric products, with the 2-ButC~-C isomer pre- 
dominating. The products are formed regioselectively with an alkynyl substituent 
on Ca, this reaction proceeding under electronic control according to the polar- 
ity of the C~C bond reacting with strongly nucleophilic Ca in Ti+=C-=CH2, 
confirmed by ab initio Hartree-Fock calculations. 395 

Presumed intermediate Zr{OCPh=C(C--=CPh)}Cp*2 (295) formed by trapping 
of ZrOCp* 2 [generated from ZrPh(OH)Cp*2 in C6H 6 or PhMe at 160°C] by 
PhC=CC=CPh, probably undergoes Zr--C bond cleavage to give 296, which re- 
arranges to the observed enolate Zr(OCPh=CHC=CPhCHz-~7-CsMe4)Cp* (297) 
(Scheme 67). 396 

2. Tungsten 

The phosphinidene complex W(PPh)(CO)5, obtained from the 7-phenyl-7- 
phosphanorbornadiene derivative W(CO)5{PPhC6H2Me2(COzMe)2} in the pres- 
ence of CuI at 60°C, reacts with 1,3-diynes to give alkynylphosphirene complexes 
W(CO)5{PPhCR=C(C--CR)} (298) (Scheme 68). Insertion of the free C--CR 
moiety into the proximal C--P bond affords the 1,2-dihydro-l,2-diphosphetes 299 
in 2/1 cisltrans ratio, the proportion of thermodynamically favored cis isomer 
increasing to 4/1 on heating, presumably by epimerization at a phosphorus cen- 
ter. The formation of a single, sterically unfavorable isomer is accounted for by 
attack of the phosphinidene on the less hindered C(2) atom. 397'398 Use of other 



216 PAUL J. LOW AND MICHAEL I. BRUCE 

CP*2Zr~O PhCCCCPh Cp*2Zr(~//~C-Ph 
I C III C 
I Ph 

(295) 

Ph cp!  
H2 ,•CPzr/O•c/Ph ~H2 c/!H 

ph/C///; 

(297) (296) 
SCHEME 67 

phosphinidene precursors allowed mixed diphosphetes to be prepared (299; R --- 
Me, CH2Ph, CH2CH-----CH2); however, only 299 (R = Ph, R' = CH2OPh) was iso- 
lated from the reaction with (PhO)CH2C--=CC----CCH2(OPh). 

E. C--C Bond-Breaking Reactions at Metal Centers 

1. C--C Single Bonds 

As has been previously described, breaking of the central C--C single bond in 
1,3-diynes has been reported in several systems, including complexes of groups 3 
and 4 (Section VI) and cluster complexes of Group 8 elements (Section IV.D). 

2. C ~ C  Triple Bonds 

The reaction of Fe{(C=C)3SiMe3}(CO)2Cp* with Fe2(CO)9 gives the bis-#3- 
carbyne complex Fe3(/z3-CC=CSiMe3){#3-CC~C[Fe(CO)2Cp*] }(CO)9 (300), in 
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(OC)5W~ P / R 

M e ~  C02Me 
CO2Me 

(co)sj 

R'C~CC~CR' 

Ph R 
(OC)5W,,~p p,~W(CO)5 (OC)sW . R 

R / C - - C \ %  . c , 2\c%... 
C~ (298) 

Me 
(299) SCHEME68 

reactions which may involve initial formation of a C2Fe2 intermediate, which adds 
the third Fe(CO)3 group with C--C bond breakage. The presence of an electron-rich 
group, such as Fe(CO)2Cp*, is necessary, perhaps to stabilize an electron-deficient 
tetrahedral intermediate; reactions of Fe2(CO)9 with Me3Si(C--C)3SiMe3 give only 
mixtures of complexes which do not contain #3-C ligands. 399 

The reactions of 1,3-diynes with Co(CO)2Cp to give cyclobutadiene and 
cyclopentadienone complexes has been previously described (Section VII.A.3), 
Under different conditions, addition of CoCp units to alkynes results in cleavage 
of the C----C triple bond to give several bis-carbyne clusters (Scheme 69).4°° Flash 
or solution pyrolysis reforms the alkyne without scrambling. Similar complexes 
were obtained from Me3Si(C--=C)3SiMe3. The so-called "double-decker" cluster 
301-Me, obtained from the latter reaction, symmetrizes to 302-Me on FVP or solu- 
tion pyrolysis at 290°C (Scheme 70). The rearrangement is reversible, as 301-Me 
is formed in low yield by FVP of 302-Me. Also formed in the reaction is 303- 
Me, possibly via unobserved intermediate 304-Me. Analogues of 301-303 were 
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obtained from Co(CO)2(o-CsH4Me), while SiEt3(C--=C)3SiEt3 and Co(CO)2Cp 
gave 301-Et and 303-Et (but no 302-Et). 

No cross-over products were obtained from mixtures of complexes, confirming 
that isomerization is an intramolecular reaction. Possible mechanisms considered 
included "breathing" expansion of the Co3 core, with the carbon chain passing 
through the center (which would involve the Co • .. Co separation increasing to ca 
3.24/~), or movement of the carbyne fragments about the Co3 core edges, leading 
to recombination and cleavage of an alternative C----C triple bond. 4°1 Subsequent 
theoretical, explorations of the reaction concluded that the latter mechanism was 
energetically the most favorable. 4°2 

E Reactions of Metal Complexes with 1,3-Diynes Giving Organic Products 

1. With Carbene Complexes 

Reactions of Fischer carbene complexes with diynes have been extensively 
studied as a synthetic approaches to alkynylarenes and biaryls. In general, Cr 
{=C(OR1)R2}(CO)5 (RI=  Me, Bu; R2= Ph, 1-nap, 1-cyclohexenyl) react with 



Transition Metal Chemistry of 1,3-Diynes, Poly-ynes, and Related Compounds 219 

[Co] = CoCp; R = Me, Et 

R--(C~----C)3--R 

c o ( c o ) 2 c p ~  

R 
I 

[ c ° ]~ [c~ i '~ [c ° ]  

c 
C 

I\Eco, [Co]~[ 

C 
C III 
C I 
R 

(301 -R) 

FVP 

,co,   ,co, 
C III 
C 
I 

[C°]~[C~i"~ [c°] 

I R 

(302-R) 

tulx,x. 
- J I \  1 o - o - o  - R  

S , 'n 
[M] 

(300) M = Fe(CO)3, R = Fe(CO)2Cp*, SiMe3, m = n = 1 
(303-R) M = CoCp, m = 1, n = 1 
(304-R) M = CoCp, m = 0, n = 2 

SCHEME 70 

1 equiv of R3C~CC~CR 3 (R 3 = Pr i, Bu t, Ph) to give alkynylarenes 305 in which 
R 3 is incorporated regioselectively adjacent to the phenol function, together with 
the cyclobutenes 306 (Scheme 71). Bis-phenols such as 307a were obtained from 
subsequent reactions with a second molecule of carbene complex; other products 
reported include 2,2'-binaphthol 307b and indenylnaphthalene 31)8. 403 
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2. Reactions of Diynes Catalyzed by Metal Complexes 

a. Oligomerization and Related Reactions. As found with mono-ynes, several 
catalyst systems trimerize 1,3-diynes to the corresponding trialkynylbenzenes. An 
early study described the formation of up to 5% 1,3,5-Me3C6(C--CMe)3-2,4,6 by 
trimerization of MeC=CC~-CMe with Ziegler catalysts (TiC14/A1Et3), in addition 
to polymers. The latter were soluble (catalyst:diyne ratio 0.03, 80°C/1 hr) or insol- 
uble vitreous materials (catalyst:diyne ratio 1, 30°C/1 hr) dependent on reaction 
conditions. 4°4 With Hg{Co(CO)4}2 mixtures of 1,3,5- and 1,2,4-isomers were ob- 
tained in most cases, although buta-1,3-diyne gave only insoluble polymeric mate- 
rial and HC~CC~CPh gave benzene-soluble high-molecular-weight products.~6° 
1,2,4-Tris(alkynyl)benzenes are formed in high yield (R = Me, 77%; Ph, 83%) by 
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trimerization of the 1,3-diyne using Ni(CO)a(PPh3)a as catalyst. High yields of the 
mixture of 1,2,4- and 1,3,5-isomers are formed with Co(CO):Cp (R = Ph, 72 and 
16%, respectively). 4°5 

Regioselective syntheses of 1,3,5-unsymmetrically substituted benzenes (309) 
are catalyzed by Pd(dba)2/PPh3; mixed alkyne/diyne reactants give mixtures con- 
taining homocoupled and mixed products (24:21 from HC=CPh + HC=CC-- 
CC6H13). 406 The probable mechanism involves oxidative addition to the Pd(0) 
center, insertion of the second diyne into the Pd--H bond, reductive coupling and 
subsequent Jr-complexation of this product to Pd(0), followed by Diels-Alder 
cycloaddition of the third diyne and elimination of product. 

R 
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The intramolecular enyne-diyne [4 4- 2] cross-benzannulation reaction affords 
1,2,4-trisubstituted benzenes, catalysed by Pd(PPh3)4. Reversible coordination 
of Pd with enyne and diyne gives a palladacycle, stabilized by coordination to 
the 03-propargyl group. Subsequent reductive elimination gives a strained cumu- 
lene which the rearranges to the cross-annulation product. 4°7 Palladium-catalyzed 
enyne-triyne cross-annulation gives a diynylbenzene. 

Trimerization of 1-alkynes to substituted cyclobutadienes occurs in reactions 
of RhCl(l-alaninate)Cp* with HC-CR (R = Ph, tol), which afford Rh{rl4-CaHR2 
(C----CR)}Cp* (310) possibly via intermediate dialkynylrhodium(III) complexes. 
Reductive coupling to an 02-diyne complex, which coordinates the third molecule 
of alkyne, is followed by further coupling to the rhodacyclopentadiene and reduc- 
tive elimination of the cyclobutadiene (Scheme 72). 408 

i i 
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b. Silylation and stannylation, cis-l,2-Bis-silylafion of PhC=CC=CPh 
occurs in the PdClz(PPh3)z-catalyzed reaction with C1Me2SiSiMe2C1 to give, after 
methylation, Me3SiCPh=C(SiMe3)C=CPh, whereas with Me3SiC--CC=CSiMe3, 
a mixture of (Me3Si)2C=C(SiMe3)C----CSiMe3 (major) and (Me3Si)2C=C=C= 
C(SiMe3)2 is obtained from noncyclic disilanes. 4°9 Cyclic disilanes containing 
silacyclopentadiene rings undergo regiospecific reactions with 1,3-diynes, cat- 
alyzed by PdCI2(PPh3)2. The products depend on the diyne substituents. With 
PhC=CC--=CPh, enediyne 311 is formed by inserion of one C=C triple bond into 
the Si--Si bond of the disilane. In contrast, Me3SiC-----CC-----CSiMe3 affords 4,9,14- 
trisilabicyclo[10.3.0]pentadeca-l(15),5,6,7,12-pentaen-2,1-diyne (312). 41° Both 
reactions are considered to proceed via intermediate palladacycles formed by in- 
sertion of an alkyne-palladium fragment into the Si--Si bond. 

Carbostannylation of RC----CC----CR (R=Bu,  SiMe3) with SnBu3(CH2CH= 
CH2) is catalyzed by Ni(cod)2 and proceeds stereospecifically to give SnBu3 
{C(C-CR)CRCH2CH=CH2}.411 

c. Boration. Tetraboration of RC=---CC--=CR (R = C6H4OMe-4, SiMe3) by 
B2(cat)2 (cat = 1,2-O2C6H4 or 4-ButC6H302) is catalyzed by Pt{B(cat)}2(PPh3)2 

0 0 
\B__B / ~,~ RC-~CC-=CR 
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or Pt(r/-C2H4)(PPh3)2 to give (Z,Z)-RC{B(cat)}=C{B(cat)}C{B(cat)}----CR 
{B(cat)}. 412 The rate of the reaction is reduced by free PPh3. Mixtures of the 
bis- and tetrakis-products with unreacted 1,3-diyne are obtained with a defi- 
ciency of B2(cat)2, indicating that rates of the first and second additions are com- 
parable (see Scheme 73). With Me3SiC=CC--CSiMe3, addition is very slow, 
giving other products including tris(boronate) esters by cleavage of the C--Si 
bond and subsequent diboration of the C=CB(OR2) fragment. With B2(pin)2 
(pin = pinacolato), rapid addition gave Z-(4-MeOC6H4)C{B(pin)}=C{B(pin)} 
C-----C(C6H4OMe-4) (313), while tetraboration to 314 was slow. Slow reactions with 
Me3SiC=CC=CSiMe3 proceed via Z-Me3SiC{B(pin)}=C{B(pin)}C=CSiMe3 
to the tetrakis(boronate ester). 

d. Coupling reactions. The Pd(OAc)2-catalyzed reaction between ButC~ 
CC=CBu t and 2-iodobenzaldehyde gave indenone 315 in 58% yield. 413 

e. Metal derivatives of  1,3-diynes as catalysts. Hydrosilylation of alkynes 
(no reaction with Me3SiC=CSiMe3) and 1,3-diynes with SiHEt3, SiHMe2Ph or 
SiH2Ph2 is catalyzed by Ni(o2-HC2C=--CH)(PR3)2 (R = Ph, OC6H4Me-2) with cis 
addition of the silanes. 414 Disubstituted alkynes also give dienes and trienes to- 
gether with nonsilylated benzenes. Subsequent 1,4-addition (Bu t, Ph) to allenes or 
3,4-addition (Ph) to the diene occurs with the diynes. 

VIII 

FORMATION OF FREE DI- AND POLY-YNES BY REACTIONS 
AT METAL CENTERS 

A. Alkyne-Coupling Reactions 

As has been discussed previously, formation of diyne or diynyl ligands may 
occur by coupling of alkynyl fragments at metal centers. In what follows, we con- 
cern ourselves with the reactions in which coupling of alkynyl fragments gives 
the free (uncoordinated) diynes or related poly-ynes. In many cases, mechanis- 
tic details are not known. The preparation of di- and poly-ynes R(C=C)nR' by 
metal-catalyzed coupling reactions of terminal, halo- and stannyl-alkynes and the 
corresponding higher poly-ynes has been achieved by several routes. The various 
coupling protocols appropriate for sp carbon centers include oxidative coupling 
of terminal acetylenes (Glaser and Hay reactions) and organometallic alkynyls 
and coupling between terminal alkynes and bromoalkynes (Cadiot-Chodkiewicz 
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reaction). These and related reactions have been extensively reviewed. 3'67'415-421 
Space precludes more than a brief survey of these reactions and here we have 
chosen to discuss the more recent applications relevant to the present survey. 

1. Titanium and Zirconium 

Chemical (NiC12 or AgPF6) or electrochemical oxidation of Ti{(C~C)nMc}2 
cpSi 2 (Mc = Fc, Rc) affords Mc(C=-C)2,Mc in excellent yield. 97'422 These reactions 
are thought to occur via initial oxidation of the Mc centers, followed by homolytic 
intramolecular electron transfer from the Ti--C bonds to the metallocene and 
subsequent coupling of the Mc(C~-C)n radicals. Sequential treatment of Si(C~ 
CPh)2R2 (R=Me,  Et, Ph) with ZrEt2Cp2 [a source of Zr(o-C2H4)Cp2] 
and 12 gave high yields of PhC~CC~CPh. 349 In contrast to the similar reac- 
tion with mono-alkynylsilanes, no incorporation of C2H4 is found. Reactions of 
a mixture of SiMe2(C~CAr)2 (Ar = Ph and tol) with ZrEt2Cp2 and I2 gave only 
intramolecular coupling products and no PhC-~CC~C(tol). 

2. Iron, Ruthenium, and Osmium 

Thermolysis of Fe(C~CSiMe3)(CO)2Cp gives Me3SiC~CC~CSiMe3 and 
{ Fe(CO)2Cp}2.188 Binuclear ruthenium complexes containing two alkynyl groups 
undergo facile coupling reactions. Thus, reactions of {Ru(#-SPri)(c~CC6H4R-4) 
Cp*}2 ( R = H ,  Me) with iodine give {Ru(/z-SPri)(I)Cp*}2 and the 1,3-diynes 
(R = H, 74%; R = Me, 99%).423 In contrast to its ruthenium congenor, which reacts 
with Hg(C~CR)2 to give enynyl complexes, OsHCI(CO)(PPh3)3 acts as a catalyst 
for the production of 1,3-diynes and elemental mercury. The corresponding enynyl 
complex is apparently unstable toward t-elimination. 424 

3. Rhodium 

Catalytic demercuration of Hg(C~CR)2 by RhCI(CO)(PPh3)2, Rh{H2B(bta)2} 
(CO)(PPh3)2 (bta=benzotriazolyl), [Rh(PPh3)2([9]aneS3)]PF6, or RhCI(PPh3)3 
also affords the 1,3-diynes in excellent yield. 424,425 

4. Nickel and Palladium 

Homo-coupling of alkynyllithiums to 1,3-diynes occurs in the presence of 
nickel(II) complexes, as exemplified by reactions of LiC=CR with NiC12(PPh3)2 
(thf, -78°C) in the presence of ligands (PPh3, dbu, tetramethylguanidine) fol- 
lowed by reductive elimination. 412 The diynes RC~-CC~CR [R = Bu t, n-CsHll, 
Ph, C2H4OBn, (CH2)nO(thp) (n = 2-4)] are obtained in 31-73% yield; a degree of 
oligomerization also accompanies this reaction. 426 
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Either heating bis(alkynyl)nickel complexes, or treatment with CO or PMe3, 
gives the corresponding 1,3-diynes, apparently via a series of binuclear reactions. 2°8 
Reactions of LiC--CBu t with PdC12(PPh3)2 (2/1 ratio, thf, 22°C) afford ButC --- 
CC------CBu t (>95%). However, with a threefold excess of organolithium reagent, 
competitive formation of the 1,3-diyne and Li2[Pd(C~CBut)4] occurs; the lat- 
ter complex is formed exclusively from Li2[PdC14] and LiC--=CBu t (1/4). The 
reaction of PdCI2(PPh3)2 with ZnCI(C-----CBu t) to give the diyne is independent of 
concentration. 427 

5. Copper 

The most useful approaches to the synthesis of di- and poly-ynes from terminal 
alkynes are undoubtedly the copper-catalyzed couplings discovered by Glaser 
(CuCI, NHnOH, EtOH, O2), 428 Eglinton [Cu(OAc)2, hot pyridine or quinoline, 
O2], 429 and Hay [Cu(I), tmed, 02]. 430 Some of the many applications of these 
reactions are discussed in the following. 

In addition to these, several individual reactions of copper compounds have 
given diynes. Thus, the reaction of HC--=CPh with the copper(I) derivative of an 
N4-macrocyclic ligand (L) afforded the PhC=CC~ CPh adduct of [Cu4(C2Ph)(L)2] 
[C104 ]3 and the free diyne. 431 Dimerization of silylated enynes RCH=CHC---- 
CSiMe3 [R = SiMe3, Ph, 2-thienyl, C6HaOMe-4, CH2CH2Ph, n-C6H13, (CH2)2 
CH=CH2, CH=CHSiMe3] can be achieved by treatment with {CuOTf}2(/z-C6H6) 
and CaCO3 in thf-dioxan mixtures at 70°C. 432 Heterogeneous catalytic coupling 
of HC-------CPh to PhC----CC~CPh (> 80%) occurs on a Cu--Mg--A1 hydroxycarbon- 
ate derived from the corresponding hydrotalcite, in the presence of oxygen and 
NaOH. 433 

IX 

LIGANDS CONTAINING DIYNE GROUPS 

Application of the coupling reactions described in the previous section has given 
many organometallic complexes of ligands containing diyne fragments, which may 
not be directly coordinated to a metal center. The following surveys this area briefly 
and describes some recent applications of these systems in the construction of novel 
molecular architectures. 

A. Essays in Molecular Architecture 

The use of ethynyl- or butadiynyl-substituted rr-complexes as intermediates for 
the synthesis of compounds which are typically larger than conventional organic 
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molecules, such as linear rods, star molecules, dendrimers, as well as poly-metallic 
noncluster molecules, which may be linked into rug-like polymers (cf. the carbon 
nets of Diederich151), is an active contemporary area of research. Approaches 
to the syntheses of all-carbon networks via per-alkynylated cyclic systems have 
attracted much interest. Fragments of such nets based on multiply substituted 
cyclobutadienes can be stabilized by coordination to Fe(CO)3 or CoCp groups, 
while similar Mn(CO)3 complexes of substituted cyclopentadienyl ligands (cy- 
mantrenes) have also been considered to be portions of fullerenyne-metal com- 
plexes. An exotic C180 fullerenyne constructed around Mn(CO)3{0-Cs(C~-C-)5} 
groups has been suggested as a possible means of stabilizing expanded and endo- 
metallic fullerenes. 51 The solid-state structures of the rigid star-shaped poly-diynyl 
re-complexes contain large voids leading to low densities; although solvent is ex- 
pected to be incorporated readily, the resulting crystals also desolvate readily result- 
ing in crystal decomposition, even at low temperatures during attempted X-ray data 
collection. 49 

The preparation of metal complexes directly from the perethynylated hydrocar- 
bons [e.g., C2(C=-CH)4, 434-436 C6(Cm'CH)6, 437 or C6(C~CC~CH)6438] has not 
yet received widespread attention. However, metal complexes with cyclobutadi- 
ene, cyclopentadienyl, or benzene ligands are readily functionalized to give poly- 
ynyl derivatives. Common starting points for these derivatives are pentaalkynyl- 
cyclopentadienes, penta- or deca-iodoferrocene, Mn(CO)3(0-C515) or Fe(CO)3 
(r/-C414). Butadiyne linkers separate ferrocenyl or Co(tl-C4R3)C p groups in fused 
organometallic dehydroannulenes obtained by oxidative coupling reactions. 439 
Coupling of di- or triynylstannanes with periodo-0-ring complexes of Cr(CO)3, 
Mn(CO)s, Fe(CO)3, or FeCp has given star-shaped complexes which may be suit- 
able as building blocks for extended carbon networks. 49 

1. Cyclobutadienes 

a. Fe(CO)3(rl-f4R4). Stille-type coupling (Stille-Beletskaya reaction) of 
stannylbuta-l,3-diynes, Me3SnC=CC--=CR (R= SiMe3, Pr i, Bu t, n-CsHll) with 
iodocyclobutadiene complexes, using Pd2(dba)3/AsPh3 as catalyst, is an efficient 
route to poly-alkynyl complexes44°,441; the SiMe3 derivatives can be convention- 
ally protodesilylated to the parent ethynyl compounds. In this way have been 
made Fe(CO)3{~-C4(C~CH)4}, 45,49,442,443 Fe(CO)3(rl-C4H3C~CC~CH), 46 and 
Fe(CO)3{r/-C4(C~CC~CR)4} (R = H, SiMe3). 49 Attempts to desilylate the lat- 
ter complex (R = SiMe3) gave only insoluble black materials. Binuclear com- 
plexes were made similarly, including {Fe(CO)3(r/-C4H3-)}2(/x-C4) from Fe(CO)3 
(q-eeH3I) and Me3SnC~CC~CSnMe3, 46 1,4-{Fe(CO)3[r/-C4(C=CSiMe3)3}2C4 
(66%) as a hydrocarbon-soluble lemon-yellow solid, stable in the cold (-18°C) 
from Fe(CO)3{r/-C4I(C ----- CSiMe3)3} and Me3SnC~CC~CSnMe3, 48 and Fe(CO)3 
{ r/-C4[(C~---C-tl-C4H3)Fe(CO)3]4} (18% yield) with some {Fe(CO)3(rl-CnH3-)}2C4, 
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from Fe(CO)3(0-C414) and Fe(CO)3(0-C4H3C~-CSnMe3). 49 Other couplings have 
given Fe(CO)3{0-C4[(C~CC~C-q-C5Ha)Mn(CO)3]4} from Fe(CO)3(0-C414), and 
Fe(CO)3{0-C4[(C----=C)3But]4} from Me3Sn(C~f)3But. 49 

b. Co(o-C4R4)Cp. As described earlier (Section VII.A.3), reactions of 1,3- 
diynes with Co(CO)2Cp afford 0-cyclobutadiene complexes which undergo the 
1,2-diethynylcyclobutadiene rearrangement. While oxidative coupling (Hay, 40°C) 
of Co{0-1,2-CaH2(C~-CH)2}Cp gave no well-defined product, the more bulky 
Co{0-1,2-C4(SiMe3)2(C~CH)2}Cp (316) was coupled (CuC12 in refluxing tmed) 
to cyclic oligomers 317a (as syn and anti isomers), 317b (as four stereo- 
isomers) and 317c (as three stereoisomers). 439'444 The cyclo-trimer was protodesi- 
lylated with [NBua]E Similarly, Co{0-1,2-C4(SiMe3)2(C~CC~CH)2}Cp (from 
316 and BrC--CCH2OH) followed by treatment with MnO2/KOH) affords the 
orange tetraynyl polymer 318. 439 

Coupling of 316 with BrC~CSiPri3 gives Co{0-1,2-C4(SiMe3)2(C=CC=CSi 
pri3)2}Cp, which rearranged by FVP at 550°C to Co{0-1,2-C4(C~CSiMe3)2(C = 
CSiPri3)2}Cp, together with 319 (R --- SiPri3). 445 The related complex 319 (R = H) 
was obtained from {CpCo[0-1,2-C4(SiMe3)2(CHO)]- }2C4 with dimethyl (1-diazo- 
2-oxopropyl)phosphonate. 446 While treatment of the tetra-alkynyl complex with 
[NMe4]F gave the stable tetraethynyl Co{ 0-C4(C~CH)4}Cp, 445 partial protodesi- 
lylation (K2CO3/MeOH) to Co{0-1,2-C4(C~CH)2(C~CSiPrI3)2}Cp and oxida- 
tive coupling with Cu(OAc)2 in MeCN afforded 320a,b, also in two and four 
stereoisomeric forms, respectively. 439 Ring closure is preceded by formation of 
open oligomers which are conformationally mobile. 

Hay coupling of Co{ 7-1,3-C4(SiMe3)2(C=CH)2}Cp gave a series of oligomers 
321 (n = 0-7), of which the first two members were protodesilylated; higher 
oligomers were formed after prolonged reaction times. 442 In the UV/vis spectra, 
the intensities of bands at ca 348 nm increase with n and are assigned to a diynyl- 
0-cyclobutadiene interaction. NMR studies showed that there was no significant 
rotational barrier around the C4 units, even at -100°C. 

Oxidative coupling [Cu(OAc)2/py; Eglinton] of Co{ 0-Ca (C5H]0)2 } (0-CsHaC---- 
CH) gave binuclear 322 in 82% yield; oxidation potentials El, E2 for the two cobalt 
centers are +0.846, +0.947 V, respectively, suggesting that the two radical centers 
interact via the butadiynyl chain. 447 

2. Cyclopentadienyls 

a. Mn(CO)s(o-CsRs). Stille-type coupling of polyiodo Jr-complexes with 
stannylbuta-l,3-diynes Me3SnC-----CC~CR (R = SiMe3, Bu t, Pr i, n-CsH11), using 
Pd2(dba)3/AsPh3 as catalyst, 44] have given Mn(CO)3{0-Cs(C~CC-~CR)5} in low 
yields only, possibly as a result of steric congestion around the iodines. 49 Attempts 
to desilylate these complexes gave only insoluble black materials. 
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(322) 

Oxidative coupling (Hay; CuC1/tmeda/acetone) of Mn(CO)a{~7-CsH3 
(C--CH)2-1,2} gave polymeric {Mn(CO)3[0-CsH3(C--=C--)2]}, (68%) with nav 
ca 38; a small amount of presumed cyclic oligomers is also obtained. Co-coupling 
with Mn(CO)3(r/-CsH4C----CH) gave a series of oligomers {Mn(CO)3(0-CsH4C= 
C--)}2{/~-[-(C~C-0-C5H3C~-C--)Mn(CO)3]n } (n = 1-5), together with some 1,4- 
{Mn(CO)3(0-CsH4-)}2(C~-CC~C). 51 

b. Ferrocenes and ruthenocenes. FcC=CC~CFc has been described by 
several groups 448-451 who made it by the oxidative coupling of FcC=CH 
[Cu(OAc)z/py], the X-ray structure has been described on at least two occa- 
sions. 451'452 A similar route afforded {FeCpMe(r/-CsH3Me-3-(C~C--)}2 .449 The 
electrochemistry of FcC~CC=CFc shows two oxidation waves (AE 100 mV). 453 
Metalation (LiBu) and iodination of HC--CCFc2(OMe), followed by coupling of 
the resulting IC----CCFc2(OMe) with FcC--CCu, afford FcC--=CC--=CCFc2(OMe), 
which can be readily hydrolyzed to FcC=CC--CCFc2(OH). Treatment with HBF4 
gave carbenium cation 323, for which one canonical form is the diyne shown. Fur- 
ther derivatization with LiFc gives the bis-allenyne {Fc2C= C =  C(C~CFc)-}2 .454 
Chemical oxidation (AgPF6) of FcC----CC----CMe gives [FcC=CC~CMe][PF6]. 97 

The series Fc(C--=C)nFc (n = 2, 4, 6, 8) and Fc(C=C)mPh (m = 2, 4) were made 
by coupling of Fc(C-----C)nH with BrC----CCO2H, decarboxylation, or oxidative 
coupling. 448 Coupling of FcC=CH with cis-CHCI=CHC1, followed by treatment 
with LDA and quenching with NH4C1, gives FcC--=CC=--CH, which can be oxida- 
tively coupled [Cu(OAc)2/py] to Fc(C-~C)4Fc. 450 

Dimerization (oxygen with CuC1 in pyridine) of E- and Z-4-FcCH=CH 
C6HaC-~CH gave the E,E- and Z,Z,-diynes, respectively, in >95% yield. 439'455 
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Eglinton coupling of FeCp{0-CsH3(C=--CH)2-1,2} gave both cis- and trans-{FeCp 
[0-CsH3(C~CC~C-)] }3 (324, n = 1), together with some higher oligomers, but no 
linear polymer. The electrochemistry of the two isomers differ: the trans isomer 
shows three reversible 1-e oxidations (+0.61, +0.74, +0.83 V) while the cis iso- 
mer shows reversible 1-e (at +0.61 V) and 2-e (-+-0.78 V) oxidations, i.e., there is 
weak to moderate electronic communication between the Fc nuclei. ~45 Coupling 
with a mixture of CuC1 and CuC12 in pyridine afforded the tri- and tetramers 324 
(n = 1 and 2), together with some {CpFe[17-1,2-CsH3(C~CH)-]}2C4 .439 

Fc Fc \ + \+  
C - - - - - C = C  C = C  ~ C - - C - - - - - C  

(323) 

C ~ C - - F c  

(324)  n = 1 , 2  

1,4-Bis(2',3',4',5'-tetramethylruthenocenyl)buta-1,3-diyne is a 19% by-product 
from the synthesis of RuCp{CsMe4(C--=CH)} from LiBu and RuCp{CsMe4 
(CH=CC12)}. 456 

Pyridyl-poly-ynes containing ferrocenyl end-groups have been prepared, to- 
gether with their W(CO)5 derivatives. Oxidative coupling of Fc(C--C)nH (n = 
1, 2) with HC--CCsHaN-4, using Cu(OAc)z--CuI in MeOH--pyridine gave 
Fc(C--C)n+]CsH4N-4 (n = 1, 15%; 2, 35%), together with Fc(C--C)nFc (n = 2, 
15%; 4, 20%, respectively). 457 
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3. q6-Arene Complexes 

Oxidative coupling [Cu(OAc)2/py] of Cr(CO)3(t/6-PhC=CH) gave {Cr(CO)3}2 
(#-t/o:/76-PhC~-~-CC~CPh)96%; because of the oxygen sensitivity of the phenyl- 
ethyne complex, the Glaser coupling conditions were unsuccessful. 458 Cadiot- 
Chodkiewicz coupling of Cr(CO)30/-PhC=CH) with BrC=CR (R = C6HnNO2-4, 
C6H4NMe2-4, Fc) gives the corresponding diynes Cr(CO)30/-PhC------CC=CR). The 
NMe2 complex shows large solvatochromism in the zr-zr* transition [Ak(CHC13/ 
dmso) -158  (NO2), -235  cm -I (NMe2)] and intra-ligand CT band [A)~(CHC13/ 
dmso) - 194  (NO2), +421 cm -1 (NMe2)]; it has a large NLO hyperpolarizability 
(flQ333 34) .459 

B. Diynyl-Containing Hydrocarbyl Ligands 

1. Alkyls and Aryls 

Complexes M(CH2C=CC--CMe)(CO)nCp [325; M = Mo, n = 3; M = Fe, n = 2 
(Scheme 74)] were obtained from the carbonyl anions and 1-chlorohexa-2,4- 
diyne. 46° Subsequent chemistry involves protonation (HBF4) to cationic allene 
or diene complexes, or addition of MeOH to give aUylic derivatives, which are 
formed with concomitant insertion of CO. The latter can also be obtained from 
the cationic species and NaOMe. The allene-iron cation reacts with NHEt2 to 
form an ynenyl complex. The luminescent complex {Re(CO)3(5,5'-But2-bpy)}2 
(/z-C~CC6H4C~CC=CC6H4C~-C) has been reported. 461 

Oxidative coupling (CuC1/tmeda/O2, CH2C12) of trans-Pt(C=--CSiMe2C=--CH)2 
(PBu3)2 gives polymeric {Pt(PBu3)2(C--CSiMe2C----CC=CSiMe2C----C)}n, which 
reacts with Co2(CO)8 to give either dark red (1/1) or green (1/3) derivatives ac- 
cording to reagent stoichiometry, both of which are soluble in benzene. In the 
latter, both C--=C triple bonds of the diyne are coordinated to cobalt, the Pt-C--=C 
system being sterically hindered by the PBu3 ligands. While it is an insulator, 
doping with I2 gave a black material which increased conductivity up to about 
20% iodine incorporation. 462 Protodesilylation of the tetraethynylethene com- 
plex trans-Pt{C-=CC(C=--CSiPri3)=C(C=CC6H3But2-3,5)2}2(PEt3)2 followed by 
oxidative coupling (Hay conditions) gave orange-red metallacycle 326, in which 
two opposite edges of the "square" are diynyl units. Significant electronic com- 
munication around the perimeter is evidenced by the UV-vis spectrum; the end 
absorption extends beyond 500 nm. Irradiation at 450 nm produces fluorescence 
at 543 nm. 463 

Other molecular squares (327) have been obtained from cis-Pt(C=CC~CH)2 
(PR3)2 and cis-PtXz(PR'3)2 (X = C1, OTf) in reactions carried out under high dilu- 
tion conditions. 464'465 These reactions have been extended to condensations with 
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the analogous trans-Pt complexes or [ppn] [Au(C----CC----CH)2] to give even larger 
squares (328 and 329), or with other metal systems, such as {AuC1}z(#-dppm) to 
give rectangle 330. 

The platinadehydrobenzo[19]annulene 331 is formed by reaction of the SnMe3 
derivative with trans-PtClz(PEt3)2 and CuI (Scheme 72). The molecule is not pla- 
nar, maximum deviations from the mean plane of the C30H12 macrocycle being 
between 0.484 A above to 0.283 A below. The UV/vis absorption spectrum sug- 
gests that electron delocalization occurs throughout the macrocycle. 466 
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2. Diynyl Carbenes 

Successive treatment of HC~CC~CBu t with LiBu, Cr(CO)6, and [Et30]BF4 
gave the first diynyl carbene complex Cr{=C(OEt)(C~CC=CBut)}(CO)5, which 
reacts with NH(CH2Ph)2 to give Cr{=C(OEt)[CH=C(C~CBut)[N(CH2Ph)2]} 
(CO) 5.467 

Lithiation of W{=C(NMe2)(C--CH)}(CO)5 and subsequent reaction with CuI 
and BrC~CSiMe3 give a low yield of W{=C(NMe2)(C~CC~CSiMe3)}(CO)5. 
Protodesilylation (KF/MeOH/thf) affords the butadiynylcarbene W{=C(NMe2) 
(C~CC-~CH)}(CO)5, which with LiBu and SnC1Bu3 gives W{=C(NMe2) 
(C ~CC ~CSnBu3)}(CO)5. 66 Some subsequent reactions with metal halides are 
described in Section II. 

Conversion of M{=C(NMe2)C~CH}(CO)5 (M = Cr, W) to the iodoalkynyl 
carbenes (with LiBu, then I2) or the SnBu3 derivatives (with LiBu, then SnC1Bu3), 
followed by PdC12(NCMe)2-catalyzed coupling of these two complexes gave binu- 
clear {M(CO)5}2{/z-[=C(NMe2)C~CC~CC(NMe2)=]}. 468 Spectroscopic data 
indicate that allenyl-alkynyl- and pentatetraenyl-carbene resonance forms con- 
tribute little at best to the structure. Similarly, the carbenes W{=C(NMe2) 
(C=--C),H}(CO)5 (n = 2, 3) could be transformed into {W(CO)5}2{U-[=C(NMe2) 
(C=C)2nC(NMe2)=] }. While the iodoalkynyl complexes slowly decompose at r.t., 
the alkynediyl-bridged dicarbene complexes are stable. 

The complex W{=C(NMez)(C=C)3SiMe3}(CO)5 was obtained from 
W{=C(NMez)C=CX}(CO)5 by coupling with IC-~CC-CSiMe3 either after lithi- 
ation and addition of CuI (X = H), or by Stille coupling with PdClz(NCMe)2 
as catalyst (X = SnBu3)ll6; protodesilylation occurred with KF in MeOH/thf. 
The structures are hybrids of resonance forms N-S, dipolar P-R being more 
important. The 13C NMR spectra show alternating 3 values along the chain. 

R2N\ R2N\ 
/ / C ~  ~ ~ ~ -  - -  ~ - ' ~ C~C~---C~---C-~-C+'--C~C-R ' (O) (N) C C C C C C R 
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Deprotonation of the parent complex occurred with LiBu; the lithio derivative 
was converted to the SnBu3 and Ru(CO)2Cp complexes, or the Hg derivative con- 
taining two C7 chains. The IR v(CO) spectra of the Ru and Hg compounds are at 
significantly lower wavenumbers than the others, suggesting that form S is more 
important. 

Alternation of 13C chemical shifts occurs along the Cn chain, with A3(C~-C~) > 
A~(C~-C×) > A3(C~-C~), while in the UV/vis spectra, the lowest energy absorp- 
tion moves to longer wavelengths with increasing chain length. The latter ob- 
servation suggests that while the HOMO energy remains relatively constant, the 
energy of the LUMO decreases (by ca 15-20 kJ mo1-1 for addition of a Ca unit). 
Solvatochromic effects decrease with increasing chain length. 468 

C. Tertiary Phosphines Containing Diynyl Groups 

Interaction of PPh2(C~CC~CR) (R = Bu t, Ph; from Cadiot-Chodkiewicz cou- 
pling of RC-~CBr and HC~-CCHzOH, followed by lithiation and reaction with 
PC1Pb2) with Ru3(CO)12 gave Ru3(CO)ll(PPhzC~CC-----CR). Thee transfor- 
mations occurring upon thermolysis are discussed in Section III. An extensive 
study of the chemistry of PPh2C=CC~CPPh2 (bdpp) has been reported. Simple 
P-donor complexes {M(CO)5}z(/z-bdpp) were obtained from M(CO)5(L) 
(M = Mo, L = MeCN; M =W, L = thf), {Fe(CO)a}z(/z-bdpp) from Fez(CO)9, 
{RuCl(PPh3)Cp}2(/z-bdpp) from RuCI(PPh3)zCp, and {AuC1}z(#-bdpp) from 
AuC1 (thiodiglycol). 2H 

The previously described Mo, W, and Fe complexes reacted with C02(CO)8 to 
give black compounds in which one C02(CO)6 moiety coordinates to one of the 
two C-----C triple bonds. Complexes containing a single Pt(PPh3)2 group coordi- 
nated to the diyne ligand were obtained from Pt0?-CzH4)(PPh3)2. 211 Addition of 
SePh(SiMe3) to a mixture of CuC1 and bdpp in thf gave the diynylpbosphine- 
bridged complex {Cu(SePh)}z(#-bdpp)3. 493 

Reactions of bdpp with metal cluster carbonyls have given "barbell" shaped 
molecules. With M,,(CO)ll(NCMe) [Mn = Ru3, Os3, Re3(/x-H)3, Ru4(#-H)4], the 
bis-cluster complexes {Mn(CO) ll }2(#-bdpp) were obtained in 38-68% yield; with 
an excess of bdpp, monocluster derivatives M~(CO)11(bdpp) [M~=Re3 
(#-H)3, Os3] are formed. From these, mixed-metal complexes {Os3(CO)11} 
(/x-bdpp){Mn(CO)11} [Mn = Ru3, Re3(/~-H)3] and {Re3(/x-H)3(CO)ll](/x-bdpp) 
{Ru3(CO)ll } were obtained by combination with the appropriate cluster carbonyl 
precursors. 26° Thermolysis of {M3(CO)ll}2(#-bdpp) (M = Ru, Os) in refluxing 
toluene gave {Ru3(/z-PPh2)(eo)9}2(/z3:/z3-C4) together with Ru4(/z-H){/ze-PPh 
(C6H4)C2C~-CPPh2[Ru3(CO)12]}(CO)12 (332) in the former case. Recrystalliza- 
tion of 332 from MeOH-containing solvents gave RUa{/x4-CCHC2[Ru2(tz-PPh2) 
(CO)6] }(#3-OMe)(/z-PPh2)(CO) m (333). 
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D. Applications of Coupling Reactions to Inorganic Complexes 

1. Diynyl Pyridines 

Elegant and extensive work on photoactive molecular scale wires and their use 
for information transfer, using complexes containing alkynyl- and diynyl bridged 
polypyridyl and porphyrin ligands, has been reviewed recently. 37,469 While most 
work has involved single C--=C units separating the complex moieties, several 
examples containing diynyl units are known. Use of a bis-alkynyl-platinum(II) 
unit as spacer results in formation of a relay or insulator as a result of the low-lying 
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orbitals on the Pt center. Electronic tuning can also be achieved using polycyclic 
aromatic hydrocarbons. 

1,4-Bis(4-pyridyl)buta- 1,3-diyne (dbp) was prepared by oxidative coupling of 4- 
ethynylpyridine. 47° Complexes containing the N-bonded ligand are usually formed: 
interest has centered on electron transfer, and NLO properties were demonstrated 
in addition with 01 complexes. Most investigations have been directed toward the 
synthesis of either binuclear complexes, as with (cis-W(CO)a(L)}2(Iz-dpb) [L = 
CO, PEt3, PPh3, P(OEt)3, P(OPh)3] obtained from dpb and W(fO)4(L)(thf), 471 
{fac-Refl(fO)3(L)}2(lz-dpb) [L = PPh3, P(OMe)3] and [{fac-Re(fO)3(bpy)}2(/z- 
dpb)] [PF612, 472 or polymeric Co, Ni, and Cu compounds. 473 Reaction of Mo2{/z-r/2- 
(4-NCsH4)C2C=---C(C5 HaN-4) } (CO)4Cp2 with W(CO)5(thf) gave deep red Mo2{/z- 
C4(CsH4N[W(CO)5]-4)2}(CO)4Cp2.175 Self-assembly of ReCl(CO)5 and dpb gives 
the molecular square cyclo-{Re(iz-dpb)(C1)(CO)3}4, 474 while triangles and squares 
containing dpb as edges bridging Pd(en) groups have also been obtained; signifi- 
cant amounts of oligomeric products are also formed. 475 

The complex [Cu2(dpb)3(NCMe)2][PF6]2, obtained from the diyne and 
[Cu(NCMe)a]PF6, consists of a network of interpenetrating ladder polymers con- 
taining tetrahedral Cu(I), with the diyne moiety bridging Cu(I) centers and forming 
the steps of the ladder. Adjacent symmetry-related ladders have zr-Jr interactions 
[3.484/~].476 A ribbon-like one-dimensional polymer is formed by the reaction of 
AgNO3 with 2-NCsHaC=CC=CCsHaN-2, in which the silver atom is coordinated 
by two pyridines and a chelating NO3 anion. 477 The Cd(CN)2 complex of dpb also 
forms an extended framework structure, darkening in light probably resulting from 
polymerization within the crystals. 478 

2. Bipyridines and Terpyridines 

Dimerization of 4-(4-HC--CC6H4)-terpy (CuC1/tmed/O2) gave the disubsti- 
tuted buta-l,3-diyne. 479 Rigid-rod complexes of the type [Ru(terpy){4-terpy- 
(C=C)2-terpy-4}] 2+, [{Ru(terpy)[terpy-(C6H4-4)m-4']}z(/z-C4)] 4+ (m = 0, 1) and 
[{(terpy)Ru[terpy-(C--=C)2-terpy] }2Fe}] 6+ were obtained from the corresponding 
bridged terpy ligands and RuClz(dmso)(terpy), followed by FeSO4 for the mixed 
RuzFe system. 48° Addition of alkyne groups to [Ru(terpy)2] 2+ lowers the energy of 
the MLCT triplet state, with the result that excitation into the MLCT transition may 
result in luminescence. Light-induced electron transfer takes place over a distance 
of 15-18/~, indicating that there is efficient electronic communication between 
the terminal unit and the Cn bridge, with the energy of the bridge decreasing with 
increasing length. 481 Removal of the second Ru system or insertion of the C6H 4 
groups in the chain results in shorter lifetimes. 16 

The CVs of alkynylbipyridyl-ruthenium complexes, such as [Ru(bpy)2(5-HC~ 
C-bpy)] 2+ and the related terpy complex, [Ru(terpy)(4-HC--C-terpy)] 2+, contain 
reversible metal-centered oxidation waves and several ligand-dependent reduction 
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waves. Polymerization involves activation of the alkyne bridge, with electrochem- 
ical and MO studies showing the LUMO delocalized over both the alkyne and 
the Jr-radical anions of the metal complexes. Coupling at the alkyne centre leads 
to greater distortions of the bpy ligands than for the terpy ligands and this sug- 
gests the dianion adopts a [3]-cumulene structure before coupling. 482 Coupling 
of 4-HC~CC~C-terpy with trans-PtClz(PBu3)2 (CulfNHPri2) gives the trans- 
bis(diynyl) complex. 134 

3. Porphyrins 

#-Diynyl-porphyrins have been reported and complexes with a range of metal 
ions have been studied electrochemically. Spectroelectrochemical results indicate 
that the C4 chain is involved in strong cooperative effects in the reduced species. 483 
Fast electron transfer occurs between the porphyrin nucleus and quinone 
substituents. 484 Diyne-linked oligomeric and polymeric porphyrins have inter- 
esting electro-optical and NLO properties as a result of extended interactions 
between the porphyrin nuclei, which may extend over long distances. 485 Unsym- 
metrical porphyrin oligomers have been obtained using a bis(diynyl)binaphthyl 
spacer. 486 

Platinum derivatives of zinc meso-ethynylporphyrins have been made by con- 
ventional reactions; one product was the 1,3-diynydiyl-linked bis-porphyrin 
{ trans-(Ph3P )zCIPt } C=C { Zn(porph ) } C=--CC-~C { Zn(porph ) } C=C { PtCl (PPh3)2 - 
trans}, which was identified by MALDI mass spectrometry through the ion 
[HC~C{Zn(porph)}C4{Zn(porph)}C~CH + Na] + at m/z 1197. 487 

The synthesis of linear and cyclic porphyrin oligomers by Glaser coupling and 
their use to enclose molecules and to carry out reactions in the cavities have been 
reviewed. 488 Conjugated porphyrin ladders have been assembled from the diynyl- 
linked zinc porphyrins by bridging zinc atoms in adjacent polymeric strands with 
bidentate ligands such as 1,4-pyrazine. 36 A similar trimer catalyses acyl transfer 
from N-acetylimidazole to 4-hydroxymethylpyridine, the reaction being inhibited 
by N-donor ligands on the zinc atoms. 489 Substantial acceleration of Diels-Alder 
reactions also occurs in the cavity, presumably as a result of favorable alignment 
of reactants by coordination to the zinc atoms. 49° 

4. ~-Diketonates 

Coupling of Ru(acac)z{(OCMe)2C(C~CH)} with CuI/PdClz(PPh3)z/NEt3 gave 
the diyne {Ru(acac)z[(OCMe)2C}2(#-C-~CC~C), while in the presence of 
HC~CFc coupling with Cu(OAc)2/NEt3 gave Ru(acac)2{(OCMe)2C(C=CC~ 
CFc)}. 491 Coupling under Hay conditions gives instead a green chain polymer 
containing Ru(acac)3 units linked by diyndiyl bridges. Electrochemical results 
indicate strong Ru--Ru interactions between neighboring units in the polymer. 492 
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X 

SPECTROSCOPIC PROPERTIES, ELECTRONIC STRUCTURE, 
AND REDOX BEHAVIOR 

A. Infrared Spectra 

Numerous measurements of v(C = C) frequencies and vibrational data associ- 
ated with other supporting ligands such as v(CO) have been used to characterize 
most of the complexes included in this review and, in fewer cases, to probe the 
electronic effects of a-bonded poly-ynyl [(C=C)nR] ligands. However, as theo- 
retical studies of the vibrational spectra of poly-ynes are surprisingly scarce, 494 
conclusions drawn from these observations are based more on empirical rational- 
isation. Several detailed comparisons of data pertaining to complexes containing 
C~CC~CH ligands, ll5 and extensive series of compounds Re{(C--C).R}(NO) 
(PPh3)Cp* (n=2-10 ;  R = H ,  SiMe3, SiEt3, tol), 29'144 Fe(C~CC~CR)(Lz)(O 5- 
C5R'5) [R = H, SiMe3; L 2 = (CO)2, dppe; R ' =  Me, Phi ,  27 and Pt{(C=C)nR}(tol) 
(PR'3)2 (n = 2, 3; R = H, SiEt3; R' = Ph, tO1) 147 have been made in an effort to iden- 
tify trends that might provide insight into the electronic structure of these species. 
A detailed complementary IR and Raman study of polymers with {-Pt(PR3)2(C~- 
C)-}. units has also been reported. 495 

For the majority of buta-l,3-diynyl complexes M(C~CC~CH)L.  only one 
v(C~C) band is found in their IR spectra (see Table I). Notable exceptions are 
Fe(C~CC-----CH)(dppe)Cp*, 27 Mo(C~CC=CH)(CO)(dppe)Cp, 1°7 and Re(C-- 
CC=CH)(NO)(PPh3)Cp .87 In the rhenium series, the number of v(C=C) bands 
generally reflects the number of C~C moieties in the ynyl ligand, with the ex- 
tinction coefficients of the most intense bands increasing with chain length. 29' 144 
Complexes containing SiMe3-capped diynyl ligands show one more v(C~C) band 
than those with the corresponding terminal diynyl ligands. Thus, three vibrational 
modes are observed for the carbonyl ligands and v(C=C) bands of Fe(C=CC~ 
CSiMe3)(CO)zCp*, this being attributed to the coupling of one of the expected 
normal modes with another unspecified oscillator. 27 

The electronic effect of the (C=C)nR ligand has been estimated from the v(CO) 
and v(NO) stretching frequencies of co-ligands in some cases. For Fe{(C=C).H} 
(CO)2Cp*, average values of the symmetric and anti-symmetric v(CO) bands 
are 1995 cm -1 ( n=  1) and 2002 cm -~ (n=2) .  115 Similar trends are found for 
trans-Ru{(C=--C)~R}z(CO)z(PEt3)2 [R = SiMe3: n = 1, v(CO) 1986 cm-1; n = 2, 
v(CO) 2002 cm-1; R = H :  n =  1, v(CO) 1987 cm-1; n = 2 ,  v(CO) 2002 cm-1]. 
For Re{(C=C).R}(NO)(PPh3)Cp* (R = SiEt3, H), values of v(NO) increase from 
1627 to 1637 cm -I ( n=  1) to an apparent limit of 1660-1662 cm -1 (n =5 ,  6). 
However, the poly-ynyl ligands are poor Jr-accepting ligands because of their high 
lying rr* levels, z, 157 As n increases, the Jr MO energies increase while the rr* MO 
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energies decrease, i.e., the HOMO-LUMO gap decreases. The trends described 
here are consistent with a progressively greater cr withdrawing effect of the longer 
chain poly-ynyl ligands, rather than indicating a progressive decrease in metal --+ 
zr-ligand back-bonding interactions. This is consistent with the increase in 
inductive cr withdrawing effects based on acidity measurements of the free 
poly-ynes. 496 

B. NMR Spectra 

The 13C NMR data for the diynyl ligands in {LnM}C----CC----CH can usually 
be assigned unequivocally on the basis of J(CH) coupling constants [and J(CP) 
in the case of metal centres bearing phosphine co-ligands].87 Coupling constants 
to 117Sn, 1195n,66 and 183W1°4 nuclei have also been employed. In general, values 
for J(CH) decrease in the order 1j(CH) > 2j(CH) > 3j(CH) > 4j(CH), while the 
4j(CP) values are larger than 3j(CP). The chemical shift sequence 3(Ca) > 6(C~) > 
3(C×) > 8(Ca) is frequently found and is often assumed when assigning the ~3C 
resonances in cases where diagnostic coupling constants are absent. However, this 
ordering is by no means universal and where possible, assignments based on the 
magnitudes of coupling constants are preferable. In the iron series, the Fe-C,~ 
resonances move downfield as the electron density at the metal centre increases 
[assignments based on J(CH) and J(CP) values].27 Comparison of the butadiynyl 
and SiMe3-substituted complexes shows that the C4 chain is a good electronic 
communicator, and there is a 6j(HP) coupling between the terminal H and 3~p 
nuclei in trans-Ru(C-~CC=CH)2(CO)2(PEt3)2.ll8 

The chemical shifts of the carbons of the butadiynyl chains are sensitive to the 
nature of the ancillary ligands about the metal center as well as the end-capping sub- 
stituent, which has been taken as further evidence of there being effective interac- 
tions through the diynyl zr-system. 27 Thus, within the series of structurally compa- 
rable complexes Fe(C--=CC~CR)(Lz)(r/5-CsR'5) [R = H, SiMe3; L2 = (CO)z, dppe; 
R' = Me, Ph] the chemical shift of C,~ is found to move progressively to lower field 
as the electron density at the metal center increases (see Table I). The chemi- 
cal shifts are also sensitive to the nature of the R group, a small shift in 3(C,0 
to higher field being found when SiMe3 replaces H. The chemical shift of C~ is 
less affected by the terminal groups, while 3(Cy) and 3(Ca) are more affected by the 
nature of the R group than the MLn fragment. It has been suggested the deshielding 
of Ca in Fe(C~CC~CH)(CO)2Cp* may be indicative of a degree of cumulenic 
structure in these species, resulting from back-donation from the metal to the li- 
gand. The higher field shift of Ca may then be attributed to the increased electron 
density at this centre. ~15 However, this interpretation seems to be at odds with the 
results of IR measurements, which have given little evidence for such a 
structure. 



Transition Metal Chemistry of 1,3-Diynes, Poly-ynes, and Related Compounds 243 

For the rhenium series Re{(C=C),R}(NO)(PPh3)Cp* (n = 2-6; R = H, SiMe3, 
SiEt3; not all combinations) the Re---C--C signals show a steady downfield shift 
with increasing n. The influence of the R group diminishes with n [8c: Re(C----C)2 
SiMe3 / H 102.1 - 105.8; Re(C=C)3SiMe3/SiEt3 / H 112.3-113.6; Re(C=--C)4SiMe3 / 
H 117.2-117.6; Re(C-=-C)sSiMea/SiEt3 122.7-122.9]. 29 A limiting value of 3c 
133-138 was estimated graphically. The C=CSi resonances show a similar trend 
toward 3c 88-90, while, as found for the Fe series, the Re-C=C signals are less 
sensitive to the nature of R. The 2j(CP) values are similar across the series, in- 
dicating little change in the Re -C  bond order. 29'31 The interior C~C carbons 
tend to a limit near 6c 65 in a manner similar to that found for other long-chain 
poly_ynes. 497-499 

C. Electronic Spectra 

Progression from alkynyl to diynyl and higher poly-ynyl ligands results in 
the maximum absorption progressing to higher wavelengths as a result of the 
diminished HOMO-LUMO gap, and spectra of increasing complexity are ob- 
served. The longest wavelength bands in these species have relatively low intensi- 
ties, which suggests that these bands arise from symmetry-forbidden transitions, 
possibly between the HOMO with high metal d character and unoccupied orbitals 
with appreciably more poly-yne 7r* character. In each case ~-max is highly depen- 
dent on the metal-ligand fragment, as expected from the nature of the HOMO 
which features appreciable metal and C~C character (see following). In con- 
trast, the longest wavelength bands in poly-ynes with carbon, 5°° silicon, 5°1 or 
hydrogen endcaps 5°2 are the most intense and are assigned to symmetry-allowed 
Jr --+ re* transitions. 29 Within a given series of compounds based upon a single 
metal-ligand end-group {MLx}(C--=C)nR, there are only minor variations with the 
nature of R. 

Given the relatively small amount of electronic spectral data available at the 
present time, and the large variation in the spectral profiles found with different 
metal end-groups, we have chosen to present the available data in a periodic fashion. 
We also note that extensive optical studies have been described for polymeric 
materials with poly-yndiyl repeat units 5°3,5°4 although further discussion is not 
appropriate here. 

1. Tungsten 

Comparison of the UV/Vis spectra of several complexes W{=C(NMez)(C--=C)n 
[M(CO)2Cp] }(CO)5 (n = 1, 2) reveals the expected bathochromic shift of MLCT 
bands with increasing n, e.g., for M = F e ,  from 390 (n =  1) to 416 nm (n----2); 
for Ru, from 387 to 414 nm (both in PhMe). There is also a moderate 
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solvatochromic shift toward shorter wavelengths in more polar solvents, e.g.,  
Av(PhMe/dmf) = 970 cm -1 for M = Rn.  66 

2. Rhenium 

Intense absorption bands at 404 and 416 nm in Re(C~CC~CR)(CO)3(But2 - 
bpy) (R = H, Ph, respectively) have been assigned to spin-allowed drr(Re) 
7r*(Butz-bpy) MLCT transitions, the C ~ C C ~ C P h  ligand having better o-- and 
7r-donating abilities than the H analogue. 8° Excitation at k > 400 nm gave strong 
orange luminescence from the 3MLCT excited state, the emissions being at higher 
energies than found for the corresponding alkynyl complexes (R = H: 620, 670 nm; 
R = Ph: 625,688 nm). 

The spectra of Re{(C----C)~R}(NO)(PPh3)Cp* (R = H, SiMe3, SiEt3, tol) each 
contain a series of strong absorption bands between 300 and 400 nm that show some 
dependence on the nature of the end cap. 29'143'144 The lowest energy absorption 
maxima shift to longer wavelengths and become more intense with increasing chain 
length. This is in agreement with the notion that these transitions are from occupied 
orbitals with increasing C----C character and that the transitions themselves become 
more rr --. Jr* in nature. 

3. Nickel and Platinum 

The electronic spectra of M(C--CC=CR)2(PEt3)2 (M = Ni, Pt) have been stud- 
ied in conjunction with the related alkynyls. For the lowest energy band, which 
is assigned to charge transfer within the M--C~C moiety, the diynyl groups fall 
within the series R = H < Me,  CH2F < CH=CH2 < C ~ C H  < Ph < C~CMe. 65 
In general the diynyl complexes give rise to more complex spectra, with a small 
blue shift of the absorption maxima found in MeOH when compared with Et20, 
possibly due to H-bonding effects. 

Trends in the UV/vis spectra of trans-Pt{(C=--C)nR}(tol){P(tol)3}2 (n = 2, R = 
H; n = 3, R = SiEt3, H; n = 4, R = SiEt3) 147 follow the generalizations stated pre- 
viously. Interestingly, )~m,x of the longer members of the series (325-340 nm, 
e = 5000-122,000 M -1 cm -1, in CH2C12) are remarkably similar to those of the 
purely organic poly-yne But(C~-C)10Bu t (320 nm, E = 345,000 M-lore-I) ,  sug- 
gesting a more limited contribution of the Pt d-type orbitals to the frontier orbital 
structure of these molecules. This probably arises from the poor energy match 
between, and hence limited mixing oL the low-lying filled Pt(PR3)2 d orbitals and 
the C--=C rr-type orbitals of similar symmetry. 

4. Mercury 

The bis(carbene) complex Hg{C~CC~CC(NMe2)=W(CO)5}2 shows a maxi- 
mum wavelength absorption at 444 nm in toluene. 66 
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D. Electronic Structure 

The electronic structure of Fe(C=CC---CH)(CO)2Cp has been probed using 
He(I) and He(II) photoelectron spectroscopy (PES), which allows for ligand n- 
bonding effects to be distinguished from a-bonding and charge potential effects. 
Relatively sharp and intense absorptions were assigned with the help of the inter- 
action diagram for [Fe(CO)2Cp] + and [C~CC=CH]-  fragments which indicates 
that the important interactions are the Fe--C ~r bond (formed from donation from 
diynyl O'sp orbital into empty metal dz 2 orbitals) and between occupied diynyl n e 
set of levels and occupied metal dn orbitals. For this electron-poor metal center the 
diynyl ligand behaves as relatively good n-donor, as a result of the filled-filled (or 
four-electron, two-orbital) n-interactions of the ligand with the metal, the HOMO 
containing considerable diynyl n-character. This is more pronounced than similar 
orbitals in the analogous ethynyl complex. 5°5 Conversely, the n-acceptor character 
of C=CC=--CH is negligible, the empty n*-orbitals of the [C=CC~CH]-  fragment 
lying 13.9 eV above the occupied orbitals of similar symmetry. 157 

However, for complexes with more electron-rich metal centers a cross-over in 
the electronic behavior of the C=CC--CH ligand from n-donor to predominantly 
n-acceptor may occur as the occupied metal orbital energies begin to approach 
those of the n*-levels of the C=CC=CH fragment. 5°5 While this remains to be 
tested by experiment in diynyl systems, similar interactions have been observed 
for alkynyl complexes. 5°6 Ligand substituents can also have a strong influence on 
the metal-ligand n-interactions due to perturbations in the ligand-based orbitals: 
C~CC~CH and C~CBu t were both found to be superior n-donors to C~CH. 5°~ 
The FeCCCC--H system was considered to be a five-centered poly-yne and it was 
noted that introduction of a second metal atom in place of H would give a six- 
centered poly-yne with the potential for electronic communication between the 
metal centers via the rr-system. 157 Experimental justification for this suggestion 
is now well establishedY 

An alternative view based on 13C NMR, IR, and structural data is of the C~CC-~ 
CH ligand as a n-acceptor. 115 The deshielding of the Ca signal and the rela- 
tively higher field shift of C~ is interpreted in terms of a contribution from a 
cumulenylidene-type structure arising from back-donation from the metal cen- 
ter assisted by the electron-rich Cp* ligand. However, the effects of deshield- 
ing in the butadiynyl complexes are significantly less than are observed for li- 
gands such as vinylidene. Average v(CO) values for Fe(C~CC-~CH)(CO)zCp* 
(2002 cm -1) and Fe(C~CH)(CO)zCp* (1995 cm -l)  also suggest that C~CC~CH 
is a better n-acceptor than C-~CH. In addition, comparison of the structures of 
Fe(C~Ct~Cy~C~H)(CO)2C p and Fe(C~C~H)(CO)2Cp indicate shorter Fe--C~ 
[1.907(4) vs. 1.921(3) ~] and longer C~--C~ distances [1.207(5) vs. 1.173(4) A] 
in the case of the diynyl complex, while the C/~--C× separation [1.378(6)/~] is 
comparable to that in buta-l,3-diyne [1.3284(2)/~]. These structural features are 
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in accord with the electron-accepting ability of the C~-CC~CH ligand and a con- 
tribution from the cumulene structure deduced from the 3c and v(CO) data. 

These inconsistencies may be due to different evaluation methods, as the v(CO) 
and structural parameters reflect the net electronic effects of the ligand, while 
the PES results are based on metal band splitting of the re-type orbitals. In this 
connection, it is worth noting that the relative a-bonding capabilities of a ligand 
may also influence the observed stretching frequencies. 5°7 The interpretation of 
M--C and C~-C bond lengths is not conclusive, the length of a C~C bond being 
an unreliable measure of bond order. 2,5°5 

As more studies on the nature of the bonding of M--C~CR and M--C=CC~CR 
systems are performed, the most recent and favoured interpretation appears to be 
that based upon filled-filled interactions between M(re)-C=C(re) orbitals, elec- 
tronic interactions being transmitted between the metal center and the capping 
group at the other end of the (C=C)n chain by perturbations in the ligand re-system. 
These interactions have been found in many poly-yndiyl complexes 25,27-29,33 and 
in heteronuclear systems such as C02(/z-dppm){/z-o2-Me3SiC2(C~C),[Ru(PPh3)2 
Cp]}(CO)4 (n = 1, 2). 194 In the latter, both the Ru and C02C2 fragments pos- 
sess filled re-type valence orbitals that are of the appropriate energy and sym- 
metry to interact with occupied frontier orbitals of the poly-ynyl moiety. In this 
manner the electronic effects of each organometallic fragment are efficiently 
transmitted between the termini of the poly-ynyl chain. The extensive mixing 
of metal and carbon character in these systems results in efficient electronic 
interactions between metal-based remote sites when linked via a poly-yndiyl 
spacer. 

Simple EH MO calculations on the model complexes {Co2(CO)6}2(#-T]2;#-r/2- 
HCzC2H) and {NizCp2}2(#-r/2:/z-r/z-HC2C2H) showed that the LUMOs are M--M 
antibonding with 10% contribution from diyne re-orbitals. For the Ni4 complex, 
there is also a significant contribution from Cp ligands (ca 20%), suggesting pos- 
sible further delocalization of the extra electron introduced upon reduction to the 
mono-anion. 5°s 

E. Redox Properties 

On the basis of the few diynyl systems for which sufficient electrochemical 
data have been collected to enable meaningful comparisons with other functional 
groups to be made, it appears that the diynyl ligand behaves as a moderate electron- 
donating group, albeit not as strong a donor as the alkynyl ligand. A useful in- 
dication of this behavior is found in the oxidation half-wave potentials of the 
series FcH (E ° 0.49 V), FcC=--CH (0.130 V) and FcC----CC=CH (0.190 V). 123 
Values in the alkyl/alkynyl/diynyl series Re(Me)(PPh3)(NO)Cp* (Ep, 0.32 V), 
Re(C--CMe)(PPh3)(NO)Cp* (Epa 0.40 V) and Re(C--=CC--CMe)(PPh3)(NO)Cp * 
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(Epa 0.52 V) also suggest that the diynyl ligand is less effective as an electron 
donor than the corresponding alkynyl ligand. However, as the frontier orbitals of 
LnM--(C=---C)nR systems are often derived from extensive mixing of both metal 
and carbon fragment orbitals a straightforward comparison of ynyl and non-ynyl 
electrode potentials may not be entirely appropriate in all cases. 

The formal electrode potentials of diynyl complexes are greatly influenced by 
the nature of the other supporting ligands (Table V). For example, the cyclic 
voltamograms (CVs) of the iron complexes Fe(C~CC--CSiMe3)(CO)2(~5-CsRs) 

TABLE V 
SOME ELECTROCHEMICAL DATA FOR POLY-YNYL COMPLEXES, {LnM } (C~CC-~CR)n 

MLn R n E ° (V) Notes Reference 

TiCp2 Fc 2 Ti(III/IV) - 1.48 a 97 
Fe(II / III) +0.21 
(2e, irreversible) 

TiCpSi2 Fc 2 Ti(III/IV) -1 .53  a 97 
Fe(II/III) +0.16 
(2e, irreversible) 

TiCpSi2 SiMe 3 2 Ti(III/IV) --- - 1.43 a 97 
Fe(CO)2Cp* SiMe3 1 + 1.15 (irreversible) b 27 
Fe(CO)2(CsPhs) SiMe3 1 -0 .97  (irreversible) b 27 
Fe(dppe)Cp* SiMe3 1 +0.00, ic/ia = 1 b 27 
Fe(CO)2Cp* H 1 - 1.30 (irreversible) b 27 
Fe(CO)2(CsPhs) H 1 -0 .87  (irreversible) o 27 
Fe(dppe)Cp* H 1 +0.00, ic/ia = 0.48 b 27 
Re(NO)(PPh3)Cp* Me 1 +0.52 (irreversible) c 87 
trans-Ru(C-~CC6H4N02) (dppe)2 Fc 1 Ru(II/IIl) +0.318 ,4 123 

Fe(II/III) -0 .094 
trans-RuCl(dppe)2 Fc 1 Ru(II/III) +0.295 d 123 

Fe(lI / III) --0.165 
trans-Ru(dppe)2 Fc 2 Ru(II/III) +0.404 d 123 

Fe(II/III) t 0 .15  
Fe(I1 / III) - 0.124 

trans-Ru(C=--CFc)(dppe)2 Fc 1 Ru(II/III) +0.460 d 123 
Fe(II / III) -0 .15  
Fe(II/III) -0 .300  

aCH2C12, 0.1M [NBu4]C1O4 (temperature, electrodes and Fc / Fc + redox couple unspecified). 
bCHzCI2, 0.1M [NBu4] PF 6, 20 ° C, Pt working electrode, S CE reference electrode, 100 mV s -  l, 

Fc/Fc + +0.46 V. 
CCHzCI2, 0.1M [NBu4]BF4, r.t., Pt working, Ag-wire pseudo reference electrode, 100 mV s- l ,  

Fc/Fc + +0.56 V. 
dCHzCI2, 0.1M [NBu4]PF 6, 20 ° C, Pt working electrode, SCE reference electrode, 200 mV s -  1, 

Fc/Fc + +0.49 V. 
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(R = Ph, Me) each exhibit a single wave. 27 The complex containing the very 
electron-withdrawing CsPh5 ligand shows an irreversible FeH/Fe I reduction at 
-0 .97 V while in the case of the CsMe5 analogue an irreversible oxidation was 
found at +1.15 V. The nature of the end-cap also plays a role in the stability 
of the odd-electron species. This is thought to be due primarily to the degree 
of steric protection afforded by the end-cap, and by way of illustration it is 
worth noting that in contrast to the silyl-capped complexes mentioned earlier, 
Fe(C----CC--CH)(dppe)Cp* gives an oxidation wave (E ° = 0.00 V) that is only 
partially reversible (all measured vs. SCE, Pt electrodes, as CH2C12 solutions con- 
taining 0.1 M [NBu4]PF6, at a Pt working electrode). 

Many studies of the redox properties of transition metal carbonyl clusters show 
that these species are structurally flexible electron reservoirs with tunable redox 
properties dependent on the coordination sphere of the metal framework. Conse- 
quently, multimetallic systems featuring redox-active metal cluster cores bridged 
by ligands derived from poly-ynes that might mediate electronic interactions have 
come under scrutiny as part of a global search for molecular materials that dis- 
play useful electronic communication between remote sites. Electrochemical tech- 
niques, together with UV/vis and NIR spectral information, have been used to probe 
the nature of these interactions in model systems. The electrochemical responses 
of the various cluster systems derived from poly-yne ligands are described in more 
detail in the following. 

Comparisons of electrochemical results obtained from different laboratories are 
complicated by differing preferences for solvents, electrolytes, working electrode 
surfaces and, most significantly, reference electrodes. Rather than relating the data 
to a common electrochemical reference, we cite the data as given in the original 
literature together with an indication of the conditions employed. Furthermore, 
we have included the formal electrode potential of any internal standard (typically 
ferrocene or decamethylferrocene) used in the study where available. 

1. Titanium 

The CV of Ti(C-----CC--=CSiMe3)2cpSi2 shows a reversible reduction wave at 
- 1 . 4 3  V (CH2CI2 vs FcH/FcH+). No oxidation wave was observed within the 
potential range of the solvent. 97 By comparison with bis(alkynyl)titanocene com- 
plexes, the reduction is assigned to the TilV/Ti m couple, 422 although on the basis of 
EHMO calculations of similar bis(alkynyl)titanocene models it is likely that these 
processes actually involve orbitals with considerable Ti/Cp/diynyl character. 5°9,51° 
The analogous metallocenyl derivatives Ti(C~CC-----CFc)z(r/5-C5H4R)2 (R = H, 
SiMe3) give similar reversible 1-e reduction waves under CV conditions (CH2C12, 
0.1 M [ N B u 4 ] C 1 0 4 ,  100 mV/s, vs FcH/FcH +, R = H, EI/2 ~ -  - 1.48 V; R = SiMe3, 
El~2 -~ - 1.53 V). 97 
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However, in contrast to the SiMe3-capped bis(diynyl) complexes, the CVs of 
the bis(metallocenediynyl) complexes Ti(C=CC-~CMc)2(r/5-CsHnR)2 show sev- 
eral oxidation waves. Simultaneous oxidation of both Fc moieties (R = H, Epa = 
+0.21 V; R = SiMe3, E1/2 = +0.16 V) is followed by two unresolved 1-e waves 
arising from the oxidation of each Fc moiety of the reductive elimination prod- 
uct Fc(C~C)4Fc. Intramolecular electron transfer from the two Ti--C bonds to 
each Fc" center follows the initial oxidation to give [Ti(05-CsH4R)2] 2+ and two 
FcC~CC~C ° radicals; the latter couple to generate the tetrayne. 97 The mixed met- 
allocenyl complex Ti(C=CC~CFc)(C~CC~CRc)CpSi2 behaves similarly. The 
Fc/Fc + couple is observed at +0.190 V, followed by Rc n/IlI near +0.310 V which 
overlaps the Fc/Fc + wave from Fc(C~C)aRc generated in situ and finally the 2-e 
Rc/Rc + oxidation in the tetrayne. 97 Preparative scale oxidations of Ti{(C~C)mFc} 
{(C~C)nMc}CpSi2 (rn, n = 1 or 2; Mc = Fc or Rc) with 2 equiv of AgPF6 afforded 
Fc(C~C)m(C~C)nMc in good yield. In the case of Ti(C~CC~CFc)2Cp2, oxida- 
tion with 2 equiv of AgPF6 lead to the reductive coupling of the diynyl ligands 
to give 1,8-bis(ferrocenyl)octatetrayne, Fc(C~C)4Fc, with the isolated trinuclear 
[{Ti(C~CC-~CFc)zCp2}zAg] [PF6] being implicated as a likely intermediate. 277 

2. Niobium 

The CV of Nb(o2-Me3SiC2C~CSiMe3)CpSi 2 shows a reversible 1-e oxidation 
at -0.15 V (vs SCE) to give the 16-e cation, possibly solvated by thf, and an 
irreversible 1-e reduction process at -1 .68 V. 165 

3. Rhenium 

The compound Re(C~CC=CMe)(NO)(PPh3)Cp* is oxidized at a more positive 
potential (+0.520 V) than is the analogous propynyl Re(C~CMe)(NO)(PPh3)Cp* 
(+0.400 W). 87 

4. Iron 

The carbonyl complexes Fe(C~CC~CR)(CO)z(05-CsR'5) (R = H, SiMe3; R' = 
Me, Ph) each feature a single irreversible redox process (Table V), the nature 
(reduction or oxidation) of which is governed by the electronic effects of the 
r/5-CsPh5 (electron-withdrawing) or 05-C5Me5 (electron-donating) ligands. In 
the latter series, replacement of CO groups by the bulky electron-donating dppe 
ligand stabilizes the 17-e oxidized form. The stability of the oxidized species 
is further enhanced by the presence of a bulky group on the diynyl ligand, 
and the CV of Fe(C~CC=CSiMe3)(dppe)Cp* displays a fully reversible 1-e 
oxidation wave. 27 Similar trends to those found for rhenium complexes are found 
for the complexes Fe(C~CR)(dppe)Cp* (R=Ph,  E ° = - 0 . 1 3 0  V; R = B u  t, 



250 PAUL J. LOW AND MICHAEL I. BRUCE 

E ° = -0 .280 V vs FcH/FcH + +0.470 V) 51] and Fe(C--=CC=CR)(dppe)Cp* (R = 
SiMe3, E ° --- +0.00 V; R = H, E ° = +0.00 V vs FcH/FcH + +0.460 V). 27 

5. Ruthenium 

In comparison with trans-RuC12(dppe)2 (61/2 +0.017 V, 0.1 M [NBu4]PF6 
in CH2C12, Pt electrodes, 293 K, 200 mV/s, vs FcH/FcH +) and Fc(C--C),H 
(n = 1, E1/2 = +0.130 V; n = 2, E1/2 ---- +0.190 V), the ferrocenyl moieties in trans- 
RuX(C=CC--=CFc)(dppe)2 are oxidised at remarkably low potentials (X = C1, 
E1/2 = -0.344 V; C ~ C C 6 H 4 N O 2 - 4  , E1/2 = -0 .094 V; C--CFc, El~ 2 = -0 .300 V, 
-0.015 V; C----CC=CFc, Ell2 = --0.124 V, +0.015 V), which was taken as an in- 
dication of the strong electron-donating ability of the Ru(dppe)2 fragment.123 Oxi- 
dation waves at relatively high positive potentials were assigned to the Ru II/III cou- 
ple (X = C1, E1/2 = +0.377 V; C=CC6H4NO2-4, El~ 2 ~- +0.318 V; C--CFc, El/2 = 
+0.460 V; C--CC--=CFc, El~ 2 ~- +0.404 V). An alternative explanation based upon 
significant orbital rearrangement in these complexes when compared with the 
models was not explored. The two ferrocenyl moieties in trans-Ru(C-----CC=--CFc)2 
(dppm)2 are oxidized at different potentials ( A E =  139 mV) indicating moder- 
ate electronic interactions occurring between them via the ( C ~ C ) 2 R u ( C ~ - C ) 2  
bridge. Similar effects of greater magnitude have been observed with alkynyl 
bridges.123,512, 513 

The CV of Ru(acac)E{(OCMe)2C(C=CC--CFc)} showed two reversible 1-e 
oxidations and a 1-e reduction which were assigned to Fc/Fc + (+0.195 V), 
RunI/Ru TM (+0.660 V), and Run/Ru nI couples (-1.157 V), respectively. 492 The 
diyne {Ru(acac)2[(OCMe)2C] }2(#-C--= CC----C) shows two 1-e oxidation and two 
1-e reduction steps, both as overlapping pairs, suggesting stepwise processes 
occurring via mixed Run/Ru III and RulII/Ru TM valence states. 

6. Cobalt 

The diyne complexes Co2(/~-~2-RC2C----CR)(CO)6 (R = Ph, Fc) give irreversible 
reduction waves even at 213 K which indicates that fast chemical reactions follow 
the electrochemical production of the corresponding radical anions [Co2(/z-r72- 
RC2C----CR)(CO)6]-. The ESR spectra of the anion radical generated in situ were 
not consistent with the presence of two different Co centers. In the case of the 
ferrocenyl-substituted complex, two distinct oxidation waves separated by 70 mV 
are observed, which indicates a modest degree of interaction between the Fc cores 
through the cluster. 190 

At ambient temperatures, the primary CV processes observed for {C02(CO)6}2 
(#-r/2:#-oE-RC2C2R) (R = Ph, Fc), which contain two chemically equivalent Coz 
(/z-alkyne)(CO)6 redox centers, are an apparent irreversible 2-e reduction, with an 
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additional apparent 2-e oxidation in the case of R = Fc. The chemical reactions 
which follow reduction are related to loss of [Co(CO)4] -190 with activation ener- 
gies of ca 10 kcal mo1-1 (Scheme 76). 514 However, at -80°C these chemical reac- 
tions are slowed sufficiently to allow observation of two reversible reduction pro- 
cesses (AE ° = 220 mV) for {Co2(CO)6}2(/z-r/2:#-r/2-PhC2C2Ph) which clearly 
indicates a moderate intercluster electronic interaction. Improved reversibility is 
also found in experiments conducted in thf, a solvent that is better able to solvate 
and therefore stabilise the intermediate radical species. 515 

Comparable reduction processes in the ferrocenyl analogue {Co2(C0)6}2 
(/_t-02:/z-r/2-FcC2C2Fc) are more difficult to resolve and two irreversible reductions 
with AE ° --~140 mV were observed at -40°C.  The Fc/Fc + oxidations were read- 
ily resolved into two reversible oxidation couples (AE ~ = 40 mV) at -20°C.  The 
decrease in separations between the twin Fc/Fc + couples in the series FcC=CC= 
CFc (100 mV)/Co2(#-rl2-FcC2C-~-CFc)(CO)6 (70 mV)/{Coz(CO)6}z(/z-r/2:/z-r) 2- 
FcC2C2Fc) (40 mV) is consistent with decreasing electronic interactions between 
the ferrocenyl centres. Insertion of aromatic spacer groups further decreases the 
interactions between the cluster cores, as evidenced by the diminished separations 
between the C02C2-centered reduction potentials. The likely influence of solva- 
tion effects and the relatively small values of AE ° hamper efforts to distinguish the 
roles of the aromatic spacer and structural effects in the electronic communication 
observed in this series. 19° 

The phosphite-substituted complexes Co2(/x-r/LRC2C--=CR)(CO)6_n{P(OMe)3 }n 
( R = P h ,  Fc; n = l ,  2, 3), {Co2(CO)5[P(OMe)3]}{fo2(CO)6_n[P(OMe)3]n } 
(/z-q2:/z-r/2-RC2C2R) (n = 0, 1,2) and{Co2(CO)a[P(OMe)3]2}{Co2(CO)6}(/z-~/2:/z- 
r/2-RC2CzR), which feature 0/1, 1 / 1 and 1/2 substitution patterns at each Co center, 
give rise to complicated CV responses during the cathodic sweep as a result of un- 
defined ECE processes. 192 The oxidation processes were more amenable to study, 
and resulted in the formation of the radical cations [C2Co2(CO)6_n{P(OMe)3}n ]" + 
as the primary products. The oxidation half-wave potentials decrease and the 
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chemical reversibility of the processes increases as the number of phosphite li- 
gands per redox center increases. For C02(#-o2-FcC2C----CFc)(CO)6.,{P(OMe)3}n 
the ferrocenyl centers are oxidized before the C02 moiety and at rather more pos- 
itive potentials than the phenyl-substituted analogues. 

The related compounds C02(/z-dppm)(/_t-~2-RC2C-~CR')(CO)4 (R = R' = H, Ph, 
Fc, SiMe3, C=CSiMe3; R = SiMe3, R' = H, C~-CSiMe3) give well-behaved elec- 
trochemical responses at higher temperatures. 192,194,278 A systematic shift of v (CO) 
to higher energy with each oxidation (2030, 2059, 2084 cm -1 for 0 / 1 + / 2 + )  indi- 
cates that the odd electron is delocalized in the mono-oxidized cation radical. Two 
new bands at 450 and 835 nm were observed in the spectrum of the monocation, 
the latter being lost on conversion to the dication. 192 Coordination of a second 
dppm ligand as in Co2(#-dppm)z(#-rlz-PhC2C~CPh)(CO)2 results in a significant 
increase of electron density at the cluster and a reversible oxidation wave at very 
low potential is observed. 192 

Two oxidation processes separated by 448 mV are found in the CV of the com- 
plex {Co2(/z-dppm)(fO)4}z(/z-tl2:#-r/z-PhCzCzPh), and square-wave voltametry 
confirmed the full reversibility of the electrochemical events. Similar results have 
been observed in electrochemical experiments conducted in thf at ambient and 
lower temperatures. 515 The magnitude of AE ° shows a small solvent dependence, 
consistent with the operation of a predominantly through-bond mechanism for the 
electronic coupling phenomenon in these systems, together with a small residual 
through-space component. 515 The different values of AE ° found in the cathodic and 
anodic sweeps are also consistent with a predominantly through-bond interaction 
and EH MO calculations on the model complexes C02(#-o2-HC2C--CH)(CO)6 
and C02(#-dppm)(/z-r/2-HC2C------CH)(CO)4 indicate that the HOMO and LUMO 
have significantly different orbital compositions. 5°s 

The CV of {Co2(CO)6}{Co2(CO)4(#-bma)}(/z-q2:#-~2-PhC2C2Ph) (52) con- 
tains two reversible reduction waves (E -0.51,  -0.63 V) for the bma r -sys tem 
and an irreversible reduction ( -1 .32 V) associated with the Co2(C0)6 moiety 
which is apparently unaffected by the presence of the Co2(CO)4(bma) moiety.195 
In light of the other results described earlier, and given the apparent multielectron 
nature of the irreversible reduction, we suggest that the nature of any electron 
interaction between the cluster moieties in this system remains unclear. 

The electrochemical responses of poly-ynyl cluster-based systems Co3(#3-C 
C~CR)(CO)9 [R = C~CSiMe3, 516 Co3(/~3-C)(CO)9, Co3(/z3-CC~C)(CO)9516'517] 
have also been investigated. The monocluster displays a chemically reversible 
reduction at -0 .49 V (vs Ag/AgC1 in CH2C12, FcH/FcH + +0.68V) followed 
by irreversible formation of a dianion near -1 .3  V. The bis-cluster 
compounds also undergo two reduction processes, which were chemically re- 
versible at low temperature. Spectroscopic studies suggest that the radical 
anions may isomerize to a form which contains bridging carbonyl ligands. 516 
Coordination of a Co2(CO)6 unit to one of the C-----C moieties in {Co3(CO)9}2 
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(/z3,rlI:#3,r/1-CC~CC~CC) afforded {C03(CO)9}2{/.t3,r/l:#3,r]l:#,02-CC2[C02 
(CO)6]C~CC} which showed electrochemical responses characteristic of inde- 
pendent redox centers.516 

7. Nickel 

In thf the complexes Ni2 (/~-o2-PhC2R)Cp2 (including R = Ph, C--CPh) undergo 
irreversible oxidation processes near +0.7 V (vs SCE, FcH*/FcH *+ +0.11 V, 
FcH/FcH + -+-0.56 V) which results in the formation of deposits on the electrode 
surface. The anodic sweep indicates the presence of a reversible reduction near 
-1 .30  V attributed to a Niz-centered reduction and the formation of [Nie(/~-rl 2- 
PhCeR)Cp2] °- Further reduction results in decomposition of the complexes, and 
the liberation of the alkyne or diyne ligand, as evidenced by two characteristic 
alkyne/diyne reductions at very negative potentials. 5°s 

For {Ni2Cp2}e(#-rl2:/z-02-PhC2C2Ph), two well-resolved, reversible metal- 
centered reductions are found at -1 .26 and -1.93 V (vs. FcH*). 5°8'514 The sepa- 
ration of these waves by 670 mV (comproportionation constant Kc = 2.1 x 1011) 
indicates the thermodynamic stability of the odd-electron species. The first re- 
duction occurs at a potential very similar to that of the mono-complexed species 
{NizCpz}(/z-0z-PhCzC-~CPh). On the basis of electrochemical evidence, elec- 
tronic interactions between the NizCp2 moieties in {NizCpz}2(/z-q2:/z-O 2- 
PhCzCzPh) are greater than those between the Co2(C0)6 moieties in {Co2(C0)6}2 
(#-~72:/z-02-PhCzC2Ph) [AE ° 220 mV in CH2C12,190 350 mV (solvent not given), 514 
400 mV (thf, GCE, -30°C)515]. As a crystal structure of the nickel complex is 
not available, variations in structural parameters which may change the degree of 
7r-overlap between the metal centers in the two complexes could not be evaluated 
directly. 5°8 

Contrary to the usual observations that redox processes generally become more 
favorable as the number of redox sites and the degree of interaction between them 
increase, 21 addition of the second electron-donating NizCp2 moiety appears to 
counter this effect. Attempts to resolve the problem of electron delocalization in 
the radical anion [{NizCpz}z(#-rlz-PhCzCzPh)] °- using ESR spectroscopy were 
inconclusive. 5°s Electrolytic reduction of {NizCpz}(/z-o2-PhC2Ph), {NizCpz}(#- 
rlz-PhCzC~CPh) or {NizCpz}2(/.z-O2:/z-~z-PhCzCzPh) in situ each gave singlet 
ESR resonances devoid of other features. At 140 K, frozen solutions gave well- 
resolved anisotropic spectra indicative of axial symmetry for {NizCp2}(#-r/2- 
PhC2Ph) and {Ni2Cp2}(/z-~z-PhC2C=CPh), with a small measure of splitting of 
the perpendicular component in {Ni2Cp2}z(/Z-r/2:/z-r/2-PhC2C2Ph). It was con- 
cluded that in solution, the odd electron in the latter is delocalized over two 
nonequivalent thermally accessible Ni sites, but at 140 K, the odd electron is 
trapped at a single site in all three complexes. There is linear relationship between 
the reduction potentials of Ni2(#-q2-RC2R')Cp2 and 3H(Cp). 
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8. Heterometallic Complexes 

Electrochemical studies of complexes C02(#-dppm){#-RC2--Y--C--C[MLn]} 
(CO)4 [MLn = Ru(PPh3)zCp, Y = bond, C----C] reveal large electronic interactions 
between the mononuclear fragment and the Co2(alkyne) cluster core. The parent 
cobalt complexes C02(/z-dppm){/z-~TZ-Me3SiCz(C=C)nSiMe3}(CO)4 (n = 1, 2) ex- 
hibit 1-e reduction and 1-e oxidation processes, which become more reversible in 
thf at -30°C. Upon attachment of the ML, fragment, the reduction shifts to more 
negative half-wave potentials, while two oxidation processes, both with half-wave 
potentials less positive than the parent cobalt complex or model {MLn}C=CPh 
complexes, were observed.194 This behavior was interpreted with the aid of DFT 
and Electron Localization Function (ELF) studies. The LUMO of the heterometal- 
lic complex, which is predominantly Co--Co antibonding in character, lies at a 
higher energy than in the cobalt model complex. The HOMO and SOMO both 
contain appreciable Ru, C----C, and Co2C 2 character and are delocalized over the 
entire molecule. Thus, the electrochemical oxidation processes in these systems 
cannot be interpreted in terms of independent oxidations of the ML, and cluster 
core fragments. 

The mixed complex {C02(CO)6} {Ni2Cp2}(#-02:/z-02-PhC2C2Ph) gives two re- 
duction processes which are correlated with the formation of a C02-centered 
monoanion followed by reduction of the Ni2 moiety to give the dianion. Chem- 
ical reactions were suppressed at low temperatures (-20°C) and fast scan rates 
(10 V/s). The shift in reduction potentials relative to the C02-centered reduction of 
C02(/z-~2-PhC2C--CPh)(CO)6 and the second reduction of {Ni2Cp2}z(#-02:/z-r/2- 
PhC2C2Ph) indicate that the C02(CO)6 fragment acts as an electron-withdrawing 
group while the NizCp2 group is more electron-donating and that these systems 
interact through the diyne ligand. 5°8 

XI 

METALLADIYNES AND RELATED COMPLEXES 

Formally, substitution of one or more diyne carbon atoms by a metal center 
leads to metalladiynes which may possess rod-like linear or branched structures 
according to the geometry about the metal atom. In addition to the intrinsic interest 
of these unusual highly unsaturated systems, the combination of M dzr and C pzr 
orbital fragments in the molecular scaffold suggests that metalladiynes may also 
be viable building blocks for the construction of molecular scale wires and other 
metal-containing oligomeric species. This section considers complexes contain- 
ing conjugated M--CC--CR, RC=MC--CR', RC--M=M--CR and M 4 MC--CR 
moieties. 



Transition Metal Chemistry of 1,3-Diynes, Poly-ynes, and Related Compounds 255 

j O E t  

(oc)~w C \ c ~ c \  p h 
BX3 

%\/o 
X ~ W ~ C ~ C  :CbPh 

/ 
o c \c o 

(334) 

NHMe2 

H H / / 
X--W~C---r--.  C ~ X - - W ~ C ~ C  

(00)4 ~C, ,  ~. Ph (00)4 ~ , C  I eh 
II I 
N+Me2 NMe2 

(a) (b) 

SCHEME 77 

A. Complexes M~CC=CR 

Following the synthesis of metal carbyne complexes, the first metalladiyne 
derivative was prepared by treatment of W{=C(OEt)C~CPh}(CO)5 with BX3 
(X= CI, Br, I) (pentane, -45°C) to give trans-W(~CC~-CPh)(X)(CO)4 (334; 
Scheme 77) in good yields (30-60%). Subsequent reactions with NHMe2 give 
W{=CCH=CPh(NMe2)}(X)(CO)4 by addition to the C~-C triple bond, the struc- 
ture of which indicates a contribution from the vinylidene resonance form. 518 

Treatment of M(CO)6 (M =Mo, W) with LiC~CBu t gives the acylate 
[M{C(O)C~CBut}(co)5]-; subsequent reactions with (CF3CO)20, followed by 
tmeda, give M(--CC~CBut)(co)2(O~CCF3)(tmeda). 5~9 Related complexes with 
bpy (Mo) or py (W) have also been described. The metal-bonded carbon res- 
onates at ~ 245-252 (for the tmeda complexes). The bpy or py complexes (but not 
tmeda) react with NaCp to give M(~CC~CBut)(co)2Cp, and the tmed complex 
with K[Tp] or K[Tp'] gives Mo(~CC=CBut)(CO)2Tp(Tp'), although the tung- 
sten complex could not be prepared in this way; the py precursor was used instead. 
Compared with the carbyne complexes containing saturated substituents, the M=C 
resonance is considerably deshielded, appearing between 6 253 and 275. 

Reactions of M(=CC=CBut)(co)2Cp with Co2(CO)8 afforded the cluster com- 
plexes Co2M(/za-CC~CBut)(CO)sCp (335, M = Mo, W; Scheme 78), which exist 
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in solution as mixtures of rotamers differentiated by the distal or proximal ori- 
entations of the M(CO)zCp fragment relative to the CC02 fragment. The CozMo 
complex reacts with dppm to give C02Mo(#3-CC--CBut)(#-dppm)(CO)6Cp, in 
which the dppm bridges the two Co atoms. In contrast, the presence of the bulky 
Tp' ligand precludes cluster formation, the C02(CO)6 now being attached to the 
C----C triple bond to give C02{#-ButC2C--[Mo(CO)2Tp']}(CO)6. The Tp complex 
also reacts with dppm to give C02{#-ButCzC--[Mo(CO)2Yp]}(#-dppm)(CO)4. 519 

A moderate yield of MozW(#3-CC--CBut)(CO)6Cp3 is obtained from the reac- 
tion between W(--CC=CBut)(CO)zCp and {Mo(CO)3Cp}2. In solution a mixture 
of unsymmetrical and symmetrical isomers is present, the latter having two equi- 
valent Cp groups. Attachment of the M02 fragment to the C--C triple bond occurs 
with W(--CC=CBut)(cO)2Tp to give MOz{/z-ButC2C--[W(CO)2Tp]}(CO)4Cp2, 
which also exhibits dynamic behavior in solution. 

B. Complexes RC--MC--CR' 

Internally metallated diynes--C----M-- C--C-- have been prepared from reactions 
between alkynyllithiums and W(--CH)(OTf)(dmpe)2 which give trans-HC--W 
(C----CR)(dmpe)2 (336, R = H, SiMe3, Ph, C6H4C--CPr-4). 52° In the parent com- 
pound, the 5j(HH) coupling constant (0.8 Hz) suggests a degree of electron de- 
localization over the HCWCCH chain [cf. 2.2 Hz in HC--C---CH521]. The SiMe3 
compound has an essentially linear C=W--C--C--Si chain [W--C 2.246(6), W=C 
1.801(7), C----C 1.228(9) .&], these values suggesting rr-conjugation between the 
W=--C and C-----C triple bonds, which is further supported by the electronic spectra. 
The band between 23,470 and 24,810 cm -~ found in W(=CH)(X)(dmpe)2 (X = 
Bu, I, C1), assigned to the dxy '--> :rr* (W----C) transition, is found at lower energies for 
336 (20,240-22,270 cm -I, the red shift increasing with increasing conjugation). 
Mixing of 7r* (W--C) and Jr* (C--C) orbitals probably stabilizes the former. 

Metathesis of W2(OBut)6 with one C--C triple bond of substituted 1,4- 
diethynylbenzenes has given carbyne complexes which can be converted into trans- 
WCI(--CC6H4C~CH)(dmpe)2. 522 Functionalization via the W--C1 and --CH 
groups affords metalladiynes such as trans-W{C--C(tol)}(--CC6H4C=--CSiPri3) 
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(dmpe)2 (337), for which spectroscopic and structural data indicate extended 
7r-conjugation. The n --+ r~* transition is shifted to 15,870 cm -1 from 16,780 cm -1 
for the chloro complex. 

P \ / P  _ ~  
P~ / (tol)C - - / / W u C ~ C  SiPri3 H C ~ W - - C ~ C - - R  / \  
P P P P 

(336) P-P = dmpe (337) P-P = dmpe 

C. Complexes RC-~M=M=CR 

Four examples of complexes containing dimetalladiynes have been described. 
Reactions of CH2=CH(OEt) with syn-Re(--CBut)(=CHBut){OCMe(CF3)2}2 in 
thf afford Re(=CBut){=CH(OEt)}{OCMe(CF3)z}z(thf)2 (338, Scheme 79), but 
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i ~  RO ~Re ~ Re (RO)I .R CBut Ill \-oR 

/ C \ o R ,  C OR H Bu t 

(338) R '=  Et, SiMe 3 

SCHEME79 
(339) R = CMe(CF3)2, Bu t 
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in benzene or CH2C12 give Re(~CBut){CH(OEt}{OCMe(CF3)2}2 which rapidly 
(minutes) converts to {Re(~CBut)[OCMe(CF3)2]2}2 (339). 523 The related com- 
plexes {Re(=CBut)(OR)2}2 (R = Bu t, CMezPh) are also mentioned. These mole- 
cules have a staggered ethane-like geometry with bent ---C~Re=Re--=C-- systems 
(angles at Re, 90°). The reaction of Re(~CBut){=CH(OEt)}{OCMe(CF3)2}2 
(thf)2 with syn-Re(-~CBut)(=CHBut){OCMe(CF3)2}2 gives 339 directly, possi- 
bly via a dimetallacycle and/or dimetallatetrahedrane. 

Several complexes containing the Ru2 unit bridged by bidentate ligands and 
containing axial alkynyl groups are known. In these, the Ru--Ru bond orders range 
between 1 and 2.5, and so do not fall strictly within the scope of this survey. 524-526 
For example, a large excess of LiC=CPh reacts with Ruz(/z-form)4C1 to give inter- 
mediate anions [Ru2(/z-form)4(C~CPh)2]- (form = diarylformamidinate, ArNCH- 
NAr; Ar = Ph, 3- and 4-CIC6H4, 3,4- and 3,5-C12C6H3, 3-CF3C6H4) which dis- 
sociates one C--CPh group on purification. The Ru--Ru and C~C bonds are 
colinear (linear Ru--Ru-C~C) in contrast to bis-adducts. The Ru--Ru separation is 
very sensitive to crystal packing effects, e.g., values of 2.369, 2.431(1) & for 
two independent molecules of Ph complex. The complexes show two 1-e redox 
processes consistent with Ru24+[Ru25+/Ru26+ oxidation states, and become more 
difficult to oxidize Ru25+ with increasing electron-withdrawing power of aryl sub- 
stituents. Substitution of C1 by C~CPh shifts E~/2 cathodically for Ru25+/Ru24+ 
by 200 and 700 mV for first and second C=--CPh groups, respectively. The com- 
pounds are paramagnetic (three unpaired e, ground-state c~27ra323*lzr*2), with 
UV-vis spectra containing a well-resolved peak at ca 530 nm with two shoul- 
ders between 380 and 590 nm. The IR v(C~C) bands are between 2031 and 
2045 cm -1, considerably lower than the bis-adducts (ca 2100 cm-1), and de- 
crease with increasing electron-accepting power of the substituents (linear corre- 
lation with Hammett constants). Changes may occur by a a-donor effect, d. --+ 
rr*(C~C) back-donation, or rr(C~C) --+ dr donation. In contrast with CO and 
cyano complexes, where dr ~ 7r*(CX) back-donation occurs, here the changes 
in v(C~C) result from electron donation from the alkynyl group to the Ru2 
center. 

D. Complexes M 4 M--C=-CR 

Blue complexes M2(C~CR)4(PMe3)4 (340, M = Mo, W; R = Me, PP, Bu t, Ph, 
SiMe3) were obtained from reactions between M2CI4(PMe3)4 and LiC~CR in dme. 
Their thermal stability increases Ph < alkyl < SiMe3 and Mo < W. Curiously, 
the W--SiMe3 compound has not been obtained, an unidentified maroon complex 
being formed in its place. 527,528 Only the Mo/SiMe3 complex shows v(C~C) at 
1991 cm -1. Most complexes are highly disordered in the crystal among three 
axial directions, although X-ray data indicate the compounds have D2d symmetry. 
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The M 4 M quadruple bond is retained as shown by v(MM) ca 362 cm -l .  The 
UV-vis spectra contain intense absorptions for the ~(3 --+ 3*) transition at lower 
energy than for analogues with simpler ligands. Vibronic fine structure arising from 
v(MoC) rather than v(MoMo) has also been resolved; resonance Raman spectra 
also indicate an enhancement of the former vibration. These data are consistent 
with frontier orbital mixing between M2 [~,~*] and CCR [zr,zr*] which both have 
zr-symmetry. 

R H 

p c % 
/P \/P ~/C 

# j  ~C~ P C/i f /C/IF 
I c I / H 

/ R H 
R 

(340-M/R) (341) 
Mo-Mo 2.134(1), Mo-C 2.153, 2.161(4), 
C-=C 1.174, 1.183(6) A 

Although reactions between LiC~CH(en) or MgCI(C~CH) and Mo2C14(PMe3)4 
gave no tractable products, protodesilylation of Mo2(C~CSiMe3)4(PMe3)4 with 
[NBun][HF2] gave Mo2(C~CH)a(PMe3)4 (341). 527 The X-ray structure shows D2a 
symmetry, with expected bond lengths with no shortening of the Mo--C bond 
consistent with zr (Mo--C) bonding. However, the 1H NMR spectrum shows long- 
range 4j(HP) coupling to the ethynyl proton, while the 1(3 --+ 6") absorption 
(Vmax 15,150 cm -1, s 4550) is both red-shifted and of ca 2.5 times the intensity 
of the similar band in Mo2Me4(PMe3)4. At low temperatures, vibronic structure 
of this band has a 400-cm -1 progression, corresponding to v(MoC); substituted 
derivatives show a 360-cm -~ progression, assigned to the v(MoC) + v(MoMo) 
combination. The parent compound is thus electronically different from the sub- 
stituted compounds, and is similar to C2(C~CH)4. This is also demonstrated by its 
sensitivity to irradiation at 15,150 cm -~ (substituted compounds are stable under 
these conditions). 

The presence of n(CC)-3(MM)-~(CC) conjugation in dimetallapoly-ynes of 
the type M2(CCR)4(PMe3)4 has been inferred from Raman and electronic spec- 
tral data. In turn this may lead to donor (D)-acceptor (A) interactions in 
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complexes of the type L2(DCC)2M 4_ M(CCA)2L2. The synthesis of asymmetric 
quadruply-bonded M 2 complexes is rare, but potential precursor W2C12(C=CMe)2 
(PMe3)4 has been obtained as a single isomer from LiC=CMe and W2C14(PMe3)4528 
On the basis of relative t r a n s  effects of C1 and CCR and because the latter is ca- 
pable of zr-back-bonding, reaction of initially formed WzC13(C----CMe)(PMe3)4 
would be expected to proceed by substitution of the chloride t rans  to the C----CMe 
group. In the crystal, the W--C(sp) distances are 0.19 A shorter than the W--C(sp 3) 
distances in [W2Mes] 4-, compared with the difference in covalent radii of 0.08 ,~. 
The C--=C bonds are 1.21 A, not significantly longer than conjugated triple bonds in 
organic molecules. In the 1H NMR spectrum, the --=CMe group (6 2.95, 
septet) displays 5J(HP) and 6j(HW) couplings, again consistent with the presence 
of zr(CC)-6(MM)-zr(CC) conjugation. The 1(6 ~ 6*) band is at 13,765 cm -1, 
intermediate between those found for the tetrachloro and tetrapropynyl 
complexes. 

In Mo2(C--=CR)a(PMe3)4 (340-M0), 6(MM) and 6*(MM) orbitals have zr- 
symmetry with respect to zr*(C=C) orbitals; suitable design of ligands and 
photochemical studies allow determination of the role of Jr-back-bonding in the 
M--CCR bond. The complex Moz(C-----CSiMe3)4(PMe3)4 (340-Mo/Si) shows a re- 
versible 1-e reduction wave at -2.13 V (vs FcH/[FcH]+)9 6 Chemical reduc- 
tion (K[C10Hs]) afforded [K(crypt-222)][Mo2(C--=CSiMe3)a(PMe3)4] ([K][340- 
Mo/Si]) which is instantly oxidized in air. The v(C----C) bands for 340-Mo/Si and 
[K][340-Mo/Si] are at 1991 and 1954 cm -1, respectively. Electronic spectra of 
these compounds at 10 K contain vibronically structured 1(6 --+ 6*) and 2(6 
6*) absorptions; the latter is red-shifted by ca 7000 cm -1 from the former as a 
result of larger spin-pairing energy contributions. Extensive spectroscopic data 
(UV/vis, Raman, NMR) provide direct evidence for M ~ CCR back-bonding, the 
former containing vibronic progressions corresponding to v(MoMo)/ 
v(MoC) modes, with the high-energy edge of each band containing a feature 
with 0--0 spacing of 1970 (340-Mo/Si) or 1890 cm-1 ([K] [340-Mo/Si]), assigned 
to v(CC). 

Similar studies of the vibrational modes of Mz(C~CR)4(PMe3)4 (M ----- Mo, W; 
R = H, Me, Bu t, SiMe3) have been made in conjunction with X-ray structural data, 
which are independent of R. 529 The three observed vibronic progressions origi- 
nate from v(MoMo), v(MoC), and k(MoCC) modes, which are strongly mixed. 
However, there is negligible mixing of the v(MoMo) and v(CC) modes, the latter 
being highly localized. These findings again substantiate the presence of zr(CC)- 
6(MM)-rr (CC) conjugation. 

E. Dimetalladiynes, M=--CC=--M 

These complexes, exemplified by (ButO)3W~CC~W(OBut)3, will be described 
in a later article. 53° 
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E Heteroatom Versions of Diyne Ligands 

1. C~CC-~N and RC-~CC-~N (R = H, CN) 

The cyanoethynyl ligand has been found in cis-Pt(C=--CCN)(CN)(PPh3)2, formed 
by photochemical rearrangement of Pt{02-C2(CN)2}(PPh3)2, TM and in Fe 
(C-~CCN)(CO)(L)Cp (L = CO, PPh3) 532 and Co(C--CCN){CH= CH(CN)}(L)Cp 
[L = PPh3, q2-C2(SiMe3)2].533 Reactions of Me3SnC=CCN with [NEt4]2[MC14] 
(M = Ni, Pd, Pt) give square planar [NEta]2[M(C~-CC-~N)4]; in the case of M = Pt, 
the C1/alkynyl exchange is catalyzed by PdCI2(PPh3)2. TM The IR spectra showed 
a decrease of ca 69 cm -1 in v(CN) compared with [M(CN)4] 2-, while v(C-----C) 
values of 2039-2047 cm -1 compare with 2062 cm -1 in HC~CC=N. These data, 
together with bond lengths in the Ni anion of Ni--C (1.856/~), C=C (1.203/~), 
C--C (1.373 A), and C--N (1.148 A), indicate that there is only a small con- 
tribution from the M = C = C = C = N  resonance form. The group electronegativity 
of C=CCN is estimated at X = 3.17, which indicates that it is one of the best 
re-accepter ligands in the alkynyl series. 535 

Cyanoethyne, HC~CC~N,  and dicyanoethyne, N~CC~CC=N,  are two 
highly activated alkynes which readily form r/2 complexes with tungsten (as a 
4-e donor), 536 cobalt, 537 rhodium and iridium, 538 or platinum (as a 2-e donor)539; 
the Ni2Cp2 adduct of C2(CN)2533 and the Co2(CO)6 adduct of Fe(C=CCN)(CO)2Cp 
have been reported. 532 Insertion reactions of these alkynes into M--H [M = Ta(02- 
C2R2)Cp2, 540 M'Cp2 (M '=  Mo, W), TM ReCp2, 54° Fe(CO)(L)Cp (L = CO, PPh3, 
l/2dppe) 542 and M--S bonds [M = W(CO)3Cp, 543 Fe(CO)zCp 53z] have been de- 
scribed. Cycloaddition of C2(CN)4 to give pentacyanobutadienyl complexes is 
known. 532 

2. lsocyano-AIkylidynes 

Isocyano-alkylidynes have been used as ligands for extended re-systems. In some 
complexes L2(OC)2C1W{=---CC6Ha(C~CC6Ha)nN~C}MLm (n = 0, 1 L2 = tmeda, 
dppe; M = Re, Pd, Pt), photo-induced electron transfer along the chain has been 
demonstrated (but not for aromatic-free systems). TM 

3. N ~ C C ~ N  

The high electronegativity of the cyano group (X = 3.32) will result in this ligand 
being an even stronger re-accepter than cyanoethyne with significantly different 
chemistry. Extensive comparisons of alkynyl and cyano complexes have been 
made. 2 

4. P '~CC~P 

Theoretical studies of 1,4-diphosphabutadiyne conclude that while the molecule 
is thermodynamically stable, with structure P=C- -C=P  ~ P - C = C - E  it has a 
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low kinetic stability and is likely to polymerize readily. 545 Possible stabilization 
by coordination to Cr(CO)5 suggests side-on coordination to be preferred over 
end-on, while double side-on coordination to two Cr(CO)5 or with one C=--P bond 
bridging a single C02(C0)6 moiety, offers even more stabilization. 

Xll 

POLYMER AND MATERIALS CHEMISTRY 

As surmized in a recent review article there are literally hundreds of polymeric 
systems featuring organometallic complexes within a conjugated organic back- 
bone. 38 Given recent reviews of these systems, here we shall restrict discussion to 
the various polymeric species and ceramic materials derived from diyne complexes 
and from coordination of metal fragments to polymers featuring C---CC=C repeat 
units. 

A. Materials from Diyne Complexes 

Thermolysis of Mo2(#-Me3SiC2C=CSiMe3)(CO)3Cp or {W2(CO)4Cp2}2 
(#-qz:#-~TZ-Me3SiCzCzSiMe3) gave black metallocarbide ceramic materials with 
some free metal and carbon. 546 The complex {Co2(CO)6}2(/.t-7?2:/z-r/2-Me3SiC2 
CzSiMe3) has been shown to be unstable in methanol solutions, affording a black 
insoluble electrically conducting polymer which precipitated over 24 h. 162 Micro- 
analytical data suggest that this material is a polyacetylene with most triple bonds 
being attached to Co2(C0)6 fragments. Pyrolysis of 90 (Section III) (800°C, 6 hr) 
gives powders containing well-formed carbon onions and multiwalled nanotubes. 
Most of the cobalt is deposited amorphously in discrete patches or in crystalline 
form inside the tubes and at the tips. 221 At lower temperatures 90 loses CO and is 
converted to graphitic material. 

B. Coordination of Metal Groups to Poly-yne-Containing Polymers 

The pyrolysis of several transition metal-containing organosilicon-diyne 
oligomers has been investigated as a method of preparing multiphase SiC-X or 
GeC-X ceramics. 547 Conventional methods, such as polycondensation of Li2C4 
with dichlorosilanes SiC12R: (Rz = Me2, MePh, Phz), were used to prepare the pre- 
cursor poly[(silylene)diynes], poly[(germylene)diynes] and their C02(CO)6 deriva- 
tives. Room-temperature reactions with C02(CO)8 gave --{SiRzC2[C02(CO)6] 
C = C } , - ,  in which up to three Si environments were observed, corresponding to 
the three combinations of C--=C triple bond coordination in the --(C----CC=C)SiRe 
(C----CC=C)-- sequence. In the case of the SiPh2 polymer the most hindered 
--{C~CC2[Co2(CO)6]SiR2C2[Co2(CO)6]C-~-C} - arrangement was not observed. 
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Similar polymers containing a single coordinated C=--C moiety in the repeat units of 
poly[(methylphenylgermylene)diyne] and poly[(2,5-diphenyl-l-silacyclopenta- 
diene- 1,1-diyl)diyne] were also prepared. 

Pyrolysis of the Co2(CO)6 derivatives of poly(diorganosilylene)diynes at tem- 
peratures up to ca 1400°C gave multiphase Si-M--C ceramics retaining most of 
the Si and Co. X-ray powder diffraction of the resulting ceramic material indi- 
cated the presence of Co2Si and graphitic carbon, rather than crystalline/~-SiC. 548 
TGA results suggest that at lower pyrolysis temperatures carbonyl groups are in- 
corporated into the carbon matrix. Compared with the pure poly(diorganosilylene)- 
diynes, the cobalt derivatives form ceramic phases at lower temperatures, 
indicating that the cobalt may act as a catalyst for this process. Thermolysis 
of poly { 1,1'-bis(diorganosilylethynyl)ferrocenes}, --{C=CSiRR'-Fc'-SiRR'C-- = 
C}n- (R, R-----Me, Ph; R = M e ,  R ' =  Ph) between 350 and 390°C results in a 
slow cross-linking of the C----C triple bonds. Pyrolysis at 400-800°C gave black 
ceramic powders containing all of the Si and Fe present in the precursors with 
both /%SIC and FexSiyCz phases being identified in the X-ray powder 
patterns. 548 

Both Mo(CO)n(cod) and Fez(CO)9 react with the coupling product from Li2C4 
and 1-chloro-2,5-dimethylsilacyclopentadiene to give oligomers containing 
Mo(CO)4 and Fe(CO)3 groups, respectively, although not all cyclopentadiene 
groups were complexed. 547 

Reactions of poly(phenylenediyne) with Pt(0-C2H4)(PPh3)2 gave toluene- 
soluble oligomers which on heating to 600°C gave Pt-doped glassy carbon in which 
0.1-1 atom-% metal is incorporated into an spZ-carbon framework as particles with 
average diameter ca 16/~. The materials are catalysts for electroreduction of H + 
in HC104 with activities similar to that of electroformed platinum microparticles 
(of ca 600 A diameter). 549 Mixing PtO2 with poly(1,3-phenylenebuta-1,3-diynyl) 
followed by thermal treatment (600°C) resulted in incorporation of platinum in 
oxidation states 0, II, and IV. 

Cobalt octacarbonyl reacts with polydiynes obtained by 6°Co y-irradiation to 
give metallated products in which 50% of the available alkyne moieties are co- 
ordinated. Reactions with {M(CO)2Cp}2 (M = Mo, W) also gave partly char- 
acterized polymeric metallated products, together with significant amounts of 
{M(CO)3Cp}2 .550 

Xlll 

PROGNOSIS 

The synthetic chemistry associated with the preparation of complexes containing 
diyne or diynyl ligands and their longer chain analogues is now well established. 
In many cases, metal cluster reagents react with systems containing multiple C--C 
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moieties to give products which are similar to the products obtained from reactions 
of simple mono-alkynes. Derivatives are known for virtually all metals and it is 
possible to design rational syntheses for many complexes by employing one or 
more of the reactions types described earlier. However, much of the chemistry 
associated with diynes beating electron-withdrawing groups such as CO2Me, CF3, 
and CN is conspicuously absent from the work reported to date. Metal-based 
reagents such as M(C~CC-----CR)(L) (M = Cu, Ag; L = phosphine) are yet to be 
fully exploited, although the alkyne chemistry of these species is rich in structural 
and chemical diversity. 

A major challenge for the future lies in the systematic syntheses of metal com- 
plexes designed with a view to performing specific functions which result from their 
molecular shapes and/or electronic structures. Poly-yne ligands provide a fairly 
rigid rod-like structure, which when coupled with the geometric control possible 
about metal centers provides great promise for the assembly of supramolecular 
species with preconceived and controlled shapes. In addition, the varying degrees 
of orbital mixing which occur with different metal centers suggest potential ap- 
plications to electronics. Their NLO and magnetic exchange properties remain to 
be fully explored, while the concept of molecular wires has been demonstrated. 
More work in these areas is required to determine how the combinations of fron- 
tier orbital overlap and electrostatic effects can be combined to transmit electronic 
information. Careful work aimed at constructing systems featuring symmetry and 
energetically well-matched, or deliberately mismatched, poly-yne and metal or- 
bitals is required. In addition, studies directed toward gaining an understanding of 
the diynyl ligand/semiconductor surface interface need to be addressed. 

The use of metal complexes of diynes as reagents in organic chemistry also 
promises many new developments, and the variety of alkyne-coupling reactions un- 
earthed in recent times points toward novel synthetic methodologies involving early 
transition metals for the preparation of diynes and related unsaturated systems. 
However, a great deal of work remains to be done in this area if these new reactions 
are to compete with the well-established copper- and palladium-based reactions. 415 
Investigations of the reactions of yne and ynyl ligands with nucleophilic and elec- 
trophilic reagents will no doubt continue to generate surprising products. 

Ligands comprised of heteroatomic CnYm chains are a natural extension of the 
work on ynyl and yne ligands and are intriguing synthetic targets. Computational 
studies of complexes with short-chain carbon--boron and carbon--phosphorus 
ligands have been performed, and suggest that synthesis of molecules containing 
these ligands is an achievable aim. Chemically, one possible synthon is R3P+C - 
CC~CB-R'3, one example of which, Ph2MePC--CC=CB(CH2Ph)3, is already 
known. 551 To our knowledge, reagents of this type have not yet been applied to 
transition metal chemistry. 

A further aspect of this chemistry is in relation to the preparation of extended 
carbon networks and related systems. Imaginative consideration of various as yet 
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unknown forms of carbon, both molecular and polymeric, has included the concept 
of metal complexes of Jr-systems which carry various di- and poly-ynyl fragments 
(Section XI), which may in turn be converted to two- and three-dimensional net- 
works and cages. 53'151 Indeed, as we write, carbon networks containing triangular 
motifs (so-called polytriangle-n-ynes) are suggested to have negative Poisson ra- 
tios, becoming wider when stretched and thinner when compressed. 552 

Finally, the study of gaseous species containing ligand-free metal-diynyl frag- 
ments, such as TiCCCCH 553 and FeCCCCH 554 is still in its infancy, and it will 
be interesting to see if these molecules inhabit circum- or interstellar space. The 
literature is expanding rapidly and we have no doubt that, while many advances 
have already been made toward all these goals, this area will reward with many 
surprises in the future. 

[9laneS3 
bdpp 
bma 
bpy 
bta 
btd 
c.v.e. 
cat 
cod 
Cp* 
Cp R 
CV 
dbp 
dbu 
dcype 
DFT 
dippe 
dippp 
drape 
dppe 
dppm 
EH MO 
ELF 
Fc 
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APPENDIX: ABBREVIATIONS 

1,4,7-Trithiacyclononane 
1,4-Bis(diphenylphosphino)buta- 1,3-diyne 
3,4-Bis(diphenylphosphino)maleic anhydride 
2,2'-Bipyridyl 
Benzotriazole 
2,1,3-Benzothiadiazole 
Cluster valence electrons 
Catecholate (C6H402-1,2 or 4,5-But2C6H202 - 1,2) 
1,5 -Cyclooctadiene 
0-CsMe5 
0-C5H4R 
Cyclic voltamogram/voltametry 
1,4-Bis(4-pyridyl)buta- 1,3-diyne 
1,8-Diazabicyclo[5.4.0]undec-7-ene 
1,2-Bis(dicyclohexylphosphino)ethane 
Density functional theory 
1,2-Bis(di-isopropylphosphino)ethane 
1,3-Bis(di-isopropylphosphino)propane 
1,2-Bis(dimethylphosphino)ethane 
1,2-Bis(diphenylphosphino)ethane 
Bis(diphenylphosphino)methane 
Extended Htickel molecular orbital 
Electron localization function 
Ferrocenyl 
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FcH* 
Fv 
GCE 
LDA 
Mc 
nap 
NLO 
OTf 
PES 
pin 
porph 
PP3 
ppn 
(Ru) 
[Ru] 
Rc 
SCE 
SOMO 
tacn 
tcne 
terpy 
tmeda 
tol 
Tp 
Tp' 
TpR,R' 

Decamethylferrocene, Fe(~-C5Mes)2 
Fulvalenyl, r/5:r/5-C5H4C5H4 
Glassy carbon electrode 
LiNPri2 
Metallocenyl 
Naphthyl 
Nonlinear optical 
Triflate, trifluoromethanesulfonate 
Photoelectron spectroscopy 
Pinacolinate 
Porphyrin dianion 
P(CH2CH2PPh2)3 
bis(triphenylphosphine)iminium cation, [N(PPh3)2] 
Ru(CO)2 
Ru(CO)3 
Ruthenocenyl 
Standard calomel electrode 
Singly occupied molecular orbital 
1,4,7-Triazacyclononane 
Tetracyanoethene 
2:2',6':6"-Terpyridyl 
N,N,N',N'-Tetramethyldiaminoethane 
p-Tolyl, C6H4Me-4 
Hydrotris(pyrazolyl)borate 
Hydrotris(3,5-dimethylpyrazolyl)borate 
Hydrotris(3-R-5-R'-pyrazolyl)borate 

XV 

ADDENDUM 

The following up-dates this review to mid-2001: the area is very active and 
it has not been possible to include more than a general indication of the con- 
tent of these later papers, which are generally arranged in the order of the above 
sections. 

I. Recent review topics include carbon-rich acetylenic materials as molecular 
scaffolding, 558 studies of luminescent di- and poly-ynyl-rhenium complexes 
containing Re(CO)3(bpy) groups 559 and Group 4 diynyl "tweezer" complexes in 
the context of other tweezer and related molecules. 56° 
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II.A. Treatment of Z-CH(OMe)=CHCHC--=CSi(OR)3 (R = Me, Pr 1, Bu t) with 
LiNPri2 affords LiC~=CC---~<2Si(OR)3, several reactions of which are reported. 561 

II.B. Syntheses of Cu(C~CC~CEt) {(ButC~-~-C)2TiCpSi2},562Mo(C~-~CC~-" 
CH)(CO)(dppe)(o-CsH4CO2Me), and its Co2(CO)6 complex. 563 Complexes 
Re{C-=CC~CAr2(OMe)}(NO)(PPh3)Cp* [CAr2(OMe) = 9-methoxyfluorenyl 
and 2,7-dibromo- and -dichloro- derivatives] have been made by lithiating Re(C= 
CC~CH)(NO)(PPh3)Cp* and reaction with the 9-fluorenones, en route to the cor- 
responding pentatetraenylidenes [Re(=C=C=C=C=CAr2)(NO)(PPh3)Cp*]+. 564 
Electrochemistry and spectroscopic properties of binuclear {Me3SiC~-CC~ 
C[Rh2(ap)a]}n (ap = 2-anilinopyridinate) complexes. 565 

II.C. The luminescent properties of Re{(C=C)3R}(CO)3(bpy-But2) (R = Ph, 
SiMe3) have been compared with those of analogous mono- and di-ynyl comp- 
lexes. 566 

III.B. While equimolar amounts of Pt(C-~CPh)2(dppf) and [Au(PPh3)]OTf 
react to give the enynyl complex Pt{r/3-PhCCC~CPh[Au(PPh3)]}(dppf), excess 
alkynylplatinum complex is converted to Pt(r/2-PhC2C~CPh)(dppf). The latter, 
which is also formed from the diyne and Pt07-C2H4)(dppf), reacts directly with 
[Au(PPh3)] + to give the enynyl complex. 567 

III.C. Addition of VCp2 to But(C~-C)4Bu t gives successively mono- and di- 
vanadium complexes, attached to the C 3-C 4 or to the C 1-C 2 and C 7-  C 8 fragments, 
respectively, indicating the movement of the VCp2 group along the carbon chain. 
X-ray structures of both complexes and the {VCp}2 complex of Ph(C~C)4Ph 
are given. 568 Several examples of Cr(CO)3(0-PhC----CC-~CR) (R = C6H4NO2-4, 
C6H4NMe2-4, Fc) have been prepared. 569 Reactions of RC=CC=CR (R = Me, Ph) 
with Ruz(/z-dppm)2(/z-CO)(CO)4 afford Ruz(/z-dppm)z(/z-RC2C~CR)(CO)4 .57° 
Oxidative coupling of the alkynyl groups in Co(C=CR)z{(PPhzCHz)3CMe} (R = 
Ph, Bu t, SiMe3) occurs with [FcH] + to give Co(02-RCzC~CR){(PPhzCH2)3 
CMe}. TM 

Treatment of C02(/z-RC2C=CH)(/z-dppm)(CO)4 (R = H, SiMe3) with RuC1 
(PPh3)zCp in the presence of NH4PF6 gives the vinylidene, which can be de- 
protonated in situ (NaOMe) to give deep green Co2{/z-RC2C=C[Ru(PPh3)zCp]} 
(#-dppm)(CO)4. Electrochemical, spectroscopic, and theoretical studies suggest 
that the HOMO contains significant contributions from RuC--=C and C2C02 orbitals 
and is deiocalized over the molecule, with accumulation of negative charge on the 
C2Co 2 center. 572 Syntheses and electrochemical studies of Co2(Me3SiC2C--=CSi 
Me3)(CO)6-n(L)n [L = PMe3 (n = 1,2), PMePh2 (n = 2), L2 = dppm, (PPh2)zNH 
(n = 2)]; the normally readily reducible C2Co 2 center becomes readily oxidizable 
when phosphine ligands replace CO. 573 Cationic Co2(C0)6 derivatives of various 
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1,3-diynes bearing N- or S-centers (X-ray structures of SMe2, 3-picoline, and neu- 
tral OH complexes) are described. 574 Reactions of the SMe2 dication with N-, P-, 
or S-nucleophiles proceed in high yield, the diyne salts being considered to be 
rigid masked electrophiles. 

IV.B. The reaction of Ru3(/z-dppm)(CO)lo with FcC--=CC--=CFc results in cou- 
pling of the diyne to give Ru3{/z3-FcCC(C--=CFc)CFcCC2Fc}(/z-dppm)(#-CO) 
(CO)5. 575 Enynyl complexes have been obtained from RC=CC=CR and Ru3 
(#-H)(#-dmpz)(CO)lo (R = Me). 576 Metalation of a phenyl ring of Ru3(/z-H)(/z- 
N=CPh2)(CO)Io occurs in reactions with RC--=CC=--CR (R = Me, CH2OPh, Ph) 
to give butatriene, enyne, allenyl, or allyl ligands, the latter two incorporating an 
N=CPh(C6H4) fragment. 577 Several Ru4 clusters containing di- or tri-hydroge- 
nated diyne ligands were obtained from Ru4(/z-H)4(CO)I2 and RC-----CC--=CR (R = 
Me, SiMe3, Ph). 578 

Open Os3 clusters containing #3-q4-diyne ligands have been obtained from 
Os3(CO)lo(NCMe)2 and RC-----CC--CR [R = 2-C4H38, 579 Fc58°]. The latter re- 
action also gives Os3(/z3-FcC2C=CFc)(/z-CO)(CO)9. Electronic communication 
between the Fc groups is decreased in the closed Os3 cluster, but increased in the 
open cluster. 

OS4(~-H)4(CO) 12 gives the enynyl cluster Os4(/z-H)3 {/z-r/2-(Z)-FcCCHC=CFc } 
(CO)11. 5sl Reactions of Os3(/z3-FcC2C~CFc)(/z-CO)(CO)9 with water afforded 
enynyl complexes Os3(/z3-r/3-FcC3CHFc)(#-OH)(CO)9 (E and Z isomers; open 
Os3 clusters) and Os3(#-H)(/z3-E-FcC3CHFc)(CO)9; AE values for the oxida- 
tions of the two Fc groups are larger than in the diyne complex. 582 Reaction of 
Me3SiC~CC----CSiMe3 with Os3(#-H)2(CO)lo gives Os3(/z-H){/z-CHC(SiMe3) 
C--CSiMe3)(CO)10 via a hydride shift and 1,2-migration of an SiMe3 group. 
An excess of the diyne affords Os3(#3-r/2-Me3SiC2C~CSiMe3)(#-CO)(CO)9. The 
mono-proto-desilylated complex reacts with C02(CO)8 to give known Os3{#3-r12- 
Me3SiC2C2H[Co2(CO)6]}(/z-CO)(CO)9 together with Os3(/z-H){/z3-C2C2SiMe3 
[C02(CO)6]}(CO)9 .583 Reactions of Os3(/z3-FcC2C~-~CFc)(CO)I 0 with Pt(cod)2 
give Os3Pt(#4-FcC2C2Fc)(CO)9(cod) (butterfly, Pt in wing-tip) and Os3Pt2(/zs- 
FcC2C2Fc)(CO)lo(cod) (bow-tie, Pt knot). 584 

IV.C. Tail-to-tail coupling of alkynyl groups occurs with W(C--CPh)(CO)3Cp* 
and Fe3(#3-E)2(CO)9 (E = S, Se, Te) to give Fe3W2(#4CCPhCPhC)(/z3-E)2 
(CO)6Cp*2 .585 Butenynyl and butatrienyl complexes are formed by coupling 
HC~CAr on Ru3(#-H){/z3-NS(O)MePh}(CO)9, 586 while PtRu3(/z4-PhCCCCH 
But)(/zn-Te)(/z-TePri)(co)6(dppe) is obtained from PtRu3(/z-H)(#4-C2But)(co)9 
(dppe) and PhC~fTePr i .  587 
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V.B. Reactions of W(C~-CC=CH)(CO)3Cp with Ru3(CO)lo(NCMe)2 or Ru3 
(/z-dppm)(CO)lo have given the expected 72-diyne and hydrido-diynyl complexes. 
Ru3(/z-H){/z3-C2C~C[W(CO)3Cp]}(CO)9 reacts with Fe2(CO)9 or Ru3(CO)12 
to give complexes containing C4 ligands bridging Ru2M and M2W (M = 
disordered Fe/Ru or Ru, respectively) clusters. With C02(CO)8, migration of 
hydride from the cluster to the C4 unit gives the #3:#3-ethynylvinylidene derivative 
containing CoRuW and RuM2 (M = disordered Co/Ru) clusters. 58s 

VI.B. The X-ray structure of Ti(02-PhCzC--=CPh)(ttp) [ttp = tetra(4-tolyl)por- 
phyrin] is reported. 589 Variable temperature NMR studies of {TiCp2}e(/X-72:72- 
ButCzC2SiMe3) revealed dynamic behavior that probably involves central C--C 
bond cleavage to form two /z-C=CR ligands which allow exchange of metal 
centers on the diyne (AG # 63 kJ mol-1). This process is related to the C--C single 
bond metathesis reactions. 59° PhC-----CC----CPh reacts with Zr(C6H4)Cp2 to give 
zirconacyclocumulene Zr(PhC=C=C=CPhC6H4)Cp2.591 

The reaction of TiC12Cp*2 with Mg and But(C=C)3Bu t gives the symmetri- 
cal complex Ti(72-ButC~CC2C~-CBut)Cp*2 (X-ray) while, in contrast, ZrClzCp*2 
gives Zr(74-ButC4C~CBu t) Cp*2 (X-ray). 592 The variable temperature NMR spec- 
tra of the zirconium complex indicate that the ZrCp*2 group slides along the 
poly-yne chain, probably via a n  72 bonded intermediate. Thermolysis of 
Ti (72-Me3SiCzC--=CSiMe3)(7-CsMe4R)2 (R = CHzPh, Ph, C6H4F-4) gives prod- 
ucts formed by double activation and reaction of C--H bonds; in the presence of 
ButC~CC-----CBu t, further coupling occurs to give "doubly tucked-in" compounds. 
Reactions with HC1 afford TiC12CpR2 (CpR= the modified 75 ligands). 593 Cou- 
pling of ~r-C=--CR ligands on ZrCp2 centers to give methylenecyclopropenes is 
induced by B(C6F5)3 .594 

VII.C. Enynyl RuCI{C(C--=CSiMe3)=CHSiMe3}(CO)(PPh3)2, obtained from 
Me3SiC=CC=CSiMe3 and RuHCI(CO)(PPh3)2, is converted to RuCI{C(C--= 
CSiMe3)=CHSiMe3}(CO)(PPh3)(dppe) with dppe; with HC=CC--=CH, binuclear 
{RuCI(CO)(PPh3)2(L)}2(/t-CH=CHCH=CH) (L = - ,  NH3, PEt3, PPh3) were 
obtained. 595 The reaction of PhC~CC-----CPh with RuH(S2CNEt2)(CO)(PPh3)2 
gives Ru{C(C~CPh)=CHPh} (S2CNEt2)(CO)(PPh3)2 .596 

VILE NiX2(PPh3)2 (X = C1, Br) catalyzes the synthesis of C6Ets(C~CEt) from 
EtC=CC--=CEt and Zr(C4Et4)Cp2597 and the cyclo-addition of C2Et2, EtCN, and 
PhC=--CC----CPh to give 2,3,4-Et3-5-PhC--=C-6-Ph-pyridine. 598 RuCl(cod)Cp* cat- 
alyzes the reaction of Me3SiC=CC~CSiMe3 with SiMe3CHN2 to give alkynyl- 
diene CH(SiMe3)=C(SiMe3)C(C=CSiMe3)=CHSiMe3. 599 

VIII. Symmetrization of terminal alkynes to the corresponding diynes (43- 
67% yield) occurs in reactions with TiC14/NEt3. 600 Reactions of Ti(C~CR)2CpSi 2 
(R ----- Fc, SiMe3, Ph, or mixed Ph/SiMe3) with MC12 (M ----- Pd, Pt, Cu) or AuC13 
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gives TiCl2CpSi2 and RC--CC------CR. 6m Oxidation of  Cp2Zr-alkenyl/alkynyl com- 
plexes with VOCI(OPri)2 gives the corresponding diynes. 6°2 1,3-Diynes are side 
products in reactions of  PhC------CX (X = CI, I) with Pd(PPh3)4 .603 

IX.A. Conventional coupling and desilylation reactions of Co{~/-C4(C--=CH)2- 
(C-----CSiPri3)2}Cp have given large concave organometallic hydrocarbons con- 
taining the Co{ r/-Ca(C~C-)4}Cp core. 604 Similar precursors have been converted 
to dehydrobenzannulenes containing Co{0-C4(SiR3)2}Cp and related groups. 6°5 
Syntheses of  various poly-ferrocenyl cumulenes involve the corresponding 
diynes, such as Fc2C(OMe)(CH2)nC-----CC--CCH2CFc2(OMe) (n = 0, 1), Fc2C= 
CHC----CC--CCH------CFc2, Fc2C+C~CC~CCH=CFc2  .6°6 

IX.C. The spectra and electrochemistry of molecular rectangles containing 
Ph2C----CC------CPPh2 and RuCl(tpy) groups have been described. 6°7 

IX.D. Several one-, two- and three-dimensional polymeric complexes derived 
from (py)C=CC----C(py) (py = 2- or 4-CsHaN) containing copper(I) or silver(I) 
have been prepared, but involve only N-coordination. 6°8 Syntheses and elec- 
trochemical properties of  butadiynyMinked metallo-phthalocyanines, including 
heterodimetallic complexes containing push-pull substituents, and molecular 
diyads containing homo- or hetero-metallic phthalocyanines (Zn or Zn/Co); also a 
square nickel porphyrin tetramer linked by diyndiyl edges. 6°9' 610 A cyclic dimer of  
a zinc porphyrin with substituted phenoxymethyldiynyl edges forms an inclusion 
complex with C60 .611 The preparation of  t r ans - { ( E t 3P) zPhPt }2{# -C~CSC- -CC- - - -  
CSC--=C) is reported. 612 
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I

INTRODUCTION

While small carbon molecules have been found in locations as diverse as
interstellar molecular clouds, carbon stars, hydrocarbon flames and laser-
ablated carbon, bulk quantities are much less easily produced and have
therefore been little studied. However, as with many organic intermediates,
stabilization of these reactive molecules by coordination to metal centers can
be achieved and is the subject of this review. The preparation of systems
containing metal centers linked by carbon-atom chains is both a synthetic
challenge (in spite of the first such being obtained over 45 years ago) and of
considerable current relevance.

In the solid state, three allotropes of carbon (diamond, graphite, and
fullerene; Fig. 1) are well-established. Synthetic approaches to other carbon
allotropes, including poly-ynes, cyclo[n]carbons and other carbon networks
have been surveyed.1 The chemistry of fullerenes, the so-called ‘‘third form’’
of carbon, and of the closely related carbon nanotubes, has been extensively
detailed.2–4 The molecule C20 may be the smallest fullerene, although other
structures have been suggested (Fig. 2).5 It is highly reactive and has been
produced in only miniscule amounts in a mass spectrometer from a highly
brominated dodecahedrane.

In the free state, carbon molecules containing less than 60 carbon
atoms are generally unstable, although many smaller ones have been
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detected in comets,6 interstellar molecular clouds,7 and in the atmospheres
of carbon stars.8 Other sources include ion-molecule reactions under high
vacuum conditions where subsequent reactions are precluded.9 The
preparation, structure, and chemistry of carbon molecules or clusters Cn

(n¼ 1–20) have been reviewed;10,11 hybrid molecules, such as cyclic
poly-ynes and related molecules, have also been considered.12 It has been
suggested that chains of C(sp) atoms may form a ‘‘fourth stable allotrope of
carbon’’, also known as ‘‘carbyne’’ or ‘‘chaoite’’.13,14 Approaches to this
material have been described, bulk quantities of Cn (n up to 28) with bulky
organic groups having been made and CF3-capped species with up to 300
carbon atoms have been observed in the gas phase.15–20 Closely related are
the dicyanopoly-ynes, obtained by vaporization of graphite in the presence
of cyanogen.21

In addition to discussions of unnatural carbon allotropes constructed
from C(sp2) and C(sp3) atoms,22–24 several imaginative approaches to the
construction of molecular ‘‘carbon scaffolds’’ and other novel molecular

FIG. 1. Atomic arrangements in (a) diamond, (b) graphite, and (c) fullerene (C60).

FIG. 2. Possible structures of C20.
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architectures have involved acetylenic carbons.25–27 Some examples built
from sp, sp2, and sp3 carbon atoms are shown in Fig. 3. Novel stable
molecular scale materials with attractive and specialized properties, such as
electrical and non-linear optical properties, result from the presence of two-
dimensional p electron systems.28,29 Monodisperse p-conjugated oligomers
can now be made with multi-nanometer dimensions.30 Combination of
benzene and alkyne units gives ‘‘graphdiyne’’;31 several other systems have
been proposed (Fig. 4).

This chapter surveys the rapidly burgeoning field comprising the
chemistry of transition metal complexes containing ligands which are made
up only of carbon atoms within their coordination spheres. Interest in this
area is related to the search for new materials, of which molecular scale
electron (or hole) conductors (‘‘wires’’) form but one group. Possible
stabilization of one-dimensional carbon (carbyne) by addition of metal
fragments has been noted.1,25,32 The role of transition metal complexes in
building up the molecular topologies related to those described above [see
a proposed Fe(CO)3 derivative in Fig. 5] together with the well-known

FIG. 3. Extended carbon networks containing diyne fragments linked by (a) sp3 carbons,
(b) sp2 carbons, and (c) [3]-radialenes.

FIG. 4. Carbon networks: (a) graphyne, (b) graphdiyne.
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propensity of transition metal centers to stabilize reactive molecules and
intermediates allows the preparation of complexes containing Cn ligands as
stable entities with a chemistry of their own.33 This is the chemistry
described below. However, whether one describes the compound
{(Me3P)2ClPd}C!CC!C{PtCl(PMe3)2} as containing a complexed C4

molecule, or as a diyndiyl complex, is a matter of personal choice. Aspects
of this and related chemistry have been reviewed elsewhere30,34,35

but this account is intended to be comprehensive to the end of 2002. Our
recent article on the chemistry of 1,3-diynes and related species is also
relevant.36

In order to limit this account to a reasonable length, we have decided
to cover metal complexes which contain linear or cyclic ligands of
composition Cn (n<60). We shall also survey metal cluster complexes
containing all-carbon molecules containing two or more carbon atoms; the
chemistry of mono-carbido clusters is too extensive to be included here
and has been reviewed.37–40 There have been several recent reviews of
metal complexes containing fullerenes of various sizes;41–44 the largest to
date is C84 in Ir(C84)Cl(CO)(PPh3)2,

45 while multiple addition of Pt(PR3)2
(R¼Et, Ph) units to several fullerenes has also been reported.46,47 We shall
not cover these here, nor shall we discuss the endo-metallofullerenes.48,49

Similarly, we shall not include any molecules which have been produced
in the gas-phase, but have not been isolated or structurally characterized in
the solid-state. These include ‘‘simple’’ metal carbides, such as Ta4C4,

50 the
metallacarbohedrenes, M8(C2)6 (M¼Ti, Zr, Hf, V, Nb, etc.) (Fig. 6),51–56

and M14C13.
54,57 The presence of C–C bonds in the former has

been confirmed by gas-phase IR spectroscopy.58 Finally, transition
metal carbides, although having been shown structurally to contain Cn

species of various sizes, will not be included.59,60 In this regard, however,

FIG. 5. An extended carbon network stabilized by Fe(CO)3 groups coordinated to
cyclobutadiene fragments.
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the reader may be interested to consult the recent articles by King,61,62 in
which he rationalizes various observed structures in terms of well-known
organometallic fragments.

Our treatment will cover firstly mononuclear complexes (the term
mononuclear refers to the end-capping metal groups, not to the complex as
a whole) containing linear Cn ligands, in order of increasing carbon content
of the ligand. Following will be a short section (reflecting only the paucity of
current results) devoted to complexes of cyclic all-carbon ligands, such as
[C3{Fe(CO)2Cp}3]

þ . Complexes containing Cn ligands associated with
binuclear metal–metal bonded systems are followed by an account of metal
cluster complexes containing Cn ligands. This section also includes hybrid
complexes where a cluster supports a Cn ligand also attached to a
mononuclear metal–ligand fragment. The survey will be broadly based on a
Group-by-Group approach and will include salient details of synthesis,
properties, chemistry and electronic structure. Where appropriate, data for
individual complexes are tabulated.

A. Possible Chemical Sources of Cn Molecules

Although smaller, short-lived and highly reactive Cn molecules have
usually been prepared using plasmas and studied in matrices or in the gas
phase, there have been several reports of molecular species which have been
designed as possible precursors for Cn molecules under conventional
laboratory conditions. Thus, pyrolysis of 5-diazotetrazole in the presence of
an appropriate substrate has been used as a source of atomic carbon.63–65

The reaction of C3O2 with WCl2(PMePh2)4 gives WCl2(CO)(PMePh2)2
(Z2-OC2PMePh2) which loses CO at r.t. affording the phosphinocarbyne
WCl2(CO)(PMePh2)2(CPMePh2).

66 The CPPh3 analogue is obtained
directly from WCl2(PMePh2)4 and O¼C¼C¼PPh3.

Thermolysis of [IPh(C#CH)]OTf in the presence of substrate affords
products resulting from formal addition of C2;

67 related iodonium cations

FIG. 6. Proposed structure for metallacarbohedrenes, M8(C2)6.
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[PhI(C!C)nIPh]
2þ (n¼ 1, 2) are also known.68 Dehydrochlorination of

Diels–Alder adducts of 2-chloro-1,4-benzodithiin-S,S0-tetroxide, followed
by addition of a second molecule of diene and desulfonylation, gives
compounds expected from the addition of C2 to the dienes.69 Both of
these compounds can be considered to be C2 synthons. Complexes of the
carbonyl ylid Ph3P

þC!C$ have been made from Ph3P¼C¼PPh3, e.g.,
MnBr(CO)4(CCPPh3),

70 [Ru(CCPMeR2)(PPh3)2Cp*]
þ ,71 and are consid-

ered to be donor/acceptor-stabilized forms of C2.
Stabilization of even Cn molecules by simultaneous coordination of

electron-rich phosphine and electron-deficient borane groups has been used
in the case of R3B–Cn–PR

0
3 (n¼ 2,72 473), whereas for odd n, stabilization

requires two donor groups at the ends of the Cn chain, as in R3P–Cn–PR3

(n¼ 1,74 373). Evidence for the formation of the analogous diylid,
Ph3P¼C¼C¼PPh3, in the reaction of E-[Ph3PCH¼CH(PPh3)](OTf )2 with
LiBu has been given.75 The use of these species as sources of Cn ligands in
transition metal chemistry is in its infancy.

II

COMPLEXES CONTAINING Cn CHAINS

The contemporary challenge of preparing carbon allotropes containing
‘‘infinite’’ one-dimensional arrays of C(sp) atoms has been approached by
extensions of poly-yne chemistry to end-groups which stabilize, solubilize,
and provide other desirable properties for characterization, as way-points.
The presence of poly-yne chains promotes strong electronic communication
between the end-groups in rigid-rod structures.76,77 Several reviews and
highlights which address the importance of these complexes have
appeared.34,78,79 The function of carbon chains as ‘‘molecular wires’’ has
been considered on several occasions80–82 and potential applications in
areas as diverse as electronics, optical technology, electrochemistry and
the synthesis of highly unsaturated compounds have been remarked
upon. Rigid-rod compounds containing these and related groups, such as
{(MLx)–Cm–Y–Cn–(M

0L0
y)} (Y¼C6H4, C6H4C6H4, C5H2S, etc.), are

expected to show liquid crystalline and NLO properties83–86 and can also
act as monomers for carbon-rich polymers. However, the effects of other
spacers within the chain, such as C6H4, thien-2,5-diyl, etc., will not be
discussed below.

Metal-capped carbon chains can exist in several forms (A–D; Chart 1),
with uneven-numbered chains only as cumulenic or alkynyl-carbynic
tautomers and to date, up to 20 carbon atoms have been used to join two
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metal centers. Major synthetic routes involve:

(a) oxidative coupling of terminal poly-ynes (Glaser-Eglinton [Cu(OAc)2/
hot pyridine], Hay [CuCl, tmeda/O2, r.t.]).

87 It is remarkable that for
such reactive organometallic species, the M–C(sp) bond is not cleaved
in these reactions. In general, oxidative coupling affords carbon chains
capped at each end by MLn fragments;

(b) lithiation and condensation with appropriate halides;
(c) copper-catalyzed coupling of halo- (bromo-) alkynes (Cadiot–

Chodkiewicz);
(d) radical dimerization, with prior or subsequent deprotonation.

Routes to complexes containing longer carbon chains linking two metal
centers have used either a combination of the approaches discussed above
(for even-numbered chains) or methods dependent on a single reactive
metal-bonded carbon center. The synthetic methods employed depend
heavily on the nature of the metal fragment. Thus while Re(C!CC!CH)
(NO)(PPh3)Cp* and Fe(C!CC!CH)(dppe)Cp* are sufficiently robust to
be coupled to give the bis(metallated) tetrayndiyls using the Glaser
conditions, the carbonyl complexes M(C!CC!CH)(CO)3Cp (M¼Mo, W)
and Fe(C!CC!CH)(CO)2Cp are more successfully coupled using the
milder Hay conditions. The Glaser coupling has also been applied with
success in the preparation of bimetallic complexes with metal centers
spanned by longer poly-yne chains.

Descriptions of the major features of the spectroscopy, molecular and
electronic structures, and the electrochemistry of the resulting complexes are
given in Section IV below. Key electronic properties (including electronic
communication between the metal centers) and changes in bond order along
the Cn chain as oxidation proceeds can be studied by IR, NIR and UV/vis
spectroscopy, and electrochemical methods. Intra-molecular electron
transfer processes have been studied in many Cn systems with a variety of
end-caps [a,o-CN, Me, But, Ph, SiR3; organometallic, MLx (L¼N-donor
ligand: bpy, tpy, porph); mixed organic/metal, e.g., MLx/NMe2].

30

CHART 1
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As summarized by Lapinte,88 the role of the carbon chain can be
perceived as providing rigidity to the molecular backbone and it
allows the whole molecule to acquire properties not found in the
individual constituents. Electronically, this arises by mixing of carbon
orbitals with the metal orbitals, favored by the large degree of covalency of
the Cn system. Attachment of different groups to each end results in
polarization of the Cn system, which may be reversed by suitable redox
processes, possibly allowing construction of a molecular switch. A
discussion of the use of two metal centers linked by an unsaturated spacer
(Cn) for synthesis of molecular wires concludes that the terminal metal–
ligand fragments play a crucial role in determining the degree of
electronic communication along the wire. Particularly, the authors’ work
with derivatives containing the Fe(dppe)Cp* fragment has been high-
lighted.89

Introduction of two or more terminal diyne units, either at a metal center
or, for example, on an Z-ring-metal complex, gives the possibility of
generating metal-based polymers. In the case of alkynes, many examples of
polymers have been described, but studies of similar systems derived from
di- or poly-ynes are in their infancy.90 Two- and three-dimensional polymers
can be constructed in similar fashion, extension leading (conceptually, at
least) to the formation of novel carbon allotropes.

A recent development has been the characterization of discrete complexes
containing carbyne anions (see below) and the metallated derivatives (with
Li, for example) of Cn chains. Lithiation of {LxM}(C!C)mH has given
derivatives which are useful intermediates en route to bicapped carbon
chains, although at present their structures remain unknown. By analogy
with the carbyne anions, the characterization of species containing anionic
naked carbon chains may be anticipated.

A. Monocarbon Ligands

1. Mononuclear C1 Complexes

Perhaps the most unusual complexes here are the anionic species
containing one-coordinate carbon. Successive reactions of Mo{NBut(Ar)}3
(Ar¼C6H3Me2-3,5) with CO to give 1 (Scheme 1), reduction and acylation
with pivaloyl chloride is followed by cleavage of the acyl group with Na
and protonation with MeCN to give 2, also formed in low yield from
Mo{NBut(Ar)}3 and CH2Cl2.

91 Deprotonation of 2 with LiBut or KCH2Ph
gives tan 3/Li (assumed to be a dimer) (d 470.1) and crystallographically
characterized 3/K. An alternative route which affords gram quantities of
3/K has been developed, whereby the reaction of 7-chloronorbornadiene
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with a mixture of Mo{NBut(Ar)}3 and Ti{NBut(Ar)}3 resulted in loss of
chlorine and benzene to give 2 (70%).92 Addition of KCH2Ph afforded 3/K
(40%). The square M2C2 unit is cleaved by macrocyclic ethers to give the
ion-separated complex 4, which contains an exposed carbide ligand.93–95

The Mo!C bond length is 1.713(9) Å [cf. 1.68(3) in 3, 1.702(5) Å in HC!
Mo(NR2)3].

The carbide resonance of 4 is found between d ca. 474 and 501 (Table I),
which may be compared with d 288 for 1. The t1 for the carbon atom is
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0.14 s. Solvation occurs in thf as shown by 13C resonances for 3/K (d 489) and
4 [L¼ (thf )n] (d 501), the former being favored at low temperatures [Keq

22.5M"1, !H 13.3 kJmol"1, !S "23 Jmol"1K"1]. While no C–Mo
coupling is seen in solution, 13C CP/MAS spectra of solid 13C-enriched 4
give J(CMo) 60(5) Hz and the Mo nuclear quadrupole coupling constant
of ca. "2.9 MHz.

The NMR parameters indicate that the carbon 2s2 pair is largely localized
on the carbon atom, giving the largest 13C chemical shift tensors so far
found. Significant deshielding occurs in 3/K. The electronic structure
involves a high-lying HOMO with s symmetry and a low-lying LUMO
which has largely Mo–Cp* character. DFT calculations carried out on
[CMo(NH2)3]

" and HCMo(NH2)3 show the charge distribution to be
"0.5334 and "0.2379 (on C), and 0.3628 and 0.5992 (on Mo), respectively.
The added negative charge in the anion leads to an increase in overlap
population from 0.4462 in 2 to 0.5795 in 4, interpreted as the formal C4"

anion being a stronger donor than HC3", leading to a greater bond order
for the C–Mo bond in 4.95

Very fast degenerate proton transfer occurs between 4 and 2 [k¼ 7# 106

(20$), 4# 105 ("60$), 1# 105 M"1 s"1 ("90$), Ea 17 kJ mol"1]. The anion
in 4 is sufficiently basic to deprotonate MeCN and HC%CPh, while only
partial conversion of 2 to the anion is achieved with KCPh3. Accordingly,
the pKa of 2 is estimated to be ca. 30.7. The strong nucleophilic properties
and synthetic utility of 3 are shown in its reactions with PCl2X (X¼Cl, Ph),
the chalcogens and SC2H4 (Scheme 2). The products all contain a sterically
undemanding substituent on the carbon and unusual chemistry is foreseen.95

Reduction of 5 with Na/Hg affords the phospha-isocyanide complex as ion-
pair 6, while a neutral diamagnetic dimer was obtained from the reaction
between 5 and 6.92

Deprotonation (LiBu, LiBut, LDA) of the methylidyne complex
Tp0(OC)2W%CH (7; Scheme 3) affords orange Tp0(OC)2W%CLi (8) which
was not isolated but could be characterized by its broad 13C signal at
d 556.96 The n(CO) spectrum indicates the negative charge is mainly in the
carbon s orbital. The pKa of the methylidyne is estimated at 28.7 (vs.
2-benzylpyridine), it being less acidic than HC%CPh or HC%CBut (pKa

23.2, 25.5, both vs. NH2Cy). Nucleophilic properties of the carbide anion
are shown in reactions with electrophiles such as MeI, SiMe3(OTf ), I2, and
acyl compounds.

The optimized geometries (DFT/B3LYP) of FeC(CO)4 (Fig. 7) show
the trigonal pyramidal form with axial C is a minimum on the singlet
potential energy surface, while the equatorial isomer is a transition state.97

The Fe–C bond dissociation energy is calculated between 350 and 395 kJ
mol"1. The complex should behave as a nucleophile, with the
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TABLE I
COMPLEXES CONTAINING C1 LIGANDS, {LnM}–C–{M0L0

m}

MLn M0L0
m dC M–C M–C–M0 Notes Ref.

(a) Mononuclear
Mo{N[CMe(CD3)2]xy}3 – 1.713(9) – a 93
Mo{N[CMe(CD3)2]xy}3 – 482.8 – b 93
Mo{N[CMe(CD3)2]xy}3 – 494.5 – c 93
Mo{N[CMe(CD3)2]xy}3 – 474.2 – d 93
W(CO)2Tp

0 – 556 – e 96
RuCl2(PCy3)2 – 471.8 – 98
RuCl2(PCy3){I(mes)} – 479.64 1.650(2) – 98

(b) Binuclear
Nb(calix-O4) Nb(calix-O4) 268.9 1.966, 1.968(5) 92.0(2) f 99
(m-O)(m-Na)2
Nb(calix-O4) Nb(calix-O4) 1.925(4), 1.919(3) 173.9(2) f 99
(m-Na)3
Nb(calix-O4) Nb(calix-O4) 257 f 99
(m-Na)2
Mo(CO)2Tp* Fe(CO)2Cp 381 1.819(6) (Mo), 1.911(8) (Fe) 172.2(5) 101
W(O)(silox)2 WCl2(silox)2 379.14 (JCW 200, 187) g 100
W(Nxy)(silox)2 WCl2(silox)2 406.25 (JCW 194) 1.994(17), 1.769(17) 176.0(12) g 100
W(OBut)3 Ru(CO)2Cp 237.3 (JCW 290.1) 1.75(2) (W), 2.09(2) (Ru) 177(2) 103
Fe(oep) Fe(oep) 1.664 210
Fe(tpp) Fe(tpp) 1.675, 1.683(1) 180 109,114,117,210
Fe(tpp)(thf ) Fe(pc)(thf ) 1.71, 1.65(1) 179(1) 117
Fe(pc) Fe(pc) 113,114,117
Fe(thf )(pc) Fe(thf )(pc) 1.71, 1.64(2) 114,117
FeF(pc) FeF(pc) 1.687(4) 179.5(3) h 114,116

(Continued)
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TABLE I
Continued

MLn M0L0
m dC M–C M–C–M0 Notes Ref.

FeX(pc) FeX(pc) h 114,116
Fe(py)(pc) Fe(py)(pc) 1.69(2) 177.5(8) 113–115
Fe(4-Mepy)(pc) Fe(4-Mepy)(pc) 113
Fe(pip)(pc) Fe(pip)(pc) 113
Fe(Me-im)(pc) Fe(Me-im)(pc) 1.70(1) 178(1) 112,113
Fe(OCMe2)(pc) Fe(OCMe2)(pc) 113
Fe(tpp) Re(CO)4Re(CO)5 1.605(13) (Fe),

1.957(12) (Re)
173.3(9) 118

Ru(py)(pc) Ru(py)(pc) 1.77(2) 174.5(8) 115

Notes: a[K(benzo-15-crown-5)]þ salt; b[K(2,2,2-crypt)]þ salt; cDimer; dNa salt in solution, not isolated; eLi derivative; fcalix-O4¼ 4-But-
calix[4]arene; gsilox¼OSiBut3;

h[NBu4]
þ salts, X¼Cl, Br, NO3 (radical cations), CN, OCN, SCN.
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FIG. 7. Computed distances (Å) and C!Fe–CO angle (") for FeC(CO)4.
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carbide ligand being a strong p acceptor and even stronger s donor,
polarized towards the Fe atom. Stabilization by coordination to Lewis
acids such as BCl3 (strongly bonded) may give isolable compounds.

Elimination of dimethyl fumarate from intermediate 9, obtained
from reactions between Grubbs-type complexes RuCl2(¼CHPh)(PCy3)(L)
[L¼PCy3, I(mes)] and the substituted methylenecyclopropane CH2¼
CCH(CO2Me)CH(CO2Me), gives air- and moisture-stable Ru("C)
Cl2(PCy3)(L) (10) (Scheme 4).98 The I(mes) complex has a very short
Ru–C distance [1.650(2) Å]; in both, the carbido resonance is found at d
ca. 475. Complex 10 (L¼PCy3) is also obtained (70% yield) directly from 9
[L2¼ (PPh3)2] by addition of an excess of PCy3.

SCHEME 4

194 MICHAEL I. BRUCE AND PAUL J. LOW



2. Bi- and Poly-Nuclear C1 Complexes

The reductive cleavage of CO to carbide and oxide, then to carbide, has
been modeled on an Nb–O framework (Scheme 5).99 Reduction of a
calixarene–niobium complex 11 with CO affords oxyalkylidyne 12 in which
one Nb atom forms an Nb!C bond and the other engages in Z2-CO
bonding. Treatment with sodium resulted in reductive cleavage to 13 and
deoxygenation to paramagnetic 14; oxidation ([FcH]þ ) gives 15. The
interactions shown result from electrophilic attack of Naþ on the electron-
rich carbide ligand.

Dissociation of CO about a W!W triple bond is found in the reaction of
(silox)2ClW!WCl(silox)2 (16, Scheme 6; silox¼OSiBut3) which affords
initially 17. On heating (120 $C, 4 h) in toluene, (silox)2(O)W¼
C¼WCl2(silox)2 (18) is formed.100 A similar reaction of 16 with xylyl
isocyanide gave W2Cl2(silox)4(CNxy), which in less than 1 h at 80 $C gave
the imido analogue (silox)2(Nxy)W¼C¼WCl2(silox)2 (19). The carbide

SCHEME 5
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resonances in 18 and 19 are at d 379.14 [J(CW) 200, 187 Hz] and 406.25
[J(CW) 194 Hz], respectively. The latter contains two W–C distances [1.769,
1.994(17) Å], with W–C–W 176.0(12)!, consistent with the W"C–W
formulation. Treatment of either with acid (HCl) affords methane.

The chlorocarbyne–molybdenum complex Mo("CCl)(CO)2Tp* reacts
with [Fe(CO)2Cp]

# to give Tp*(OC)2Mo"C–Fe(CO)2Cp (20; Scheme 7),
for which the carbide resonance is found at d 381. Structural data are
consistent with the Mo"C–Fe formulation.101 Protonation (HBF4) affords
the m-CH complex, in which the proton is agostic, adopting a position
bridging the C and Mo atoms [dC 344, J(CH) 72 Hz]. Photolytic substitution
of both CO ligands on iron by PMe3 or CNBut is found, while insertion of
CS2 into the Fe–C bond gives Tp*(OC)2Mo"CCS2Fe(CO)Cp. Related
heterometallic carbides obtained from M("CX)(CO)2Tp* (M¼Mo, W;
X¼ Cl, Br) have been described briefly and include complexes with M"C–
M0 bonds (21, M0 ¼Ni, Pd, Pt).102

Metathesis of W("CEt)(OBut)3 or W2(OBut)6 with Ru(C"CMe)(CO)2
Cp0 (Cp0 ¼Cp, CpMe) occurs readily at r.t. with elimination of MeC"CEt to
give (ButO)3W"C–Ru(CO)2Cp

0 (22; Scheme 8); the analgous iron deri-
vative could not be prepared in this way.103–105 The carbide resonance is at d
237.3 [J(CW) 290.1], while the W"C and Ru–C distances are 1.75(2) and
2.09(2) Å, respectively. The W"C–Ru fragment is essentially linear [177(2)!].
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Complex 10 behaves as a s-donor in the complexes (PCy3)2Cl2Ru!C–
MLn [23; MLn¼Mo(CO)5 (not isolated), trans-PdCl2(SMe2)] (Scheme 4),106

as predicted for Fe(!C)(CO)4 (above). The m-C ligands resonate between
d 381.2 and 446.3, respectively, and structural data are consistent with the
Ru!C–M formulation.

SCHEME 7
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The earliest example of a m-carbido complex, {Fe(tpp)}2C (24), was
obtained by reactions of Fe(tpp) (tpp¼ tetraphenylporphin) with CI4,
CCl3SiMe3, CH2Cl2 and LiBu, or by reaction with Fe(CBr2)(tpp).

107,108 The
X-ray structure of 24 reveals a single carbon atom bridging the two Fe(tpp)
moieties with Fe–C 1.675(1) Å and a linear Fe–C–Fe unit, i.e., it has an
Fe¼C¼Fe structure.109 Theoretical calculations (EH MO) confirm that
there is strong Fe–C p bonding in {Fe(tpp)}2C.

110 The Mössbauer spectrum,
measured at 131 K, with an isomer shift of 0.10 mm s"1 and quadrupole
splitting of 1.88 mm s"1, is similar to that of the analogous m-N complex.111

Similarly, reaction of Fe(pc) (pc¼ phthalocyaninato) with CI4 in
1-chloronaphthalene, in the presence of sodium dithionite, gives
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{(pc)Fe}¼C¼{Fe(pc)} (25); addition of 1-methylimidazole affords {(pc)(Me-
im)Fe}¼C¼{Fe(Me-im)(pc)} (26).112 A band at ca. 990 cm"1 is assigned
to nas(FeCFe) in the parent carbide, which shifts to 940 cm"1 upon
coordination of the N-donor ligand. The 1-methylimidazole adduct has
Fe–C bonds of 1.70(1) Å and Fe–C–Fe of 178(1)#; the pc rings are staggered.
Other complexes containing acetone, pyridine, 4-methylpyridine, and
piperidine have been reported.113 Mössbauer data for these complexes are
consistent with their being Fe(IV) derivatives.113,114

Recent papers have described a series of related derivatives, including
crystal structure determinations, for {M(py)(pc)}2(m-C) (M¼Fe, Ru),115

[NBu4]2[{FeX(pc)}2(m-C)] (X¼F, Cl, Br),116 and {(pc)Fe}¼C¼{Fe(tpp)},
{Fe(tpp)}2(m-C) and their thf adducts.117 Synthetic methods include direct
addition of the Lewis base (N-ligand, halide) to the parent carbide complex,
and reaction of [Fe(pc)]2" with Fe(CCl2)(tpp).

Heterometallic carbide complexes have been obtained from
Fe(CCl2)(tpp) and carbonylmetal anions. Thus, with [Re(CO)5]

", (tpp)Fe¼
C¼Re(CO)4Re(CO)5 (27) was formed, with Fe–C and Re–C distances
of 1.605(13) and 1.957(12) Å, respectively, and Fe–C–Re 172.8(4)#.
The carbene resonance is at d 211.7. The tpp ligand is unusually dis-
torted from planarity.118 Briefly mentioned are (tpp)Fe¼C¼Cr(CO)5 and
(tpp)Fe¼C¼Fe(CO)4, obtained similarly using [Cr(CO)5]

2" and
[Fe(CO)4]

2", respectively.102

An early report described (tpp)Sn{C[Re(CO)3]}2 from SnCl2(tpp) and
Re2(CO)10, together with a crystal structure119 but calculations (EH MO)
suggest its reformulation as a m-O or m-CH2 complex.110,120

3. Tetrametallomethanes

Some tetra-metal-substituted methanes are known. While reactions of
C{B(OMe)2}4 with AuCl(PR3) have usually given the aurophilic carbide
clusters such as [C{Au(PPh3)}5]

þ or [C{Au(PPh3)}6]
2þ ,122,123 use of

sterically demanding phosphines afforded neutral C{Au(PR3)}4 (R¼Cy,
C6H4Me-2).124

Similarly, reactions of C{B(OMe)2}4 with Hg(OAc)2 afforded
C(HgOAc)4;

125 a series of tetra-mercuro-methanes, C(HgX)4 (X¼Cl, Br,
I, CN, SCN) has been obtained from reactions of C{Hg(OAc)}4 with halides
or pseudohalides.126 In turn, the acetoxy compounds derived from
‘‘Hofmann’s base’’, previously thought to contain a C2 unit, are now
believed to be a polymeric oxonium ion formed by condensation of
C{Hg(OH)}4. Treatment of this compound with acetic or trifluoroacetic
acids afforded C{Hg(O2R)}4 (R¼Me, CF3). Extensive spectroscopic studies
of these derivatives have been carried out.127–129 Further reactions with
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MeSH or H2S give C{Hg(SMe)}4 and {CHg4S2}n, respectively.
130 Several

of these compounds have been used as sources of heavy-atoms in X-ray
crystallography of macromolecules such as nucleic acids, membrane
proteins and ribosomes.131–133

4. Molecular Ti–Al Carbides

Reactions of TiMe2(N¼PR3)Cp
0 (28, Cp0 ¼Cp, R¼Pri, Ph, Cy; Cp0 ¼

ind, R¼Pri; Scheme 9) with AlMe3 afford clusters containing carbide ligands,
Cp0Ti(m-Me)(m-N¼PR3)(m4-C)(m-AlMe2)2(AlMe2) (29) (Table II).134,135

An excess of AlMe3 gives 30, containing a five-coordinate trigonal
bipyramidal carbide, which has been compared to that in [{Au(PPh3}5C]

þ

and other hypervalent carbon species. One Al atom in 29 is three-coordinate
and takes up Lewis bases, L, to give CpTi(m-Me)(m-N¼PPri3)(m4-C)
(AlMe2)2{AlMe2(L)} (31; L¼OEt2, thf, PMe3). The phenyl analogue of
29 was obtained from TiMe2(N¼PPh3)Cp and an excess of AlMe3 and
crystallographically identified [Ti–C 1.975(3) Å]. The carbide resonances of
the 13C-enriched compounds are found between d 298 and 313.

Related chemistry occurs in reactions of the thiolates Ti(SR)2(N¼
PPri3)Cp (32, R¼Ph, CH2Ph, Bu

t) with AlMe3 which result in the unusual
complete C–H bond activation of a Me group to give CpTi(m-SR)(m-
N¼PPri3)(m4-C)(AlMe2)2(SRAlMe) (33). The same compounds are formed
by addition of HSR to 29. The carbide is coordinated by Ti and three Al
atoms, with Ti–C distances of between 1.900(3) and 1.945(6) Å and severely
distorted tetrahedral geometry resulting from the presence of three fused
four-membered rings.136,137

B. Complexes Containing C2 Ligands

Consideration of the degree of metal substitution at the carbons of the C2

fragment and the separations of the two carbon atoms, has led to the
formulation of polymetallic species as ‘‘permetallated’’ ethyne (E), ethene
(F), or ethane (G) (Chart 2).35 Addition of metal fragments to the
unsaturated species E leads to sequential formation of F and G and
progressive saturation of the C#C triple bond. These ideas are broadly
consistent with the results of computational studies (Section IX.D).
Compounds of type E are described below, while the more highly metallated
species are discussed in Sections VII, VIII, and IX.

Although the ethynediide dianion, [C#C]2$, in the form of its Group 1
and 2 salts, is a useful if somewhat specialized reagent in organic
chemistry, transition metal complexes containing C2 ligands have been
sparsely studied until recently. Compounds such as MnC2 [M¼Group 11
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(n¼ 2) or 12 metal (n¼ 1)] have been known for many decades and,
although structural studies are limited, they are thought to be polymers
with extended frameworks. Detailed studies are often precluded by the
extreme tendency towards detonation with mechanical shock. Apart from
the complexes reviewed herein, transition metals are also found in
association with C2 units in solid-state ternary dicarbides together with
the electropositive lanthanides or actinides, e.g., DyCoC2 or ScCrC2,

62,138

and the lanthanide cluster species, such as Cs3[Tb10(C2)2]I21 and
Gd10(C2)2I16.

139,140 The C–C separations are longer than that found in
ethyne (1.205 Å), ranging from 1.32 to 1.47 Å and even to 1.60 Å in
ScCrC2 (above), leading to their interpretation as Cn"

2 (n¼ 4 or 6), i.e.,
deprotonated ethene or ethane.

Transition metal derivatives assume m-Z1 :Z1 bridging modes which are
assigned electronic structures H, I or J (Chart 3) on the basis of the central
C–C separation, which can be related to those in ethyne (1.21 Å), ethene
(1.34 Å), or ethane (1.53 Å), respectively.

TABLE II
SOME SPECTROSCOPIC AND STRUCTURAL DATA FOR MOLECULAR Ti–Al CARBIDES

Complex Cp0 R R0 L dC Ti–C/Å Ref.

29 Cp Cy – – – 1.891(6) 135
29 Cp Pri – – 304.7 1.874(4) 134,135
29 ind Pri – – 310.8 1.878(4) 135
30 Cp Ph – – 1.972(3) 134,135
30 Cp Pri – – 298.2 1.972(3) 134,135
31 Cp Pri – OEt2 312.8 – 134,135
31 Cp Pri – PMe3 309.1 1.887(5) 135
31 Cp Pri – thf 312.4 – 135
33 Cp Pri CH2Ph – – 1.900(3) 136,137
33 Cp Pri Ph – – 1.902(2) 137
33 Cp Pri But – – 1.945(6) 137

CHART 2
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Possible routes to C2 complexes include the following:

(a) reaction of alkali metal ethynyls or ethynyl Grignard reagents with
metal halides, alkyls, or triflates;

(b) reaction of anionic metal carbonyls with HC!CX or C2X2

(X¼ halide or triflate);
(c) oxidative addition of dihaloethynes, 1,3-diynes or alkynyliodonium

cations to metal substrates; this may be followed by substitution of
the second halogen;

(d) deprotonation of vinylidene complexes (from metal halides or alkyls
with alkyne complexes containing acidic protons) or m-Z1 :Z2-C!CH
complexes (in which the alkyne protons are rendered more acidic by
coordination);

(e) from metal alkyls and ethyne;
(f) by modification of another two-carbon ligand, e.g., by dehydro-

genation;
(g) by metathesis of carbyne-metal complexes with alkynyl-metal

complexes, or of complexes containing M!M triple bonds with
1,3-diynes.

However, the ethynediide dianion often reacts as a 2-e reducing agent rather
than giving any C2 complexes.141

The chemistry of haloalkynes with low-valent metal complexes has been
reviewed.142 Two competing reactions of anionic metal carbonyls
[M(CO)n]

# with halo-alkynes are (i) abstraction of Xþ to give MX(CO)n
and (ii) nucleophilic displacement of X# to give M(C!CX)(CO)n and
{M(CO)n}2(m-C!C). A recent study of reactions of haloalkynes with
[M(CO)3Cp

0]# (M¼Cr, Mo, W; Cp0 ¼Cp, Cp*)] has clarified the reaction
conditions, which are determined by the nucleophilicity of the anionic metal
carbonyl and the electron-withdrawing power of any substituent on the
C!C triple bond. Cross-coupling of the anion with a chloroalkyne is
catalyzed by palladium.143

1. Complexes Containing Isolated C2 Ligands

At the time of writing, there are no reported examples of complexes
containing C2 ligands attached to only one metal atom, although in
principle, it should be possible to access species such as [W(C!C)(CO)5]

2#,
using alkali metal cations surrounded by crown ethers. Deprotonation
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(with LiR) of ethynyl or vinylidene ligands gives lithiated derivatives which
are valuable synthons for C2 compounds, although their use has been
limited. As a result of the presence of the metal fragment, which is both
electropositive and a p-donor, the pKa of the acetylenic proton (ca. 22–34)
is more acidic than the Cp protons in ReMe(NO)(PPh3)Cp, but less
acidic than organic alkynes. Thus, the reaction between Re(C!CH)(NO)
(PPh3)Cp and LiBu (thf, "80 #C) gives lithiocarbide complexes Re(C!CLi)
(NO)(PPh3)Cp and Re(C!CLi)(NO)(PPh3)(Z-C5H4Li), as demonstrated by
the formation of the corresponding methylated derivatives after treatment
with MeI.144,145 The dilithiated complex was formed in ca. 90% yield if
2 equiv. LiBu were used; however, both products were formed even when
1 equiv. LiBu was used (66/26 at "80 #C, 80/10 at 20 #C). In some cases,
addition of CuCl gave an insoluble and as yet uncharacterized copper(I)
derivative, which was used with advantage in the reactions with metal
halides. Reactions of the lithiated complex with SnClPh3 afforded similar
amounts of Re(C!CSnPh3)(NO)(PPh3)Cp and Re(C!CSnPh3)(NO)(PPh3)
(Z-C5H4SnPh3). More extensive reactions were carried out with Re(C!
CH)(NO)(PPh3)Cp*, which afforded the corresponding C!CR (R¼D,
Me, SiMe3, SnPh3) complexes. Double deprotonation of [Ru(¼C¼CH2)
(PPh3)2Cp*]

þ with LiBut ("78 #C) affords Ru(C!CLi)(PPh3)2Cp*, which
reacts with SiClMe3 to give Ru(C!CSiMe3)(PPh3)2Cp*.

146 The Cp
analogue gave inseparable mixtures of products formed from Ru(C!CLi)
(PPh3)2Cp and Ru(C!CLi)(PPh3)2(Z-C5H4Li), as found for the rhenium
analogue.

2. Binuclear Complexes Containing C2 Ligands

Selected spectroscopic data for homo-binuclear C2 complexes are given
in Table III.

(a) Group 3
Reactions of ethyne with ScRCp*2 (R¼H, Me, CH2SiMe3, CMe¼CMe2,

C!CMe, Ph, NMe2) afford Sc(C!CH)Cp*2 ; excess ethyne is converted
to various oligo- and poly-alkynes.147 Rapid conversion of the ethynyl to
off-white {ScCp*2}2(m-C!C) (34) occurs on attempted isolation.

While several products were obtained from ethyne and SmCp*2 , the
reaction with Sm(thf )nCp*2 (n¼ 1, 2) in toluene at "196 #C afforded yellow
{Sm(thf)Cp*2}2(m-C!C) (35); the monometallated derivative could not be
obtained, nor was there any evidence for the formation of an Z2-C2H2

intermediate.148

Reduction of M(thf ){oepg-Na(thf )2} [M¼Pr, Nd; oepg¼meso-octaethyl-
porphyrinogen tetra-anion] with sodium in the presence of ethyne results

204 MICHAEL I. BRUCE AND PAUL J. LOW



in formation of {M(oepg)(m-Na)2}2(m-C!C) (36), in which the saddle-
shaped ligand is attached to M in the N,Z5-mode, the sodium cations being
incorporated into the cavities formed by bridging of two M(oepg) fragments
by the C2 unit.

149

(b) Group 4
An otherwise unsubstantiated account describes air-sensitive blue

{(TiCp2)2(m-C!C)}n, isolated from the reaction of C2(MgBr)2 with
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TABLE III
SELECTED SPECTROSCOPIC PROPERTIES OF {MLx}2(m-C2)

MLx IR (Raman) n(CC)/cm!1 dC (J/Hz) ! nm (e M!1 cm!1) Ref.

Group 3
ScCp*2 (1899) 179.4 147

Group 4
Ti(PMe3)Cp2 258.1 (m) 151
Zr(NHBut)Cp2 169.9 156
Zr(NHBut)(CpMe) 171.0 156
Zr(CPh¼CHPh)Cp2 178.5 153
Hf(C#CH)Cp*2 (1938) 153.3 157

Group 5
Ta(silox)3 709/695 (13CC)/682

(13C2) (1617)
157,160

Group 6
Cr(CO)3Cp 116.1 162
W(CO)3Cp obscured by CO 101.1 163,165
W(CO)3Cp

Me obscured by CO 106.3 165
W(OBut)3 not observed 278.6 470 (170), 425 (460), 370 (1800),

350 (2100), 295 (3100), 248 (24,000)
167,168

W(OBut)3
3 not observed 430 (2490), 354 (7590), 294 (11,300),

254 (27,800), 246 (26,800)
170

W(OCMe2CF3)3 not observed 460 (220), 420 (460), 373 (1700), 354 (1900),
289 (2900), 247 (26,000), 241 (26,000)

168

W(OCMe2Et)3 not observed 464 (210), 428 (520), 370 (2300), 353 (2500),
296 (3700), 249 (30,000)

168

Group 7
Re(CO)5 (2002) 319 (12,000), 242 (50,000), 223 (68,000) 171,175
ReO3 143.7 177
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Group 8
Fe(CO)2Cp

Et 98.1 182
Fe(CO)2Cp* 98.1 178
Ru(CO)2Cp 74.7 104
Ru(CO)2Cp

Me 81.9 105
Os(CO)2Cp 65.9 105

Group 10
trans-PdCl(PMe3)2 (2008) 101.91 (CP 15.6) 187,188
trans-PdI(PMe3)2 (2004) 187,188
trans-PtCl(PMe3)2 (2024) 187,188
trans-PtI(PMe3)2 (2022) 187,188

Group 11
Au{PPh(nap)2} (2012) 322 (10,100), 315 (20,100), 306 (36,500), 296 (51,000),

284 (42,500), 274 (35,800), 232 (169,000)
209,211

Au{PPh2(nap)} (2007) 318 (4100), 306 (12,600), 295 (19,500), 284 (17,400),
261 (20,000), 230 (90,500)

209,211

Au{PPhFc2} (2003) 145.0 (dd) 406 (5170), 300 (10,400), 285 (15,600), 270 (27,300),
258 (58,200), 242 (63,800)

209

Au{P(nap)3} (2008) 308, 297, 287, 230 (e not determined) 209
Au(PCy3) 331 (50), 315sh (120), 303 (330), 283 (3500),

270 (6840), 256 (55,020), 239 (47,260)
288

Au(PPh3) (2040)/(2002) 288 (4150), 265 (18,800), 234 (48,800) 206,209
Au{P(tol)3} (2025) 206
Au{P(C6H4OMe-4)3} 89.95 (CP 24.4) 380

Group 12
HgMe 155.8 216
HgCy 158.7 (CHg 880, 200) 216
HgPh 155.0 (CHg 956, 260) 216
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TiClCp2, as being ‘‘undoubtedly polymeric’’.150 A poor yield of deep green
{Ti(PMe3)Cp2}2(m-C!C) (37) was obtained by from TiCl2Cp2 with Li2C2

and treating the resulting {TiClCp2}2(m-C!C) in situ with PMe3 and
magnesium.151 The reaction of 2-methylene-1,1-diphenylcyclopropane with
Ti(PMe3)2Cp2 gives the red Z2 complex which over six weeks in thf solution
gives a higher yield of 37, enabling it to be characterized crystal-
lographically. It is very sensitive to air and water, and reacts with HCl to
give an 85/15 mixture of ethyne and ethene. The formation of this complex
probably occurs by ring-opening, loss of CH2¼CPh2 and then 1,1-diphenyl-
2-methylcyclopropane after dimerization, and hydrogen transfer.

The reaction of Ti(thf )2(oepg) with lithium in the presence of ethene
gives red [Li(thf )4]2[{Ti(oepg)(m-Li)}2(m-C2)] (38), in which two Ti(oepg)
units are joined by a C2 unit, together with two Li atoms. The latter are Z3

bonded to the porphyrinogen ligands and the Li2Ti2 portion is square-
planar. The C–C bond is longer than expected for a bridging ethyndiyl
group, with the structural data consistent with a Ti¼C¼C¼Ti formulation,
although the paramagnetism is in accord with the Ti–C!C–Ti form.152 The
C2 unit is stabilized by coordination to electron-rich Ti centers and
protected by the Li cations which can also interact with the periphery of the
oepg ligands (cf. the Nb–calixarene complex above).

Ethyne reacts with the zirconacyclobutene Zr(CH2CPh¼CPh)(PMe3)Cp2
with ring-opening to give yellow {Zr(CPh¼CMePh)Cp2}2(m-C!C) (39,
R¼Ph).153 The complexes M(L){Z2-C2(SiMe3)2}Cp2 (M¼Ti, L¼ –;
M¼Zr, L¼ thf) are useful precursors.121,154,155 The zirconium derivative
reacts with ethyne to give a mixture of {Zr[C(SiMe3)¼CH(SiMe3)]Cp2}2
(m-C!C) (39, R¼ SiMe3), which contains an agostic Zr # # #H interaction
to the vinyl H, and zirconacyclopentadiene Zr{CH¼CHC(SiMe3)¼
C(SiMe3)}Cp2. Reactions of Zr(NBut)(thf)Cp02 (40; Cp0 ¼Cp, CpMe) with
ethyne give {ZrCp02}2(m-NBut)(m-CHCH¼NBut), which on heating are
converted to light yellow {Zr(NHBut)Cp02}2(m-C!C) (41) via fragmentation
into Zr(NBut)Cp02 and Zr(CH¼CHNBut)Cp02 (Scheme 10).156

An excess of NaC2H is required for the synthesis of Hf(C!CH)2Cp*2
from the dichloride; if the reaction is carried out in refluxing thf, light yellow
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{Hf(C!CH)Cp*2}2(m-C!C) (42) is obtained in 50% yield.157 Fluxional
1H NMR spectra arise by rotation of the two Hf sites about the Hf–C–C–Hf
axis (barrier to rotation 19.5 kcal mol"1).

(c) Group 5
The reaction between Li2C2 and V(mes)3 in thf afforded grey-blue

paramagnetic [Li(thf )4]2[{V(mes)3}2(m-C!C)] (43).158

The formation of a C2 complex from CO and a tantalum siloxide
(Scheme 11) provides significant support for intermediate steps in the
Fischer–Tropsch reaction. Cleavage of CO in the reaction with
Ta(silox)3 (silox¼OSiBut3) in benzene at r.t. gave a 2/1 mixture of brick-
red {Ta(silox)3}2(m-C2) (44) and TaO(silox)3.

159–161 Structural data are
consistent with the presence of the Ta¼C¼C¼Ta fragment, in which the
HOMOs are a fully occupied C¼C pb and a half-occupied HOMO localized
on the Ta¼C bond (p) with partial C¼C p* character. Magnetic properties
indicate a singlet ground state. Hydrolysis required drastic conditions (thf,
110 $C, 15 h) and gave C2H4 and H(silox); dioxygen required 30 min at r.t.
to give Ta(¼C¼C¼O)(silox)3 and TaO(silox)3. The same mixture was
obtained from Ta(silox)3 and CO in toluene between –78 $C and r.t., while
treatment of the ketenylidene with Ta(silox)3 rapidly formed the dicarbide
and TaO(silox)3. Labeling studies suggest the transformations shown in
Scheme 11, and these are supported by the direct reaction of Ph2C¼C¼O
with Ta(silox)3 to give Ta(Z2-OC¼CPh2)(silox)3 at –78 $C in hexane.
Extended thermolysis (benzene, 155 $C, 8 h) resulted in extrusion of C2Ph2
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and formation of TaO(silox)3. The suggested intermediate vinylidene, such
as Ta(¼C¼CPh2)(silox)3, could not be detected or trapped. The selectivity
of this reaction is the result of the strong reducing and oxophilic nature of
the formally Ta(III) center.

(d) Group 6
Chloroethynyl complexes of Mo and W are obtained from [M(CO)3Cp]

"

(M¼Mo, W) with C2Cl2, with only trace amounts of W(CCl¼
CHCl)(CO)3Cp and {W(CO)3Cp}2(m-C#C) being isolated.162 Pale brown
{Cr(CO)3Cp}2(m-C#C) (45/Cr) is the major product obtained with M¼Cr,
together with a black pyrophoric powder containing Cr. With C2X2 (X¼
Br, I), only MX(CO)3Cp was formed. The dark yellow tungsten complex
45/W is also obtained from the reaction of LiC2H with WCl(CO)3Cp.

163

Reactions between [W(CO)3Cp
0]" (Cp0 ¼Cp, CpMe) and CH2I2 in MeCN

give {W(CO)3Cp
0}2(m-C#C) (45/W0) in 31% yield [together with

WX(CO)3Cp
0 (X¼Me, I) in similar amounts].164,165 In MeOH, intermediate

formation of W(CH2I)(CO)3Cp
0 and the ketene complexes W2(m-Z

1 :
Z2-CH2CO)(CO)5Cp

0
2 (46) is seen (Scheme 12). The latter are probably

formed by insertion of CO into the m-CH2 derivative; when dissolved in
MeCN, they are converted to the dicarbide by formal loss of H2O. The Cp
complexes are the less stable.

Generation of the C2 ligand by modification of another two-carbon
ligand has been achieved in the reactions of [M(¼C¼CH2)(CO)2Tp*]

"

(M¼Mo, W), itself obtained by deprotonation (KOBut) of the methyl–
carbyne complexes (Scheme 13).166 Reactions of the anion with WI(CO)(Z2-
C2Ph2)Tp afford Tp*(OC)2M#CCH2W(CO)(Z2-C2Ph2)Tp (47) which are
converted to the anions [Tp*(OC)2M#CCHW(CO)(Z2-C2Ph2)Tp]

" (48) by
treatment with KOBut. Further addition of an equivalent of KOBut and
half an equivalent of I2 afforded Tp*(OC)2M#CC#W(CO)(Z2-C2Ph2)Tp
(49) (by net removal of 2H). In contrast to the Cp complexes described
above, the presence of a dicarbyne bridge is suggested by the two resonances
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at d 343 and 277 (M¼Mo) or 347 and 274 (W). In the vinylidene precursor,
the C2Ph2 ligand is a four-electron donor, whereas in the dicarbyne complex,
it donates only two electrons, allowing formation of the dicarbyne bridge.

The dark red dicarbyne complex {W(OBut)3}2(m-C2) (50) was first
reported from metathesis of W2(OBut)6 and EtC"CC"CEt (Scheme 14).167

Two structure determinations revealed that the three OBut groups on each
tungsten are staggered (D3d). The structure of the toluene hemisolvate has
rather longer W–C and shorter C–C bonds; both are consistent with the
W"C–C"W formulation.168–170 This complex is not a metathesis catalyst

SCHEME 13
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for alkynes and is probably formed as the most stable of the three possible
alkylidyne products. However, when the reaction is carried out in the pre-
sence of quinuclidine (quin), slow formation of W(!CC!CEt)(OBut)3(quin)
occurs. Several derivatives were obtained from W(!CEt)(OR)3 [R¼But,
CMe2(CF3), CMe2Et] and EtC!CC!CEt; use of more bulky deca-4,6-diyne
gave only W(!CR0){OCMe2(CF3)}3 (R

0 ¼Pr, C!CPr).168

(e) Group 7
Several reports have shown that general routes to complexes containing

M–C!C–M fragments (M¼Mn, Re) are not available, Li2C2 and
MnBr(CO)5 giving only Mn2(CO)10

141 while Li2C2 or Na2C2 with
Re(FBF3)(CO)5 also does not give the desired product.171 Similarly, the
reaction between MnBr(CO)5 and C2(SnMe3)2 gives only Mn(SnMe3)(CO)5
and {Mn(CO)5}2SnMe2.

172

Comparison of the reactions of [M(CO)5]
# (M¼Mn,Re)withC2I2 showed

that, while the rhenium anion abstracts Iþ to give ReI(CO)5 and {Re(m-I)
(CO)4}2, the manganese anion gives pale yellow {Mn(CO)5}2(m-C!C)
(51/Mn) accompanied by {Mn(m-I)(CO)4}2.

173 This C2 complex can also be
obtained from Mn(FBF3)(CO)5 and HC!CSiMe3, followed by depro-
tonation of the resulting [{Mn(CO)5}2(m-Z

1 :Z2-C2H)]BF4 with K[BHEt3].
172

In the course of studies of the synthesis of binuclear hydrocarbon-bridged
complexes by nucleophilic attack of anionic metal carbonyls on coordi-
nated unsaturated hydrocarbons,34,174 reaction of Re(FBF3)(CO)5 with
Re(C!CH)(CO)5, itself obtained from Re(FBF3)(CO)5 and HC!CSiMe3,
afforded [{Re(CO)5}2(m-Z

1 :Z2-C2H)]þ which could be deprotonated with
K[BHEt3] to {Re(CO)5}2(m-C!C) (51/Re; Scheme 15).175,176 The latter
reaction can be reversed with [Et2OH]BF4 and methylation ([Me3O]þ ) gives
[{Re(CO)5}2(m-Z

1 :Z2-C2Me)]BF4, although reactions with HX (X¼Cl,
OTf ) afford ReX(CO)5.

The reaction between Re2O7(thf )2 and Bu3SnC!CSnBu3 gives the
extremely unstable {ReO3}2(m-C!C) (52) in quantitative yield (by NMR).
Hydrolysis rapidly produces ReO3(C!CH), which is further converted to
H[ReO4].

177
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(f) Group 8
Iron. Deprotonation of [Fp*2 (m-Z

1 :Z2-C2H)]þ [Fp*¼Fe(CO)2Cp*] with
NaOMe gives brick-red Fp*C#CFp* (53) in a reaction which is reversed
with acid (HOTf ).178–180 The reactions of the cation with other carbon
nucleophiles [LiMe, LiCuMe2, NaCH(CO2Me)2] also give 53,180,181 but LiR
(R¼Bu, But) gives acylvinylidene 54 by further attack on a CO group of
the C2 complex (Scheme 16). In the solid-state, a solvent MeOH molecule
interacts with the C#C triple bond of 53 inducing a bending of the iron
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substituents away from the MeOH [Fe–C–C, 173.0, 173.3(8)!], while no
distortion is seen in the solvent-free molecule. The H atom of MeOH is 2.41,
2.45(5) Å distant from the two C atoms, with some elongation of the C"C
triple bond [1.202(5) vs. 1.173(4) Å].182

Ruthenium. Although the reaction between W("CEt)(OBut)3
and Ru(C"CMe)(CO)2Cp in toluene gives (ButO)3W"C–Ru(CO)2Cp
(Section II.A), loss of volatile C2Me2 and precipitation of yellow
{Ru(CO)2Cp}2(m-C"C) (55) occurs if the reaction is carried out in iso-
octane (Scheme 17).104,105 The latter can be obtained in 66% yield if
W2(OBut)6 is used as a catalyst (up to nine turnovers per W atom); the CpMe

analogue is also known.104 Extension of the reaction to a mixture
of Ru(C"CMe)(CO)2Cp

Me and (ButO)3W"C–Ru(CO)2Cp
Me afforded

{CpMe(OC)2Ru}2(m-C"C).

(g) Group 10
Nickel. The only mention of a nickel-C2 system appears to be as an

intermediate in the reactions of NiCl2(PR3)2 (R¼Me, Pr, Bu) with C2Cl2,
in which an intermediate nickel(I) species NiCl(PR3)n may react
with NiCl(C"CCl)(PR3)2 to give {NiCl(PR3)2}C"C{NiCl2(PR3)} (56;
Scheme 18).183 Elimination of NiCl(PR3)n then generates the observed
product, [NiCl(C"CPMe3)(PMe3)2]

þ .

Palladium and platinum. Reactions of alkali metal acetylides, M2C2

(M¼Na, K) with Pd or Pt (550 !C, in argon) gave black M2(Pd/Pt)C2,
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which are air- and moisture-sensitive.184,185 They contain –{M–C–C}n–
chains, which interact with the alkali metal cations via the C2 units; each
Pd/Pt atom is octahedrally surrounded by six M atoms. The C–C separa-
tions are lengthened [1.263(3) (Pd), 1.289(4) Å (Pt)] and n(CC) reduced [ca.
1850 cm!1] as a result of significant back-bonding into the C2 unit. The
compounds are semi-conductors with an indirect band gap of ca. 0.2 eV.

Isomerization of Pt(Z2-C2Cl2)(PPh3)2 [from C2Cl2 and Pt(Z2-C2H4)
(PPh3)2 or Pt(PPh3)4] to trans-PtCl(C"CCl)(PPh3)2 occurs upon refluxing
in toluene for several hours. Further reaction of the latter with
Pt(Z2-C2H4)(PPh3)2 gives {trans-PtCl(PPh3)2}C"C{cis-PtCl(PPh3)2} (57;
Scheme 19).186 Ready exchange of PEt3 for PPh3 occurs. A similar reaction
with trans-PtCl(C"CCl)(PEt3)2 gives a mixture of the binuclear m-Z1 :Z2-
C"CCl complex, which isomerizes to the C2 complex upon warming in
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solution, and {trans-PtCl(PEt3)2}C!C{cis-PtCl(PPh3)2}. Complex 57 con-
verts to the trans, trans isomer 58/Ph on heating in refluxing toluene for
several hours. The two Pt(PPh3)2 groups are staggered, the angle between
the two P–Pt–P vectors being 82", generating an ovoid molecule with
diameters ca. 10–11 and 12.5 Å. An excess of PBu3 reacts with 58/Ph
to give a mixture of {trans-PtCl(PBu3)2}2(C!C) (58/Bu) and [{trans-
PtCl(PBu3)2}C!C{Pt(PPh3)3}]Cl.

Copper-catalyzed coupling (CuCl/NHEt2) of trans-M(C!CH)2(PMe3)2
with MCl2(PMe3)2 gives lemon yellow (Pd) or white (Pt) {trans-
MCl(PMe3)2}2(m-C!C) (M¼Pd, Pt); the corresponding Pd/PR3 (R¼Et,
Bu) complexes require longer reaction times.187,188 The reaction proceeds
via MCl(C!CH)(PR3)2 which then reacts with further dichloro complex.
Exchange of Cl for I occurs with KI (for the PdCl/PMe3, PEt3, and PtCl/
PMe3 compounds) while with C2H2, the palladium complex gave only
Pd(C!CH)2(PMe3)2. In the presence of PhCN, the cationic derivatives
[{Pd(NCPh)(PEt3)2}2(m-C!C)]X2 (X¼Cl, PF6) are formed.189

The synthesis of {[C6H3(CH2NMe2)2-2,6]Pt}2C2 (59) from the chloro
complex and Li2C2 has been described.190 Zwitterionic m-Z1 :Z2-C2SiMe3
complexes {cis-Pt(C6F5)2(CO)(m-Z1 :Z2-C2SiMe3)}{trans-Pt(C!CSiMe3)
(PR3)2} (R¼Et, Ph) have been obtained from trans-Pt(C!CSiMe3)2
(PR3)2 and cis-Pt(C6F5)2(CO)(thf). Treatment with MeOH or EtOH gives
alkoxycarbene complexes {cis-Pt(C6F5)2(CO)}C!C{trans-Pt[CMe(OR)]
(PR3)2} (60) from reactions which involve protodesilylation and the
possible intermediacy of vinylidene complexes (Scheme 20).191

(h) Group 11
The extensive early chemistry of the Group 11 acetylides, M2C2, has

been summarized in Gmelin.192 The structures of polymeric copper(I) and
silver(I) acetylides, M2C2 (M¼Cu, Ag) are unknown, but have been
assumed to involve both s and p bonding of the C2 unit as it bridges the
Group 11 atoms (K). However, they either react with ligands or dissolve in
solutions of silver(I) salts to give more tractable products.
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Copper. The compound {Cu2C2}n is formed readily from ethyne and
sources of copper(I) in aqueous or aqueous ammoniacal solution as an
explosive orange monohydrate, or from Cu2I2 and KC!CH in liquid
ammonia as dark red crystals.193–195 It is also formed by decomposition of
orange CuC!CH above "45#, or from the reaction between CuCl and
{[C6H3(CH2NMe2)2-2,6]Pt}2C2.

190 The acetylide is insoluble in all solvents
with which it does not react; with HCl or KCN solutions, ethyne is
liberated. If copper(II) salts are used, red CuC2 is formed.

Extensive studies of its chemistry have been carried out in conjunction
with the use of Cu(I) as a catalyst for the synthesis of various acetylenic
derivatives from ethyne and aldehydes or ketones. On standing in air at r.t.,
it appears to disproportionate, evidence for the formation of Cu2C4 being
presented,196 and higher members of the series Cu2Cn (n$ 20) have been
obtained by oxidation of Cu2C2 with CuCl2. Thermal decomposition gives a
fine powder, suggested to be ‘‘carbyne’’.197,198 Treatment of the oxidized
material with HCl has given mixtures of H(C!C)mH (m¼ 1–6).

Silver. Similarly, extensive reports about the chemistry of Ag2C2 are
available, which emphasize its greater explosive power compared with
Cu2C2. In liquid ammonia, AgNO3 reacts with KC!CH to give a deep
yellow precipitate (probably AgC!CH) which spontaneously loses ethyne at
0 #C to give explosive white Ag2C2. The reaction between Ag2C2 and KC2H
in liquid ammonia gives a mixture of K[Ag(C!CH)2] and insoluble
KC!CAg.199 The latter reacts with water to give Ag2C2 and dissolves in
aqueous KCN, forming K[Ag(CN)2], both reactions proceeding with the
evolution of ethyne. Other preparations are from AgNO3 and Hg2(C!CH)2
or C2(CO2Na)2.
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A large number of multiple salts containing Ag2C2 have recently been
shown to contain C2 units within Agn cages (n¼ 7–24) (Section IX.C).
Ternary carbides MAgC2 (M¼ alkali metal), which are not explosive, have
been prepared from an excess of MC2H and AgI in liquid ammonia via
M[Ag(C2H)2], which loses ethyne at 120–130 "C to give insoluble MAgC2.

200

The insoluble Li compound could also be obtained by heating Li[Ag(C2H)2]
in boiling pyridine. They contain –{Ag–C–C}n– chains, the alkali metal
cation being associated with three (Li) or four C#C units in separate chains.

Gold. Explosive Au2C2 has been known for over a century.201,202 Yellow
polymeric gold(I) alkynyl compounds are readily prepared from the alkyne
and AuCl3 and KBr in aqueous acetone after reduction with SO2. The
brown, explosive precipitate of Au2C2 $NH3, from AuI and K[C#CH] in
liquid NH3, is touch-sensitive, and with an excess of K[C#CH] dissolves to
form white K2[{Au(C#CH)}2(m-C#C)], which reacts with ethyne to give
K[Au(C#CH)2].

202 The C2 complex reacts with KCN to give [Au(CN)2]
%

and ethyne. Extension to similar derivatives K[{AuR}2(m-C#C)] (R¼CN,
C#CH, C#CMe, C#CPh) from reactions of {Au2C2}n with CN% or
[C#CR]% was also reported, these anions being isolated as their [PPh4]

þ

salts; characterization was limited to IR and 31P NMR spectroscopy.203

More recently, reactions of alkali metal acetylides, HC2M (M¼Li–Cs),
with AuI in liquid NH3 and subsequent heating of the solid product in
pyridine (Li–K) or in vacuum (Rb, Cs) gave pale yellow M2AuC2.

184,185

They contain –{Au–C–C}n– chains, which interact with the alkali metal
cations via the C2 units, and are generally similar to the analogous silver
compounds.204

Treatment of AuCl(PR3) with ethyne in the presence of base (NaOEt)
gives firstly, Au(C#CH)(PR3) (R¼Ph, tol-3 and -4, C6H4OMe-4) and then
{Au(PR3)}2(m-C#C) (61), a process which may proceed directly if the
intermediate ethynyl complex is soluble.205–207 Modifications of the syn-
thetic procedure have included addition of thf to improve solubility, use of
the colloidal solution of AuCl(PR3) obtained by running this solution
into EtOH, and the use of KOBut or KOH in EtOH. Prolonged reaction
times with ethyne results in increasing amounts of Au(C#CH)(PR3) being
formed, which can be sometimes separated from the C2 complex only with
difficulty. Treatment of Au(C#CSiMe3)(PPh3) with K2CO3 in methanol
gave a quantitative yield of {Au(PPh3)}2(m-C#C), possibly via an
intermediate [Au(C#C)(PPh3)]

% anion.208 Other examples of complexes
with PR3¼P(nap)3, PPh2(bp) (bp¼ biphenylyl) and PPhFc2 have been
described.209 Facile metathesis of W2(OBut)6 or W(#CEt)(OBut)3 and
Au(C#CMe)(PR3) (R¼Et, Ph) gives {Au(PR3)}2(m-C#C).105 In their
fast-atom bombardment mass spectra, aggregation processes predominate,
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the highest mass ions being found around m/z 4000, corresponding to
[M4þAu2C2]

þ [M¼C2{Au(PR3)}2], other fragment ions being assigned as
[MnþAu]þ and [MnþAu(PR3)]

þ .207

Most of these complexes form strong solvates with CH2Cl2 or CHCl3, or
with C6H6. The solid-state structure of the the PPh3 complex contains a
benzene molecule included in an octahedral cavity formed by the Ph groups
of the PPh3 ligand. Similarly, the P(C6H4Me-3)3 derivative forms an
elongated cavity that has been likened to a wine barrel with the Ph rings as
the staves and the Me groups as the ends.207 Other features include the
aromatic ring stacking of naphthyl groups in the PPh2(nap) and PPh(nap)2
complexes.209 There are no aurophilic interactions in the solid-state
structures of CHCl3 solvates of {Au(PR3)}2(m-C#C) [62; PR3¼
PPh3$n(nap)n, n¼ 1, 2].209,211 The chloroform solvate molecules are
arranged so that the C–H bond points to the center of the C#C triple
bond 2.42 Å away. For the PPh(nap)2 complex, two CHCl3 molecules
‘‘dock’’ with the same p orbital, while for the PPh2(nap) complex, four
CHCl3 molecules are found, two interacting with each C#C p orbital at
2.50, 2.58 Å. These arrangements have been likened to a ‘‘reversed
coordination’’ (square-planar and octahedral, respectively) of the C2 moiety;
the bulky Au(PR3) substituents generate cavities in which the solvate
molecules are protected. DFT calculations indicate that the bonding is
strong (10–15 kJ mol$1), with the C#C triple bond becoming more electron
rich than in ethyne as a result of the Au(PR3) groups.

212

(i) Group 12
Very little is known about white mercury(I) acetylide, which is formed as

a monohydrate by passing ethyne into aqueous solutions of mercury(I)
acetate, while white HgC2 was similarly obtained from HgI2/KI or
K2[Hg(CN)4] solutions.213 This material decomposes at 100 %C and with
dilute HCl, affords ethyne. The mercury(I) compound Hg2C2 &H2O, from
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ethyne and Hg2(OAc)2 in the dark, cannot be freed from water without
decomposition.

A series of white organomercury complexes {HgR}2(m-C!C) (63;
R¼Me, Et, Pr, Bu, C5H11, C6H13, Ph, C6H4Me-2, and -4, CH2Ph), which
are volatile enough to have a garlic odour, were prepared by passing ethyne
into solutions of HgXR (X¼Cl, Br, I) containing 10% KOH.214 The
compounds, which precipitate out from the reaction medium, can be
crystallized from organic solvents. Reactions with HCl give ethyne and with
iodine give C2I2 and HgI2. Similar compounds have been obtained from
HgClR (R¼CH2Ph, Ph) and C2(SnBu3)2.

215 With HgCl2, an oligomeric
compound, formulated as Cl(HgC!C)nSnBu3 (n# 5) was formed, while
with a 2/1 ratio of reactants, the product is Cl(HgC!C)2HgCl. Little is
known about these derivatives, although 13C and 199Hg NMR data for
compounds with R¼Me, Et, Cy, Ph have been reported. Large variations in
J(CHg) are explained in terms of varying contributions to the Fermi contact
interaction as a result of differing polarization of the Hg–C(sp) bond.

(j) Mixed metal systems
Table IV lists hetero-binuclear C2 complexes with some spectroscopic

data.

Zr–Fe, Zr–Ru. In contrast to Ru(C!CH)(PMe3)2Cp, which is hydro-
zirconated to {ZrClCp2}CH¼CH{Ru(PMe3)2Cp} by {ZrHClCp2}n,

217 the
dark red iron analogue Fe(C!CH)(dppe)Cp* reacts to form
{ZrClCp2}C!C{Fe(dppe)Cp*} (64) in quantitative yield.218 The difference
probably results from the increased steric hindrance about the iron atom.

Reactions of Ru(C!CH)(PMe3)2Cp with ZrCl(X)Cp2 (X¼Me or better,
NMe2) give orange {ZrClCp2}C!C{Ru(PMe3)2Cp} (65) as an example of a
complex with electron-poor and electron-rich metal centers at each end of
the C2 ligand (‘‘push–pull alkyne’’).219 The complex is thermally stable but
extremely sensitive to water. A contribution from the zwitterionic form
Ruþ¼C¼C¼Zr%, resulting from the disparity in electron density at the
two metal centers tending to equalize through the C2 ligand, accounts
for a somewhat longer C–C distance [1.251(20) Å] than found in
{Ru(CO)2Cp}2(m-C!C), and lower n(CC) absorption (1868 cm%1) and 13C
chemical shifts [d 178.3 (CRu), 190.4 (CZr)].

W–Fe, W–Ru. In the presence of TlBF4, reactions of WCl(CO)
(Z2-C2Ph2)Cp with M(C!CH)(L)2Cp [M¼Fe, L¼PMe3, P(OMe)3,
L2¼ dppp; M¼Ru, L¼PMe3, P(OMe)3] give the m-Z1

M :Z2
W-C2H cations

(66), which can be deprotonatedwithKOBut orNaN(SiMe3)2 to {W(CO)(Z2-
C2Ph2)Cp}C!C{ML2Cp} (67).220 The m-ethynyl cation is regenerated by
addition of HBF4 to the Ru(PMe3)2Cp derivative. Unusually, the W–C–C
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angle in the cation [97.3(8)!] suggests that there is some bonding
interaction between the tungsten and C(2), although W–C(1) is long at
2.53(1) Å, leading to a description of this complex as containing a
metallated (tungsten) vinylidene ligand (alternatively a 3-center, 2-electron
system).

Mo–Cu, Ag. Reactions of [NH4]2[MoS4] with M2C2 (M¼Cu, Ag) give
violet or brown materials formulated as [NH4]2[MoS4M2C2].

221 Analytical
and spectroscopic studies suggest that these contain polymeric bridged
anions (68). Addition of Lewis bases L (py, bpy, phen, nicotinamide, PPh3)
give monomeric species formulated as [S2Mo(m-S)2MC#CML2]

2$.
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TABLE IV
SELECTED SPECTROSCOPIC PROPERTIES OF HETERO-BINUCLEAR COMPLEXES, {MLx}–Cn–{M

0L0
y}

IR (Raman) dC (J/Hz) ! nm

MLx M0L0
y n(CC) cm!1 C(1) C(2) (e M!1 cm!1) Ref.

Group 4
ZrClCp2 Ru(PMe3)2Cp 1868a 190.4 178.3 418 217

1872b (PC 22.8) (e not given)
ZrClCp2 Fe(dppe)Cp* 1843a 207.1 192.2 218

(PC 40)
Group 6
Mo(CO)2Tp* W(CO)(C2Ph2)Tp not observed 277.0 342.7 166

(CW 43) (CW 184)
W(CO)2Tp* W(CO)(C2Ph2)Tp not observed 274.4 347.5 166

(CW 171) (CW 185)
W(CO)(C2Ph2)Cp Ru(PMe3)2Cp not observed 144.7 195.0 220
W(CO)(C2Ph2)Cp Fe(PMe3)2Cp not observed 160.6 211.2 433
W(CO)(C2Ph2)Cp Fe{P(OMe)3}2Cp not observed 158.9 179.5 433
W(CO)(C2Ph2)Cp Fe(dppp)Cp not observed 165.1 198.1 433
W(CO)(C2Ph2)Cp Ru{P(OMe)3}2Cp not observed 144.5 168.4 433

Group 7
Re(NO)(PPh3)Cp* Rh(CO)(PPh3)2 1961b 134.6 153.4 223,224

1961a (CP 10.5) (CRh 37.7,
CP 21.2)

2
2
2

M
IC
H
A
E
L
I.
B
R
U
C
E

A
N
D

P
A
U
L
J.

L
O
W



Re(NO)(PPh3)Cp* PdCl(PEt3)2-trans 1989b

1994a (1971)
111.7

(CPPh 15.1,
CPEt 4.3)

116.2
(CPPh 1.5,
CPEt 17.5)

390 (4000),
314 (17,000),
268 (35,000),
234 (76,000)

223,224

Group 8
Fe(dppm)Cp Au(PPh3) 1966a overlap with Ph (128.8–133.0) 225
Ru(CO)2Cp Ru(CO)2Cp

Me 82.3, 83.6 105
Ru(PPh3)2(Z

5-C9H7) Au(PPh3) 1933a 226.39 (CP 19.4), overlap with Ph (127.3–138.7) 225
Ru(dppe)(Z5-C9H7) Au(PPh3) 1935a 220.80 (CP 19.7), overlap with Ph (128.1–134.6) 225
Ru(PMe3)(PPh3)
(Z5-C9H7)

Au(PPh3) not
observed

227.70, overlap with Ph (127.65–139.6) 225

Group 10
cis-Pt(C6F5)2(CO) trans-Pt{CMe(OEt)}

(PEt3)2

2021c 173.3 (CP 4.5) 191

cis-Pt(C6F5)2(CO) trans-Pt{CMe(OMe)}
(PEt3)2

2026c 191

cis-Pt(C6F5)2(CO) trans-Pt{CMe(OEt)}
(PPh3)2

2030c 191

cis-Pt(C6F5)2(CO) trans-Pt{CMe(OMe)}
(PPh3)2

2019c 191

trans-PdCl(PEt3)2 trans-PtCl(PEt3)2 94.26 (CP 16, CPt 363) 88.62 (CP 14, CPt 1339) 226

aEnantiomeric pair. bthf. cNujol.
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Mn–Fe. Deprotonation (LiBu) of Mn(¼C¼CHFp*)(CO)2Cp
0 gives

the anionic species Li[{Mn(CO)2Cp
0}C"CFp*] (69).222 An excess of LiBu

attacks an iron-bonded CO group to give eventually the m-acylvinyl
complex {Mn(CO)Cp0}(m-CO){m-Z1:Z2-CH¼CHC(O)Bu(Fp*)} (Scheme
16).181 Calculations indicate preferred sites of electrophilic attack are Cb

(toMn) andMn, which is found for protonation (or deuteration). In contrast,
methylation affords Mn{Z2-MeC2[Fp*]}(CO)2Cp

0 by attack at Ca, a result
explained by the bulky Cp* ligand preventing attack on Cb by anything
larger than a proton. No reaction is found with SiClMe3.

Re–Rh, Re–Pd. Metallation of Re(C"CH)(NO)(PPh3)Cp* with LiBu,
followed by addition of RhCl(CO)(PPh3)2 or trans-PtCl2(PEt3)2, gives the
red heterobimetallic C2 complexes {Re(NO)(PPh3)Cp*}C"C{MLn}
[MLn¼Rh(CO)(PPh3)2 (70), trans-PdCl(PEt3)2 (71)].223,224 In both cases,
steric interactions between the bulky PR3 ligands on Rh or Pd and the Cp*
and PPh3 ligands on Re probably account for restricted rotation about the
C"C bond indicated by low temperature 31P NMR spectra.

Fe, Ru–Au. A series of mixed-metal C2 complexes is obtained from
reactions between M(C"CH)(PP)Cp0 [M¼FeCp, PP¼ dppm; MCp0 ¼
Ru(Z5-C9H7), PP¼ (PPh3)2, dppe, (PMe3)(PPh3)] and AuCl(PPh3) in the
presence of Tl(acac) as halide abstractor. Stille couplings of AuCl(PPh3)
with Fe(C"CSnPh3)(dppm)Cp or Ru(C"CSnPh3)(PPh3)2(Z

5-C9H7) also
give the respective Fe–Au and Ru–Au complexes (72).225

Pd–Pt. The heterometallic {trans-PdCl(PR3)2}C"C{trans-PtCl(PR3)2}
(73, R¼Me, Et, Bu) were best prepared from trans-PdCl2(PR3)2 and trans-
Pt(C"CH)2(PR3)2; the reaction between trans-PdCl(C"CH)(PEt3)2 and
trans-PtCl2(PEt3)2 gave the Pd/Pt–C2 complex together with some of the
homonuclear products as a result of ready self-disproportionation.226

C. Complexes Containing C3 Ligands

Possible reactions which lead to C3 ligands bridging two transition metals
include:

(a) reaction of lithiated ethynyl-metal complexes with metal carbonyls,
followed by treatment of the intermediate anion with [OMe3]BF4 to
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give methoxycarbene derivatives. Subsequent abstraction of the
OMe group (BF3) gives the C3 complex;

(b) removal of H atoms from hydrocarbon fragments bridging two metal
centers, such as methylene-bridged bis-carbyne complexes;

(c) metathesis of C!C and M!C triple bonds.

1. Tp*M Systems (M¼Mo, W)

The vinylidene anions [M(¼C¼CH2)(CO)2Tp*]
# (M¼Mo, W), obtained

by deprotonating M(!CMe)(CO)2Tp*, react with Mo(!CCl)(CO)2Tp*
to give Tp*(OC)2M!CCH2C!Mo(CO)2Tp* (74, Scheme 21).227

The Mo–W derivative is deprotonated (KOBut) to the dianion
[Tp*(OC)2W¼C¼C¼C¼Mo(CO)2Tp*]

2# (75), which reacts with Hþ or

SCHEME 21
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MeI to give Tp*(OC)2W!CCR2C!Mo(CO)2Tp* (74 or 76, respectively).
In the dianion, the carbons of the C3 unit are found at d 238.4
(WC), 234.4 (MoC) and 153.8 (CCC). After addition of KOBut, the anion
can be oxidized (air) to give a separable mixture of Tp*(OC)2W!CC!
CMo(O)2Tp* (77/Mo) and Tp*(O)2WC!CC!Mo(CO)2Tp* (77/W), the
former predominating. The green dimolybdenum analogue is formed
from Tp*(OC)2Mo!CCH2C!Mo(CO)2Tp* and KOBut, followed by
exposure to air. Aerial oxidation of Tp*(OC)2W!CCH2C!Mo(CO)2Tp*
or direct reaction between the dianion and 2-PhSO2-3-Ph-oxaziridine
and HCl, affords the unsaturated ketones Tp*(OC)2M!CC(O)
C!Mo(CO)2Tp* (78).

2. Complexes Derived from Re(C!CH)(NO)(PPh3)Cp*

Lithiation of Re(C!CH)(NO)(PPh3)Cp* (LiBu/thf, "80 #C) and reac-
tion with W(CO)6 or Mn(CO)3Cp

0 (Cp0 ¼Cp, Z-C5HCl4, Z-C5Cl5) and
addition of [OMe3]BF4 gave {Re(NO)(PPh3Cp*}{m-C!CC(OMe)¼}
{M(CO)x} (79, M¼W, x¼ 5; M¼MnCp0, x¼ 2; Scheme 22).228–230 Many
attempts to remove the OMe group from the W complexes were unsuc-
cessful, but treatment of the Mn derivatives with BF3 gave [{Mn(CO)2Cp

0}
CCC{Re(NO)(PPh3)Cp*}]BF4 (80). Spectroscopic and structural data are
consistent with the cumulenylidene, formulation Reþ¼C¼C¼C¼Mn for
the bridge. For the Mn complexes, the most intense UV–vis bands show
progressive red-shifts from Cp to Z-C5Cl5 (392, 396, 414 nm). The blue-grey
Re–C3–Fe analogue [{Re(NO)(PPh3)Cp*}CCC{Fe(CO)4}]BF4 was obtain-
ed similarly, but neither this nor the SbF6 salt could be structurally
characterized.229

The same approach applied to Re2(CO)10 afforded cis-{Re(NO)
(PPh3)Cp*}{m-C!CC(OMe)¼}{Re(CO)4Re(CO)5} (81) which with BF3

gave [{Re(NO)(PPh3)Cp*}{m-CCC[Re(CO)4]}{Re(CO)5}]BF4 (82) for
which resonance forms a–d can be written. Of these, form a with an Re¼C
double bond [Re–C 1.94(3) Å] is favored.231,232 The C3 chain is end-capped
by two rheniums, while the Re(CO)4 group is attached by an asymmetric Z3

interaction to all three carbons. As a result, the C3 unit is bent [CCC
152(4)#]. The 13C NMR spectrum contains three resonances at d 297.1,
146.6, and 95.1 for the C3 group, the former having J(CP) 10 Hz, indicating
attachment to the Cp*Re fragment. With BF3 &OEt2, an air-stable orange-
red material is formed, for which structure 83 has been suggested.

Metathesis of (ButO)3W!W(OBut)3 with Re(C!CC!CR)(NO)
(PPh3)Cp* (R¼H, Me, but not SiMe3) gives deep red {Re(NO)(PPh3)
Cp*}C!CC!{W(OBut)3} (84) together with W(!CR)(OBut)3.

233 In the
solid-state structure, a dimer is formed with two m-OBut groups.
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D. Complexes Containing C4 Ligands

The subset of bimetallic complexes {MLx}2(m-Z
1,Z1-C4) is dominated by

the diyndiyl (L) sub-group, although a smaller number of complexes
displaying carbon ligands better considered as cumulenic (M) or as metal
complexes of acetylenic dicarbynes (N) are also known (Chart 4).
Theoretical analyses of these various forms have been carried out, with
the structural type being found to depend heavily on the nature of the metal
and its oxidation state, as well as the type of supporting ligands. A more
detailed description of these studies is given in Section IV.D.

The chemistry and physical properties of diyndiyl complexes are similar
to those of both bimetallic acetylide complexes and typical of somewhat
sterically congested and electron-rich, diynes. Buta-1,3-diyne and its
derivatives have been used in the preparation of a wide variety of C4

complexes, although due care must be exercised in the preparation and
manipulation of this potentially explosive reagent. The nucleophilic dilithio
derivative LiC!CC!CLi is obtained either by lithiation (BuLi) of buta-
1,3-diyne234 or from cis-HC!CCH¼CH(OMe) after treatment with three
equivalents of BuLi at low temperature.235 The corresponding disodium
salt has been prepared by reaction of butadiyne with NaNH2.

234

The silyl derivative Me3SiC!CC!CSiMe3, which is commercially

SCHEME 22
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available or readily prepared by Hay coupling of Me3SiC!CH,236 is
a stable crystalline butadiyne synthon and reaction with two equivalents
of MeLi affords Li2C4.

237 Reaction of Li2C4 with SnClMe3 affords
the tin derivative Me3SnC!CC!CSnMe3, which has been shown to
enter into a Pd-catalyzed cross-coupling reaction with FeI(CO)2Cp to
give {Fe(CO)2Cp}2(m-C!CC!C).238 The electrophilic iodonium salt
[PhIC!CC!CIPh][OTf]2 has been employed in the preparation of Rh
and Ir complexes.239 Very recently, remarkably stable 1-iodo-4-trialk-
ylsilyl-buta-1,3-diynes have been prepared by direct iodination of
LiC!CC!CSiR3 (R¼Me, Pri),240 although the use of these materials
in the synthesis of C4 complexes remains unexplored at present.
Manipulation of the non-metal end-cap in diynyl complexes
{MLn}C!CC!CR36 has also enabled entry to many M2C4 systems.

Many of the common synthetic routes to C4 complexes are similar to
those employed in C2 chemistry, and can be summarized:

(a) reactions of alkali metal or di-Grignard derivatives of buta-1,3-diyne
with metal halides and pseudo-halides;

(b) oxidative addition of buta-1,3-diyne to low-valent metal substrates;
(c) metallation or transmetallation of Z1-diynyl complexes {MLn}C!

CC!CR (R¼H, SiMe3, SnR
0
3);

(d) reactions of Group 14 diyne reagents R3EC!CC!CER3 (E¼ Si, Sn)
with metal halides;

(e) oxidative coupling of terminal Z1-acetylide complexes;
(f) modification of the supporting ligand configuration around existing

MC4M species.

1. Homodimetallic Compounds

Table V summarizes selected spectroscopic data for homo-binuclear C4

complexes.

(a) Groups 3–5
At the time of writing, no compounds containing metals of Groups 3–5 as

end-caps to C4 chains are known.

CHART 4
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TABLE V
SELECTED SPECTROSCOPIC PROPERTIES OF {MLx}2(m-C4)

IR (Raman) dC (J/Hz) ! nm

MLx n(CC) cm!1 C(1) C(2) (e M!1 cm!1) Ref.

Group 6
Mo(CO)3Cp not observed limited solubility 241,293
Mo(CO)2Tp

0 279.8 258.2 245
Mo(CO)2Tp

0 279.8 258.2 245
not observed 248.9 107.0 245

W(CO)3Cp 2145a limited solubility 241,293
W(CO)3Cp* obscured by CO 119.7 106.5 243
W(O)2Cp* 2017a 119.6 110.5 243
W(CO)2Tp

0 not observed 243.7 88.0 245

Group 7
trans-Mn(I)(dmpe)2 2127, 1805b 1164 (1400),

908 (39,360),
572 (4960),
504 (3820),
390 (40,430)

246

trans-Mn(C"CH)(dmpe)2 not observed 247
Re(NO)(PPh3)Cp*

c 1964w/1888a 95.8 117.5 350 (17,000) 248,249
1968w;b 1967wd

(2056)
(CC 96.5/47.1;

CP 10.9)
(CC 97.2/47.6)

Re(NO){P(tol)3}Cp* 1963a 95.7, 96.6c 118.0 232 (63,900),
270sh (22,300),
352 (13,500)

251

(Continued)
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TABLE V
Continued

IR (Raman) dC (J/Hz) ! nm

MLx n(CC) cm!1 C(1) C(2) (e M!1 cm!1) Ref.

Re(CO)3(Bu
t
2-bpy) 1981e 117 124 330 (15,140),

362 (8510),
458 (3010)a

253

Group 8
Fe(CO)2Cp 2144a 66.84 101.58 238,255,256
Fe(CO)2Cp

Et 446
Fe(CO)2Cp* 2141 79.8 98.5 182

2150 101.6 66.8 306
Fe(dippe)Cp* 1949e 258
Fe(dppe)Cp* 1955, 1880a 99.7 110.2 270
Ru(PPh3)2Cp cis 1970/trans

1990, 1976e
260–262

Ru(PMe3)(PPh3)Cp 1972, 1957a 262
Ru(dppe)Cp 1970 267
Ru(dppm)Cp* 1966 93.25 (CP 27) 100.38 264
Ru(dppe)Cp* 1973 94.63 (CP 27) 99.47 264
Os(PPh3)2Cp 1972 271
Os(dppe)Cp* 1965 271

Group 9
Rh(H)(Cl)(PiPr3)2 2010b 275
Rh(H)(Cl)(py)(PiPr3)2 2000b 110.22 (CRh 13.3) 275
Rh(C¼C¼CPh2)(PPr

i
3)2 1947e 278

Rh(C¼C¼CButPh)(PPri3)2 1952e 133.7 (CRh 39.7; CP 19.3) 149.8 (m) 278
Rh(C¼CHPh)}(PPri3)2 not observed 123.1 (CRh 37.2, CP 21.3) obscured by solvent 277,279
Rh(C¼CMe2)(PPr

i
3)2 not observed 123.8 (CRh 38.2, CP 19.1) 127.4 (CRh 10.1) 277

2
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RhH(py)(C!CPh)(PPri3)2 2086e 124.5 (m) or 96.9 (m) 110.8 or 99.3 (both CRh 7) 277
Rh(C¼CH2)(PPr

i
3)2 not observed 122.2 (CRh 38.1, CP 19.3) 125.0 (CRh 8.7) 279

Rh(C¼CHBut)(PPri3)2 not observed 122.7 (CRh 37.6, CP 19.3) 127.4 (CRh 8.1) 279
Rh(CNxy)(PPri3)2 2031, 2005, 1965

(CN and CC)e
not observed 279

Rh(CO)(PPri3)2 not observed 108.1m, 109.5m 280
[trans-IrCl(CO)
(NCMe)(PPh3)2]

þ
2183f 46.9 (CP 12) 95.6 239

IrHCl(PPri3)2 67.8 (CP 13.4) 101.0 (CP 1.9) 276
IrHCl(py)(PPri3)2 2010g 57.6 (CP 11.4) 88.2 (br) 276

Group 10
cyclo-Pt(PEt3)2 2144e 285
cyclo-Pt(dppe) 2148e 285
cyclo-Pt(dppp) 2148e 285
cyclo-Pt(dcype) 2075, 2142 94.7 (trans-CP 139,

cis-CP 12, CPt 1084)
98.9 (trans-CP 32,

cis-CP <0.1, CPt 313)
284

cyclo-Pt(dcpe)
{C!CC!C[Pt(PBu3)2]}

2001, 2074, 2139 284

Group 11
Au(PCy3) (2150, 2087) 123.8 (CP 134.1) 88 (CP 25.8) 413 (20), 381 (40),

361 (80), 339sh (130),
328 (580), 309 (1410),
291 (1770), 264 (119,880),
252sh (27,350), 245 (77,930)

288

Au(PPh3) 2102 267
Au{P(tol)3} 2157 119.89 (CP 140) 88.11 267
cyclo-Au2(dppm) 2141 289

Note: aCH2Cl2;
bKBr; cenantiomeric pair; dthf; enujol; fCCl4;

gCHCl3.
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(b) Group 6
Copper(I)-catalyzed reactions of MCl(CO)3Cp

0 (M¼Mo, Cp0 ¼Cp;
M¼W, Cp0 ¼Z5-C5H5, Z

5-C5Me5) with an excess of buta-1,3-diyne in amine
solvents readily afford the diynyl complexes M(C"CC"CH)(CO)3Cp

0

which react further under similar conditions with a stoichiometric amount
of the halide MCl(CO)3Cp

0 to give diyndiyl complexes {M(CO)3Cp
0}2(m-

C"CC"C) (85) in good yield (Scheme 23).241–243 While the Cp derivatives
were generally insoluble, the Cp* analogue {W(CO)3Cp*}2(m-C"CC"C)
has much greater solubility in common organic solvents, and chemical
oxidation (H2O2/H2SO4) of this complex afforded the bis(dioxo) complex
{W(O)2Cp*}2(m-C"CC"C) (86) via an intermediate bis (oxo–peroxo)
complex which could not be isolated in a pure state (Scheme 23).243 The
asymmetric homobimetallic species {Cp(dppe)(CO)Mo}(m-C"CC"C){Mo
(CO)2(PPh3)Cp

CO2Me} was isolated as a mixture of cis (34%) and trans
(66%) isomers (with respect to the CO ligands) from the CuI-catalyzed
reaction of Mo(C"CC"CH)(CO)(dppe)Cp with cis/trans-MoI(CO)2
(PPh3)Cp

CO2Me.244
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Complexes of types L and M containing Group 6 metal fragments
have been obtained via a beautiful sequence of reactions (Scheme 24),
commencing with deprotonation (BuLi) of M(!CCH3)(CO)2Tp

0 (87)
(M¼Mo, W; Tp0 ¼ hydridotris(3,5-dimethylpyrazolyl)borate) to give the
anionic vinylidene (88), which is oxidized (ferricinium, iodine, or
nitrobenzene) to afford bright yellow {M(CO)2Tp

0}2(m-CCH2CH2C)
(89). A second sequence of deprotonation/oxidation reactions gives
{M(CO)2Tp

0}2(m-CCH¼CHC) (90). Further deprotonation of 90 with
KOBut affords the blue–green anionic cumulene complexes 91, which are
finally oxidized to give the neutral complexes of type M (92).245 Overall, the

SCHEME 23

SCHEME 24
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reaction sequence amounts to the removal of two molecules of dihydrogen
from the CH2CH2 linkage between the robust metal carbyne cores.

(c) Group 7
Green, paramagnetic {MnI(dmpe)2}2(m-C!CC!C) (93) was obtained

from the reaction of MnI(dmpe)(Z5-C5H4Me) with Me3SnC!CC!CSnMe3
in the presence of dmpe.246 The complex was sequentially oxidized
by ferrocinium to afford the mono and dications. In turn, these were readily
reduced in reactions with CoCp2. Desilylation and subsequent deprotona-
tion of [{Mn(dmpe)2(C!CSiMe3)2]

þ (94) (Scheme 25) affords the radical
complex Mn(dmpe)2(C!CH)(C!C.) which is best described in terms of
a triplet ground state. This radical undergoes a spontaneous homo-coupling
reaction to give {Mn(dmpe)2(C!CH)}2(m-C4) (95), which is oxidized
by [{Mn(dmpe)2(C!CH)2]

þ present in the solution to give
[{Mn(dmpe)2(C!CH)}2(m-C4)]

þ ([95]þ ), isolated in ca. 65% yield.247

Glaser oxidative coupling [Cu(OAc)2/py] of the rhenium ethynyls
Re(C!CH)(NO)(PR3)Cp* (R¼Ph;248–250 tol, C6H4Bu

t-4251) affords the
corresponding diyndiyls {Re(NO)(PR3)Cp*}2(m-C!CC!C) (96) as diaste-
reotopic mixtures. Fractional crystallization leads to diastereotopic
enrichment, or resolution for R¼Ph, which permitted cystallographic
assignment of the configuration. 13C-Labeled complexes were prepared and
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isolated in an analogous manner. Ethynyl complexes bearing bulkier
phosphines (R¼ 4-C6H4Ph, Cy) did not afford the corresponding diyndiyls
under comparable conditions.249,252 The binuclear rhenium a,a0-diimine
complex {Re(CO)3(Bu

t
2-bpy)}2(m-C"CC"C) has been prepared by Glaser

coupling of Re(C"CH)(CO)3(Bu
t
2-bpy).

253

(d) Group 8
The first report of a transition metal complex containing a bridging C4

ligand, K8[{(NC)5Fe}C"CC"C{Fe(CN)5}], appeared in 1957.254 Arguably,
Wong’s report in 1990 describing the synthesis and characterization of
a series of m-Z1,Z1-C"CC"C complexes by sequential reactions of
Fe(C"CC"CH)(CO)(L)Cp (L¼CO, PPh3) with BusLi and a metal halide
(Scheme 26) was responsible for renewing interest in this area.255

In this manner, {Cp(L)(CO)Fe}(m-C"CC"C){Fe(CO)2Cp} (97) was
obtained, as were several heterobimetallic derivatives (Scheme 26) (see
Section II.D.2). The Cp* derivative has been prepared in a similar
fashion.182 Complex 98 has also been prepared by reaction of Li2C4 with
two equiv. of FeCl(CO)2Cp,

255,256 and via the Pd-catalyzed coupling of
Me3SnC"CC"CSnMe3 with FeI(CO)2Cp in thf or dmf.238

Application of Cu(I)-amine coupling of the appropriate metal halides to
Fe(C"CC"CH)(CO)2Cp

R has given a range of complexes {CpR(CO)2Fe}
(m-C"CC"C){MLn} [CpR¼Cp*, MLn¼Fe(CO)2Cp*, Fe(CO)2
(Z-C5H4Et); CpR¼Z-C5H4Et, MLn¼Fe(CO)2(Z-C5H4Et)] (see also
Section II.D.2 below).182,257 The more electron-rich dippe complex
{Cp*(dippe)Fe}2(m-C"CC"C) (99) was prepared by coupling FeCl(dippe)
Cp* with Fe(C"CC"CH)(dippe)Cp* in the presence of both KPF6 and
KOBut in methanol.258 It is likely that the reaction involves either
an ethynylvinylidene or butatrienylidene intermediate (Scheme 27).
Analogous procedures have been used to prepare {Cp*(L)2Fe}
(m-C"CC"C){Fe(CO)2(Z

5-C5R5)} from FeCl(L2)Cp* and the appropriate
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diynyl reagent Fe(C!CC!CH)(CO)2(Z
5-C5R5) [L2¼ dppe, R¼Me 100, Ph

101;88 L2¼ dippe, R¼Me 102].259

The ruthenium complex {Ru(PPh3)2Cp}2(m-C!CC!C) (103) was first
obtained by displacement of the labile thf ligand in [Ru(thf)(PPh3)2Cp]

þ

by Li2C4.
260 Alternatively, the reaction of RuCl(PPh3)2Cp with

Me3SiC!CC!CSiMe3 in the presence of KF and a strong non-nucleophilic
base affords 103 in good yield,261 and ligand exchange at elevated tempera-
tures affords the mixed phosphine derivatives {Ru(PPh3)(PMe3)Cp}2(m-
C!CC!C) (104)262 and {Ru(dppe)Cp}2(m-C!CC!C) (105) (Scheme 28).263

In general terms, the direct metalla-desilylation of SiMe3-protected
diynes has proven to be of great use in the preparation of Group 8 metal
complexes.261,264–266 For example, metallation of the diynyl ligand in
Ru(C!CC!CSiMe3)(PPh3)2Cp with RuCl(dppe)(Z5-C5R5) (R¼H, Me) is
achieved upon reaction with KF and dbu in methanol to give
{Cp(Ph3P)2Ru}(m-C!CC!C){Ru(dppe)(Z5-C5R5)}.

267

The reagent Me3SiC!CC!CSiMe3 is suitable for the preparation of
the octahedral complex cis-{RuCl(bpy)2}2(m-C!CC!C) (106) from
cis-RuCl2(bpy)2 in the presence of NaF and NaBF4.

268 The same complex
was also obtained from Me3SiC!CSiMe3, but the mechanism responsible
for the coupling process was not identified. In the case of iron, the reaction

SCHEME 26

SCHEME 27
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of FeCl(dppe)Cp* with RC!CC!CSiMe3 (R¼H, 0.6 equiv; SiMe3, 1.2
equiv) in refluxing methanol containing a halide abstracting agent (R¼H,
NaBPh4; R¼ SiMe3, KPF6) and a suitable nucleophilic base (R¼H,
KOBut/MeOH; R¼ SiMe3, KF) gave {Fe(dppe)Cp*}2(m-C!CC!C) (107)
in up to 73% yield.266 It is interesting to note that for both iron and
ruthenium, binuclear species were formed from Me3SiC!CC!CSiMe3
regardless of the stoichiometry employed.

An alternative approach to C4 metal complexes of the Group 8 metals
involves oxidative coupling (ferrocinium cation) of the ethynyls
M(C!CH)(dppe)Cp* (M¼Fe, Ru, Os) at low temperature to give the
bis(vinylidene)s [{Cp*(dppe)M}2(m-C¼CH–CH¼C)]2þ (108) via a 17-e
radical ethynyl cation. Deprotonation of 108 (KOBut) gave the diyndiyls
{Cp*(dppe)M}2(m-C!CC!C) [Scheme 29; M¼Fe (107),269,270 Ru (109)264

(the analogous dppm complex 110 was also prepared), Os (111)271].
Oxidation and rearrangement of the Ru porphyrin 112 afforded the
bis(vinylidene) 113 although this has not been converted to the C4 derivative
(Scheme 30).272 The original authors note that this complex represents an
entry point for dimetallacumulene and carbene chemistry.

(e) Group 9
The first Group 9 C4 complex was reported by Marder and his colleagues

in 1991.84,273,274 Facile oxidative addition of each C–H moiety in butadiyne
to [Rh(PMe3)4]

þ gave the bimetallic Rh(II) species {cis-RhH(PMe3)4}2
(m-C!CC!C) (114) in a single-pot reaction. The only by-product of the
reaction is the volatile PMe3, which is readily removed. Similarly, double
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oxidative addition of HC!CC!CH to {RhCl(PPri3)2}n affords the Rh(III)
complex {RhHCl(PPri3)2}2(m-C!CC!C) (115), which with pyridine gives
{RhHCl(py)(PPri3)2}2(m-C!CC!C) (116).275 The same product was
obtained from reaction of the bis(vinylidene) complex {RhCl(PPri3)2}2
(m-C¼CHCH¼C) (117), formed by thermolysis of 115 or photolysis of wet
benzene solutions of Rh(C¼CHC!CSiMe3)(Cl)(PPr

i
3)2 containing {RhCl

(PPri3)2}n, with pyridine (Scheme 31). The iridium analogues have also been
described.276

Stannylated diynes have proven to be especially useful in the preparation
of Rh(I) complexes containing C4 ligands (118) via the elimination of
Ph3SnX from Rh(X)(L)(PPri3)2 and Ph3SnC!CC!CSnPh3 [X¼OH,
F; L¼C¼CHR (R¼H, Ph, But), C¼CMe2, C¼C¼CPhR (R¼Ph, But),
CNxy, CO].277–279 Reactions of fluorinated starting materials were
greatly expedited by the formation of insoluble SnFPh3 in organic

SCHEME 29
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solvents. The fluoro(isocyanide) precursor reacts sufficiently slowly with
Ph3SnC!CC!CSnPh3 to permit the isolation of the diynyl complex
Rh(C!CC!CSnPh3)(CNxy)(PPri3)2 (119). The second carbon–tin bond
was subsequently cleaved upon reaction with RhF(C¼CHPh)(PPri3)2
to afford the asymmetric C4 complex trans,trans-{Rh(CNxy)(PPri3)2}
(m-C!CC!C){Rh(¼C¼CHPh)(PPri3)2} (120) in excellent yield (Scheme 32).
In the case of {Rh(¼C¼CHPh)(PPri3)2}2(m-C!CC!C) (121), reaction with
an excess of pyridine gave {RhH(C!CPh)(PPri3)2}2(m-C!CC!C) (122).
Similar chemistry occurs with Me3SiC!CC!CSiMe3 and two equiv. of
Rh(OH)(CO)(PPri3)2 to give {Rh(CO)(PPri3)2}2(m-C!CC!C) (123).280

An alternative single source C4 precursor is the electrophilic
bis(iodonium) triflate [PhIC!CC!CIPh](OTf )2, which reacts with Vaska’s
complex in acetonitrile to give unstable pale brown [{trans-IrCl(CO)
(NCMe)(PPh3)2}2(m-C!CC!C)](OTf)2 (124).239 With trans-RhCl(CO)
(PPh3)2, only uncharacterized polymeric material was formed.

(f) Group 10
Homo-bimetallic nickel derivatives of C4 are rare, only

{Ni(CN)(NH3)5}2(m-C!CC!C) (125)254 and {Ni(PPh3)Cp}2(m-C!CC!C)
(126)256 having been reported. The C4 chemistry of the Group 10 metals,
especially Pd and Pt, was largely advanced by interest in metal-containing
poly-ynyl polymers (Section II.H), with several of these species being
prepared as intermediates for polymer synthesis or resulting from polymer
degradation or ligand exchange reactions.

The CuI-catalyzed reaction of an excess of MCl2(PBu3)2 with
trans-M(C!CC!CH)(PBu3)2 in piperidine/toluene or NHEt2 afforded
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{MCl(PBu3)2}2(m-C!CC!C) (127; M¼Pd,281 Pt282). The palladium
polymer {Pd(PBu3)2(m-C!CC!C)}n reacts with PdCl2(PBu3)2 to give
{trans-PdCl(PBu3)2}2(m-C!CC!C) (127/Pd), while the platinum analogue
is inert under similar conditions, due to the increased Pt–C bond strength.281

The complex Pt(OH)Me(cod) reacts directly with buta-1,3-diyne to afford
{PtMe(cod)}2(m-C!CC!C) (128) in moderate yield.283

The cis-bis(diynyl) complexes, cis-Pt(C!CC!CH)2(PP) (PP¼ dppe,
dppp, dcype) react with cis- or trans-PtX2(PP) (X¼Cl, OTf) under
high dilution conditions to afford molecular squares 129 and 130
(Scheme 33).284,285 The smaller squares have been shown to have high
binding affinity for alkylammonium and Group 11 metal cations.
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(g) Group 11
The structures of Group 11 diyndiyl derivatives M2C4 (M¼Cu, Ag) are

unknown; they are explosive materials, prone to detonation upon
mechanical shock. The preparation of Cu2C4 from buta-1,3-diyne and
ammoniacal solutions of CuI has been reported, and this material is thought
to convert to the linear carbon allotrope carbyne during thermal
decomposition.196,198,286 Evidence has also been given for the formation
of Cu2C4 in aged samples of Cu2C2.

198 A yellow solid which precipitates
when buta-1,3-diyne is passed into solutions of AgPF6 containing NHEt2
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is thought to be Ag2C4, although this material has not been investigated
in detail.287

More readily manipulated C4 complexes have been isolated using
Au(PR3) endcaps. An elegant synthesis of the luminescent complex
{Au(PCy3)}2(m-C!CC!C) (80%) (131/Cy) involves treatment of a metha-
nolic solution of AuCl(PCy3) containing Me3SiC!CC!CSiMe3 with
NaOH.288 The P(tol)3 derivative {Au[P(tol)3]}2(m-C!CC!C) (131/tol) is
prepared similarly.267 Analogous PPh3-substituted materials were obtained
from the CuI-catalyzed reaction between Au(C!CC!CH)(PPh3) and
AuCl(PR3) (R¼Ph, tol).267 The condensation reaction of {Au(C!
CC!CH)2}(m-dppm), in which aurophilic interactions are expected to
impose a ‘‘U’’-shape, with {Au(OTf)}2(m-dppm) in NHEt2 under high
dilution conditions affords cyclo-{Au2(m-C!CC!C)(m-dppm)}2 (132) in
87% yield.289

2. Heterobimetallic Complexes

The chemical reactivity of the C!CH portion of terminal 1,3-diynyl
ligands is often found to resemble that of conventional organic 1-alkynes.36

Consequently, numerous examples of heterometallic diyndiyl complexes
have been prepared (Table VI). The most frequently used methods involve
metallation of terminal diynyl complexes {MLx}C!CC!CH, usually with
similar synthetic protocols to those described for the preparation of diynyl
and homometallic diyndiyls. General methods include:

(a) CuI-catalyzed coupling of {MLx}C!CC!CH with metal halides in
amine solvents;

(b) lithiation of terminal diynyl ligands with any of a range of
organolithium bases, such as n-, sec- or t-BuLi, or Li(NPri2) (LDA),
followed by treatment with the metal halide or pseudo-halide. If CO
ligands are present, more bulky and less nucleophilic reagents (LiBus,
LDA) may be required;

(c) copper(I) derivatives of the diynyl-metal complex, prepared in situ by
addition of CuI to the lithio compound, are useful reagents employed
in Cadiot–Chodkiewicz couplings;
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(d) a copper(I)-free procedure uses the terminal diynyl and the metal
triflate in the presence of NHEt2 or NaOAc;

(e) metalladesilylation of silylated diynes is achieved using electron-rich
metal fragments in the presence of fluoride.

Copper(I) derivatives of metal diynyl complexes have proven to be useful
synthetic intermediates in Cadiot–Chodkiewicz coupling reactions,290–292

and similar species are implicated in coupling of metal diynyls with aryl
halides under Pd/Cu catalyzed (Sonogashira) conditions241,242 and in the
CuI-catalyzed coupling reactions of metal diynyl species with other metal
halides.293

The following sub-sections describe the preparation of hetero-bimetallic
complexes, and are grouped in terms of the earliest metal present in the
complex.

(a) Group 6
The chloride ligand is readily displaced from complexes MCl(CO)3Cp

(M¼Mo, W) by diynyl anions. For example, {Cp(CO)3Mo}(m-C"CC"C)
{Fe(CO)2Cp} is readily obtained from sequential reaction of
Fe(C"CC"CH)(CO)2Cp with BusLi and MoCl(CO)3Cp.

255 The Group 6
diynyl complex W(C"CC"CH)(CO)3Cp is also a convenient source of these
complexes and, for example, {Cp(CO)3W}(m-C"CC"C){Mn(CO)5} (133) is
prepared from W(C"CC"CH)(CO)3Cp, MnI(CO)5, and LDA. The use of
the bulkier lithiated bases seems to be essential in order to avoid complications
arising from inadvertent attack of this reagent at the carbonyl ligands.293

In the presence of a CuI catalyst, W(C"CC"CH)(CO)3Cp couples with
FeCl(CO)2Cp to give the mixed Group 6/8 complex {Cp(CO)3W}(m-
C"CC"C){Fe(CO)2Cp} (134). Treatment of W(C"CC"CSiMe3)(CO)3Cp
with RuCl(PPh3)2Cp in a methanolic solution of KF gave {Cp(CO)3W}
(m-C"CC"C){Ru(PPh3)2Cp} (135).294

Copper(I)-catalyzed reactions have also been used to make W/Rh- and
W/Ir-diyndiyl complexes, although the products are often contaminated by
the corresponding O2 adducts.293 Better is a Cu-free procedure in which
W(C"CCC"CH)(CO)3Cp and M(OTf)(CO)(PPh3)2 (generated in situ)
react in the presence of diethylamine to give {Cp(CO)3W}(m-C"CC"C)
{M(CO)(PPh3)2} (136/M; M¼Rh, Ir).295

Reaction of the bimetallic reagents {AuCl}2(m-dppm) with
W(C"CC"CH)2(CO)3Cp requires the CuI catalyst, and affords the
tetrametallic species [{Au(C"CC"C[W(CO)3Cp])}2(m-dppm)]. It is thought
that the steric requirements of the W(CO)3Cp groups would overcome the
Au # # #Au aurophilic interactions and twisting of the Au-phosphine
backbone would result.289
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TABLE VI
SELECTED SPECTROSCOPIC PROPERTIES OF HETERO-BINUCLEAR COMPLEXES {MLx}–C4–{M

0L0
y}

IR (Raman)

dC (J/Hz)

! nm

MLx M0L0
y n(CC) cm!1 C(1) C(2) C(3) C(4) (e M!1 cm!1) Ref.

Group 6
Mo(CO)(dppe)Cp Mo(CO)2(PPh3)Cp

CO2Me 2145, 2052g 106.8, 101.7, 92.7, 70.9 244
Mo(CO)3Cp W(CO)3Cp 2145d insoluble 293
W(CO)3Cp Mn(CO)5 2150, 2128d 114.88 (CW 22) 101.49, 80.83, 55.65 293
W(CO)3Cp Fe(CO)2Cp 2135d 115.45 (br) 63.32 42.32 101.00 255,293
W(CO)3Cp Fe(CO)(PPh3)Cp 2127d 117.6 105.1 52.0 98.1 (CP 41.3) 255
W(CO)3Cp Ru(CO)2Cp 2142d 115.26 87.45 52.01 95.43 293
W(CO)3Cp Ru(PPh3)2Cp 2110, 1976f 294
W(CO)3Cp Rh(CO)(PPh3)2 2145d not observed 293,295
W(CO)3Cp Rh(O2)(CO)(PPh3)2 2145e not observed 293
W(CO)3Cp Rh(tcne)(CO)(PPh3)2 2142d not observed 295
W(CO)3Cp Ir(CO)(PPh3)2 2156d not observed 293
W(CO)3Cp Ir(O2)(CO)(PPh3)2 2147d not observed 293
W(CO)3Cp Au(PPh3) 2145d 293

Group 7
Re(NO)(PPh3)Cp* Fe(dppe)Cp* 2093, 2058,

1955e
121.3, 106.4, 76.7 356sh (14,000),

330sh (19,000),
298 (40,000)
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Re(NO)(PPh3)Cp* Rh(CO)(PPh3)2 2110d 224
Re(NO)(PPh3)Cp* PdCl(PEt3)2-trans 1988d 90.8 116.1 95.0 83.9 224

1988c

(2128, 2093)
(CP 17.6) (CP 3.7) (CP 17.3)

Group 8
Fe(CO)2Cp Fe(CO)(PPh3)Cp 255
Fe(dppe)Cp* Fe(CO)2(Z

5-C5Ph5) 2102c 107.4
(CP 41)

108.5
(CP 2)

102.4
(CP 3)

68.3 88

Fe(dippe)Cp* Fe(CO)2Cp* 2112e 111.7
(CP 39)

106.5
(CP 2)

102.5
(CP 2)

65.0 259

Fe(dppe)Cp* Ru(PPh3)2Cp 2037, 1959 267
Ru(PPh3)2Cp Ru(dppe)Cp 1966 267
Ru(PPh3)2Cp Ru(dppe)Cp* 1965 267

Group 9
Rh(CNxy)(PPri3)2 Rh(C¼CHPh)(PPri3)2 2030, 2004

(NC and CC)e
110.0
(CRh 36.6,
CP 20.3)

107.5
(CRh 12.2)

279

Group 10
Pt(C"CC"CH)
(dppe)

AuPPh3 2140, 2084e not
reported

285

Group 11
Au{P(tol)3} Cu(triphos) 2158, 2127 267
Au(PPh3) Au(Ptol3) 2153 126.96, 125.80, 88.23, 85.78 267

Note: aDi-potassium salt; bBF4 salt;
cKBr; dCH2Cl2;

enujol; fcyclohexane; gthf.
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(b) Group 7
The complex {Cp*(NO)(PPh3)Re}(m-C!CC!C){Fe(dppe)Cp*} (137)

was prepared from the reaction of Re(C!CC!CSiMe3)(PPh3)(NO)Cp*
with FeCl(dppe)Cp* in the presence of KF, the halide abstracting agent
KPF6 and 18-crown-6.296 Sequential reactions of Re(C!CC!CH)
(PPh3)(NO)Cp* with LiBu and PdCl2(PEt3)2 give {Cp*(NO)(PPh3)Re}
(m-C!CC!C){PdCl(PEt3)2},

224 while Re(C!CC!CCu)(PPh3)(NO)Cp*, of
presently unknown structure, is prepared in a similar manner.290

(c) Group 8
In the presence of CuI and an amine solvent, Fe(C!CC!CH)(CO)2

(Z5-C5Me4Et) couples with RuCl(CO)2Cp
0 to give {(Z5-C5Me4Et)(CO)2Fe}

(m-C!CC!C){Ru(CO)2Cp
0} (138; Cp0 ¼Cp, Cp*).182,257 The more elec-

tron rich mixed iron/ruthenium complex {Fe(dppe)Cp*}(m-C!CC!C)
{Ru(PPh3)2Cp} (139) is readily prepared from reaction of Ru(C!
CC!CH)(PPh3)2Cp with FeCl(dppe)Cp* following reaction in the presence
of NEt3 and NaBPh4.

297

(d) Group 10
Curiously, while sequential treatment of the cis-bis(diynyl) reagent

cis-Pt(C!CC!CH)2(dppe) with two equivalents of ButLi and MeI affords
the bis(pentadiynyl) complex Pt(C!CC!CMe)2(dppe), only monoauration
is observed after a similar reaction with AuCl(PPh3) with Pt(C!CC!CH)
{C!CC!C[Au(PPh3)]}(dppe) (140) being the only isolated product.
The same product was obtained from a CuI-catalyzed coupling of
Pt(C!CC!CH)2(dppe) and AuCl(PPh3) in a mixed NHEt2/thf solvent.
Molecular modeling studies failed to reveal any obvious steric interactions
which might be responsible for this anomalous behavior.285 Nevertheless,
cis-Pt(C!CC!CH)2(dppe) reacts with [ppn][Au(acac)2] to afford a tetra-
anionic, heterometallic expanded molecular square (141).289

(e) Group 11
Lithiation (LiBu) of Au(C!CC!CH){P(tol)3} followed by treatment

with CuCl(triphos) gave {[(tol)3P]Au}C!CC!C{Cu(triphos)} (142) in
good yield.267

3. Trimetallic Complexes

Aside from the edges of the molecular squares mentioned above, there are
few complexes of the type M(m-C!CC!CM0)2 known (Table VII). These
have been prepared using the same types of reactions described previously.
For example, a CuI-catalyzed reaction between trans-Pt(C!CC!CH)2
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(PBu3)2 and MCl2(PBu3)2 (M¼Pd, Pt) gives the linear trimetallic species
trans-Pt{C"CC"C[MCl(PBu3)2]}2(PBu3)2 (143).

281 Selective cleavage of the
Pd–C bonds occurs in the reaction between PdCl2(PBu3)2 and trans,trans-
{Pd(PBu3)2}(m-C"CC"C){Pt(PBu3)2(m-C"CC"C)}n to give trans,trans,
trans-Pt(PBu3)2{(m-C"CC"C)[PdCl(PBu3)2]}2 (143/Pd).

Lithiation of Re(C"CC"CH)(NO)(PPh3)Cp* and subsequent reaction
with a stoichiometric amount of trans-PdCl2(PEt3)2 affords trans-
Pd{C"CC"C[Re(NO)(PPh3)Cp*]}2(PEt3)2 (144).224 The Pd(PEt3)2 group
efficiently insulates the remote Re centers, and there is no evidence of
electronic ‘‘communication’’ between the terminal metal fragments.
Coupling W(C"CC"CH)(CO)3Cp with cis-PtCl2(PP) species [PP¼ (PEt3)2,
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TABLE VII
TRIMETALLIC BIS(DIYNDIYL) COMPLEXES

Complex IR (Raman) n(CC) cm!1 dc (J/Hz) Ref.

Hg{C"CC"C[W(CO)3Cp]}2 2161a unassigned 293
trans-Pd{C"CC"C[Re(NO)(PPh3)Cp*]}2(PEt3)2 2114, 1984a

2114, 1988c
100.5 (CP 11.1) [C(1)], 98.2 (CP 3.3)
[C(2)], 117.0 [C(3)], 87.4 (CP 18.4) [C(4)]

224

(2111/2128)
cis-Pt{C"CC"C[W(CO)3Cp]}2(PEt3)2 not observed 116.15, 93.69, 58.90 293
Pt{C"CC"C[PtCl(PBu3)2]}2(PBu3)2 2280w, 1990mb 281
Pt{C"CC"C[PdCl(PBu3)2]}2(PBu3)2 2290w, 1992mb 281
[ppn]4[cyclo-Pt(dppe){C"CC"CAuC"CC"C}]4 2142, 2073b 99.56 (Au–C), 97.26, 76.08, 60.31 289
Hg{C"CC"C[Au(PPh3)]}2 2100, 2014 267
Hg{C"CC"C[AuP(tol)3]}2 2166, 2052 88.17 (CP 29) (Au–C), 102.52, 72.52 267
Hg{C"CC"C[Ru(dppe)Cp*]}2 2156, 2095, 1992 298
Hg{C"CC"C[Ru(PPh3)2Cp]}2 2108, 1955 298
[ppn][Au{C"CC"C[W(CO)3Cp]}2] 2029b 63.57 267
[ppn][Au{C"CC"C[Au(PPh3)]}2] 2140, 2080b 118.78, 88.34 267
[ppn][Au{C"CC"C[Au(Ptol3)]}2] 2145 267

Note: aCH2Cl2;
bnujol; cKBr.
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dppe, dppp] to give cis-Pt{C!CC!C[W(CO)3Cp]}2(PP) (145) is catalyzed
by CuI.293

The salts [ppn][Au{C!CC!C[Au(PR3)]}2] (146; R¼Ph,289 tol267)
contain a linear 13-atom P–Au–C4–Au–C4–Au–P sequence in the anions
and were obtained from Au(C!CC!CH)(PR3) and [ppn][Au(acac)2] in the
presence of NHEt2 through the elimination of acacH. The reaction between
[ppn][Au(acac)2] and W(C!CC!CH)(CO)3Cp gives the linear trimetallic
species [ppn][Au{C!CC!C[W(CO)3Cp]}2] (147).

289

The diynyl complexes Ru(C!CC!CH)(dppe)Cp*, W(C!CC!CH)
(CO)3Cp and Au(C!CC!CH)(PR3) (R¼Ph, tol) react with 0.5 equiv.
Hg(OAc)2 to give the trimetallic complexes Hg{C!CC!C[MLn]}2
(148).267,293,298 The limited mixing of the Hg-based metal orbitals with the
carbon p-orbitals results in the terminal metal groups being essentially
electronically isolated.

E. Complexes Containing C5 Ligands

1. Group 7

The methodology used to prepare the first C3 complexes has been
applied to the synthesis of a C5 analogue. Lithiation of Re(C!CC!CH)
(NO)(PPh3)Cp*, followed by successive reactions with Mn(CO)3(Z-C5Cl5)
and [OMe3]BF4, gives dark purple {Re(NO)(PPh3)Cp*}{m-C!CC!
CC(OMe)¼}{Mn(CO)2(Z-C5Cl5)} (149, Scheme 34).230 Removal of the
OMe group with BF3 then affords dark brown [{Re(NO)(PPh3)Cp*}
CCCCC{Mn(CO)2(Z-C5Cl5)}][BF4] (150). This complex is very light
sensitive and decomposes readily to paramagnetic materials. Similar
derivatives with Mn(CO)2(Z-C5Br5) and Fe(CO)4 groups were prepared.229
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Spectroscopic properties are consistent with the cumulenic structure
shown, with n(CC) at 1953 cm!1 and 13C NMR signals for the C5 chain
at d 218.4 [J(CP) 12.5 Hz, ReC], 296.2 (MnC), and at 119.1, 110.6, and 107.0
(CCCCC). No reactions were found with tcne, C2H4, or SMe2.

The complex cis-{Re(NO)(PPh3)Cp*}{m-C"CC"CC(OMe)¼}{Re(CO)4
Re(CO)5} (151), obtained from Re(C"CC"CLi)(NO)(PPh3)Cp* and
Re2(CO)10, did not give the C5 derivative with BF3.

232

2. Group 8

Attempts to obtain complexes containing C5 chains linking electron-rich
ruthenium or osmium centers have been reported, with several complexes

SCHEME 34
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containing m-C5H ligands having been prepared. The reaction of CH(OH)
(C!CH)2 with [M(L)2Cp*]

þ (M¼Fe, L2¼ dppe; M¼Ru, L¼PPh3,
L2¼ dppe; M¼Os, L¼PPh3) gave [{M(L)2Cp*}¼C¼C¼CHCH¼C¼
{M(L)2Cp*}]

2þ (152, Scheme 35) which were deprotonated on alumina
to give stable blue [{M(L)2Cp*}¼C¼C¼CHC!C{M(L)2Cp*}]

þ

(153).299–301 The symmetrical m-C5H bridge is V-shaped. It was not possible
to convert the Ru compound into a complex containing a C5 bridge, either
with [CPh3]

þ (to remove H$) or with strong base (to remove Hþ ).

SCHEME 35
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Comparing the 1H NMR spectra, the signals for the central H on the
C5 chain occur at d 6.50 (Fe), 8.30 (Ru), and 10.55 (Os), suggesting
increasing carbocationic nature as the Group is descended. Strong
absorptions at 722 (Fe), 600 (Ru), and 583 nm (Os) are assigned to
transitions involving the M–C5–M bridges. The solid-state structures of
the Ru and Os complexes are similar, with the V-shaped C5H chain
[130.3(11), 128.2(8)! (Os)] probably reflecting the degree of steric interaction
between the phosphine Ph groups on the two metal centers. Electrochemical
studies show a reduction wave between "1.10 and "1.30 V and two
oxidation waves, which are reversible for iron (at þ 0.12 and þ 0.47 V)
but irreversible for ruthenium and osmium (þ 0.68, þ 0.74 and þ 1.04,
þ 1.10 V). These have been assigned to reduction of the C5H ligand, the
LUMO of which is largely centered on the CH group (C p orbital
character), and to oxidation of the metal centers (Scheme 36).301
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F. Complexes Containing C6 –C20 Ligands

Terminal poly-ynes containing chains with six or more carbon atoms
are generally highly sensitive to thermolysis or photolysis and are therefore
not readily available for use in the construction of complexes of the type
being reviewed here. Trialkylsilyl-capped chains are somewhat more stable,
and reliable syntheses of R3Si(C!C)mSiR3 (R¼Me, Pri, m¼ 3, 4) are
available. Very recently, several series of poly-ynes containing up to ten
C!C triple bonds were described, making use of bulky aromatic polyether
dendrimers to separate the carbon chains.302 An alternative approach is
the use of cyano end-groups and the series N!C–(C!C)m–C!N (m¼ 1–8)
is known.21,303

Complexes containing C6 and C8 ligands bridging two metal centers were
first described in 1970 but only partly characterized.256 Several complexes of
this type have also been obtained by depolymerization of H{(C!CC!
C)Pt(PBu3)2(C!CC!C)}nH (Section II.H). More recently, construction of
derivatives of longer carbon chains is achieved by sequential application
of metallation or oxidative coupling reactions to suitable precursors
containing one or two C!C triple bonds. In this way, derivatives containing
up to 20 carbon atoms, such as {Re(NO)(PPh3)Cp*}2{m-(C!C)10}, have
been prepared and satisfactorily characterized. Usually, this has been
carried out to give homonuclear systems, since it is not yet clear whether
coupling of poly-ynes with different end-groups can be directed to give
specific combinations preferentially, rather than giving statistical mixtures
of all possible products.

There are four general reactions which have been applied to lengthen the
carbon chain commencing with the complexes {MLx}C!CC!CH:

(a) Lithiation (LiBu), which may or may not be followed by cupration
with CuI, to give {MLx}C!CC!CLi(Cu), which is condensed in situ
with halo-poly-alkynes, such as Br(C!C)mSiR3 (m¼ 1, 2; R¼Me,
Et) to give {MLx}C!CC!C(C!C)mSiR3;

(b) In some cases, the free poly-yne can be generated in situ by proto-
desilylation reactions (base, fluoride). If these reactions are carried
out in the presence of a metal halide, subsequent reaction gives the
desired complexes end-capped by transition metal–ligand fragments.

(c) Oxidative coupling (Eglinton, Hay) of 1-alkynes containing MLx

groups, H(C!C)m{MLx}, doubles the chain length to give
{MLx}2{m-(C!C)2m}. Note that a variant of this reaction, carried
out in the presence of HC!CSiR3, results in lengthening of the
poly-alkynyl chain by one C2 unit. The desilylated complexes may be
obtained in situ by proto-desilylation as in (b).
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These compounds will be described below, together with the trends in
properties (spectroscopic, structural) as the chain length increases. In the
limit, the properties may resemble those of ‘‘carbyne’’, the (presently)
unknown C(sp) allotrope. If redox-active metal centers are linked by
unsaturated Cn chains, electronic interactions between the two metal centers
may occur, and have been demonstrated for up to C10 chains so far. Further
complexation of metal centers by p-bonding to the chain generally reduces
communication along the chain, but more recent studies of cobalt carbonyl
complexes and their phosphine derivatives have suggested that both
through-bond and through-space interactions may occur. This remains a
topic of active investigation.

1. Molybdenum and Tungsten Complexes

Oxidative coupling (Hay conditions: CuCl/tmed in acetone, O2 or air,
r.t.) of M(C!CC!CH)(CO)3Cp (M¼Mo, W) gives orange {M(CO)3Cp}2
{m-(C!C)4} (154; Scheme 37) in excellent yield.241,242

2. Rhenium Complexes

The major synthetic routes to binuclear complexes containing longer
–(C!C)m– chains (155/m) have been established by Gladysz and his
co-workers, who have employed Re(NO)(PR3)Cp

0 (R generally Ph,
Cp0 ¼Cp, Cp*) as end-capping groups.290 The Re(NO)(PPh3)Cp* fragment
is chiral, although in most syntheses racemic mixtures of the initial mono-
rhenium complexes have been used. Reactions give mixtures of meso and dl
diastereomers, which in some cases are distinguishable by NMR methods
(Table VIII). For example, 13C and 31P resonances for both isomers can be
seen for the C6 complex, but for the C8 derivative, separate resonances were
not seen (probably because of a greater separation of metal centers); a
similar isomeric formulation is assumed. As mentioned above (Section
II.D), the diastereomers of the C4 complex can be separated by
crystallization. However, in no case longer than C4 has it been possible to
separate the isomers and difficulties in getting X-ray quality crystals have
been ascribed to the presence of mixtures of diastereomers. For the C8
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complex, a preliminary X-ray study suggests that the Re center is less
sterically hindered than that in the C4 complex.

Oxidative cross-coupling [Cu(OAc)2/py] of a mixture of
Re(C!CH)(NO)(PPh3)Cp* and Re(C!CC!CH)(NO)(PPh3)Cp* gives
a mixture of the {Re(NO)(PPh3)Cp*}2{m-(C!C)m} complexes (155/m;
m¼ 2, 14; 3, 44; 4, 15%) which could be separated by chromatography on
silica gel.250,290 An alternative synthesis of the C8 complex was also ob-
tained by a sequence of reactions between Re(C!CC!CCu)(NO)(PPh3)Cp*
and BrC!CC!CSiMe3 in the presence of NHEt2 to give
Re{(C!C)4SiMe3}(NO)(PPh3)Cp*, which was desilylated and oxidatively
coupled to give 155/4.304 This complex is also formed by thermal
decomposition of trans-Pd{C!CC!C[Re(NO)(PPh3)Cp*]}2(PPh3)2 in
refluxing benzene.250,290

Syntheses of complexes containing poly-ynediyl chains, –(C!C)m–
(m¼ 3–10), spanning rhenium centers involves a methodology involving
four well-established reactions applied sequentially to Re(C!CC!CH)
(NO)(PPh3)Cp* (Scheme 38).248,290,291 Conversion to an incompletely
characterized copper(I) derivative (see below) was achieved with LiBu and
CuI, after which reaction with bromo(silyl)alkynes (Cadiot–Chodkiewicz)
and protodesilylation of the resulting C6 and C8 complexes ([NBu4]F in
wet thf) afforded Re{(C!C)mH}(NO)(PPh3)Cp* (m¼ 3, 4). Oxidative
coupling [Cu(OAc)2/py] then gave the binuclear C12 and C16 complexes. In
one case, reaction of BrC!CC!CBr with Re(C!CC!CCu)(NO)(PPh3)Cp*
afforded 155/6 directly. Lithiation and cupration of Re{(C!C)4H}
(NO)(PPh3)Cp*, followed by coupling with SiR3C!CBr (R¼Me, Et)
gives Re{(C!C)5SiR3}(NO)(PPh3)Cp*. Alternatively, this compound can
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TABLE VIII
SELECTED SPECTROSCOPIC PROPERTIES OF {MLx}2(m-Cn) (n¼ 6–20)

IR (Raman)
dC (J/Hz)

! nm
MLx n n(CC)/cm"1 C(1) C(2) C(3) C(4) Unassigned (e M"1 cm"1) Ref.

Group 6
Mo(CO)3Cp 8 2140a 112.24 92.22 63.47 59.95 242
W(CO)3Cp 8 2190a 112.39 91.60 63.70 60.91 241,242

Group 7
Re(NO)(PPh3)Cp* 6 2061ma 104.2, 114.3, 232 (62,000), 250

2064mb 103.3a 113.9 328 (39,000),
2058mc (CP 15.7/16.0) 354 (37,000)

(2100s, 1951s)
6 106.8, 112.6 65.0, 232 (62,000), 290

106.5a 64.9 328 (39,000),
(CP 16.8/16.0) 354 (37,000)

8 2108s, 1959ma 109.7 113.3 360 (67,000), 250,290
2112s, 1956mb (CP 16.9) 390 (60,000)
2107s, 1954mc

(2100s, 2000s)
8 111.0 (CP 18.4) 112.7 66.8 (CP 2.9) 63.8 234 (58,000),

262sh (36,000),
290

340sh (56,000),
360 (67,000),
390 (60,000)

10 2120s, 2000mb 117.3 112.7 66.1 66.3, 64.1 230 (58,000), 290
2114s, 1993mc (CP 15.7) (CP 2.7) 268 (32,000),

274 (32,000),
338sh (41,000),
366sh (59,000),
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394 (76,000),
426 (50,000),
474 (10,000)

12 2117m, 2056vs, 116.8 113.7 66.0 67.1, 66.3, 230 (60,500), 290,291
1952sb (CP 15.6) (CP 3.3) 64.4 280 (47,600),

2112m, 2050s, 364sh (47,300),
1946sc 390 (63,400),

(2135w, 2030m 422 (82,700),
1951s) 470 (37,350)

512sh (16,600),
568 (3900)

16 2074m, 2014vs, 125.1 113.2 66.6 66.7, 66.4, 232 (62,600), 290,291
1941vsb (CP 15.2) (CP 2.4) 65.6, 65.5, 328 (61,700),

2069m, 2012s, 65.2 348 (65,300)
1938sc 402sh (81,500),

(2101vw, 2000w, 430 (142,000),
1921s) 470 (128,000),

548 (61,200),
644 (9900)

20 2164w, 2116w, 127.3 113.2 66.6 67.0, 66.5, 228 (78,000), 290,291
2058s, 2031vs, (CP 14.6) 65.5, 65.4, 384sh

1962vsb 65.3, 64.9, (110,000), 430
2136w, 2101w, 64.8 (131,000), 466
2036s, 1949sc (191,000),

(2102vw, 2068vw, 508 (136,000),
1984w 1899s) 582 (73,000),

602 (73,000)
Re(NO){P(tol)3}Cp* 4f 1963a 95.7, 96.6 118.0 232 (63,900), 251

270sh (22,300),
352 (13,500),

6f 2059wa 104.9 114.8, 66.6 232 (82,000), 251

(Continued)
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TABLE VIII
Continued

IR (Raman)
dC (J/Hz)

! nm
MLx n n(CC)/cm!1 C(1) C(2) C(3) C(4) Unassigned (e M!1 cm!1) Ref.

(CP 16.6) 114.7 320 (38,200),
358 (37,800)

8 2107s, 1954ma 110.7 114.6 67.9 66.0 234 (83,000), 251
(CP 12.7) 362 (75,000),

394 (71,000)
Re(NO){P(C6H4Bu

t)3}Cp* 8 2108s, 1954ma 110.3 114.5 67.7 66.0 232 (90,200), 251
(CP 15) (CP 3.0) 362 (65,600),

394 (61,000)
Re(NO){P(C6H4Ph)3}Cp* 8 2108s, 1954ma 109.8 114.4 67.5 65.8 228 (74,500), 251

(CP16.9) 270 (164,000),
362 (74,200),
392 (61,000)

Re(NO)(PCy3)Cp* 8 2110s, 1953wa not 274 (27,300), 251
observed 340 (39,400),

366 (55,100),
398 (52,800)

Group 8
Fe(CO)2Cp* 6 2094a 99.7 94.9, 54.0 182,306

8 2136, 2088a 110.8 94.8, 61.6, 182,306
51.4

12 2123, 2087a 118.3 94.6, 64.8, 306
62.2, 58.9,

50.5
Fe(dppe)Cp* 8 2109s, 1949sd 139.5 101.8 62.7 50.6 389 (100,500), 307

(CP 4.2) (CP 3) 481 (10,000)
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Ru(PPh3)2Cp 6 2135w, 2066s, 261
1965wa

8 2110s, 1956ma 308

Group 10
trans-Pt(tol)(Ptol3)2 8 2135s, 1987ma 111.6 98.3 64.5 58.4 233 (200,000), 310

(CP 13.5) 305 (95,000),
343 (100,000)

12 2121m, 2083s, 120.9 96.7 66.6, 63.8, 231 (151,000), 310
1982ma (CP 14.4, (CPt 61.2, 56.9 322 (60,000),

CPt 875) 212.5) 347 (125,000),
371 (215,000)

trans-Pt(tol){PPh3}2 8 2139s, 1984ma 112.9 98.6 64.3 58.4 310
12 not observed not observed 310

trans-Pt(C6F5){P(tol)3}2 8 2152s, 2011me 100.6 96.7 64.1 58.1 295 (80,000), 311
(CPt 998) (CPt 265) 325 (113,000)

12 2127m, 2088s, 106.5 95.5 65.7, 63.0, 315 (101,000), 311
1992me 61.0, 57.1 336 (267,000),

359 (432,000)
16 2154w, 2088w, 109.1 95.0 66.7, 64.9, 290 (46,000), 311

2054s, 1984me 63.1, 61.5, 306 (42,000),
60.1, 56.8 326 (54,000),

346 (151,000),
369 (397,000),
397 (602,000)

Group 11
Au(PCy3) 6 2109d 131.3

(CP 131.4)
85.9

(CP 25)
75.1 see original

literature
315

8 2147, 2066, 136.0 87.4 67.4 62.8 290, 274, 315
2007d (CP 122.2) (CP 24.9) 260, 252

Note: aCH2Cl2;
bthf; cKBr; dnujol; epowder film; fenantiomeric pair.
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be obtained from SiEt3C!CBr and the copper compound to give
Re{(C!C)3SiEt3}(NO)(PPh3)Cp*, which after conventional desilylation,
lithiation and reaction with CuI, is converted to the putative
Re{(C!C)3Cu}(NO)(PPh3)Cp*. Further reaction with SiMe3C!CC!CBr
affords Re{(C!C)5SiMe3}(NO)(PPh3)Cp*. Desilylation and oxidative
coupling [Cu(OAc)2/py] then affords 155/10.291

Rapid decomposition of the product from reaction of Re{(C!C)6
SiMe3}(NO)(PPh3)Cp* with wet [NBu4]F/PhMe precluded the synthesis of
155/12. Compounds with up to 16 carbon atoms in the chain form orange
powders which are stable in air, but 155/10 is black. While no obvious
trends in stability are apparent, decomposition points indicated by DSC
range between 155 (for C20) to 217 "C (for C8). Complexes containing long
carbon-chain links between two metal centers are generally stable in air
at r.t. for a week and decompose >100 "C without explosion.

Complexes containing a range of different phosphines PR3 (R¼ tol,
C6H4Bu

t-4, C6H4Ph-4, Cy) could be prepared from the appropriate
ReMe(NO)(PR3)Cp* derivative by a reaction sequence involving treatment
with HBF4 in PhCl, displacement of the labile PhCl ligand by
HC!CC!CSiMe3, conversion to the s-diynyl compound with KOBut,
followed by protodesilylation ([NBu4]F in wet thf) and oxidative
coupling [Cu(OAc)2/py, 50–80 "C] to {Re(NO)(PR3)Cp*}2{m-(C!C)4}.

251
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These orange to dark red compounds were obtained in 23–54%
yields as inseparable diastereomeric mixtures. Oxidative coupling of
Re{(C!C)mH}(NO){P(tol)3}Cp* (m¼ 1 and 2) afforded the orange C6

complex (23%), accompanied by only 8% of the C8 derivative.
Similar synthetic sequences have been employed to prepare

{Re(NO)[PPh2(CH2)6CH¼CH2] Cp*}2{m-(C!C)4} (156) as a mixture of
diastereomers, which with Grubbs’s catalyst underwent olefin metathesis to
give 157 (Scheme 39).305 An ion from the intermolecular metathesis
product (m/z 2728) was detected in the mass spectrum of 157, while the
NMR spectra suggested that the compound was a mixture of configura-
tional (at Re) and geometrical (Z/E) isomers. CV data (two one-electron
oxidations at E#(1)¼ þ 0.24, E#(2)¼ þ 0.52, both only partially reversible)
showed oxidation to be thermodynamically slightly more favorable than for
the PPh3 analogue.

3. Iron Complexes

Copper(I)-catalyzed coupling of Fp*Cl with Fp*(C!C)3H (from Fp*Cl,
Me3Si(C!C)3SiMe3 and LiMe, followed by proto-desilylation) gives orange
Fp*(C!C)3Fp* (158/m, m¼ 3) (71%).182 This complex has only one
n(C!C) band at 2094 cm%1, and the chain carbons resonate at d 99.7, 94.9,
and 54.0 (Ca, Cb, Cg). Similar coupling (CuCl/tmeda, O2, 30 #C) of
Fp*(C!C)3H gives yellow-brown Fp*(C!C)6Fp* (158/6; 76%).306 The Fe–
C12–Fe chain adopts an S-configuration (individual angles 171.7(9)–178(1),
av. 175.2#). Changes in Fe–C and C–C bond lengths compared with the
ethyn- and butadiyn-diyl complexes are rationalized in terms of
contributions from a vinylidene tautomer. While Ca and Cb resonate at d
118.3 and 94.6, respectively, the other carbon chain atoms are found
between d 50.5 and 64.8. Two n(C!C) bands are found at 2123 and 2087
cm%1. Oxidative coupling (CuCl/tmeda/O2) of Fp*(C!C)2H gave
Fp*(C!C)4Fp* (75%).182 This paper gives an extensive table of 13C
NMR shifts and assignments. Two n(C!C) bands occur in the IR spectrum,
while the four carbons of the chain resonate at d 139.5, 101.8, 62.7, and 50.6,
with 4J(CP) (3 Hz) being larger than 3J(CP) (& 0 Hz), and 2J(CP) 42 Hz.

Similar oxidative coupling [Cu(OAc)2/pyridine/dbu, 40 #C] of
Fe(C!CC!CH)(dppe)Cp* gives {Fe(dppe)Cp*}2{m-(C!C)4} (159) as an
air- and thermally-stable burnt-orange compound.307 Oxidation with
[FcH]þ gave forest-green [{Fe(dppe)Cp*}2(m-C8)]

þ . , which has two n(CC)
absorptions at lower frequencies (1784, 1879 cm%1), intermediate between
the diyndiyl and cumulenic forms. The UV/vis spectra contain MLCT
bands at 389, 481 nm (neutral) and 403, 423, 556, 624, 707 nm (cation),
while the near IR spectrum contains a narrow intense intervalence CT band
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(1958 nm). There is a strong electronic coupling between the two Fe centers
(Vab¼ 0.32 eV).

4. Ruthenium Complexes

Facile cleavage of the C(sp)–Si bond of silylated alkynes occurs in
reactions with RuCl(PPh3)2Cp carried out in the presence of fluoride ion.
Application of this reaction to Me3Si(C"C)mSiMe3 (m¼ 3, 4) has
given orange {Ru(PPh3)2Cp}2{m-(C"C)m} (160/m, m¼ 3, 4).261,308 In the
solid state, the two metal–ligand groups take up a trans conformation,
intermolecular interactions resulting in bending of the carbon chain
at Ca [172.2(4)#]. Oxidative coupling [Cu(OAc)2, pyridine/dbu] of
RuCl{(C"C)3H}(dppe)2 afforded {RuCl(dppe)2}2{m-(C"C)6}.

309

5. Platinum Complexes

Commencing with trans-PtCl(tol)(PAr3)2 (Ar¼Ph, tol), conventional
copper(I)-catalyzed coupling with buta-1,3-diyne to give trans-Pt(C"
CC"CH)(tol)(PAr3)2, followed by oxidative cross-coupling reactions
involving HC"CSiEt3, have given bright yellow or orange {trans-Pt(tol)
(PAr3)2}2{m-(C"C)m} (161/m, m¼ 4, 6).310 Extension to C16 complexes is
limited by the apparent instability of Pt{(C"C)4H}(tol){P(tol)3}2, while
PPh3 derivatives have much lower solubilities. The spectral properties are
similar to those of other long chain complexes, although the UV/vis bands
are less intense than those of the rhenium analogues. The CVs contained two
irreversible oxidation waves. In the solid-state, these complexes stack with
the Cn chains parallel and with Ca aligned near the mid-point of the chain of
an adjacent molecule. The carbon chains show slight bending, mostly at
the Pt-bonded ends, but in general the geometrical parameters are
unexceptional. Bond lengths approach limiting values of 1.24 and 1.34 Å
for C"C and C–C bonds, respectively.

A series of complexes containing trans-Pt(C6F5){P(tol)3}2 end-groups
have been prepared similarly from the chloro complex.311 Conversion to
the buta-1,3-diynyl derivative trans-Pt(C"CC"CH)(C6F5){P(tol)3}2 (162)
and oxidative cross-coupling (CuCl/tmeda, O2, acetone) with an excess of
HC"CSiEt3 gives trans-Pt{(C"C)3SiEt3}(C6F5){P(tol)3}2 (163), which in
turn could be protodesilylated (wet [NBu4]F) and oxidatively coupled
again with HC"CSiEt3 in the presence of SiClMe3 to remove fluoride ion,
to give trans-Pt{(C"C)4SiEt3}(C6F5){P(tol)3}2 (164) (Scheme 40). Binuclear
compounds are formed by oxidatively coupling either 162 directly, or
after treatment of 163 or 164 with [NBu4]F, with CuCl/tmeda. Complexes
{trans-Pt(C6F5)[P(tol)3]2}2{m-(C"C)m} (165/m, m¼ 4,6,8) are formed as
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air-stable yellow to apricot powders. Unlike some of their mononuclear
precursors, they are thermally stable, with m.p. between 234 and 288 !C.

The C6 complex {trans-PtPh(PEt3)2}2{m-(C"C)3} was formed in 18%
yield during treatment of trans-PtPh{C"CSiPh2(C"CH)}(PEt3)2 with
Cu(OAc)2/O2 in pyridine, in reactions involving cleavage of Si–C(sp)
bonds.312 The C6 chain is almost linear (maximum deviation 1.7!). The
UV–visible spectrum shows well-resolved coupling to vibronic levels in the
excited state, as found in {–Pt(PBu3)2(–C"CC"CC"C–)}n.

313 Similarly,
sharp structured emissions are found in the photoluminescence spectra,
probably from the triplet state associated with the carbon chain. The
vibronic progression (2090 cm#1) reflects the n(C"C) mode.

A fascinating development of this chemistry has been the construction
of molecules containing double helices formed by wrapping poly-
methylene chains around a –(C"C)m– chain.314 This was achieved by
linking two Pt end-caps with diphosphine ligands, themselves containing
–(CH2)n (n$ 12) chains. Simple phosphine substitution reactions of {trans-
Pt(tol)(PPh3)2}2{m-(C"C)m} by PR2(CH2)12PR2 (R¼Ph, c-C6H9) gave one
product which, however, oligomerized or polymerized upon workup. Use of
PAr2(CH2)14PAr2 (Ar¼Ph, tol) and {trans-Pt(C6F5)[P(tol)3]2}2{m-(C"C)m}
afforded similar complexes 166 in high yield (Scheme 41), together with
some of the corresponding chelate complexes. Several combinations of
–(C"C)m– and –(CH2)n– chain lengths were prepared, structural studies
suggesting that helical conformations are adopted with sp3/sp carbon ratios
>1.5. Interconversion of enantiomeric double helices has a low barrier

SCHEME 40
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(ca. 12 kcal mol!1). For m¼ 4, n¼ 10, 11, only non-helical complexes were
obtained.

An alternative approach used as precursor trans-Pt(C6F5)(C#CC#CH)
{PPh2(CH2)6CH¼CH2}2, which was oxidatively coupled (CuCl/tmeda/O2)
to the C8 complex. Again, linking of vinylphosphines by olefin metathesis
with Grubb’s catalyst and subsequent hydrogenation of the C¼C bonds
(H2/Pd on C) gave 167 in 32% yield, together with the chelate complex 168
(Scheme 42).314 The –(CH2)14– chains are inter-twined and have more than a
half twist (196.5$), as defined by the two P–Pt–P planes.

6. Gold Complexes

Reactions of Me3Si(C#C)mSiMe3 (m¼ 3, 4) with AuCl(PR3) (R¼Cy,315

tol267) in the presence of NaOH in methanol give air-stable pale yellow
{(R3P)Au}2{m-(C#C)m} (169). The C8 complex was also obtained by
oxidative coupling of Au(C#CC#CH){P(tol)3}.

267 The complexes are
unstable in chlorinated solvents, although no C–H % % %C#C p-type
association is found. In all cases, the carbons of the chain resonated
between d 60 and 130. Extension of these studies to tetra-
ethynylethene afforded the unusual branched chain C10 derivatives

SCHEME 41

Complexes Containing All-Carbon Ligands 265



{(R3P)AuC!C}2C¼C{C!C[Au(PR3)]}2 (170; R¼Cy,316 Ph317). The former
shows carbon-centered 1(pp*) fluorescence at 428 nm.

7. Heterometallic Compounds

(a) W–Cu
The red copper(I) derivative, formulated as {CuC!CC!C[W(CO)3Cp]}n,

has been obtained serendipitously as a by-product from copper(I)-catalyzed
coupling reactions of W(C!CC!CH)(CO)3Cp.

317 It is shock-sensitive and
attempts to characterize it further have been unsuccessful to date.

SCHEME 42
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(b) Re–Cu
Lithiation of poly-ynyl-rhenium complexes Re{(C!C)mH}(NO)(PPh3)

Cp* (m¼ 1, 2, 3), followed by treatment with CuI, gives incompletely
characterized mixed-metal derivatives of composition {Cu(C!C)m[Re(NO)
(PPh3)Cp*]}x as red-brown thermally stable powders which are likely
oligomeric.292,304 Alternatively, the SiMe3-alkyne can be converted to the
Cu derivative directly by reaction with Cu(OBut) and [NH4]F in one pot.290

The Cu–C4 derivative is a useful synthon (see above) en route to C6 and
longer derivatives, subsequent reactions with bromo-alkynes giving the
corresponding di-rhenium complexes. Attempts to characterize the copper
derivatives by addition of phosphines or other ligands to break the supposed
oligomeric linkages were unsuccessful.

G. Complexes Containing Binuclear End-Caps

1. Homonuclear

An excess of Li2C2 reacts with Ru2(m-ap)4Cl to give red-purple {Ru2(m-
ap)4}2(m-C!C) (171/1; ap¼ 2-anilinopyridinate) in which mutual strength-
ening of the Ru–C and weakening of the C!C p bonds is found, and for
which CV data indicate that significant electronic communication occurs
between the two Ru2 centers.

318,319 This complex has also been isolated from
reactions of the ethynyl under Glaser coupling conditions.

Black {Ru2(C!CC!CSiMe3)(m-dpf)4}2{m-(C!C)4} (172; dpf¼N,N0-
diphenylformamidinate) is formed by homo-coupling (CuCl/py) of the
butadiynyl Ru2(C!CC!CH)(C!CC!CSiMe3)(m-dpf)4 (173).320 In the
solid-state, the C8 complex has two toluene molecules over the significantly
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bent carbon chain, with the Me groups pointing to the chain. It shows two
quasi-reversible reduction waves at !1.68 and !0.74 V together with two
irreversible oxidations at þ 0.50 and þ 0.81 V. Similar coupling of 173 with
Ru2(C#CC#CH)2(m-dpf)4 gives 174, which contains a 32-atom Si–C4–Ru2–
C8–Ru2–C8–Ru2–C4–Si chain with a length ca. 45–50 Å.

Glaser-type coupling of terminal alkynes with Ru2(C#CC#CH)(ap)4
affords, in addition to the diyne and hetero-coupled products, the
homometallic complex {Ru2(m-ap)4}2{m-(C#C)4} (171/4, M¼Ru, LL¼
ap)321 or, in better yield, from Ru2Cl(m-ap)4 and Li2C4.

318 Eglinton/
Hay-type coupling of Ru2{(C#C)mH}(m-ap)4 (m¼ 1–3) has given {Ru2
(m-ap)4}2{m-(C#C)2m} (171/2m).322 The C8 complex shows complex
electrochemical behavior, with separations between redox couples being
less than those found in the C4 complex.

The structurally analogous rhodium complex {Rh2(m-ap)4}2(m-C#
CC#C) (175, M¼Rh, LL¼ ap) was obtained stepwise from Rh2(m-ap)4Cl
with LiC#CSiMe3, desilylation with LiBu and further reaction with
Rh2(m-ap)4Cl.

323 However, in this case UV spectroscopy indicates little
electronic communication between the two Rh2 centers.
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2. Heteronuclear

The reaction of Na2C2 with {(OC)3Mo}(m-Br)(m-S2PCy3){Mn(CO)3}
gives emerald-green {[(OC)3Mo](m-S2PCy3)[Mn(CO)3]}2(m : m-C!C) (176)
in which the four metal atoms are staggered (CMoMn interplanar angle
49.2").324 The Mo–C and Mn–C distances support its formulation as a
3-center/2-electron CMoMn system, i.e., as a tetrametallated ethyne.

H. Polymeric Complexes Containing Cn Chains

Conjugated polymeric materials containing metal centers in the main
chain have been a source of considerable interest due to both the rigid
rod-like structure adopted by these materials, which can lead to liquid
crystalline phase behavior,85 and the extended conjugated p-system which
can result in large non-linear optical responses.325–327 While there have been
many reports of polymeric materials based upon poly(ethynylated) repeat
units {MLn(C!CRC!C)}n,

328,329 metallo-carbon main chain polymers are
rather more sparsely described. The vibrational spectra of polymeric poly-
yndiyl Pt(II) species are consistent with there being considerable C!C
character in the polycarbon fragment, despite the p-conjugation which is
evident through the metal centers in vibrational and optical studies.330

Vibrations in these rod-like materials are strongly coupled to the
electronic transitions along the metallo-carbon backbone which results in
resonant enhancement of the vibrations parallel to the backbone relative to
perpendicular motions. The p-conjugation through these materials is
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reduced by insertion of aromatic (phenylene) substructures, which may
reflect a combination of the energy differences between the acetylenic and
phenylene ring orbitals, as well as the orientation of the ring p-system
relative to the p-system associated with the platinum-poly-ynyl chain.
However, recent studies have shown that the 2,5-C!C–C4H2S–C!C–
spacer may have an effect on the ground-state interactions between iron
centers similar to that of a –C8– spacer, when measured using a Hush-style
method of analysis.331

The first reports of poly-yndiyl polymers were made by the Hagihara
group in the 1970s. The regular polymer {trans-Pt(PBu3)2C!CC!C}n (177)
was prepared by the CuI-mediated condensation of trans-Pt(C!CC!CH)2
(PBu3)2 with PtCl2(PBu3)2 in diethylamine.332 The resulting pale yellow
material was isolated and purified by repeated precipitation in methanol and
characterized by IR [n(C!C) at 1999 cm"1] and 31P NMR spectroscopy
[d "4.2 ppm, J(PPt) 2384 Hz]. A weight-average molecular weight Mw of
119,000–122,000 was determined by sedimentation equilibrium in toluene.
Despite the high molecular weight, the polymer was highly soluble in a
range of organic solvents, including CH2Cl2, thf, benzene, and refluxing
hexane. The analogous Pd polymer 178 (Mw 63,000, !max 342 nm, log e 4.32)
was prepared in an identical manner.281,333 The blue shift of the lowest
energy UV absorption band (metal-alkynyl charge transfer) in the Pd
material relative to the Pt analogue reflects the decreased metal–carbon
interactions (see electronic structures below). The Pd-containing material
was rather more reactive than its Pt analogue, and the CuI-catalyzed
reaction of 178 with PdCl2(PBu3)2 in NHEt2 gave the palladium dimer
{PdCl(PBu3)2}2(m-C!CC!C).281,334

Mixed ligand polymers have also been reported. For example, room
temperature reactions of {PtCl(PBu3)2}2(m-C!CC!C) with 1,4-diethynyl
benzene in amine solvents catalyzed by CuI afforded {[Pt(PBu3)2]
C!CC!C[Pt(PBu3)2]C!CC6H4C!C}n (Mw¼ 34,000) (179). The related
polymer {[Pt(PBu3)2]C!CC!C[Pt(PBu3)2]C!CC!C[Pt(PBu3)2]C!CC6H4

C!C}n (180) is obtained from trans-Pt(C!CC!CH)2(PBu3)2 and trans-
Pt(C!CC6H4C!CH)2(PBu3)2. At elevated temperatures, CuI-mediated
ligand redistribution reactions result in more irregular polymer struc-
tures.282 Palladium analogues containing mixed C4 and Ar (Ar¼ benzene-
1,4-diethynyl, 2,5-Me2- or Et2-benzene-1,4-diethynyl) moieties spaced along
the polymer backbone are also known.333

Polymers containing alternating Pd and Pt metal centers linked by
C!CC!C groups in the backbone were obtained by entirely analogous
methods from 1:1 reactions of trans-M(C!CC!CH)2(PBu3)2 and M0Cl2
(PBu3)2 (181/MM0, M¼Pt, M0 ¼Pd). Oligomeric model complexes
trans-M{C!CC!C[M0Cl(PBu3)2]}2(PBu3)2 were obtained from reactions
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employing a 1 : 2 stoichiometry (Section II.D.3).281 While polymer 181/PtPd
gave a well-resolved UV spectrum and is the more well-defined, the
spectrum of 181/PdPt was considerably broader, suggesting a degree of
randomization in the metal arrangement in the main chain. This is possibly
induced by CuI-promoted ligand redistribution reactions (scrambling) of
the palladium precursor Pd(C!CC!CH)2(PBu3)2, with its weaker Pd–C
bond, under the reaction conditions. The suggestion of metal disorder
in 181/PdPt was further supported by depolymerization reactions
with CuI, from which a series of unspecified oligomers was obtained.
Depolymerization of the regular polymer 181/PtPd afforded Pt{C!CC!
C[PdCl(PBu3)2]}(PBu3)2 in 75% isolated yield.281

Nickel centers have been introduced into these Group 10 poly-yndiyl
polymers by reactions of bis(diynyl)metal reagents with Ni(C!CH)2(PBu3)2.
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Loss of gaseous acetylene drives the reactions to completion. In this manner,
polymers {trans-Ni(PBu3)2(C!CC!C)}n (182) (Mw 15,000) and {trans-
[Ni(PBu3)2]C!CC!C[Pt(PBu3)2]C!CC!C}n (183) were obtained.335 The
presence of additional PBu3 was found to be beneficial in preventing
decomposition of the polymer by phosphine dissociation. Similar
syntheses involve copper-catalyzed coupling of nickel dihalides with
Ni(C!CC!CH)2(PBu3)2.

336

Oxidative homocoupling of Pd(C!CC!CH)2(PBu3)2 under Hay
conditions (CuCl/tmeda/O2) afforded the oligomeric tetrayndiyl trans-
H{C!CC!C[Pd(PBu3)2]C!CC!C}nH (184/Pd) (n ca. 9.5) in 75% yield.
In the IR spectrum n(C!C) bands were observed at 2200, 2160, 2100, and
1980 cm"1, while the UV spectrum was characterized by a single
absorption band (!max 378 nm, e 520,000).337 The corresponding Pt
polymer (184/Pt) was rather insoluble, precipitating from the reaction
solvent as a rather low molecular weight material (Mw<20,000). The
lowest molecular weight fractions of this polymer, which were soluble in
CH2Cl2, gave two 31P resonances which were assigned to the phosphines
coordinated to the external (d "4.94 ppm) and internal (d "5.16 ppm)
metal centers. The IR spectrum contained n(C!C) bands at 2135 and
2005 cm"1. The polymer 184/Pt was cleanly depolymerized by CuI in
piperidine to afford the tetrayndiyl complex {PtCl(PBu3)2}2{m-(C!C)4} in
80% yield, which provides indirect evidence for the regularity of the
polymer.338

Reactions of the bis(trimethylstannyl)poly-ynes Me3Sn(C!C)mSnMe3
(m¼ 2, 3) with PtCl2(EBu3)2 (E¼P, As), sometimes in the presence of
catalytic CuI, affords high molecular weight polymers {Pt(EBu)2(C!C)m}n
(E¼P,Mw¼ 130,000–210,000) in $ 90% isolated yields.339,340 The polymers
were purified by a column chromatography and repeated precipitation from
methanol. The IR spectra of these materials were characterized by strong
n(C!C) bands at 1999 cm"1 (m¼ 2) or 2096 cm"1 (m¼ 3).

Optical absorption and photoluminescence (PL) spectra reveal a series
of features assigned to p!p* transitions involving the poly(yndiyl)
portion of the main chain. The triyndiyl polymers give rise to the lowest
energy absorption bands, indicative of a lower band gap in these materials.
The absorption spectra are particularly well-resolved as a consequence of
coupling of the ground-to-excited state transition with transitions to the
various vibrational levels of the excited state. Interestingly, the main peak
in the PL spectrum of each material was found to be long-lived (ms),
indicating that it arises from a forbidden transition likely involving a
triplet state. It was noted by Friend and colleagues that the large spin–
orbit coupling associated with heavy transition metals could facilitate
singlet–triplet conversion and as a result differentiate metallo-polymers
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from the simple hydrocarbon species.340 This later point has been a source
of a considerable body of attention. Since emission from triplet states is
spin forbidden, triplet states can usually only be probed by a number of
indirect methods. An understanding of the effects of electron spin on
the electronic interactions in conjugated polymers is necessary to underpin
the technological development of optoelectronic devices which might
employ these materials. By using heavy metal centers in the main chain
of the conjugated polymer, radiative transitions between singlet and
triplet states become possible, allowing triplet states to be studied
directly.341–343

The black polymeric material which is deposited from methanolic
solutions of {Co2(CO)6}2(m-Z

2 :Z2-Me3SiC2C2SiMe3) gave microanalytical
data consistent with the formation of a polyacetylene, or arguably a
fragment of the linear carbon allotrope carbyne, with each, or most, triple
bonds coordinated to a Co2(CO)6 fragment {Co2(m-C2)(CO)6}n (n ca. 30).
However, related poly-yne complexes have been shown to accommodate
only two adjacent C2Co2(CO)6 units, which are separated from the next
pair by an uncoordinated C!C triple bond. The nature of the end-
capping groups was not discussed, but is probably SiMe3 or H.344

Theoretical analysis of the structure using Hückel methods revealed a
degree of residual conjugation along the carbyne-like backbone. However,
the band structure of the ideal polymer shows the valence and conduction
bands to be separated by a large band-gap and predominantly metal-
centered, and the polymer is thought to be of little use as a conductive
material.345

Liquid crystal polymers (LCPs) have been a source of considerable
interest for some time, as they have been shown to offer particular
advantages in terms of their processability and physical properties which
make them attractive in a wide range of engineering applications.346 Serrano
and his colleagues have reviewed metallomesogenic polymers, including the
liquid crystalline properties of several of the platinum poly-yndiyl polymers
described above.85,86

The second and third order non-linear optical (NLO) properties of metal-
containing systems, including polymeric materials, have been comprehen-
sively reviewed.347–349 For the Hagihara-type polymeric materials
{M(PBu3)n(C!CC!C)}n (M¼Ni, Pt) the third order NLO responses were
measured using degenerate four-wave mixing (DFWM) methods, with the
observed hyperpolarizablility decreasing from Ni (CHCl3, ! 410 nm,
jgj 3.57# 10$42 m5 V$2) to Pt (CHCl3, ! 364 nm, jgj 2.28# 10$42

m5 V$2).336,350–352 However, direct comparisons should be made with
caution as the polymer length and average molecular weight vary with
the metal.
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III

COMPLEXES CONTAINING CYCLIC Cn LIGANDS

Included in this Section are the few complexes which contain per-
metallated Cn rings, often p-bonded to another metal center.

A. C3

Reactions of Na[Fe(CO)2Cp] with [C3Cl3]SbF6 afford a reasonable yield
of dark amber [{Fe(CO)2Cp}3C3]SbF6 (185) in which the three iron residues
are s-bonded to the three-membered ring.353,354 The chloride salt is
obtained from the anion and C3Cl4. The three Cp rings are disposed two
above, the third below, the C3 ring plane; the ring itself is nearly equilateral.
The Fe–C bonds [av. 1.916(7) Å] are similar in length to Fe–C(sp) bonds, the
NMR spectra indicating free rotation about the Fe–C bonds. The C3

carbons resonate at dC 256.6.
Approaches to complexes containing neutral cyclo[3]carbon (cyclopro-

penylidene) by reaction of Fp! with M(CO)5{¼C3(OEt)2} (M¼Cr, Mo, W)
afforded the s-bonded derivatives M(CO)5{¼C3(OEt)[Fe(CO)2Cp]}
(186).355 Structural data suggest that the zwitterionic formulation is
important. Replacement of the OEt group with a third MLn fragment
was unsuccessful, although NHMe2 reacted with 186/Cr to give
Cr(CO)5{¼C3(NMe2)[Fe(CO)2Cp]}.

Analogous complexes with M(CO)3Cp (M¼Mo, W), Re(CO)5, and
Ru(CO)2Cp substituents, prepared by similar routes, are also known. The
rhenium complex is unstable, but gives a resonance at dC 237.8 for the C3

ring carbons.
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LCAO density functional calculations on the iron complex show that the
most important bonding interactions correspond to s and p bonding in
the C3 ring plane, together with those of iron dp orbitals with the C3 p
system.356 The latter is the smaller one, although M !C3

þ back-bonding is
not negligible. Half of the positive charge is delocalized onto the CO and Cp
ligands. Calculations on [{Fe(CO)2Cp}C3H2]

þ indicate that both extreme
orientations of the iron group are almost isoenergetic, consistent with the
free rotation found by NMR; the observed orientations in the crystal are
determined by crystal packing effects.

B. C4

Facile mercuration of Fe(CO)3(Z-C4H4) occurs with Hg(OAc)2 in
acetic acid (30 min, r.t.) to give an equilibrium mixture of all possible
products, including Fe(CO)3{Z-C4(HgOAc)4}, which were characterized by
iodination (KI3).

357 In acetic acid, disproportionation occurs, even with
the tetra-substituted product. This system has a reactivity similar to that of
ferrocene.

C. C5

Per-mercuration of Mn(CO)3Cp with Hg(O2CCF3)2 in CH2Cl2 or Et2O
at r.t. to give a yellow, poorly soluble Mn(CO)3{Z-C5[Hg(O2CCF3)]5} was
first reported in 1983.358 This compound is the likely intermediate in
the formation of Mn(CO)3(Z-C5I5) by treatment of Mn(CO)3Cp with
Hg(O2CCF3)2 followed by NaI3.

359 Per-mercuration of M(CO)3Cp
(M¼Mn, Re) occurred with Hg(OAc)2 (1,2-dichloroethane, reflux, 4 h) to
give pale yellow M(CO)3{Z-C5(HgOAc)5} (Mn 73, Re 90%).360 NMR
studies indicate that rotation of the OAc groups is fast. Mercury–halogen
exchange occurred between the manganese complex and CuCl or CuBr in
acetone, or with aqueous KI. The rhenium complex decomposed under
similar conditions.

Deca-mercuration of ferrocene with Hg(O2CCF3)2 in EtOH/Et2O (r.t.)
was first described in 1977;361 similar reactions with FcR (R¼Me, Et, CN,
CHO, Ac) gave Fe{Z-C5R(HgOAc)4}{C5(HgOAc)5}.

362 A later improved
study, in which the reaction is carried out with added HgO to remove
CF3CO2H, gave yellow-orange Fe{Z-C5(HgO2CCF3)5}2 (60%). Low
solubility precluded obtaining 13C and 199Hg NMR spectra.363

Halogenation (CuCl2, KBr3, KI3) gave mixtures of partly halogenated
ferrocenes. Treatment of ferrocene with Hg(OAc)2 in refluxing 1,2-
dichloroethane gave yellow Fe{Z-C5(HgOAc)5}2 (95%), which could be
satisfactorily per-halogenated.
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Per-mercuration of ruthenocene to give off-white Ru{Z-C5(HgOAc)5}2
occurs nearly quantitatively with Hg(OAc)2 in refluxing 1,2-dichloroethane
(88%).364 Similar reactions with RuCpCp* occur in EtOH/Et2O at r.t. to
give RuCp*{Z-C5(HgOAc)5}.

365 The rate of the first mercuration is slower
than subsequent steps. The 1H NMR spectrum shows that rotation of the
OAc groups occurs rapidly at 60 !C, but is frozen out at "80 !C (O or Me
pointing up from ring plane). Halogenation with CuCl2 or KX3 in water
(X¼Br, I) gives Ru(Z-C5X5)2 (X¼Cl, Br, I) (39–73%) or RuCp*(Z-C5X5)
(35–67%).

D. C9

The brown raft-like complex [{Fe(CO)2Cp}3{m3C3(C$C)3}]SbF6 (187) is
formed from the reaction of [C3Cl3]SbF6 and Fe(C$CSiMe3)(CO))2Cp.

354

E. C18, C24

The larger all-carbon molecules, Cn (n¼ 10–24), are predicted to have
mono-cyclic structures (cyclo[n]carbons), molecules with n¼ 14, 18, 22,
being expected to be aromatic, with closed 4nþ 2 electron shells.1,25,26,32 The
smallest cyclocarbon for which a reasonable stability is predicted is
cyclo[18]carbon, C18.

366–368 Both in-plane and out-of-plane p systems are
aromatic. In contrast, the larger molecules (n¼ 30–40), are very reactive,
while more stable polycyclic structures predominate for higher values of n,
culminating in fullerene structures for n& 60.
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Several approaches to the synthesis of C18 and other cyclo[n]carbons
have been made, including fragmentation of propellane- or anthraceno-
annulated dehydroannulenes with loss of indane or anthracene, respectively,
using flash vacuum pyrolysis (FVP).369–371 Fragmentation of higher carbon
oxides (C4nOn, n¼ 6, 8, 10) under laser desorption with loss of CO has also
been studied372,373 and other routes have been explored.374,375

The total strain energy of a free cyclo[n]carbon (n¼ 18, 24, 30; alternating
C–C single and C"C triple bonds) is calculated at 76 kcal mol#1, which
agrees with the sum of distortion of acetylenic or allenic angles from 180$ to
160$ (ca. 4 kcal mol#1). The well-known bending of acetylenic bonds that
occurs after complexation to a metal center (between 136 and 145$) was used
to design a synthesis of cyclo[n]carbons (n¼ 18, 24) as their Co2(CO)6
complexes, in which the ring would be relatively free of strain.371,376 The
more stable Co2(m-dppm)(CO)4 adduct of Pri3Si(C"C)3SiPr

i
3 was proto

desilylated ([NBu4]F in moist thf) and oxidatively coupled [Cu(OAc)2/
pyridine, 55 $C] to give the tri- and tetra-mers in 33 and 5.4% yields,
respectively, containing cyclo[18]carbon (188) and cyclo[24]carbon. The
X-ray structure of the former confirmed bending at the complexed C2 units
between 131 and 134$. The UV–vis spectra contain bands at 370 and
380 nm, respectively, indicating that partial macrocyclic conjugation exists.
The cyclocarbons have not been successfully released from the complexes
(for example, using Ce(IV), 4-methylmorpholine-N-oxide, or I2), probably
because of the greater stability of the dppm-substituted complexes
compared to the analogous Co2(CO)6 adducts, or because of the inherent
instability of the cyclo[n]carbons.
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IV

SPECTROSCOPIC PROPERTIES, MOLECULAR STRUCTURES,

ELECTROCHEMISTRY, AND ELECTRONIC STRUCTURES OF

{MLx}2(m-Cn) COMPLEXES

A. Spectroscopic Properties

Of the various techniques routinely available, IR and 13C NMR
spectroscopy usually provide the most valuable information in terms of the
determination of the most appropriate valence description (A–D, Chart 1) of
the carbon fragment. Mössbauer spectroscopy has also been used with good
effect with iron-containing poly-carbon complexes.89 This solution-based
work is complemented by a significant number of solid-state structural
studies, which are described in greater detail below. Electronic spectroscopic
methods, including luminescence methods, have been used to probe the
electronic structures of a small number of poly-yndiyl complexes and
polymers.288,315,340–342,377–380 Selected IR, 13C NMR, and UV–vis data have
been given in Tables I–VIII, above.

1. Vibrational Spectroscopy

(a) n(CC) bands
The great majority of C2 complexes are of type A, being well described

as dimetallated acetylenes. As such, the IR or Raman spectra of these
compounds very often contain a band between 1900 and 2050 cm!1, which
can be confidently assigned to the n(C"C) mode. In light of the selection
rules, symmetrical complexes {MLx}2(m-C2) rarely give IR-active n(C"C)
bands, and in these cases Raman spectroscopy is more useful. In the case of
[Li(thf)4]2[{Ti(oepg)(m-Li)}2(m-C2)], for which the structural data are con-
sistent with a Ti¼C¼C¼Ti formulation, the n(C¼C) band was not IR
active.152 The Raman spectrum of {Ta(silox)3}2(m-C¼C) has been measured,
and n(C¼C) is found at 1617 cm!1, also consistent with the cumulenic
structure B.159,160 The asymmetry inherent in heterometallic examples gives
rise to a greater proportion of complexes which show IR-active n(CC)
bands. While the n(C"C) frequencies associated with these heterometallic
complexes are for the most part similar to those of homometallic deri-
vatives, it is interesting to note that the complex {ZrClCp2}(m-C"C)
{Cp(PMe3)2Ru} in which the C"C system spans electron-rich and
electron-poor metal fragment, gives rise to an unusually low energy, high
intensity n(C"C) band at 1868 cm!1.217
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The n(C!C) bands were not observed for any of the Group 6 C3

complexes with M!C–C!CM0 valence structures.227 However, the presence
of characteristic strong n(C¼C¼C) bands between 1870 and 1900 cm#1 in
the IR spectra of the C3 complexes [{Cp*(NO)(PPh3)Re}(m-C3){MLx}]

nþ

[n¼ 1, MLx¼Mn(CO)2Cp
0, Cp0 ¼Cp, Z5-C5H4Cl, Z

5-C5Cl5; n¼ 0, MLx¼
Fe(CO)4] strongly supports the description of these materials in terms of
cumulenic M¼C¼C¼C¼M0 structures.229

Poly-yndiyl structures (L) dominate the C4 and higher sub-groups, and it
is useful to compare the properties of these species with those of their
organic analogues. In organic poly-ynes, broad n(C!C) absorptions are
found, the wavelengths being essentially independent of the end-group. The
number of bands increases with chain length, and if silyl groups are present
sharper bands are found. In general, the n(C!C) stretches of the metal
complexes {MLx}2{m-(C!C)m} are found between 1900 and 2200 cm#1. The
number of IR-active n(C!C) bands increases with increasing number of
C!C moieties and the new n(C!C) bands are generally found at higher
frequencies. Of course, symmetrical dimetal complexes show only half
the number of n(C!C) bands. For example, while the IR spectrum of
{Re(NO)(PPh3)Cp*}2(m-C!CC!C) contains a single n(C!C) band at
1968 cm#1 (KBr), the decayndiyl complex {Re(NO)(PPh3)Cp*}2{m-(C!C)10}
exhibits five n(C!C) bands between 2164 and 1962 cm#1,250,290 while for
Pt compounds 165/4, 6, 8, two, three, and four n(CC) bands were found for
m¼ 4, 6, and 8, respectively.311 Similar multiplicities are found for Fe and
Ru, but not Mo or W, based series.

In a limited number of cases, Raman spectroscopy has been employed,
and while the amount of data available is greatly reduced, the range
of frequencies observed is comparable with those found in the IR
spectra.224,249,290

(b) Other bands
With Re(NO)(PPh3)Cp* end-groups, n(NO) frequencies increase from

1627–1637 (m¼ 1) to a limiting value of ca. 1660–1662 cm#1 (for m¼
5–6),250,290 and similar trends in the n(CO) frequencies are also observed in
the series Fp*(C!C)mFp*.

306 While this trend was initially thought to be
due to the increased electron-withdrawing power of the poly-yne with
increasing chain length, and progressive reduction in back-bonding, more
recent computational results suggest that these trends are more likely due to
a decrease in the electron-donating properties of the longer chain ligands.

For complexes containing cumulenic ligands (M), such as
[{Ru(PPh3)2Cp}2(m-C¼C¼C¼C)]2þ , the IR-active n(C¼C) band is observed
near 1750 cm#1.262 While the n(C¼C) band in [{Re(NO)(PPh3)Cp*}2
(m-C¼C¼C¼C)]2þ was not observed, a strong Raman band at 1883 cm#1
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was found and attributed to the carbon fragment.249 The infra-red spectra of
the ethynyl-bridged dicarbyne complexes {M(CO)2Tp

0}2{m-(!CC!CC!)}
(N) were dominated by the n(CO) bands, and do not provide clear evidence
for the valence structure of the carbon chain.245

There are few examples of complexes in which a linear chain containing
an odd number of carbons Cn (n " 5) spans two metal centers. In the case of
[{Cp*(NO)(PPh3)Re}(m-C5){Mn(CO)5(Z

5-C5Cl5)}]
þ a single, strong n(CC)

band was observed at ca. 1950 cm$1 and assigned to the cumulenic
C¼C¼C¼C¼C moiety.229

2. 13C NMR Spectroscopy

As with the vibrational spectroscopic techniques, the 13C NMR spectra
of poly-yndiyl and cumulated carbon ligands are distinct, providing a
complementary technique for use in the assignment of formal valence
structure. In organic poly-ynes, the resonances of the two carbons out
from the end-group appear down-field from the remainder, which are
concentrated between d 62 and 67.302 For the most part, 13C chemical shifts
associated with Cn complexes follow the trends established for these organic
analogues and the appropriate metal ynyl or metallacumulene mono-
metallic complexes.36,381 While there is great variation in the 13C NMR
parameters associated with poly-yndiyl complexes, due at least in part to
the difficulty in unambiguously assigning these spectra, in general 13C
resonances near 100–120 ppm and 80–100 ppm can be assigned to the
M–C!C and M–C!C carbons, respectively. Internal carbons give reso-
nances which asymptotically approach 60 ppm with increasing chain length.

The cumulenic carbon atoms in complexes of type M give rise to reso-
nances M¼C¼C (200–300 ppm) and M¼C¼C (150–250 ppm).227,229,245,249

As the length of the carbon chain increases, the internal ¼C¼C¼ resonances
tend towards 100 ppm, although data are scarce. For example, the 13C
NMR signals for the C3 chain in [{Re(NO)(PPh3)Cp*}CCC{Mn(CO)2
(Z-C5Cl5)}][BF4] are found at d 287.8 (MnC), 221.1 [J(CP) 11, ReC ]
and 168.9 (CCC ) while for [{Re(NO)(PPh3)Cp*}CCCCC{Mn(CO)2
(Z-C5Cl5)}][BF4] (150) the C5 resonances are at d 218.4 [J(CP) 12.5, ReC ],
296.2 (MnC), and at 119.1, 110.6, and 107.0 (CCCCC).229

The acetylene-bridged dicarbyne form N shows both low-field M!C
signals (ca. d 350 ppm) and higher field acetylenic resonances for the C!C
nuclei near d 80–100 ppm.166,227,245

Definitive assignment of the 13C resonances has been possible only in few
cases where 13C labeling studies have been carried out249 or when additional
information is provided by coupling to other spin-active nuclei associated
with the supporting metal–ligand fragments. In this respect, J(CP) values
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have been most widely exploited, but coupling to metal nuclei such as 183W
has also been reported and used in the assignment of 13C NMR data. The
data collected in Tables I–VIII are based upon the assignments given in
the original literature, although there are now sufficient data reported to
indicate several inconsistencies within closely related compounds.

3. UV–Vis Spectroscopy and Luminescent Properties

The UV–vis absorptions of organic poly-ynes occur in two distinct
regions, one at higher wavelength showing little dependency on chain
length, whereas that at lower wavelength shows markedly increased
extinction coefficients as n increases and a limit of !¼ 569 nm has been
estimated for R(C"C)1R. Bands in this latter region dominate the spectral
profile, with e values approaching 6# 105 M$1 cm$1.302 Absorptions in both
regions are assigned to p! p* transitions.

The UV–vis spectra of bimetallic complexes containing linear Cn ligands
contain transitions which have been assigned to p!p* transitions
associated with the (C"C)m fragment and also to MLCT processes, which
could be approximated by n (or d )! p* transitions. Rich UV–vis spectra
are found for {W(OBut)3}2(m-C2) and closely related complexes. While
definitive assignments of most of these transitions were not possible, the
lowest energy (430 nm) was attributed to the singlet HOMO!LUMO
transition. In the excited state, p conjugation along the chain occurs.170 The
lowest energy band in the UV–vis spectrum of {Re(CO)5}2(m-C"C) (319 nm)
was assigned to the p(C"C) ! p*(CO) transition.171

In complexes {MLx}2{m-(C"C)m} containing longer poly-ynyl ligands,
absorption bands assigned to n (or d ) ! p* transitions shift to lower energy
and become more intense with increasing chain length251,290,310,311,315 in a
manner similar to that associated with organic poly-ynes.21,302 Extinction
coefficients for the allowed p! p* bands are typically greater than for the
forbidden n! p* (MLCT) bands, and the p! p* transition associated
with, for example, {Pt(C6F5)(PEt3)2}2{m-(C"C)8} is > 600,000 M cm$1. For
the series of complexes {Re(NO)(PPh3)Cp*}2{m-(C"C)m} there appears to
be a correlation between 1/m and band energy, which permits an estimate of
565 nm (p! p*) and 1082 nm (n!p*) as the respective limiting values for
compounds of infinite chain length.290

The heterometallic complexes {Cp*(PPh3)(NO)Re}(m-C"C){trans-
PdCl(PEt3)2} and trans-Pd{C"CC"C[Re(NO)(PPh3)Cp*]}2(PEt3)2 give rise
to similar UV–vis spectra, featuring three shoulders on the intense PPh3
centered absorption at 234 nm, indicating similar underlying electronic
structures.224
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The UV–vis spectrum of {Re(CO)3(Bu
t
2-bpy)}2(m-C!CC!C) contains a

solvent-dependent low energy absorption which appears between 430 and
495 nm (450 nm in acetone).253 Excitation at ! 350–400 nm gives long-lived
(ms at 77 K, shorter at 298 K) orange-red emissions at ca. 660–690 nm which
are not solvent-dependent, originating from a 3MLCT dp(Re)! p*(bpy)
transition. Excitation at !>350 nm gives emission at 750 nm, likely from
3MLCT dp(Re)!p*(C4Re) or 3LLCT p(C4Re)! p*(bpy) transitions.

Gold complexes of general form {Au(PR3)}2{m-(C!C)m} give rise to
absorption spectra which display vibronic structure and luminescent
properties which assist in making assignments. Electronic absorption
spectra of complexes with PPh3"n(nap)n (n¼ 1–3) have an intense band at
ca. 296 nm, assigned to promotion of an electron from the phosphorus
lone pair (now s) to a naphthyl p* orbital, i.e., s! p*(nap). Excitation
with !>330 nm results in long-lived emissions, which are reduced in
the PPhFc2 complex. For the PPh(nap)2 derivative, multiple emission is
found, dependent upon the exciting wavelength: for !¼ 350 nm, a s!p*
transition is involved, while for !¼ 380 nm, the emission originates in a
p! p* transition.209

Photo-excitation of {Au[P(C6H4OMe-4)3]}2(m-C!C) at 320 nm results in
emission between 400 and 600 nm which has vibronic structure [spacing
2100 cm"1, n(C!C)], arising from the 3(p! p*) excited state of C2"

2 .380 The
absorption, excitation and emissive properties of {AuPCy3}2{m-(C!C)n}
(n¼ 1–4) have been investigated in some detail as the heavy atom permits
sufficient spin–orbit coupling to allow observation of the lowest energy
3(p! p*) state in both the absorption and emission spectra for the more
soluble complexes n¼ 1, 2. For the C2 complex, [5d(Au)]! [6p(Au),
p*(phosphine)] (singlet–triplet parentage) are at 270, 283 nm, while
[5d(Au)! [6p(Au), p*(phosphine)] (singlet–singlet) are more intense, at
239, 256 nm.288,315 This is interpreted in terms of the C2 ligand acting as a
p-acceptor, with p*(C2"

2 ) higher in energy than px,y(Au). There is a near-UV
emission which has a ca. 2000 cm"1 vibronic progression, assigned
to 3(p! p*) transitions. In the excitation spectra, similar bands with a
ca. 1700 cm"1 progression are assigned to n(C!C) in the 3(p!p*) excited
state. Other broad emissions in the solid-state are tentatively assigned to
exciplex formation involving strong hydrogen bonds between the excited
C2 fragment and solvent H atoms. Similar observations are made for
the longer chain complexes, although solubility problems prevented the
observation of the weak, forbidden acetylenic 3(p!p*) band in the
absorption spectra. While the acetylenic 1(p!p*) transitions in {AuPCy3}2
{m-(C!C)m} (m¼ 1–3) are buried beneath the [5d(Au)]! [6p(Au),
p*(phosphine)] transitions, in the m¼ 4 complex a vibronic absorption
at 274–290 nm (vibrational progression 2010 cm"1) is assigned to the
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dipole-allowed p!p* transition of the tetrayndiyl bridge.315 Both the
triyndiyl and tetrayndiyl complexes are emissive and vibronically structured
(2120 cm!1 progression) !0–0 emissions are observed at 498 and 575 nm,
respectively, arising from the 3(p! p*) excited state. Linear regression
analysis indicates that the energy of the 0–0 transition decreases with
increasing conjugation length, and a limiting !0–0 value (corresponding to
the n¼ 8 complex) for the acetylenic 3(p! p*) emission is estimated to be
910 nm.315

The UV–vis spectra of the odd-carbon chain compounds [{Cp*(PPh3)
(NO)Re}(m-Cn){MLx}]BF4 [n¼ 3, MLx¼Mn(CO)2Cp, Mn(CO)2(Z

5-
C5H4Cl), Mn(CO)2(Z

5-C5Cl5), Fe(CO)4; n¼ 5, MLx¼Mn(CO)2(Z
5-

C5Cl5)] are dominated by intense bands near the visible region which have
no counterpart in the corresponding mono-metallic model complexes, with
weaker bands trailing into the visible. The ReC3Mn complexes show a
progressive red shift of the most intense band (392, 396, 414 nm), with the
lower energy transitions appearing to follow the same trend, as the number
of chlorine atoms on the Cp ring is increased. The longest wavelength bands
(# 376 and 562 nm) in the UV–vis spectrum of {Re(NO)(PPh3)Cp*}
{m-C$CC$CC(OMe)¼}{Mn(CO)2(Z-C5Cl5)} are substantially red-shifted
from the comparable absorption bands in the C3(OMe)-bridged analogue,
and the most intense band in the C5 analogue (! 480 nm) was found to be
virtually independent of solvent. These trends suggest that charge transfer
from a rhenium- (or ReCn)-based orbital to an orbital with appreciable Mn
or MnCn p* character, i.e., involving orbitals with appreciable ReCx p or
CxMn p* character rather than being purely metal-based transitions.229

B. Structural Studies

Examples of metal complexes containing linear carbon ligands have been
characterized for metals from across the transition series (Tables IX, X, and
XI) and the structural forms A–D can generally be differentiated on the basis
of an examination of the structural parameters. However, the variable
precision of the structure determinations, the different size of the various
metals and variations in the electrostatic contribution to the M–C bond with
metal oxidation state and the nature of the other supporting ligands
(e.g., phosphine vs. carbonyl) make detailed comparisons of the molecular
parameters within a structural subset somewhat arbitrary.

Structural parameters associated with M–C2–M complexes are summar-
ized in Table IX. For the majority of complexes, the C–C bond length falls
within the range 1.13–1.25 Å, and these compounds are considered to be of
type A. Such classifications based upon bond lengths are also supported by
the IR and 13C NMR data. Fewer C2 complexes of type B and C have been
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TABLE IX
BOND LENGTHS (Å) AND ANGLES AT C(n) IN C2 COMPLEXES

Bond lengths

M–C(1) C(1)–C(2)
Bond angles at

MLx C(1) C(2) Ref.

(a) Homo-binuclear C2 complexes {MLx}2(m-C2)
Group 3
ScCp*2 2.194(7) 1.224(9) 147

175.1(6)
Sm(thf )Cp*2 2.438(7), 2.448(8) 1.213(10) 148

173.3(6) 176.3(6)
Pr(oepg)(m-Na)2 2.670(4) 1.250(8) 149

180.0
Nd(oepg)(m-Na)2 2.790(7) 1.490(17) 149

84.8(6)

Group 4
Ti(PMe3)Cp2 2.051(2) 1.253(2) 151

177.1(1)
[Ti(oepg)(m-Li)]! 1.809(9), 1.757(7) 1.301(11) 152

178.7(9) 178.7(8)
Zr(NHBut)Cp2 2.240(3) 1.226(7) 156

173.8
Zr{C(SiMe3)¼CH 2.258(6) 1.212(12) 401
(SiMe3)}Cp*2 177.0
Hf(C#CH)Cp*2 2.25(2) 1.24(3) 157

171(2)

Group 5
Ta(silox)3 1.95(2) 1.37(4) 159,160

173(3)
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Group 6
W(CO)3Cp 2.172(22) 1.18(3) 164

172.3(18) 173.1(17)
W(CO)3Cp

Me 2.135(9) 1.216(19) 165
176.4(8)

W(OBut)3 1.79(1) 1.38(2) 168,169
180

W(OBut)3 1.819(16) 1.34(3)
178.6(17)

Group 7
Mn(CO)5 2.011(2) 1.201(2) 173

179.5(2)
Re(CO)5 2.141(16) 1.195(33) 171

179.2(23)

Group 8
Fe(CO)2Cp

Et a 1.929/1.932(3) 1.206/1.211(6) 182
178.6(6)/178.4(5)

Fe(CO)2Cp* 1.935(3), 1.939(4) 1.202(5) 182
173.0(3) 173.8(3)

Ru(CO)2Cp 2.05, 2.04(1) 1.19(1) 104
179.6(9)

Ru(CO)2Cp
Me 2.055(2) 1.205(3) 105

Os(CO)2Cp 2.071(6) 1.169(9) 105

Group 10
trans-PtI(PMe3)2 1.973(30), 1.980(38) 1.179(48) 187,188

175.6(30) 177.1(33)
trans-PtCl(PPh3)2 1.958(4) 1.221(9) 186

177.8
Group 11
Au(PEt3) 1.95, 1.99(2) 1.22(2), 1.29(3) 105
Au(PPh3) 2.00(1) 1.19(2) 207

180.0

(Continued )
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TABLE IX
Continued

Bond lengths

M–C(1) C(1)–C(2)
Bond angles at

MLx C(1) C(2) Ref.

Au{P(tol)3} 2.02(1), 2.002(9) 1.13(2), 1.19(2) 206
Au{P(C6H4Me-3)} 2.002(9) 1.19(2) 207
Au{PPh(nap)2} 1.986(17) 1.225(34) 209,211

177.8(23)
Au{PPh2(nap)} 1.983(8) 1.222(16) 209

174.2(10)
Au(PPhFc2) 2.002(6) 1.196(12) 209

177.9(11)

M–C(1) C(1)–C(2)

MLx M0L0
x C(1) C(2) Ref.

(b) Hetero-nuclear C2 complexes {MLx}(m-C2){M
0L0

y}
W(CO)(C2Ph2)Cp Ru(PMe3)2Cp 2.05(1), 1.96(1) 1.25(2) 220

97.3(8), 163(1)
Re(NO)(PPh3)2Cp* trans-PdCl(PEt3)2 2.079(9), 1.967(9) 1.21(1) 223,224

173.2(9), 169.5(9)
ZrClCp2 Ru(PMe3)2Cp 1.989(13), 2.141(15) 1.251(20) 217

174(2), 169.9(3)
cis-Pt(C6F5)2(CO) trans-Pt{CMe(OEt)}(PEt3)2 2.00(2), 2.02(1) 1.22(3) 191

171.7(23), 174.6(9)

aValues for molecules 1, 2.
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structurally characterized. However, from the data in Table IX, it is clear
that the complex anion [Ti(oepg)(m-Li)]2(m-C2) is better described in terms
of a cumulated Ti¼C¼C¼Ti structure (Ti–C 1.809(9)/1.757(7) Å, C–C
1.301(11) Å, cf. {Ti(PMe3)Cp}2(m-C¼C) Ti–C 2.051(2) Å, C–C 1.253(2) Å).
Similarly, the long C–C separation in {Ta(silox)3}2(m-C2) points to a
Ta¼C¼C¼Ta valence structure, which is confirmed by the n(C¼C)
stretching frequency. A combination of 13C NMR and structural data
indicate the C2 unit in {W(OBut)3}2(m-C2) to be a bis(carbyne).168–170

Structural comparisons of related dimetalla-alkyne, -alkene, and -alkane
complexes have been made in both the rhenium171 and mixed Zr–Ru
series,217 the M–C and C–C bonds showing the expected shortening. In the
last two entries, there are agostic interactions between H atoms on the Ru–C
atom and the Zr center.

Complexa C–C M–C (M¼Re or Zr) Ru–C

[Re]–C"C–[Re] 1.20(3) 2.14(2)
[Re]–CHR¼CHR–[Re]b 1.37(1) 2.18(1)
[Re]–CH2CH2–[Re] 1.52(2) 2.30(1)
[Zr]–C"C–[Ru] 1.251(20) 1.989(13) 2.141(15)
[Zr]–CH¼CH–[Ru] 1.304(22) 2.095(16) 2.185(19)
[Zr]–CH2CH2–[Ru] 1.485(14) 2.186(9) 2.276(10)

a[Re]¼Re(CO)5, [Zr]¼ZrClCp2, [Ru]¼Ru(PMe3)2Cp;
bCHR¼CHR¼ cyclobutenedione-

1,2-diyl.

In both the manganese173 and rhenium171 complexes {M(CO)5}2
(m-C"C),171 the M(CO)5 groups are eclipsed, in contrast to the staggered
geometry found about the C"C bond for Pt complexes.188

As might be expected from the limited number of examples that have
been prepared so far, there are few structurally characterized examples of
M–C3–M complexes. However, these include examples of structural types B
and C. The C–C bond lengths in [{Cp*(NO)(Ph3P)Re}(m-C3){Mn(CO)2
Cp}]þ are in the range 1.27–1.31(2) Å, which spans the values reported for
allene and butatriene (1.28–1.31 Å). These distances are similar to those
reported for [{Re(NO)(PPh3)Cp*}2(m-C¼C¼C¼C)]2þ [1.260–1.305(10) Å].
The Re¼C distances are also similar in these cations [C3: 1.91–1.93(1); C4:
1.909–1.916(7) Å]. The Mn¼C distance in the C3 cation [1.75(1) Å] is closer
to the distances found in vinylidene and allenylidene complexes (ca. 1.80 Å)
than in manganese carbyne derivatives (ca. 1.66 Å).

The OBut-bridged dimer found for {(ButO)3W}(m-C3){Re(NO)(PPh3)Cp*}
in the solid-state has alternating short and long C–C separations, consistent
with the W"C [1.769(8) Å], "C–C"[1.398(11) Å], –C"C– [1.227(10) Å] and
"C–Re [2.039(8) Å] formulation.233
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TABLE X
BOND LENGTHS (Å) AND ANGLES AT C(n) IN C4 COMPLEXES

Bond lengths

M–C(1) C(1)–C(2) C(2)–C(3) C(3)–C(4)
Bond angles at

MLx n C(1) C(2) C(3) C(4) Ref.

(a) Homo-binuclear complexes [{MLx}2(m-C4)]
nþ

Group 6
W(CO)3Cp* 0 2.127(7) 1.226(10) 1.376(14) 243

178.9(8) 179.3(10)
W(O)2Cp* 0 2.072(4) 1.217(5) 1.375(7) 243

177.6(3) 179.3(5)

Group 7
trans-MnI(dmpe)2 0 1.798(15) 1.263(17) 1.33(3) 246

176.1 177.4
1 [PF6] 1.763(2) 1.275(3) 1.313(5) 246

179.1 179.3
2 [BF4]2 1.768(4), 1.770(4) 1.289(5) 1.295(5) 1.298(5) 246

trans-Mn(C"CH)(dmpe)2 1 [PF6] 1.818(4) 1.285*6) 1.307(9) 247
180.0(4) 180.0(3)

SS/RR-Re(NO)(PPh3)2Cp* 0 2.037(5) 1.202(7) 1.389(5) 248,249
174.4(5) 176.8(6)

2 [PF6]2 1.909(7), 1.916(7) 1.263(10) 1.305(10) 1.260(10) 248,249
168.5(7), 171.4(7) 177.8(9) 175.4(9)

Re(CO)3(Bu
t
2-bpy) 0 2.13(2) 1.19(2) 1.43(4) 253

176(1) 178(2)

Group 8
Fe(CO)2Cp* 0 1.993(4) 1.917(4) 1.396(7) 182

178.0(4) 178.0(6)
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Fe(dppe)Cp* 0 1.889(9), 1.885(8) 1.22(1) 1.37(1) 1.22(1) 450
175(1) 177(1) 176(1) 179(1)

1 [PF6] 1.830(8) 1.236(9) 1.36(1) 269,270
167.0(6) 177(1)

Fe(dippe)Cp* 3 [PF6]3 1.79(1) 1.27(1) 1.33(1) 258
175.2(9) 178.7(9)

Ru(PPh3)2Cp 0a 2.001(3) 1.217(4) 1.370(6) 260
178.9(2) 177.2(3)

0b 2.01(3) 1.24(4) 1.31(4) 260
174(2) 176(3)

0c 2.00, 2.01(1) 1.20(2) 1.38(2) 1.25(2) 261
177(1) 178(2) 175(1) 170(1)

0d 2.00(1) 1.22(1) 1.39(1) 261
175(1) 177(1)

Ru(dppm)Cp* 0 2.017(2), 2.019(2) 1.216(3) 1.385(3) 1.223(3) 264
175.2(2) 179.1(2) 177.7(3) 170.6(2)

Ru(dppe)Cp 0 2.016(7), 2.007(8) 1.22(1) 1.40(1) 1.22(1) 267
177.1(9) 176(1) 172(1) 171.4(9)

Ru(dppe)Cp* 0 2.001(3), 2.003(3) 1.223(4) 1.382(4) 1.2128(4) 264
176.6(3) 176.9(3) 178.0(3) 177.1(3)

1 [PF6] 1.931(2) 1.248(3) 1.338(3) 264
165.6(2) 178.0(2)

2 [PF6]2 1.858(5), 1.856(5) 1.280(7) 1.294(7) 1.269(7) 264
175.6(5) 176.7(6) 174.2(6) 170.1(4)
174.5(8)

Ru2(m-ap)4 0 2.047(14) 1.258(16) 1.33(2) 318
177.8(12) 176.1(19)

Os(dppe)Cp* 0 2.010(3), 2.015(3) 1.220(4) 1.380(4) 1.224(4) 271
177.4(3) 176.2(3) 177.3(3) 177.2(3)

(Continued )
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TABLE X
Continued

Bond lengths

M–C(1) C(1)–C(2) C(2)–C(3) C(3)–C(4)
Bond angles at

MLx n C(1) C(2) C(3) C(4) Ref.

Group 9
trans-Rh(C¼CMe2)(PPr

i
3)2 0 2.023(7) 1.221(9) 1.38(1) 277

173.1(7) 176(1)
trans-Rh(CO)(PPri3)2 0 2.021(4) 1.205(5) 1.388(7) 280

178.5(4) 178.9(5)
Au{P(tol)3} 0 1.996(5), 1.996(5) 1.196(6) 1.390(6) 1.215(6) 267

176.3(6) 178.6(6) 178.8(5) 169.2(6)

Bond lengths

M–C(1) C(1)–C(2) C(2)–C(3) C(3)–C(4)
Bond angles at

MLx M0L0
y C(1) C(2) C(3) C(4) Ref.

(b) Hetero-binuclear complexes {MLx}(m-C4){M
0L0

y}
W(CO)3Cp Ir(O2)(CO)(PPh3)2 2.13(5), 2.03(4) 1.21(7) 1.41(7) 1.21(7) 293

166(4) 170(5) 170(5) 154(4)
W(CO)3Cp Rh(tcne)(CO)(PPh3)2 2.10(1), 2.00(1) 1.23(2) 1.38(2) 1.20(2) 295

178(1) 173(1) 176(1) 170(1)
179.5(2)

Re(NO)(PPh3)Cp* Mn(CO)2Cp
f 1.92/1.93(1),

1.75/1.75(2)
1.26/1.28(2) 1.32/1.28(2) 228,229

173/175(1) 175/170(2) 178/178(1)
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Re(NO)(PPh3)Cp* Fe(dppe)Cp* 1.895(6), 2.029(6) 1.209(8) 1.370(9) 1.224(9) 296
176.6(5) 178.3(7) 177.4(7) 169.6(6)

Fe(dppe)Cp* Fe(CO)2Cp* 1.886(9), 1.90(1) 1.21(1) 1.36(1) 1.24(1) 88
177.8(8) 175(1) 178.4(9) 172.0(1)

Fe(dppe)Cp* Ru(PPh3)2Cp 1.989(5), 2.019(5) 1.226(7) 1.392(7) 1.238(7) 267
176.6(5) 178.3(7) 177.4(7) 169.6(6)

cyclo-Pt(dppe) Pt(dppe) 2.027(8), 2.00(1),
2.019(8), 2.00(1)

1.17(1), 1.24(2) 1.40(1), 1.38(2) 1.22(1), 1.21(2) 285

176(1), 175.9(8) 179(1), 177.5(9) 178(1), 177(1) 177(1), 177.3(8)

(c) Trimetallic complexes
cis-Pt(PEt3)2 {W(CO)3Cp}2 1.99(1), 2.14(1)e 1.20(3) 1.39(1) 1.21(2) 293

172(1) 177(1) 176(1) 177(1)

Note: atrans isomer, thf solvate; bcis isomer; ccis isomer, thf solvate; dcis isomer, MeOH solvate; eaveraged values; fvalues for molecules 1, 2.
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TABLE XI
BOND LENGTHS (Å) AND ANGLES AT C(n) IN {MLx}2(m-Cn) (n¼ 6–20)

Bond lengths (Å)

M–C(1) C(1)–C(2) C(2)–C(3) C(3)–C(4) C(4)–C(5) C(5)–C(6) C(6)–C(7) or C(60)
Bond angles at

MLx n C(1) C(2) C(3) C(4) C(5) C(6) Ref.

Fe(CO)2Cp* 12 1.878(9),
1.888(8)

1.23(1),
1.20(1)

1.36(1),
1.38(1)

1.20(1),
1.19(1)

1.35(1),
1.36(1)

1.22(1),
1.23(1)

1.35(1) 306

175.2(6),
173.3(7)

172.7(8),
171.9(9)

175.5(8),
173.8(9)

176.8(9),
175.1(9)

176.3(9),
176.9(9)

177(1),
178(1)

Ru(PPh3)2Cp 6 2.001(6) 1.210(8) 1.382(8) 1.212(8) 261
172.2(4) 178.8(6) 177.3(6)

Ru2(m-dpf )4 8 1.939(12) 1.22(2) 1.37(2) 1.22(2) 1.31(3) 320
(C"CC"CSiMe3) 176.7(12) 176.3(18) 176.0(19) 177.2(30)
Os(dppe)Cp* 6 2.001(6) 1.210(8) 1.382(4) 1.212(8) 271

171.8(3) 177.4(3) 178.2(4)
trans-Pt(tol)(PPh3)2 8 2.011(4) 1.2118(6) 1.368(6) 1.223(6) 1.367(9) 310

178.0(4) 176.5(5) 177.8(5) 179.5(9)
trans-Pt(tol){P(tol)3}2 12 1.990(3) 1.233(4) 1.358(4) 1.210(5) 1.356(5) 1.211(5) 1.344(7) 310

174.0(3) 174.5(4) 178.6(4) 178.3(4) 177.5(4) 178.9(6)
trans-Pt(C6F5){P(tol)3}2 8 1.951(2) 1.252(6) 1.365(6) 1.209(6) 1.351(8) 311

177.6(4) 179.2(5) 177.1(5) 178.5(6)
12 1.972(6),

1.983(5)
1.234(8),
1.223(7)

1.361(8),
1.374(7)

1.209(8),
1.208(7)

1.363(7),
1.356(7)

1.216(7),
1.210(7)

1.358(8) 311

172.9(5),
171.6(5)

173.2(7),
171.8(6)

178.3(7),
176.2(6)

175.6(7),
173.4(6)

175.3(6),
175.3(6)

175.7(6),
175.7(6)

16 1.981(2) 1.220(3) 1.355(3) 1.214(3) 1.350(3) 1.217(4) 1.349(3) 311
175.7(2) 176.9(3) 178.2(3) 178.0(3) 178.7(3) 179.1(3) 178.3(3)

Au(Pcy3) 6 2.011(8) 1.170(1) 1.40(1) 1.18(1) 315

dpf¼N,N0-diphenylformamidinate.
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The majority of structurally characterized examples of {MLn}2(m-C4)
complexes belong to the poly-yndiyl (L) subset (Table X). The structures
typically display M–C bond lengths of ca. 2.0 Å, with distinctly shorter bond
lengths being observed only in the case of complexes of the smaller and
lighter metals, such as Mn. Along the poly-yndiyl carbon chain, clear short-
long-short alternation of the C–C separations is in evidence, with C!C
bonds lengths near 1.20 Å, and C–C bond lengths of 1.35 Å being typical.
The effects of metal size are most clearly demonstrated in the rare examples
of hetero-bimetallic complexes which have been structurally characterized.
Thus in complexes such as {Fe(dppe)Cp*}(m-C!CC!C){MLx} [MLx¼
Re(NO)(PPh3)Cp*,

296 Ru(PPh3)2Cp
267], the shorter M–C distance is

associated with the smaller Fe center. Of the two alkynyl moieties, the
C!C adjacent the more electron-releasing metal fragment is the longer.
In the case of the tungsten complexes {W(CO)3Cp*}2(m-C!CC!C) [W–C
2.127(7) Å] and {W(O)2Cp*}2(m-C!CC!C) [W–C 2.072(4) Å], the short-
ening of the W–Cdiynyl bond distance has been attributed to both the
decreased size of the W(VI) center in the dioxo complex, and the greater
electrostatic attraction between the high oxidation state metal and the
carbon center.243

Lengthening of the carbon chain (Table XI) does not alter these
generalized observations, although the extension of the conjugated
M–(C!C)m–M p-system results in a small lengthening of the C!C moieties
and contraction of the C–C bond lengths. For H–(C!C)m–H, theoretical
calculations predict limiting values for C–C and C!C of 1.1956–1.2031 and
1.3574–1.3726 Å, respectively.382 The complex {trans-Pt(C6F5)[P(tol)3]2}2
{m-(C!C)8} contains the longest metal-stabilized carbon fragment
structurally characterized during the period covered by this chapter.311 In
general, individual parameters (Pt–C, C–C, C!C bond distances, M–C–C,
C–C–C bond angles) do not differ significantly from values found
in analogous alkynylmetal complexes. For increasing n in the Pt series
165/m, the C!C and C–C distances tend to values of 1.20 and 1.35 Å,
respectively.311

A striking feature is the bending of the M–Cn–M chain to a greater or
lesser extent, which appears to arise from the low bending force constants of
M–C, C!C, and !C–C bonds. This was first observed in Re{(C!C)mtol}
(NO)(PPh3)Cp* (m¼ 3, 4), where the bond angles average 174.7 and 175.7#,
respectively.292 The degree of bending does not appear to be related to any
one of van der Waals contacts, p interactions or the presence of solvent
molecules. Computational studies have failed to identify any underlying
electronic effects which may be responsible for these gracefully bent
structures, and, at present, these structural phenomena are best considered
to be a result of ‘‘crystal packing forces’’. Angles at individual atoms do not
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differ much from 180! but the bending may be either cumulative, leading to
inter-metal distances less than the sum of the intervening bond distances,
e.g., for 165/m (m¼ 4, 6, 8),311 or pseudo-symmetrical, resulting in an S- or
transoid conformation. The Cn chain shows the greatest degree of bending
for 165/6, with an average angle at C of 174.6!. The chain in the Pt–C16–Pt
complex is straighter, with an average angle of 178.0!, leading to a difference
in Pt # # #Pt separations of only 0.3%. Some degree of curvature is also found
in {Fe(CO)2Cp*}2{m-(C$C)6}, with angles at C ranging between 171.7 and
178! (av. 175.2!).306 In this case, crystal packing is determined by
interactions between the Fp* groups.

As mentioned above, in derivatives containing p-bonded metal–ligand
fragments, changes to the geometries of the carbon chains also parallel those
found in analogous alkyne-MLn complexes.383

C. Electrochemistry

The combination of multiple metal centers linked by a conjugated
polycarbon bridge often results in a rich electrochemical response. Details of
the electrochemical studies which have been performed to date are
summarized in Table XII. Rather than correct the original data, which has
been collected using a wide range of solvents, electrolytes and reference
electrodes, to a common reference potential, we cite the results as reported
in the literature together with an indication of the conditions employed.384

While comparisons between complexes featuring significantly different
metal centers holds some value, a more illustrative comparison of the
properties of these metallated polycarbon species comes from an analysis of
trends observed in a closely related series of compounds, and it is this latter
approach around which we base the following discussion.

1. Complexes Containing C2 Ligands

The complex {W(OBut)3}2(m-C2) shows two irreversible 1-e oxidation
processes at Ep þ0.362 and þ0.816 V (vs. SCE), consistent with a deloca-
lized (rather than mixed-valence) cation.170 Electrochemistry of {Re(CO)5}2
(m-C$C) shows two irreversible oxidations occur at E¼ þ1.12, þ1.35 V
(CH2Cl2) or þ1.02, þ1.55 V (MeCN) indicating that the C$C triple bond
oxidizes more easily than the Re–Re bond in Re2(CO)10 [E þ1.40 V
(MeCN)].171

2. Complexes Containing C3 and C5 Ligands

The electrochemical responses of the complexes {MLx}2(m-Cn) (n¼ 3, 5)
have not yet been described.
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3. Complexes Containing C4 Ligands

(a) Homometallic Complexes
Group 6. An electrochemical study of {M(CO)2Tp

0}2{m-(!C–C!C–C!)}
(M¼Mo, W) revealed two reversible oxidation processes in each case, with
the tungsten complex both easier to oxidize than the Mo analogue and
giving rise to a larger separation of the redox events [!E(Mo)¼ 0.239,
Kc¼ 1# 104; !E(W)¼ 0.278 V, Kc¼ 5# 104].385 The separation of redox
events, often taken as a rough ‘‘rule of thumb’’ estimate of the ground state
interactions between the metal centers in such bridged bimetallic complexes,
is smaller than in many of the diyndiyl systems described below, and has
been attributed to a limited contribution from the carbon bridge orbitals to
the HOMO of the oxidized form.

Group 7. The paramagnetic manganese complexes [{trans-Mn(X)
(dmpe)2}2(m-C!CC!C)] [X¼ I (93),246 C!CH (95)247] can be oxidized in
two fully reversible steps, with the CVs indicating the electrochemical
formation of the corresponding mono (MnII/MnIII) and dications (MnIII/
MnIII). In the case of 95 an irreversible reduction ($2.29 V) was also
observed, and assigned to the MnII/MnII–MnII/MnI couple. The large
potential difference between each oxidation process [!E¼ 0.63 V (93),
0.576 V (95)] gives rise to large comproportionation constants KC [5.4# 1010

(93), 7.5# 109 (95)], which indicate the thermodynamic stability of the
monocations [93]þ and [95]þ towards disproportionation.386

The CV of (SS,RR)-{Re(NO)(PPh3)Cp*}2(m-C!CC!C) (96/Ph) also
displays two reversible oxidation waves. Samples enriched in the SR,RS
diasteromer give identical electrochemical results.248,249,251 Racemic mix-
tures of 96/tol, which bears the P(tol)3 ligand, displayed two reversible
one-electron oxidation processes in the CV which were approximately
230 mV more facile than the corresponding processes in 96/Ph.251

The complex {Re(CO)3(Bu
t
2-bpy)}2(m-C!CC!C) undergoes three irre-

versible oxidations and a But2-bpy-centered reduction ($1.62 V). Oxidation
processes near þ 1.8 V are also observed in related alkynyl complexes, and
suggests that this redox event is associated with the Re(I/II) couple.
The remaining redox events were tentatively assigned to oxidation of the
carbon chain.253

Group 8. The iron complexes [{Cp*L2Fe}2(m-C!CC!C)] [L2¼ dppe
(107), dippe (99)] are characterized by a series of three one-electron
oxidation processes (L2¼ dppe,258,269,270 dippe258). Substitution of the dppe
ligand for dippe results in positive shifts of the three electrode potentials
by 0.29, 0.14, and 0.14 V respectively, and that the difference between these
processes increases with increasing electron density at the metal centers.
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TABLE XII
ELECTROCHEMICAL PROPERTIES OF COMPLEXES CONTAINING LINEAR Cn LIGANDS

Complex E1/2/V Kc Notesa Ref.

Group 6
{W(OBut)3}2{m-(!C–C!)} þ 0.36 (irr), þ 0.82 (irr) 170
{Mo(CO)2Tp

0}2{m-(!C–C!C–C!)} þ 0.29 (r), þ 0.53 (r) 1# 104 385
{W(CO)2Tp

0}2{m-(!C–C!C–C!)} þ 0.17 (r), þ 0.45 (r) 5# 104 385

Group 7
[{MnI(dmpe)2}2(m-C¼C¼C¼C)][BPh4]2 %0.02 (r), %0.66 (q) 5.4# 1010 b 246
[{Mn(C!CH)(dmpe)2}2(m-C!CC!C)]PF6 %0.89 (r), %1.46 (r), %2.29 (irr) 7.5# 109 c 247
{Re(CO)3(Bu

t
2-bpy)}2(m-C!CC!C) þ 0.72 (irr), þ 1.33 (irr),

þ 1.84 (irr), %1.62 (irr)

d 253

{Re(CO)5}2(m-C!C) þ 1.12, þ 1.35 171
SS,RR-{Re(NO)(PPh3)Cp*}2(m-C!CC!C) þ 0.01, þ 0.54 1.1# 109 248,249,251
{Re(NO)[P(tol)3]Cp*}2(m-C!CC!C) %0.22, þ 0.31 1.1# 109 251
{Re(NO)(PPh3)Cp*}2{m-(C!C)3} þ 0.10, þ 0.48 3.0# 106 251
{Re(NO)[P(tol)3]Cp*}2{m-(C!C)3} þ 0.02, þ 0.41 4.4# 106 251
{Re(NO)(PPh3)Cp*}2{m-(C!C)4} þ 0.24, þ 0.52 5.9# 104 251
{Re(NO)(Ptol3)Cp*}2{m-(C!C)4} þ 0.16, þ 0.45 8.8# 104 251
{Re(NO){P(C4H4Bu

t-4)3}Cp*}2{m-(C!C)4} þ 0.18, þ 0.48 1.3# 105 251
{Re(NO){P(C4H4Ph-4)3}Cp*}2{m-(C!C)4} þ 0.25, þ 0.54 8.8# 104 251
{Re(NO)(PCy3)Cp*}2{m-(C!C)4} þ 0.11, þ 0.43 2.8# 105 251
{Re(NO)(PPh3)Cp*}2{m-(C!C)5} þ 0.43, þ 0.63 2.6# 103 e 290,291
{Re(NO)(PPh3)Cp*}2{m-(C!C)6} þ 0.46, þ 0.65 1.7# 103 e 290,291
{Re(NO)(PPh3)Cp*}2{m-(C!C)8} þ 0.57, þ 0.66 34 e 290,291
{Re(NO)(PPh3)Cp*}2{m-(C!C)10} þ 0.64 e 290,291

Group 8
{Fe(dppe)Cp*}2(m-C!CC!C) %0.68, %0.40, þ 0.95 1.6# 1012 258,266,269,270
{Fe(dippe)Cp*}2(m-C!CC!C) %0.18, 0.81, %0.97 258
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{Cp*(dppe)Fe}(m-C!CC!C){Fe(CO)2Cp*} "0.36, þ 0.74 88,259
{Cp*(dppe)Fe}(m-C!CC!C){Fe(CO)2(Z-C5Ph5)} "0.28, þ 0.93 88
{Cp*(dippe)Fe}(m-C!CC!C){Fe(CO)2(Z-C5Me5)} "0.53, þ 0.69 259
{Ru(PPh3)2Cp}2(m-C!CC!C) "0.23, þ 0.41, þ 1.03, þ 1.68 1.5$ 1011, 1.5$ 1011 262,265
{Ru(PPh3)(PMe3)Cp}2(m-C!CC!C) "0.26, þ 0.33, þ 0.97, þ 1.46 2.1$ 1010, 2.7$ 108 262,265
{Ru(dppm)Cp*}2(m-C!CC!C) "0.48, þ 0.15, þ 1.04, þ 1.41 4.46$ 1010, 1.11$ 1015,

1.80$ 106
f 264

{Ru(dppe)Cp*}2(m-C!CC!C) "0.43, þ 0.22, þ 1.04, þ 1.51 9.70$ 1010, 7.26$ 1013,
8.80$ 107

f 264

{cis-RuCl(bpy)2}2(m-C!CC!C) "1.61, "1.42, þ 0.35,
þ 0.87, þ 2.05, þ 2.47

6.13$ 108 b 268

{Ru2(m-ap)4}2(m-C!CC!C) "1.17, "0.78, þ 0.33, þ 0.49, þ 1.12 3.8$ 106 (red), 506 (ox) g 318

Group 9
{Rh2(ap)4}2(m-C!CC!C) "0.65, "0.52, þ 0.60 h 323

Heterometallics
{Cp*(NO)(Ph3P)Re}(m-C!C){PdCl(PEt3)2} þ 0.08, þ 1.25 i 224
{Cp*(NO)(Ph3P)Re}(m-C!CC!C){PdCl(PEt3)2} þ 0.32, þ 1.29 (irrev) i 224
trans-Pd{C!CC!C[Re(NO)(PPh3)Cp*]}2(PEt3)2 þ 0.32, þ 1.29 (irrev) i 224
{Cp*(NO)(Ph3P)Re}(m-C!CC!C){Fe(dppe)Cp*} "0.50, þ 0.23, þ 1.33 296
{Cp*(NO)(Ph3P)Re}(m-C!CC!C){Fe(dppe)Cp*} "0.50, þ 0.23, þ 1.33 296
Os3(m-H){m2-Z

1-C!C[Re(NO)(PPh3)Cp*]} þ 0.78 434
Os3(m-H){m2-Z

1-C!CC!C[Re(NO)(PPh3)Cp*]} þ 0.43 434
Os3(m-H){m2-Z

1-(C!C)3[Re(NO)(PPh3)Cp*]} þ 0.48 434

Notes: aMeasured in CH2Cl2 containing 0.1 M [NBu4]PF6 vs. SCE, referenced to FcH/[FcH]þ couple at 0.46 V. bIn MeCN, [NBu4]PF6 vs. Ag/AgCl.
cIn NCMe, vs. Fc/Fcþ . dIn NCMe, 0.1 M NBu4PF6 vs. SCE, FcH/[FcH]þ internal reference. eIn CH2Cl2, 0.1 M [NBu4]BF4, vs. Ag wire.
fIn CH2Cl2.

gIn thf, 0.2 M [NBu4]PF6, vs. Ag/AgCl. hIn thf, 0.2 M [NBu4]ClO4 vs. SCE. iIn CH2Cl2, 0.1 M [NBu4]BF4, Ag pseudo-reference
(FcH/[FcH]þ ¼ 0.56 V).
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The large separation between the redox events indicates the thermodynamic
stability of [107]nþ and [99]nþ (n¼ 0–3), and chemical oxidation of 107
and 99 by [FcH]PF6 or AgPF6 afforded [107]nþ (n¼ 1, 2)270 and [99]nþ

(n¼ 1–3)258 in good to excellent yields.
In the case of the homo-bimetallic diyndiyl complexes {Cp*(dppe)Fe}

(m-C#CC#C){Fe(CO)2(Z
5-C5R5)} (R¼Me 100, Ph 101) CV analyses reveal

two oxidation processes, the latter becoming reversible at faster scan rates.
The first oxidation processes is rather more thermodynamically favorable
than was found for the mononuclear species Fe(C#CC#CSiMe3)(dppe)Cp*
under the same conditions (0.00 V), while the much greater chemical
reversibility of the second oxidation process suggests there is a significant
interaction between the two metal centers. The results are consistent with
significant electron-donating properties associated with the metallo-carbon
fragment, despite the presence of the supporting carbonyl ligands.88 Similar
data were reported for {Cp*(dippe)Fe}(m-C#CC#C){Fe(CO)2(Z

5-C5Me5)}
(102) under the same conditions ($0.53, þ 0.69 V).259

The ruthenium diyndiyl complexes {Ru(PP)Cp0}2(m-C#CC#C) [Cp0 ¼
Cp, PP¼ (PPh3)2 103, (PPh3)(PMe3) 104] undergo a series of four oxida-
tions, the first three being well-defined reversible one-electron processes, the
fourth complicated by subsequent chemical reactions.262,265 The chemical
reversibility of the fourth oxidation process is improved in the complexes
109, 110 (Cp0 ¼Cp*, PP¼ dppe, dppm, respectively), although some
decomposition of 110 in the higher oxidation states occurs.264 These data
indicate that a total of five accessible oxidation states is associated with the
Ru–C4–Ru framework. The 3þ /4þ couple has not been found in any
related iron system to date. The first oxidation potentials of the more
electron-rich complexes 110 and 109 at $0.48 and $0.43 V, respectively, are
lower than those determined for 103, 104 but not as low as the 0/1þ
potential observed for the Fe(dppe)Cp* analogue ($0.68 V) measured under
the same conditions. Similar comments apply to the second oxidation
potentials (1þ /2þ ) of these complexes. However, as oxidation proceeds,
the 2þ /3þ couples are essentially identical for the ruthenium compounds,
while the 3þ /4þ couples of 110 and 109 (at þ1.41, þ1.51 V) are lower
than those for the RuCp complex [þ1.68 V (irr.)] and in both cases they are
reversible. In the case of 110, an irreversible wave was also observed in the
cathodic sweep (0.724 V), which was found to decrease at higher scan rates.
This is most likely due to a product resulting from the decomposition of the
higher oxidized species under the conditions used in the experiment and is
presently uncharacterized. In each case, the large potential difference
between these processes gives rise to large values for the comproportiona-
tion constants associated with the oxidized materials and provides an
indication of their thermodynamic stability.264
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The cyclic voltammogram of {cis-RuCl(bpy)2}2(m-C!CC!C) displays
two quasi-reversible oxidation waves at þ0.351 and þ0.871 V (vs. Ag/
AgCl) which have been attributed to the RuII/RuIII and RuIII/RuIII couples.
Two irreversible oxidations above þ2 V were observed and may arise
from oxidation to formal RuIII/RuIV and RuIV/RuIV states. Ligand
(bpy)-centered reduction processes were observed at #1.42 and #1.61 V.268

(b) Heterobimetallic Complexes
Electrochemical studies have also been performed on a number of

heterometallic systems, which may be broadly distinguished by the extent of
interaction between the dissimilar metal fragments mediated by the
m-polycarbon ligand. Gladysz and his co-workers have investigated the
electrochemical properties of the binuclear species [{Cp*(NO)(PPh3)Re}
(m-C!C){PdCl(PEt3)2}], [{Cp*(NO)(PPh3)Re}(m-C!CC!C){PdCl(PEt3)2}]
and the linear trimetallic complex trans-Pd{C!CC!C[Re(NO)(PPh3)
Cp*]}2(PEt3)2.

224 In each case, two oxidation waves were detected by CV,
the first being chemically reversible. By analogy with model complexes, the
oxidations can be attributed to sequential processes largely centered on
the electron-rich Re(PPh3)(NO)Cp* fragment, and the PdX(PEt3)2 moiety.
It is apparent that the Pd(PEt3)2 fragment is not efficient at transmitting
electronic information between the rhenium centers.

The mixed rhenium/iron complex {Cp*(NO)(PPh3)Re}(m-C!CC!C)
{Fe(dppe)Cp*} (137) gives three oxidation waves in the CV at #0.50,
þ 0.23, and þ 1.33 V, the first two being reversible, the third being partially
obscured by the edge of the solvent electrochemical window (CH2Cl2).

296

Comparisons of the values obtained from Re(C!CC!CSiMe3)(PPh3)
(NO)Cp* (þ 0.35 V) and Fe(C!CC!CSiMe3)(dppe)Cp* (0.00 V) and
the homobimetallic complexes 96/Ph (þ 0.01, þ 0.54 V) and 107 (#0.69,
þ 0.03, þ 0.95 V), measured under the same conditions, suggest that the
initial oxidation process in 137 is likely to be predominantly iron in
character, while the second would be more rhenium-centered. Assuming
that the solvation energies associated with these species in their various
oxidation states are similar, a strong interaction between the Fe and Re
metal end-caps is apparent. It appears that the Fe(dppe)Cp* moiety is more
electron-rich than the rhenium end-cap, and that even the mono-oxidized
form of the iron end-cap is capable of acting as a good electron-releasing
group in comparison to SiMe3. The second oxidation process in the
heterobimetallic species is also thermodynamically more favorable than
the oxidation event associated with Re(C!CC!CSiMe3)(PPh3)(NO)Cp*,
clearly indicating that the iron center plays a role in stabilising the oxidized
product.296

Complexes Containing All-Carbon Ligands 299



4. Higher Poly-yndiyl Complexes

It is generally observed that electronic interactions between metal centers
bridged by linear carbon fragments are strongly attenuated by the length
of the bridge. For example, the CV trace of the octatetrayndiyl complex
{Fe(dppe)Cp*}2{m-(C!C)4} (159) displays two reversible oxidation waves at
"0.23 and þ 0.20 V (vs. FcH, þ0.420 V), which gives a wave separation of
0.43 V, somewhat less than the 0.71 V separation found for the diyndiyl
107.307 Nevertheless, while the interaction between the metal centers in 159
is some what less than in 107, the radical cation has suffient thermodynamic
stability with respect to disproportionation (KC¼ 2% 107) to be isolated by
oxidation with [FcH]PF6. The observation of a unique n(CC) profile for
[159]PF6 together with a strong NIR band (!max 1958 nm, e 31,000), which
is narrower than predicted by the Hush relationship for localized mixed-
valence systems, indicates that the cation is best described with a delocalized
electronic structure (Vab¼ 0.32 eV).307

Gladysz and his group have carried out systematic analyses of the effect
of chain length on coupling between rhenium centers in complexes of
general form {Re(PR3)(NO)Cp*}2{m-(C!C)m} (R¼Ph, m¼ 1–10;250,290,291

R¼C6H4Me-4, m¼ 2–4;251 R¼C6H4Bu
t-4, C6H4Ph-4, Cy, m¼ 4251). Each

complex undergoes two oxidation processes, the reversibility of which
decreases with increasing chain length. In addition, as the chain is
lengthened, the first oxidation potential becomes less thermodynamically
favorable, and shifts to more positive potentials. The second oxidation
potential is less susceptible to the influence of the carbon fragment, and as a
result the differences between the two formal electrode potentials decrease,
such that only a single, possibly two-electron, oxidation is observed for
[{Re(PPh3)(NO)Cp*}2{m-(C!C)10}].

290 The reversibility of the electrochem-
istry of the longer chain examples was improved by the presence of bulky
phosphines, but in no case could oxidized materials be isolated for
complexes with bridging poly-yndiyl ligands other than C!CC!C.251

5. Complexes Containing Bimetallic Fragments

Complexes containing multiple polymetallic fragments bridged by poly-
yndiyl ligands have also been shown to display a rich electrochemical
response. The bis(dirhodium) complex {Rh2(ap)4}2(m-C!CC!C) (175)
(ap¼ 2-anilinopyridinate) exhibits two overlapping oxidation processes at
0.60 V together with two resolved one-electron reductions at "0.52 and
"0.65 V (vs. SCE, thf, 0.2 M TBAP).323 The CV results were verified by
normal pulse voltammetry, which gave a current–voltage curve with limiting
currents in the ratio 2 : 1 : 1 for the oxidation and two reductions
respectively. ESR data suggest the electronic configuration of (s)2(p)4
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(d)2(p*)4(d)1 is appropriate for the neutral material, with the unpaired
electron most likely localized on the rhodium center which is not s-bonded
to the diyndiyl ligand. Consequently, while oxidation involves orbitals
which are not mixed with the polycarbon bridge, upon reduction, the
additional electron density can be delocalized across the Rh–C4–Rh portion
of the complex, and this interaction is responsible for the separation of the
reduction potentials.

The closely related bis(diruthenium) complexes, {Ru2(ap)4}2{m-(C!C)m}
(171/m) (m¼ 1, 2) undergo a total of five identifiable redox processes.318,319

The first four events are partially chemically reversible, while the
most positive oxidation event is more irreversible. These redox processes
have been assigned to two sequential reduction processes, (171/1
#1.555, #0.888 V; 171/2 #1.173, #0.784 V), and three sequential oxidation
processes (171/1 0.223, 0.508, 1.079 V; 171/2 0.334, 0.491, 1.115 V). As was
observed for the Rh analogues, coupling between the bimetallic centers is
most pronounced upon reduction, with the greater difference between the
reduction potentials of each complex [171/1 667 mV, KC(red)¼ 1.9$ 1011;
171/2 389 mV, KC(red)¼ 3.8$ 106] than was observed for the oxidations
[171/1 285 mV, KC(ox)¼ 6.6$ 104; 171/2 157 mV, KC(ox)¼ 506]. This is
consistent with these complexes being better carriers for electrons than
holes. The oxidation waves merge for the C8 complex and become
an apparent 2-electron event (or two superimposed 1-electron events)
with C12, whereas even in the latter, the reduction waves are resolved.
Regardless of the nature of the electrochemical event, the trend of
exponentially decreased coupling with increasing poly-yndiyl bridge length
is apparent.

D. Electronic Structures

Several structures may be envisioned for compounds {MLx}2(m-Cn),
which are broadly distinguished by whether or not they describe closed-shell
singlet states or open-shell triplet states, and the number and combination of
bonds between the metal and carbon as well as adjacent carbon centers.
There have been several reports rationalising the valence bond descriptions
of complexes containing even387–389 or odd values of n390,391 and related
polymeric materials3,392,393 and Sponsler has offered a comparison of the
electronic properties of {Fe(CO)2Cp}2(m-L) as a function of the structure of
the bridging ligand L (L¼CH¼CHCH¼CH, C!CC!C, C6H4, N¼
CHCH¼N).394 These various analyses suggest that the structural type
depends heavily on the nature of the metal and its oxidation state, as well as
the type of supporting ligands, and the number of carbon atoms in the Cn
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ligand. It is this latter aspect which suggests a natural break of this survey
in terms of even and odd numbered chains.

1. Even-Numbered Cn Chains

The s-bonded M–Cn–M framework is similar in all complexes, and
the variation in valence bond descriptions of the M–C and C–C bonds,
and associated bond orders, are associated with the changes in the com-
position and occupancy of the p- and d-frontier orbitals. In general terms, it
is therefore possible to forecast the valence structures for the Cn-bridged
complexes (n even) based on the metal dx configuration, since a total of
[2(x!1)þ 2n] electrons is contributed to the p-skeleton from the metal and
carbon fragments.

A qualitative model for a metal complex M–Cn–M can be derived by
considering the interactions between two metal fragments M with the
orbitals of a Cn fragment. The M–Cn–M s-framework (taken to define
the z coordinate) comprises two low energy M–C s bonds formed from
the M dz2 and C(sp) orbitals of the terminal carbons, with the other
C(sp) hybrids forming (n!1) C–C bonds of lower energy. This strongly
s-bonded framework is complemented by two orthogonal sets of
(nþ 2)-centered MOs derived from linear combinations of M dxz with C
px and M dyz with C py orbitals, giving rise to (nþ 2) orbitals which
are either degenerate or closely spaced in energy, depending on symmetry.
The scheme is completed by the metal-centered orbitals of d symmetry,
formally derived from the in and out of phase combinations of the metal dxy
and dx2!y2 orbitals. For octahedral fragments, the dx2!y2 levels are
destabilized by s interactions with the supporting ligands and are likely
to be well removed from the lower lying p-orbitals. This p-scheme is
illustrated in Fig. 8 for octahedral metal fragments and a C2 ligand.

387

This generic bonding scheme can be fine-tuned by allowing for different
metals, the donor or acceptor properties of the supporting ligands and
symmetries of the metal ligand fragments, all of which affect the energies of
the metal d orbitals and consequently the extent to which they interact with
carbon orbitals of appropriate symmetry, and the occupancy of the resulting
frontier orbitals. In general terms, p-donor ligands destabilize the metal
d orbitals, and as a result these metal d orbitals are found at much higher
energies than the Cn p-orbitals. Consequently, the lower lying frontier
p-MO’s (1p) tend to be predominantly C-centered p-bonding, while the
higher lying (2p–4p) orbitals exhibit more metal character.395 The converse
is true of complexes containing p-accepting ligands.387,396

In the case of early d metal systems, in which the presence of p-donor
ligands is necessary to stabilize the complex, the d orbitals are likely to lie
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above the 2p level. Thus in the case of C2 complexes containing d1 metal
fragments (i.e., with 4p electrons), the 1p levels which are essentially
localized between the carbon centers are occupied and form the HOMO,
giving rise to the M–C!C–M valence description. Increasing the electron
count by the introduction of d2 metals results in occupation of the 2p level,
which is p-bonding between metal and carbon and C–C anti-bonding in
nature, leading to M¼C¼C¼M descriptions, as observed for {Ti(PMe3)
Cp}2(m-C2),

151 potentially with triplet ground state character. Further
occupation of the 2p level leads to a valence description as a dimetallo-
carbyne, M!C–C!M, as is found experimentally for {(tBuO)3W}2(m-C2).

170

As the metal d-electron count increases and p-accepting supporting
ligands become more likely to be encountered, more care is required to

FIG. 8. Schematic MO diagram for {L5M}C2{ML5} complexes depicting the main interactions
between the frontier orbitals of the ML5 fragments (M¼mid-late transiton metal, L¼

p-accepting ligand) and C2. Adapted from Ref. 387.
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establish the relative positions of the non-bonding d orbitals with respect to
the 3p level. For example, a bonding scheme for {W(OH)3}2(m-C2) has the
HOMO derived from metal dp (eg) and C2 p-orbitals (74 and 26%,
respectively), while the LUMO is largely metal-centered (Fig. 9).170

FIG. 9. Schematic MO diagram for {W(OH)3}2(m-C2) depicting the main interactions between
the frontier orbitals of the two W(OH)3 fragments and C2. Adapted from Ref. 170.
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For more electron-rich (low oxidation state) complexes, progressive
occupation of the 3p levels, which are M–C antibonding and C–C bonding
in nature, results in a shift in structure back through cumulenic forms
towards the acetylenic substructure. The C2 p*-orbitals are well removed in
energy from the metal d orbitals, and p-back bonding is therefore limited.
Thus, the HOMOs of {Re(CO)5}2(m-C!C) consist predominantly of the
C!C p-orbitals; no Re–C2 back-bonding occurs because of the large
separation (3.16 eV) from the p*-orbital.171 This precludes the observation
of a second series of cumulenic and carbyne-like structures for the metals at
the far right of the periodic table. On this basis it is possible to predict poly-
yne-like structures (L) for metal fragments, such as M(L)2Cp (M¼Fe, Ru,
Os, L¼CO, PR3) and Re(NO)(PPh3)Cp*, which become more cumulenic
(M, N) as the number of electrons available to fill the 3p levels is reduced.

As the carbon chain is extended, the energies of the occupied p-orbitals
from the Cn fragment increase, while the energies of the C(p*)-orbitals
decrease dramatically. This shift of fragment orbital energies can play a
significant role in tuning the composition and order of the resulting MOs.396

This point is addressed in more detail below with reference to specific
complexes.

Detailed DFT studies have been carried out on several C4

complexes,246,249,262 with the intention of understanding the electronic
structures of these complexes and their redox-related analogues. The
complex {MnI(dmpe)2}2(m-C!CC!C) (93), was found to have a triplet
ground state246 as predicted from the studies on the isoelectronic model
compounds {Mn(CO)2Cp}2(m-C!CC!C)396 and {MnI(PH3)4}2(m-C!CC!
C).246 Sequential oxidation of this compound serves to depopulate the
4p levels to give [93]þ and [93]2þ which possess more cumulenic structures,
as is evidenced by the decreased n(CC) frequencies and the trends in C–C
bond lengths observed in their solid-state structures.

The isoelectronic complexes {Re(NO)(PPh3)Cp*}2(m-C!CC!C) (96/
Ph),249 {Fe(dppe)Cp*}2(m-C!CC!C) (107)258,270 and {Ru(PPh3)(L)Cp}2
(m-C!CC!C) (109)262 all feature fully occupied, closed-shell singlet
structures for their HOMOs. The experimental structures are in accord
with this description, and display bond lengths consistent with a poly-yne-
like structure. These complexes, and closely related phosphine derivatives,
display two (Re), three (Fe) or four (Ru) 1-e oxidation processes.

While computations involving [96]þ did not converge, the calculated
structure of the dication is in good agreement with the experimentally
observed cumulenic form. In terms of the simple Hückel model, double
oxidation of 96 is consistent with the depopulation of the higher lying 4p
level. In the case of the iron complex 107, the first two oxidation processes
resulted in an increase in the acetylenic character of the carbon chain and
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the resulting dication [107]2þ was found to be diamagnetic at room
temperature.270 Two interpretations have been given for this point, which
differ only in the fine detail of the explanation. Sgamellotti and his
colleagues396 have argued that the strongly electron donating dppe ligand
destabilizes the metal d orbitals which form the 2d MO, raising the level of
this orbital relative to 4p to become the HOMO. In this scheme, the HOMO
is thought to be derived from the metal orbitals which are d-bonding with
respect to the carbon fragment. The first two oxidation processes of 107
depopulate the d orbital(s) and do not affect the gross bonding picture
associated with the C4 portion of the molecule. Halet and colleagues have
performed DFT calculations on {Fe(PH3)2Cp}2(m-C"CC"C) and found the
HOMO to be delocalized over the six atom Fe–C4–Fe chain, but with a
significant metallic contribution, and suggest that it is for this reason that
depopulation of the HOMO does not affect the structure of the carbon
bridge to a great extent.262 Replacement of the phosphine ligands by
carbonyl groups was calculated to decrease the interactions between the
stabilized metal orbitals and the carbon p-orbitals, leading to increased
carbon content in the HOMO and an overall decrease in the HOMO energy.
The net result is that the oxidation of such carbonyl complexes should be
less thermodynamically favorable than their phosphine-substituted analo-
gues, a result which is entirely in agreement with experiment.262

In either event, the decrease in the metal d orbital energy expected to
accompany such metal-centered oxidations would limit the metal
contribution to the HOMO in the resulting dication [107]2þ , which would
be anticipated to display considerable carbon character. Indeed, the third
oxidation of 107 gives the open-shell cation [107]3þ , for which experimental
evidence strongly supports a predominantly carbon-centered radical
structure.258

Variable temperature magnetic susceptibility measurements have been
carried out on [107]2þ , with meff decreasing from 2.8 mB to 1.1 mB as
temperatures were lowered from 300 to 5 K.397 The temperature dependence
of the measurement, and the negative J parameter (#18.2 cm#1) demon-
strates antiferromagnetic coupling between the metal centers, and the
dication is ESR-silent at room temperature. The energy gap between
this singlet state and the corresponding triplet (!EST¼#J ) is sufficiently
small that the triplet can become thermally populated at liquid nitrogen
temperatures.

As the ruthenium complex 109 is oxidized the carbon bridge becomes
cumulenic, more in keeping with the Re complexes 96 than with the iron
complex 107. As indicated above, this has been attributed to a greater
interaction between the higher lying metal d orbitals of the heavier metals
with the filled carbon p-orbitals. The cumulenic dication is observed to be

306 MICHAEL I. BRUCE AND PAUL J. LOW



diamagnetic and in agreement with this observation the (35a0)2(22a0)0 singlet
state was found to be energetically favored over the (35a0)1(22a0)1 triplet by
0.1 eV. Hirschfeld analysis reveals a significant portion of the electron lost in
the third oxidation originates from the carbon chain, much as was found for
the iron series. For the electrochemically detected tetracation, unique to the
Ru series, the singlet state (21a00 )2(35a0 )0 was calculated to be significantly
more stable than the corresponding triplet.262

Lengthening of the carbon chain results in decreased mixing of the metal
and carbon orbitals associated with the HOMO of {MLx}2{m-(C!C)m}
complexes. This is to be expected on the basis of even a simple analysis as
the Cn fragment p-orbitals must be partitioned over a greater number of
atoms, decreasing the contribution at the terminal centers. Thus in the
case of {Re(NO)(PPh3)Cp*}2{m-(C!C)10}, the longest poly-yndiyl complex
isolated to date, only a single, possibly two-electron, oxidation event is
observed. When the trends in oxidation potentials within the series m¼
2–10, which become thermodynamically less favorable with increasing chain
length, are considered, it is reasonable to suggest that in this case the
HOMO has considerable metal character. An electronic structure with
predominantly (C!C) p-character would result in an increase in the HOMO
energy level and a decrease in the observed oxidation potentials. In light of
this argument, the most intense band in the UV–vis spectrum of these
species, not the lowest energy band, has been assigned to the (C!C) p!p*
transition.

The electronic structures of {Ru(dHpe)Cp*}2{m-(C!C)4} and
Hg{C!CC!C[Ru(dHpe)Cp*]}2 (dHpe¼H2PCH2CH2PH2) were compared
to examine the unusual bending found at Ca in the solid-state structure of
the mercury complex.298 Whereas electronic communication between the
two Ru termini in the C8 complex was little different from that in the
analogous C4 derivative, introduction of the Hg atom resulted in a
significantly higher ionization potential. The HOMO has p-character and
is non-bonding between the carbon and Hg atoms, i.e., there is no
contribution to this orbital from the Hg atom. This result has significant
implications if these complexes are considered as models for molecular
wires, communication between the end-caps being prevented by insertion of
the Group 12 atom into the carbon chain.

2. Odd-Numbered Cn Chains

As has been described above, metal complexes containing odd-numbered
carbon chains are relatively rare in comparison with their even-numbered
analogues and the data available suggest that the kinetic stability of these
odd-carbon systems decreases more rapidly with increasing chain length
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than is the case for the even-numbered examples. Valence forms C and D
can be drawn without invoking radical formalisms. The Gladysz group have
reported DFT analyses of a series of model complexes closely related to
several isolated Cn (n odd) complexes (M¼Re, Mn, W), while subsequent
work by Belanzoni, Re and Sgamellotti has considered a set of hypothetical
materials with Cr, Fe, and Mn using both DFT and qualitative Hückel
methods.

It is convenient to consider first the Hückel results as an extension of
the bonding schemes described for even-chain Cn complexes. The M–Cn–M
s framework is formed by overlap of the dz2 and C(sp) orbitals from the
terminal carbons, together with C(sp)–C(sp) overlaps to give the carbon
skeleton. Provided the M(dp) and C(pp) orbitals are of comparable energy,
the M–Cn–M p-system is described in terms of two sets of orthogonal
(nþ 2)-center MO’s obtained from linear combinations of the M(dxz) with
C(px) and M(dyz) with C(py). These orbitals can be designated 1p- (nþ 2)p,
and are illustrated in Fig. 10 for MC3M.390 The d orbitals obtained from the
bonding and anti-bonding combinations of dxy and dx2#y2 complete the p–d
framework. As has been stated previously, the exact positioning of these
d levels relative to the p levels is determined by the nature of the suppor-
ting ligands and the symmetry of the resulting metal-ligand fragment.
For pseudo-octahedral fragments, the dx2#y2 levels are destabilized by
s-interactions with the equatorial ligands and are well removed from the
p framework, leaving only 1d and 2d near the 3p level.

For metal complexes containing M(CO)2Cp [M¼Cr (d5), Mn (d6), Fe
(d7)] groups, there will be 14, 16, or 18 electrons, respectively, occupying
the levels illustrated in Fig. 10, and cumulenic structures are predicted (the
3p level is essentially anti-bonding). Higher level DFT calculations suggest
that singlet states are always lower in energy than the corresponding triplet
states for the series {Cp(CO)2M}(m-Cn){M

0(CO)2Cp} (n¼ 3, 5, 7).
DFT studies broadly support the conclusions reached from the Hückel

work. Geometry optimization of the model cation [{Cp(NO)(PH3)Re}
(m-C3){Mn(CO)2Cp}]

þ is in good agreement with the experimentally deter-
mined structure of the cation in [{Cp*(NO)(PPh3)Re}(m-C3){Mn(CO)2Cp}]
BF4.

391 The computed and observed structures both display a cis
relationship between the Re–P and Mn–Cp centroid vectors, as a result of
the overlap between the occupied metal fragment frontier orbitals with the
orthogonal p-bonding orbitals at opposite ends of the ¼C¼C¼C¼ bridge.
The resulting HOMO closely resembles the 3p level shown in Fig. 10. In
comparison with symmetrical model complexes M–C3–M , the Re–C3–Mn
complex displays longer Re–C and shorter Mn–C bond lengths, and natural
bond order (NBO) and charge analyses indicate that these variations arise
from electrostatic effects. The orbital coefficients indicate limited interaction
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between the occupied Re(dp) and the carbon chain, which together with
the NBO data and the observed conformation suggests that the ground state
is best described in terms of a dominant contribution from Reþ–C¼C¼
C¼Mn, with a highly polarized Re–C bond, and a cumulenic resonance
form Reþ¼C¼C¼C¼Mn. The longer chain complexes Reþ¼C¼
(C¼C)n¼Mn behave similarly.391 Exchange of the Mn(CO)2Cp moiety for
the more p-donating Re(CO)2Cp fragment gave {Cp(NO)(PH3)Re}
(m-C3){Re(CO)2Cp} for which geometry optimization and NBO analysis
indicates a dominant {Cp(NO)(PH3)Re}–C#CC#{Reþ (CO)2Cp} reso-
nance form. In contrast, NBO analyses of the symmetrical complexes
Cp(CO)2MC3M(CO)2Cp show more symmetrical cumulenic linkages.

The charge-neutral C3 model compound {Cp(NO)(PH3)Re}(m-C3){W
(OMe)3} was used to model the known complex {Cp*(NO)(PPh3)Re}
(m-C3){W(OBut)3}.

391 The calculated geometrical parameters [Re–C 2.021
Å; W#C 1.787 Å; ReC#C 1.250 Å; C–CW 1.383 Å] are in good agreement
with both calculated and experimental geometries of the monometallic
reference compounds Re(C#CC#CR)(NO)(PPh3)Cp* (R¼H, Me) and
W(#CR)(OMe)3 (R¼H, Me, C#CH, C#CMe). The NBO results also
indicate dominant Re–C single and W#C triple bond character, and there is
some evidence for ground-state charge transfer from Re to W.

FIG. 10. Energy diagram for the p and d frontier orbitals of an {LxM}C3{MLx} complex with
pesudo-octahedral metal coordination spheres. Adapted from Ref. 390.
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3. Polymers

The electronic structures of several hypothetical {[MLx]–Cn}y polymers
have been considered.388,392 In general, the band structure of these materials
is derived from orbitals similar to those considered for the discrete
molecular species {LxM}–Cn–{MLx}. Similar trends in variation of valence
bond structure with metal d count are predicted, with the possibility of half-
filled bands opening the way for Peierls distortions to give closed systems
with greater band-gaps at the Fermi level. It is suggested that by raising the
energy of the metal dp orbitals through a judicious choice of metal–ligand
fragments, a greater mixing between the filled metal d and empty carbon
p*-orbitals may be engineered.388

A collaborative study between the Bredas, Friend, and Lewis groups
have examined the extent to which the Pt metal orbitals are involved in the
conjugated backbone of polymers Cl–{[Pt(PMe3)2]–(C!C)m}x–PtCl(PMe3)2
(m¼ 2, 3; x¼ 1, 2, 3, 4, 1), and the effect of chain length on the energy of
the lowest energy optical transition using EHMO methods.393 The HOMO
is derived from mixing of the dp and Cp orbitals, while the LUMO is
similarly comprised of empty metal and carbon orbitals. The calculated
band gap decreases with increasing number of repeat units, although not to
the same extent as found for purely organic poly-ynes H–(C!C)m–H, due to
the increased stabilization of the LUMO and providing an indication of a
degree of conjugation through the metal center. The smaller variation in
band gap with number of repeat units in the longer chain systems points to a
more localized electronic structure between the metal centers.

V

REACTIVITY

This section summarizes the reactions of metal supported Cn fragments
towards non-metal based reagents, including addition of electrophiles and
nucleophiles, cycloadditions, and insertions. Simple ligand substitution
reactions, and modifications of the supporting metal fragment which give
derivatives without modification of the Cn moiety have been detailed in the
relevant parts of Section II. Reactions of these complexes with metallic
reagents are summarized in Sections VI–VIII.

A. Addition of Electrophiles

Reactions of {Re(CO)5}2(m-C!C) (51/Re) with HBF4 #Et2O or [Me3O]þ

give [{Re(CO)5}2(m-Z
1 :Z2-C2R)]þ (R¼H, Me, respectively), although
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reactions with HX (X¼Cl, OTf) afford ReX(CO)5.
175,176 The related

complex [{Ru(CO)2Cp
Me}2(m-Z

1 :Z2-C2H)]þ is obtained by protonation of
{Ru(CO)2Cp

Me}2(m-C#C), in a reaction reversed by NEt3.
105

The majority of C2 complexes containing more than two metal centers
are clusters with significant M–M bonding interactions (Section IX).
In contrast, protonation of the Cp complex{Ru(CO)2Cp}2(m-C#C) with
HBF4 $OEt2 affords the orange trinuclear cation [{Ru(CO)2Cp}3(m-C#C)]þ

(189) in good yield, in which an Ru(CO)2Cp fragment is Z2-bonded to a
{Ru(CO)2Cp}2(m-C#C) ligand.418 An alternative route to this cation is from
the reaction of [Ag3{(C2)Ru(CO)2Cp

0}3]
3þ (Section VI) with RuCl(CO)2Cp

0

(Cp0 ¼Cp, CpMe). While the C–C distance [1.206(9) Å] is similar to that
found in {Ru(CO)2Cp}2(m-C#C) [1.222(9) Å], the bend-back angles of the
Ru(CO)2Cp fragments are 152.5(4), 155.2(5)%. In solution, a facile fluxional
process, even at &80 %C, renders all Cp groups equivalent, one possible
process being the rotation of the C2 unit within the Ru3 triangle. Similar
chemistry has been found for [{Fe(CO)2Cp*}2(m-C#CH)]þ .35,181

The complexes {Cp*(PP)Fe}(m-C#CC#C){Fe(CO)2Cp*} (PP¼ dppe
100, dippe 102) are protonated (HBF4 $Et2O) or methylated (MeOTf) to
give [{Cp*(PP)Fe}{m-C¼C¼C¼CR[Fe(CO)2Cp*]}]BF4 (190a–d) (R¼H,
Me), which can be isolated as moderately stable powders (Scheme 43). The
UV–vis spectra of these deep purple butatrienylidene complexes have
characteristic absorptions between 527 and 546 nm (e ca. 15,000).259 The
absence of n(CC) bands between 1500 and 1650 cm&1 excludes the
ethynylvinylidene formulation, and bands at 1952, 1776 (dppe/H), 1945
(dippe/H), 1942, 1882, 1830 (dppe/Me), and 1946 cm&1 (dippe/Me) were
tentatively assigned to n(CC) modes. In 13C NMR spectra, resonances
beween 250 and 265 ppm [2J(CP) ca. 35 Hz] were assigned to the carbon
adjacent the Fe(PP)Cp* moiety. The other carbon resonances were assigned
on the basis of J(CH) and the assumption that the chemical shifts will move
upfield along the chain. The Mössbauer spectra contained two quadrupole
doublets, with d values similar to those shown by Fp*Me or allenylidene
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complexes containing the Fe(PP)Cp* group, which support the proposed
regiochemistry of the electrophilic addition. The complex [{Cp*(dppe)Fe}
{m-C¼C¼C¼CH[Fe(CO)2Cp*]}]BF4 (190a) was deprotonated by dbu
(thf, "80 #C), and even partially deprotonated by water. The facile
deprotonation leads to some complications in the electrochemical response
of the secondary butatrienylidene complexes, which were rationalized in
terms of Scheme 43. The tertiary butatrienylidene complexes display
reversible one-electron oxidation processes (dppm þ 0.40 V, dippe þ 0.28 V),
and an irreversible reduction in the case of the dppm complex at "1.13 V.259

B. Cycloaddition Reactions

Addition of C2(CN)4 (tcne) to {Ru(CO)2Cp}2(m-C%C) gives the buta-1,3-
dien-2,3-diyl complex {Ru(CO)2Cp}2{m-C[¼C(CN)2]C[¼C(CN)2]} (191).398

With C2(CO2Me)2, unusual coupling of both CO and the alkyne to the C2

ligandgivesRu{Z1,Z2-C(O)C(CO2Me)¼C(CO2Me)C¼C[Ru(CO)2Cp]}(CO)
Cp (192).

SCHEME 43
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Cyclo-addition of tcne to {PtCl(PR3)2}2(m-C!C) (R¼Me, Et) gives
yellow s-cis-{PtCl(PR3)2}2{m-C[¼C(CN)2]C[¼C(CN)2]} (193), in which the
torsion angle between the two C¼C moieties is 55(1)#. In both cases, a green
charge-transfer complex is the initial product, changing in hours to the
product(s). An unobserved cyclobutenyl complex is probably formed which
undergoes ring-opening to the kinetically favored s-cis product. The PEt3
complex is accompanied by the s-trans isomer, a slow equilibrium between
the two isomers occurring by slow rotation about the C–C single bond, as
suggested by NMR data.399,400 This is the first example of the s-trans
geometry found for a tetracyanodienyl ligand. At higher temperatures (ca.
106 #C in C2D2Cl4),

31P NMR spectra of the PMe3 complex show signals
assigned to the s-trans isomer. Although the s-cis form is thermodynamically
more stable, steric hindrance between the Pt(PEt3)2 groups in the cis isomer
favors formation of the s-trans form in this case.

The heterometallic diyndiyl complexes {Cp(CO)3W}(m-C!CC!C)
{M(CO)(PPh3)2} (M¼Rh, Ir) readily add tcne not to the C4 moiety, but
to the electron-deficient Group 9 metal center to give the simple adducts
{Cp(CO)3W}(m-C!CC!C){M(CO)[Z2-C2(CN)4](PPh3)2}, but attempts to
add a second equivalent of tcne were unsuccessful.295 Nevertheless, addition
of tcne to poly-yndiyl ligands occurs readily, as evidenced by the
facile reactions with {Cp(CO)3W}(m-C!CC!C){Ru(PPh3)2Cp}.

261,401,402

The heterometallic diyndiyl complex afforded {Cp(CO)3W}{m-C[¼C(CN)2]
C[¼(CN)2]C!C}{Ru(PPh3)2Cp}, in which addition has occurred at the
least hindered triple bond adjacent the W center. In the case of the
homonuclear Ru-butadiyndiyl 103, cycloaddition and ring opening is
followed by intramolecular displacement of a PPh3 ligand to give an
Z3-cyanocarbon ligand (194), which converts to the crystallographi-
cally characterized tetrametallic dimer 195 during preparative TLC
(Scheme 44).402

Addition of tcne to the central C!C moiety in {Ru(PPh3)2Cp}2
{m-(C!C)3} affords the dark-red symmetrical product {Ru(PPh3)2Cp}2
{m-C!CC{¼C(CN)2}C{¼C(CN)2}C!C} through a similar sequence of
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cycloaddition and subsequent ring-opening reactions. In this case, the stiff
Ru–C!C unit prevents the intramolecular displacement of a phosphine
ligand, and the steric bulk of the end-capping Ru(PPh3)2Cp moieties prevent
intramolecular reactions.261 While only one tcne moiety adds to the triyne,
the longer chain in {Ru(PPh3)2Cp}2{m-(C!C)4} permits addition of two tcne
units to give the red-brown bis-adduct, containing the first example of an
octacyano ligand in 196.403 Addition to the inner C!C triple bonds is
dictated by steric considerations, although addition to triple bonds adjacent
the metal center has been observed in related acetylide complexes.404

C. Insertion into the M–C(sp) Bond

The orange-yellow Z2-iminoacyl derivative ZrClCp2{Z
2-ButN¼CC!C

[Ru(PMe3)2Cp]} (197) is formed by a rare insertion of ButNC into the Zr–C
bond of {ZrClCp2}C!C{Ru(PMe3)2Cp}, for which a small contribution
from the zwitterionic form is proposed.219

SCHEME 44

314 MICHAEL I. BRUCE AND PAUL J. LOW



A selective double insertion of ArNC (Ar¼Ph, C6H4NO2-4) into one of
the Pd–C(sp) bonds of {trans-PdX(PR3)2}2(m-C"C) (X¼Cl, I; R¼Et, Bu)
gives {trans-PdX(PR3)2}C"CC(¼NAr)C(¼NAr){trans-PdX(PR3)2} (198;
X¼Cl, R¼Et, Ar¼Ph, C6H4NO2-4, xy; X¼ I, R¼Et, Ar¼Ph; X¼Cl,
R¼Bu, Ar¼Ph, Scheme 45).189,405 In the presence of KPF6, the cationic
intermediate [{Pd(CNPh)(PEt3)2}2(m-C"C)]PF6 was obtained; with [NEt4]X
(X¼Cl, Br, I), insertion of PhNC gives {trans-PdX(PEt3)2}C"CC(¼NPh)
C(¼NPh){trans-PdX(PEt3)2}. The heterometallic complex {trans-PdCl
(PEt3)2}C"C{trans-PtCl(PEt3)2} (73) also undergoes specific double
insertion of ArNC (Ar¼Ph, tol, C6H4NO2-4) into the Pd–C(sp) bond
(refluxing thf). Alkyl isocyanides (R¼But, Cy) do not insert.

In the presence of free PR3 (R¼Et, Bu), insertion of PhNC occurs into
each Pd–C(sp) bond of {trans-PdCl(PR3)2}2(m-C"C) to give the symmetrical
product {trans-PdCl(PR3)2}2{m-C(¼NPh)C"CC(¼NPh)}; no polymeriza-
tion occurs.406,407 The cationic complex [{Pd(PR3)3}2{m-C(¼NPh)C"
CC(¼NPh)}]Cl2 could also be detected, suggesting the intermediate
formation of [{PdCl(PR3)2}[C"CC(¼NPh)]{Pd(PR3)3}]Cl.

However, with an excess of isocyanide, oligomeric materials were
obtained, e.g., with 10 equiv. of PhNC, yellow {PdCl(PEt3)2}{[C(¼NAr)]n}
C"C{trans-PtCl(PEt3)2} (199, n# 10, av. M¼ 1850) was formed (Scheme
46).407,408 Similarly, 100 equiv. of PhNC gave a polymeric compound with
n# 100. Other isocyanides ArNC (Ar¼C6H4R

0-4, R0 ¼Bu, C8H17, NO2,
Me) behaved similarly, as did the PBu3 complex, giving narrow molecular
weight distributions, characteristic of living polymerization processes. Chain
growth occurs on a cationic intermediate, similar to those isolated from
stoichiometric reactions, with halide attack forming the termination step.
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Further reactions include that of the bis-PhNC insertion product with an
excess of PhNC to give the same polymer, and of the 10-oligomer of PhNC
with tolNC to give block co-oligomers {PdCl(PEt3)2}{[C(¼NPh)]m
[C(¼Ntol)]nC"C}{trans-PtCl(PEt3)2} (200, m# n# 10). Since the products
still contain the active end-group PdCl(PR3)2, they are suitable for

SCHEME 45

SCHEME 46
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preparing designed polymers with defined compositions, sequences, and
molecular weights. Block co-polymers could be obtained when one polymer
complex was used as initiator for the second isocyanide. However, the
m-butadiyndiyl complex {trans-PdCl(PBu3)2}2(m-C!CC!C) did not initiate
polymerization, and even in the presence of a 100-fold excess of phenyl
isocyanide only the single insertion complex (201) was obtained. The
multiple, successive insertion of isocyanides into the Pd–C bond is therefore
specific to the m-ethynediyl complexes.

Many polyisocyanides have a helical structure. The Pd–Pt C2 complex
has been used to initiate living polymerization of chiral isocyanides. The
products have helical chirality, the polymerization occurring with high
screw-sense selectivity (Scheme 46). As found above, the chiral oligomers
may also be used to initiate screw-sense selective polymerization of
isocyanides with achiral but bulky groups; the single-hand helix is not
preserved in polymerization of smaller isocyanides.409,410 Thermodynamic
control of the screw-sense occurs. A range of substituents has been
employed: Ar*¼ (L)- and (D)-C6H4(CO2men)-3 and -4, with different ratios
from 1/10 to 1/200. Block co-polymers were prepared from various chiral
oligomers and CNR0 [R0 ¼C6H4CO2R-3 (R¼Pr, Cy), C6H4CO2Cy-4,
C6H3(CO2R)2-3,5 (R¼Pr, Bu, Cy)]. In all cases, products had narrow
molecular weight distributions, in agreement with there being no significant
differences in polymerization rates, and suggesting that the polymer
backbone adopts the thermodynamically stable screw-sense.

D. Thermal and Environmental Stability

The majority of Cn bridged complexes display impressive thermal
stability. For example, the Re complexes up to 155/10 are stable in the solid-
state, and it would seem that access to longer chains is precluded more by
the instability of intermediates, particularly Re{(C!C)6H}(NO)(PPh3)Cp*
in the Re series290 than any inherent instability of the dimetal products.
Thermal decomposition of these reagents possibly involves initial inter-
molecular cross-linking between chains, as found for 1,3-diynes,411 to give
polymeric materials containing C¼C and C!C units. However, it has
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been noted that both {Au(PCy3)}2{m-(C!C)4}
315 and the expanded

molecular square cyclo-{[Pt(dcpe)]C!CC!C[Pt(PBu3)2]C!CC!C}4
284 are

decomposed by halogenated solvents. In the case of the latter, PtX2(PP)
[PP¼ (PBu3)2, dcpe; X¼Cl, C!CC!CH] could be recovered. The selective
cleavage of M–C bonds has been demonstrated for several polymeric
materials containing Pt and Pd centers (see Section II.H).

VI

REACTIONS OF COMPLEXES CONTAINING LINEAR Cn LIGANDS

WITH METAL SUBSTRATES

A. {MLx}2(!-C2)

The reactions of alkynes with a variety of transition metal substrates have
been a rich field of endeavor since the early days of organometallic
chemistry. Attachment of MLx residues to alkynes by M–C s-bonds
generally results in activation of the alkynyl fragment, since Ca becomes
electron deficient and Cb becomes an electron-rich center. However, the
general lack of metal-alkynyl back-bonding (see above) results in little
change to the p bonding power of the C!C triple bond. Consequently, it is
no surprise to find that ethynediyl complexes also take part in p-complex
formation. For example, the ready reactions of alkynes with Co2(CO)8 to
give C2Co2 derivatives are often paralleled by the C2 complexes. However,
the proximity of the s-bonded metal center often results in metal–metal
bond formation and construction of metal clusters, in which the C2 ligand is
attached to several metal atoms, in the process donating up to eight
electrons (see Section IX.D). As demonstrated below, the C2 complexes are
now widely utilized as synthons for building clusters.

A survey of the reactions of C2 complexes with other metal-containing
fragments is conveniently organized in terms of the metal reagents by
Group.

1. M{Z2-C2(SiMe3)2}(L)Cp2 (M¼Ti, L¼ –; M¼Zr, L¼ thf)

Reactions of {Ru(CO)2Cp
0}2(m-C!C) (Cp0 ¼Cp, CpMe) with M{Z2-

C2(SiMe3)2}(L)Cp2 (M¼Ti, L¼ –; M¼Zr, L¼ thf)121,154,155 gave 202, in
which the C2 ligand is attached via an unsymmetrical p bond to the Group
14 element and one of the Ru # # #M vectors is bridged by a CO group. Under
CO, the Ti derivative gives Ti(CO)2Cp2 and the C2 complex, while with
HCl, the binuclear complex RuTi{m-Z1 :Z2-CHMe(C5H4)}Cl2(CO)2
CpCpMe (203) is obtained.105
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2. Fe2(CO)9

Addition of Fe2(CO)9 to {Re(CO)5}2(m-C!C) affords orange-red
FeRe{m-Z1

Re :Z
2
Fe-C2[Re(CO)5]}(m-CO)(CO)7 (204) with a structure related

to that of [FeRe(m-Z1 :Z2-C2Ph)(CO)7Cp]
þ ; the m-CO group is semi-

bridging to Re.412,413

3. Co2(CO)8

The ready reactions of alkynes with Co2(CO)8 to give C2Co2 derivatives
are paralleled by the C2 complexes, although subsequent Co–M bond
formation usually occurs and simple Co2(CO)6 adducts have not yet been
reported.

4. {Ni(m-CO)Cp}2

Alkynes react with {Ni(m-CO)Cp}2 to give dimetallatetrahedrane com-
plexes containing the C2Ni2 core. However, only FeNi (m-CO)2(CO)CpCp*
is obtained from this reagent and {Fe(CO)2Cp*}2(m-C!C), the fate of
the C2 ligand being unknown.414

5. Pt Complexes

The reaction between W2(OBut)6 and trans-Pt(C!CH)2(PMe2Ph)2 gives
trans-Pt(C!CH){C2[W2(OBut)5]}(PMe2Ph)2, trans-Pt{C2[W2(OBut)5]}2
(PMe2Ph)2 (205), and (ButO)3!CC!W(OBut)3.

415 Similar products contain-
ing OPri groups were characterized by NMR methods. The C2 unit is
s-bonded to the Pt and attached to the W2 moiety by an Z1 :Z2 interaction,
with a C–C distance of 1.336(13) Å. 13C-Labeled samples were used to
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assign the C2 resonances at d 235.2 and 302.1, and at 233.9 and 302.0
[1J(CPt) 802, 801; 2J(CPt) 78, 76, 1J(CW) 132, 133] for C(1) and C(2) in the
mono- and bis-C2 complexes, respectively. Complex 205 decomposes in
water, O2, I2, or BCl3; with CO, stepwise addition to form (probably)
trans-Pt{C2[W2(OBut)5]}{C2[W2(m-CO)(CO)5]}(PMe2Ph)2 and trans-Pt{C2

[W2(m-CO)(CO)5]}2(PMe2Ph)2 occurs.
In contrast to the reaction with Fe2(CO)9, that between {Re(CO)5}2(m-

C!C) and Pt(Z-C2H4)(PPh3)2 affords yellow PtRe{m-Z1
Pt :Z

2
Re-C2[Re(CO)4

(PPh3)]}(CO)5(PPh3) (206) in which the C2 unit is s-bonded to Pt and Re;
Re–C(sp) bond cleavage and exchange of CO and PPh3 has occurred
between Re and Pt.413

6. Group 11 Precursors

A detailed study of the reactions of {Re(CO)5}2(m-C!C) with Group 11
complexes shows that it behaves as a normal alkyne. With CuCl, bright red
{Cu(m-Cl)[Z2-C2{Re(CO)5}2]}2 (207) is formed, which decomposes readily to
ReCl(CO)5 on attempted recrystallization.416 With [Cu(NCMe)4]

þ , the
yellow dimetallatetrahedrane [Cu2{m-Z

2-C2[Re(CO)5]2}(NCMe)4]
2þ (208) is

obtained, probably being formed via dimerization of an unisolated [Cu{Z2-
C2[Re(CO)5]2}(NCMe)2]

þ intermediate with concomitant loss of MeCN. In
this compound, which is similar to the well-known alkyne-Co2 derivatives,
the C–C bond is 1.2(3) Å, Cu–Cu 2.786(5) Å. Addition of water results in
formation of the m-O2PF2 derivative Cu4{m-C2[Re(CO)5]2}2(m-O2PF2)4 (209)
with a structure similar to that of Cu4{m-C2(SiMe3)2}2(m-O2CMe)4.

417 If a
1/2 ratio of reactants is used, [Cu{Z2-C2[Re(CO)5]2}2]

þ is formed.
Similar 1/2 silver(I) derivatives were obtained from AgBF4 or AgOTf; an

unstable intermediate formed with AgSbF6 is thought to be [Ag2{m-Z
2-

C2[Re(CO)5]2}(thf)4]
2þ , but it rapidly decomposes to the Z2-alkyne com-

plex. In thf, the triflate gives a 1/2 adduct, possibly with a structure related
to that of 209. All materials decompose to silver on standing. Related
compounds have been obtained from {Re(CO)5}2(m-C!C) and Auþ cations,
further reaction with PPh3 affording [Au(PPh3){Z

2-C2[Re(CO)5]2}]
þ (210).
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With [Au(PPh3)]
þ , an equilibrium mixture of 210 with [Au(PPh3)2]

þ and
[Au{m-Z2-C2[Re(CO)5]2}2]

þ is formed, while the latter was obtained pure
from [Au(SMe2)]

þ .416

Reactions of {Ru(CO)2Cp}2(m-C"C) with CuCl give the chloro-bridged
polymer {[Ru(CO)2Cp]2(m-C"C)Cu(m-Cl)}n (211), while [Cu{Z2-C2[Ru
(CO)2Cp]2}2]

þ (212) and [Cu3{C2[Ru(CO)2Cp]2}3]
3þ (213) are formed

with [Cu(NCMe)4]
þ .105 In solution, NMR spectra indicate that the Cp0

groups are equivalent and show only small shifts (ca. 15 ppm) for the
resonances of the C2 units.

Extensive studies of the reactions of {Ru(CO)2Cp
0}2(m-C"C) (Cp0 ¼Cp,

CpMe) with silver(I) cation have been made. If non-coordinating anions are
present, cationic adducts [Ag3{[Ru(CO)2Cp

0]2(m-C2)}3]
3þ (214) are

obtained, in which the {Ru(CO)2Cp
0}2(m-C"C) units are attached to the

Agþ cations in either m-Z1 :Z1 or m-Z2 :Z2 modes.105,418 A 1H NMR study
established that complexes with 1/2, 1/1, and 2/1 Agþ/Ru2 compositions are
formed sequentially, and reactions with the appropriate stoichiometry
enabled [Ag{[Ru(CO)2Cp

0]2(m-C2)}2]
þ (215) to be isolated. With CF3CO2

$

as counter-ion, complexes Ag4{[Ru(CO)2Cp
0]2(m-C2)}2(m-O2CCF3)4 (216)

were obtained, with structures probably similar to those of the Cu–Re
compounds above.

7. Other Routes

A by-product from the preparation of {Re(CO)5}2(m-C"C) is
{(OC)5Re}(m-Z1 :Z1 :Z2-C2){Re(CO)4ReH(CO)4} (217), which is fluxional
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by s,p exchange of the ethynyl ligand. Here, the C2 ligand is p-bonded to
the third Re(CO)4 fragment, which is linked to one of the s-bonded Re
atoms, with an H atom bridging the resulting Re–Re bond.172 Photolysis of
{Re(CO)5}2(m-C!C) or treatment with Me3NO results in the formation of
tetranuclear {(OC)5Re(m-Z1 :Z1 :Z2-C2)Re(CO)4}2 (218); a by-product is
{Re(m3-OH)(CO)3}4 " 4H2O. The dimer is formed by the C2 ligand of each
monomer becoming p-bonded to one of the Re atoms of the other molecule,
with loss of CO. In both cases, the usual bending of the acetylenic
substituents results in Re–C–C angles between 150.1(12) and 161.1(9)#;
in the Re3 complex, the Re(1)–C(14)–C(15)–Re(3) adopts a transoid
configuration.172

B. {MLx}2(!-C4)

In contrast to the formation of Co2W clusters in its reactions with
Co2(CO)8 (see below), the reaction of {W(CO)3Cp}2(m-C!CC!C) with
Co2(m-dppm)(CO)6 gives a good yield of the simple mono-adduct Co2{m-
[Cp(OC)3W]C2C!C[W(CO)3Cp]}(m-dppm)(CO)4 (220), perhaps because
the presence of the bulky diphosphine precludes the formation of new
W–Co bonds.419 Reaction of Co2(CO)8 with the mixed-metal complex
{Cp(OC)3W}C!CC!C{Fe(CO)2Cp} results in addition of a Co2(CO)6
fragment to the sterically least hindered C!C triple bond to give Co2{m-
[Cp(OC)2Fe]C2C!C[W(CO)3Cp]}(m-dppm)(CO)4 (221).419 No evidence for
the formation of a bis-adduct was obtained.
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C. From {MLx}2(!-Cn) (n¼ 6, 8)

1. With Co2(m-dppm)n(CO)8"2n (n¼ 0, 1)

Reactions between {W(CO)3Cp}2{m-(C#C)4} (154/W) and Co2(m-
dppm)(CO)6 occur readily in thf at r.t.421 A mono-adduct on an inner
C#C triple bond and two isomers of the bis-adduct, in which the two outer
(222) or two inner C#C triple bonds (223) were coordinated to Co2(m-
dppm)(CO)4 groups, were isolated. The structural parameters of the C2Co2
fragments in these derivatives are similar to those found in the well-known
m-Z2-alkyne-Co2 complexes and show the usual bending of the substituents
on the p-bonded carbons away from the Co2 center, the distortion from
linearity ranging between 33.8 and 38.2$. The bis-adducts consequently
adopt a transoid or S-shaped conformation in which the W–C(1) vectors
are approximately orthogonal to the central C(4)–C(40) vector (range
82.6–92.6$). The bulk of the terminal substituent appears to have the major
effect on the degree of bending of the C8 chain, which is unaffected by the
presence of the dppm ligand. Since the Co2 unit can be readily displaced by
oxidation with Ce(IV), for example, these complexes may serve as
derivatives to aid characterization, especially by X-ray crystal structure
determinations.
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The complex {Co2(CO)6(m-Z
2-C2C!CFp*)}2 (224) features two

Fp*C!CC2[Co2(CO)6]-moieties linked by a C–C single bond and is
obtained from the reaction of the tetrayndiyl complex Fp*2{m-(C!C)4} and
Co2(CO)8.

422 The two C2Co2 cores, which again involve the inner C!C
triple bonds, induce a transoid conformation (S-shaped) in the carbon
chain, analogous to that described above for the tungsten complexes.
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With Co2(CO)8 or Co2(m-dppm)(CO)6, addition of the Co2 fragment to
the inner C!C triple bonds in {Ru(PPh3)2Cp}2{m-(C!C)m} (m¼ 3, 4) occurs
to give green {Ru(PPh3)2Cp}2{m-C!CC2[Co2(CO)6](C!C)m#2} (225); the
brown dppm derivative is formed similarly from Co2(m-dppm)(CO)6.

308

2. With Group 11 Ions

The electrospray mass spectrum of {W(CO)3Cp}2{m-(C!C)4} (154/W) ,
when run with AgNO3 as an aid to ionization, contained ions such
as [{W2(C8)(CO)6Cp2}Ag(NCMe)2]

þ and [{W2(C8)(CO)6Cp2}2Ag]þ , for
which structures such as 226, involving Z2-bonding of the C8 chains to silver
center, can be proposed.242

VII

COMPLEXES CONTAINING ONE METAL CLUSTER MOIETY

A. As End-Groups to Cn Chains

In the next two sections are grouped complexes which contain metal
cluster moieties at each end of the carbon chain. In general, these are
attached via m-Z1-C (O) or m3-Z

1 :Z2-C2 units (P) (Chart 5). Other
complexes in which C2 fragments are incorporated either partly (peripheral)
or completely within metal clusters are considered in Section IX.

Initial coordination of a metal fragment to a C!C triple bond directly
attached to another metal center is often followed by formation of new
metal–metal bonds and concomitant elimination of a 2-e donor ligand.

CHART 5
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In this way, a general route to complexes of type P, containing m3-Z
1 :Z2-

C2{MLn} ligands, becomes available. An alternative mode of bonding is
via a m3-carbynic carbon as in Q. If the carbon chain is longer than two,
uncoordinated carbons separate the cluster-bonded fragment from the
metal center.

1. M–Cx–M3 Complexes

(a) x¼ 1
Although we have chosen not to include cluster complexes containing

fully or partially enclosed carbido atoms, such as Fe5C(CO)15, there are few
complexes (so far) which contain a single sp3-hybridized carbon supporting
both a cluster and a single metal atom. This is in spite of several attempts to
form such compounds. Thus, the reaction between Mn(CX3)(CO)5 (X¼Cl,
Br) and [Co(CO)4]

" afforded the ketenylidene cluster [Co2Mn(m3-
CCO)(CO)9]

", possibly via coordination of CO onto the three-coordinate
carbon atom which is produced when the Mn(CO)5 group migrates from the
carbide in Co3{m3-C[Mn(CO)5]}(CO)9 to the cluster with displacement of a
Co(CO)3 group.

423 The reducing agent is assumed to be excess [Co(CO)4]
".

Similarly, attempts to replace the halogen in Co3(m3-CX)(CO)9 (X¼Cl, Br)
in reactions with several anionic metal carbonyls resulted in incorporation
of the metal (Cr, Mo, W) into the M3C cluster.424

The reaction between [Ru(CO)2Cp]
" and Co3(m3-CCl){m3-(PPh2)3CH}

(CO)6 gives the tetranuclear complex Co3{m3-C[Ru(CO)2Cp]}{m3-
(PPh2)3CH}(CO)6 in 5–10% yield (227).425 Considered as a permetallated
methane, the angles around the solitary carbon atom range between ca. 80#

(C–Co–C) and ca. 130# (Co–C–Ru), consistent with sp3 hydridization.
A radical mechanism involving a Co3C

.

species is suggested by the
accompanying formation of Co3(m3-CH){m3-(PPh2)3CH}(CO)6. A similar
reaction carried out with Co3(m3-CBr)(CO)9 afforded the heptanuclear
carbido cluster Co4RuC{m-Hg[Ru(CO)2Cp]}(m-CO)2(CO)11Cp (228), which
incorporates a [HgRu(CO)2Cp]

þ fragment [derived from the amalgam used
to generate the [Ru(CO)2Cp]

" reagent, and hence Hg{Ru(CO)2Cp}2].

(b) x¼ 2
Some of these complexes are obtained by reactions of {MLn}2(m-C2) with

other metal complexes and they are given in order of metal substrate used in
these reactions.

Group 6. A tetranuclear cluster now formulated as Ru3{m3-
CC%[Mo(CO)2Cp]}(m-CO)3Cp

0
3 (229) is the major product from reactions

of {Mo(CO)2Cp}2 and {Ru(CO)2Cp
0}2(m-C%C) (Cp0 ¼Cp, CpMe).426,427

The two C2 resonances are at dC 87.2 and 308.4. In air, slow formation of
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Ru3{m3-CC(O)R}(m-CO)3Cp
0
3 (R¼H, OH) occurs, while among the many

products obtained from reactions with CO, both Ru3{m3-CC(O)[ORu
(CO)2Cp]}(m-CO)3Cp3 and {Ru2(m-CO)(CO)2Cp

Me
2 }(m4-C¼C){MoRu(m-

O)(O)(CO)CpCpMe} were isolated. The unusual electron-deficient cluster
Mo3{m3-C2[Ru(CO)2Cp

Me]}(m-CO)(Cl)2(CO)Cp3 was obtained from a
reaction with tetrachloroethene.

Group 8. Black trinuclear clusters Fe2M{m3-C2[Fe(CO)2(Z-C5Me4R)]}(m-
CO)(CO)4(Z-C5Me4R) (230; M¼Fe, Cp0 ¼Cp*, Z-C5Me4Et; M¼Ru,
Cp0 ¼Cp*) are formed from Fe2(CO)9 and {M(CO)2Cp

0}2(m-C"C).428,429

Migration of one Ru center from a s-bonded to a p-bonded position on the
C2 chain occurs during the reaction, perhaps via a ‘‘windscreen-wiper’’-like
motion with the s,p-exchange of the alkynyl ligand, although apparently
not in the homometallic reaction. As found elsewhere, the C–C separation is
lengthened, with bending at both C atoms. The M–C s-bond length is
similar to that in the precursor. The complexes are dynamic, not only by
rotation of the alkynyl group, but also by one of the processes shown in
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Scheme 47 whereby the two MLxCp groups are exchanged. The mechanism
involves a relatively uncommon reversible M–M bond cleavage.

The oxygen of the ketenylidene ligand in [Fe3(m3-CCO)(CO)9]
2! is readily

acylated (MeCOCl) to give [Fe3{m3-C2OC(O)Me}(CO)9]
!. Further attack of

[Fe(CO)2Cp]
! occurs at the outer carbon with displacement of the acyl

group to give red [Fe3{m3-C2[Fe(CO)2Cp]}(CO)9]
! (231).430 Rapid exchange

of cluster CO groups occur. The structural study showed the C2Fe fragment
to incorporate a conventional m3-alkynyl group, for which the C2 carbon
resonances are at d 206.3 (Fe3C) and 99.0 (FeC). At !20 "C, reversible
oxidation occurs at E " ¼ þ 0.72 V.431

Similar reactions of [Fe(CO)4]
2! with [Fe3(m3-C2OAc)(CO)9]

! proceed
via the metalated ethynyl cluster [Fe3{m3-C2[Fe(CO)4]}(CO)9]

2! (232) which
exchanges isoelectronic Fe(CO)3 and [Co(CO)3]

þ groups upon reaction
with Co2(CO)8 to give [CoFe2{m3-C2[Fe(CO)4]}(CO)9]

! (233).432 In the 13C
NMR spectrum, Ca and Cb resonate at d 201.6 and 114.8, respectively
[1J(CC) 23 Hz]. An 8 Hz coupling of Cb to the Fe(CO)4 groups was also
observed. At !70 "C, the C2 ligand in 233 gives signals at d 142.2 (Cb) and
193.1 (Ca) [

1J(CC) 27 Hz], with the downfield resonance being broadened by
the Co quadrupole, indicating it is s-bonded to Co.432 Further reactions
with iron and cobalt carbonyls are discussed in Section VIII. Reactions of
[ppn]2[Fe3{m3-C2[Fe(CO)4]}(CO)9] with [Mn(CO)3(NCMe)3]

þ afforded a
cation-exchanged product formulated as [ppn][Mn(CO)3(NCMe)3][Fe3{m3-
C2[Fe(CO)4]}(CO)9]. In contrast to the reaction with Co2(CO)8 (above), that
with {Rh(m-Cl)(CO)2}2 gave the carbido cluster [ppn][Fe3Rh3C(CO)15].

431

SCHEME 47
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Reactions of Ru3(CO)12 with Fe(C!CH)(CO)2Cp
0 (Cp0 ¼Cp, Cp*) gave

yellow-orange Ru3(m-H){m3-C2[Fe(CO)2Cp
0]}(CO)9 (234).433 This complex

has a structure similar to those of other m3-alkynyl-triruthenium clusters,
with C–C 1.33(2) Å.

The reactions of Re{(C!C)mH}(NO)(PPh3)Cp* (m¼ 1–3) with Os3
(CO)10(NCMe)2 gave Os3(m-H){m-Z1-(C!C)m[Re(NO)(PPh3)Cp*]}(CO)10
(235/m) (Scheme 48) which contain unusual m-Z1-poly-ynyl ligands. For
m¼ 1 and 2, decarbonylation in refluxing hexane affords the m3-diynyl
complexes Os3(m-H){m3-Z

1,Z2-C2(C!C)m#1[Re(NO)(PPh3)Cp*]}(CO)9
(236/m).434,435 In orange Os3(m-H){m-Z1-C!C[Re(NO)(PPh3)Cp*]}(CO)10
(235/1), both bridging groups symmetrically span the same Os–Os vector,
the C2 fragment being bonded in the m-Z1 mode. The Re–C2 moiety tends
towards the zwitterionic cumulenic form, with short Re–C [1.965(9) Å] and
long C–C bonds [1.25(1) Å] and dC 245.4 [ReC; J(CP) 8.8 Hz], 124.2 [J(CC)
64.5 Hz]; the latter is close to those found for vinylidene–Re complexes, but

the J(CC) value is similar to that found for a related Reþ¼C¼C¼C¼CReþ

cation. The n(CC) absorption is at 1705 cm#1. Decarbonylation occurs in
refluxing hexane to give Os3(m-H){m3-Z

1,Z2-C2[Re(NO)(PPh3)Cp*]}(CO)9
(236/1), while a reversible protonation gives orange [Os3(m-H)2{m-
C!C[Re(NO)(PPh3)Cp*]}(CO)10]BF4, which contains a Reþ¼C¼C¼Os3
contribution, with similar Re–C and C–C bond lengths to the neutral
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precursor.435 No pure complexes were isolated from attempted substitution
reactions with PMe2Ph or PPh3, nor was it possible to deprotonate the
cluster (LiBu).

The absorption bands in the UV–vis spectra of the cluster-terminated
complexes Os3(m-H){m2-Z

1-(C!C)n[Re(NO)(PPh3)Cp*]}(CO)10 (235/m) are
not as intense as found for other poly-ynyl complexes featuring the same Re
metal auxillary. There are minor shifts to longer wavelengths in the longer
chain complexes.435 Cyclic voltammetry of Os3(m-H){m-Z1-(C!C)nRe(NO)
(PPh3)Cp*}(CO)10 (235/m, m¼ 1–3) showed that the longer chain complexes
were more easily oxidized than their shorter chain analogues. However,
all of these irreversible oxidations are found at more positive potentials
than for the corresponding oxidation of Re(C!CR)(NO)(PPh3)Cp reference
complexes. This behavior, together with spectroscopic data [for n¼ 1,
n(NO) 1663 cm#1], was interpreted in terms of contributions to the
structure from a zwitterionic resonance form Reþ¼(C¼C)n–(Os3)

# for the
cluster species, which becomes less significant as the carbon bridge
lengthens.435

Group 9. The green-black cluster Co2Re{m3-Z
1 :Z2 :Z2-C2[Re(CO)5]}(m-

CO)2(CO)7 (237) is formed from {Re(CO)5}2(m-C!C) and Co2(CO)8; the
s-type bonds from the C2 unit to Re are preserved, the geometry resembling
that of a conventional m-Z1 :Z2-alkynyl cluster.413

With Co2(CO)8, both {M(CO)2Cp
0}2(m-C!C) [238; M¼Fe, Cp0 ¼Cp*;

M¼Ru, Cp0 ¼Cp] react to give Co2M{m3-C2[M(CO)2Cp
0]}(m-CO)(CO)5

Cp0.436,437 The latter exhibit a dynamic process involving cluster rearrange-
ment and CO scrambling.

(c) x¼ 3
The reaction between Re(C!CLi)(NO)(PPh3)Cp* and Os3(CO)12,

followed by treatment with [OMe3]BF4, affords a rare example of an Os3
cluster carbene complex, Os3(CO)11{¼C(OMe)C!C[Re(NO)(PPh3)Cp*]}
(239) (Scheme 49).232 The structural parameters for the C3 chain indicate

SCHEME 48
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that there is a significant contribution from the {Reþ}¼C¼C¼C(OMe)–
{Os#3 } resonance form [Re–C 1.983(7), Os–C 2.042(7), C–C 1.238(9),
1.364(10)Å; ReCC 174.5(6), CCC 174.2(8), CCOs 124.2(6)$]. No C3

complex was obtained from its reaction with BF3. Upon heating, however,
OMe-migration to the cluster affords red-orange cumulenic Os3{m3-Z

2-
CC¼C¼[Re(NO)(PPh3)Cp*]}(m-OMe)(CO)9 (240).435 In the crystal, two
forms are present (ca. 62/38), the minor form apparently containing a highly
asymmetric m-OMe group [Os–O 1.90, 2.25(2) Å]. Other structural data are
consistent with a contribution from a zwitterionic structure.

Although Co3(m3-CC%CH)(CO)9 is very unstable,438,439 its black
Co2(CO)6 adduct (241) is one of the products obtained by heating Co3(m3-
CCl)(CO)9 in xylene or mesitylene (130 $C/30 min) under CO.440 It is also a
minor product from the reaction of ethyne with Co3(m3-CBr)(CO)9, being

SCHEME 49
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formed along with Co4(m4-HC2H)(CO)12.
441 The X-ray structure determina-

tion showed the m3-CC!CHgroup to have C–C separations of 1.34, 1.46(2) Å
and a C–C–C angle of 145.6(14)". Coordination of the Co2 fragment results
in bending of the C(1)–C(2) vector away from the ideal perpendicular
configuration as a consequence of close approaches of the CO groups within
the molecule. The Pd(0)/Cu(I)-catalyzed reaction between HC!CSiMe3 and
Co3(m3-CBr)(m-dppm)(CO)7 affords Co3(m3-CC!CSiMe3)(m-dppm)(CO)7,
which on treatment with NaOMe and subsequent reaction with
AuCl(PPh3), gives Co3{m3-CC!C[Au(PPh3)]}(m-dppm)(CO)7 (242).

442

Proto-desilylation (KOH) of Co3(m3-CSiMe3)(m3-CC!CSiMe3)Cp3
affords Co3(m3-CSiMe3)(m3-CC!CH)Cp3 (243).443 No reaction occurs
between this complex and Co2(CO)8.

(d) x¼ 4
The chemistry of the C4 chain is dominated by its varying electron-donor

power, depending on the nature of the metal fragments with which it is
associated. Zwitterionic species or intermediates are formed as a result
of electron transfer through the Cn ligand, while if CO ligands are also
present, terminal (2-e) or bridging CO (2$ 1-e) ligands may complete the
coordination sphere.

The terminal diynyl ligand in W(C!CC!CH)(CO)3Cp has proved to be
a convenient source of other complexes featuring s,p-bonded diynyl ligands
via reactions with multinuclear cluster reagents (Scheme 50). The reaction
of the diynyl with Ru3(CO)10(NCMe)2 proceeds via the m3-alkyne cluster
(244) to give Ru3(m-H){m3-Z

1 :Z2-C2C!C[W(CO)3Cp]}(CO)9 (245).444,445

A similar reaction with Ru3(m-dppm)(CO)10 proceeded smoothly to give the
oxidative adduct Ru3(m-H){m3-Z

1 :Z2-C2C!C[W(CO)3Cp]}(m-dppm)(CO)7
(246) in high yield (92%). In solution, this complex exists as an
interconverting mixture of isomers. The major component displays the
usual ‘‘windscreen-wiper’’ motion often associated with cluster-bound
acetylide ligands, while the minor isomer arises from trapping of the WC4

portion of the molecule in the cleft formed by two phenyl rings from the
dppm ligand.241,445 A second molecule of W(C!CC!CH)(CO)3Cp adds to
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244, coupling with the uncoordinated C!C triple bond of the diynyl ligand
with subsequent cyclization to give cluster 247, in which the new organic
ligand is involved in carbenic bonding to the cluster tungsten atom.

The reactions of {Cp(OC)3W}(m-C!CC!C){M(CO)(PPh3)2} (M¼Rh,
Ir) with Fe2(CO)9 have given Fe2M{m3-C2C!C[W(CO)3Cp]}(CO)8(PPh3)
(248; Scheme 51).295 Interestingly, in 248, the terminal carbon of the C4

chain is s-bonded to iron, rather than to the Group 9 metal center, as found
in the precursor. As mentioned earlier, this type of rearrangement is
frequently found (see Section VI) and indicates the ready mobility of alkynyl
groups on metal clusters.

Red-orange Os3(m-H){m-Z1-C!CC!C[Re(NO)(PPh3)Cp*]}(CO)10 (235/2)
is obtained from Os3(CO)10(NCMe)2 and the butadiynyl-rhenium
complex.434,435 The ReC resonance is at dC 242.9. The UV–vis bands are
at 296 (20,000), 388 (7500) and 500 nm (4900), while partially reversible
oxidation occurs at 0.43 V. Thermolysis gave the m3-butadiynyl complex
Os3(m-H){m-C2C!C[Re(NO)(PPh3)Cp*]}(CO)9 (236/2) in which the ReC
resonance is unchanged at dC 242.9 [J(CP) 11.5 Hz].

Reactions between Fp*C!CC!CH and either {Mo(CO)2Cp}2, MoCo
(CO)7Cp or Co2(CO)8 gave the adducts Fp*C!CC2H{MLn} [MLn¼Mo2
(CO)4Cp2 (249/Mo), MoCo(CO)5Cp (249/CoMo), Co2(CO)6 (249/Co)]
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SCHEME 51
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(Scheme 52).420 Further reaction of 249/Mo with Co2(CO)8 afforded red-
grey Co2Fe{m3-C2C2H[Mo2(CO)4Cp2]}(m-CO)2(CO)4Cp* (250). Similarly,
249/Co and Fe2(CO)9 gives CoFe2(m3-C2C!CFp*)(CO)9 (251), possibly by
addition of an Fe(CO)n fragment to the C2Co2 tetrahedron; the presumed
intermediate Co2Fe complex eliminates CoH(CO)n before adding a second
Fe(CO)n fragment. The bis-adduct 252 is converted to the dark yellow
Co5Fe2 cluster 253 in refluxing benzene, while reactions with Fe2(CO)9 give
two isomeric complexes, purple 254, containing CoFe2 and Co3 clusters
linked by a C3H ligand, and yellow 255, containing an Fe-spiked FeCo2
core. In refluxing benzene, the latter is converted into the vinylidene
Co2Fe{m3-CCHC2H[Co2(CO)6]}(CO)9 (256).

The complex Fp*C!CC!CFp* reacts with Fe2(CO)9 to give the grey-
yellow alkynyl cluster Fe3(m3-C2C!CFp*)(m-CO)(CO)6Cp* (257) and the
yellow ketenylidene complex Fe2{m-Z

3-C(Fp*)CCC(CO)Fp*}(CO)6 (258),
the latter being obtained in thf, but reverting to 257 in benzene after 44 h at
r.t.428 Structural data for 258 suggest contributions from propargylidene
tautomers. In the product from Fp*C!CC!CRp, the Fp* group migrates
to the C!C triple bond adjacent to the Ru center to give zwitterionic
(259).446
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More extensive rearrangements occur in the reactions of Fp*C!
CC!CFp* with Ru3(CO)12 (Scheme 53).446 The products include 260, also
formally zwitterionic but with a contribution from the butatrienetetra-yl
tautomer 260a, and the coupled derivative (261, M1¼M2¼Fe), in which a
C8 chain is present. In both cases migration of one Fp* group gives end-
capping Fe2(m-CO)(CO)2Cp*2 groups. In a similar reaction with Fp*C!
CC!CRp*, inseparable isomers (261, M1/M2¼Fe/Ru, Ru/Fe) were
obtained, both with an Rp* group attached to the central allylic carbon.

Migration of a s-bonded iron group in these complexes, either to a
p-bonded site in the cluster or with coupling to the second iron center, is
possibly as a result of steric congestion and electronic effects.428,446
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Complexes Containing All-Carbon Ligands 337



With buta-1,3-diyne, (AuCl)2(m-dppm) affords {Au(C!CC!CH)2}
(m-dppm); serendipitous use of a stoichiometric amount of CuI catalyst
resulted in migration of dppm from gold to copper and formation of the
curious bis(diynyl) species Cu3(m3-C!CC!CAuC!CC!CH)(m3-I)(dppm)3
(262).447 The reaction between [ppn][Au(C!CC!CH)2] and [Cu3(m3-I)2
(m-dppm)3]I gave the dumb-bell complex {Cu3(m3-I)(m-dppm)3}2(m3 : m3-
C!CC!CAuC!CC!C) (263).447

(e) x¼ 5
One product from coupling of Co3(m3-CBr)(CO)9 with HC!CC!CH

(CuI/NHEt2) is Co3{m3-C(C!C)2H}(CO)9 which, although unstable, could
be characterized via its Co2(CO)6 adduct. Attempted coupling reactions
between Co3(m3-CBr)(CO)9 and the Co2(CO)6 derivative of Co3(m3-
CC!CH)(CO)9 (CuCl, NHEt2 in dioxan) give only Co3{m3-CC2C(O)
NHEt[Co2(CO)6]}(CO)9.

448 The red copper acetylide derivatives also
separate during the reaction, together with black polymers similar to the
Magnus product (see below). The reaction of Co3(m3-CBr)(CO)9 with
Me3SiC!CC!CSiMe3 under Friedel–Crafts conditions afforded Co3{m3-
C(C!C)2SiMe3}(CO)9 (264), but similar reactions did not occur with
Me3Si(C!C)nSiMe3 (n¼ 1, 4). Both regioisomers of the Co2(CO)6 derivative
of 264 were formed.438
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The C5 clusters {Cp(OC)3W}(m :m3-C!CC!CC){Co3(m-dppm)n(CO)9"2n}
(265/n; n¼ 0, 1) have been obtained in 16 and 80% yields, respectively, from
the reactions between W(C!CC!CH)(CO)3Cp and Co3(m3-CBr)(m-dppm)n
(CO)9"2n (CuI/NEt3, r.t.). The X-ray structures show that the alternating
short–long–short–long pattern of C–C bonds is preserved in these
compounds. Reactions with Co2(CO)8 or tcne with the dppm-substituted
complex have given the expected adducts, by reaction at the least hindered
C!C triple bond.449

As with the tungsten analogue, the CuI-catalyzed reaction between
Ru(C!CC!CH)(dppe)Cp and Co3(m3-CBr)(m-dppm)(CO)7 afforded the
C5 cluster {Cp(dppe)Ru}(m : m3-C!CC!CC){Co3(m-dppm)(CO)7} (266),
although in only 26% yield. A side-product was the now-ubiquitous
amidomethylidyne cluster Co3{m3-CC(O)NEt2}(m-dppm)(CO)7.

442

(f) x¼ 6
Red-brown Os3(m-H){m-Z1-C!C(C!C)2[Re(NO)(PPh3)Cp*]}(CO)10 (235/3)

is obtained from Os3(CO)10(NCMe)2 and the hexatriynyl–rhenium complex,
but this could not be decarbonylated to the m3-derivative.

434,435 The ReC
resonance is at dC 204.9. The UV–vis bands are at 306 (18,000) and 516 nm
(3600), while partially reversible oxidation occurs at 0.44 V.

(g) x¼ 7
The only example of a complex with a C7 chain presently known

is Co3{m3-C(C!C)3Fc}(m-dppm)(CO)7 (267) which was prepared from
the reaction between IC!CFc and Co3{m3-C(C!C)2Au[P(tol)3]}(m-
dppm)(CO)7.

442

(h) x¼ 8
The Re–C8–Os3 complex 235/4, analogous to the Cn (n¼ 2, 4, 6)

derivatives described above, could not be obtained.434

(i) x¼ 9
The Co2(CO)6 complex of Co3{m3-C(C!C)4H}(CO)9 is one of the

products formed in the reaction between buta-1,3-diyne and Co3(m3-
CBr)(CO)9.

438

Reactivity of Re–Cn–Os3 complexes.
The stabilities of the Os3–Cx–Re complexes decrease with increasing x,

the C6 complex being thermally quite labile, although the nature of
decomposition product has not been established. Tethering the redox-active
Re(PPh3)(NO)Cp* moiety to the cluster moiety Os3(m-H)(CO)10 via a m-
Z1(Re) :Z1(Os2)–(C!C)m bridge results in complexes 235/m which undergo
a single partially chemically reversible oxidation at more positive potentials
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than comparable mono-nuclear complexes Re{(C!C)mR}(PPh3)Cp* in each
case.434,435 In contrast to the Re(C!C)mRe systems described above, these
oxidations become more thermodynamically favorable as the chain length
increases. These observations may be due to a greater contribution from a
þRe¼(C¼C)n¼Os$3 zwitterionic form in the ground-state, which becomes
less important with increasing chain length.435

B. Compounds Containing Two Carbon Chains Attached to a
Single Cluster Unit

Reactions of {MLx}2{m-(C!C)m} [MLx¼Fp*, Ru(PPh3)2Cp; m¼ 3, 4]
with Fe2(CO)9 under mild conditions result in cleavage of one of the central
C!C triple bonds to give the carbyne clusters {MLx}C!CC{Fe3(CO)9}
C(C!C)m$2{MLx} (268).308,422 The carbyne carbons are found between
d 265 and 280. These results contrast with reactions of the analogous m-C2

and m-C4 complexes, which give alkynyl clusters (above). These reactions
result in cleavage of a C!C triple bond under mild conditions, possibly by
formation of an electron-deficient trigonal prismatic C2Fe2 intermediate
which adds a third Fe(CO)3 group. The electron deficiency of this
intermediate is relieved somewhat if electron donation from electron-rich
MLx groups can occur through the C!C triple bond.

VIII

COMPLEXES CONTAINING TWO CLUSTER END-GROUPS

A. Compounds with a Single Carbon Atom

Complexes containing a single carbon atom linking two trimetallic
clusters have been obtained from the reaction between Co3(m3-CCl)(CO)9
and [PPh4]2[Fe3(m3-CCO)(CO)9] in the presence of TlBF4.

451 The Fe3 cluster
replaces the halide to give (269) which in turn is converted into the ethyl
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ester (270) after treatment with EtOH. Subsequent reaction of 270 with
AuCl(PPh3) displaced the Co3C cluster, affording Au3Fe3(m3-CCO2Et)
(CO)9(PPh3)3.

B. Compounds with C2 Ligands

Two main methods have been used to produce metal clusters bearing Cn

ligands (n! 2) bridging two metal clusters:

(a) Addition of metal substrates to preformed complexes containing Cn

ligands;
(b) Thermal reactions involving dehalogenation of halomethylidyne

precursors (especially cobalt).

As found with other complexes discussed in this chapter, the prevalence of
even-numbered carbon chains is a result of the use of Cn (n¼ even) synthons
in their construction. A few examples of odd-numbered chains, particularly
when end-capped by trinuclear clusters which form m3-methylidyne
complexes, are known. The following discussion will consider complexes
in order of increasing n.

1. {Co3(CO)9}2(m3 :m3-C2) (271)

The first example of a cluster containing two M3C cores linked by a
C–C bond was reported in 1966, when orange-brown {(OC)9Co3}(m3 : m3-
C2){Co3(CO)9} (271) was obtained by heating Co3(m3-CBr)(CO)9 in toluene
at 90 #C.452 Other compounds formed include CoBr2 and {Co3(CO)9
(m3-C)}2CO. The best preparation appears to be Lewis base (AsPh3)-induced
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reductive coupling of Co3(m3-CBr)(CO)9, either at 100 !C (90%) or in
hexane at 70 !C for 3 h (38%), the likely by-product being AsBr2
Ph3.

439,453,454 Under CO, however, a 63% yield of {Co3(CO)9(m3-C)}2CO is
obtained.

The same compound has been reported on several occasions since then,
often as a by-product from reactions involving other cobalt cluster carbides.
Thus, it is one product of the reactions between Co3(m3-CX)(CO)9 (X¼Cl,
Br) and arenes.440,455,456 Other products include Co5(C3H)(CO)15,
Co6C4(CO)18 and Co6C5(CO)17, together with {Co3(CO)9(m3-C)}2CO, all
complexes being obtained in low yield. Product distribution studies in
reactions of Co2(CO)8 with either CX4 (X¼Cl, Br) or Co3(m3-CBr)(CO)9
have been used as evidence for the existence of the Co3(m3-C

.

)(CO)9 radical
as an intermediate.457 The complex has also been isolated from reactions of
Co3(m3-CCO2Pr

i)(CO)9 in propionic anhydride with aqueous HPF6

[probably by reaction of [Co3(m3-CCO)(CO)9]
þ with Co3(m3-CCO2H)

(CO)9];
458 in trace amounts in the reaction of Co3(m3-CI)(CO)9 and HgPh2

(benzene under CO, 58 !C), or in 35% yield from Co3(m3-CBr)(CO)9, 4-
BrC6H4Me and activated copper–bronze in refluxing benzene under CO.459

Low yields were also obtained from thermal or photochemical reactions of
Co2(CO)8 with CF3I (3.6%), C2F4 (7.7%) or C2HF3 in acetone (14%), along
with Co3(m3-CF)(CO)9,

460 as a by-product from [Co(CO)4]
$ with CCl4 or

CHBr3, or of Co2(CO)8 with C2Cl6 (ca. 1% yield),461 from Co2(CO)8 with
1,2,5-thiadiazolo[3,4-d ]1,3dithiole-2-thione,462 or with dihaloethynes, parti-
cularly C2I2.

463,464

The molecular structure of the monoclinic phase was first reported in 1971
and confirmed that two CCo3(CO)9 units were joined through a C–C bond
[1.37(2) Å] with mean Co–C 1.96(1), Co–Co 2.457 Å.465,466 The Co3 clusters
have average Co–Co and Co–C separations of 2.457(1) and 1.96(1) Å,
respectively. Twisting of the Co3C groups (ca. 28!) minimizes steric interac-
tions betweenCO groups. The short C–Cbond is consistent with approximate
sp hybridization. A more recent structural determination, carried out on a
trigonal phase, also found an inter-cluster twist of ca. 28!; the crystals are
optically active by spontaneous resolution.467 In this form, the C–C
separation is longer at 1.426(9) Å, with Co–C 1.94, Co–Co 2.458 Å (av.).

The cluster does not undergo electron transfer-catalyzed CO substitution
reactions because the lifetimes of the intermediate radical anions are too
short (see below).

2. [{Co2Fe(CO)9}(m3 : m3-C2){CoFe2(CO)9}]
$ (275) and Related Species

Addition of electrophilic metal reagents to ketenylidene (CCO) clusters is
a source of several carbido clusters via cleavage of the C–CO bond.468
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Cleavage of the CC–O bond to give C2 derivatives can be achieved by using
precursors containing good leaving groups, such as acetate, attached to
alkynyl clusters. Ready attack on the m3-alkynyl group enables the
nucleophilic metal reagent to become attached to the C2 fragment. Further
reactions to involve the added metal center in the cluster core (cluster
expansion) affords dicarbido clusters.

Thus, attack of [Fe(CO)4]
2! on [Fe3(m3-C2OAc)(CO)9]

! (272; Scheme 54)
affords [Fe3{m3-C2[Fe(CO)4]}(CO)9]

2! (232) which with Co2(CO)8 gives
[{Co2Fe(CO)9}(m3 : m3-C2){CoFe2(CO)9}]

! (273) via intermediate complexes
[CoFe2{m3-C2[Fe(CO)4]}(CO)9]

! (274) and [{Co2Fe(CO)9}(m3 : m3-C2){Fe3
(CO)9}]

2! (275).432 Direct conversion of 272 to 275 occurs in its reaction
with Co2(CO)8, but lower yields are obtained. Formation of 275 involves
addition of a Co2(CO)6 fragment to the C2 moiety, together with exchange
of an Fe(CO)3 group for [Co(CO)3]

þ . Since addition of [Fe2(CO)8]
2! to 273

regenerates 275, similar structures are ascribed to these two clusters. The
terminal CO ligands resonate at d 200–225, with m-CO signals at d 240
and 245. Broad resonances at d 285.9 and 293.7 arise from the C2 ligand,
which at !70 #C show 1J(CC) of 34 Hz. For 275, the C2 resonances are
at d 279.4 and 285.7, the former assigned to the carbon attached to the
Co2Fe cluster on the basis of quadrupolar broadening.

The X-ray structure of 273 shows that the C2 ligand is m3 : m3-bridging
CoFe2 and Co2Fe clusters. Of the nine CO ligands, one bridges a Co–Fe
edge on each cluster. The C–C separation is 1.362(8) Å, similar to that found
in {Co3(CO)9}2 (m3 : m3-C2) (271) above. However, in contrast to this
complex, in which the two Co3 planes are parallel, the M3 planes in 273 are

SCHEME 54
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inclined towards each other by 18! so that the Co(3) " " "Fe(2) separation is
only 2.899(1) Å, with concomitant effects on the CO coordination. The
asymmetric interactions of the M3 clusters with the C2 ligand is seen from
the M–C–C angles [range 110.0(4)–140.6(5)!] and some variation in M–C
distances [Co(1)–C(1) 1.919(6), Fe(3)–C(2) 1.987(6) Å]. The tilt is ascribed to
a second-order Jahn-Teller effect, which results in separation of the nearly
degenerate HOMO and LUMO levels and full occupation of the former,
leading to the observed diamagnetism for this 94 c.v.e. anion.

The related cluster anion [Co5Fe(C2)(CO)17]
# (276) has been prepared

from Co3(m3-CCl)(CO)9 and [PPh4]2[Fe3(CO)11] in the presence of TlBF4.
451

The structure is closely related to that of 273 by replacement of [2Fe(CO)3þ
CO] by two Co(CO)3 groups. A similar but larger tilt (42!) of the Co2Fe and
Co3 planes towards each other results in formation of a shorter Co–Co bond
[2.643(2) Å]. The reaction probably proceeds via Tl-induced loss of Cl from
Co3(m3-CCl)(CO)9 and reduction to give {Co3(CO)9}2(m-C2), followed by
facile exchange of cobalt for iron.

3. Co3Cp3 Derivatives

The complexes (m3-CSiMe3){Co3Cp3}(m3 : m3-CC){Co3Cp3}{m3-C(C%C)m
SiMe3} (277, m¼ 0, 1) were found in the plethora of products obtained from
reactions of Co(CO)2Cp with SiMe3(C%C)mþ 2SiMe3 (decalin, 195!), the
cluster being formed with concomitant cleavage of one of the C%C triple
bonds.469
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C. Compounds with C4 Chains

1. Iron, Ruthenium, and Osmium

Cleavage of the CC–O bond in m3-ketenylidene clusters has been used as a
route to dicarbido clusters, sometimes via an intermediate containing a
ligand with a good leaving group, such as acetate. In the presence of an
excess of triflic anhydride, ready loss of the resulting triflate group followed
by oxidative coupling of the C2Fe3 cluster occurs instead to give red [{Fe3
(CO)9}2(m3 : m3-C4)]

2! (278),470,471 also obtained by loss of the Fp group in
the reaction of [Fe3(m3-C2Fp)(CO)9]

2! with [Mn(CO)3(NCMe)3]
þ .431

The C4 chain is attached to each cluster through two carbons, in the
familiar m3-Z

1,2Z2 mode often found in m3-alkynyl ligands. The C4 chain is
bent [internal angle C–C–C 148.0(6)#] and the C–C distances are 1.306(7)
and 1.42(1) Å, the ligand resembling a 1,3-diene with a rather larger internal
angle from steric interactions.

Thermolysis (refluxing toluene with nitrogen purge) of the bis(cluster)
complexes {M3(CO)11}2(m-PPh2C$CC$CPPh2) (279, M¼Ru, Os) results
in cleavage of both P–C(sp) bonds to give {M3(m-PPh2)(CO)9}2(m3 : m3-
C2C2).

472,473 The C4 fragment bridges two triangular M3 clusters in the
m3-Z

1,2Z2 fashion. The two halves of each molecule are related by a
crystallographic symmetry element.
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Reactions of 279 with H!/Hþ (#H2) gave 280 in which hydrogen has
added both to the cluster and to the central carbons of the C4 unit. In
contrast, the reaction of 279 with molecular dihydrogen resulted in cleavage
of an Ru(CO)3 fragment and formation of the pentanuclear complex 281.474

The cluster Ru3{m3-Z
1 :Z2-HC2C#C[W(CO)3Cp]}(m-CO)(CO)9 (244)

reacts readily with a further portion of Ru3(CO)12 to afford {Ru3(m-
H)(CO)9}(m3 : m3-C2C2){Ru2W(CO)8Cp} (282) in which both C#C moieties
of the original diynyl ligand are engaged in s/p bonding with a trimetallic
fragment (Scheme 55).444,445 A similar reaction with Fe2(CO)9 gave
a mixture of complexes {FemRu3!m(m-H)(CO)9}(m3 : m3-C2C2){FenRu2!n

W(CO)8Cp} (283), while Co2(CO)8 gave the ethynylvinylidene-linked cluster
{CoRu2(CO)9}{m3 : m3-CCHC2}{CoRuW(m-CO)(CO)8Cp} (284). The clus-
ter-bonded H atom in the precursor has migrated to the C4 chain in 284.
In both, X-ray studies showed the presence of extensive disorder, eventually
resolved in terms of variable occupancies of the three sites M(1,5,6) in 283 of
between 26, 52, 12 and 74, 92, 64% iron. In 284, sites M(2,3) similarly have
Co/Ru disorder. In these complexes, the two cluster-bonded C2 units act
independently, being linked by a formal C–C single bond.

SCHEME 55
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Reactions of {Cp(OC)3W}(m-C!CC!C){M(CO)(PPh3)2} (M¼Rh, Ir)
with Fe2(CO)9 have given not only 248 but also {Fe2M(CO)6(PPh3)}(m3:m3-
C2C2){Fe2W(CO)8Cp} (285; Scheme 51, above) as the major products,
which are formed sequentially.295 Concomitantly with the formation of the
two new metal–metal bonds, loss of PPh3 has occurred from the Group 9
metal center and of CO from the tungsten atom. In contrast to 248, the
terminal carbon of the C4 chain remains s-bonded to the Group 9 metal
center in 285.

2. {Co3(CO)9}2(m3 :m3-CC!CC) (286)

Orange-brown {Co3(CO)9}2(m3 :m3-CC!CC) (286) is one of the products
of thermolysis of Co3(m3-CX)(CO)9 (X¼Cl, Br) in xylene or mesitylene, and
it is also obtained from MgBr(C!CH) and Co3(m3-CBr)(CO)9,

448,456

Co2(CO)8 and CFCl3, Co3(m3-CBr)(CO)9 and C6F6, Co2(CO)8 and C2F4.
However, the highest yielding reaction is that between Co2(CO)8 and
Fp*C!CC!CFp* (62%).420 The crystal structure confirms the presence of a
linear C4 ligand, attached to a Co3(CO)9 cluster at each end by a m3-C atom,
with a C!C unit linking the two.456,466 The mean Co–Co and Co–C
distances are 2.47(1) and 1.92(1) Å, while the C–C and C!C bond lengths
are 1.37(1) and 1.24(2) Å, respectively, consistent with ‘‘partial p-
delocalization’’. The C!C triple bond is sterically protected by the CO
groups and does not react with Co2(CO)8, nor it is catalytically
hydrogenated.

The mono- and bis-PPh3 derivatives were prepared as brown neeedles
from the parent complex and PPh3 in refluxing hexane, or better, from
Pt(PPh3)4 at r.t.;456 mono- and bis-PCy3 complexes are also described.
IR n(CO) data are given for complexes containing up to five PEt2Ph ligands,
but no preparative details are available. Reactions of 286 with P(OMe)3
afforded di-, tri-, and tetra-substitution products as black crystalline
materials.439 The structure of {[(MeO)3P](OC)8Co3}(m3 : m3-CC!CC){Co3
(CO)7[P(OMe)3]2} (287) suggests that the distribution of P(OMe)3 ligands
minimizes steric interactions in the solid-state. The central C4 ligand has
C–C bond distances of 1.39, 1.26, and 1.38(2) Å and mean Co–C and
Co–Co separations are 1.91 and 2.475 Å, respectively.

3. Mo/W–Co Clusters

Reactions of Co2(CO)8 with the C4 complexes {M(CO)3Cp}2(m-C!
CC!C) (M¼Mo, W) have given the cluster complexes {Co2M(CO)8
Cp}2(m3 : m3-CC!CC) (288) in which the terminal carbons are attached
to all three metal centers in each cluster.419 All three compounds
(Mo2, MoW, W2) have similar structures, which are closely related to that
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of {Co3(CO)9}2(m3 : m3-CC!CC). The C–C separations suggest that the
electronic rearrangement of the original diyndiyl chain has been altered to
an acetylenic dicarbyne, !CC!CC!, corresponding to a formal oxidation
of the precursor. Of note also are the locations of the Cp groups, which in
one cluster is proximal, in the second distal, to the C4 chain. Cluster
formation occurs as a result of the presence of the two sterically demanding
M(CO)3Cp end-caps.

4. Co3Cp3 Derivatives

Products from reactions of Co(CO)2Cp
0 (Cp0 ¼Cp, CpMe) and Me3Si

(C!C)2SiMe3 include (Me3Si-m3-C){Co3Cp3}(m3:m3-CC!CC){Co3Cp3}(m3-
CSiMe3) (289) (0.33%),469,475 also formed by ‘‘deck shifting’’ (f.v.p. at
550 #C, or in pristane at 290 #C/6 h; 40%) of the isomeric (Me3SiC!C-m3-
C){Co3Cp3}(m3 : m3-CC){Co3Cp3}(m3-CSiMe3). Compared with those of
Co3(m3-CSiMe3){m3-C(C!C)nR}Cp3 (n¼ 1, R¼H; n¼ 1, 2, R¼ SiMe3),
the electronic spectra of the more deeply colored {Co3(m3-CSiMe3)
Cp3}2{m3 : m3-C(C!C)nC)} (n¼ 2, 4) are bathochromically shifted to 610
and 635 nm (e $ 10,000), respectively, indicating a reduced HOMO/LUMO
separation.443

348 MICHAEL I. BRUCE AND PAUL J. LOW



D. Compounds with C6 Chains

1. Cobalt Carbonyl Clusters

The dark brown Co2(CO)6 derivative of {Co3(CO)9}2{m3 : m3-C(C!C)2C}
(290) has been obtained on several occasions. It is a minor product from
Co3(m3-CBr)(CO)9 in xylene (125 "C, 25 min),476,477 from buta-1,3-diyne and
Co3(m3-CBr)(CO)9 (with CuCl/NHEt2),

438 and from the reaction between
Co2(CO)8 and hexachlorocyclopropane in thf (13% yield).478 In the
0.5C6H6-solvate, C–C separations along the C6 chain are 1.37, 1.37, 1.36,
1.20, 1.36(4) Å and corresponding angles of 140, 148, 172, and 175(3)", or of
a non-solvated form, which has C–C distances are 1.44, 1.37, 1.38, 1.19, and
1.36(3) Å, with mean Co–Co 2.454(7) and Co–C 1.92(3) Å.476 Addition of a
second Co2(CO)6 moiety is precluded for steric reasons. The short C–C
distances suggest that electron delocalization along the carbon chain occurs,
subsequently confirmed by electrochemical studies (see below).

The phosphine-substituted derivative {Co3(m-dppm)(CO)7}2(m3 : m3-
CC!CC) (291) was initially isolated from the CuI-catalyzed reaction
between Co3(m3-CBr)(m-dppm)(CO)7 and Au(C!CC!CH)(PPh3), and can
be prepared in 39% yield if {Au(PPh3)}2(m-C!CC!C) is used. Presumably
the basic solvent allowed dissociation of both the H and Au(PPh3) groups
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and subsequent attachment of the cobalt cluster fragments to each end of
the C4 chain.442 An alternative route is from Co3(m3-CBr)(m-dppm)(CO)7
and Co3{m3-CC!C[Au(PPh3)]}(m-dppm)(CO)7.

2. Co3Cp3 Derivatives

Proto-desilylation of (Me3Si-m3-C){Co3Cp3}(m3-CC!CSiMe3) and oxi-
dative coupling of the resulting terminal alkyne (CuCl/tmed/acetone, O2,
40 "C) afforded {Co3(m3-CSiMe3)Cp3}2(m3 : m3-CC!CC!CC) (292), also
obtained by coupling of (Me3Si-m3-C){Co3Cp3}(m3-CC!CH) with HC!
CSiMe3; the cluster (Me3Si-m3-C){Co3Cp3}(m3-CC!CC!CSiMe3) (293) was
formed as a major product in the latter reaction and also from (Me3Si-m3-
C){Co3Cp3}(m3-CC!CH) and (I-m3-C){Co3Cp3}(m3-CSiMe3). Complex 292
has an unusual intense dark green color rather than the usual purple.443 The
molecular structure contains two CCo3 clusters capping a slightly bent buta-
1,3-diyne chain (angles at C 178, 177, 175, 178") with C–C bonds along the
chain (1.42, 1.19, 1.36, 1.21, 1.43(2) Å) indicating some delocalization. There
is no steric interaction between the Cp and SiMe3 groups.

E. Compounds with C8 Chains

The reaction between Co3(m3-CBr)(m-dppm)(CO)7 and {Au[P(tol)3]}2{m-
(C!C)3} gives {Co3(m-dppm)(CO)7}2{m3 : m3-C(C!C)3C} (294) in 77%
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yield.442 Subsequent reaction with tcne gave the mono-adduct {Co3(m-
dppm)(CO)7}2{m3 : m3-C(C!C)2C[¼C(CN)2]2C} (295). Similarly, treatment
of Ru3(m-H)3(m3-CBr)(CO)9 with {Au[P(tol)3]}2{m-(C!C)3} afforded
{Ru3(m-H)3(CO)9}2{m3 : m3-C(C!C)3C} (296).

F. Compounds with C10 Chains

The complex {Co3(m-dppm)(CO)7}2{m3 : m3-C(C!C)4C)} (297) forms thin
black hair-like crystals and is obtained in 91% yield from the reaction
between Co3(m3-CBr)(m-dppm)(CO)7 and {Au(PPh3)}2{m-(C!C)4}.

442

Proto-desilylation of Co3(m3-CSiMe3){m3-C(C!C)2SiMe3}Cp3 and
oxidative coupling (CuCl/tmeda/acetone, O2, 40

#C) in situ afforded dark
green {Co3(m3-CSiMe3)Cp3}2{m3 : m3-C(C!C)4C} (298), which is unstable
both as a solid and in solution.443 As found for the analogous C6 cluster 292,
the complex shows an intense band at 635 nm (e ca. 10,000) and
two reversible oxidation steps separated by ca. 0.14 V, again indicating
some electronic communication via the carbon chain. The Co3Cp3
clusters provide steric hindrance to adjacent CC!C moieties and only
298 reacted with Co2(CO)8 to give (Me3Si-m3-C){Co3Cp3}{m3-CC!
CC2SiMe3[Co2(CO)6]}.

443
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G. Polymeric Species

Several copper(I)-catalyzed coupling reactions of alkynes or diynes with
Co3 clusters proceed with the deposition of insoluble black materials which
have n(CO) spectra typical to those of the CCo3(CO)9 clusters described
above.438 Similar products were obtained when HC!CMgBr was used.
Thermal decomposition of 286 at 100 "C gives conducting aggregates, which
continue to show n(CO) absorptions and are soluble in non-aqueous
solvents.480 The conductivity appears to be associated with partial
decarbonylation and formation of granular microcrystalline materials.

H. Redox Chemistry of Complexes Containing Co3 Clusters
Linked by Carbon Chains

Extensive studies of the redox chemistry of [{Co3(CO)9}2{m-C(C!C)mC}]
(m¼ 0, 271; 1, 286) have been made independently by the groups of
Robinson439 and Osella481,482 and the electrochemical behavior of the C2

and C4 complexes has been compared with that of {Co2(CO)6}2(m-Z
2-

PhC2C2Ph).
482,483 Two distinct one-electron reduction processes are found,

of which the first shifts to more negative potentials as the carbon chain is
lengthened. This is consistent with effective electronic communication
between the redox centers. This is attenuated when a Co2(CO)6 group is
attached to the carbon chain. All scans contain a wave due to the
[Co(CO)4]

$ anion formed by chemical decomposition.
Osella and co-workers observed that the absolute values of the

electrochemical potentials are sensitive to the nature of the solvent
(CH2Cl2 vs. acetone), which is consistent with the different degree of
solvation around the metal cores, and the different reorganization energy
associated with the ligand rearrangement proposed by Robinson.481

However, as the difference in half-wave potential between the two
electrochemical events is more or less independent of the dielectric constant
of the medium (271/286 ca. 340/200 mV CH2Cl2; 360/210 mV acetone), it is
reasonable to suggest that a significant through-bond contribution to the
electronic coupling between the metal centers is in operation. In thf the
wave separation was found to increase to 470/300 mV, but this may be due
to the greater stabilization of the radical anion in this solvent.481

1. {Co3(CO)9}2(m3 :m3-C2) (271)

Solutions of {Co3(CO)9}2(m3 : m3-C2) (271) and its reduction products are
unstable at r.t., so conventional electrochemistry of this complex was carried
out at low temperatures. Two chemically reversible 1-e transfers are found
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at E ! "0.41, "0.77 V; the 360 mV separation suggests that there is effective
electronic communication between the redox centers, namely the Co3
clusters which are kept 4.6 Å apart by the carbon chain. At higher
temperatures, these processes become less reversible and a third process
with E !# 0.1 V is found. The latter is derived from the first reduced
product via a slow chemical reaction.439,481,482 Both reductions are
associated with fast irreversible chemical processes, the first reduction
to the radical anion being followed by a rapid conversion to a new
CO-bridged species (299; Scheme 56), which can be oxidized back to the
original neutral cluster at "0.33 V (vs. [FcH]0/1þ ). The isomerization is
probably induced by steric interactions between the CO groups, as well as by
the tendency of bridging CO groups for the better removal of electron
density from the cluster. The main features of the reduction have been
confirmed by in situ spectro-electrochemistry, monitoring the n(CO) bands
of the five reduced species which account for the spectral and
electrochemical changes observed in this system.484 Solvent effects on
the reduction potentials result from solvation of the anion and ion
association processes.

Irreversible chemical reduction of 271 gives a dark brown solution,
which also contains [Co(CO)4]

". Slow conversion to the m-CO species
occurs, which has a short half-life on oxidation, regenerating 271. With
CoCp2, the ESR-silent CO-bridged product is formed quantitatively.
Oxidation of this species regenerates 271 in an amount which is less by
the [Co(CO)4]

" produced by decomposition. Attempted chemical oxidation
(Agþ ) gave only unstable pale yellow materials.

SCHEME 56
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The rapid chemical transformation of the initial radical anion precludes
the use of ETC-substitution chemistry to make substituted derivatives,
because of the short lifetime and hence inactivity of the isomerized radical
anion [299]

.! towards the CO/PR3 replacement reaction.484

2. {Co3(CO)9}2(m3 :m3-CC"CC) (286)

Strong electronic interactions between the two Co3 clusters in the C4

analogue 286, which are separated by some 7.1 Å by the carbon chain, are
suggested by the presence of two chemically reversible 1-e processes separated
by 200–300 mV. The reduced species are more stable than the C2 anions
under electrochemical conditions and voltammograms were successfully
collected at ambient temperature. At low temperatures (243 K) and moderate
scan rates (200 mV/s) two reversible reductions are observed at E1/2¼!0.39
and !0.68 V. Above 243 K, a third reversible couple is found at ca. 0.85 V.
In polar solvents (CH2Cl2, Me2CO) !E $ is 200–210 mV, whereas in thf, a
value of 300 mV suggests that the monoanion is stabilized by the solvent
interaction. The dianion also displays a tendency to generate electroactive
species by subsequent chemical reactions, but if the cathodic scan is limited to
the first two reduction waves (attributed to the [0,0/0,!1] and [0,!1/!1,!1]
processes), the electrochemical response of each wave is as reversible as
ferrocene under the same experimental conditions.481

3. {Co3(m3-CSiMe3)Cp3}2(m3 : m3-C(C"C)mC} (m¼ 2, 4)

Less well-defined redox spectra are obtained for analogous Co3Cp3
complexes, which show two reversible 1-e oxidation processes at ca. 0.5, 0.8 V,
separated by ca. 140 mV, again suggesting some electronic communication
between the two clusters. Attempted chemical oxidation (Agþ ) gave
unstable uncharacterized pale yellow compounds.

The cluster {Co3(m3-CSiMe3)Cp3}2{m3 : m3-C(C"C)4C} (298) displays two
reversible 1-e processes separated by & 0.14 V, suggesting electronic
communication between the two clusters. The oxidized species were not
accessible by chemical oxidation (Agþ ), unstable uncharacterized pale
yellow materials being obtained instead.443

IX

METAL CLUSTERS CONTAINING Cn LIGANDS

For reasons discussed above, this section will not include metal cluster
carbide complexes containing only one carbide atom, for which several
reviews are available.35,37,38,40,485,486
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An unusual C2 complex contained within a carbon cluster is contained in
the soot formed by an arc discharge between graphite containing Sc2O3.
Purification of the endohedral scandium fullerenes by HPLC gave
Sc2C2@C84 (Fig. 11). X-ray powder diffraction and 13C NMR data (d 92)
were interpreted in terms of a disordered Sc2C2 cluster encapsulated by
D2d–C84 (Sc–C 2.26, C–C 1.43 Å).487

Relatively few examples of metal clusters containing C2 ligands have been
reported, in comparison with the host of complexes containing a single
carbon atom. There are two major classes of complexes, so-called ‘‘cage’’ or
interstitial dicarbides, in which the C2 unit is encompassed within the metal
polyhedron, and ‘‘peripheral’’ dicarbides, where the C2 unit lies on the
periphery of the cluster or, alternatively, can be considered as part of a
C2Mn polyhedron. There is a continuum between clusters containing C2

ligands in which the carbon atoms are separated by ‘‘normal’’ C–C bond
distances (1.2–1.5 Å) and those in which the separation is up to 2.4 Å, i.e.,
too long for a conventional C–C bond (see Section IX.B below). The
bonding electrons are delocalized between the carbon atoms and the metal
clusters and rearrangements can occur readily.35

A. Peripheral Cn Clusters

Several clusters are known in which the C2 ligand lies more-or-less
exposed on the surface of an Mn cluster or within a cavity, but not
completely encapsulated by the metal core. A theoretical study of these

FIG. 11. Proposed structure for Sc2C2@C84. (Reproduced with permission.)
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compounds has been given by Frapper and Halet (Section IX.D).488,489 In
the complexes so far described, the C2 unit acts as a four- or six-electron
donor, while the distribution of electron density on the C2 unit is revealed in
the reactions with H–H, C–H or C–C bonds, or C–C bond-forming
reactions. Often only one carbon is involved, the second becoming more
closely bonded to the cluster. Synthetic approaches have included

(a) reactions of mono- or di-nuclear ethynyl complexes with other
reactive metal substrates;

(b) cleavage of P–C(sp) bonds in 1,2-bis(phosphino)ethyne complexes;
(c) reactions of metal substrates with other easily cleaved C–X bonds.

Table XIII contains selected 13C NMR and structural data for many of
the C2 complexes described below.

1. M4 Complexes

(a) M4C2 clusters
The complexes Fp0C!CX [Fp0 ¼Fe(CO)2Cp

0, Cp0 ¼Cp, Cp*; X¼H,
Fp0] react readily with iron, ruthenium, and cobalt carbonyls to give a range
of homo- and hetero-metallic clusters containing C2 and C2H ligands.35,433

Thermolysis (refluxing toluene) or oxidation ([FcH]PF6) of Ru3(m-H)
(m3-C2Fp

0)(CO)9 affords the purple tetranuclear dicarbide cluster
Fe2Ru2(m4-C2)(m-CO)2(CO)8Cp

0 (300), also obtained from Ru3(CO)12 and
Fp*C!CFp*. The Cp* complex contains the C2 unit [C–C 1.27(1) Å] in a
slightly twisted Fe2Ru2 framework (dihedral 24#). Each carbon bridges
an Fe–Ru bond, with a long Ru–Ru separation [2.963(2) Å]; the complex
is considered to be a permetallated ethene. Both carbons are equivalent,
giving a singlet at d 177.2; the CO groups are found between d 191.1 and
217.8, with the m-CO ligand resonating at d 262.5. NMR studies suggest
that protonation occurs either on the the Ru–Ru bond or to form an
agostic C–H to the Ru atom (301).

Attempted protonation of the C2 group with MeCHClCO2H resulted in
addition of the acid across the Ru–Ru bond to give 302 (Scheme 57).490

Reaction of the substituted cluster 303 with HBF4 $OEt2 gave a cationic
m4-C2H complex 304, which with SiH2Ph2 afforded FeRu2(m-H)
(m3-HC2H)(m-dppm)(CO)5Cp* (305), completing the formal hydrogenation
of the C2 ligand in 300. Reaction of 304 with [NEt4][BH4] gave FeRu2(m3-
C2H)(m-dppm)(CO)5Cp* (306) while reaction of 303 with Co2(CO)8 formed
CoRu2(m3-C2Fp)(m-dppm)(CO)7 (307).

Further examples of clusters containing the C2M4 framework have been
obtained from {Ru(CO)2Cp

R}2(m-C!C) and two equivalents of Ru(CO)4(Z-
C2H4), which afford dark red Ru4(C2)(m-CO)(CO)8Cp

0
2 [Cp0 ¼Cp (308a),
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CpMe, (308b)] in moderate yield.491 The reaction probably proceeds via the
Z2 intermediate, followed by cluster build-up. The four metal atoms are
almost co-planar with (308a) or slightly twisted (308b) with the C2 unit,
which is formulated as a permetallated ethene, and is similar to the Fe2Ru2
complex mentioned above. The unique Ru–Ru separation is long, at
3.0190(5) (Cp) or 3.0423(3), 3.0366(4) Å (CpMe) and the C–C separations
are 1.258(5), 1.258(4) Å, respectively. The 13C NMR spectrum of enriched

SCHEME 57
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TABLE XIII
PERIPHERAL C2 CLUSTERS

Complex Structure dC (JCP) C–C/Å M–C/Å Ref.

300/Fe Fe2Ru2(m4-C2)(m-CO)2(CO)8Cp*2 177.2 1.24(1) 1.946(7) (Fe), 2.204(7) (Ru) 498
302 Fe2Ru2(m-H)(m4-C2)(m-O2CCHClMe)

(m-CO)2(CO)6Cp*2

178.3, 178.5 1.263(7) 1.923(4) (Fe), 2.173, 2.180(4) (Ru) 490

303/dppe Fe2Ru2(m4-C2)(m-dppe)(m-CO)2(CO)6Cp*2 182.7 1.270(5) 1.921, 1.925(4) (Fe), 2.183, 2.202(4) (Ru) 490
303/dppm Fe2Ru2(m4-C2)(m-dppm)(m-CO)2(CO)6Cp*2 180.9 (12.2) 490
308a Ru4(m4-C2)(m-CO)(CO)8Cp2 154.9 1.258(5) 2.030, 2.240(4) 491
308b Ru4(m4-C2)(m-CO)(CO)8Cp

Me
2 157.1 1.258(4) 2.015, 2.212(3) 491

315 Ru5(m4-C2)(m-SMe)2(m-PPh2)2(CO)13 1.20(4) 2.06–2.65(2) 495
316 Ru4(m4-C2)(m-SMe)2(m-PPh2)2(CO)10 1.239(9) 2.027–2.499(6) 495
318 Fe2Ru6(m6-C2)2(m-CO)3(CO)14Cp2 203.2, 209.0 1.334(8),

1.354(7)
1.866, 1.908(6) (Fe), 1.997–2.205(5) (Ru) 498

320 Ru5(m4-C2Fp*)2(m-CO)3(CO)10 1.32,
1.34(2)

1.93(2) (Fe), 2.14–2.26(1) (Ru) 497,498

321 FeRu6(m5-C2)(m5-C2H)(m-CO)(CO)15Cp 1.334(9) 1.877(7) (Fe), 1.939–2.282(7) (Ru) 497,498
322 Ru5(m5-C2)(m-dppm)(m-CO)2(CO)7Cp2 211.8, 248.6 1.29(1) 1.982–2.337(7) 499
322/Me Ru5(m5-C2)(m-dppm)(m-CO)2ðCOÞCpMe

2 211.9, 251.3 1.308(9) 1.964–2.351(7) 499
325 Ru5(m5-C2)(m-SMe)2(m-PPh2)2(CO)11 184.9, 206.66 1.305(5) 1.938–2.471(3) 520,521
335 Ru5(m5-C2)(m-SMe)2(m-PPh2)2(CO)12 1.26(2) 2.06–2.45(1) 521
336 Ru5(m5-C2)(m-SMe)2(m-PBu2)2(CO)11 187.44,

203.23 (7.8)
522

337 Ru5(m5-C2)(m-Cl)2(m-PPh2)2(CO)11 1.32(1) 1.931(9)–2.25(1) 523
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338 Ru5(m5-C2)(m-PPh2)2(CO)11(py)2 1.301(5) 1.955–2.434(3) 525,526
340 Co6(m6-C2)(m4-S)(m-CO)4(CO)12 1.37(2) 1.81–2.03(2) 527
341/Fe FeRu5(m6-C2)(m-SMe)2(m-PPh2)2(CO)14 1.355(9) 2.05(1) (Fe), 2.079–2.120(6) (Ru) 529,530
341/Ru Ru6(m6-C2)(m-SMe)2(m-PPh2)2(CO)14 1.381(8) 1.998–2.058(6) (Fe), 2.093–2.119(7) (Ru) 529,530
342/Fe Fe2Ru5(m6-C2)(m3-SMe)2(m-PPh2)2(CO)16 1.38(1) 2.095–2.146(9) 529,530
342/Ru Ru7(m6-C2)(m3-SMe)2(m-PPh2)2(CO)16 1.37(2) 2.09–2.21(1) 529,530
343 Co2Ru6(m7-C2)(m3-SMe)2(m-PPh2)2(CO)16 1.36(2) 2.039(8) (Co), 2.12–2.20(1) (Ru) 529,531
344 Co4Ru5(m8-C2)(m3-SMe)2(m-PPh2)2(CO)18 1.41(4) 1.94–2.13(3) (Co), 2.05–2.21(2) (Ru) 529,531
345 NiRu5(m6-C2)(m-SMe)2(m-PPh2)2(CO)9Cp2 1.328(7) 2.017, 2.038(6) (Ni), 2.163–2.199(6) (Ru) 532
346 Ni2Ru4(m6-C2)(m-SMe)2(m-PPh2)2(CO)8Cp2 1.57(4) 1.72(3) (Ni), 2.24, 2.32(2) (Ru) 532
348 Os3W(m4-C2)(m3-C2Ph)(CO)9Cp* 145.9, 172.2 1.25(3) 1.99–2.26(2) (Os), 2.25, 2.43(2) (W) 533
349 Os3W(m4-C2)(m3-OC2Ph)(CO)9Cp* 119.9, 141.4 1.20(4) 2.04–2.23(3) (Os), 2.21, 2.47(3) (W) 533
350 Os3W(m4-C2)(m3-CPh)(CO)9Cp* 155.3, 162.5 533
352 Ru5(m5-C2)(m-SMe)2(m-PPh2)2(CO)11(CNBut) 146.02 (15.7),

146.96 (14.6)
1.22(1) 2.10–2.38(1) 536,537

353 Ru5(m5-C2)(m-SMe)2(m-PPh2)2(CO)10(CNBut) 1.36(2) 1.88–2.41(1) 536,537
354 Ru5(m5-C2)(m-SMe)2(m-PPh2)2(CO)10{P(OMe)3} 1.322(7) 1.953–2.416(5) 537
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308a showed the dicarbide resonance at d 154.9; weaker (ca. 15%)
resonances in these regions were assigned to a second stereoisomer.

One of the two isomeric products formed from reactions between
C2(CO2Me)2 and 308 (Cp0 ¼Cp, CpMe) was structurally identified as
309, containing a ruthenacyclopentadiene unit attached to two other
Ru fragments.398 A likely route to this compound is by a formal
1,3-cycloaddition of the alkyne to an RuC2 moiety of the cluster.

Orange Co2Fe2{m4-C2C"CFp*)(m-CO)(CO)9Cp* (310) is obtained from
the adduct from Fp*C"CC"CFp* and Co2(CO)8 in a reaction with
Fe2(CO)9.

420

(b) M2–C4–M2 complexes (see also Section II.G)
The complex {Fe2(m-PPh2)(CO)6}2(m : m-C4) (311, M¼Fe; Scheme 58) is

obtained directly from the reaction between Fe3(CO)12 and PPh2C"C
C"CPPh2 (bdpp) in thf by cleavage of the P–C(sp) bonds,492 having been
described earlier from the reaction between Fe2(CO)9 and bdpp, followed
by thermolysis (PhMe, 100 #C, 2.5 h) of the resulting {Fe(CO)4}2
(m-bdpp).472,473 Carbonylation (20 atm, 100 #C, 16 h) of the phosphino-
alkynyl cluster, Ru5(m5-C2PPh2)(m-PPh2)(CO)15 (329; see below) gives the

360 MICHAEL I. BRUCE AND PAUL J. LOW



lemon-yellow ruthenium analogue (311, M¼Ru) in 28% yield;493 it is also
obtained by thermolysis of Ru3(CO)11{PPh2(C"CC"CSiMe3)}.

494 The C4

ligand bridges two Ru2(m-PPh2)(CO)6 moieties by a s,p interactions with
each C2 moiety, acting as a 6-electron donor. Steric demands of the other
ligands present (particularly the CO groups) prevent the optimal overlaps of
p-orbitals of the C2 ligand, which would require the two Ru2 systems to
be orthogonal. This results in a relatively weak interaction, with long Ru–C
p-bonds [2.326, 2.470(6) Å] and a short C–C separation [1.275(11) Å]
and resulting bend-back angles of only 22.6#. The complex is stable to CO or
H2 under mild conditions.

Reactions of the carbon ligands with nucleophiles are rare, the reactivity
being dominated by PPh2-migration reactions. With NHEt2, 1,2-addition of
the sterically unencumbered secondary amine NHEt2 to the C4 chain is
accompanied by migration of a PPh2 or carbonyl ligand to give 312 and 313,
respectively (Scheme 58).492 The former is formed by addition of the N–H
bond across the Ca"Cb bond and migration of a PPh2 group to C(3), while
the other (313) is formed by addition of the amine to Ca and migration of a
CO ligand to give the metallacycle. In contrast, reaction with P(OMe)3

SCHEME 58
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results in facile addition of the phosphite to one of the Ca carbons to give a
single adduct (314) in which substitution of one CO on iron by the phosphite
is accompanied by migration of one PPh2 group to Cb.

492 Simple CO
substitution products are also formed.

This mode of addition of the amine is unusual when compared with the
reactions of the corresponding mono-ynyl complexes, which give products
derived exclusively from addition to Cb, and ruthenium diynyl complexes,
which undergo 1,4-addition. These reactions, which demonstrate C–C, C–N,
and C–P bond formation involving the C4 moiety, proceed with total atom
conservation.

Extrusion of an Ru2 fragment from Ru5(m5-C2PPh2)(m-SMe)2(m-
PPh2)2(CO)11 (325, see below) has occurred in both products 315 and 316
isolated from its reaction with CO, although this moiety is retained within
the complex by virtue of the bridging C2 ligand.495 Again in 315, excess
electron density in the 50 c.v.e. system is accommodated in low-lying
metal–metal antibonding MOs, resulting in long Ru–Ru separations
[2.956–3.170(4) Å]. A short C–C bond [1.20(4) Å] and long Ru(5)–C(1)
separation suggest that the C2 ligand is a 4-electron donor, the Ru(4)–Ru(5)
bond being short [2.694(6) Å] and suggesting a major contribution from
tautomer 315a. In 316, non-bonded atoms Ru(3) and Ru(4) are bridged by
two SMe groups and attached to the second Ru2 fragment by the C2 ligand,
which is a tetra-metallated ethene.
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2. Complexes Containing > 4 Metal Atoms

(a) Iron–ruthenium
Much of the chemistry of peripheral C2 clusters of iron and ruthenium

has been reviewed.35 Evolution of permetallated ethynes via cluster build-up
to permetallated ethenes and ethynes is discussed, sequential additions of
metal fragments occurring in addition to thermal redox and thermal
condensation reactions.

Further transformations of the Fe2Ru2 cluster 300 (above) occur with
gradual formation of 317 and Fe2Ru6 cluster 318, suggesting formation of
the latter either by reaction of 300 with Ru3(CO)12 or by dimerization of 317
(Scheme 59).496,497 Compound 318 is thermodynamically the most stable
species. Addition of Fe2(CO)9 to 300 gave a low yield of yellow FeRu2
(m-H)(m3-C2Fp*)(CO)9 (319). On heating 317 in refluxing toluene, black
heptanuclear Fe2Ru5 (320) and FeRu6 (321) clusters are formed by assembly
of the metal fragments around the C2 ligand. Thermolysis of 317 gives a
trace of 318 and the black ethynyl-containing cluster 321. Oxidation
([FcH]þ ) of [Ru3{m3-C2[Fe(CO)2Cp]}(CO)9]

" (from 319, KOH and [ppn]Cl)
produces 318 in moderate yield, together with 320.

The purple-grey Fe2Ru6 cluster 318 contains an Ru4 square, the four
edges each being bridged by Fe or Ru atoms and supporting two m6-C2

ligands on opposite sides of the square, which each interact with the boat-
shaped Fe2Ru4 array, each C atom capping a triangular face; the c.v.e.
count is 124 if the C2 ligand is an 8-e donor. The C–C separations are
1.334(8), 1.354(7)(4) Å, i.e., similar to a C(sp)–C(sp) single bond, but the
C2M6 arrangement is that of a permetallated ethane. In the 13C NMR
spectra, the C2 resonances are at d 203.2 and 209.0, with CO groups at d
190.5–210.4 and at d 243.4 (m-CO). A rapid fluxional CO-exchange
process on ruthenium is indicated by the 13C NMR spectrum. The Fe2Ru5
complex 320 contains two m4-C2Fp fragments attached to the butterfly
portions of a 112 c.v.e. ‘‘arrowhead’’ Ru5 cluster and is probably formed by
dimerization of an intermediate radical species. Any dissociation of CO
occurs from the more labile iron centre. In the black FeRu6 cluster 321, the
m5-C2 ligand is attached to an open-envelope FeRu4 portion and a m5-C2H
fragment is in extended interaction with the FeRu5 portion of the open M8

cluster, on opposite sides of the central FeRu3 square. The C–C separations
in the C2 ligands in 320 and 321 are 1.334, 1.354(8) Å (C2), and 1.334(9)
(C2), 1.420(9) Å (C2H), respectively.

(b) Ruthenium
Products from {Ru(CO)2Cp

0}2(!–C!C). Reactions of {Ru(CO)2Cp
0}2

(m-C#C) (Cp0 ¼Cp, Cp*) with Ru3(m-dppm)(CO)10 have given dark green
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complexes Ru5(m5-C2)(m-dppm)(m-CO)2(CO)7Cp
0 (Cp0 ¼Cp, CpMe) (322)

(55–74%).499 The reaction probably proceeds via a ring-opened
Ru3-dppm complex which coordinates the entering {Ru(CO)2Cp

0}2(m-
C"C) complex via the C2 ligand. The resulting cluster is a flattened
Ru-spiked butterfly, one edge of which is bridged by the dppm ligand. The
C2 ligand is attached to all five Ru atoms, two pairs being considered
‘‘substituents’’ to each of the carbons, while the C2 unit is Z2 bonded
to one of the hinge atoms; Ru–C distances are between 1.964 and 2.351(7)
Å. The C–C separations are 1.29(1) (Cp) and 1.308(9) Å (Cp*). The
geometry is similar to that found in Ru5(m5-C2)(m-PPh2)2(CO)11(py)2
(below). The Cp ligands are inequivalent and two resonances are
found for the dicarbide ligand.

On heating Ru4(C2)(m-CO)(CO)8Cp2 (308) coupling and condensation
to Ru7 (323) and Ru8 clusters (324) occurs, which are related by loss of
CO and formation of an extra Ru–Ru bond.105 Both contain similar
arrangements for seven of the eight Ru atoms, while the multi-site
attachments of the C2 ligands appear to be unique.

Ru5(C2)(!-SMe)2(!-PPh2)2(CO)11. The best studied cluster of this
type is Ru5(C2)(m-SMe)2(m-PPh2)2(CO)11 (325) obtained from Ru3(CO)12
and C2(PPh2)2 by a multi-step but efficient transformation which involves
synthesis of Ru3(CO)11{PPh2(C"CPPh2)}, its conversion to Ru5(m5-C2Ph2)
(m-PPh2)(CO)13 by thermolysis and oxidation with Me2S2. The chemistry
associated with these reactions has been reviewed.500,501

The ready migration of one H atom from a m3-HC2H ligand in
Ru3(m3-HC2H)(m-CO)(CO)9 to give Ru3(m-H)(m3-C2H)(CO)9

502,503 is not
followed by cleavage of the second C–H bond to give a cluster-bonded C2

unit. An alternative approach to the stabilization of reactive molecules on
small metal clusters is by C–P bond cleavage.504,505 In the case of P–Ph
bonds, as found in tertiary phosphine ligands, this can be accompanied by
C–H bond cleavage to give m-benzyne complexes.506–508 This work has been
extended to acetylenic phosphines to give a multitude of unusual and
interesting complexes.509–513

Synthesis and structure of 325. The ease of cleavage of P–C bonds, usually
by thermolytic reactions of their trinuclear Group 8 cluster carbonyl
complexes, is P–C(sp)>P–C(aryl-sp2)>P–C(vinyl-sp2)>P–C(sp3).514

When applied to {Ru3(CO)11}2(m-dppa) [326; dppa¼C2(PPh2)2], in
which the C"C triple bond is not coordinated to either cluster moiety,
the product is formed by cleavage of one P–C(sp) bond and coordination of
the resulting diphenylphosphinoethynyl group to a larger cluster formed
by condensation of the two Ru3 units with elimination of one ‘‘Ru(CO)4’’
group (Scheme 60). The resulting complex (327) is the source of much
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interesting chemistry, uncovered while searching for methods to break the
remaining P–C bond.500 An osmium analogue is also known.515

During these studies, several products indicated that cleavage of the
second P–C(sp) bond had occurred, but it was not clear whether reaction
occurred before or after further reaction of the reagent with the C2PPh2
ligand. Thus, in reactions with alkenes, products such as Ru5(m4-PPh)
{m4-C2(CHCHR)CHCH2R}(m-PPh2)(CO)12 (328, R¼H, Me) and
Ru5(m4-PPh)(m-PPh2)(m-CO)(CO)10{Z

5-C5H3Me(CH¼CH2)} (329) were
formed.516 With buta-1,3-diene, the product 330 contains a cyclohex-1-
en-4-yne ligand (an isomer of benzene) formed by cycloaddition of the diene
to a C2 group.517 The formation of the phenylethynyl complexes 331 and
332 in reactions of 327 with oxirane518 or Co(CO)2Cp,

519 respectively,
occurs by formal elimination of PPh groups to the cluster. Successful
formation of a C2 complex was first achieved in the reaction between 327
and CO, which gave {Ru2(m-PPh2)(CO)6}2(m-C2) (see above).

The C2 cluster 325 was obtained as the end-product of a series of
reactions that occurs when 327 is treated with Me2S2 (Scheme 61).520,521

SCHEME 61
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This series of transformations occurs under mild conditions at reasonable
rates, allowing isolation of the various intermediates and demonstrating that
each could be induced to complete the transformation into 325. A second
molecule of Me2S2 adds to 325 to give 333, in which an Ru–Ru bond of the
Ru5 pentagon has been broken.

The first isolable product is 334 which on heating undergoes the desired
P–C(sp) bond cleavage to give 335, in which the C2 ligand is attached to all
five metal atoms in an asymmetric fashion. Thermal decarbonylation results
in Ru–Ru bond formation to give 325, in which the C2 ligand sits atop
the open pentagonal Ru5 cluster. Notwithstanding the relatively large
number of intermediates, 325 is isolated in over 80% yield. The analogous
complexes Ru5(C2)(m-SMe)2(m-PBu2)2(CO)11 (336)522 and 337523 have
also been reported. The latter was obtained from a reaction between 327
and CH2¼CMeCH2CMe(CH2Cl)2, together with Ru5(m-H){m5-CC(PPh2)}
(m-Cl)(m-PPh2)(CO)12.

In 325, the C2 ligand sits atop the open puckered Ru5 cluster, which
allows ready attack by incoming reagents. The Ru–C separations
range between 2.133 and 2.470(3) Å, with a C–C bond length of
1.307(5) Å, consistent with a multi-site attachment of the ethyndiyl ligand.
Nuclei C(1) and C(2) resonate at dC 184.9 and 206.7, respectively.
Theoretical studies have been carried out on 325 (see Section IX.D)489 after
a preliminary study of the model Ru5(m5-C2)(m-SH)2(m-PH2)2(CO)11.

524

The C2 ligand carries an overall negative charge, resulting in its
displaying nucleophilic character. To some extent, its reactivity is consistent
with formulation as a metallated m3-vinylidene complex. Additionally,
one of the HOMOs is centered on an SMe group bridging the non-bonded
Ru(3)–Ru(4) vector, which results in its adopting m3 bonding in several of
the reactions of 325. The complex has 80 cluster valence electrons (c.v.e.) as
expected for an M5 system if the C2 ligand acts as a 6-electron donor.

Ru5(!5-C2)(!-PPh2)2(CO)11(py)2 (338). This complex was obtained
from 327 and pyridine together with the ethynyl cluster Ru6(m6-C2H)
(m3-NC5H4)(m-PPh2)2(m-CO)(CO)12 (339) and other products formed by
metallation of a pyridine ligand without cleavage of the P–C(sp) bond.525,526

(c) Cobalt
The reaction between Co2(CO)8 and CS2 at r.t. for 2–3 h affords a

mixture of solid materials and other complexes present in the supernatant.
Repeated extractions of the solid phase gave black Co6(C2)(m4-S)(CO)14
(340) which contains a boat-like Co6 skeleton (a Co4 square with two
opposite edges each bridged by a Co atom) supporting a C2 unit between the
extremities.527 The Co(basal)–Co(basal) and Co(basal)–Co(ap) separations
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are 2.590–2.619(3) and 2.490–2.562(3) Å, respectively. The structure is
derived from a trigonal prismatic Co6 core (of idealized C2v symmetry) by
insertion of the C2 group into one of the edges linking the triangular faces.
Alternatively, it is related to the eclipsed rotamer of {Co3(CO)9}2C2 with
some tilting, as in the related Co3Fe3 complex 275. The two apical Co atoms
and the C2 unit are co-planar and inclined at 81! to the square Co4 base
which is capped by the sulfur atom. It is likely that p-electron density is
delocalized along the Co(ap)CCCo(ap) unit. Each carbon of the C2 unit is
attached to the nearest Co3 unit by one short (1.81 Å) and two long (2.01 Å)
C–Co bonds, while the C–C separation is 1.37(2) Å. There are eight terminal
CO and six m-CO ligands, the latter bridging all peripheral edges. Detailed
discussions of the n(CO) and IR modes of the C2SCo6 core are given;
the weak n(CC) band is at 1444 cm"1. A smooth reaction with CO gives
{Co3(CO)9}2C2 (271; q.v.) (60%).

The olive-green selenium analogue of 340 has been isolated from
the reaction of Co2(CO)8 and CSe2 and identified from its IR
spectrum [n(CC) 1446 cm"1].528 Both complexes probably originate from
mono-carbon species, such as Co3(m3-CX)(CO)9 (X¼ S- or Se-containing
group).
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(d) Heterometallic complexes
MnRu5(!-C2)(!-SMe)2(!-PPh2)2(CO)10þ 2n (M¼Fe, Ru; n¼ 1, 2). Reactions

of 325 with Group 8 carbonyls result in cluster growth, the hexa- (341) and
heptanuclear compounds (342) being formed.529,530 In these, the C2 ligand
acts as a collar, allowing permetallabicyclo[2.2.0]hexane frameworks to
be constructed. Each carbon is found associated with an approximately
square face, the added M(CO)n groups forming the hinge atoms. The SMe
groups span the outer metal atoms and probably prevent further
encapsulation of the C2 ligand.

ConRu5(!-C2)(!3-SMe)2(!-PPh2)2(CO)10þ 2n (n¼ 3, 4). Related com-
plexes are found in products from reactions between 325 and Co2(CO)8,
in this case the CM4 face being capped by Co(CO)n groups to give octa-
(343) and nona-nuclear products (344).529,531 In the latter, the C2 unit
interacts with eight of the nine metal atoms.
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NinRu6!n(!-C2)(!-SMe)2(!-PPh2)2(CO)10!nCpn (n¼ 1, 2). Two pro-
ducts were obtained from the reaction between 325 and nickelocene. The
metal core in 345 is closely related to those found in the Fe, Ru, and Co
carbonyl adducts mentioned above, migration of Cp from Ni to Ru having
occurred. In the second product 346, an interesting disorder is found in the
solid-state in which the C2 ligand adopts a conformation either orthogonal
to (346a) or parallel to the Ni ! ! !Ni vector (346b).532

Other systems. Heating 347 (Scheme 62) [from Os3(CO)10(NCMe)2 and
W(C"CC"CPh)(CO)3Cp*] in refluxing toluene results in incorporation of
the tungsten atom in the cluster and cleavage of the central C–C bond in the
diyne to give 348.533 Oxidation gives the ketenyl cluster 349 which loses CO
on heating to form the benzylidyne (350), the yield increasing to 92% yield
under CO. Notable is the oxidative conversion of alkynyl to carbyne and
CO which has occurred:

R”C"C”þO2!R”C¼C¼O!R”C"þC"O

3. Reactions of Peripheral C2 Clusters

Although a relatively complicated molecule with several potentially
reactive sites, the ready availability of 325 allowed a study of its
reactions and led to the characterization of many other complexes
containing cluster-bonded C2 ligands. Although the details of reactions
involving (i) substitution of CO by other donor ligands (PR3, CNR),
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(ii) reactions of the C2 unit with nucleophilic reagents, and (iii) construction
of larger clusters retaining the C2 ligand have been given elsewhere,501,534

the following summarizes the salient points of the chemistry and brings the
earlier surveys up-to-date. The Ru5 core undergoes ready transformations
by making and breaking of Ru–Ru bonds, so that during the course of these
studies, examples of complexes with more than ten different cluster
geometries have been identified.

General features found in these reactions suggest that one of the C2

carbons enters into a reaction (insertion, addition, etc.) while the other
becomes more tightly bound to at least four of the five Ru atoms, giving a
CRu4 system related to that found in metal cluster carbides such as
Ru5C(CO)15. Other geometrical changes result from facile reorganization of
the bridging SMe and PPh2 ligands, coupled with the flexibility (or softness)
of medium-sized cluster frameworks. When the cluster geometries are
considered, we conclude that the conformations are determined by the

SCHEME 62
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nature of the organic ligands present, again revealing the ready
deformability of the cluster core.

(a) Reactions with donor ligands
With dihydrogen, one carbon of the C2 ligand inserts into the H–H bond

to give a m3-vinylidene in 351.524,535 The latter is fluxional via a windscreen-
wiper-like oscillation between the two Ru3 faces, with !Gz estimated at
60.3 kJ mol!1. The 80 c.v.e. cluster exhibits lengthening of the Ru–Ru bonds
(average 3.03 Å).

Expansion of the Ru5 cluster (average Ru–Ru separation 2.961 Å) occurs
in the reaction with CNBut to give 352, pulling the C2 ligand almost into the
Ru5 plane and shortening the C–C separation to 1.22 Å, again indicating
that it is acting as a four-electron donor.536,537 Decarbonylation affords 353,
with the isocyanide occupying a position opposite the shortest Ru–C vector.
A mechanism involving reversible displacement of one of the SMe groups
from Ru(3) has been suggested.

The usual Me3NO-activation of 325 in the presence of MeCN affords
a mono-MeCN derivative. Subsequent reactions with tertiary phosphines
have given complexes 354 [L¼PMe2Ph, PPh3, P(OMe)3] in which L
occupies the same site as CNBut in 353 above.537 One Ru5 cluster can be
attached to each end of PPh2C#CPPh2. With bidentate phosphines, such
as dppm, or functional phosphines [PPh2(C6H4NH2-4), PPh2(C6H4CH¼
CH2-4)], a variety of Ru–Ru bond cleavage or C–C bond formation
reactions, were described.479,543

(b) Reactions with unsaturated hydrocarbons
The major products from 325 and 1-alkenes are substituted vinylidenes

355 (R¼CH¼CHR0, R0 ¼H, Me, Ph, CO2Me), resulting from insertion
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of one carbon of the C2 ligand into a C–H bond.524,535 The fluxional process
involving the vinylidene ligand is more facile than that found for 351.

Cycloaddition of buta-1,3-diene to the C2 ligand affords 356, containing
complexed cyclohex-1-en-4-yne, this time attached to an Ru3 face.538

With cyclopenta-1,3-diene, formal insertion of one of the C2 carbons into a
C¼C double bond occurs (possibly via a three-membered ring and ring-
opening) to give 357.539 Two molecules of the cyclic diene have been
incorporated into the organic ligand, which shows C¼C double bond
disorder.

The four main types of complex obtained from 325 and alkynes are
illustrated in Scheme 63.540–542 Rather than insertion into the "C–H bond,
coupling of the C2 ligand with 1-alkynes gives 358 which contains a
ruthenacycle which has an Z4-interaction with a second Ru atom, as found
in the dimerization of alkynes on Ru3 clusters. The Ru5 cluster becomes
flattened, as found in 352. Under CO, extrusion of an Ru(CO)n group
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occurs, although this remains in the complex by virtue of attachment via
the m-SMe and m-PPh2 groups in 359. Thermal decarbonylation is
reversible (R¼Ph, SiMe3) and also affords 360 and 361. While not formed
by heating 358 directly, 360 and 361 are also formed in reactions of
disubstituted alkynes with 325. Again, heating 361 (R¼Ph) results in
decarbonylation to 360 (R¼Ph). In the latter, the Z2 interaction is no longer
found, a new Ru–Ru bond giving an open-envelope Ru5 cluster (78 c.v.e.).
Coupling of HC"CR (R¼Ph, SiMe3), CO, and SMe with the C2 group
in 325 gives the RCCHC(C)C(O)SMe ligand in 362.543

SCHEME 63
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End-to-end coupling of the C2 ligand with HC!CR (R¼But, SiMe3)
gave the first examples of cluster-stabilized butatrienylidene ligands in 363;
one SiMe3 group is lost from C2(SiMe3)2 during the reaction. Treatment of
363 (R¼ SiMe3) with KOH/MeOH affords the parent butatrienylidene
complex 363 (R¼H), which adds CO to give 364 via Ru–C and Ru–S bond
making and breaking reactions (Scheme 64).544,545 Other products obtained
from the reaction between 325 and C2(SiMe3)2 include 365, formed by
coupling two alkyne molecules to the C2 ligand with partial desilylation
and loss of one SMe group [possibly as SiMe3(SMe)]. The formation of
366 in the same reaction suggests the intermediacy of a vinylidene
ligand, since the vinylacyl ligand formally incorporates C2, CO, HC2SiMe3,
and C¼CHSiMe3.

545

With 1,3-diynes such as PhC!CC!CPh, complexes of types 359, 360,
and 361 are formed, the diyne behaving as a phenylethynyl-alkyne. Minor
amounts of 367, in which two diyne ligands have added to one carbon of the
C2 ligand to give a branched-chain C10 ligand, and 368, in which one SMe
group has inserted into an Ru–C bond to give a four-membered
metallacycle, are also isolated.546

B. Interstitial C2 Clusters

In this Section, transition metal clusters encapsulating C2 ligands, and
also those with two or more carbide (C) ligands, will be covered. Methods
that have been used for the synthesis of dicarbide clusters include:

(a) thermolysis of mono-carbide clusters;
(b) in situ redox condensation reactions;
(c) reactions of anionic metal carbonyls with a C2 source (C2Cl4 or C2Cl6).
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Table XIV summarizes the reported examples and includes systems
with between 8 and 38 metal atoms; sketches of the central cluster cores of
some of the complexes are given in Figs. 12, 13, and 14.

1. Homometallic Systems

(a) Iron and Ruthenium
On heating Ru5(m5-C2PPh2)(m-PPh2)(CO)13 (325; see above) with

Ru3(CO)12 in cyclohexane under CO (45 bar), Ru8(C)2(m-PPh2)2(CO)17
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(369/Ru) is formed.547 The cluster core is made up of a square pyramid fused
to an octahedron, with one carbon atom in each fragment. The isostructural
mixed-metal cluster Fe3Ru5(C)2(m-PPh2)2(CO)17 (369/Fe) is found (35%)
among the products obtained from heating 325 with Fe2(CO)9 (toluene,
100 !C, 40 h).548,549

Deep purple [NEt4]2[Ru10(C)2(m-CO)4(CO)20] (370; Scheme 65) was first
reported in 1982, being obtained in 35% yield by thermolysis of [NEt4]2
[Ru6C(CO)16]

2" (tetraglyme, 210–230 !C, 80 h).40,550,551 The yield is sensitive
to the counter-ion (Naþ , [ppn]þ , [NEt3(CH2Ph)]

þ resulted in decomposi-
tion), although a synthesis of the [ppn]þ salt in up to 50% yield
was achieved from Ru3(CO)12 and calcium carbide, followed by
addition of [ppn]Cl.552 The carbide resonance is at d 457, with CO exchange
between m-CO and one set of terminal CO ligands (interchange of bridged

Complexes Containing All-Carbon Ligands 379



TABLE XIV
SOME STRUCTURAL DATA FOR INTERSTITIAL CARBIDO CLUSTERS

No. Cluster c.v.e.a M–M/Å M–C/Å C–C/Åb Ref.

A. Fe/Ru
369/Fe Fe3Ru5(C)2(m-PPh2)2(CO)17 112 2.648(3) (Fe–Fe) 1.89–1.94 (Fe) [2.46] 547

2.664–2.913(3) (Fe–Ru) 2.01–2.15 (Ru)
2.733–2.946(3) (Ru–Ru)

369/Ru Ru8(C)2(m-PPh2)2(CO)17 112 2.738–2.984(3) 1.982–2.162(9) [2.56] 548,549
370 [Ru10(C)2(CO)24]

2! 138 2.803–3.098(2) 2.07 (av.) [2.984] 550–552
3.122, 3.138(2)*

371 [Ru10(C)2(m-C2Ph2)(CO)22]
2! 138 2.783–3.004(1) 2.06 (av.) [3.001] 553

2.711, 3.823(1)*
372 Ru10(C)2(m-C2R2)(CO)23 (R¼Ph, tol) 138 2.786–3.076(2) 2.07 (av.) [3.029] 554

2.738, 3.892(2)*
373 [Ru10(C)2(m-C3H4)(CO)23]

2! 138 2.802–3.028(3) 2.045 (av.) [2.994] 555
3.049, 3.135(3)*

374 [Ru10(C)2(m-C3H4)2(CO)20]
2! 138 2.819–2.990(1) 2.05 (av.) [3.034] 555

3.038, 3.084(1)*
376 Ru10(C)2(CO)23(nbd) 138 2.764–3.206(2) 1.95–2.08 [3.004] 556

2.939, 3.876(2)*
377 Ru10(C)2(m-C2Ph2)(CO)22(nbd) 138 2.759–3.272(5) 2.065 (av.) [3.016] 556

2.748, 3.839(5)
378 Ru10(C)2(m-CH2)(CO)22(nbd) 138 2.794–3.061(1) 2.074 (av.) [3.039] 557

3.071, 3.106(1)*
379 Ru10(C)2(m-H)(m3-CH)(CO)22(nbd) 138 557

B. Co
380 [Co9(C2)(CO)19]

2! 127 2.514–2.780(4) 1.96, 2.04(2) 1.39(2) 558
2.588 (av.)

381 [Co11(C2)(CO)22]
3! 152 2.48, 2.60 1.86–2.37 1.62, 1.66(5) 558
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382 [Co13(C2)(CO)24]
4! 175 2.390–2.789(5) 1.90–2.06(2) [2.986] 560

2.57 (av.) (av. 1.98)
383 [Co13(C2)(CO)24]

3! 174 2.387–2.745(4) 1.97 (av.) [2.554] 561
2.575 (av.)

C. Rh
384 Rh12(C2)(CO)25 164 2.67–2.97 2.22–2.64 1.48(2) 562

2.79 (av.)
385 [Rh15(C)2(CO)28]

! 200 2.738–2.988 1.93–2.12 570,571
2.87 (av.) (av. 2.04)

386 [Rh12(C)2(CO)24]
2! 166 2.754–2.834 2.12 (av.) [3.30] 563

2.773 (av.)
387 [Rh12(C)2(CO)23]

4! 166 2.829 (av.) 2.13 [3.371] 563,567
388 [Rh12(C)2(CO)23]

3! 165 2.660–3.157(2) 2.125 (av.) [3.20, 3.32] 565
2.831 (av.)

389 [Rh14(C)2(CO)23]
2! 182 2.570, 2.771–2.830(1) 2.14 (av.) [10.00] 568

2.778 (av.)
390 [Rh15(C)2(m-I)2(CO)24]

3! 200 2.694–3.173(1) 2.06 [3.468] 572
2.89 (av.)

D. Ni
391 [Ni10(C2)(CO)16]

2! 140 2.42, 2.65, 2.92 (av.) 2.08 (av.) 1.405 573
392 [Ni11(C2)(CO)15]

2! 148 2.541 (av.) 2.069 (av.) 1.46(2) 574
393 [Ni12(C2)(CO)16]

4! 162 2.524 (av.) 2.062 (av.) 1.43(2) 574
394 [Ni16(C2)2(CO)23]

4! 222 2.355–3.028 1.935–2.176 (av. 2.07) 1.38 (av.) 575
2.604 (av.) [2.88]

395 [Ni32(C)6(CO)36]
6! 422 2.397, 2.461, 2.634 2.062 (av.) [3.17–3.28] 576

396 [Ni32H(C)6(CO)36]
5! 422 577

398 [Ni35(C)4(CO)36]
6! 444 2.350–2.975(2) [3.62, 3.72] 578

399 [Ni38H(C)6(CO)36]
5! 482 2.402–2.633 2.061 [3.25–3.32] 577,579

E. Ru–Pd
400 [Pd2Ru12(C)2(CO)30]

2! 184 Pd–Ru 2.776 (av.) 2.08 (av.) [5.44] 580
401 [Pd4Ru12(C)2(CO)32]

2! 208 Pd–Pd 2.778 (av.) 2.08 (av.) [6.72] 580
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TABLE XIV
Continued

No. Cluster c.v.e.a M–M/Å M–C/Å C–C/Åb Ref.

Pd–Ru 2.813 (av.)
402 Pd8Ru10(C)2(m-C3H5)4(CO)27 234 Pd–Ru 2.917 (av.) 2.085 (av.) [6.33] 580

F. Ru–Ag
403 [Ag3Ru10(C)2(m-Cl)(CO)28]

2! 182 Ag–Ag 2.8074 (av.), 3.3498 2.066 (av.) [7.42] 581
Ag–Ru 2.917 (av.)
Ru–Ru 2.855 (av.)

G. Co–Ni
404 [Co6Ni2(C2)(CO)16]

2! 114 2.603 (av.) 1.993 (av.) 1.49(1) 582,583
405 [Co6Ni2(C2)(CO)14(NCMe)2]

2! 114 2.605 (av.) 1.998 (av.) 1.49 582
406 [Co3Ni7(C2)(CO)16]

2! 137 2.34–2.80 1.90–2.15 (av. 2.07) 1.48(2) 584
407 [Co3Ni7(C2)(CO)15]

3! 138 1.43 584

H. Rh–Au
408 Au4Rh10(C)2(CO)20(PPh3)4 190 Au–Rh 2.826 (av.) 2.01–2.11 [2.98] 586

Rh–Rh 2.895 (av.)
409 Au4Rh10(C)2(CO)18(PPh3)4 186 Au–Rh 2.825 (av.) 2.00–2.11 [2.99] 586

Rh–Rh 2.888 (av.)

aCalculated with C giving 4 e, C2 giving 6 e.
bValues in [ ] are non-bonded distances.
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FIG. 12. Some cobalt and rhodium clusters containing interstitial C2 ligands or two C atoms: (a) [Co9(C2)(CO)19]
2! (380);

(b) [Co11(C2)(CO)22]
3! (381); (c) [Co13(C)2(CO)24]

3! (382); (d) Rh12(C2)(CO)25 (384); (e) [Rh12(C)2(CO)24]
2! (386); (f) Rh12(C)2(CO)23]

4! (387);
(g) [Rh15(C2)(m-I)2(CO)24]

3! (390).
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FIG. 13. Some nickel clusters containing interstitial C2 ligands or four or six C atoms: (a) [Ni10(C2)(CO)16]
2! (391); (b) [Ni12(C2)(CO)16]

4! (393);
(c) [Ni16(C)4 (CO)23]

4! (394); (d) [Ni32(C)6(CO)36]
6! (395); (e) [Ni34H(C)4(CO)38]

5! (397); (f) [Ni35(C)4(CO)39]
6! (398); (g) [Ni38H(C)6)(CO)42]

5! (399).
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FIG. 14. Some heterometallic clusters containing interstitial C atoms: (a) [Pd2Ru12(C)2(CO)30]
2! (400); (b) [Pd4Ru12(C)2(CO)32]

2! (401);
(c) Pd8Ru10(C)2(m-C3H5)4(CO)27 (402); (d) Ag3Ru10(C)2(m-Cl)(CO)28]

2! (403); (e) [Co6Ni2(C2)(CO)16]
2! (404); (f) [Co3Ni7(C2) (CO)16]

2! (406) (Co/
Ni atoms disordered); (g) Au4Rh10(C)2(CO)18(PPh3)4 (409).
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and non-bridged apical–equatorial Ru–Ru edges results in racemization
of the cluster). The structure of the cluster anion is closely related to that
of the well-known Ru6C(CO)17 carbido-cluster and consists of two
edge-fused octahedra, each containing a carbon atom [Ru–C 2.07 Å (av.)].
Each Ru has two terminal CO groups, four bridging CO ligands
linking Ru2 pairs (except on the fused edge). The triangular faces are
alternately large and small, with individual Ru–Ru separations falling
within five groups between 2.803 and 3.098(2) Å. The Ru(ap) ! ! !Ru(ap)
separations are 3.122 and 3.138(2) Å, which is probably a result of apical
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Ru(CO)2 group repulsions, which also lead to a small twisting between the
octahedra.

Unlike the other clusters considered in this Section, a limited chemistry
has been described for the dianion. The thermal reaction with C2Ph2
at 125 !C affords red-purple [Ru10(C)2(m-C2Ph2)(m-CO)4(CO)18]

2" (371,
R¼R0 ¼Ph), in which the two apical Ru atoms are now joined with the
alkyne bridging this bond. Heating in diglyme under CO, the parent cluster
anion is regenerated.553 Oxidative substitution of the dianion with alkynes
in the presence of [FcH]þ gives green Ru10(C)2(m-RC2R

0)(CO)23 (372,
R¼Ph, R0 ¼Me, Ph; R¼R0 ¼ tol). Ready reduction to the dianions occurs
with methanolic hydroxide.554 Facile migration of CO occurs over the
cluster framework.

The dianion reacts with allene to give bright purple mono- (373) and
red-purple di-substitution products (374) at the apical positions. The allene
can be removed under CO. In solution, dynamic processes involve the CO
groups.555 In contrast, the reaction with bicyclo[2.2.1]hepta-2,5-diene
(norbornadiene) gives red-purple [Ru10(C)2(CO)22(nbd)]

2" (375) which can
be oxidized to Ru10(C)2(CO)23(nbd) (376) by [FcH]þ under CO. In both
clusters, the diene is coordinated to an outer Ru atom. In the red-purple
mixed ligand derivatives Ru10(C)2(m-C2R2)(CO)22(nbd) (377; R¼Ph, tol),
the ligands occupy the same relative positions.556 Similarly, the CH2 group
bridges the apical Ru atoms in purple-brown Ru10(C)2(m-CH2)(CO)22(nbd)
(378), which is formed from 376 and diazomethane/[FcH]þ . On heating, the
brown hydrido-methylidyne tautomer 379 is formed reversibly, the
equilibrium mixture containing a 77/13 ratio of CH2/H(CH) at 80 !C.557

The Ru10C2 cluster dianion 370 has 138 c.v.e. and the HOMOs are
occupied M–M bonding and anti-bonding MOs. The Ru(ap)–Ru(ap)
separations are generally longer than 3.0 Å and are considered to be non-
bonding. Comparison of the core structures in the dianion and its
substitution products shows that coordination of the alkyne or allene results
in shortening of the Ru(ap)–Ru(ap) separations, e.g., to 2.738(2) Å in the
C2Ph2 complex (Table XIV). The formation of Ru(ap)–Ru(ap) bonds
appears to be a consequence of increased back-bonding of the alkyne
or allene, which changes the occupation of the two HOMOs. In addition,
either one or two Ru(ap)–Ru(hinge) distances are very long [at 3.292(2) Å
for the C2Ph2 derivative]. The difference in donor power between the two
ligand sets (CH2 2-e, H/CH 4-e) likely results in the lengthening of some
Ru–Ru bonds in the latter case, the cluster being able to accommodate
varying steric and electronic demands. Where only one ligand bridges
the apical Ru atoms, the octahedra bend about the equatorial hinge to
reduce the separation between one pair of Ru(ap) atoms, the other
necessarily increasing.
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(b) Cobalt
Pyrolysis of paramagnetic [Co6C(CO)14]

! (diglyme, 130 "C, 6–7 h)
has given paramagnetic [Co9(C2)(CO)19]

2! (380; Scheme 66) [g¼ 2.027
(thf, 123 K), linewidth 200 G, no hyperfine splitting], together with
[Co11(C2)(CO)22]

3! (381; see below).558 The dianion (but not the expected
trianion) has also been obtained from [Co(CO)4]

! and {Co3(CO)9(m3-C)}2.
Degradation occurs under CO: extended reaction times give [Co(CO)4]

! and
trace amounts of {Co3(CO)9}2C2. The Co9 cluster is a staggered three-layer
stack of Co3 units forming a D3h tricapped trigonal prism, the central one
being non-bonded and resulting in a barrel-shaped cluster which perfectly
fits the C2 fragment, with av. Co–C 1.96, 2.02(2) Å. The C–C separation is
short at 1.39(2) Å. In both the Co and Rh clusters [see (c) below],
the distribution of terminal and bridging CO groups is generally consistent
with balanced charge donation to the metals and is determined by non-
bonded contacts on the surface of the cluster core.

Fractional crystallization of the mixture of anions (as [NMe3(CH2Ph)]
þ

salts) obtained by thermolysis of [Co6C(CO)15]
2! in diglyme (140 "C,

10–11 h)559 or, better, [Co6C(CO)14]
! (130 "C, 6–7 h)558 affords

[Co11(C2)(CO)22]
3! (381) in up to 5–10% yield. The Co11 polyhedron can

be described approximately as either a tri-capped cube (idealized symmetry
C2v), with one stretched edge [Co(10)–Co(11)] reducing the symmetry to
Cs-m, or as a trigonal prism sharing a square face with a square pyramid, of
which two opposite edges are stretched, with the 11th Co capping a second
square face of the prism. The lengthening appears to be a result of
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accommodating a bonded C2 fragment [1.62(5) Å], one C atom being in the
prism and the other within the antiprism, since shortening of the two Co–Co
distances would lead to lengthening of the C–C separation to ca. 1.8 Å. The
Co–C distances average 2.10 (outer Co) and 2.26 Å (central Co).

Thermolysis of [Co6C(CO)15]
2! in diglyme (175 "C, 8 h) afforded

paramagnetic [Co13(C)2(CO)24]
4! (382) as the major product, isolated as

the black [NMe3(CH2Ph)]
þ salt.560 The ESR spectrum shows a strong

absorption at !120 "C (but not at r.t.) for S¼ 1/2, while at 4.2 K,
the anisotropy of the g tensor is found in the spectrum of the powder
(gzz¼ 2.031, gyy,xx¼ 2.183). The anion is oxidatively very sensitive in
solution, while under CO, it is slowly degraded to Co2þ and [Co(CO)4]

!.
Oxidation of the tetra-anion 382 with iodine in MeCN gives the trianion
[Co13(C)2(CO)24]

3! (383) quantitatively.561 The anion is stable in air for
a few hours, but solutions are quickly oxidized. Reduction with zinc
regenerates the tetra-anion, but reaction with CO leads to [Co(CO)4]

!,
Co3(m3-CX)(CO)9, and other clusters. In MeCN, reduction with zinc gives
the tetra-anion.

The cores of the two anions are isostructural with idealized C2 symmetry.
The closed Co13 polyhedron has ‘‘no resemblance to any simple geometrical
solid’’ and is best described as a 4 (square)/5 (three fused triangles)/
4 (square) stack. Two trigonal prismatic cavities each contain a carbon
atom. There are two uncapped rectangular faces, the remainder being
triangular. Of the 33 metal–metal interactions (36 are required for a
closed packed M13 polyhedron), the two longest [2.735, 2.789(4) Å] are
within the cluster. The connectivity of each cobalt ranges from four to eight,
with all Co atoms being bonded to at least one carbide atom. The overall
ranges of Co–Co distances in both anions tend to confirm the suggestion
that the extra electron is used to widen the prismatic cavities to
accommodate the carbide atoms.

(c) Rhodium
Treatment of [Rh6C(CO)15]

2! with FeIII gives Rh12(C2)(CO)25 (384;
Scheme 67) (79%), also formed by slow decomposition of
[Rh15(C)2(CO)28]

! (385; see below).562 Both anions are prepared by
similar reactions, the precise conditions favoring one over the other not
being determined. The metal core is one of the most irregular found, with
the Rh atoms arranged in a nearly parallel 4 (rhomb)/5 (irregular pentagon)/
3 (triangle) tri-layer core with average layer separation 2.2 Å. All but two
rhombic faces are triangular. The Rh12 core is conceptually related to the
Co11 core in 381 by adding a second m4-Rh capping atom. The central
10-vertex polyhedron in both is well-suited to accommodate the C2 unit, the
elongated edges being required for closer M–C bonding contacts. Thus,
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a more regular arrangement is inhibited by the presence of the carbon
atoms. The C2 unit occupies an irregular cavity derived from a trigonal
prism and a tetragonal antiprism fused via a rhombic face.

In contrast to 384 and 385, which readily fragment when treated with
common basic solvents, the dianion [Rh12(C)2(CO)24]

2! (386) is more
stable.563 On heating [Rh6C(CO)15]

2! and one equivalent of sulfuric acid in
propan-2-ol (70 "C, 30 min), this dianion is obtained in 80–90% yield.
The reaction proceeds via a reactive monohydrido cluster,564 detected by
NMR. In the absence of an acid, the prismatic Rh6 dianion is converted
into octahedral [Rh6C(CO)13]

2! after brief heating, while longer times give
[Rh12(C)2(CO)23]

4! (387) (below). The Rh12 cluster dianion has idealized
D2h-mmm symmetry, with a 4 (square)/4 (rhomb)/4 (square) layer structure
which forms two prismatic cavities each containing one carbon atom. Metal
connectivities range from four to seven, with most Rh–Rh separations lying
in the range 2.754–2.834(2) Å. Comparison with the Co13C2 cluster (above)
shows that they have closely related structures with an extra metal atom
being attached to the central layer to form a third triangle. The dianion is
isoelectronic with Rh12(C2)(CO)25, but the presence of a discrete C2 ligand
in the latter means they are not isostructural.

The dianion is reduced to the unstable paramagnetic trianion
[Rh12(C)2(CO)23]

3! (388) by NaOMe under hydrogen with 35–40% conver-
sion; a diamagnetic species thought to be [Rh12H(C2)(CO)23]

3! (d !15.25)
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is also formed.565 The latter is deprotonated by an excess of base. At 120 K,
the trianion gives ESR signals with g1 2.282, g2 2.198, g3 2.038; in solution,
slow decomposition occurs. The core structure of the trianion is similar
to that of the dianion, with a three-layer 4 (square)/4 (rhomb)/4 (square)
stack. The two C atoms are in the two prismatic cavities (mean Rh–C 2.125
Å). Comparison with the dianion shows an increase in both values,
indicating that the unpaired electron is in a delocalized anti-bonding
cluster orbital. ESR studies are interpreted in terms of the atoms lying in
the central plane, the unpaired electron residing in a HOMO derived
from dz2 and dxy orbitals.

566

The tetra-anion 387 is formed by treating the dianion with a large excess
of KOH or by prolonged thermolysis (refluxing propan-2-ol or diglyme) of
[Rh6C(CO)15]

2!, in 70–80% yield. With iodine, conversion to the trianion is
found, also formed by traces of water in MeCN or acetone solvent; the
tetra-anion is also unstable in methanol.565,567 The core structure is similar
to that of the dianion, with two prismatic cavities for the carbides, but loss
of one CO from an acute apex of the equatorial layer is compensated by
movement of two terminal CO ligands to the same bridging positions as in
the trianion, thus alleviating overcrowding in the dianion. Compared with
the dianion, the average Rh–Rh distance increases by 0.018 Å to 2.829 Å.
With increasing charge, there is a general increase in back-donation to CO,
giving shorter Rh–CO and longer C–O bonds The tetra-anion reacts with
acids under CO to give the hydrido-trianion and then the dianion; the
trianion is also formed by stoichiometric addition of iodine in acetonitrile
solution.

The reaction between [Rh(CO)2(NCMe)2]
þ (in MeCN) and

[Rh6C(CO)15]
2! (in aqueous acid) under CO gives dark violet

[Rh14(C)2(CO)33]
2! (389) by dimerization of a putative [Rh7C(CO)17]

!;
under CO in MeCN, fragmentation occurs to the smaller clusters, while
if halide is present, [RhX2(CO)2]

! is formed.568 Some 389 is also formed
from Rh8C(CO)19 under CO in acetonitrile/CH2Cl2. The Rh14 core
consists of two trigonal prismatic clusters bridged by an Rh2(m-CO)3 unit
attached to one triangular face of each Rh6C unit and, as such, does
not strictly fall within the scope of this section.

Oxidation (FeIII) of [Rh6C(CO)15]
2! under mild conditions gives a solid

which, when dissolved and kept under CO, affords Rh8C(CO)19.
569

Oxidation under nitrogen gives two different clusters, one of which has
been characterized as black [H3O][Rh15(C)2(CO)28] (385).

570,571 The anion
has C2v symmetry, two descriptions being (i) a centred pentagonal prism
capped on two basal and two side faces, or (ii) two octahedra sharing a
vertex, with four extra atoms forming tetrahedra with four faces also fused
with themselves. A possible growth mechanism involves capping of a
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trigonal prism (in the precursor dianion) and isomerization reactions. The
central Rh atom is twelve-coordinate but not close-packed. Short non-
bonding distances separate some Rh atoms atoms in the square faces which
contain the carbon atoms. The cluster contains two octahedral cavities
which contain the discrete carbon atoms with Rh–C distances somewhat
shorter than those found in trigonal prismatic cavities.

Reactions of [Rh12(C)2(CO)24]
2! with {RhCl(CO)}2 or [Rh(CO)2

(NCMe)2]
þ give an uncharacterized, possibly unsaturated, intermediate

which reacts with halides to give [Rh15(C)2(m-X)2(m-CO)14(CO)10]
3! (390;

X¼Cl, Br, I), which has also been obtained from the reaction of
[Rh12(C)2(CO)24]

2! with Rh4(CO)12 and iodide.572 The Rh15 core forms a
centred tetracapped pentagonal prism with C2v symmetry, closely related to
that found in [Rh15(C)2(CO)28]

!. The two halides span basal edges and
replace four terminal CO ligands. The carbide atoms occupy octahedral
cavities and give multiplet resonances at dC 388.

(d) Nickel
Selective formation of red [Ni10(C2)(CO)16]

2! (391; Scheme 68) occurs by
reaction of [Ni6(CO)12]

2! with C2Cl4 or C2Cl6 in yields up to 60%.573 It has
also been made by thermolysis of [Ni9C(CO)17]

2! in diglyme (120 $C).
The core consists of two Ni-capped trigonal prisms sharing a square face
and closely resembles the Co6Ni2 cluster 404 (below). The C2 unit resides in
a single cavity (in contrast with others above) with each C atom being
coordinated by seven Ni atoms. The C–C separation is 1.40 Å (the shortest
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reported so far). Under CO, reversible degradation to Ni(CO)4 and other
reactive dicarbido clusters occurs.

Controlled degradation of [Ni8C(CO)16]
2! or [Ni9C(CO)17]

2! with tert-
iary phosphines has given [Ni11(C2)(CO)15]

2! (392) and [Ni12(C2)(CO)16]
4!

(393) by a disproportionation-induced coupling via [Ni7C(CO)12]
2!.574

The frameworks are derived by successive capping of an Ni10C2 cluster. Each
C atom coordinated to seven Ni atoms (Ni–C 2.07 Å). Similarly, reaction
of 391 with PPh3 in thf affords [Ni16(C2)2(CO)23]

4! (394) quantitatively, and
this is also the main product (20%) from the reaction between [Ni6(CO)12]

2!

and C2Cl4 with [NMe4]
þ counter-ion (rather than [PPh4]

þ or [ppn]þ ) being
used.575 The core has a truncated distorted n2-octahedron (idealized
symmetry C2h) derived from fusion of two Ni10C2 units. Two C2 units
are incorporated into the cavity (C–C 1.38 Å, C # # #C 2.88 Å) with Ni–C
between 1.935 and 2.176 Å (av. 2.07 Å, as in Ni10).

Thermolysis of 394 (diglyme, 110 $C) gives 394 and [Ni32(C)6(CO)36]
6!

(395), together with Ni(CO)4. The two larger clusters can be separated by
virtue of their relative solubilities, the Ni32 cluster being the less soluble, its
salts separating during the reaction.576,577 The six carbon atoms cap six faces
of the inner Ni8 cube and form a non-bonded octahedron, being in square
antiprismatic cavities formed with the outer Ni24 shell. All CO groups
are edge-bridging [n(CO) 1889 cm!1] and resemble CO chemisorbed on a
nickel surface at low coverage.

Addition of acid in acetonitrile to the hexa-anion gives only traces of
[Ni32H(C)6(CO)36]

5! (396), although the penta-anion is stable in acetone.
Reduction (sodium/naphthalene, dmf) affords the hepta- and octa-anions,
which are stable for hours in solution, while oxidation (C7H7

þ ) regenerates
the hexa-anion and ultimately gives the unstable penta-anion.577 The
odd-electron species do not give ESR spectra.

Reactions of [Ni6(CO)12]
2! with C2Cl6 give [Ni34Hn(C)4(CO)38]

(6!n)!

(397, n¼ 0, 1), accompanied by 391 and 394. The monoprotonated
Ni34 cluster is best obtained by addition of H3PO4 to the hexa-anion in
MeCN.578 Each carbon is thus seven-coordinate and caps a square face of
the cubic-close packed Ni20 fragment. A trigonal prismatic cavity around
each carbon is formed by further addition of two Ni atoms to each square
face to give the Ni28C4 unit. There are 10 terminal CO, 26 m-CO, and two
m3-CO ligands, although the bridging groups are often unsymmetrical or
semi-bridging.

The closely related [Ni35(C)4(CO)39]
6! (398), isolated from the products

obtained by heating [Ni6(CO)12]
2! in CH2Cl2, has a structure formed by

formal addition of the extra Ni atom to either of the two centrosymmet-
rically related stepped faces in the Ni34 cluster.

578 The CO stereochemistry
is the same as found for the Ni34C4 cluster, except for the extra Ni(CO)
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group and change of one m-CO to terminal. In both, the presence of the
carbon atoms results in swelling of the lattice.

Even larger is the black [Ni38H(C)6(CO)42]
5! (399), which was obtained

from [Ni6(CO)12]
2! and hexachloropropene in tetrahydrofuran.577,579

Deprotonation to the hexa-anion occurs in acetone, while reversible
stoichiometric protonation (H2SO4) gives the penta-anion (in MeCN) or
[Ni38H6!nC6(CO)42]

n! (n¼ 2, 3) in acetone. The carbon atoms occupy
square antiprismatic cavities (Ni–C 2.061, C # # #C 3.25–3.32 Å). There
are six terminal CO and 36 m-CO ligands. Treatment with CO (1 atm.,
MeCN) generates the Ni32C6 hexa-anion by removal of nickel as Ni(CO)4.
The IR spectra suggests that a stepwise process proceeds through
[Ni38!nC6(CO)42!n]

6! (n¼ 1–6), all of which have (6nþ 19) valence
orbitals.576

Reduction (Na/C10H8, dmf) gives the hepta- and octa-anions (and
possibly nona-), which can be reoxidized with C7H7

þ , finally giving the
penta-anion. Addition of more oxidant results in decomposition to Ni(CO)4
and black insoluble material.577 Comparison of the hexa-anion with the
protonated penta-anion shows that the former has four well-defined
reversible redox processes (one oxidation, three reduction), while the four
processes (4-/8-) for the hydrido-anion are not so well resolved. The
presence of the hydride shifts the potentials by ca. 400 mV to more negative
potentials. The penta-anion decomposes slowly and the tetra-anion is
very unstable. Peak-to-peak separations>60 mV probably arise from some
structural rearrangements. The odd-electron species do not give ESR
spectra. Electrochemical studies of the Ni32C6 and Ni38C6 clusters show
sequences of five (5-/10-) or four (4-/8-) 1-e reduction steps in the CVs; the
HNi38C6 cluster also gives four 1-e processes, each shifted by !400 mV
compared with the non-protonated complex. Some structural changes may
accompany the reductions, which are separated by more than 60 mV.

The structures of the larger nickel cluster cores are closely related.
For 395, the cluster has idealized Oh symmetry and is formed from an Ni8
cube inside a truncated octahedral Ni24 shell (Ni–Ni 2.461 Å). The
average Ni(inner)–Ni(outer) distance is 2.634 Å, the Ni(inner) atoms
being 12-coordinate and lying 0.93 Å below the hexagonal face of the Ni24
shell. The Ni32C6

6! core is the same as that found in the Ni38C6 cluster
(see above) and identical to the Cr32C6 structural unit found in Cr23C6,
although the carbide atoms in Ni3C are enclosed in octahedral cavities in a
hexagonal close-packed Ni lattice. The core of 397 consists of a cubic close-
packed Ni20 core. Further, cluster build-up occurs by capping two of the
square faces adjacent to the two pentagonal faces, also capped, which
generates two stepped units (concave butterfly) on the surface, which are
also capped by two Ni atoms. The two remaining square faces are uncapped.
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In 398, the extra Ni(CO) group caps one of the four stepped faces. In both
clusters, the Ni–Ni separations range between 2.350 and 2.975 Å. Neither
metal framework is related to a close-packed metal lattice. Six of the
eight hexagonal faces of the truncated octahedral Ni32C6 core found in 395
are m3-capped by the extra Ni atoms in 399 (Ni–Ni 2.488, inter-layer Ni–Ni
2.633, outer edge Ni–Ni 2.459 Å; idealized D3d symmetry). The geometry is
similar to that found for [Pt38H2(CO)44]

2! except for the Pt8 inner core of
the latter, which is close-packed.

2. Heterometallic Systems

(a) Ru–Pd clusters
Treatment of ruthenium cluster carbide anions [Ru5C(CO)14]

2! or
[Ru6C(CO)16]

2! with {Pd(m-Cl)(Z-C3H5)}2 or [Pd(NCMe)4]
2þ afford high-

nuclearity systems containing two carbido atoms. The complexes
[ppn]2[Pd2Ru12(C)2(CO)30] (400), [ppn]2[Pd4Ru12(C)2(CO)32] (401) and
Pd8Ru10(C)2(m-Z-C3H5)4(CO)27 (402) have been characterized crystal-
lographically.580 In these compounds, two octahedral PdRu5C or Ru6C
cores are linked by other metal atoms.

(b) Ru–Ag cluster
Similarly, reactions between Agþ ions and [Ru5C(CO)14]

2! have given
[Ag3Ru10(C)2(m-Cl)(CO)28]

2! (403), which retains the square pyramidal
Ru5C core.581 The Cl atom is presumably derived from the [ppn]Cl or
[AsPh4]Cl used to provide counter-cations for this large anion. When
anchored inside mesoporous silica (MCM-41), the intact cluster core acts a
catalyst for hex-1-ene hydrogenation.

(c) Co–Ni clusters
Redox condensation of Co3(m3-CCl)(CO)9 with [Ni6(CO)12]

2! or better,
[Co3Ni9C(CO)20]

3!, gives [Co6Ni2(C2)(CO)16]
2! (404; Scheme 69).582 In thf,

extended redox behavior involves reversible 1-e reduction and two 1-e
oxidations: E(1-/2-) !0.04, (2-/3-) !1.24, (3-/4-) !1.48 V, each being stable
enough for ESR measurements. Chemical reduction gives only one relatively
stable complex which has not been fully characterized. Attempted
crystallization from acetonitrile gave [Co6Ni2(C2)(CO)14(NCMe)2]

2! (405).
In their [NEt4]

þ salts, both clusters are similar, consisting of two trigonal
prisms sharing a square face, with the carbon atoms in the prismatic cavities,
i.e., a fragment of a hexagonal lattice stabilized by filling with carbon
atoms.583 In 404, there are ten terminal CO and six m-CO ligands; the
two atoms with lower CO coordination are assumed to be nickel, and are
those coordinated by MeCN in 405. While the C–C separation is short at
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1.49 Å in both complexes, it is thought that the two atoms are kept
close together by the delocalized interaction with all metal atoms.

Redox condensation of Co3(m3-CCl)(CO)9 with [Ni9C(CO)15]
2! gives

paramagnetic [Co3Ni7(C2)(CO)16]
2! (406) [g¼ 2.05 (r.t.), some unresolved

fine structure is seen at !196 #C], which can be reduced to the trianion by
sodium in thf, the reaction being readily reversed by O2 or H2O (protic
solvents). The high reactivity of the latter has precluded its structural
characterization. Under a CO/H2 mixture, 406 gives ethane, [Co(CO)4]

! and
Ni(CO)4, while 404 gives methane. All anions are oxidized in air to Ni(CO)4,
CoCO3 and nickel.584 Treatment of 406 with methanolic NaOH results in
loss of CO to give [Co3Ni7(C2)(CO)15]

3! (407), which is stable in protic
solvents; treatment with acids gives 409 and Ni(CO)4.

584,585

The cores of 406 and 407 are each 3/4/3 stacks (alternatively described as
a bi-octahedron with a broken shared edge or as two distorted fused trigonal
prisms) with idealized symmetry C2h which encloses a C2 unit. The Co and
Ni atoms cannot be distinguished and are probably distributed randomly.
The carbides are in distorted seven-vertex cages (capped trigonal prisms)
with M–C distances between 1.90–2.15 Å (mean 2.07 Å).

(d) Rh–Au clusters
Reactions of the dianion [Rh12(C)2(CO)24]

2! with AuCl(PPh3) proceed
through several unidentified intermediates; with a large excess of
AuCl(PPh3), only [RhCl2(CO)2]

! remains in solution over a brown-red
precipitate. After addition of four equiv., however, almost quantitative
yields of dark red Au4Rh10(C)2(CO)20(PPh3)4 (408; Scheme 67) can be
isolated.586 This complex readily evolves CO to give brown
Au4Rh10(C)2(CO)18(PPh3)4 (409) and under CO, a reversible equilibrium
is established. Pure crystalline samples of both complexes have been
obtained from 1-methylpyrrolidin-2-one. The cluster is constructed of two
octahedra sharing an edge, each containing a carbon atom, with the six
Rh(eq) and two carbons being coplanar. Four Rh(ap) atoms and two
Rh(hinge) atoms define two tetrahedra, the outer faces of which are
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capped by the four Au(PPh3) units. The distribution of CO ligands is
more symmetrical in 408, with 10 terminal and eight bridging the outer
Rh(ap)–Rh(eq) edges. In 408, four Rh(eq)–Rh(hinge) edges are bridged by
CO, whereas in 409, the CO ligands attached to Rh(hinge) are disordered
and bend towards the corresponding Rh(eq) atoms. The Rh–C distances are
similar in both clusters. Addition of two CO ligands does not induce any
significant differences in the core geometries of the two complexes.
Conversion of the Rh12C2 precursor to 408 likely involves loss of two of the
rhodium atoms above the Rh6 plane, followed by core rearrangement to
close-packing.

C. C2 Groups in Group 11 Metal Clusters

1. Copper

The pale yellow tetranuclear ethyndiyl complex [Cu4(m4-Z
1 :Z2-C2)

(m-dppm)4][BF4]2 (410) is formed in 46% yield from a mixture of LiBu
and HC!CSiMe3 with [Cu2(m-dppm)2(NCMe)2][BF4]2.

587 The cation
contains a saddle-like Cu4(m-dppm)4 system, with the C2 unit occupying
the centre of a distorted rectangular Cu4 array, each copper being
three-coordinate. The C2 ligand acts as a 6-e donor and is attached in both
Z1 and Z2 modes. As found for other complexes [e.g., {Ru2(m-PPh2)
(CO)6}2(m-C2) (Section IX.A)], there is an approximately coplanar
arrangement of the C2Cu4 core, whereas an orthogonal system might be
expected from optimal overlap of the two p-orbitals. This conformation
probably arises from steric hindrance between the dppm ligands.
Consequently, the C–C distance is short [1.255 Å]. The Cu–C(Z1) separa-
tions are 1.913 Å and the Cu–C(Z2) distances 2.131 Å. The long Cu " " "Cu
separations are 3.245, 3.264(2) Å, much longer than the van der Waals
sum (2.8 Å) and indicative of minimal metal–metal bonding.

VT 13C and 31P NMR studies have shown that the C2 unit undergoes a
rapid fluxional process, assigned to a rotation within the Cu4 array with
associated flipping of the dppm ligands. Coalescence of the 31P resonances
found at d #9.6 (P attached to p-bonded Cu) and #12.3 (P attached to
s-bonded Cu) occurred at 182 K, while the carbon resonances in the
13C-enriched complex coalesced at 208 K to give a nine-line resonance at
d 149.4 [J(CP) 13.3 Hz]. For the two processes, !G# values of ca. 38 and
47 kJ mol#1 were measured. The relatively facile process is indicative of a
weak interaction between the C2 ligand and the four copper atoms, which
was confirmed by DFT calculations (calc. !G 32.9 kJ mol#1). The UV–vis
spectrum contains bands at 262 (dppm intra-ligand transfer), 374 nm
(C2#

2 ! Cu4 LMCT), while excitation (!>350 nm) produces intense
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relatively long-lived emissions at ca. 560 nm, also observed in the solid at
509 (r.t.) or 551 nm (77 K), probably arising from a spin-forbidden
transition from a triplet state. The luminescence is quenched by pyridinium
ions. The reduction potential of the excited state E!(3þ /2þ *) is #1.77 V
(vs. SCE), i.e., it is a strong reducing agent.

The related complex [Cu4(m4-C2)(m-PPh2-pypz)4][ClO4]2 (411; PPh2-
pypz¼ 2-PPh2-6-pyrazol-1-ylpyridine) was obtained (60%) from [Cu2
(m-PPh2-pypz)2(NCMe)2][ClO4]2 as air-stable orange crystals either by
adding the salt to a mixture of LiBu and HC%CSiMe3, or in lower yield,
NaC%CH.588 The carbons of the C2 ligand resonate at d 68.65 (cf. C2H2,
d 71.90). The C2Cu4 core has a butterfly conformation, containing two Cu2
units attached in both Z1 and Z2 modes. The Cu–C–C planes have a
dihedral angle of 129.0(3)!, probably because the phosphino-pyrazolyl
ligand has less steric hindrance than dppm. The C–C separation is 1.26(1) Å,
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with Cu–C distances of 1.931(6) (Z1) and 2.143, 2.215(6) Å (Z2). Both
coppers are 4-coordinate with the two Cu–Cu separations 2.843, 3.735(1) Å,
suggesting some cuprophilic interaction. In the electronic spectrum, absorp-
tion bands occur at 345, 364, 373, and 396 nm (C2!

2 !Cu4 LMCT), while
excitation at !>350 nm gives a blue-green emission at 408, 430, 448, 475
nm, with vibronic structure (2188, 2203 cm!1).

2. Silver

Reactions of ethyne with sources of Ag(I) afford insoluble yellow Ag2C2,
which is explosive when dry; alternative preparations are from AgNO3 and
C2(CO2Na)2 or Hg2C2. Although the structure of this material is unknown,
a series of adducts of Ag2C2 with AgX (X¼ halide, ClO4, NO3, SO4, etc.)
was first described over half a century ago589 and many of their interesting
structures have been revealed by recent investigations by Mak and his
group. A series of double, triple, and quadruple salts has been prepared by
dissolving the carbide in aqueous solutions of silver(I) salts, which also
contain AgBF4, and allowing to crystallize. In some cases hydrothermal
techniques have been used, such as heating the combined solution in a sealed
tube followed by slow cooling to allow crystallization.

The structures of several of these materials have been described, a
common feature being the encapsulation of the C2 unit within a cage of # 6
silver atoms. Examples of C2 units enclosed in trigonal pyramidal,
octahedral, capped polyhedral, rhombohedral, and triangulated dodecahe-
dra have been found, while extended structures involving edge- or face-
sharing Ag7 or Ag8 clusters are also known. The solubility of polymeric
{Ag2C2}n in aqueous solutions of silver salts presumably results from break-
up of the polymer by addition of the anion, or formation of cationic
[C2@Agn]

(n!2)þ species by addition of extra Agþ ions from the highly
soluble AgBF4, presumably driven by argentophilic interactions. These are
stabilized by appropriate anions and crystallize directly. Many of these
compounds are unstable in solution and cannot be recrystallized. Table XV
summarizes many of the significant features, while Figs. 15–20 contain plots
of the various C2@Agn fragments.

Polymeric layer or three-dimensional supramolecular structures are
achieved by the sharing of common vertices of the C2@Agn clusters or by
linking through bridging anions. Limitations to the degree of cross-linking
by incorporation of hydrophobic end-groups, such as those of coordinated
nitriles (RCN, R¼Me, Et) or perfluoroalkylcarboxylate anions (RFCO2

!,
RF¼CF3, C2F5), or the use of hydrophobic cations, such as [Ag(15-c-5)]þ

or [Ag(tmc)]2þ (tmc¼ 1,4,8,11-tetramethyl-1,4,8,11-tetra-azacyclotetrade-
cane) has enabled other discrete species to be isolated. If quaternary
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TABLE XV
STRUCTURAL CHARACTERISTICS OF COMPLEXES CONTAINING C2@Agn CAGES

No. Formulation Ag ! ! !Ag Ag–C C–C Cage/shape Ref.

412 Ag2C2 !AgNO3 2.163(3) (bent s) 1.225(7) C2@Ag6 590
2.432(1) (sym p) octahedral, shares corners

to give slab
413 Ag2C2 ! 2AgClO4 ! 2H2O 2.087(3), 1.212(7) C2@Ag6 591

2.108(6) (s)
2.3448(4)–2.596(4)
(unsym p)

octahedral, shares corners
to give layer

414 Ag2C2 ! 5.5AgNO3 ! 0.5H2O 2.9073–3.3604(5) 1.180(4) C2@Ag7 590
monocapped octahedron

415 Ag2C2 ! 5AgNO3 2.712–3.361(2) 2.051(5)–2.416(6) 1.22(1) C2@Ag7 590
(mixed s,p) monocapped trigonal prism

416 2Ag2C.2 ! 12AgO2CCF3 ! 5H2O 2.909–3.182(2) 2.15(1)–2.46(2) C2@Ag7 592
[2.739–3.185(2)] square-based basket

417 4Ag2C2 ! 23AgO2CCF3 !
7EtCN ! 2.5H2O

2.756–3.368(1) 1.20 C2@Agn (four types) (see text) 592

418 Ag2C2 !AgF ! 4AgO2CCF3 !MeCN 2.878–3.003(1) 2.14(1)–2.319(9) 1.21(1) C2@Ag7 593
monocapped trigonal prism

418 Ag2C2 !AgF ! 4AgO2CCF3 !EtCN C2@Ag7 593
monocapped trigonal prism

419 Ag2C2 ! 3AgO2C(CF2)2CO2Ag ! 7H2O 2.8848–2.9526(8) 2.111–2.521(6) 1.21(1) C2@Ag7 594
crown

420 Ag2C2 ! 5AgO2CCF3 !
2(15-c-5) !H2O (trihydrate)

shortest 2.954(1) 2.13–2.62 1.13–1.26(1) C2@Ag7
pentagonal bpyramid

595

421 2Ag2C2 ! 9AgO2CCF3 ! 2(15-c-5) ! 2H2O shortest 2.847(1) 1.13–1.26(1) (C2)2@Ag13 595
2 " distorted square
antiprisms share ! face

422 Ag2C2 ! 6AgNO3 2.9546(5)–3.0521(6) 2.089(9)–2.488(8) 1.22(2) C2@Ag8 590,597,599
elongated rhombohedron
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423 Ag2C2 ! 6AgO2CCF3 !
3MeCN

2.738–3.350(1) 2.20–2.31(1) (s)
2.35–2.67(1) (p)

fused tetrahedra! distorted
triangulated dodecahedron

592

424 Ag2C2 ! 4AgO2C(CF2)3CO2Ag !
17.5H2O

2.909–3.338(2) 2.12–2.61(1) 1.23(2) C2@Ag8
square antiprism

594

425 2Ag2C2 ! 6AgO2C(CF2)2CO2Ag !
AgNO3 ! 12H2O

2.901–3.354(1),
2.849–3.379(2)

2.11(1)–2.63(2),
2.16–2.49(1)

1.21(1),
1.22(1)

C2@Ag7
pentagonal bipyramid

594

426 [Ag(tmc)(BF4)][Ag6(C2)(O2CCF3)5
(H2O)] !H2O

2.818–3.366(1) 2.172(8)–2.497(9)
(s-type to all 7 Ag)

1.17(1) C2@Ag8
edge-sharing triangulated
dodecahedra (fused tetrahedra,
elongated and flattened)

601

427 [Ag(tmc)][Ag(OH2)(tmc)]2
[Ag11(C2)(tfa)12(OH2)4]2

2.8693–3.3236(7) 2.138–2.563(6) 1.212(8) {C2@Ag8}Ag
Ag-spiked bicapped trig prism

602

428 {Ag7(C2)(tfa)6[NMe3(CH2Ph)]}n 2.8076(9)–3.2835(8) 2.100–2.449(5) 1.203(8) C2@Ag8 603
square antiprisms fused
into column

429 Ag2C2 ! 8AgF 2.8441(4)–3.0863(5) 2.110–2.311(4) 1.175(7) C2@Ag9 604
capped sq antiprism

430 Ag2C2 ! 6AgO2CCF3 ! 2(15-c-5) !
H2O (0.5 hydrate)

shortest 2.830(1) 1.13–1.26(1) C2@Ag7
distort pentagonal bipyramid

595

431 2Ag2C2 ! 3AgCN ! 15AgO2CCF3 !
2AgBF4 ! 9H2O

2.879–3.316(1) 2.145(9)–2.59(1) 1.16(1) (C2)2@Ag13
2"C2@Ag8 share ! face

605

432 Ag2C2 ! 10AgO2CC2F5 ! 9.5H2O 2.811–3.265(1) 2.167–2.560(9) (C2)2@Ag14 592
2"C2@Ag8 square
antiprisms sharing edge

433 Ag2C2 ! 6AgO2CC2F5 ! 2EtCN 2.798–3.311(1) (C2)2@Ag14 592
distorted dodecahedron by
shared edges of C2@Ag8

434 [NEt4]3[2Ag2C2 !AgCN !
11Ag(tfa) ! (tfa)3 ! 6H2O]

2.106–2.592(7) 1.221(9) C2@Ag8
bicapped trigonal prism

606

C2@Ag8
triangulated dodecahedron

(Continued )

C
o
m
p
le
xe

s
C
o
n
ta
in
in
g
A
ll-C

a
rb
o
n
L
ig
a
n
d
s

4
0
1



TABLE XV
Continued

No. Formulation Ag ! ! !Ag Ag–C C–C Cage/shape Ref.

434 Ag2C2 ! 9AgO2CC2F5 !
3MeCN !H2O

2.845–3.332(1) 2.167–2.596(8) (C2)2@Ag16
2"C2@Ag9 edge-sharing
square antiprism with
Ag capping ! face

592

436 [NEt4]6[{2Ag2C2 ! 8Ag(tfa) !
(tfa)3 ! 2H2O}2]

2.11–2.59(1) 1.21(2),
1.18(2)

(C2)4@Ag24 by shared
edges of (C2)@Ag13

606
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ammonium cations are present, further examples of high nuclearity
complexes are obtained.

In most cases, there is no significant lengthening of the C–C separation
(range 1.13–1.26 Å), i.e., the C2 unit retains the triple bond. The Ag ! ! !Ag
distances range from 2.71 to 3.38 Å and suggest some degree of
argentophilic interaction (the Ag–Ag distance in metallic silver is 2.87 Å,
the sum of van der Waals radii 3.4 Å). The Ag ! ! !C interactions range
from 2.05 to 2.67 Å and are interpreted in terms of mixed s, p
bonding, which affords more flexibility than say, the end-to-end
arrangements found in MAgC2

200or the s,p-bridging mode in [Cu4
(m4-C2)(m-dppm)4]

2þ (above). The usual s and p orbital interactions
are considered to operate, although filled–filled interactions may
weaken the overall bonding [C–C 1.20; Ag–C (side-on) 2.45, 2.56;
(end-on) 2.19 Å]. In some instances, however, unambiguous s (end-on)
Ag–C bonds are present, as are p (side-on) Ag–C interactions. It is suggested
that as the size of the Agn cage increases, the structure of Ag2C2 should
be approached.

C2@Ag6. Two extreme arrangements of the C2 unit within an Ag6
octahedron are shown. A hydrothermal technique, whereby a solution of
Ag2C2 and AgNO3 in water was heated (105 #C for 48 h, then slowly cooling
to 80 #C) gave Ag2C2 !AgNO3 (412), in which octahedral C2@Ag6 units
are linked by their apices, firstly into slabs which are further aggregated
into a 3-D cationic network.590 Within the octahedron, the C2 unit is
parallel to two longer Ag ! ! !Ag edges, being p-bonded to equatorial Ag
atoms [Ag–C 2.432(1) Å]. Other Ag atoms are attached by ‘‘bent’’ s bonds
[Ag–C 2.163(3) Å]. In consequence, the C–C bond is lengthened to
1.227(7) Å, while there is a shift in n(CC) to lower energy. In
Ag2C2 ! 2AgClO4 ! 2H2O, the C2$

2 dianion is enclosed in an octahedral
Ag6 cage and interacts with the Ag centres in a m6-Z

1,Z1 :Z2,Z2 :Z2,Z2

mode (413).591 The C–C distance is 1.212(7) Å. An infinite linear chain

FIG. 15. C2@Ag6 clusters in (a) Ag2C2 !AgNO3 (412); (b) Ag2C2 ! 2AgCIO4 ! 2H2O (413).
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FIG. 16. C2@Ag7, clusters in (a) Ag2C2 ! 5.5AgNO3 ! 0.5H2O (414); (b) 2Ag2C2 ! 12Ag(tfa) ! 5H2O (416); (c) Ag2C2 !AgF ! 4AgOTf !MeCN (418);
(d) Ag2C2 ! 3AgO2C(CF2)2CO2Ag ! 7H2O (419); (e) {Ag2C2 ! 5Ag(tfa ! 2(15-c-5) !H2O} ! 3H2O (420); (f) {Ag2C2 ! 6Ag(tfa ! 2(15-c-5) !H2O)0.5H2O

(421); (g) 2{Ag2C2 ! 6AgO2C(CF2)2CO2Ag !AgNO3 ! 12H2O} (425).
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is formed between the C2 unit and Ag(2) atoms, while unsymmetrical p
bonds to Ag(3) serve to link adjacent chains.

C2@Ag7. Here, the C2 ligand is enclosed in complete or incomplete
capped trigonal prisms or octahedra; in some cases, the Ag ! ! !Ag
separations are >3.0 Å. Addition of AgNO3 to a slurry of Ag2C2 in
water at 80 "C gave Ag2C2 ! 5.5AgNO3 ! 0.5H2O, which contains a
monocapped octahedral Ag7 cage enclosing the C2 unit (414), which has
the C2 unit directed towards the capping Ag, with Ag–C and C–C
separations of 2.108(3) and 1.180(4) Å, respectively.590 The adduct
Ag2C2 ! 5AgNO3 was obtained from a mixture of Ag2C2 and AgO2CCF3

to which some AgNO3 had been added and contains a monocapped trigonal
prismatic Ag7 cage with two long edges (415). Here, mixed s, p-bonding
of the C2 unit is found [Ag–C 2.051–2.416(6) Å], the capping Ag being
p-bonded; the C–C distance is 1.22(1) Å.

Several aggregates were obtained from aqueous solutions containing
Ag2C2 with soluble AgBF4 and AgO2CRf [Rf¼CF3 (tfa), C2F5 (pfp)].592

In 2Ag2C2 ! 12Ag(tfa) ! 5H2O, two nearly identical C2@Ag7 baskets (416)
are found, each having a square base. Each C is bonded to four of the Ag
atoms [Ag–C 2.15(1)–2.46(2) Å]. The cages are linked by m-tfa groups to
give layers, which are further linked by tfa anions to give a 3-D network.
If EtCN is present, the adduct 4Ag2C2 ! 23Ag(tfa) ! 7EtCN ! 2.5H2O crystal-
lizes. This has a 1-D structure made up of a double-walled Ag column
consisting of four consecutive fused C2@Ag7 cages (417), two of which
are monocapped trigonal prisms, one a basket with an Ag4 base, and one a
severely distorted pentagonal bipyramid. The Ag ! ! !Ag distances range
between 2.756 and 3.368(1) Å with all C–C separations ca. 1.20 Å.

Similarly, addition of Ag2C2 to an aqueous solution of AgOTf and
AgBF4 (1/1) containing a few drops of RCN (R¼Me, Et) gave the triple
salts, Ag2C2 !AgF ! 4AgOTf !RCN.593 The structure contains a capped
trigonal prism containing the C2 unit (418) together with a lantern-shaped
Ag6(m3-F)(m3-OTf)2 cage. The two polyhedra share Ag ! ! !Ag edges to form
a honeycomb layer containing OTf anions in the hexagonal voids. The
nitrile is coordinated to the capping Ag(5) atom.

FIG. 17. Chain of C2@Ag7 clusters in 4Ag2C2 ! 23Ag(tfa) ! 7EtCN ! 2.5H2O (417).
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FIG. 18. C2@Ag8 clusters in (a) Ag2C2 ! 6AgNO3 (422); (b) Ag2C2 ! 6Ag(tfa) ! 3MeCN (423); (c) Ag2C2 ! 4AgO2C(CF2)3CO2Ag ! 17.5H2O (424);
(d) 2Ag2C2 ! 6AgO2 C(CF2)2CO2Ag !AgNO3 ! 12H2O (425); (e) [Ag6(C2)(tfa)5(OH2)]

" (426).
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FIG. 19. C2@Ag8Ag clusters in (a) Ag11(C2)(tfa)12(OH2)4]
! (427); (b) {[Ag7(C2)(tfa)6

[NMe3(CH2Ph)]}n. (428).

FIG. 20. (C2)2@Ag13 clusters in (a) 2Ag2C2 " 9Ag(tfa) " 12(15-c-5) " 2H2O (430);
(b) 2Ag2C2 " 3AgCN " 15Ag(tfa) " 2AgBF4 " 9H2O (431); (C2)2@Ag14 clusters in (c) Ag2C2 "

10Ag(pfp) " 9.5H2O (432); (d) Ag2C2 " 6Ag(pfp) " 2EtCN (433); (C2)2@Ag16 cluster in
(e) Ag2C2 " 9Ag(pfp) " 3MeCN H2O (435).
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The C2@Ag7 unit 419 in Ag2C2 ! 3AgO2C(CF2)2CO2Ag ! 7H2O forms
a crown-like cage, the C2 fragment having both p-type and 3c-2e
s interactions with the Ag atoms.594 Perfluorosuccinate dianions link the
cages in a zig-zag chain.

A series of trifluoroacetate-containing clusters was obtained by dissolving
Ag2C2 in solutions containing Ag(tfa) and 15-crown-5.595 In Ag2C2 !
5Ag(tfa) ! 2(15-c-5) !H2O ! 3H2O, the C2@Ag7 cluster is a pentagonal
bipyramid (420), with four equatorial edges bridged by CF3CO2 groups,
while the two apical Ag atoms are each attached to a 15-c-5 ligand. One
equatorial Ag is coordinated by monodentate CF3CO2 and H2O. The C2

unit has p interactions with three Ag atoms. A similar C2@Ag7 unit (421) is
found in Ag2C2 ! 6Ag(tfa) ! 2(15-c-5) !H2O ! 0.5H2O; here, the pentagonal
bipyramid is distorted so that only two p interactions are found. All
equatorial edges are bridged by CF3CO2, one Ag atom also carrying a H2O
ligand. Each apical Ag carries a 15-c-5 ligand. Two of these units are linked
through an Ag2(tfa)2 bridge.

C2@Ag8. The first example of these cage structures was found in the
compound Ag2C2 ! 6AgNO3 prepared from ethyne and 30% aqueous
AgNO3.

596 Crystal data and a preliminary structure were reported in
1954597 and again in 1964598 but the structure was not fully resolved until 26
years later.590,599,600 The C2 unit is enclosed in a rhombohedral array of
eight Ag atoms (i.e., C2@Ag8, 422), two opposite corners of which are p
bonded (side-on) to the C2 ligand (Ag–C 2.45–2.56 Å); the other Ag atoms
have a s-type interaction with one or other carbon atom (Ag–C 2.19 Å).
The C2 unit retains its alkyne nature with C–C 1.22(2) Å.

Among the plethora of structures found for adducts containing Ag(tfa)
or Ag(pfp) (see above), Ag2C2 ! 6Ag(tfa) ! 3MeCN is obtained in the
presence of MeCN and contains a distorted triangulated dodecahedral
C2@Ag8 cage (423).592 This is considered to be formed by fusion of
elongated and flattened tetrahedra, the C2 in the latter being p bonded.
The formation of 3-centre/2-electron bonds [by overlap of Ag 5s and
filled C(sp) orbitals] results in Ag–C distances of 2.20–2.31(1) Å. The
adduct Ag2C2 ! 4AgO2C(CF2)3CO2Ag ! 17.5H2O contains the first example
of square antiprismatic C2@Ag8 cages (424), which are linked by the
hexafluoroglutarate dianions in a 2-D network.594 In 2Ag2C2 ! 6AgO2C
(CF2)3CO2Ag !AgNO3 ! 12H2O, a pentagonal bipyramidal C2@Ag7 unit
similar to 420, and a new type of C2@Ag8 cage (425) are both present. Both
are linked by perfluorosuccinate dianions to give a 3-D network.594

The anion in mixed-valent [AgII(tmc)(BF4)][Ag6(C2)(tfa)5(OH2)].H2O
(tmc¼ 1,4,8,11-tetramethyl-1,4,8,11-tetra-azacyclotetradecane), which was
obtained after adding the macrocycle to a mixture of Ag2C2 and AgBF4
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in aqueous Ag(tfa), consists of a chain of edge-sharing triangulated
dodecahedral C2@Ag8 cages (426) (similar to 423) [Ag–Ag 2.818–
3.366(1) Å].602 The Ag–C distances are 2.172(8)–2.497(9) Å, the C2 group
interacting with all Ag atoms. Weak axial coordination of BF4 groups to
square-planar [Ag(tmc)]2þ cations results in formation of accompanying
[AgII(tmc)(FBF3)]1

þ columns. Another example of an Ag(I)–Ag(II)
complex is [AgII(tmc)][AgII(OH2)(tmc)]2[Ag11(C2)(tfa)12(OH2)4]2 which is
formed from aqueous solutions containing Ag2C2 and Ag(tfa) after addition
of tmc. The dimeric Ag11 anion contains bicapped trigonal prismatic
C2@Ag8 cages with another Ag atom bridging one edge (427).602 In both
cases, addition of tmc has resulted in disproportionation to give cationic
AgII(tmc) and incorporation of the other Ag atoms within the cages.

C2@Ag9. In Ag2C2 " 8AgF, the 10th Ag atom is exohedral to a C2@Ag9
cage (428).603 The C2 unit is attached to the cage in a delocalized fashion
(Ag–C 2.1104–2.3114 Å), with C–C separation of 1.1757 Å. If the [NMe3
(CH2Ph)]

þ cation is added to a mixture of Ag2C2, 4Ag(tfa), and AgBF4,
the polymeric complex {Ag7(C2)(tfa)6[NMe3(CH2Ph)]}n is formed.603

In addition to a C2@Ag8 cage also attached to a ninth pendant Ag atom
(429), which form an infinite chain by edge-sharing, the structure contains
the unusual feature of an exterior Z3 p-type interaction between the cation
and one of the cage Ag atoms.

(C2)2@Ag13. In 2Ag2C2 " 9Ag(tfa) " 2(15-c-5) " 2H2O trihydrate, an Ag13
cage formed by two distorted square antiprisms sharing a triangular face
encapsulates two C2 units (430).595 The 15-c-5 ligands each bridge two Ag
atoms, while the bridging tfa ligands are used to construct an infinite zig-zag
chain. The C–C separations are between 1.13 and 1.26(1) Å, and short
Ag " " "Ag separations [2.954 (1), 2.830 (2), and 2.847(1) Å (3)] indicate
argentophilic interactions.

The quadruple salt 2Ag2C2 " 3AgCN " 15Ag(tfa) " 2AgBF4 " 9H2O contains
a (C2)2@Ag13 cluster, (431), formed from two C2@Ag8 polyhedra, each
consisting of a trigonal prism with two capped rectangular faces, sharing a
triangular face.605 The C2 units point towards the capping atoms and the
very short C–C separations [1.16(1) Å] indicate little back-bonding from
the metal.

(C2)2@Ag14. In Ag2C2 " 10Ag(pfp) " 9.5H2O, two Ag8 square antiprisms,
each encapsulating a C2 group, share an edge to give the centrosymmetric
Ag14 double cage (432).592 Similarly, Ag2C2 " 6Ag(pfp) " 2EtCN contains a
(C2)2@Ag14 double cage formed by two edge-sharing distorted dodecahe-
dral C2@Ag8 cages (433).
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Addition of [NEt4][BF4] to a mixture of Ag2C2, AgCN, Ag(tfa), and
AgBF4 in water enables the complex [NEt4]3[(Ag2C2)2(AgCN){Ag(tfa)}11
(tfa)3(H2O)6] to be isolated.606 A double cage is built from two edge-
and apex-sharing C2@Ag8 dodecahedra which are also attached to two
external Ag atoms. The resulting {(C2)2@Ag14}Ag2 units (434) form an
infinite column, in which the CN anions are also intercalated within a
distorted tetrahedral Ag4 moiety.

(C2)2@Ag16. This double cage (435), formed from two edge-sharing
C2@Ag9 square antiprisms of which the top faces are capped by the ninth
Ag atom, is found in Ag2C2 ! 9Ag(pfp) ! 3MeCN !H2O.592 In each, the C2 is
bonded to all nine Ag atoms [Ag–C 2.167–2.596(8) Å].

(C2)4@Ag24. The complex [NEt4]6[{(Ag2C2)2[Ag(tfa)8](tfa)3(H2O)2}2] is
formed from Ag2C2, Ag(tfa), and AgBF4 in aqueous solution, followed by
addition of [NEt4][BF4].

606 The anion is built up from C2@Agn (n¼ 7, 8)
cages, which share a triangular face to form a (C2)2Ag13 double cage. Two of
these share an edge to give a centrosymmetric (C2)4@Ag24 cluster (436).

D. Theory of Cn Ligands in Metal Clusters

While several groups have sought to rationalize the structural features
of clusters containing C2 units, perhaps the most comprehensive study is
that by Halet and co-workers, who have considered transition metal
carbonyl clusters containing interstitial Main Group atoms, including
polycarbide clusters39,607 and clusters containing peripheral C2 ligands.

488,489

Simple electron counting rules (polyhedral skeletal electron pair theory)
supported by extended Hückel and DF theory calculations have been used
to rationalize the observed structures. In these complexes, it is considered
that the C2#

2 anion acts as an 8-e donor.

1. Peripheral Carbide Clusters

(a) M4 complexes
Three common structural types (R–T; Chart 6) are found for the

tetrametallic compounds, which are related to the 64 c.v.e. square by
addition of electrons and bond cleavage (Scheme 70). In R, the C2 unit
bonds like an alkynyl group, with a fourth metal atom being attached by a
s bond to one carbon. An alternative approach is to consider it as a trigonal
bipyramidal C2M3 cluster (52 c.v.e.) with an MLn substituent. Either way,
the isolated MLn fragment is isolobal with an alkyl group. The HOMO and
LUMO are mainly metallic in nature (only 3–6% carbon character),
although the (LUMOþ 1), which is an M–C antibonding orbital, is 17%
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on the s-bonded C atom and allows nucleophilic attack. The C2 unit is
immune to electrophilic attack. Heterometallic complexes have only a small
energy preference for the symmetrical isomers, with the more electro-
negative metal occupying the M(1) site (as found for Re2Co2 and Fe2Co2
clusters, but not for Fe2Ru2 complexes).

Structure S has the C2 unit s-bonded via each carbon to two metal atoms
in a trapezoidal arrangement, which is electron-precise with 66 c.v.e. if C2!

2

is a 6-e donor. The short C–C distance (compared with ethene) results from
reduced electron donation from C2 to the cluster and reduced donation

CHART 6

SCHEME 70
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from the metals to the C2 p* MOs. With two s, one p, and one p*
orbitals, the description of S as a ‘‘permetallated ethene’’ is appropriate,
although relatively low degrees of donation from C2 to the metal
framework and back-donation to the C2 moiety result in short C–C
separations. The HOMO has strong metallic character, whereas the
LUMO has 18% carbon character, so that both nucleophilic and
electrophilic reactions at carbon would be expected if these are orbital
controlled. Conversion of R to S requires addition of a 2-e donor ligand
and is initially a dissociative process, with break-up of the M3 cluster
(Scheme 71).

In T, asymmetric bonding from C2 to two M2 moieties (each attached
via a s, p system) results in an electron precise 68 c.v.e. count if C2!

2 is
an 8-e donor. Here, the M–M bonds have a bond order >1, since one
of the metallic FMOs does not interact with the C2 unit in the planar
complex. Most of the interaction between the metals and the C2 unit occurs
via s-type orbitals, with weak back-donation to p-type acceptor MOs.
Better overlap would occur if the M–M bonds were orthogonal; the Ru4
complex 311 has a twist of 42.5" (limited by steric interactions
between ligands), leading to a significant increase in the calculated bonding
energy. Whereas the planar system is predicted to be unstable, the twisted
molecule is more robust, as found experimentally in reactions with H2 or
CO. However, the C2 unit is electron deficient and therefore attack
by nucleophilic reagents is expected and found in the case of the iron

SCHEME 71
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analogue. Both fluxional behavior and isomerization can be expected
for these structures, via bond breaking/making reactions illustrated in
Scheme 72. Calculations indicate that some suggested intermediates are
relatively unstable; interconversion between C2 units acting as 6-e or 8-e
donors can also be envisaged.

Other geometries, such as U, V, and W, can be proposed, although V, as
a double zwitterion, is considerably less stable than U. For W, geometric
constraints probably preclude this arrangement, with normal M–C and
M–M bond lengths leading to bond formation along the non-bonding
M ! ! !M vector and the C–C bond penetrating the resulting M square.
The first example of this type of complex was obtained by thermolysis
(PhMe, 140 "C, 2 h) of Fe2(m-PPh2)(m-Z

1 :Z2-C2Ph)(CO)6 to give Fe4(m4-
Z1 :Z1 :Z2 :Z2-PhC4Ph)(m-PPh2)2(CO)8 (437) in which the terminal alkynyl
carbons are separated by ca. 1.6 Å.608,609

Two products, 315 and 316, were obtained by carbonylation of 325.495

Addition of two CO ligands gives the first, in which two Ru–Ru bonds
have been cleaved, resulting in an Ru2 fragment linked to the Ru3 cluster
by the C2 unit. Long Ru–Ru separations in the 50-e Ru3 fragment
(av. 3.07 Å) are consistent with accommodation of the extra two electrons
in Ru–Ru anti-bonding orbitals, as found on other occasions for
complexes with m-PR2 or m-SR groups. Conversely, the Ru2 unit is
electron-poor and has an Ru¼Ru double bond [2.694(6) Å] with the C2 unit
(1.20 Å) only weakly bonded to the Ru3 cluster. The 68-e Ru4 complex 315
is closely related to 308 (66-e) and 311 (68-e), with the C2 unit acting as
a formal 4-e donor. Calculations show one strong Ru–Ru (2.796 Å) and
C–C bonds (1.24 Å) are consistent with a degree of multiple bonding, as
shown in tautomers 315 and 315a; the second Ru ! ! !Ru separation (3.571
Å) is only weakly interacting at best.
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(b) Complexes with > 4 metal atoms
Several larger clusters containing C2 units have also been studied.489 In a

series of C2M5 and C2M6 clusters, the metal cores are related to square
pyramidal and trigonal prismatic geometries, respectively, by addition of
electrons and consequent M–M bond cleavage (Schemes 73 and 74).
Complexes with these structures have been described in Section IX.A.
The incorporation of the larger C2 units (compared to single atoms) results
in the formation of open clusters. However, the different bonding modes of
the C2 unit (C2!

2 as a 6- or 8-e donor) can be accounted for by using
extended Hückel calculations.

Generally, the C2 unit has a synergic bonding interaction with the
cluster, with donation from filled s and p orbitals to the cluster and
acceptance of electron density from the metal framework into the p*
orbitals. In all cases, the C2 ligand is slightly negatively charged and
charge-controlled reactions with electrophiles are expected. However, as the
ligand is sterically well protected, reactions may occur at the metal

SCHEME 72
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SCHEME 73
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SCHEME 74
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framework rather than at the C2 centre. In Ru5 clusters (Section IX.A),
the C2 is considered as part of a metallated vinylidene spanning an M3

triangle. Efficient delocalization of electron density results in each carbon
carrying a similar negative charge. In 325, however, asymmetric attachment
of the C2 leads to C(2) being more electron-rich than C(1) and its reactions
support the expectation of electrophilic attack at C(2). In 352, reduced
electron transfer in both directions results in a shorter C–C bond, with a
m4-C2 bonding mode and relatively long Ru–Ru separations. In 321, the two
additional electrons are in an Ru–Ru anti-bonding orbital; again, only four
Ru atoms are involved in bonding to the C2 unit. For 335, weaker Ru–C and
stronger C–C bonding are found, as a result of the longer p interactions,
and result in a greater stability for this open-ring compound. In 320, the C2

unit is dipolar, with C atoms attached to two metal atoms being more
electron-poor than those attached to four metal atoms. This may derive
from the electron-withdrawing properties of the Fe(CO)2Cp group.

In C2M6 clusters, the C2 unit is more strongly bound to the M6 core than
those in C2M5 clusters (above). The C–C separations are about 0.05 Å
longer, but net charges are similar. Interestingly, with 271, a 96 c.v.e. count
results in full occupation of the HOMOs. With 94 c.v.e., there is a
Jahn-Teller distortion, the M3 triangles tilting to allow a long M–M bond to
form between them, as is found in 275. For 318 and 340, similarly, two
M–M bonds between the triangles result in M–M non-bonding orbitals
becoming anti-bonding. In all of these, the C2 unit is s-bonded to the apical
atoms and s,p-bonded to the square. The calculations agree with the
formulation as a permetallated ethane. For 341, hypervalent carbons have
several (sþ p) interactions with the metal atoms. In 343, further interaction
with the apical metal atoms results in diminution of the electron density on
carbon and hence a longer C–C distance. By normal c.v.e. counting rules
this complex has four electrons too many: relatively long M–M distances
suggest that these are accommodated into M–M anti-bonding orbitals. The
final C–C separation depends on the geometry of the metal cage.

The structural determination of the Ni2Ru4 cluster 346 is consistent with
the presence of two isomers in which the C2 unit is either colinear
with the two Ni atoms, or perpendicular to the Ni–Ni vector.532 In the
former, the 8-e [C2]

2" unit interacts strongly with six of the 12 FMOs,
corresponding to six Ni–C s bonds (as a permetallated ethane) and
p-bonding to Ru. The second isomer is more highly delocalized, calcula-
tions showing p bonding to Ni and numerous C–Ru interactions of the
(sþ p) type. However, while there is a higher amount of electron transfer
to the metal in 346a, the net C–C overlap populations and forward
and back-donation are similar in both, which are considered to be
isoenergetic.
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Although no examples of such compounds have been reported to date,
calculations on clusters Aun(C2)(PH3)n (n¼ 8, 10, 12) have found two c.v.e.
counts are possible.610 Stable clusters with (12nþ 10) c.v.e. will have short
C–C distances, preserving some C–C multiple bonding. For n¼ 10, with a
bicapped antiprismatic geometry, transfer of 2e from the C2 p orbital to the
Au10 core, and acceptance of 2.54 e into the p* orbital occurs. On the
other hand, in clusters with (12nþ 14) c.v.e., the C–C separation
depends strongly on cluster geometry, with the C–C bond being preserved
if Au–C bonds of ca. 2.0 Å can be formed. Clusters with (12nþ 16) c.v.e.
are predicted to be unstable, forming monocarbido clusters, e.g.,
[{Au5(PH3)}5C]

þ rather than [{Au10(PH3)10}(C2)]
2þ , the choice being

related to the presence of a frontier MO of symmetry b2.

2. Cluster-Capped Cn Fragments

Extended Hückel MO studies of the CCo3 skeleton have been
reported611,612 and used to interpret the UV-PE spectra of Co3
(m3-CR)(CO)9.

613 If the C2 ligand is considered to be the 8-e donor [C2]
2#

dianion, the double cluster {(CO)9Co3}2(m3 : m3-C2) (271) has 96 c.v.e.614

Combinations of orbitals from the Co3 faces give two sets of six orbitals,
the filled lower set being Co–Co bonding, while the partly filled second set
can accept electron density from filled s*sp, p, and sp orbitals of the C2

ligand. The HOMO is delocalized over the Co–Co and Co–C bonds, with a
lower energy MO involving the Co–Co and Co–CO p bonds. The apical
carbon is electron-rich (#0.36 e), but the p system can act as an acceptor or
donor. The LUMO is Co–Co anti-bonding and is 1.05 eV above the
HOMO. Metal–C2 back-bonding into empty p* orbitals results in
lengthening of the C–C bond to the observed 1.37(1) Å. Compared with
encapsulated C2 groups, donation from sp and back-bonding to the p*
orbitals is more favorable.607

The electronic structures of bis(cluster) fragments bridged by Cn ligands
have been explored. Delocalization of HOMOs in tricobalt-carbon clusters
involves contributions from metal, carbyne, and ligand orbitals. Initially,
it was suggested that the a1 orbitals of the Co3(m3-C) units may interact
with pp-type C orbitals to give a filled molecular orbital encompassing the
Co3C(C$C)nCCo3 unit.439 For the cluster {(CO)9Co3}2(m3 : m3-CC$CC)
(286) and its phosphine-substituted derivatives the HOMO is constructed
from metal fragment molecular orbitals directed above the M3 plane and
the p-type (2eu) orbital set which is predominantly localized on the terminal
carbon centres. Only six of the 16 MOs of a linear C4 unit are able
to interact with the Co3 cluster and these are largely localized on the
terminal carbon atoms. The six M–C bonding orbitals are well separated
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from the six anti-bonding combinations. Replacement of one CO by PH3

on each cluster fragment has little effect on the interactions, as shown
by donation of 0.72 and 0.82 e, respectively, by the Co3(CO)9 and
Co3(CO)8(PH3) fragments. The orbitals associated with the M3(m3-C)
and C!C moieties are strongly localized on these fragments and there is
little evidence from the computational work for direct electronic interactions
between the cluster cores via the carbon bridge. The degree of electronic
communication between the clusters via the C4 chain is low, since this
would involve p* FMOs of the C4 chain being involved in bonding to the
clusters. Formally, these complexes are best viewed as permetallated
2-butynes.

The observed electrochemical behavior (two reversible 1-e reduc-
tions)439,481 may be associated with changes in geometry of the M3 clusters
and/or the C4 chain. In contrast with the mononuclear systems discussed
above (Section IV.D), in which the HOMOs are high energy and M–C anti-
bonding, the HOMOs in the cluster complexes are low energy and strongly
M–C bonding, while the LUMOs are M–Ca antibonding. Thus oxidation
would result in M–C bond-breaking. Electrochemical studies have shown
the symmetrical Co6 species undergoes two 1-e reduction processes
indicative of moderate electronic coupling between the CCo3(CO)9 moieties.
It is possible that small changes in geometry involving the metal triangles
and/or the C4 bridge follow the intial reduction and result in some through-
bond interactions not observed in the neutral complex,419 or that the
electronic interactions occur following a degree of orbital remixing in
the radical anion as there is negligible orbital overlap between the cluster
cores and the C!C bridge in the neutral species. However, for both 271
and 286, the separations of the half-wave reduction potentials are
relatively constant in solvents of markedly different polarity. This suggests
that the electronic interaction occurs mainly through the carbon bridge
as Coulombic (i.e., through-space) interactions should be highly dependent
on the dielectric properties of the solvent.481 There is a large
HOMO–LUMO gap [1.25 eV (by DFT), 2.26 eV (by EH)] for 286 and
the major bonding interaction between the Co3 clusters and the C4 chain
occurs between the upper FMOs of each fragment.

Theoretical studies of {Cp(CO)8Co2M}2(m3 : m3-CC!CC) (288; M¼Mo,
W) have been carried out using extended Hückel and density functional
MO calculations.419 Replacement of Co by Mo in Co3C clusters results
in the FMOs being more heavily weighted towards the Mo atom.
Some increased electron donation to the C4 chain from Mo is found in
the complex with proximal Cp groups, compared to the isomer with distal
Cp groups. These heterometallic clusters differ in having significant
electron donation from the Group 6 metal to Ca (the amount varies with
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geometries of the two Cp groups), leading to the C4 ligand being more
negatively charged. Nevertheless, the C–C bonding is hardly affected and
the electron distribution is similar to that calculated for a (C4)

6! ligand,
because the C4 FMOs are C–C non-bonding. Substitution of a Co(CO)3
fragment by an isoelectronic M(CO)2Cp (M¼Mo, W) group results in
greater localization of the M3C electron density in the FMO set at the
heteroatom, but does not appreciably alter the interactions between the
cluster core and the central C#C moiety. The clusters remain electronically
isolated from each other, the net bonding interactions between the clusters
and the chain being reduced in the heterometallic complexes (11.7 eV
vs. 12.88 eV). The computations indicate that the proximal–proximal
arrangements of the two Cp groups are more stable, and the observed
proximal–distal arrangement in the solid state is likely to be due to crystal
packing forces.

3. Interstitial Carbido Clusters

The relationships between the various structures of the ruthenium,
cobalt, and rhodium dicarbido clusters have been discussed in terms of their
electron counts and the accommodation of some electrons in M–M anti-
bonding orbitals. Such treatments have rationalized the paramagnetism
of some clusters via partial occupation of such orbitals leading to swelling
of the intra-cluster cavity to a point where the C2 fragment can be
accommodated.

For ruthenium derivatives, the carbide atoms are found at the centres of
octahedral clusters, while in the Co, Rh, or Ni clusters, individual carbon
atoms are sited in cavities derived from trigonal prismatic, capped trigonal
prismatic, or square antiprismatic polyhedra sharing a square face. The
separation of the carbon atoms within the cluster is dependent upon
the geometry of the metal cage and effects of surrounding ligands.
Consideration of the various geometries of the metal cage (Table XIV)
shows that the favored geometry is that formed by two trigonal prisms, or a
trigonal prism and a square antiprism, sharing a square face. The separation
of the centroids of the cavities approximates to the length of a C–C single
bond. The C–C bond order is calculated at between 1.0 and 1.5, as deduced
from observed C–C bond lengths.

The cluster valence electron (c.v.e.) count usually corresponds to 12nþ 22
electrons. Bonding of the C2 unit involves stabilization of s, s*, and
p orbitals by interaction with radial metal MOs of the same symmetry,
together with overlap of p* orbitals with filled metal MOs, i.e., a similar
synergic interaction to the familiar bonding mode found in alkyne-metal
complexes. For the model [Co8(C2)(m-L)(L)8]

4! based on two trigonal
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prisms sharing a square face, the HOMO/LUMO region is predominantly
composed of metal orbitals, so that changes in c.v.e. count do not affect
the C–C bond. The C–C separations in [Co3Ni7(C2)(CO)15]

3! (138 c.v.e.)
and [Ni10(C2)(CO)16]

2! (142 c.v.e.) are 1.430 and 1.405 Å, respectively. The
structures of these clusters and the Ru10C2 complex are closely related, being
derived from a bi-octahedron by successive cleavage of M–M bonds. The
electron pair from the C2 in Co3Ni7 and Ni10 clusters is used to stabilize the
bis-octahedral Ru10 system, each C atom being enclosed in an octahedral
cavity.553

Alternatively, a more spherical cluster, such as a bicapped square
antiprism would incorporate a C2 moiety with a C–C separation of 1.47 Å
and the M–M and M–C separations between 2.54 and 2.80, and ca. 1.8–2.2
Å, respectively. The C2 unit is not stabilized in a square antiprismatic cavity
or in other frameworks, because the inter-centroid distances are >2.0 Å,
leading to C–C bond cleavage and formation of dicarbido complexes.
The strength of the metal–carbide bonding is increased at the expense of the
C–C bond. However, the cavity in [Ni16(C2)2(CO)23]

4!, is large enough to
accommodate two C2 moieties.

The strong tendency for cobalt to form paramagnetic clusters has been
related to the accommodation of the unpaired electron in a low-lying cluster
anti-bonding orbital derived mainly from the Co dz2 orbitals , thereby
enlarging the cluster to dimensions suitable for incorporation of the carbon
atoms.558,566

The main conclusions are, that lengthening of the C–C bond is a soft
process and that the symmetry-allowed C–C bond breaking/making process
is influenced by the shape of the cavity. For instance, the two compounds
Rh12(C2)(CO)25 and [Rh12(C)2(CO)24]

2! are isoelectronic but have different
polyhedra which allow formation of the C–C bond in the former but not
in the latter. Formation of C2 hydrocarbons from clusters containing
isolated C atoms is consistent with a facile interconversion of the two
extremes.

A theoretical study of [Ni32(C)6(CO)36]
n! (400) using combined linear

combination of Gaussian orbitals (LCGTO)–local density functional (LDF)
methods has been reported.615 In the Ni32 core, the metal–metal bond
strength derives from the d band, which are reorganized when the C atoms
interact with the 4s orbitals. Addition of CO ligands results in the four
unpaired electrons on the core being quenched by the C atoms, while the
magnetization of the outer layer is quenched by the CO ligands. Addition of
CO results in a large electronic rearrangement and increases the d character
of the Ni atoms so that the cluster resembles a metal. However, while three
levels near the Fermi level are almost degenerate, they are separated by
0.54 eV from the LUMO, i.e., the compound is an insulator.
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X

ABBREVIATIONS

acac acetylacetonato
ap 2-anilinopyridinate
bdpp 1,4-bis(diphenylphosphino)buta-1,3-diyne
bp 2,20-biphenylyl
bpy 2,20-bipyridyl
cod 1,5-cyclooctadiene
Cp Z-C5H5

Cp* Z-C5Me5
CpR Z-C5H4R
CV cyclic voltammogram
dbu diazabicyclo[5.4.0]undecene
dcype 1,2-bis(dicyclohexylphosphino)ethane
dippe 1,2-bis(di-i-propylphosphino)ethane
dmpe 1,2-bis(dimethylphosphino)ethane
dpf 1,3-diphenylformamidinate
dppa 1,2-bis(diphenylphosphino)ethyne
dppe 1,2-bis(diphenylphosphino)ethane
dppm bis(diphenylphosphino)methane
dppp 1,3-bis(diphenylphosphino)propane
Fp Fe(CO)2Cp
Fp* Fe(CO)2Cp*
LDA LiNPri2
Me-im N-methylimidazole
mes mesityl
MLCT metal-to-ligand charge transfer
nap 1-naphthyl
nbd norbornadiene, bicyclo[2.1.0]hepta-2,5-diene
oepg meso-octaethylporphyrinogen
ompg meso-octamethylporphyrinogen
OTf triflate
pc phthalocyanine dianion
pfp perfluoropropionate
phen 1,10-phenanthroline
porph porphyrin dianion
ppn bis(triphenylphosphine)iminium cation
RE rare earth metal
r.t. room temperature
silox Si(OBut)3
tbaf tetrabutylammonium fluoride
tcne tetracyanoethene
thf tetrahydrofuran
tmc 1,4,8,11-tetramethyl-1,4,8,11-tetra-azacyclotetradecane
tmeda 1,1,2,2-tetramethyldiaminoethane, N,N,N0,N0-tetramethylethylenediamine
tol 4-tolyl
Tp hydrotris(pyrazolyl)borate, HB(pz)3
Tp* hydrotris(3,5-dimethylpyrazolyl)borate, HB(dmpz)3
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tpp tetraphenylporphyrin dianion
tpy 2 : 20,60 : 600-terpyridyl
triphos MeC(CH2PPh2)3
xy xylyl, 2,6-Me2C6H3
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ADDENDUM

In the few months since finishing our review and receiving proofs,
several important papers have appeared, surely a sign of a rapidly
developing field of contemporary interest. These are summarized below
in order of the above Sections.

I. Some aspects of the chemistry of metal alkynyls including M–Cn–M
complexes have been reviewed,616 while volume 670 (2003) of J. Organomet.
Chem. is dedicated to carbon-rich organometallics and contains several
relevant articles.

II. A couple of complexes have been inadvertently omitted: {Cu(m-C2)
Ti(C!CSiMe3)Cp

SiMe3}2
617 and {ZrCp2}2(m4-C4){Zr(C!CSiMe3)Cp2}2.

618

Yam has described luminescent [{4,40,400-But3-trpy)Pt}2{(m-C!C)m}]
2þ

(m¼ 1, 2, 4; all structurally characterized).619

II.B. Rosenthal has written an important highlight in which the various
coordination modes of C2 are highlighted and rationalized.620 He concludes
that the isolobal relationships between [M]2C2 complexes and alkynes
C2R2, coupled with the extreme mobility of the C2 ligand, might lead to
further unusual rearrangements of the former. Principles of structure and
reactivity can be extended to the longer carbon chains, in which ‘‘walking’’
of the metal center along the carbon chain, already observed for poly-ynes,

Complexes Containing All-Carbon Ligands 441



is expected for multi-metal species. The acid-base chemistry of {Ru(CO)2
Cp}2(m-C!C) involves protonation to give on occasion trinuclear [{Ru
(CO)2Cp

R}3(m3-C!C)]þ and, more reliably and reversibly, [{Ru(CO)2
CpR}2(m-Z

1:Z2-C2H)]þ .621 Aurophilic interactions are present in {Au
(PR3)}2(m-C!C) (PR3¼PMe3, PMe2Ph) but not with the larger PEt3
analogue.622

II.D. The preparation and structures of W(II), W(VI) diyndiyl complexes
{W(CO)3Cp*}2(m-C!CC!C), {W(O)2Cp*}2(m-C!CC!C) have been
reported.623 Reactions of [Ag2(m-dppm)2(NCMe)2]

2þ with Re(C!CC!
CH)(CO)3(NN) (NN¼Me2-bpy, But2-bpy, phen, Br2-phen) have given
[Ag6{m3-C!CC!C[Re(CO)3(NN)]}4(m-dppm)4]

2þ (X-ray for Me2-bpy, Br2-
phen).624 The syntheses, structures and spectro-electrochemistry of
{Ru(PP)Cp*}2(m-C!CC!C) (PP¼ dppe, dppm) and the mono- and di-
oxidized species have been reported. This study includes the structural
characterization of the cumulenic dication.625 Trimetallic systems
Hg{C!CC!C[Ru(dppe)Cp0]}2 (Cp0 ¼Cp, Cp*) have been obtained, the
Cp* derivative showing an unusual bend at the !C–Hg carbon [166.5(2)$].
Calculations showed only limited mixing of the Hg d and C!C-based p
orbital, suggesting that the chain distortion results from crystal lattice
forces.626 A C–C coupling reaction occurs in the reaction of {Rh(¼C¼
CHFc)(PPri3)2}2(m-C!CC!C) [from RhF(¼C¼CHFc)(PPri3)2 and Ph3
SnC!CC!CSnPh3] with CO to give {Rh(CO)(PPri3)2}2{m-C(¼CHFc)
C!CC!CC(¼CHFc)}.627

II.F. Oxidative coupling [Cu(OAc)2/py] of labile Re(C!CC!CH)
(NO){PPh2(CH2)nPPh2}Cp* (n¼ 10, 14) afforded the analogous binuclear
C8 complexes, which each undergo two 1-e oxidations.628 The synthesis and
spectroscopic and electrochemical studies of {Fe(dppe)Cp*}2{m-(C!C)4}
have been reported, together with its structure and time-dependent
DFT calculations.629 Oxidative coupling [Cu(OAc)2/py] of trans-
RuCl{(C!C)3H}(dppe)2 afforded the corresponding binuclear C12 complex,
for which KC¼ 104.630 A full account of the chemistry of {Pt(C6F5)
[P(tol)3]2}2{m-(C!C)m} describes the syntheses of compounds with m¼ 3, 4,
6, 8, together with trace quantities of m¼ 10, 12. Effects of m on IR, UV/vis,
NMR and redox properties, together with the degree of chain bending in
the solid state, are discussed.631

II.G. The chemistry of carbon chains end-capped by binuclear metal–
ligand fragments has been reviewed.319,632 Extensive spectroscopic and
electrochemical studies of {Ru2(ap)4}2(m-(C!C)m} (m¼ 1–4, 6; X-ray for
m¼ 2, 4) have been reported.633

III.B. Four oxidation waves are found for CoCp(Z4-C4Fc4) and the
mono- and dications behave as Class II and Class II/III mixed-valence
species, respectively.634
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IV.D. Bonding within [LmMC4M
0L0

n]
zþ [MLm, M0L0

n¼Fe(dppe)Cp0,
Re(NO)(PR3)Cp

0; z¼ 0–4] has been explored using DFT which confirms the
occurrence of cumulenic singlet dications which have nearly isoenergetic
triplet states with diyndiyl structures.635 X-ray structures of {Fe(dppe)
Cp*}2(m-C#CC#C) and [{Fe(dippe)Cp*}2(m-C4)][PF6]3 are given.

IX.A. Akita and colleagues have reviewed the chemistry of cluster
complexes derived from Fp*2{m-(C#C)m} (m¼ 1, 2).636,637 Reaction of
Fe2Ru2(m4-C2)(CO)10Cp*2 (300) with C2Ph2 afforded Fe2Ru2(m4-C2)(m-
PhC2Ph)(CO)6Cp*2 containing an unprecedented dimetallacyclobutatriene
fragment.638

IX.B. The synthesis and structure of [PPh4]2[Pt3Ru10(C)2(CO)32] have
been described.639

IX.C. Further examples of C2@Agn clusters were found in complexes
obtained from Ag2C2 and Ag(tfa) and various N-donor ligands,640 Ag(tfa)
or Ag(OTf) with (4-hydroxymethyl)pyridine,641 Ag(tfa) or Ag(pfp) with
crown ethers,642 and an anionic Ag(I) double cage formed from Ag(tfa),
AgNO3 and [NMe3(CH2Ph)]

þ .643
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