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Errata

Table of contents (pages viii and ix): The titles of complexes should commence with

"trans" îot"Trans"

" not "ComPlexations PlaY

,." not "...host binding' ""
Page 10, paragraph 1: Should read "Complexation plays ' '

Page 1 l,patagraph 1: Should read"" 'binding to the host

Page20:Theiodoligandisused.inthis'reactionas(36)ismorereactivethanthe
corresponding chlorã complex (35) in the presence of silvel ions'

Page23,Table 1: "na" and"nla" refer to the term "not applicable"'

,Iine 2:Picolinic acid complexes (50). - (53) contained more

Lnt p.oton, than the other isomers owing to their low symmetry'

complicated 
rH NMR spectra'

Page2g,paragraph2,Iine_2:Shouldstart..Complexes(52)and(53)weretheonlytwo
complexes.. '"

page 34:Entry for (54) H3 should read "Obscu'ed by PMePh"' and not "Obscure d by

PMePhr"' Entry ror (5i) Hs should read "As for H4" not "e"'

Page39:Preparationoftheplatinum(Il)-iodocomplex(59)isshowninScheme2.6.

Page 4|,Table 9 and Page 52,Tab1e 1 1: The IR spectra were recofded as Nujol mulls.

Page 60, paragraph 2: Should read "r4N" not "Nr14"

PageT2,paragraph 1, line -3: shotrld be "possess" not "posses"'

Page73:2D NMR spectra were t'ecorded at 600 MHz and not 300 MHz'
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Abstract

The preparation and characterisation of a novel series of organoplatinum(Il) complexes with

hydrogen-bonding functionality are described. The mononuclear platinum(Il) complexes of the

type trans-[Pt(o-aryl)L(PPh3)2]OTf (L : nicotinic acid, picolinic acid, isonicotinic acid) and the

dinuclear complexes of the type trans-[Pt(o-aryl)(PPh3)(p-Y)Pt(o-aryl)(PPh3)2](OTÐz (Y : 4,4'-

bipyridyl, 4,7 -phenanthroline, 4,4' -dipyrazolylmethan e, l,l'-phenyl-4 ,4'-dipyrazolylmethane)

were investigated. The complexes were primarily characterised by multinuclear 13rP, 
tH¡ t-O and

2-D NMR spectroscopy, IR spectroscopy and, in some cases, X-ray crystallography. These

platinum(I) complexes, both mono-nuclear and di-nuclear, have the potential to act as hosts for

nucleobase guests such as adenine, and this was investigated also. The mono-platinum complexes

were found to interact with the guest 9-sec-pentyladenine in a variety of ways in CDCb solution

including, l:1, 2;l and in some cases 3: I association ratios at both the V/atson-Crick and the

Hoogsteen site. The dinuclear platinum(Il) molecular "tweezers" were found to bind

simultaneously to two 9-sec-pentyladenine molecules in CDCI3 solution.

lv



Abbreviations

General:

o degrees

degrees Celsius

change in free energy

one dimensional

two dimensional

Angstrom

centimetre

deoxyribonucleic acid

4,4' - dipy r azolylmethane

gram

hou¡

Kelvin

mass spectomeûy

millilitre

CF¡ SOE', trifluoromethanesulfonate

phenyl

tetratrydrofuran

OC

AG

1-D

2-D

Å

cm

DNA

DPZM

ûb

h

K

MS

mL

OTf, triflate

Ph

THF

Nuclear magnetic resonance spectroscopy:

ô nuclear magnetic resonance chemical shift in ppm
tH NMR proton nuclear magnetic resonance

ttP{tH} NMR proton decoupled 3rP nuclear magnetic resonance

d doublet

dd doublet of doublets

Hz Hertz

I nuclear spin quantum number

m multiplet
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Ilv4Hz

"Jri

NMR

ppm

S

t

megahertz

n bond coupling constant between nuclei i and j
nuclea¡ magnetic resonance

parts per million

singlet

triplet
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Chapter 1. lntroduction

The hydrogen bond has long been known to play a pivotal role in the areas of molecular

recognition and supramolecular chemistry. Many natural and synthetic supramolecular systems

owe their organisation to the presence of hydrogen-bonding functionalities. Hydrogen-bonding

can control the organization of molecules in the solid state, and it has been used extensively in

crystal engineeringl'2 and supramolecular synthesis3-5. In contrast, only more recently have major

advances been made in the use of the coordinate-covalent bond for the assembly of discrete

molecular arays6.

A large volume of information is at our disposal that can be used in the design of

supramolecular systems containing transition metals. The coordination numbers and geometries

of most transition metals are well established. This information can be drawn upon to determine

what size a metal-based supramolecular complex will be, or what angles are involvedT. There are

numerous papers describing the various combinations of metal atoms with diftèrent organic

"building blocks" to form a variety of discrete supramolecular structuress-Io. Combining the

hydrogen-bonding and coordinate-covalent motifs greatly expands the utility of metal complexes

as molecular receptors. The hydrogen-bonding surface of carboxylic acids, and derivatives of

carboxylic acids, are often used in the design of such receptors. In particular it has been used for

the molecular recognition of nucleobases such as adenine, which is an important target in studies

of molecular recognition.

1 .1 Self-Assembly

Self-assembly has rapidly become a convenient means for obtaining large macrocycles

and molecular polygons of predetermined shape, size and functionalityll-13. Contemporary

supramolecular chemistry has its roots in classical covalent macrocycles such as crown ethers,

cyclophanes, cyclodextrins, calixarerenes, cryptands, and spherands to name a few. The field is

dominated by the biomimetic motif of weak forces such as hydrogen-bonding, hydrophilic

hydrophobic, n4Í stacking, electrostatic and van der Waals. Separate to these forces is the

spontaneous self-assembly of precursor building blocks using the coordination motif. This motif

uses the transition metals, multidentate ligands and coordinate-covalent bonding to drive and

direct the self-assembly processto. Self-assembly provides a means for the construction of
1



discrete, structurally well-defined complexes. Self-assembly can occur by covalente, non-

covalentl2 and hydrogen-bonding motifs6.

There are a number of examples in the literature of molecular polygons synthesised via

self-assembly. These include; trianglesla'ts, squaress't2't4-24, rectangles2s, pentagonsl5,

hexagons6'8'ls'20 and parallelogramstt. Atl of these molecular polygons require two or more basic

units, sometimes referred to as "tectons" (building blocks). For example, the tectons for a

molecular triangle are, three 180o units and th¡ee 60o units. A molecular square requires either

four 90o corners, or four 90" cornersjoined by four 180" sides. A molecular hexagon can be

constructed from six 120" units joined by six 180" linkers, or by six 120' units all joined to each

otherl5. Examples of such molecular polygon construction are represented schematically in

Figure l.

3x +3x I

1 80"

4x +4x
1 90"

A
600

r
90'

3x ,,^.
120"

3x^
120"

+

6x

120"

+6Xr
-+

1 90"

Figure 1. The schematic representation of some of the discrete molecular aggregates that

may be formed spontaneously from the self-assembly of linear and angular subunits.
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There exists a vast variety of suitable building blocks that can be used to construct

molecular polygons. The form, shape and distribution of the building blocks must be strictly

controlled in order to successfully construct a discrete molecular polygon. Complexes of

transition metals have been widely utilised as suitable components for the construction of

molecular polygons. Commonly-used metal centres for such chemistry include; platinum t7'26'27,

palladium t7'26'27, titanium, cadmium 18, chromium 20, molybdenum 20, ild tungsten2O to name a

few. Transition metals have well documented geometric and coordination properties. It is quite

easy to determine the geometry of a metal complex, and thus exploit this knowledge for the

construction of macrocycles. For example, it is well documented that complexes of platinum(Il)

adopt a four-coordinate, square planar geometry. A large number of organic ligands have been

utilised for linking metal centres together to form macrocycles. Many of these joining ligands, or

linkers, take advantage of N-donor atoms that can displace labile ligands at the metal centre, such

as triflato ligands. The linker is chosen for its ability to coordinate to the metal centre and also for

the angle that its geometry will confer upon the resulting macrocycle. An example of a useful

180o N-donor ligand is the bridging bidentate 4,4'-bipyridine and a common example of a 120"

linker is 4,4'-bþridyl ketone.

Controls on the nature of the bonding within molecular polygon systems must be

implemented. The chemical bonding between the units must be thermodynamically stable, yet

kinetically labile so that the entire macrocycle can self-re¿urange if there is a flaw. This self-

correction properly is similar to that present in many naturally-occurring systems. By utilising

building blocks that assemble into a desired conformation one is merely mimicking processes

that have been present in Natue for many years.

Classically, large molecular polygons were constructed in a stepwise fashion using

traditional covalent chemistry, requiring a multitude of reaction steps. For small organic

compounds this is probably quite acceptable. However, when a much larger macrocycle is

required, conventional synthetic methods begin to fail. There are usually a large number of

individual steps required, each resulting in an undesirable loss of yield. Self-assembly offers the

chemist a number of advantages over this conventional method. The other major disadvantage of

traditional chemical synthesis is that covalent bonds are usually chemically inert, so that an error

in the construction of a macrocycle would be irreversible and the product would have to be re-

synthesised t4't5'28. There arefar fewer individual steps required for the synthesis when utilising

self-assembly. 
^



As mentioned earlier, molecular polygons containing transition metal centres have all

utilised coordinate covalent bonding. Hydrogen-bonding motifs have also proven useful in the

construction of discrete macrocyclic complexes. With the possibility of combining the

coordinate-covalent motif with hydrogen-bonding in self-assembly one is presented with a

number of new avenues for the synthesis of molecular polygons. One of the great advantages of

such a process is that the polygons can be readily assembled in solution, and the cavity size of the

macrocycle can be fine-tuned to suit the desired requirements6'2e'30.

Puddephatt and co-workers recently reported a new architecture of two interpenetrating

chains of rings in an organometallic polyrotaxane containing three platinum centres. Their aim

was to produce a polymer that was propagated through hydrogen-bonding, rather than through

the more conventional method of covalent bonding3l. Their work combined the techniques of

organometallic chemistry, coordination chemistry, and self-assembly through hydrogen-bonding.

The platinum(Il) precursor was prepared by the facile oxidative addition of an alþl halide, where

the alkyl group contained the hydrogen-bonding function, to a dimethylplatinum(Il) complex.

The resulting platinum(Il) complex was then treated with a tridentate N-donor ligand to form the

basic building block for the polymer, (1). The polyrotaxane was then formed through hydrogen-

bonded self-assembly. In the solid-state the complex forms two chains of rings that interpenetrate

each other.

4
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Recently, Stang and coworkers reported the synthesis of novel platinum(Il), (2), and

rhodium(Ill), (3), complexes with hydrogen-bonding functionalities. The X-ray structure of the

platinum(Il) complex lattice revealed azig-zag crystal lattice formed by the head-to-head binding

interaction of the complexes through hydrogen-bonding. The zig-zag chain also displayed cross-

linking between chains to form a 2-D crystal lattice. The rhodium(Ill) complex formed two

interwoven strands in the solid-state32.
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2+
2+

NHz

(2) (3)

The Rendina group has recently reported the synthesis of organoplatinum(Il) macrocycles

that combine both the coordinate-covalent motif, as \Ã/ell as the hydrogen-bonding motif. Recent

efforts have seen the synthesis of platinum(Il) tectons with hydrogen-bonding functionality.

These building blocks then assemble into a discrete macrocyclic unit through hydrogen-bonding,

this process is represented schematically in Figure 2. The result is a macrocycle that can readily

reassemble itself, thus reducing the possibility of errors in its construction. The second advantage

of this hydrogen-bonded macrocycle is that the cavity size is somewhat more flexible than if the

macrocycle \ryere constructed exclusively by coordinate-covalent bonding, thus allowing for the

supramolecular complexation of a variety of guest molecules.

I

120' 120'
with

H-bonding
functionality

t'
2x/---+r+,' r^/Vr¡

120"
with

1 80'

.\H-bonding
functionality

Figure 2. Schematic representation of the synthesis of self-assembling macrocycles through

hydrogen-bonding.
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Recent work by members of the Rendina group has yielded the synthesis of a number of

novel mono- and di-organoplatinum(Il) complexes with hydrogen-bonding functionality.

Rendina and Gianneschi report the synthesis of a number of dinuclear organoplatinum(Il)

complexes of nicotinic acid (4), (10), (11), (12)6. They also report tH NMR titration studies for

two of the complexes demonstrating the spontaneous self-association of the complexes into

discrete, hydrogen-bonded aggregates of nanoscale dimensions in a non-aqueous solvent. Similar

complexes have been reported for their ability to form macrocyclic aggregates in the solid-state,

utilising x-ray crystallographic techniques33-3s. Rendina and Gianneschi's work, on the other

hand, demonstrates the ability of platinum(Il) complexes with hydrogen-bonding functionality to

form discrete macrocyclic entities in non-aqueous solution.

2+

R

n

PRR'2

N, Y = C,n=2
X=N,Y=C,n=1
X=N,Y=C,n=2
X=N,Y=C,n=3
C,Y=N,n=2
C,Y=N,n=2

Rendina and Crisp reported the preparation of a number of novel organoplatinum(Il)

complexes of methyldiphenylphosphine (5), (6), (7), (13)2e. The hydrogen-bonding functionality

of these complexes was conferred on the complex by the N-donor ligand nicotinic acid. These

complexes are potentially useful tectons for the construction of self-assembled macrocycles in

non-aqr¡eous solvents. The PMePhz ligand enhanced the solubility of the corresponding

complexes in organic solvents compared with the PPh3 complexes reported previously6. The

PMePhz ligand is also less bulþ than the PPh3 ligand3ó, thus reducing the steric strain on the self-

assembly process.

-l

PRR2

(4) R = R'= Ph, R" = 3-CO2H, X =
(5) R = Me, R'= Ph, R" = 3-CO2H,
(6) R = Me, R'= Ph, R" = 3-CO2H,
(7) R = Me, R'= Ph, R" = 3-CO2H,
(8) R = R'= Ph, R" = 3-COzH, X =
(9) R = R'= Ph, R" = 4-CO2H, X =

7



2+

2

2+

P¡ta\

(16) R = 3-CO2H
(17) R = 4-CO2H

'We were interested in the idea that complexes (4) - (17) may act as potential self-

assembling molecular receptors in the presence of suitable guest molecules. Thus one of the

major aims of this project was to investigate the synthesis of a number of novel mono- and

diplatinum(Il) complexes with hydrogen-bonding functionality, and to investigate their potential

use as molecular receptors for a suitable guest molecule such as adenine. Cyclic and cage

_l

(10) R = R' = Ph, R" = 3-CO2H, Y = C, X = N, Z = O
(11) R = R' = Ph, B" =4-CO2H, Y = C, X = N, Z= O
(12) R = ¡' = Ph, R" = 3-CONHz,Y = C,X = N, Z- O
(13) R = Me, R'= Ph, R" =3-CO+'l, Y= C, X= N, Z = O
(14) R = R'= Ph, R" = 3-CO'H, Y = N, X -C,Z=C¡"
(15) R = R' = Ph, R" = 4-COzH, Y = N, X = C, Z = CHz

The complexes (4) - (15) were synthesised by oxidative addition of an aryl iodide to a

conesponding Pt(O) precursor complex, followed by the addition of the N-donor ligand with

hydrogen-bonding functionality. Rendina and Gallasch also reported the synthesis of isomeric

complexes (8), (9), (14), (15), (16), and (17)'o isomeric to those reported previously, in which the

hydrogen-bonding group was present on the aryl-iodide that was oxidatively added to the Pt(0)

precursor. This proved to be quite challenging owing to the fact that platinum(0) complexes are

known to oxidatively add across O-H bonds3T-3e. For this reason, a silyl-containing protecting

group was utilised during the oxidative addition reaction and is was later removed, in a facile

manner, to give the final product.

_l
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compounds, such as crown ethers, have been shown to be useful for the binding of metal ions and

guest compounds. Fujita reports examples of self-assembled palladium28 and cadmiumrs

macrocycles that demonstrate site-specific binding of electron-rich aromatic compounds. Fujita's

palladium(Il) complex (1S) has a high affinity for electron-rich aromatic compounds with high

shape specificity. The complex specifically binds polymethoxybenzenes (1300 - 2680 L.mol-r)

while other substrates are not bound so well. In the case of Fujita's molecular receptor, the

molecular recognition of the electron-rich polymethoxybenzenes is ascribed to the electron-

deficient cavity of the complex due to the presence of tetrafluorophenylene and the coordinated

pyridyl groups'8.

4+

(18)

In summary there are a number of ways to synthesise compounds through self-assembly.

These include using exclusively coordinate-covalent bonding, or a combination of coordinate

covalent bonding and H-bonding. The products have high shape predictability due to the inherent

geometries of the subunits used to assemble them. The compounds are usually the focus of solid-

state characterisation of both polymers and discrete macrocycles with less work reported on self-

assembly in solution. The utility of such self-assembled molecules for molecular recognition is

described further in the following section.
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1 .2 DNA/RNA nucleobases

With molecular recognition being the foundation for a vast array of biological processes,

it is not surprising that there is great interest in the study of host-guest chemistry and synthetic

receptorsao. Complexations play important roles in enzyme-substrate interactions, replication of

nucleic acids, biosynthesis of proteins, membrane transport, antigen-antibody recognition, and

many other examples are known in the literatureal. Watson-Crick base pairing is a classic

example of molecular recognition. The four DNA nucleobases that are involved in hydrogen-

bonded base pairing üa, adenine (A), guanine (G), cytosine (C) and thymine (T), as shown in

Figure 3 42.

Adenine Guanine

o

Cytosine

Figure 3. DNA/RNA nucleobases

Thymine

Base pairing interactions are so fundamental that they are the very elements that hold

double-helical DNA intact. Base pairing involves hydrogen-bonding interactions between pairs

of nucleobases that are best suited to hydrogen-bond formation. Therefore, adenine pairs with

thymine forming two hydrogen bonds, while guanine pairs with cytosine forming three hydrogen

bonds, Figure 4.

o
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N

H

Adenine

Guanine

sugar
Thymine

H

Cytosine

Figure 4. Watson-Crick base pairing

Adenine possesses two major sites for host binding through hydrogen-bonding, and can

make a total of four hydrogen bonds. The sites that participate in hydrogen-bonding on adenine

are; the Watson-Crick site (V/C) at the No and N¡ atoms, and the Hoogsteen (HG) site at the N6

and Nz atoms. Both the Watson-Crick and Hoogsteen sites are involved in 1:l binding

interactions. However there also exists the possibility of 2:l binding which can occur at both sites

simultaneouslyoo't', Figure 5. Various modes of molecular recognition have been shown to occur

between adenine and simple carboxylic acids. Previous work has shown that aromatic carboxylic

acids preferentially bind Hoogsteen sites whereas aliphatic carboxylic acids bind preferentially at

the Watson-Crick site4+'4s. It has been shown that the association constants can be determined for

1 : I modes of binding, but that for higher modes of binding, for example 2:1, it is much more

diffrcult to determine each of the association constantsa.

11



Watson-Crick site Hoogsteen site

X'igure 5.'Watson Crick and Hoogsteen binding sites on adenine

Molecular recognition requires complementarity benveen several binding sites on both the

receptor and the substrate. Hydrogen-bonding has previously been utilised in creating molecular

receptors for adenine, and these will be discussed further. The main general feature of such

receptors is inwardly pointing hydrogen-bonding functionalities, such as a carboxylic acids and

their derivatives. As well as utilising hydrogen-bonding as a form of nucleobase interaction,

some groups have reported zc-stacking as an important interaction with DNA nucleobases. In

some cases molecular receptors containing both hydrogen-bonding and æ-stacking units have

been synthesised, such as those reported by Goswami and co-workers (19) and (20)43, and by

Rebek and co-workers*. Goswami and co-workers found that the selectivity of the receptor could

be varied by altering the size of the hydrogen-bonding region, and that the orientation of the

aromatic-aromatic interaction could be changed by altering the electronic properties of the rc-

stacking regiona3.

n

7

n

H

(le)
(20)

n
n

t2

:3



There are a number of reported synthetic receptors that utilise hydrogen-bonding as a

means of nucleobase complexation. These receptors can be split into two groups with respect to

their means of guest complexations. The first group are exclusively hydrogen-bonding molecules,

where the sole means of complexation is a planar array of hydrogen-bonding functionalities. The

second group has fewer hydrogen-bonding functionalities but incorporates at least one æ-stacking

interaction. We have so far seen examples of macrocyclic receptors that discriminate their guest

molecule by such attributes as size, electronic properties, hydrogen-bonding groups and rc-

stacking interactions. It is also possible to have a molecular receptor that is non-macrocyclic.

Such receptors are given the name "molecular tweezers". These are molecules that are

constructed having two binding sites linked by a spacer unit. The more rigid the spacer the better,

as there is less conformational flexibility, and therefore decreases the intricacy of the moleculea6.

In this case the tweezer is formed by converging hydrogen-bonding groups or, in some cases,

converging aromatics surfaces to form n-stacking interactions. Of course, there are also tweezers

that take advantage of both the hydrogen-bonding functionalities of the molecule as well as its æ-

stacking abilities. An example of a non-macrocyclic receptor, or molecular tweezer, was

synthesised by Zimmerman and co-workersaT, in which the binding site for adenine was created

between two converging aromatic faces and a single carboxylic acid, (21).

H.

o. -H'NH

(21)

Zimmerman and co-workers reported that by synthesising a molecular tweezer, as

opposed to a macrocyclic receptor, they could retain the complexing power of the macrocycle but

bind large molecules such as adenineaT.
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Another example of a molecular tweezer is reported by Adrian and V/ilcoxa8 in which the

molecular tweezer (22), which has two carboxylic acids intersecting at 120", is able to associate

with substrates including adenine.

(22)

Similar in design to the tweezers designed and synthesised by Adrian are the tweezers

reported by Yu (23) - (26)on.These receptors all take advantage of the inwardly pointing

hydrogen-bonding groups of the 2,6-diaminoacyl pyridine groups. Of course, the key feature that

makes the receptor adaptable is the ability to change its size by changing the nature of the spacer,

R, to suit the size of the guest molecule.

H

-(CHe)s-
-(CHz)e-
cH2-Ph-cH2

1 .3 Platinum Complexes w¡th Hydrogen-Bonding Functionality

The majority of molecular receptors that are reported in the literature are neutral, organic

based molecules. This thesis reports the development of a new class of cationic mono- and di-

organoplatinum(Il) complexes that could potentially utilise hydrogen-bonding functionalities for

the recognition of nucleobases, such as adenine. Figures 6 and 7 show the general structures for

the complexes that were investigated in this work. The hydrogen-bonding functionality is
t4

(23)
(24)
(25)
(26)

Pl =
Pl =
R=
R=

Ph



conferred on the platinum complex by the coordination of an aromatic N-donor ligand that

possesses a hydrogen-bonding group. There are a number ofhydrogen-bonding groups that can

be used for the synthesis of such complexes. These include carboxylic acids, in the 2-,3-, and 4-

position of a pyridyl ring. Also useful are the analogous primary and secondary amides. The

phosphine ligands were chosen for a variety of reasons. One can use alkyl phosphines such as

PEt¡, or aryl phosphines such as PPh¡. The phosphines that were used in this project included

PEt3, PMePhz, PPh¡ and PCy¡. The utilisation of phosphine ligands in the synthesis of the

complexes assisted us in their characterisation as they allowed us to use ''P1tU¡ NtrrtR

spectroscopy. Furthermore, with the construction of a number of model mono-platinum(Il)

complexes (Figure 6.), certain properties of the complexes can be changed by altering the nature

of the phosphine ligand. One can alter the steric bulk of the complex quite readily by varying the

types of phosphine ligands used in the synthesis of the target complexes. A phosphine with a

large cone angle, such as tricyclohexylphosphine (170o)50, will lead to greater steric bulk than a

phosphine such as trietþlphosphine (137')st which has a much smaller cone angle. The different

alkyl and aryl substituents on the phosphine ligands may lead to other effects as well, e.g.

enhancing the solubility of the complex in organic solvents, an important factor with charged

species such as the ones prepared in this work.

+

R'2

R = Me, Et, Ph, Cy
R'= Et, Ph, Cy
R" = 2-, 3-, 4-pyridine carboxylic acids or amides

Figure 6. General structure of cationic, mononuclear organoplatinum(Il) complexes with

hydro gen-bonding functionality

Figure 7 shows the general structure of the dinuclear organoplatinum(Il) complexes with

hydrogen-bonding functionality. The major difference between the mono- and the diplatinum(Il)

complexes is that the latter have two platinum(Il) centres linked by a symmetrical N-donor

ligand, and the H-bonding functionality resides on a o-aryl ligand. The bridging N-donor ligand

can be chosen to confer a variety of angles and shapes on the complex. The bridging ligand of

PRR'Ct- r1l
\-/,

15



Figure 7 can be altered to change the angle at which the hydrogen-bonding functionalities

converge and thus change the dimensions of the resulting molecular tweezer.

;l 2+*'r"\
Pt

\

X

PRR'2 R'zR

o

X = OH, NH2, NHR
R=R'=Ph
R = Me, R'= Ph
R=R'=Et
R=R'=Cy

Figure 7. General structure of cationic, dinuclear organoplatinum(Il) complexes with

hydrogen-bonding functionality

1 .4 Molecular Tweezers Containing Platinum(ll)

Figure 8 shows a schematic representation of the assembly of a platinum(Il) molecular

tweezer. The first step is the self-assembly of the molecular tweezer from two basic units. The

two units are, the bridging bidentate N-donor ligand and the platinum(Il) complex with

hydrogen-bonding functionality. V/hen two of the platinum(Il) precursor complexes combine

with the N-donor ligand they form the platinum(Il) molecular tweezer. The platinum(Il) tweezer

can then combine with a guest molecule.

Bridging
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N-donor ligand

+2

Platinum(ll) complex
with H-bonding
functionality

Molecular tweezer

...'''...'''''''...'............................*

Molecular tweezer Guest
molecule Host-Guest

Complex

X.igure 8. Schematic representation of the general construction of a self-assembling

molecular receptor with hydrogen-bonding functionality

The ultimate goal of this work was to show that a dinuclear organoplatinum(Il) complex

with hydrogen-bonding functionality could be synthesised that would strongly bind

simultaneously to both sides of adenine in a non-covalent manner, (27). This species would

represent the first example of an organometallic molecular tweezer for a nucleobase. There are

four literature reports of organometallic complexes that can act as metalloreceptors for DNA

bases. One of these is the work by Loeb52. where the synthesis of an organopalladium complex is

reported and shown to be a suitable receptor for the DNA nucleobases adenine and guanine (28).

Loeb reported that the palladium complexes provided three forms of interaction with the DNA

nucleobases through first sphere and second sphere interactions. The first interaction is the f,rrst

sphere o donation from an aromatic N atom to the palladium centre, the other two interactions are

second sphere hydrogen-bonds between the NH2 group and the polyether O atoms, and the n

stacking between the electron-poor aromatic ringss2'53.

+
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Bridging Ligand
-l 2+

2R

PRR'2

Me

R = Me, Et, Ph, Cy
R' = Et, Ph, Cy

Q7)

(28)
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2. Preparation and Characterisation of mononuclear

Organoplatinum(ll) Complexes with Hydrogen-bonding

Functionality

This chapter describes the synthesis and characterisation of several novel

monoplatinum(Il) complexes with hydrogen-bonding functionality. Section 2.1 describes the

preparation of the iodoplatinum(Il) complexes that are the precursors to the target

monoplatinum(Il) complexes with hydrogen-bonding functionality. Section 2.2 describes the

reactions of the iodoplatinum(Il) complexes with suitable aromatic ligands containing hydrogen-

bonding functionalities. Section 2.3 reports the determination of pKa values for selected

monoplatinum(Il) complexes.

2.1 Synthesis and Characterisation of lodoplatlnum(ll) Precursor

Complexes

One of the key steps in the synthesis of the target mononuclear platinum(Il) complexes

with hydrogen-bonding functionality was to prepare precursor iodoplatinum(Il) complexes. The

most common method for the insertion of platinum into an aryl-halide bond is by an oxidative

addition reaction employing the appropriate platinum(0) precursor with an aryl-halide6'21'22'26'2e,

typically an aryl-iodide. This was attempted by heating iodobenzene and Pt(PPh3)4 in toluene

solution as shown in Scheme 2.1. The oxidative addition method proved unsuitable in the

preparation of the target complexes for two reasons. First, the platinum(0) complexes were

difficult to prepare in high yield and purity, and a different platinum(O) precursor was required

for each phosphine ligand used in our study50'54. Second, the oxidative addition reactions that

were carried out resulted in products containing significant amounts of impurities. Therefore, we

investigated the use of platinum-alkene precursor complexes as an alternative to the use of

platinum(O) precursors. The platinum(Il)-olef,rns were stabilised suffrciently to undergo Grignard-

type reactions, while the olefin could be displaced by a suitable range of phosphine ligandss5'56.

Scheme 2.2 summa¡izes the synthetic route to the iodoplatinum(Il) precursor complexes.
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Pt(PPh3)4

PPh3

(2s)

Scheme 2.1

Pt(cod)Cl2 (32) was prepared in good yield by the method reported by Clark and

Manzerss. Metathetical replacement of the chloro ligand with iodide resulted in the formation of

the corresponding diiodo complex (33) in quantitative yield. The Grignard reagent,

phenylmagnesium bromide, was employed to afford the corresponding diphenylplatinum(Il)

complex (34). This reaction resulted in the formation of the expected product (34), and it could

not be stopped at the mono-substitution stagess. One of the o-phenyl ligands was selectively

removed by using one molar equivalent of HCI formed in situ by reacting acetyl chloride with

CH¡OH in CHzClz solution5s, to give (35) in good yield. Once again it was a simple matter of

reacting the resulting chloro species with NaI to form the corresponding iodophenylplatinum(Il)

complex (36).

All of these reactions were found to be high yielding (60-85%). Although there were a

number of steps involved in using this scheme, the result was a less difficult, higher yielding

preparation of the target complexes. The final result of this five-step synthesis was the highly

pure and useful precursor (36). The 1,5-cyclooctadiene ligand could be displaced readily with

ligands such as tertiary phosphines particularly as it is labilised by the strongly rrans-labilising

iodo and phenyl ligands5T.

^
GË

(30)
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K2IPIC14]

(3r)

coD

pfopanol
SnCl2

NaI

(33)(32)

acetone

cH3cocl

PhMgBr

NaI

-

acetone
cH3olvcH2ct2

(36)

Scheme 2.2

(3s) (34)

Complex (36) was successfully reacted with four different tertiary phosphine ligands,

PPh3, PEt3 , and PMePhz, and PCy, to form the corresponding trans-

bis(phosphine)iodoplatinum(Il) complexes (37), (38), (39) and (40), respectively. As the

reactions were conducted at temperatures of up to 90 "C, it was possible to form exclusively the

thermodynamically-favoured, frans-substituted platinum(Il) complexes (37) - (40) as air-stable,

colourless solids.

2 x PRR'2
RR'Z

PRR'2

(37)R=R'--Ph
(38)R=Me,R'=Ph
(39)R=R'=Et
(40)R=R'=Cy

^

Scheme 2.3
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Table I summarises some of the key spectroscopic data for the iodoplatinum(Il) complexes (37) -

(40). The tH NMR spectra of the complexes show the expected downfield doublet due to the

ortho proton of the o-aryl group at between ô 6.65 - 7.52. This signal shows distinctive three-

bond (3-rnn) spin-spin coupling to lesPt (I : ll2; natural abundance : 33.8Yo) of 29 - 36 Hz in the

form of a pair of doublet satellites centred about the major signal. The ortho proton always

appears downfield of the meta and para protons due to its proximity to the Pt-C bond. The meta

and para protons appear as multiplets as a result of non-first order coupling to the other protons;

these signals always appear upfield to the ortho-protons.
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Table 1. tH- and ttP{tH} NMR'Data for the iodoplatinum(Il) Complexes (37) - (40).

H

Me, R'= Ph
R'= Et
R'= Cy

PhR'=R=
R=
R=
R=

(37)
(38)
(3e)
(40)

PRR'2

H m Ho

40

39

38

37

Complex

7 .52, zIJ,d, ('J"" : 6.6 H2, r Jp¡u
:32H2)

7 .28, 2H,d, ('.ftH : 7 .2 H2,'Jpu
:36H2\

6.81, 2H, d, ('.4rr¡ :'7 .8 Hz,' Jp¡y1

:30 Hz)

6.65, 2H,d, ('JH" ='1.8 Hz, JJp¡¡1

:29 Hz)

Hortho

6.84,3H, m

6.92,2H, m

6.46,3H,m

6.10,2H, m
H-.,o

6.84, 3H, m

6.81, lH, m

6.46,3H,m

6.24, IH, m
H.o.o

l.9l-0.98, 60H, m

1.86-1.00,30H, m

7.56-7.13,20H, m

7.57-7.20,30H, m
PRR'z

na

na

1.85,6H, m

na
PCH¡

t3.0 (274s)

e.4 (273e)

4.7 (2e3s)

22.0 (3087)

õ ("P)o

'Chemical shifts in ppm measured in CDCII; quoted multiplicities do not include resPt satellites. b l..,Ip,p coupling constants (Hz) in parentheses
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Each signal inthe'tP{tH} NMR spectrum appears as a sharp singlet flanked by te5Pt

satellites in a 1:4:1 ratio. This is consistent vnth trans substitution around the platinum(Il) centre.

The Pt-P spin-spin coupling (t,Irr,) ranges from2739 - 3087 Hz, which is also consistent with the

trans arraÍrgement of the phosphine ligands in a platinum(Il) complex2ó.As expected, the aryl-

substituted PPh3 (ô 22.0) appears downfield with respect to the alkyl-substituted phosphine

ligands PEt3 (ô 9.4),PCy (ô 13.0), and PMePhz (ô 4.7), the data are consistent with those of

related complexes reported in the literature26.

Utilising phosphine ligands in these complexes benefited us in several ways. First, the

presence of phosphine ligands enabled us to monitor the reactions and analyse the products using

"P{tH} NMR spectroscopy, which is a sensitive probe for cis-trans isomerisation in Pt(II)-

phosphine complexes, enabling us to quickly and easily determine the final stereochemistry of

the platinum complex. Second, the various phosphines greatly altered the solubility of the

product in various solvents, with alkyl phosphines such as PEt3 being highly soluble in

chlorinated organic solvents, and partially soluble in dietþl ether, while the aryl phosphines such

as PPh¡ were much less soluble in the same solvents26. Third, different phosphine ligands also

conferred different crystallising properties on the complexes by changing their packing

efficiency. Finally, phosphines such as PEt3 or PPh3 have small cone angles, 137o and 145os0

respectively, compared with phosphines such as PCy3 (170")50 which have relatively large cone

angles. Large cone angles result in greater steric congestion than small cone angles. This may

confer interesting properties upon the target complexes once the iodo ligand is substituted with a

ligand possessing H-bonding functionality, e.g. intermolecular H-bonding characteristics.

In general, complexes (37) - (40) are generally air-stable solids, but it was found that in

solution (39) was quite reactive toward dioxygen and water. On dissolving (39) in n-hexane at

room temperature, colourless crystals were found to form overnight. The crystals were of X-ray

quality, and the molecular structure of the complex was determined as shown in Figure 9. The

crystal structure showed that the original complex had undergone loss of the o-phenyl ligand and

that the PEt¡ had been oxidised to form the corresponding diethyl phosphine-oxide and -

hydroxide, the latter being hydrogen-bonded to free OPEt¡ in the solid state (Scheme 2.4). The

by-products of the reaction were not identified and their fate remains undetermined. At this stage

we are unable to propose a suitable mechanism for the oxidation process.
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HO\ Et

o2l"'
ï-
PEt3

Et-
Et¿rrX

Hzo

Et

(41)

Scheme 2.4

Figure 10 shows the molecular structure of (41) in which the platinum atom exists in the

expected square planar geometry. The platinum atom lies 0.0069(3) Ä above the IP¡ donor set.

The EtzP(OH) ligands occupy mutually trans posítions as do the anionic [Et2P-O]- and I- species.

The d(Pt-PI,P2) of 2.325(2) Ä and 2.319(2) Å are significantly longer than d(Pt-P3) of 2.250(2)

Å confirming the assignment of hydroxy- and oxo-functions. The complex is stabilised by an

intramolecular H-bond between O1-H1---O3 with d(H1---O3) = 1.50 .Ä., dlot---O3) = 2.400(6)

.4. and angle at Hl of 156.0". An intermolecular H-bonding interaction is found between O2-H2

and 04 of the Et¡P:O molecule of the solvent so that d(H2---O4) is 1.57 Ä,, dlOZ---O4) is

2.493(5) Å and angle at H2 is 162.5"s8.

Table 2.DaÁ collection and handling

(3e)

Crystal

Wavelength

tr

Diffractometer, scan mode :

20^u*

N(hkl).."'ur.¿, N(hkl)un¡qus

Criterion for Io6r, N(hkDg,

Nþaram)r.¡n"¿

Programs

colowless block

size 0.16 x0.32 x 0.36 mm

Mo Ç radiation (0.7107 Á.)

58.71 crn-r

Rigaku AFC7R, co/20

55"

7599,7151

Iou.>3o(Iou'),5055

25t

TeXan, DIRDIF92, DIFABS
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cl4

clB

c15P4

04

C7

c¡6

c6

c4
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02

c8

ct0

ol c2

P2

clr

cl2 P3
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Figure 10. Molecular structure of (41)

ft
II
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2.2 Synthesis and Characterisation of Mononuclear Platinum(ll)

Complexes with Hydrogen-Bonding Functionality

Mononuclear platinum(Il) complexes with hydrogen-bonding functionality were prepared

from the platinum precursors (37) - (a0) by substitution of the iodo ligand by a suitable N-donor

ligand containing a hydrogen-bonding group. In this case, the N-donor groups that were chosen

included 2-,3-, and 4-pyridine carboxylic acids, also known as picolinic acid, nicotinic acid and

isonicotinic acid, respectively. Each acid contained a pyridine ring that forms a strong

coordinate-covalent bond with platinum(Il), and each molecule also contained a free carboxylic

acid group which conferred hydrogen-bonding functionality on the cationic complex.

RR'E +
1. AgOTf

ort
R

2

2. R

(42) R = R'= Ph, R" = 3-COzH
(43) R = Me, R'= Ph, R" = 3-COzH
(44) R = R'= Et, R" = 3-COzH
(45) R = R'= Cy, R" = 3-COzH
(46) R = R'= Ph, R" =4-COzH
(47) R = Me, R'= Ph, R" = 4-COzH
(48) R = R'= Et, R" =4-COzH
(49) R = R'= Cy, R" = 4-COzH
(50) R = R'= Ph, R" =2-COzH
(51) R = Me, R'= Ph, R" = 2-COzH
(52) R = R' = Et, R" =Z-COzH
(53) R = R' = Cy, R" = 2-COzH
(54) R = Me, R'= Ph, R" = 4-CONHz
(55) R = Me, R'= Ph, R" = 3-CONHz

Scheme 2.5

The iodo ligand was not particularty labile when coordinated to a platinum(Il) centre, and

thus AgOTf (OTf = trifluoromethanesulfonate; triflate) was employed to remove the iodo ligand

and replace it with the much more labile triflato ligand. It was then a matter of displacing the

triflato ligand with the various N-donor ligands. Reactions involving AgOTf were highly water

sensitive, as were the triflato complexes thus formed. For this reason, all reactions were carried

out under anhydrous conditions using standard Schlenk techniques.
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Tables 2.2,2.3, and2.4 summarise the rH- and 3rP{tH} NMR data for the target P(II)

complexes (42) - (53). Complex (42) shows multiplet signals at õ 6.74, 6.37, atd 6.53 which

correspond to the ortho, meta and para o-arylprotons, respectively. The PPh3 protons appear at ô

7 .57 - 7 .14. The signals for the pyridyl protons, H' , Ho, H5, and H6 appear at õ 8.57, 8'20, 6'82,

andT.S4,respectively.As expected, the two protons adjacent to the electronegative nitrogen

atom, H2 and H6, are shifted downfield compared to the other aromatic protons. The ''P{'H}

NMR spectrum of (2) appears as a singlet at õ 20.8, flanked by re5Pt satellite signals (r/p,p:

3045 Hz). This is the expected shift of organoplatinum(Il) complexes containing mutually trans

pPh3 ligands. Complex (43) has a very simila. tH NMR spectrum to that of (42), the main

difference being the presence of the PMePhz methyl proton multiplet at ô 1.62.This multiplet

signal constitutes the X part of an AMM'X3X'3 spin system (where A :lesPt, M : 3lP, and X:
tU;. et this stage we are unable to extract reasonable coupling data from the spectra, but related

spin systems have been reported elsewhere5e'60, and a theoretical analysis of spin systems of the

type MM'XnX'n (where n: 3 and 6) has been described previously by Harris6r. The 3tP1tH1

NMR spectrum appeared again as a singlet, but in this instance the signal had been shifted

dramatically upfield to õ 9.4, when compared to (42). The 3tP1rH) NMR spectrum of complex

(44) appeared as a sharp singlet at ô 13.9 flanked by le5Pt satellites (Unp : 2698 Hz). The

interpretation of the tH NMR spectrum of @Q was facilitated by the fact that there \ryere no

a¡omatic protons due to the phosphine ligand, as was the case for (42) and (a3). The etþl protons

appear upfield at ô 1.23 - 0.96. The signal due to H2 appeared as a downfield shifted singlet at ô

g.lg,whileH6existsasdownfieldshifteddoubletatô8.88(3./r¡H:5.4H2)duetothreebond

coupling to Hs. H2 and H6 were shifted downfield due to their proximity to the electronegative

nitrogen atom of the nicotinic acid ligand. Ha and Hs appeared as a doublet and a multiplet, at õ

8.54 and ô 8.00 ('-I"" : 7 .8 Hz and 5.7 Hz), respectively. The signals due to the o-aryl protons,

Hortho, Hmeta ândHp",", were attributedto õ7.28, õ 7.03 and õ 6.93, respectively. Each of these

signals appeared as a complex multiplet. The hydroxyl proton appeared as a very broad singlet at

õ 5.89, which disappeared upon the addition of one drop of D2O to the NMR-tube.

As expected, complexes (46) - (49), containing the isonicotinic acid ligand, have the

simplest rH NMR spectra due to the high symmetry present in the complexes. Complex (a8) had

the characteristic signals at õ 7.32,6.87, and 7.05, assigned to the ortho, meta and para c-aryl

protons, respectively. As anticipated, the aromatic region of the spectrum was significantly
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simplified without the presence of the PPh¡ proton signals. This aided in the assignment of the

other aromatic protons that are sometimes masked by the PPh3 protons. The two signals at ô 8.17

and8.27 were attributed to theH2t6 and H3/5 protons of the isonicotinic acid ligand. The 3rP1'Hl

NMR spectrum showed a singlet at õ 13.4, with resPt satellites (r/p,p: 2697 Hz), as expected for

the trans geometry of the complex. Complexes (a6) and (7)hadsimilartH and "P{tH} NMR

spectra to that of (a8).

The rH NMR spectra of the picolinic acid complexes (50) - (53) were more complicated

as they contained several chemically-inequivalent protons, thus giving rise to a greater number of

signals then their isomers. Complex (50) showed a signal at ô 6.63 which was assigned to the

ortho proton while the meta and,para protons appeared as overlapping signals at õ 6.33. H3

appeared at ô 8.69, while Hu, Ht and Ha appeared as signals at õ 8.03, 8.28 and 7.75 rcspectively.

The 3rP1rH) NMR spectrum of (50) appeared as a sharp singlet at ô 23.0 (r/p,p : 3212 Hz).

Complex (51) displayed a signal at õ 6.55 which was assigned to the ortho o-aryl protons, while

the signal at ô 6.87 was assigned to the meta and para o-aryl protons, which were overlapping.

The 3rP1rH) NMR spectrum of (51) displayed a sharp singlet at ô 6.5 withresPt satellites (t/.,r:
3089 Hz). Complex (52) gave rise to signals at õ 6.63, 6.97 and 6.91 which were assigned to the

ortho,meta,andpara protons respectively. The signals due to the protons H3, H6, H5, and Ha

where assigned to ô 6.33, 8.79,8.04 and,7 .64, respectively. The "P{tH} NMR spectrum of (52)

appeared as a singlet at ô 11.1 flanked by resPt satellites (rJp,p: 2840H2). Complex (53) gave

rise to a signal at ô 7.01 attributed to the meta proton, and a signal at õ 6.96 attributed to the para

proton. The signals at õ6.33, 8.25,7.g8 and7.6l were assigned to the H3, Hu, H5, and Ha protons

respectively. The "P{tH} NMR spectrum of (53) appeared as a sharp singlet at õ 17.2 (Up,p :

3067 Hz).Unfortunately, complexes (52) and (53) were the only two complexes that could not be

prepared in an analytically pure manner, despite repeated recrystallisations.

Obviously, a carboxylic acid is not the only functional group capable of hydrogen-

bonding interactions. With the successful synthesis of a number of platinum(Il) complexes

containing carboxylic acids, two platinum(Il) complexes containing an amide fr-¡nctionality were

also synthesised. In the same manner as described for complexes (42) - (53), the iodo ligand was

removed from the iodo precursor (38) with AgOTf and the more labile triflato ligand was

displaced with the N-donor ligands, isonicotinamide and nicotinamide, to afford (54) and (55),

respectively.
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The rH NMR spectrum of complex (54) showed a signal at õ 7 .16 that was assigned to the

ortho o-aryl protons. In a similar manner to that of complex (51), the signals for the meta and

para 6-aryl protons were overlapping at ô 6.84. The 3rP1rH) NMR signals appeared as a ô 9.8

singlet, flanked by resPt satellites (t/.,, : 2888 Hz) which is similar to complex (47) (ô 9.4,rJptp

: 2914 Hz), suggesting that the nature of the hydrogen-bonding group has little effect on the

electronic environment of the Pt-P bond. The spectroscopic features of (55) \¡/ere more difficult to

analyse than for (5a). The fact that the amide was in the 3- position rather than the 4- position

destroyed the symmetry of the complex and therefore results in a more complicated spectrum. H2

appeared as a downheld shifted singlet at õ 8.62, while the signals due to Ho, Ht, and H6

appeared as an overlapping multiplet signal at õ 7.98. Similarly the ortho, meta and para o-aryl

protons appeared as an overlapping multiplet at ô 6.98 - õ 6.67. The signal due to the NHz

protons of the amide appeared as a broad singlet at õ 5.57. As with the other complexes that

possess the PMePh2ligand, there was a signal due to the methyl group of the phosphine ligand at

ô 1.69. The 3tP1rH) NMR signal appeared as a ô 10.0 singlet, flanked by re5Pt satellites (t/",r:
2927 Hz).
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Table 3. rH- and 3tP{tH} NMR Data for the nicotinic acid Complexes (42) - (45)'.

H -_l +

R'2

PRR'2

(42) R=R'=Ph
(43) R = Mê, R'= Ph
(44) R=R'=Et
(45)R=R'=CY

Ha

H2

45

44

43

42

Complex

7.40,2H,
m

7.28,2H,
d, (3/Hn:
7.2H2)

c

6.74,2H,
d, (3-IHu:
7.5H2)

Horthn

ô ('H)

6.83,
2H,m

7.03,
2H,m

6.89,
3H, m

6.37,
2H,m

Hmerr

7.01, lH,
m

6.93,2H,
m

6.89,3H,
m

6.53, lH,
m

H.oto

9.30, lH,
s

9.19, lH,
s

8.37, lH,
s

8.57, lH,
s

H'

8.94, 1H, d,
(3Jss:6.9
Hz)

8.88, 1H, d,
(3Jss:5.4
Hz)

8.19, lH, d,
(34ru:4.8
Hz)

8.20, lH, d,
(3J¡¡1:5.7
Hz)

HO

7.77,
lH, m

8.00,
lH, m

c

6.82,
lH, m

H"

8.68, lH, d,
(3.4rH:7.8
Hz)

8.54, lH, d,
(3J¡1¡1 : 7.8
Hz)

7.88, 1H, d,
(3JHH: 8'l
Hz\

7.84,lH, d,
(3Jnu:7 .8

Hz)

H"

t.9l-
0.86,
60H. m

1.23 -
0.96,
30H, m

7.52-
7.t6,
20H, m

7.57-
7.14,
30H, m

PRR'z

t3.4
(2724)

13.9
(26e8)

9.4
(2870)

20.8
(304s)

õ ("P)o

"Chemical shifts in ppm measured in CDCI3; quoted multiplicities do not include resPt satellites. b r../p,p coupling constants (Hz) in parentheses.

"Obscured by PMePhz protons.

H m
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Table 4. tH- and 3tP{tH} NMR Data for the isonicotinic acid Complexes (46) - (49)".

+

R'2

R=R'=Ph
R = Me, R'= Ph
R=R'=Et
R=R'=Cy

H m H3

49

48

47

46

Complex

7.50,2H,d,
('J"": 6.6H2,
sJss:32H2)

7.32,2H, d,
('-I"": 8.1 Hz,
3./p,s: 29Hz\

7.24,2H, d,
(3Js¡1:7 .2
Hz)

6.75,2H,d,
('./"": 6.9H2,
3Jp,u:24H2)

Hnrrhn

6.84, 3H, m

6.8J,2H, m

6.79,3H, m

6.31,2H,m
H-"ro

6.84,3H, m

7.05, lH, m

6.79,3H, m

6.51, lH, m
H.o.o

8.83,2H, d,
(3JHu:6.3
Hz)

8.89,2H, d,
(3'4rH: 6.3
Hz)

8.17,2H,d,
(3J1ry:6.6
Hz)

8.35,2H, d,
(3,Ä¡u:8'l
Hz)

It¿to

8.42,2H, d,
(3Jm:6.6
Hz)

8.27,2H, d,
(3Js¡1:6.6
Hz)

c

7 .20,2H, m
Hr/r

1.87-0.83,
60H, m

1.73-t.02,
30H, m

7.45-7.23,
20H, m

7.43-7.27,
30H, m

PRR'z

na

na

1.64,3H, m

na
PMePhz

t7.s (2792)

13.4 (26e7)

e.4 (2e14)

22.1(30s4)

ô ("P)o

uChemical shifts in ppm measured in CDCI3; quoted multiplicities do not include le5Pt satellites. b l,/p,p coupling constants (Hz) in parentheses.

'Obscured by PMePh2.

H -l
R2

(46)
(47)
(48)
(4e)

H2
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Table 5. rH- and 3tP{tH} NMR Data for the picolinic acid Complexes (50) - (53)".

+

PRR'E

R=R'=Ph
R = Me, R'= Ph
R=R'=Et
R=R'=CV

53

52

51

50

Complex

õ 6.63, 2H,d,
(3Jnn:7.5
Hz)

ô 6.55, 2H,m

ô 6.63, 2H,d,
(3Jsg:7.5
Hz\

Horthn

õ('H)

ô 7.01,2H,
m

õ 6.97,2H,
m

ô 6.87,2H,
m

ô 6.33,2H,
m

H-"t"

ô 6.96, lH,
m

ô 6.91, lH,
m

õ 6.87, lH,
m

ô 6.33, lH,
m

Ho"."

ô 6.33, lH,
m

ô 6.33, lH,
m

ô 7.60, lH,
m

ô 9.69, lH,
m

H,

ô 8.25, lH,
d, (3,4rs:
7.8H2\

õ 9.79, 1H,

d, ('./"":
4.5H2)

õ 9.69, 1H,

d' (3-Inu:
4.5H2)

õ 9.03, lH,
d, (3JHu:
7.8H2)

HO

ô 7.98, 1H, td,
('J"": 8.1 Hz,
4JHH:1.8 Hz)

ô 9.04, lH, td,
('J"" : 7 -2H2,
4Jt*t:1.5 Hz)

õ7.99,1H, td,
('./"": 7.4H2,
4Jsu:1.8 Hz)

ô 8.29, lH, td,
(tJrr:6.oHz,
4Juu: l.4Hz)

H'

ô 7.61, lH, m

õ 7.64,1H, m

õ 8.25, lH,
dt, (3,I¡¡¡1 :
7.5 Hz,alwt
: I.2Hz\

õ 7 .75,lH, m
H"

t7.2
(3067)

11.1

(2840)

6.5
(308e)

23.0
(3212)

ô ("P)o

"Chemical shifts in ppm measured in CDCII; quoted multiplicities do not include lesPt satellites. b r./p,p coupling constants (Hz) in parentheses.

-l
2

(50)
(sl)
(52)
(53)
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Table 6. rH- and 3rP¡rH) NMR Data for the nicotinamide complexes (54) and (55)".

5

+
H

MePh2

PMePh2

(54) R = 4-CONHz
(55) R = 3-CONHz

R

H m

55

54

Complex

6.98,
2H,m

7.16,
2H, d,
('/""
:7.8
Hz\

Horthn

ô ('H)

6.82,
2H,m

6.84,
3H, m

H-"tn

6.67,
lH, m

6.84,
3H, m

Hro"o

8.62,
lH, s

7.94,
2H, d,
('J"":
6.3H2)

HZ

c

Obscure
dbv
PMePh2

HJ

7.99-
7.96,
3H, m

c

H4

e

d
H5

As for
H4

e

HÓ

5.57,
2H, s

8.14,
5.66,
1H, s.

NHz

7.64 -
7.19,
20H, m

7.s7-
7.34,
20H,m

PRR'z

1.69,
6H, m

1.56,
6H, m

PCH¡

10.0
(2e27)

9.8
(2888)

ô ("'P)o

uChemical shifts in ppm measured in CDCI¡; quoted multiplicities do not include le5Pt satellites. b l..Ip,p coupling constants (Hz) in parentheses.
Not present in complex. dAr fot H3. 'As for H2.
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Crystals of complexes (47) and (48) that were suitable for X-ray analysis were grown

from CHzClzln-hexane solvent mixtures, utilising diffusion layering techniques. The molecular

structures of (a7) and (a8) are shown in Figwes I I and 12, respectively. The asymmetric unit of

each of (47) and (48) comprises a univalent complex cation, a triflate anion and a solvent

dichloromethane molecule of crystallisation. In each complex, the platinum atom exists in the

expected square planar geometry defined by a C, N, Pz donor set indicating that the nicotinic acid

is N-bound. The platinum atom lies 0.0102(1) ,4 and 0.0465(1) Å out of the respective

coordination planes in (af and (48). In (48), the platinum-bound phenyl and isonicotinic acid

groups are effectively orthogonal to the square plane as seen in the magnitude of the dihedral

angles of 88.6o and 89.4o, respectively. By contrast,in(47), the respective dihedral angles are

74.5" and 91.5o with the large deviation for the phenyl group been ascribed to the reduced steric

hindrance imposed by the phosphine ligands.

Table 7. Selected bond distances (Å.) around the Pt([) centre for complexes (47) and (48)

Atom 1 Atom 2 Complex (47) Complex (48)

Pt

Pt

Pt

Pt

N(1)

P(1)

P(2)

c(8)

2.132(3)

2.303(t)

2.308(1)

2.002(4)

2.120(3)

2.30e(t)

2.310(1)

2.02e(4)

Table 8. Selected bond angles (") around the Pt(II) centre for complexes (47) and (48)

Atom I Atom 2 Atom 3 Complex (47) Complex (48)

P(1)

P(1)

P(1)

P(2)

P(2)

N(t)

P(2)

N(l)

c(8)

N(1)

c(8)

c(8)

r73.s2(4)

e2.08(e)

88.4(1)

e3.78(e)

8s.7(1)

178.e(2)

Pt

Pt

Pt

Pt

Pt

Pt

t74.33(4)

e2.3(t)

87.s(1)

e3.4(1)

86.e(1)

178.8(2)
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Figure 11. Molecular structure of (47).
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Figure 12. Molecular structure of (48)
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Figure 13. Molecular structure of hydrogen-bonded dimer o1(47\.
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With complexes (42) - (55) it was the N-donor ligand that conferred the hydrogen-

bonding functionality on the complex. It was also possible to prepare a platinum(Il) complex in

which the hydrogen-bonding functionality was not part of a N-donor ligand but rather a C-donor

ligand. In an effort to control the ma¡ner in which intermolecular hydrogen-bonding occurred, we

chose a methyl substituted amide group for this type of complex. Unfortunately, the method for

the synthesis of complexes (37) - (40) could not be used here. The synthesis of the desired amide

complex involved the use of a suitable aryl iodide that already possessed hydrogen-bonding

functionality. In this case, 3-l/-methylbenzamide was used. The carbon-iodine bond provided us

with a means of facile oxidative addition to P(0) precursors, while the secondary amide group

provided the means of introducing hydrogen-bonding functionality into the complex. Previous

studies by the Rendina group have shown that oxidative addition of 3-iodobenzoic acid to Pt(O)

leads to an intractable mixture of products3o. This is due to the fact that several transition metal

complexes of low oxidation state are known to react with the O-H bond of water3T'62'66,

alcohols3T'ós'67 andcarboxylic acids3T-3e. Rendina and co-workers reported the utilisation of a silyl

ester as a suitable protecting group for the carboxylic acid during the oxidative addition reaction

to Pt(PPh3)+30. The silyl ester was found to be both sufficiently robust to withstand the reaction

conditions while it could also be cleaved under mild conditions in order to preserve the

platinum(Il) coordination sphere3o. Silyl group protection was not required in our work, possibly

due to the significantly lower acidity of the amide compared to the carboxylic acid group.

The acid (56) was converted to the amide using methods obtained from literature

proceduresut-tu. This involved the conversion of (56) to the acid chloride (57) by the use of
SOClz. The resulting acid chloride (57) was then reacted with an excess of metþlamine to form

the N-methylamide (58). Its oxidative addition to Pt(PPh3)+ proceeded cleanly to form the

platinum(Il) complex (59) in good yield.
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socl2

OH
ct

(s6) (s7)

NH2Me

R(PPh3)4

toluene

NHMe
NHMe

(se)
(s8)

Scheme 2.6

The lH NMR spectrum of complex (59) showed signals at õ 6.67, 6.72, 6.24, and 6.96

that are assigned toH2, Ho, Ht and H6,respectively. The metþl protons of the NHMe group

appear as a doubletatõ2.76 ('.Ir": 4.8H2), and the NH proton appears as a broad multiplet at ô

4.98. The ttP{tH} NMR signal is a sharp singlet atõ22.0,flanked by resPt satellite signals (rJ¡p

:3029H2}

Complex (59) is a very useful compound. On its own, it is a mononuclear platinum(Il)

complex that has the potential to form intermolecular hydrogen-bonding interactions via the

amide group. The other useful aspect of the complex is that it contains an iodo ligand. This ligand

was readily removed with AgOTf to form the corresponding triflato complex, which was then

reacted with number ofN-donor ligands to form novel mono- and di-nuclear cationic platinum(Il)

complexes with two hydrogen-bonding functionalities. The results of this work are reported in

Chapter 3.
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Table 9 shows selected infrared stretching frequencies for complexes (42) - (55) and (59).

The carboxylic acid v(C:O) bands all occur around l7l2 - 1736 cm-l, and this is the expected

region to f,rnd such signalstT. The O-H stretching frequencies for (42) - (53) are all in the vicinity

of 3000 cm-r, which is also characteristic of -COzH functionalities. The primary amides have

v(N-H) bands appearing in the region 167l - 1697 cmt, which is characteristic of primary

amides77.

Table 9. Selected IR stretching frequencies (cm-l) for complexes (42) - (55) and (59)

Complex v(C=O) v(o-Ð v(N-H)

(42)

(43)

(44)

(4s)

(46)

(47)

(48)

(4e)

(s0)

(s1)

(s2)

(s3)

(s4)

(ss)

(se)

t720

1720

1725

1732

1726

t712

t73l
1736

1720

t725

1725

1726

167l

r697

1680

2800-3200

2800-3200

2800-3200

2800-3100

2800-3100

2s00-3000

2700-3100

2700-3100

2800-3100

2700-3200

2750-3000

27s0-3000

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

1629

1630

1628

Not present in this complex
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2.3 pKa determination for complexes (43), (44), (47), (48), and

(5r ).

In many cases, it is beneficial to know the acid dissociation constant for a BrQnsted acid.

This data can be used to rationalise behaviour of a particular compound in a certain environment.

In particular, the acid dissociation constant can tell one whether the compound is in its ionised or

un-ionised form at a pH of interestTs.

The qualitative factors which affect pKa values are mainly inductive, electrostatic and

mesomeric effects, as well as contributions from hydrogen-bonding, conformational differences

and steric factorsTe. NMR spectroscopy can be employed to determine the acid dissociation

constant of a compound of interest, however, there are limitations on its usefulness. The

compound has to possess a spin-active observable nucleus for NMR spectroscopy and its

concentration has to be sufficient enough to observe a spectrumso. Potentiometric pH titration is

by far the most convenient method for the determination of dissociation constantsTs, and this is

the method used in this work in order to determine the pKa values of selected complexes. All

pKa values were measured in 1:1 ethanol-water mixturessl'82 as the complexes were not, as

expected, completely soluble in water alone. The aqueous ethanol solution of the complex was

titrated against KOH solution in 1:1 ethanol-water mixture. The pH was recorded at various

concentrations and the pKa calculated by a procedure reported by Albert and Serjeants3.

The pKa values of complexes (43), (46), (47), (48), and (51) were determined, and the

results are shown in Table 10.

Table 10. pKa values of complexes (43), (46), (47), (48), and (51)".

Complex pKa

(43)

(46)

(47)

(48)

(s1)

4.85 + 0.10

3.26 t0.07

3.51 + 0.08

3.21 + 0.08

5.23 + 0.09

"Measured in 1:l HzOÆtOH at22"C.
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Table l0 summarises the pKu values that were experimentally determined for the

complexes (43), (46) - (48), and (51). In order to determine the significance of our pKa values,

one needs to compare them to literature values. It was difficult to compare these values directly

with those of pyridine carboxylic acids as the free acids have the internal base, the nitrogen atom,

that can react with the proton. Complexes (43), (46) - (48), and (51) do not have the nitrogen

atom free to react with the acidic proton as it is coordinated to the platinum atom.

In the literature, two pK values are reported, i.e. pK¡ and pK2, which refer to the loss of

two protons from the pyridine carboxylic acid, ie the carboxylic acid proton and the N-H proton

respectivelys2. Literature values for the overall pK" of the pyridine carboxylic acids in various

ethanol/HzO mixtures were calculated by Niazis2 assuming that the equilibrium constant for the

proton loss from the nitrogen atom of the pyridine carboxylic acid was the same as for the proton

loss from the corresponding metþl ester. The pK1 and pKz values for nicotinic acid and picolinic

acidin50%aqueousethanolsolutionwerecalculatedtobel.TT+0.02,4.60+0.02, 1.54+0.04

and 5.24 x.0.02, respectivelys2. These values, as mentioned previously are not particularly

relevant to the discussion of the pKu of our complexes as the free nitrogen atom of the pyridine

carboxylic acid is not present in our complexes.

It is more useful to compare the pK. values of our complexes to the pK" of aromatic acids

such as benzoic acid in 50olo aqueous ethanol solution. The pKa for benzoic acid in 50% ethanol

solution is 5.67 + 0.0282.I1 is clear that the platinum(Il) complexes are significantly more acidic

than benzoic acid in 50o/o aqueous ethanol solution. This enhanced acidity is attributed to the

cationic charge of the complexes, i.e. the loss of the H* cation is favoured for the platinum(Il)

complexes. Although the pyridine carboxylic acid ligand does not exist as a zwitterion in our

platinum(Il) complexes, the resulting complexes upon loss of H* are zwitterions (Scheme 3.1).

Attempts at isolating these species were unsuccessful.

r' oH- Pt-

Scheme 3.1

The acidity of the complexes does not appear to be a function of the of the steric bulk of

the phosphine ligands or their basicity. The acidities of the isonicotinic acid complexes (46) -
43



(48) are all comparable. Indeed, the pK. of complexes (46) and (48) are the same within

experimental error.

44



3. Preparation and Characterisation of Dinuclear

Organoplatinum(ll) Complexes with Hydrogen-Bonding

Functionality

Following the successful synthesis of a number of monoplatinum(Il) complexes with

hydrogen-bonding functionality, the second aim of the work was to synthesise a series of

symmetrical diplatinum(Il) complexes possessing two hydrogen-bonding functionalities.

As with the mononuclear platinum(Il) complexes (42) - (55), two components were

required to assemble the final dinuclear platinum(Il) complex. The first component that was

required was a suitable bridging bidentate ligand. There are, of course several types of suitable

bridging bidentate N-donor ligands that can coordinate to two platinum(Il) centres. Four suitable

bridging bident¿te N-donor ligands were utilised in this work, thus providing us with the means

to prepare dinuclear complexes. These N-donor ligands included; 4,4'-bipyridine (60),4,7-

phenanthroline (61), 4,4'-dipyrazolylmethane (62)84, and 1,1'-diphenyl-4,4'-dipyrazolylmethane

(63)to.

N

(60)
(61)

R=H
R=Ph

62
63
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In the synthesis of the dinuclear platinum(Il) complexes, we decided to utilise the

synthetic method developed by Rendina and Gallasch3o, in which the hydrogen-bonding group

was present on the o-aryl ligand rather than on the N-donor ligand. Complex (59) was an ideal

precursor platinum(Il) complex for these syntheses. It incorporated the hydrogen-bonding

fi¡nctionality directly into the o-afyl ligand. The hydrogen-bonding functionality in this case is

the N-metþlamide, which does not require any protection during the synthesis of the target

complex, unlike the corresponding carboxylic acid ligand3O.
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o
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(60)
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o

Phs (61)

R

(64)

R.N"{l-NV H2 \zr.t
(62)R=H
(63) R = Ph
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R- R

PPhs

o
Mr\ Me

H (67) R=H
(68) R = Ph

Scheme 3.2

Complex (59) was converted to complex (6a) by using AgOTf to remove the inert iodo

ligand and replace it with the more labile triflato ligand. Two equivalents of (64) were then added

to one equivalent of 4,4'-bipyridine to form the dicationic diplatinum(Il) complex (65). Complex
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(59) was converted to complex (6a) bV treatment with AgOTf. Two equivalents of (59) were then

added to one equivalent of 4,7-phenanthroline (61) to form the diplatinum(Il) complex (66) in

good yield. Complexes of the DPZM ligands (62) and (63) were prepared from the precursor

platinum(Il) complex (59). Hydrogen-bonding functionality was conferred on the complex by the

precursor platinum(Il) complex (59). The inert iodo tigand of (59) was replaced by the much

more labile triflate ligand. The triflate ligand was then readily displaced by the N-donors (62) and

(63).

The 3rP1rH) NMR spectrum of complex (65) appeared as a sharp singlet at ô 20.9 flanked

by platinum satellites (r.Ip,p: 3008 Hz) consistent with the fow chemically equivalent phosphines

in the structure each pair possessing a mutually trans geometry. Complex (65) showed a doublet

signal in the tH NMR spectrum at õ 7.03 (',I"" : 7.5 Hz) attributed to the H6 proton of the

metþlbenzamide group. The signal due to the Ha proton appeared as a doublet at õ 6.81 ('/"" :

7 .5 Hz). The Hs proton gave rise to the trþlet at ô 6.39 ('J"" : 7 .8 Hz). The ortho proton of the

4,4'-bipyridine group was masked by the PPh3 signals at ô 7.34 - 7.19, while the meta hydrogen

appeared as a singlet at õ 6.83.

The rH and 3rP {tH} NMR spectra of (65) were measured in both CDCI3 and CDzClz

solution. The reason for this was that the complex appeared to dissociate to afford free 4,7-

phenanthroline at room temperature over a period of a few hours in CDCI¡, while it remained

quite stable in CDzClz solution. This effect has been observed in the MS of related complexes,

and it is probably the result of the strong trans effect associated with the o-aryl ligand although

we ¿re unsure of the reactivþ. The 3rP1rHÌ NMR spectrum of (66) appeared as a sharp singlet at

ô 19.5 flanked by resPt satellite signals (t.I.,, : 3003 Hz) in CDCI¡ solution, and as a sharp singlet

at ô 19.5 flanked by resPt satellite signals ('/r,, : 2990 Hz) in CDzClz solution. Overnight,

complex (66) had decomposed in CDCI¡ to form a variety of unidentified products, as determined

by 3tl1tH¡ NMR spectroscopy. In contrast, the same complex dissolved in CDzClz solution did

not display this phenomenon. The rH NMR spectrum of complex (66) gave rise to a doublet at ô

9.40 (3Jwt:9.3 Hz) attributed to Hr'ro of the 4,7-phenanthroline ligand. H3'8 appeared as a

doublet atõ 9.07 ('./r" : 4.2H2). Hrs appeared as a two proton triplet at ô 6.38 ('.I"" : 8.1 Hz).

The N-H proton appeared as a very broad singlet at ô 5.96, while the signal due to the N-metþl
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protons appeared as a doublet at õ 2.84 (3Jw:4.8 Hz). The signal due to H5'6 appeared as a

sharp singlet at ô 9.05. Hra appeared as doublet at ô 6.88 (3"Ins = 7.8H2)'

NHCH3

I
NHCH3

NHCH3

\

NHCH3 +

F2
( ppm

11

1

L

L2111098 765432
F1 [pptnJ

Figure 14. COSY NMR spectrum of (67) in cDCl¡ solution at 600 MHz.
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Table 12 summa¡ises some of the key spectroscopic feattues of the dinuclear complexes

(67) and (63). The assignment of aromatic proton resonances was facilitated by 2D COSY

(correlation spectroscopy) NMR experiments for (67), whereby distinct cross-peaks were

observed for coupled protons of the ring systems (Figures 14 and 15). The spectrum of (67)

showed that protons Ha and H6 appeared as doublets at õ 6.77 and ô 7.00, respectively. Hs

appeared as a two proton triplet ('/"" : 7.2 Hz) at õ 6.35. The signal due to H2 appeared as a

sharp singlet at ô 6.10. The N-Me protons appeared as a doublet at õ 2.83 ('/"" : 4.8 Hz). The

NH proton appeared as a broad singlet at ô 6.01. The signal due to the -CHz- protons appeared as

a sharp singlet atõ2.53. The signal due to the N-H of the pyrazolyl group appeared as a singlet,

shifted dramatically downfield at õ 12.45. The signals due to the PPh3 protons appeared as

multiplets between õ7.45 and ô 7.25.The "P{tH} NMR spectrum of (67) appeared as a sharp

singlet at ô 20.8 flanked by re5Pt satellites (r./np: 3022H2).

The 3rP1rH) NMR spectrum of complex (68) appeared as a sharp singlet at ô 18.2 flanked

by re5Pt satellites (t./",, : 3035 Hz). The rH NMR spectrum of complex (68) showed the PPh¡

protons as a 60H multiplet at õ 7.64 - 7.28. The CHz protons appeared as a two proton singlet at

õ 3.11. The amide proton appeared as a two proton multiplet at õ 5.70 while the amide methyl

group appeared as a six proton doublet at õ 2.84 ('/"" : 4.5 Hz). Compared to the tH NMR

spectrum of complex (67), complex (68) had many broad, unresolved signals, with the signals

attributed to H2, Ho, Ht, and H6 all appearing as broad singlets at õ 6.69, 6.58, 6.25, and 6.94

respectively. This effect is most likely related to the dynamic phenomenon of analogous P(II)-

species3o, whereby free rotation of the 1,1'-diphenyl-4,4'-dipyrazolylmethane ligand about the Pt-

N bond is restricted. Considerable steric interactions between the N-Ph group and the bulþ PPh3

ligands would largely account for this phenomenon. There is most likely a nondegenerate

intermolecular rearrangement between the syn-syn, syn-anti(antïsyn) and the anti-anti isomers of

complex (6S). This proposal is also supported by the fact that the related 4,4'-dipyrazolylmethane

complex (67) does not exhibit this related dynamic NMR behaviour, suggesting that in this case

there exists free rotation a¡ound the Pt-N bond for complex (67). VT tH-NMR experiments are

required to confrm this hypothesis.

Table 1l shows selected IR stretching frequencies for complexes (65) - (68). The

carboxyl group of the amide shows characteristic v(C:O) bands between 164l - 1655 cm-I, and
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v(N-H) bands at 3400 cm-t. The difference between the frequency of the v(C:O) bands for the

amides and the acids can be explained as follows. The more electronegative the group X in the

system R-CO-X-, the higher is the frequency. This is the combined result of the o framework,

where the inductive effect operates, and the zc system, where the lone pairs on X have an effect.

Therefore, the inductive effect alone raises the frequency of the absorption, thus the O of the

carboxylic acid, being more electronegative than the N of the amide results in the acid having a

higher frequency. Also present in the IR spectra are the bands due to v(aryl-H) between 1532 -
1556 cm-r.

Table 11. Selected stretching frequencies (cm-r) for complexes (65) - (63)

Complex v(C:O) v(N-H) v(aryl-H)

(6s)

(66)

(67)

1655

l64l
r643

3400

3400

3400

r532

r556

I 556
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Table lzrH.- and 31P{tH} NMRData for complexes (67) and (68)'.

\
r*\

tsignals obscured.

-l 2+

¡(

shifts in ppm measured in CDCII; quoted multiplicities do not include satellites. "/p1p 
coupling constants (Hz) in parentheses.

H

(67)
(68)

R=H
R=Ph

Complex

68

67 6.40
2H,
S

H'

6.69
2H,
br.s

6.58,
2H,
br.s

6.77,
2H, d,
(',/"" :
7.2H2\

H4 H5

6.2s,
2H br.s

6.35,
2H,t,
('.I"" :
7.2H2)

6.94,
2H,
br.s

7.00,
2H, d,
('.I"" :
7.8 Hz)

HO

nla

t2.45,
2H, s

HO H,

c

6.10,
2H, s

7.04,
2H, s

Hr0

c

2.53,
2H, s

-CHz-

3.11,
2H, s

NH

s.70,
2H,m

6.01,
2H,m

2.84,
6H, d,
('J"":
4.5H2)

2.83,
6H, d,
('J"":
4.8 Hz)

NMe
7.45-7.25,
60H, m

PPh¡
ô('H)

7.64-7.28,
60H, m

20.8 (3022)

ô("P)o

18.2 (303s)
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4. Molecutar Recognition of Adenine by Platinum(ll) Complexes

with Hydrogen-Bonding Functionality

V/ith the successful synthesis of a number of dinuclear platinum(Il) complexes with

hydrogen-bonding functionality, we now had a range of diplatinum(Il) complexes with the ability

to form intermolecular hydrogen bonds. Complexes (65) - (68) all possessed two hydrogen-

bonding fi.mctionalities that confened on them the ability to form either intramolecular hydrogen

bonds via self-association, or to form hydrogen bonds with a suitable guest molecule, i.e. a host-

guest interaction. The dominant factors that determined whether the complexes would actually

recognise a particular guest by means of "molecular chelation" included the angle that the

hydrogen-bonding units converged at and the distance between the two platinum centres.

Molecular modelling studies suggested that the most suitable complexes for molecular

recognition of adenine were (67) and (68).

In order to determine whether our hypothesis of adenine binding was feasible in terms of

the size and shape of the platinum(Il) complex, molecular modelling of the 4,4'-

dipyrazolylmethane complex (67) with adenine was performed. Molecular mechanics modelling

(SYBYL force field) was performed by means of the Macspartan computer program. The results

of this molecular modelling can be seen in Figure 16. The molecular modelling revealed that

upon minimisation the dinuclear platinum(Il) complex (67) did indeed have an energetically-

favourable conformation for the binding of adenine. Complex (67) can potentially act as a

molecular tweezer with adenine as a guest molecule incorporated into the space between the two

converging arms of the complex. It can be seen that simultaneous Watson-Crick site and

Hoogsteen site binding by the two amide groups, resulting in the formation of four strong

hydrogen-bonds between the substrate and the receptor, is a feasible adduct in the gas phase.
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Figure 16.

The formation of a non-covalent complex between two or more chemical units is one of

the most fundamental and important processes in supramolecular chemistryot. There has been

much work done in the area of supramolecular association, whether it be self-association or host'

guest association. There are various means by which these processes can be observed, including

conductivity measurementsss, ultraviolet spectroscopys6, vapour pressure osmometrysT and, of

course, NMR spectroscopy4l'88-e0'

tH NMR spectroscopy is one of the most useful tools a chemist possesses for the analysis

of supramolecular processes such as complexation. lH NMR spectroscopy can provide

microscopic information on the aggregate structure. In order for rH NMR spectroscopy to be

utilised as a method of studying a particular system, there must be some form of complexation-

induced shift (CIS) associated with the system. In other words, there must be a signal that shifts

significantly between the free and complexed species. Such shifts are often observed when

hydrogen-bonding is involved in the complexation p.ocessot'e0.

The stability constant of a complexation process is a measure of the selectivity or the

specificity of the host molecule for a particular guest. In order to determine the stability constant

for the equilibrium process a plausible binding model is required. To construct a binding model

it is useful to know the stoichiometry of the reaction. There are several methods for the

determination of the stoichiometry of a complexation reaction. One simple, yet extremely

effective and powerful, method is Job's method of continuous va¡iationsal'
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Job's method of continuous variations is a commonly used procedure for determining the

composition of host-guest complexes in solutionel'e2. Job's method of continuous variation

allows one to determine the stoichiometry of a complexation. For example whether the host is

binding the guest in a 1:l ratio or a2:l ratio.

There has been much interest in the area of "molecular recognition". The molecular

recognition of nucleobases such as adenine is of topical interest in this area of chemistry. The

association between a host molecule and a nucleobase guest can be monitored readily using lH

NMR spectroscopy. One usually monitors the NMR shift of the H2 and H8 protons on the adenine

as a function of concentration. These are dramatically shifted by the effect of association on the

hydrogen-bonding sites present in adenine. The data obtained from running rH NMR

concentration/titration experiments can be manipulated and plotted to produce a Job plot in order

to determine the stoichiometry of the association. The Job plot shows the dominant species

present at equilibrium.

R

R = butyl, pentyl etc

Figure 17. The structure of adenine (R = H) and its derivatives

If one considers a complex formation equilibrium (R'S") involving two species R and S,

where R = receptor and S : substrate:

mR+nS : RlnSn (1 .1)

In the method of continuous variations, a series of solutions is prepared where the total mola¡

concentration (M) is kept constant, i.e.

g8

N

lRol+[So]:M
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while ¡¡o]/[SoJ varies in small steps. It can be shown that the concentration of the product R'Sn,

[R.Sn], has a maximum for a R:S molar ratio equal to m/n. So if one plots [R'Sn] or any

property that is a linear function of [Rn,,S"] against x, where x is the mole fiaction:

x: [So]/[Ro] + [So] (1.3)

it results in a curve possessing a maximum at:

x: n/m + n: l(m/n + 1) (1.4)

and zero values for x : 0 and x : 1. For example, if one has a 1:1 complex formation, i.e. RS, a

maximum would appear at x : 0.5 (m : n : l) in the Job plot. In the case of a 1:2 complex

formation, i.e. RSz, a ma:<imum appears at 0.67 (m : 1, n: 2). It is usual in an NMR study to

plot (Â/Âe)*[R¡] versus the mole fraction (x) where Â: ôobs - ôfr.. and Ao: ôco'pl.* - ôr"..

2:1

1:1

1:1

Figure 18. Examples of different modes of carboxylic receptor binding to 9-sec-pentyl

adenine (substrate)

H-

H-
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Once a binding model has been decided upon, one can determine the equilibrium

association constant (K) for the system of interest. In this case, the systems that were found to

bind in a 1 : I ratio were used. It is possible to determine K by graphing a Scatchard plot of the

datae3. First, one again considers the equilibrium (m: n: 1):

R+S 

- 

RS (1.s)

The equilibrium expression for this reaction can be expressed as:

1(: [RS]/[R][S]

Where [R], [S], and [RS] are the equilibrium concentrations of free R, S, and RS, respectively.

Upon formation of RS, if there is a considerable chemical shift difference from R and there is

rapid exchange between R and RS, then a mole fraction weighted shift can be written as follows:

õobs=Nnõn*Nnsôns (r.7)

where õou, is the chemical shift of a certain nucleus in either R or S in equilibrium solution. ôn is

the shift of free R, and õns is the shift of pure complex. The N values are therefore the mole

fractions of the complexes that are defined as:

NR=[R]/[R]+[RS] (1.8)

(1.6)

(1.1 0)

(1.e)

and

NRS: tRSl/tRl + [RS]

Re-writing the expression for õou, in eq. (1.7) one obtains:

ôobs: $" + [RS]/[R] + [RS] (õo¡, - ôou,)

Now if one allows the total concentration of R and S to be [R0] and [S0], then
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lRol: tRl + tRSl

lsol: tsl + tRSl

(1.1 1)

(1.t2)

(1.14)

(1.16)

and from equations 1.10 and l.1l one obtains

lRSl : ¡R011õ"u, - ôn)/( õns - ôn): [R0X^/^0) (1 .1 3)

Where Â: õn - ôous and Âo: õn - ôns. Á/Âo is the saturation fraction, and is equal to Nns. Now if

one substitutes [R] : tRS]iK[S] into the above equation the resulting expression is:

Nl : tRsl/Ktsl + [RS] = [Rs](l/4sl + 1)

From equations 1.13 and 1.14 one obtains:

lld,= ll\oKlSl + 1/Ao (l .1 s)

If this is multiplied through by 
^^,0K, 

and then rearranged to give the x-reciprocal plotting form,

one obtains the Scatchard equation:

^/[S]:-K 
+AoK

So by plotting Â/[S] against Â one obtains a negative straight line plot with a slope equal

to K and a y-intercept equal to ÂoK.

One difficulty associated with this method is the value that is used for [S]. [S] is the

equilibrium concentration of S in the solution and must be determined from the equation [S] :

tSI - (^/^,0)tR0] and using an assumed value of Âo calculated from chemical shift dataar '4s'70'e4'es .

In order to determine whether selected platinum(Il) complexes prepared in this work had

the ability to act as receptors for adenine we utilised the Job plot method. This involved making

up a series of NMR solutions containing varying amounts of 9-sec-pentyladenine and the Pt(II)

complex to be analysed, keeping the total molar concentration constant. The chemical shifts of

the two adenine protons, H2 and H8 were recorded and then plotted against the mole fraction.

Figure l9 displays an example of two 300 MHz tH NMR spectra of 9-sec-pentyladenine recorded
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in the absence and presence of complex @7). The resonances appearing at õ 8.371 and ô 7 .804

are due to protons H2 and H8, respectively. The proton due to the NHz is clearly seen at õ 6.607

as a broad singlet. It can be seen that the two singlets due to protons H2 and HB are significantly

shifted in the presence of the P(II) complex. The H2 proton shifts 0.024 ppm upfield while the

H8 proton has shifts 0.103 ppm downfield. FurtheÍnore, the NHz signal moves downf,reld by

0.584 ppm, indicating that it is directly involved in the association process.

The upfield shift of the H2 proton is a phenomenon noticed by Lancelot in his pioneering

work on nucleobase binding by simple carboxylic acidsas. Lancelot failed to explain this

observation, however Maitra suggests a possible reason in his work when he reported the same

phenomenonoo. Maitra suggests that the upf,reld shift of H2 is the result of binding-promoted æ-

polarisation, inducing a negative charge on the adjacent Nr4. Not only is a chemical shift change

observed for the resonances but a change in the relative heights of the two signals is also

observed, with the H2 proton signal gradually increasing in intensity, while the H8 signal

gradually decreases. The minor signals in spectrum (b) are attributed to the platinum(Il) complex

(a7). As expected, these signals gradually increase in strength as the concentration of the

platinum(Il) complex is increased.

¡2 ¡8 NHz ¡2 ¡18 NHz

I

ãot

^

q

¡

i

I

.̂.:

6 I 7 6

(a) õ (ppm) (b) õ (ppm)

Figure 19. 1H NMR spectra of (a) 9-sec-pentyladenine, and (b) 9-sec-pentyladenine *
complex Ø7); L= residual CHCI¡.
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0.15

0.1

0.05

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

tsl4Rl+ [s]

Figure 20. Job plot for complex (47) and 9-sec-pentyladenine.

Figr:re 20 shows the Job plot derived from the spectra of complex (7) with 9-sec-

pentyladenine. The maximum appears over a mole fraction of 0.5 which indicates that the

complex is binding to 9-sec-pentyladenine in a 1:l binding mode. The shift of the H8 signal is

much more marked than that of H2 so one can propose that the complex is binding at the H8

(Hoogsteen) site. The dramatic shift of the NH2 signal also supports this binding mode.

+

PMePh2

Figure 21. The proposed binding of (7) to 9-sec-pentyladenine

tÍ.

o
1d

0
0

61



4.1 Association Studies of Mononuclear Platinum(ll) Complexes

with 9-sec-pentyladenine

Job plots for selected platinum(Il) complexes (42), (43), (46) - (50) are shown in Figures

24 and 25. These plots provided a means of determining the binding modes of the selected

platinum(Il) complexes to 9-sec-pentyladenine. The plots that have maxima over a mole fraction

of 0.5 are indicative of 1:1 association, while the plots that have a maxima over 0.66 are

indicative of 2:l association.

The Job plot for complex (48) showed us that at a concentration of 12 mM a 2:l complex

association was observed. This was clearly evident as the maximum of the plot appeared at 0.66.

A 2:l association in this case is indicative of complex (48) binding simultaneously to both the

Watson-Crick and Hoogsteen sites of 9-sec-pentyladenine, (Figure 19). Literature studies with

simple carboxylic acids have shown that one can obtain 1:1 complexes at low concentrations,

while for the same carboxylic acid compound at higher concentrations, a 2:1 association occurs.

The experiment was also repeated for (4S) at 6 mM. This again resulted in a2:l association with

9-sec-pentyladenine. This showed that this complex had a tendency to bind to both Watson-Crick

sites and Hoogsteen sites on 9-sec-pentyladenine simultaneously, and the binding also occurs at

low concentrations.

+

PEs

+

\

Figure 22. Suggested mode of binding for complex (a8) with 9-sec-pentyladenine
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Table 14 presents the various binding modes attributed to the mononuclear complexes

(42) - (50). Complexes (42), (43), (47), (49) showed a 1:1 binding interaction with 9-sec-

pentyladenine. To determine.which side of the 9-sec-pentyladenine the platinum(Il) complex was

binding to, one must look at the NMR shifts of the H2 and H8 protons. If a significant proton

signal shift occurs for the H2 signal one can assume there is a preference for V/atson-Crick

association, while if the shift is more pronounced for the H8 signal then there is a preference for

the Hoogsteen mode of binding#. In this case, complexes (42), (47), and (49) showed preference

for Hoogsteen binding, while (43) showed a preference for Watson-Crick binding. Complexes

(a6) and (50) had somewhat unexpected Job plots, with maxima appearing at approximate mole

fraction equal to 0.75. This mole fraction is usually indicative of a 3:1 binding interaction. The

only way that this can occur on adenine is if a third binding site is available. In this case there is

the possibility for a third binding site, although it is not as common as Watson-Crick and

Hoogsteen binding, and is shown in Figwe 23. Complexes (46) and (50) appear to be associating

at all three sites simultaneously. Maitra and co-workers report that aromatic carboxylic acids

have preference for Hoogsteen binding, while aliphatic carboxylic acids prefer ly'atson-Crick

binding#. Complexes (42), (47) and (a9) showed a preference for Hoogsteen binding, and this is

similar to the results reported by Maitra et afa. as they contain aromatic carboxylic acid

functionalities. Complex (43) prefers Watson-Crick binding while (46), (48) and (50) appear to

bind at more than one site. This somewhat unexpected and unusual results may be explained by

the association of the triflate counterion with 9-sec-pentyladenine interfering with the association

of the complex with 9-sec-pentyladenine.

The values for the equilibrium association constants were calculated graphically using a

Scatchard plot for all complexes that showed a 1:1 association with 9-sec-pentyladenine. The

Scatchard plot results in a straight line plot with a slope equal to the negative association constant

(K). These plots are presented in Figure 26 for complexes (42), (43), (47), and (49).
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Figure 23. Third mode of binding of a carborylic acid to 9-sec-pentyladenine

There appears to be no apparent trend in the nature of the platinum(Il) complex

investigated and the mode of adenine binding. The type of phosphine ligand coordinated to the

platinum(Il) metal centre does not appear to affect the association process. Factors such as steric

bulk and basicity of the phosphine ligands do not appear to affect the association process. The

position of the carboxylic acid group on the pyridine carboxylic acid does not appear to affect the

association process either. Complex (43) bound quite strongly (2216 M-t) to the Hoogsteen site

compared to complex (47) which bound to the Watson-Crick site (25 M-t). Also, the pKa value

does not appear to correlate with the mode or degree of association. The low pKa values of our

complexes may have interfered with the association, however this does not appear likely as

Maitra reports acids of even lower pKa values associating with adenine4.

We have shown that the complexes do indeed show some form of interaction with 9-sec-

pentyladenine. These interactions vary from 1:1,2:1, and possibly 3:1 interactions incorporating

Watson-Crick and Hoogsteen binding sites. It would appear that the nature of the platinum(Il)

complex does not appear to affect the association, however there are most probably other factors

atplay, for example the association of the triflate counter ion with 9-sec-pentyladenine, which

could complicate the binding of the metal complex to the substrate molecule.

It is possible for the triflate anion (OTf) to play a role in the aggregation process, as it can

potentially bind to the NHz group of the adenine. leF NMR experiments were conducted for

complexes (42), (43), @7) and (a8) with and without 9-sec-pentyladenine. The chemical shift

differences between the free platinum(Il) complexes and the complexes with adenine were not

significant (- 0.1 ppm). Thus the triflate does not appear to play a large role in the aggregation of
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the complexes with 9-sec-pentyladenine, although conclusions should be made with care as the

hydrogen-bonding may not lead to large chemical shift differences.

Table 14. Stoichiometry of association and IÇq values for the interaction of (42), (43), (46) -
(50) with 9-sec-pentyladenine in CDCI3 solution

Complex Concentration (mM) Binding mode (site) K (M-')

42

43

46

47

48

49

50

3.30

4.40

4.70

12.00

6.86

4.86

5.50

1:l (HG)

1:1(WC)

3:1

l:1 (HG)

2:l

1:1 (HG)

3:1

180 +27

2200 +330

25 +4

180 126
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FÍgure 24. Job Plots of isonicotinic acid complexes (46), (47), (48), and (49) and 9-sec-pentyladenine.
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Figure 25. Job Plots of nicotinic acid complexes (42), (43), and (50) and 9-sec-pentyladenine.
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4.2 Association Studies of Dinuclear Platinum(ll) Complexes (67)

and (68) with 9-sec-pentyladenine

Job's method of continuous variations was employed to investigate the interaction

between the dinuclear organoplatinum(Il) complexes (67) and (68) and 9-sec-pentyladenine. The

plots for (67) are presented in Figure 29.|t appeared from the Job plots of complex (67) that there

was a 2:l ratio of host to guest. This did not support our expectations of a I :l binding interaction

expected for a molecular tweezer. The Job plot of (68) are incomplete due to the difficulty in

interpreting the spectra after the concentration of the guest became too low. The guest signals

were overlapped by the tH NMR signals from (68) and thus it was not able to be completed. The
tH NMR titration data suggests that there was a 2:1 binding interaction for (67) and that the

pyrazolyl N-H proton was possibly involved (Figure 27). This was determined by the fact that

there was a marked shift in not only the 9-sec-pentyladenine proton signal but also a shift in the

pyrazolyl N-H proton resonance. This is entirely possible as the pyrazolyl N-H proton provides

complex (67) with an additional group that is capable of hydrogen-bonding interactions. It would

appear, however, that by removing the pyrazolyl N-H proton, for example by replacing it with a

phenyl group, as in complex (68) that there is still a 2:I interaction between the platinum

complex and 9-sec-pentyladenine (Figure 28). This scenario is also entirely possible as there are

still two binding sites on the adenine and two binding sites on the platinum complex. While it

appears that the platinum(Il) complex is not acting as a molecular tweezer in the m¿ìnner that was

predicted, there is indeed evidence for an interaction between the platinum complexes (67) and

(68) and 9-sec-pentyladenine.
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Figure 27. Possible mode of association between complex (67) and 9-sec-pentyladenine.

+

PPhs

Figure 28. Possible mode of association between complex (68) and 9-sec-butyladenine.
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5. Conclusion

There were three main aims of this project. The first was to synthesise and characterise a

series of mononuclear organoplatinum(Il) complexes with hydrogen-bonding functionality. This

thesis reports the successful synthesis of several novel mononuclear organoplatinum(Il)

complexes with hydrogen-bonding functionality. These were successfully characterised by a

combination of 3lP1rH) NMR spectroscopy, lH NMR spectroscopy, microanalysis and, in some

cases, X-ray crystallography. The main interesting features of these complexes in the cationic

square-planar platinum(Il) metal centre and the hydrogen-bonding functionality of the attached

ligand. These complexes have the ability to associate in the solid state, as was shown by the x-ray

structure of complex (47). Not only did the complexes posses the ability to self-associate in the

solid state, they were also showed potential for molecular recognition of guest molecules such as

adenine.

The second aim of the work was to synthesise a number of dinuclear organoplatinum(Il)

complexes with hydrogen-bonding functionality. These complexes were successfully

characterised by a combination of "p{tH} NMR spectroscopy, rH NMR spectroscopy (1-D and

2-D), and microanalysis. The main interesting features of these complexes were the two cationic

square-planar platinum(Il) metal centres and the two hydrogen-bonding functionalities present

within the one molecule. These complexes were symmetrical and had the potential to act as

molecular tweezers in interactions with large guest molecules such as adenine.

The third aim was to test whether any of these complexes \ryere suitable host molecules for

adenine. tH NMR spectroscopy provided us with a powerful tool for the investigation of our

complexes interacting with an adenine derivative. By utilising Job's method of continuous

variation we were able to determine whether the complexes associated with 9-sec-pentyladenine

and the type of association that was occurring. Various modes of binding were encountered for

these complexes including a mixture of 1:1, 2:1, and 3:1 ratios as well as a mixture of Watson-

Crick and Hoogsteen binding modes. These are the first examples of cationic organoplatinum(Il)

receptors for nucleobases.
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6. Experimental

All complexes were synthesised under an inert atmosphere of high purity N2, using

standard Schlenk equipment and techniques. All solvents, except acetone, were specially dried

and purified in the following manner: CHzCIz was distilled from CaHz and toluene was pre-dried

over CaSO¿ followed by distillation from sodium. Dry CH2Clz and toluene were stored under Nz

over 4,4. molecular sieves.

All lD- and 2D-NMR spectra were recorded on a Varian Gemini 2000 NMR

spectrometer, with an Oxford 300 MHz magnet, at room temperature. lH chemical shifts were

reported in ppm relative to tetramethylsilane (TMS). "P{tH} NMR spectra were referenced to

sealed external standard of 85Yo phosphoric acid. leF NMR spectra were referenced to an external

standard of CeHsCF¡. Coupling constants (i/¡) were reported inHz, and all multiplicities are

abbreviated: s = singlet, d: doublet, dd: doublet of doublets, t: triplet, m: multiplet. IR

spectra were recorded as nujol mulls on a Perkins-Elmer FT-IR spectrophotometer in the range

4000 - 400 cm-r.

Compounds, Pt(PPh3)onu, ¡PtlPhlcod)]5s, 3-iodo-N-metþlbenzamide68 were prepared and

purified according to literature procedures.

Elemental analysis was performed by CMAS (Chemical and MicroAnalytical Services

Pty. Ltd.). Belmont, Victoria. The agreement between the found and calculated C and N analyses

for complexes (52) and (53) is beyond the normal limits of acceptability. The reasons are

unknown, and attempts at pwification by recrystallisation in most cases were unsuccessful.
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Trans-iodophenylbis(triphenylphosphine)platinum(ll) (37)

PPh3 (0.445 g, 1.695 mmol) was added to a solution of [PtlPh(cod)] (0.286 9,0.565 mmol) in

toluene. The mixture was stirred overnight at 80 "C. The volume of toluene \Mas reduced ln

vacuo and hexane (30 mL) was added to the flask to precipitate (37) as a white solid that was

collectedbyfiltration(0.407 g,78Yo). THNMR(CDCI3)ô6.65 (d,2H,3Jsu=7.8Hz,3Jptu:29

Hz, Ho),6.10 (m,2H, H,'), 6.24 (m,lH, Hp), 7.57 -7.20 (m,30H, PPh3). "P{tH} NMR õ22.0

(s, r./p,p= 3087 Hz).

Trans-iodobis(methyldiphenylphosphine)phenylplatinum(ll) (38)

Following a procedure similar to that described for (37) PMePhz (0.592 g, 0.556 mmol) was

treated with [PtlPh(cod)] (0.500 g, 0.986 mmol) in toluene solution to give (38) as a white solid

(0.500 g, 63%o). 
lH NMR (CDCI3) õ 6.81 (d, 2H,3Jsu : 7 .8 Hz,3Jptt : 30 Hz, Ho), 6.46 (m, 3H,

H-¡p), 7.56 - 7.13 (m,20H, PMePh2¡. 3tP1tH) NMR ô 4.7 (s, r./np: 2935 Hz). Anal. Calcd for

C¡zH¡rIPzPt: C,48.07; H,3.91. Found: C,48.09; H,3.96.

Trans-iodophenylbis(triethylphosphine)platinum(ll) (39)

Following a procedure similar to that described for (37) PEb Q.274 9,2.379 mmol) was treated

with [PtlPh(cod)] (0.294 g, 0.580 mmol) in toluene solution. The crude solid was left under high

vacuum to remove excess PEt3, and (39) was obtained as a white solid (0.300 g,82Yo).tH NMR

(CDCI3) õ 7.28 (d,2H,}JH1: 7.2 Hz,3/ptu : 36 Hz,Ho), 6.92 (m,2H, Hr), 6.81 (m, lH, Ho),

1.86 - 1.00 (m, 30H, PEt3). "P{tH} NMR ô 9.4 (s, rJnp: 2739H2).

Trans-iodophenylbis(tricyclohexylphosphine)platinum(ll) (40)

Following a procedure similar to that described for (37) PCyg (1.106 g, 3.945 mmol) was treated

with [PtlPh(cod)] (0.500 g, 0.986 mmol) in toluene solution. The mixture was stirred at 80 oC for

three days. The volume of toluene was reduced in vacuo and hexane was added to the flask to

precipitate (40) as a white solid that was collected by filtration (0.703 g,74Yo).tH NMR (CDC13)

õ 6.52 (d,}H,3.IHn: 6.6Hz,3Jp,H: 32H2, Ho), 6.84 (m,2H, H'vp), l.9l - 0.98 (m, 60H, PCy3).
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"p{tH} NMR õ 13.0 (s, tJr,* :2745 Hz). Anal. Calcd for C¿zHosIPzPt: C, 52.88:'H, 6.87. Found

C,52.87; H, 6.86.

Trans-(nicoti n ic acid)phenylbis(tri phenyl phosph i ne)plati n u m ( I l) triflate (42)

To a stined solution of (37) (0.300 g,0.325 mmol) in CHzClz was added AgOTf (0.079 g, 0-309

mmol). The mixture was stined in the absence of light for 16 h. AgI was removed by filtration

through Celite filter aid. To the clear filtrate was added nicotinic acid (0.040 g,0.325 mmol), and

the mixture was stirred for 16 h at room temperature. The solvent wrls removed in vacuo to yield

(42) asa white solid (0.3 12 g,90%). IR (nujol) 1720 v(C:O), 2800-3200 v(O-H) 
"tn-t. 'H NMR

(CDCI3) õ6.74(d,2H,3Jsn:7.5Hz,Ho),6.37 (m,2H,H'),6.53 (m, lH, Hp),8.57 (s, lH, H2),

8.20 (d, IH,3../HH :5.7 Hz,H6¡,6.82 (m, lH, Hs¡,7.84 (d, lH, 3J*":7.8 Hz,H4¡,7.57 -7.14

(m, 30H, pph¡). ,tp {tu} NMR õ 20.s (s, rJp,p : 3045 Hz¡. reF NMR õ 48.4. Anal. Calcd for

C¿qFI¿oFENOsPzPtS: C,55.06; H,3.77;N, 1.31. Found: C, 55.09; H,3-78 ; N, 1.40.

Irans-(nicotinic acid)phenylbis(methyldiphenylphosphine)platinum(ll) triflate (43)

Following a similar procedure to that described for (42), complex (38) (0.348 g,0.436 mmol) was

treated with AgOTf (0.106 g,0.414 mmol), followed by nicotinic acid (0.537 g,0.436 mmol) to

afford (43) as a white solid (0.3 12 g,88Vo). IR (nujot) 1720 v(C:O) , 2800-3200 v(O-H) cm-l. rH

NMR (CDC13) ô s.37 (s, 1H, H2), 8.19 (d, 1H, 3Jss:4.8H2,H6¡, 6.89 (m, lH, Hs¡, 7.88 (d, lH,
34rH: 8.1 Hz,lÍ¡,7.52 - 7.16 (m,20H, PMePhr). "P{tH} NMR ô 9.4 (s, tJnp:2870H4.teF

NMR ô 48.5. Anal. Calcd for C¡qH¡oF¡NOsPzPtS: C, 49.58; H, 3.84; N, 1.48. Found: C,49.60 ;

H,3.74; N, 1.53.

Trans-(nicotinic acid)phenylbis(triethylphosphine)platinum(ll) triflate (44)

Following a similar procedure to that described for (42), complex (39) (0.100 g,0.157 mmol) was

treated with AgOTf (0.040 g,0.157 mmol) followed by nicotinic acid (0.020 g,0.157 mmol), to

afford (44) as a white solid (0.10 0 g, 82%).IR (nujol) 1725 v(C:O), 2800-3200 v (O-H) cm-'. 'H

NMR (CDCI3) ô 9.19 (s, lH, H2), 8.88 (d, 1H, 3Jsr: 5.4H2, Hf, 8.54 (d, 1H,3.4*r : 7.8 HzHa),

8.00 (m, lH, Hs), 7.28 (m,2H, Ho), 7.03 (m, 2H, H,), 6.93 (m, lH, Hp), 1.23 - 0.96 (m, 30H,

75



pEt3). "p{tH} NMR õ 13.9 (s, t./p,p:2698H2). AnaL Calcd for CzsH¿oF¡NOsPzPtS: C,38.46;

H, 5.16; N, 1.79. Found: C,38.29;H,5.2I;N, 1.91.

Irans-(nicotinic acid)phenylbis(tricyclohexylphosphine)platinum(ll) triflate (45)

Following a similar procedure to that described for (42), complex (40) (0.300 g, 0.313 mmol) was

treated with AgOTf (0.764 g,0.297 mmol) followed by nicotinic acid (0.076 g,0.297 mmol), to

afford (45) as a white solid (0.242 g,70%).IR (nujol) 1732v(C:O) , 2800-3100 v(O-H¡ cm-r. rH

NMR (CDC13) õ7.40 (m,2H, Ho), 6.83 (m, 2H, H'), 7.01 (m, lH, Hp), 9.30 (s, lH, H2), 8.94 (d,

lH, 3úru : 6.9 Hz,H6¡,7.77 (m, lH, Hs¡, 8.68 (d, lH, 3JHs : 7.8 Hz, Ho), 1.91 - 0.86 (m, 60H,

PCy¡). "P{tH} NMR õ 13.4 (s, t-Ir,r:2724H2). Anal. Calcd for C¿gHzoF¡NOsPzPtS: C,53.54

H,6.42;N, 1.27. Found: C,53.21; H,6.39; N, 1.20.

Irans-(isonicotinic acid)phenylbis(triphenylphosphine)platinum(ll) triflate (46)

Following a simila¡ procedure to that described for (42), complex (37) (0.075 g, 0.081 mmol) was

treated with AgOTf (0.019 9,0.077 mmol), followed by isonicotinic acid (0.010 g, 0.081 mmol),

to afford (46) as a white solid (0.078 g,90Yo).IR (nujol) 1726 v(C:O), 2800-3100 v(O-H) "--t.
tH NMR (CDCI3) ô 6.75 (d,2H,3./nH: 6.9 Hz,3Jp,H: 24H2, Ho), 6.31(m,2H, H,), 6.51 (m,

lH, Hp), 8.35 (d, 2H,3Jmt = 8.1 Hz, H2t6¡, 7.20 (m, 2H, H3ts), 7.43 - 7.27 (m,30H, PPh3).

"P{tH} NMR õ22.1(r, tJ",, = 3054H2).Anal. Calcd for C+qH¿oF¡NOsPzPtS: C, 55.06; H,3.77;

N, 1.31. Found: C,54.91 ;H,3.73; N, 1.37.

Irans-(isonicotinic acid)phenylbis(methyldiphenylphosphine)platinum(ll) triflate

(471

Following a similar procedure to that described for (42), complex (38) (0.132 g, 0.165 mmol) was

treated with AgOTf (0.040 9,0.157 mmol), followed by isonicotinic acid (0.020 g, 0.165 mmol),

to afford (47) as a white solid (0.13 2 g, 85Yo).IR (nujol) 1712 v(C:O), 2500-3000 v(O-H) .*t.
tH NMR (CDCI3) ô 8.17 (d,2H,3Jus:6.6 Hz,H2t6¡,6.78 (m, 2H,H3ts),1.64 (m, 3H, CH3),

7.45 - 7.23 (m,20H, PMePh2¡. 3tP1tH) NMR ô 9.4 (s, r./np: 2914Hz). teF NMR õ 4S.5. Anal.

Calcd for C¡sH¡oFNOsPzPtS: C,49.58; H, 3.84; N, 1.48. Found: C,49.44; H, 3.88 ; N, 1.42.
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Trans-(isonicotinic acid)phenylbis(triethylphosphine)platinum(ll) triflate (48)

Following a similar procedure to that described for (42), complex (39) (0.255 g,0.402 mmol) was

treated with AgOTf (0.098 g, 0.381 mmol), followed by isonicotinic acid (0.049 g,0.402 mmol)

to afford (48) as a white solid (0.29 8 g, 95%).IR (nujol) 173 I v(C: 0),2700-3100 v(O-H) .*'.
tH NMR (CDCI3) õ 7.32 (d,2H,3Jr+t: 8.1 H2,3.,[p,H : 29 Hz, Ho), 6.87 (m, 2H, H,), 7.05 (m,

lH, Hp), 8.89 (d, 2H,3Jss:6.3 Hz,H''u),8.27 (m,2H,3Jrm= 6.6H2,H3/s¡,1.73 - 1.02 (m, 30H,

PEt3). "P {tH} NMR ô 13.4 (s, r./p,p = 2697 Hz). reF NMR õ 48.2. Anal. calcd for

CzsFI¿oF¡NOsPzPtS: C,38.46; H, 5.16; N, 1.79. Found: C,38.46; H, 5.15 ; N, 1.72.

Trans-(isonicotinic acid)phenylbis(tricyclohexylphosphine)platinum(ll) triflate (a9)

Following a simila¡ procedure to that described for (42), complex (40) (0.300 g, 0.313 mmol) was

treated with AgOTf (0.076 g, 0.297 mmol) followed by isonicotinic acid (0.038 g, 0.313 mmol)

to afford (49) as a white solid (0.249 g,72%).IR (nujol) 1736 v(C=O),2700-3100 v(O-H) "*'.
tH NMR (cDCl3) õ s.s3 (d, 2:H,3.4rs : 6.3 Hz, H''u), 8.42 (m, 2H,3Juu : 6.6 Hz, H3ts¡, 187 -

0.83 (m, 60H, PCy3). "P {tH} NMR ô 17.5 (s, r./ptp: 2792 Hz). Anal. Calcd for

C¿qHzoF¡NOsPzPtS: C, 53.54; H, 6.42; N, 1.27. Found: C, 53.39; H, 6.41 ;N, I .27.

Trans-(picol inic acid) phenylbis(tri phenyl phos ph i ne)platin u m( I l) triflate (50)

Following a similar procedure to that described for complex (42), complex (37) (0.400 9,0.433

mmol) was treated with AgOTf (0.106 g,0.433 mmol) followed by picolinic acid (0.533 g,

0.4333 mmol) to afford (50) as a white solid (0.270 g,68%).IR (nujol) 1720 v(C:O), 2800-3100

v(O-H) cm-r. tH NMR (CDCI3) õ 6.63 (d,2H,3JHu: 7 .5 Hz, Ho), 6.33 (m,2H, H,), 6.33 (m, lH,

Hp),8.69 (m, 1H, H3¡,8.03 (d, lH,3Js1-=7.8H2,H6),8.28 (td, lH,4Jss:1..8Hz,3Jsn:7.4H2,

Hs¡,7.7s (m, lH, tÍ¡, l.sz - 7.r4 (m, 30H, pph3). "p{tH} NMR ô 23.0 (s, r./p,p : 3212 Hz).

Anal. Calcd for CzsFI¿oF¡NOsPzPtS.CHzClz: C,52.05;H,3.67; N, 1.21. Found: C,52.27 ; H, 3.86

; N, 1.40.

Trans-(picolinic acid)phenylbis(methyldiphenylphosphine)platinum(ll) triflate (51)
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Following a similar procedure to that described for complex (42), complex (38) (0.400 g, 0.501

mmol) was treated with AgOTf (0.122 g, 0.501 mmol) followed by picolinic acid (0.062 g, 0.501

mmol), to afford (51) as a white solid (0.200 g,58Yo).IR (nujol) 1725 v(C:O),2700-3200 v(O-

H) crn-r. tHNMR(cDCl3) ô 6.55 (m,2H,Ho),6.87 (m,2H, H,),6.87 (m, lH, Hp),7.60 (m, lH,

H3¡,8.68 (d, lH,3Jun:4.5 Hz,H6¡,7.99 (td, lH,3./HH: 7.4Hz,4Jus: l.8Hz, H5¡,8.25 1dt,

1H,3.,Ins :7.50Hz,aJsH= l.2Hz,H4¡,7.42 -7.18 (m,20H, PMePh2). "P{tH} NMR õ 6.5 (s,

rJp,p:3089 Hz). Anal. Calcd for CzsH¿oF¡NOsPzPtS: C,49.58; H, 3.84; N, 1.48. Found: C,

49.53; H, 3.63; N, 1.59.

Irans-(picolinic acid)phenylbis(triethylphosphine)platinum(ll) triflate (52)

Following a similar procedure to that described for complex (42), complex (39) (0.400 g, 0.630

mmol) was treated with AgOTf (0.154 g, 0.630 mmol) followed by picolinic acid (0.077 g, 0.630

mmol), to afford (52) as a white solid (0.112 g,23o/o). IR (nujol) 1725 v(C:O),2750-3000 v(O-

H) cm-r. tH NMR (CDCI3) õ 6.63 (d, 2H,3Jn.H: 7 .5 Hz, Ho), 6.97, (m, 2H, H-), 6.91 (m, lH,

He),6.33 (m, lH, H3¡, 8.79 (d, lH,3Jt1g:4.5 Hz,H6),8.04 (td, lH,3Jns :7.2Hz,alsu= 1.5

Hz,Hs),7.64 (m,lH, H4). "P{tH} NMR õ 1l.l (s, r.Ip,p:2840H2).

Trans-(picolinic acid)phenylbis(tricyclohexylphosphine)platinum(ll) triflate (53)

Following a similar procedure to that described for complex (42), complex (40) (0.400 g,0.417

mmol) was treated with AgOTf (0. 101 g, 0.417 mmol) followed by picolinic acid (0.05 1 g, 0.417

mmol), to afford (53) as a white solid (0.083 g, l8 %). IR (nujol) 1726 v(C:O),2750-3000 v(O-

H) cnrr. tH NMR (CDCI3) ô (d, 2H, 3Jt+t:7.5 Hz, Ho), 7.01, (m,2H, H-), 6.96 (m, lH, Ho),

6.33 (m, lH, H3),8.25 (d, lH,34rs :7.8 Hz, H6¡,7.98 (td, lH, tJrr:8.1 Hz,4JHs:1.8 Hz,

H\,7.61(m, lH, H4¡. 3tp1tH) NMR õ 17.z (s, r./p,p :3067 Hz).

Irans-(isonicotinamide)phenylbis(methyldiphenylphosphine)platinum(ll) triflate

(54)

Following a similar procedure to that described for complex (42), complex (38) (0.296 g, 0.298

mmol), was treated with AgOTf (0.076 9,0.298 mmol) followed by isonicotinamide (0.036 g,
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0.296 mmol) to afford (54) as a white crystalline solid (0.202 g,60%).IR (nujol) 1671 v(C:O)

cm-t. tHNMR(CDCI3) õ 7.16 (d.,2IH.,3J1¡s:7.8Hz,Ho),6.83 (m,3H, H-¡p), 7.94 (d,2H,3Js1:

6.3 Hz, H2¡, 5.66 (s, lH, NHz), 7 .57 - 7 .34 (m,20H, PMePh2), 1.56 (m, 6H, PCH3). "P {'H}
NMR ô 9.1 (l-lnp : 2888 Hz). Anal. Calcd for C¡qHszF¡NzO+PzPtS: C, 49.63; H, 3.95; N, 2.97.

Fou¡rd: C, 49.33; H, 4.06;N, 2.7 4.

Trans-(nicotinamide)phenylbis(methyldiphenylphosphine)platinum(ll) triflate (55)

Following a similar procedure to that described for complex (42), complex (38) (0.296 g,0.298

mmol), was treated with AgOTf (0.076 9,0.298 mmol) followed by nicotinamide (36.1 g,0.298

mmol) to afford (55) as a white crystalline solid (0.17 5 g, 52Yo).IR (nujol) 1.697 v(C:O) cm-r. rH

NMR(CDCI3)ô6.98 (m,2H,Ho),6.82 (m,2H,H^),6.67 (m, lH,Hp),8.62(s, lH,Hù,7.99-

7.96 (m,3H,H4ts/6¡,1.69 (m, 6H, PCH¡)."P{tH} NMR õ 10.1 (t.Ir,r: 2927 Hz). Anal. calcd for

C¡qHrzF¡NzO¿PzPtS: C,49.63; H, 3.95; N, 2.97. Found: C,48.66;H,3.46; N, 3.03.

Trans-iodo(IV-methylbenzamide)bis(triphenylphosphine)platinum(ll) (59)

3-iodo-N-metþlbenzamide (0.1I g,0.402 mmol) was placed in a Schlenk flask with Pt(PPh3)4

(0.500 g, 0.402 mmol). Toluene (20 mL) was added to the flask and the reaction was stirred for

16 h at 80 'C. Hexane was added to the solution to precipitate the product, which was collected

by filtration to afford (59) as a white crystalline solid (0.344 g,88%o).IR (nujol) 1632 v(C:O)

crn-t. THNMR (CDClt õ 7.56 -7.22 (m,30H, PPhr), 6.96 (d,,lH,3"Ins :7.5H2, r./ns: 29.3H2,

H6¡, 632 (d, lH, 3Jt+t: 8.4 Hz,H ), 6.67 (s, lH, tJnø: 28.8 Hz,Hz¡, 6.24 (t, lH, 3-IHs : 7 .8 Hz,

Hs¡,2.76 (d,3H,3JHH: 4.8Hz,NCH3),4.98 (br.m, lH, NH). õ 3'P1'H¡ NMR õ22.0 (t/.,r:
3029 Hz). Anal. Calcd for C¿¿H¡sINOPzPt: C, 53.89; H, 3.91; N, 1.43. Found: C,53.37:' H, 3.85;

N, 1.45.

Trans-¡t-4,4'-bi pyrid i nebis[(N-

methylbenzamide)bis(triphenylphosphine)platinum(ll)l bis(triflate) (65)

Following a procedure similar that described for (42), complex (59) (0.400 g, 0.401 mmol) was

treated with AgOTf (0.103 g, 0.401mmol) The reaction mixture was stirred for 3 h in the absence

of light. After the reaction AgI \rr'as removed through Celite filter aid, and 4,4'-dipyridine (0.031
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9,0.201mmol) vsas added to the solution and it was stirred over-night. Solvent was removed to

afford (65) as a white crystalline solid (0.260 g,60%o).IR (nujol) 1655 v(C:O) cm-r. 'H NMR

(CDC13) õ7.34-7.19 (m,60H, PPh3), 7.03 (d,,2lF.,3Jus:7.5H2,H6¡,6.81 (d,2H,3Jm:7.5

Hz,H4),6.83 (s, 2H,Hz),6.39 (t,2H,3Jps:7.8H2,H5), 6.83 (s,4H, Hn'¡. 3tP1'H) NMR ô 20.9

(t,I",, : 3008 Hz). Anal. Calcd for C+¿HrsINOPzPt: C, 55.56;H,3.92; N, 2.59. Found: C, 54.62;

H, 3.51; N,2.64.

Trans-¡t-4,7-phenanth rol i nebis[IV-

methylbenzamide)bis(triphenylphosphine)platinum(ll)l bis(triflate) (66)

Following a procedure similar to that described for complex (65), complex (59) (0.400 g, 0.401

mmol) was treated with AgOTf (0.103 g, 0.401 mmol) followed by 4,7-phenathroline (0.036 g,

0.201mmol) to afford (66) as a white crystalline solid (0.360 g,55%).IR (nujol) l64l v(C:O)

cm-t. THNMR (cDzclz) õ7.41-7.1r (m,20H, pMeph2), 9.40 (d,2H,3Jrn=9.3H2, Hr'ro¡, 9.07

(d, lH, 3Jug: 4.2H2, H''t), 6.38 (t, 2[,3Jrut:8.I Hz, Hr51, 5.96 (br. s, 2H, NH), 2.84 (d,6H,
3JHH : 4.8Hz,NMe), 9.05 (s, 2H,Hs'6),6.88 (d, 2H,3J*t:7.8Hz,Hto). ô "P{tH} NMR õ 19.5

(t/.,, : 3003 Hz). Anal. Calcd for CrozHs¿FoN¿OgP¿PtzSz: C, 56.04; H, 3.87; N, 2.56. Found: C,

55.94;H,3.45; N,3.18.

T ra n s-¡t-4,4'-d i py razo ly I methanebis [(lV-

methylbenzamide)bis(triphenylphosphine)platinum(ll)l bis(triflate) (67)

Following a procedure similar to that described for (65), complex (59) (0.400 g, 0.401 mmol) was

treated with AgOTf (0.103 g, 0.401 mmol) followed by 4,4'-dipyrazolylmethane (0.029 g,0.201

mmol) to afford (67) as a white crystalline solid (0.369 g,8l%).IR (nujol) 1643 v(C:O), 3400

v(N-H) crn'. tH NMR (CDCI3) ô 6.40 (s, 2H, H\,6.77 (t,2[,3-Iuu: 7.2H2),6.35 (t, ZH,3Jss:

7.2H2,Hs1, 7.00 (d,zH,3Jun:7.8H2,H\,12.45 (s, 2H, pyr-NH), 7.04 (s, 2H,He),6.10 (s, 2H,

Hro¡, 2.53 (s, 2H, -CHz), 6.01 (m, 2H, NH), 2.83 (d, 6H,3Juu:4.8Hz,NHMe), 7.45 -7.25 (m,

60H, PPhr)."p{'FI} NMR ô 20.S (tJr.r: 3022lH2). Anal. Calcd for CszHs¿FNoOeP¿PtzSz: C,

54.09; H, 3.93; N, 3.90. Found: C, 53.98; H,4.09; N, 3.71.

Trans-¡t-l, 1'-phenyl-4,4'-di pyrazolylmethanebis[(IV-

methylbenzamide)bis(triphenylphosphine)platinum(ll)l bis(triflate) (68)
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Following a procedure similar to that described for (65), complex (59) (0.400 g, 0.401 mmol) was

treated with AgOTf (0.103 g, 0.401 mmol) followed by 1,1'-phenyl-4,4'-dipyrazolylmethane

(0.060 g,0.201 mmol) to afford (68) as a white crystalline solid (0.129 g, 54o/o). 'H NMR

(CDC13) õ 6.69 (br.s, 2H, H2), 6.58 (br.s, 2H), 6.25 (br.s, 2H,Hs),6.94 (br.s, 2H,H6),3.11 (s, 2H,

-CHz-), 5.70 (m, 2H, NH), 2.84 (d,6H, 3..44r : 4.5 Hz, NHMe), 7.64 - 7.28 (m,60H, PPh3). ô

"P{tH} NMR ô 25.0 (tJ* : 3084 Hz). Anal. Calcd for CleeHe2FoNoOsP¿Pt2S2: C, 56.77; H,

4.02; N, 3.64. Found: C,56.57;H,4.09; N, 3.49.

Preparation of Samples for Job Plots

Job's method was carried out by mixing aliquots of two equimolar stock solutions of the two

species to be observed. This was done to keep the total concentration of the two components

constant, while the ratio of the two components varies in each NMR tubeer. Stock solutions of the

desired concentrations of the complexes and of 9-sec-pentyladenine were made in volumetric

flasks in CDCls. In NMR tubes, aliquots of each solution were added such that the stoichiometry

of each component varied, but the total volume of solution remained at 500 pL. For example, the

first tube may contain 450 ¡tL of the Pt(II) complex solution and 50 ¡rL of 9-sec-

butylbutyladenine solution at the same concentration. The lH NMR spectrum was obtained for

each tube, and the chemical shift of the H2, H8, or NH2 signals were used to calculate the

concentration. This value was then plotted against the mole fraction of the platinum(Il) complex

using KaleidaGraphrM v3.08c, on a Power Macintosh 72201200.

Determination of pKa values

pKa determinations were carried out by making up a stock solution of the complex to be

investigated in 50% ethanol solution. The complex solution was then titrated with KOH in 50Yo

ethanol solution. The pH was measured using a glass electrode with 0.1 M silver-silver chloride

electrode at25 "C. The electrode was calibrated with buffer solution (pH 4.0)83.
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