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ABSI|RACT

The derivative of glycine, 8-phenylmenthyl N-f -Boc-glycinate (47),

undergoes free radical bromination by N-bromosuccinimide to give

8-phenylmenthyl N-f-Boc-2-bromoglycinate (48).

Treatment of the bromide (48) with a variety of Grignard reagents at low

temperature gave 8-phenylmenthyl N-f-Boc-(S)-2-alkylglycinates with
high diastereoselectivity. Conditions were found for the hydrolysis of

these derivatives with no racemization of the resultant amino acid.

N.M.R. data indicated that the bromide (a8) was produced as mainly one

diastereomer. Since little research into asymmetric induction at radical

centres in acyclic systems had been reported, radical reactions suitable for

the elaboration of compound (48) were investigated.

Reduction of the bromide (48) with tri-n-butyldeuteriostannane gave the

(S)-2-deuterioglcine derivative (128a) in high optical yield. Similar

chemistry allowed the synthesis of the (R)-2-deuterioglycine derivative

(128b). Hydrolysis of the derivative (128a) yielded (S)-2-deuterioglycine

with little, if any,loss of deuterium.

Bromide (4I ) was also shown to react with a number of
tri-n-butylallylstannanes, by allyl transfer to the intermediate radical (720),

to give the corresponding unsaturated amino acid derivatives. These

reactions proceeded with high diastereoselectivity to give mainly the 2-(S)

isomer. Hydrolysis of 8-phenylmenthyl N-ú-Boc-(S)-2-allylglycinate (ls7a),

prepared in the above manner, proceeded with less than ZVo racemization

of the resultant (S)-altylglycine.

V



Bromide (48) reacted with propargyl- and allenyltriphenylstannanes to

give, unexpectedly, the (2)-propargyl and (2)-allenyl derivatives (L69) and

(tzz'¡ respectively. These reactions also proceeded with high

diastereoselectivity to give mainly the 2-(S) isomer.

o o
Ph HBoc Ph HBoc

Br

(qz) (48)

o o
Ph Ph

D

(128a) (128b)

o
Ph HBoc Ph

(L20) (157a)

o o
Ph Boc Ph Boc*

(16e) (L72)

c
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Chaprten n ïntroductlorr

Morrison and Mosherl defined an asymmetric synthesis as "a reaction in

which an achiral unit in an ensemble of substrate molecules is converted

by u reactant into a chiral unit in such a way that the stereoisomeric

products are produced in unequal amounts". Such a synthesis can be

achieved with optically active substrates2, reagents3, catalysts4 and

solventss. The kinetically controlled asymmetric induction reactions

employing these methods all exploit the fact that the transition states

which give rise to the alternative stereoisomers are diastereomeric (and

hence energetically non-equivalent). If the difference in activation

energies is large enough, a product of high optical purity results.

The sheer amount of research into asymmetric synthesis throughout the

world is testimony to the fundamental importance of enantiomerically

Pure compounds in organic synthesis and in wider society.

Enantioselective synthesis of organic compounds is an indispensible tool

for the production of biologically active compounds, most notably in the

pharmaceutical, food and agrochemical industries. Since the receptor sites

in biological systems are themselves chiral, they are able to distinguish

between the two enantiomeric forms of the compounds with which they

interact. As this basic principle becomes further entrenched in the

thinking of modern day chemists, optical purity becomes an increasingly

important critereon in assessing the overall purity of a compound.

In the particular case of drugs, the ever increasing stringency of regulatory

bodies with regard to enantiomeric purity has placed. an even greater

emphasis on asymmetric synthesis of therapeutic agents. This state of

affairs is well justified when the potentially disastrous consequences of
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administration of racemic drugs are considered. Perhaps the best known

and most dramatic example of the differing biological activities of
enantiomers is the case of the drug thalidomide, introduced in the early

1960's as a sedative and hypnotic. When administered in racemic form, it
was found to cause foetal and neonatal deaths and congenital

malformations when used by pregnant women6. These effects were later

attributed to the (s)-(-) enantiomer (t)7 (Figure 1). The sedative effect

resides in the (R)-(+) enantiomer (2), which is otherwise innocuous.

o o

N N

o o
HH

(2)

FIGURE 1.

cr-amino acids occur in nature as the monomeric building btocks of

proteins and peptides, as constituents of more complex, non-proteinogenic

biomolecules, and as the free monomer. All monosubstituted cr-amino

acids contain a chiral cr-carbon about which are arranged the amino and

carboxyl groups, the c,-hydrogen and the "R" group or "side chain" which

endows each amino acid with its unique properties. Those of natural

origin almost invariably are optically pure, with the most common

configuration being (S).

Today, the multi-biltion dollar amino acid industry produces the twenty

basic proteinogenic cr-amino acids in optically pure form either by

(1)
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extraction from protein hydrolysates, fermentation and enzymatic

methods, or racemic chemical syntheses followed by resolution8. Apart
from these common g-amino acids, there exist hundreds more non-

proteinogenic, optically pure amino acids with modified or completely

different side-chains9. These side-chains fall into a wide range of
categories such as aliphatic, aromatic, heterocyclic, sulphur-containing,

acidic and basic, to name but a few. of these, many exhibit biological

activity. As is usually the case with chiral, biologicatly active molecules,

properties such as taste and therapeutic effectiveness are limited to, or

significantly more pronounced in, one stereoisomer only. This is well
illustrated by the example of the artificial sweetener known as aspartame.

This molecule is the dipeptide methyl ester (3) (Figure 2), which consists of
the amino acids (s)-phenylalanine and (S)-aspartic acid. Aspartame tastes

about 160 times sweeter than sucrose. The diastereomer of aspartame

which contains (R)-Phenylalanine (4) is, in stark contrast, bitter tastinglO.

Aspartame

H H
- t, COrMe COrMe

o o
(3) (4)

sweet bitter

FIGURE 2

The classical techniques used to produce the common cr-amino acids are

not necessarily applicable to the rarer cr-amino acids. Flence, as well as

posing a challenging synthetic problem and providing access to useful

quantities of novel amino acids for research purposes, the efficient

NHtNHt

:
cH2Ph cH2Ph
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asymmetric synthesis of such amino acids has significant implications to
the food, pharmacological and agrochemical industries. Thus, advances in
asymmetric o-amino acid synthesis have the potential to ultimately
improve human health and living standards.

As a result of these potential reward.s, the field of asymmetric cr-amino
acid synthesis has grown steadily to the point where, today, most ø-amino

acid syntheses reported are stereoselective. Due to the sheer diversity of
functionalities found in c-amino acid side-chains, an "all-encompassing,,

method for their asymmetric synthesis has not yet been developed, and, in
all likelihood, never will be. Hence, the many methods which exist are

necessarily very diverse.

some of the more common approaches to asymmetric cr-amino acid

synthesis are summarízed in Figure 3. Discussion of the various methods

will be very brief, with the references given being exemplary only. Route

A involves the asymmetric addition of a carbon nucleophile to a prochiral

imine (6) (or iminium) speciesll, or alkylation of a gtycinyt anion (z) with
a carbon electrophilel2. Route B requires stereoselective hydrogenation of

the imine (S)13 or a-p-dehydro cr-amino acid (g)r4. Alternatively,
asymmetric protonation of the cr-amino ester enolate (L0) has been

exploitedls. Route C can be realized by hydroformylation of the enamine

(ff¡t6. One approach to route D is the electrophilic amination of the ester

enolate ('l'2)72'te. Another approach is the nucleophilic amination of the

a-substituted ester ('13)79'20, where the substituent X is a suitable leaving

group. Transamination of the c¿-keto ester (']-,4), a common strategy in
biological systems, has also been used in aitro2l.

4



NHR'

C: ttcottt

R

A: rrRrr

(14)

D: "NH, il

H

B. rHr

(10)
R

R

(13)

R

H (12)

NHR'

NR'

(s)

o

HR

R H

(6)

(11)

HR'

R'

H

(e)

(7) H
(8)R

FIGURE 3

Thus, it can be seen that, with the number of possible approaches, coupled

with the choice of a chiral auxiliary being situated at either the amino or

carboxyl terminii as well as the potential for the use of chiral reagents and

catalysts, a multitude of potential routes to optically pure cr-amino acids

exist. It is beyond the scope of this thesis to attempt to review the now
large and rapidly growing volume of research into this area, which, in any

case, has been reviewed elsewhere22. Hence, only literature reports directly
related to the research undertaken here will be discussed.
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o
RMgX, EtrO

o
Ph OHh

(1s)

o
-78'C

H R

(16)

R= Me, Vfe(CHz)s, Me(CH2) 7,ph, c-hex

d.e.= 98.7-99.47o

SCHEME 1

The initial approach to asymmetric cr-amino acid synthesis described in
this thesis was inspired by work reported by Whitesell in 798223, and later

elaborated upon in 19852a and 198625. In these publications, Whitesell
reported that the glyoxylate ester of (-)-g-phenylmenthol (15) underwent

highly regioselective and diasterioselective alkylation with several

Grignard reagents (Scheme 1). At low temperature, nucleophilic attack by
the organometallic species is selective for the aldehyde carbonyl. In
addition, the glycotates (16) were formed with a very high (9g.1_99.4Vo)

excess of the 2-(S) isomer. The authors' rationalization of these results

will be discussed at a more relevant point in this thesis.

o
Ph

RMgX, Et O
h

-78"C HR

H R H

R

(17) (18)

SCHEME 2

The obvious analogy between the glyoxylate ester (15) and the imino ester

(17) led to speculation whether Grignard addition to such an imine could

be achieved with similar levers of asymmetric induction (scheme 2). If so,

and if removal of the chiral auxiliary could be achieved without

6



diminishment of the optical purity of the amino acid, moie V of (1g), ¡¡"r,
this approach to asymmetric c¡-amino acid synthesis would be relatively
efficient and general.

O,,..-

R

R*+ oR*

(20)

I

H

R*= menthyl (21)

o

SCHEME 3

Kagan and Fiaud26 had reported this very same approach at a much earlier
date' These workers added Grignard reagents to the prochiral imine (L9)

bearing chiral auxiliaries at both the imino and carboxyl sites (scheme 3).
with some Grignard reagents, the imine alkylated at the imino carbon,
giving the amino esters (20) with a modest predominance of the (S)

configuration at the cr centre. significantly, the authors found that,
irrespective of the configuration of the nitrogen linked chiral auxiliary,
the 2-(S) diastereomer was formed in excess, with little variation in the
d.e. ( diqtt¿r- rnøric ¿xc¿ss ).

,xJ+
o

RMgX

M

o

This led the authors to conclude that the ester-linked chiral auxiliary
(menthol) was chiefly responsible for the asymmetric induction observed.
This, along with the demonstrable superiority of g-phenylmenthol over

7



menthol as a chiral auxiliary, further reinforces that the alkylation of (IZ)
is a viable approach to asymmetric cr-amino acid synthesis.

o

(zz¡ o

R"

N oR"'
R" Xol (23)

R
Mgx

o

FIGURE 4

._{>

o-

R" \R'
R"

(zz¡ (zE)

o

oR"' <-r+> N Rrrt
R" R

FIGURE 5

Most Grignard reagents used by Kagan and Fiaud, however, alkylated the

imine at nitrogen to give chiefly (21). Yamamoto et a\.27 reinvestigated

the alkylation of iminoacetates of this type. These workers reported that,

in addition to competitive N-alkylation, ailylmagnesium bromide also

attacked the ester carbonyl. The most likely explanation for N-alkytation of

this system is that conjugate 1,4 addition to the imine (22) competes with
c-alkylation (7,2 addition to the imine double bond) (Figure 4) due to the

fact that the resonance contributor (24) renders the imino nitrogen
somewhat electropni[c (Figure 5). It was reasoned that the presence of an

acyl group on the imino nitrogen would minimize (or hopefully

*\o

o

o-
+

(2s)
o

(23)
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eliminate) N-alkylation due to the influence of the resonance contributor
(25), which should enhance the electrophilicity of the o-carbon.

NHCbz CHr=ç1¡¡4t9. illÐzc ,/NCbz

(zz¡

C1

(26)

- SCHEME 4

Castelhano et ø128 have reported the alkylation of the carbobenzyloxy (Cbz)

protected cr-chloro-cr-amino ester (26) with two equivalents of
vinylmagnesium bromide at -70'C (scheme 4). The imine (27), produced

by elimination of hydrogen chloride from (26), is thought to be the active

species which undergoes Grignard addition. The authors stated that

products of Grignard addition to the carbonyl groups of (26) were not

detected, and made no mention of N-alkylation. The absence of

N-alkylation in this case lends credence to the proposal that the electronic

effect of the acyl group on nitrogen should promote C-alkylation by

Grignard reagents.

Enders and Steglich ¿ú al29 also have employed the C-alkylation of

acyliminoacetates as a means of asymmetric cr-amino acid synthesis.

Firstly, the achiral imine (29a) was found to react with the achiral enamine

(31) at -100C (Scheme 5) to give the c¡ amino-y-oxo acid ester (30a) with

high diastereoselectivity (anti 2,3 stereochemistry). These results were

(28)

9



rationalized by assuming a Diels-Alder like transition state for the
alkylation step.

1) (31) or (32), T.H.F., -100C

oo
H
N

ooo
OR R

2) H3O+

(29) a) R= Me
b) R= C)-8-phenylmenthyl
c) R= (+)-menthyl

(30) a) R= Me
b) R= (l-8-phenylmenthyl
s) ft= (+)-menthyl

ocFI3

(31) (32)

SCHEME 5

Next, the achiral imine (2ga) was treated with the chiral enamine (32), and

the chiral imine (2gb) was treated with the achiral enamine (31), also

resulting in high diastereoselectivity and now with modest (67-g5 vo) e.e.

Finally, double asymmetric reactions, with both imine (29c) and enamine

(sz¡ 6"1rtt chiral, were carried out. Flere, both d.e. and e.e. were >99.9vo

when this matched chiral enamine/chiral imine pair was used.

These results are encouraging in that they set a precedent for the

diastereoselective.alkylation of prochiral a-acyliminoacetates. In
rrrodest

particular, the å*gh- (67y") e.e. for the alkylation of (_)_S_phenylmenthyl

2-benzoyliminoacetate (zgb), an example of the gener alized, imine (17),

augured well for the success of our approach.

ö

ö

lønanhome¡.r
el-tqs;..
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o
Ph R

Br

(33)

FIGURE 6

substitution of a suitable leaving group for one of the hydrogen atoms at

the cr position of a glycine moiety would appear to be the most expedient

and general route to an imine such as (17). Thus the bromide (33)

(Figure 6), which is effectively the hydrogen bromide adduct of the
corresPonding imine, is ideally suited for Grignard alkylation in the same

manner as the chloride (26), used by Castelhano.

Lidert and Gronowiz30 first described a means of radical bromination of
the c[ position of glycine derivatives with N-bromosuccinimide. Since

then, a great deal of work has been published in which the authors have

used bromination of amino acid derivatives with N.B.s. as a means of
functionalizing the aposition of such compoun¿s73,37,32,33,g4. Indeed, in
the work of Enders and stegrich described above, the imines (29) were

obtained by treatment of the corresponding cr-bromides (obtained by free

radical bromination of the parent glycine derivative with N.B.s.) with
triethylamine.

The free radical bromination of N-acylglycinates of this type proceeds

through the intermediacy of the general s-centred glycinyl radical (34)

(Figure 7), produced by abstraction of an o-hydrogen atom by bromine
atom. This radical is exemplary of the special class of "capto-dative,,

77



radicals3s. This term aptty describes the two substituent effects which
combine to make this class of radicals especially stable.

O'

=-

o

FIGURE 7

Stabilization of such glycinyl radicals results from the overlap of the semi-
occupied p orbital with the æ orbitals of the amido and alkoxycarbonyl
substituents3S. Specifically, the capto effect relates to delocalization of the
unpaired electron into the electron withdrawing ester carbonyl group. The

dative effect involves delocalization of a nitrogen lone pair electron into
the semi-occupied p orbital. The resonance contributors involved in this
effect are shown in FigureT. Of course, for this type of delocalization to
occur, all of the nuclei involved must be coplanar.

The net result of the capto-dative effect in this system is that glycinyl
radicals are exceptionally stable and form very rapidly36. Syr,thetically, this
has meant that elaboration of glycine moieties aia free radical

H
I

H
I

o

H
I

o-H
I

a

(sz)o
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bromination with N-bromosuccinimide has been, and continues to be,
heavily exploited

The choice of the nitrogen protecting group for this project is now
restrained by two factors:-

1) It must be linked to nitrogen through an acyl group (in order to
promote C-alkylation of the intermediate imino acetate, as previously
discussed).

2) The protecting group must be compatible with the free radical
bromination conditions to which the ester will be subjected.

In addition, it must be readily removable in such a way that epimerization
(leading to loss of optical purity) of the newly formed amino acid does not
occur. The three common acyl linked nitrogen protecting groups are:-

1) Carbobenzyloxy: This is deemed unsuitable due to the benzylgroup it
contains, which could undergo competitive bromination by N.B.s.

2) Benzoyl: This is also deemed unsuitable due to the relatively forcing
conditions required for its removal3z.

(t'soc)
3) Tertiarybutyloxycarbonyl:^This is the protecting group which was
chosen' The hydrogen atoms are ail primary and unactivated (e.g. by
adjacent heteroatoms and/or n systems). Hence, the methyl groups are
highly unlikely to undergo radical substitution reactions. In addition, the
fBoc group is cleanly and quickty removed by treatment with
trifluoroacetic acid. It is easily introduced by treatment of free amino acids
with 2-tert-butyloxycarbonyloxyimino-2-phenylacetonitrile (39), known as

13



"BOC-ON"38 (Scheme 6). Futhermore, it is able to withstand catalytic
hydrogenation, sodium in liquid ammonia, alkali and hydrazin&9.

o
o oly

(3e)
oPh

CN

NEt3, 7:7 F{2O /DIOXANE
R.T., 16 Hrs.

(40)

SCHEME 6

It was intended that a variety of simple Grignard reagents would be added

to the proposed intermediate g-phenylmenthyl N-ú-Boc-2-bromoglycinate.

The choice of appropriate Grignard reagents would result in the
asymmetric synthesis of derivatives of some of the common,
proteinogenic cr-amino acids. The advantage of this is that it would
initially make the determination of d.e. values much easier and less time-
consuming.

'"\-Y*<
oRR

(38)

+

FIGURE 8

If the initial work proved successful, then Grignard reagents giving rise to
non-proteinogenic G-amino acids would be studied. One possibility would
be the use of vinylmagnesium bromide as the alkylating agent. This
Grignard reagent should give rise to vinylglycine (a1) (Figure g), an

cr-amino acid not readily available (especially in optically pure form) and

(41)
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of interest due to the antibiotic activity and enzyme inhibitory properties
of p-y-unsaturated amino acids40,41. A method to determine the d.e. of the
vinylmagnesium bromide adduct would need to be devised, but may well
evolve from the experience gained in the initial studies.

NHCbz

(42) útt Me

^148 "/3 mm

*cl-

(43)

SCHEME 7

6N HCI

(44)

optically Pure (S)-vinylglycine has been synthesized by Rappoport and
Afzali-Ardakani42 through thermolysis of the opticalty active sulphoxide
(42) (derived from (S)-methionine), followed by acid-catalyzed, hydrolysis
(Scheme 7). other workers43,44 have succesfully adopted conceptually
similar approaches to the synthesis of optically pure vinylglycine
involving oxidative elimination on (S)-glutamic acid derivatives. All of
these cases, whilst providing vinylglycine in high enantiomeric purity,
utilize natural amino acids in optically pure form. Flence, they are not
true asymmetric syntheses, since no new chiral centres are formed.
Furthermore, this approach allows for the synthesis of the parent,
unsubstited vinylglycine only. The chemistry proposed here potentially
allows for the general synthesis of substituted vinylglycines. At the time

15



this project was commenced, no true, general asymmetric synthesis of
vinylglycines existed

A further synthetic requirement is the facile coupling of
(-)-8-phenylmenthol (45) and N-ú-Boc-glycine (46) . This shoutd be

straightforward using the method of Hassner and Alexanian45, involving
the use of a catalytic amount of dimethylaminopyridine and a molar
amount of dicyclohexylcarbodiimide. This technique effects esterification

in high yields using mild conditions. Thus, the overall proposed synthetic

route is as depicted in Scheme g.

(-)-8-phenylmenthol is synthesized, by the chemistry depicted in
(scheme 9), from the relatively inexpensive monoterpene
(R)-(+)-pulegone (51¡+ø, found in plants of the løbiatae family. Copper (I)

catalyzed conjugate addition of phenylmagnesium bromide to pulegone,

followed by equilibration of the isomeric ketones (52) and (S3), gives the

two ketones in an 87:13 ratio. Dissolving metal reduction of the mixture of
ketones gives the diastereomeric (lR,zs,SR) and (ls,LR,SR) alcohols, (54)

and (55) respectively, also in an 87:73 ratio. Chromatographic purification
gives the pure (7R,25,5R) alcohol.

(-)-8-phenylmenthol's accessibility was at first somewhat restricted due to
the tedious and logistically limiting necessity to purify it by
chromatography. However, ort56 has reported an improved and more

comprehensive synthesis resulting in (_)-g_phenylmenthol now being

readily available. The key improvement made by Ort is the separation of
the major trøns-Z,S isomer of B-phenylmenthol from its cis counterpart
through fractional recrystallization of their chloroacetate esters
(Scheme 9), eliminating the need for chromatography.
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Ph
o

o

o

(46)

+

(4s)

a)
Ph

Ph

Ph

(4e)

o

Boc

(4n

Br (48)

oc
b)

c)

Ph

-

R
(s0)

a) D.C.C., D.M.A.P., Et2O, R.T.

b) N.B.S., hv, A.

c) RMgX (2.2 eq.), Et O, -79"C,2 hrs

SCHEME 8
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(-)-8-phenylmenthol (4s) is a chiral auxiliary first prepared, in both
enantiomeric forms, by corey 46,47 in lgzs. corey's team successfully

incorporated an asymmetric Diels-Alder reaction of 8-phenylmenthol

acrylate into their synthesis of an optically active prostaglandin

intermediate46. It has since been successfully used in several types of
asymmetric synthesis, including Diets-Alder reactions49, g,50,57, Grignard

additions23,24,25, conjugate additionsS2 and ene react¡6ns53,54,55. As its
name implies, 8-phenylmenthol is formally derived from menthol, with
the hydrogen at C-8 being replaced by a phenyl group.

The basis of 8-phenylmenthol's power as a chiral auxiliary is the steric

shielding exerted by the *r".y tu.g"2]pn"r,yfr"tnyþtnyilo group. App¡oachI " '"Ê Éithcnv(tnr¿r,*Lolof reactants to prochiral moieties esterified to the 1-hydroxflir-p5rriÚf"
from one side of the molecule only. In addition, there is a convincing

evidence57,58 ¡¡¡þiçþ indicates that the phenyl ring of trre a-f,henylmenthyl

group participates in rE-rÍ, interactions with the acid moiety.
8-phenylmenthyl glyoxylate exemplifies this phenomenon. Indications are

that the æ-rc interaction which holds the proch iruJ glp*ylate moiety in close

proximity to the phenyl ring is at least partly responsible for the s-cis

configuration of the two carbonyl groupsS7.

Ph
o

o

RMgX, Et O
-78"C

(52):(sg) = t.t

FIGURE 9
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The latter effect is exemplary of an important aspect of asymmetric

synthesis. The conformational rigidity of the prochiral moiety attached to

a chiral auxiliary is as important a factor as the diastereofacial blocking

power of the chiral auxiliary itself. This concept is illustrated by the

hypothetical example depicted in Figure 9. If 8-phenylmenthyl glyoxylate

were to exist as a 1:1 mixture of the s-cis (57) and s-trans (58) rotamers in

ether solution prior to addition of a Grignard reagent, a 1:1 mixture of the

2-(S) and 2-(R) glycolates (59) would result even if the chiral auxiliary

blocked the rear face with infinite efficiency.

The fact that 8-phenylmenthol imparts conformational rigidity on the

glyoxylate moiety leads to the expectation that the analogous imine (49)

will behave similarly. If so, the approach to asymmetric cr-amino acid

synthesis outlined here should be successful.

ANALYSIS OF STEREOISOMER RATIOS IN AN ASYMMETRIC

SYNTHESIS

EN EXCESSES:
sìcql

As enantiomers have the same

entails either

s, e.e. determination

i)Conversiontodiastereomersbytreatment*,.f,îM'H.',TÍ,,^,
agents59 followed by conventional diastereomer analysis, or

x Skhonq.y 
lhqo-I

20

DIASTEREOMERIC EXCESS.' 
P[rts¡ç61 properherByvirtueofthefactthatdiastereomershavediffering@

determination of d.e. values can be achieved, in principle, either by

N.M.R., acnirufH.p.L.C. or achiraÉG.C. analysis.



ii) use of chiral shift reagents for N.M.R. analysis60, or chiral H.p.L.C.61 or

G.C-62 columns, all of which differentiate between enantiomers by virtue

of diastereomeric interactio¡5.þ{*er. Jl,o e.na'.l-rvre¡s and Jh" ,hrol

As alluded to above, one of the advantages of using a covalently bound

chiral auxiliary such as 8-phenylmenthol is that compounds which are

epimeric at the newly formed chiral centre are, by necessity,

diastereomeric. The subsequent chromatographic and spectoscopic

differences between the two diastereomers means that determination of

their relative proportions can often be determined directly by

chromatographic or N.M.R. analysis. Thus conversion to diastereomers,

chiral H.P.L.C. or G.c., or use of N.M.R. optical shift reagents is

circumvented. The phenyl group in 8-phenytmenthol is, of course,

detectable by u.v. spectroscopy (at 254 nm), a fact which makes H.p.L.c.

analysis with U.V. detection a particularly attractive candidate for

diastereomer analysis.

o
Ph HBoc Ph

Ph Ph

reSen(

o
NHBoc

(60a) (60b)

FIGURE 10

The diastereomeric phenylalanine derivatives (OOa) and (60b) (Figure L0)

are resolvable by T.L.C.63. Flence, it is expected that H.P.L.C. will serve as a

means of establishing the diastereomeric purity of all of the diastereomeric

cr-amino acid derivatives of this kind produced during the course of this

work. To this end, it is intended to synthesize a series of authentic
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standards to form a basis for the analysis of the stereochemical

composition of the Grignard adducts (50). Esterification of the N-ú-Boc

derivatives of commercially available racemic amino acids with
8-phenylmenthol will furnish 1:1 mixtures of diastereomers.

These diastereomeric mixtures will not only establish if the diastereomeric

products of the Grignard additions are resolvable by H.P.L.C. (and 1H and

l3C-N.M.R.), but will also prove the authenticity of the Grignard adducts

through N.M.R. and H.P.L.C. correlation. Integration of the peaks due to

each diasteromer will yield the required ratios. Thus synthesis of the

diastereomeric mixture derived from the coupling of (R,S)-alanine with
(-)-8-phenylmenthol will establish the degree of induction for the MeMgI

addition to the bromide (48). Likewise, the mixture derived from
(R,S)-valine will be used for correlation with the diastereomeric products

of i-PrMgI addition, and so on. Alternatively, shourd the 1rt-N.M.R.

spectra of the diastereomeric mixtures show distinct resonances for each

isomer, integration of the areas of suitable signals (i.e. baseline resolved)

could also be a means of calculating diastereomeric excesses.

The last synthetic requirement for this project's success is the hydrolysis of

the Grignard adducts (50). In any asymmetric synthesis involving a

covalently bonded chiral auxiliary, its facile removal is essential.

Furthermore, this must be achieved without loss of optical purity (both in

the desired product and the chiral auxiliary). In the case of the amino

esters involved here, this entails employing conditions which will not

enolize the amino acid moiety (i.e. remove o-protons).

Hydrolysis of peptides and proteins to optically pure amino acids is

routinely carried out in refluxing 6N HCl. Flence, this method will
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initially be applied to the hydrolysis of (50). Trearment of rhese

N-f-Boc-amino acid 8-phenylmenthyl esters with neat trifluoroacetic acid
generates the corresponding trifluoroacetate salts. Treatment of the salts

with refluxing 6N HCI should effect their hydrolysis; whether the optical
purity of the amino acid is undiminished remains to be seen.

To determine the optical purity of the amino acids produced, and hence

whether hydrolysis proceeds with or without racemization, two analytical

methods may be employed. The first is measurement of the specific
rotation of the amino acids produced and comparison with literature
values' The susceptibility of optical rotation readings to unsuspected

impurities and minor variations in experimental conditions, however,
may give erroneous results. Consequently, spectroscopic and
chromatograpic methods have superceded this technique.

o o
*cl-

R

(or)
o

b) COPh

R

(63)

+
a)

R

(oz)

a) MeOH, HCl, R.T. b) phCOCl, KHCO3, EtOAc/ HrO

SCHEME 10
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Suitably derivatizing the amino acids for analysis with a chiral H.p.L.C.

column capable of resolving the racemic pairs of these derivatives is

considered a more reliable analyticar technique. The N-benzoyl/methyl
ester derivatives (63) will be used as analytical H.p.L.C. standards, as the

racemic alanine derivative (63, R = Me) has been previously resolvedú on

a Pirkle6l column. Means of synthesizing the derivatives are depicted in
Scheme 10.
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Chapter n lResults and lElscLlssron

1.1 SYNTHESIS oF (_).8-PHENYLMENTHoL AND ANALYTICAL

STANDARDS

The preparation of (-)-8-phenylmenthol (45), described in Organic

syntheses56 by ort, makes this useful chiral auxiliary markedly more

accessible. Due to the elimination of the need for chromatographic

purification, the enantiomerically and diastereomerically pure alcohol can

be produced in up to twenty gram amounts in one run (i.e., research

laboratory scale) with relative ease.

ort's method is superior to those previously pubtished due to the key

fractional recrystallization of the chloroacetate esters of alcohols (54) and

(55) (Introduction, Scheme 9). This step proceeded smoothly, yielding the

pure (1R,25,5R) ester (56), as indicated by its sharp melting point (g3-g4"C,

nt.56 8z-g3C). Saponification of the ester proceeded almost quantitatively

to give (-)-8-phenylmenthol.

The diastereomeric purity of the (-)-s-phenylmenthol produced in this

way was determined by H.P.L.C analysis. During the course of earlier

(-)-8-phenylmenthol syntheses, significant quantities of the (1s, 2R, 5R)

isomer of (-)-8-phenylmenthol ("epient-8-phenylmenthol," (64)) were

acquired. with a mixture of the two diastereomers in hand, it was

possible to develop H.P.L.C. conditions which effected their resolution.

Thus, it was found that isocratic elution with 9:1 hexane/ether fully

resolved the two diastereomers (detected at 254nm). Under these

conditions, the (-)-8-phenylmenthol produced by saponification of the

recrystallized chloroacetate showed no trace of the unwanted (1S,2R,5R)
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isomer. It is worth noting that this diastereomer is virtually the

enantiomer of the (1R,25,5R) diastereomer (save for the methyl group

attached to C-5 being epimeric). This is evident upon inspection of the

structure for (65) shown in Figure 11. Indeed, Whitese[65 has shown that

the sense of chirality it induces is opposite to that induced by
(-)-8-phenylmenthol. F{ence, if a mixture of the two diastereomers is used

as the chiral auxiliary in an asymmetric reaction, the enantiomeric purity
of the chiral product obtained after removal of the chiral auxiliary will be

limited. It is therefore of vital importance.that (-)-S-phenylmenthol used

as a chiral auiliary is diastereo^"rr.trflþtrlo tn{'t' ttt-¡'' n"/

o o
Ph

RMgX
Pho OH

H R

(1s) (16)

o o
RMgX

OH

h
H H

(6s) (66)

FIGURE 11

The enantiomeric purity of the (-)-g-phenylmenthol produced was

determined by polarimetry. The rotation observed ([cr]o20 = -26.4"t 0.5.)

was in very close agreement with that reported by ort5 6

([a]ozo = -26'4'* 0.1), indicating that the alcohol was enantiomerically

pure/ within the limits of detection by polarimetry. The overall chemical

yield of 397o achieved here (allowing for the fact that the starting pulegone

o
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was 857o, technical grade) compares favourably with the reported yield56

(2Ç37Vo).

Coupling of (-)-8-phenylmenthol (45) with N-f-Boc-glycine (4G) using the

method of Hassner and Alexanian4s proceeded smoothly to give the ester

(lz¡ in 93vo yield after purification by "Dry Column" flash

chromatography66. Column chromatography was the only effective

means of purification of this compound, since it was a sticky, glassy

substance which would not crystallize and distilled only at elevated

temperatures under high vacuum. Almost without exception, all of the

cr-substituted 8-phenylmenthyt N-ú-Boc-glycinates encountered during the

course of this work also possessed these properties.

Proton and carbon N.M.R. analysis of (42) unambiguously confirmed the

expected structure. Of particular interest were the signals due to the two

diastereotopic cr-protons. The pattern observed was typical of an AB

quartet further coupled to a third, vicinal proton. Each cr-proton resonated

as a doublet of doublets. These two multiplets were centred at ô 3.05 and

õ 3.29, with the magnitude of the geminal coupling being 15.1 Hz and

vicinal coupling to the amide proton being s.gHz and 5.3 FIz respectively.

The amide proton signal was a broadened doublet of doublets centred at

õ 4.38.

The broad-band decoupled l3c-trl.M.R. spectrum of this compound

exhibited the expected nineteen signals. D.E.P.T. spectroscopy enabled the

assignment of each resonance as having arisen from a primary, secondary,

tertiary or quaternary carbon atom. This knowledge, combined with the

use of 13C-N.tvl.R. correlation tables68, enabled the unambiguous

assignment of every resonance. This proved to be of great benefit in the
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interpretation of the 13c-trl.M.R. spectra of all of the a-substituted
derivatives of this parent compound encountered during the course of
this project.

Substitution at the o-position resulted in a ca. 7-76p.p.m. downfield shift

of the cr-carbon resonance (situated at õ 42.26 in the case of the parent

compound). The chemical shifts of the remaining peaks changed stightly,

but these shifts were of sufficiently small magnitute to still allow for the

unambiguous assignment of all peaks by comparison to the parent

comPound (47). Assignment of the peaks due to the a-substituent was

easily achieved as these peaks usually possessed chemical shifts distinctly

different to those of the basic ca¡bon skeleton.

o o
NHz "BOC-ON" (39)

R

(38)

G7)
(68)
(6e)
(70)
l¿71
(721

03)

:R=Me
: R= nPr
: R= íPr
:R=Ph
:R=Bn
:R=Et
: R= allyl

R

(62¡ - 17t'

SCHEME 11

The synthesis of the N-f-Boc protected amino acids (62¡-17g¡ following the

technique of Itoh et.al3\ using "Boc-ON', (2-tertiarybutyloxycarbonyl

oxyimino-2-phenylacetonitrile) (39) was both straightforward and high

yielding (66-B4Vo) (Scheme 1l). The N-ú_Boc amino acids produced were

pure enough to use further without any purification.
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Esterification of the racemic N-ú-Boc amino acids (62) to (zj) with
(-)-8-phenylmenthol, also using Frassner and Alexanian's45 method,

proceeded smoothly (Scheme12). The resultant equimolar mixtures of

C-2 epimers were obtained in yields ranging from 76-967o after routine

purification by flash chromatographyrtT. These mixtures gave satisfactory

elemental analyses.

o
Ph
OH c+

Ph

R
(4s) G7) - (731

D.C.C., D.M.A.P.,

Et2O, R.T.

o

oc

R Gù,0Ð - 0e)

(ó7) , (74) : R= Me
(68) , (75) : R= r¡Pr
rcg) , (7O : R= íPr
o0) , (771 : R= Ph
(771 , (60) : R= Bn
(72) , (7ù: R= Et
(731 , (79): R= allyt

SCHEME 12

All of the diastereomeric pairs (60a,b) and (74a,b)-(79a,b) resolved by T.L.C.

on silica (4:1 hexane/ether). This meant that T.L.C. could be used as a

qualitative means of ascertaining whether or not the relevant Grignard
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additions had proceeded with asymmetric induction. This observation
was also significant in that products derived from the asymmetric
Grignard additions to the bromide (4g) could be purified by column
chromatography. From a Preparative viewpoint, the diastereomerically

pure samples thus obtained could then yield enantiomerically pure amino
acids, regardless of the selectivity of the asymmetric step.

Subsequent H.P.L.C. analysis of the diastereomeric pairs (60a,b) and
(74a,b)-(79a,b) showed that, in all cases, the two diastereomers separated to
baseline resolution, under the same conditions. This involved isocratic

elution utilizing 19:r hexane/ethyl acetate as the mobile phase, with a

flow rate of 2.0 ml/minute. The adsorbent was 10 pm normal phase silica.

under these conditions, elution times for all of the N-f-Boc-amino acid
(-)-8-phenylmenthyl esters analyzed were less than ten minutes. A u.v.
detector operating at 254nm. was able to detect microgram quantities of
material' This represented a very simple, rapid and sensitive analytical
method which ultimately enabled the Grignard addition products (50) to

be analyzed directly. Thus, determination of the diastereomeric excess of
each Grignard addition reaction did not necessitate more complex and

laborious analytical methods.

small samples of each diasteremer within the epimeric mixtures (60a,b)

and (74a,b)-(79a,b) were obtained by preparative H.p.L.c. F.A.B. mass

spectroscopic analysis of these diastereomerically pure samples confirmed
that, in each case, the two components within each mixture of
diastereomers possessed the same molecular weight. The observed
molecular weights were, in each case, equal to those calcurated.
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The lH-N.M.R. spectra of all, and 13C-N.M.R. spectra of some of the
diastereomerically pure compounds were obtained. In all cases, the spectra

were consistent with the expected structures. For each diastereomeric pair,
the 2-(S) and 2-(R) diastereomers were clearly differentiable by 1H and
13C-N.M.R. (300 Mz, 75.5 }y'IÍfz respectively). In particular, the chemical

shift difference between the ring methyl (A), gem._dimethyl (B) and (C),

tertiarybutyl (o), o (E) and alkoxy ester (F) (Figur e 12) proton resonances

was of sufficient magnitude to allow for a crude estimate of diastereomeric

excess. similarly, most of the 13C-N.M.R. resonances of a given
diastereomer were distinguishable from the complementary resonances of
its C-2 epimer. The alkoxy ester carbon (G), ring methyl (FI) and
quaternary tertiarybutyl carbon (I) (Figure 12) were particularly diagnostic.

Thus N.M.R. proved to be a valuable tool as a "first-glance" qualitative
means of assessing the stereochemical outcome of the Grignard alkylation
reactions.

o
4G

Ph NH

A,H E*¡¡ o D

FIGURE 1.2

The lH-N.M.R. spectrum of g-phenylmenthyl (R)-ru-f_Boc_phenylglycinate

(77b) revealed an interesting and unusual feature of this molecule. The

two diastereotopic geminal methyr groups of the g-phenylmenthyl moiety
resonated at unexpectedly low field (ô 0.g0 and õ 1.00) when compared to
the other 2-(R) epimers in this series. The chemical shifts of the two
geminal methyl groups in these compounds are typically within the

IB
C
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narrow ranges of õ 1.23-1.25 and ô 1.31-1.33. Furthermore, Íor (77b), the
chemical shift difference between these two signals is 0.20 p.p.m.,
substantially larger than the typical value of 0.0g-0.10 p.p.-. These effects

are presumably due to the molecule adopting a conformation in
deuteriochloroform solution where the cr-phenyl group of the cr-amino
acid moiety exerts magnetic shielding effects of different magnitudes on

these two sets of methyl protons. No such effect is seen in the case of the

2-(S) diastereomer (77a), whose geminal methyl groups have typical
proton chemical shifts of õ 7.22 andô 1.32. This strongly infers that the

cr-phenyl group of the 2-(S) diastereomer points away from the
8-phenylmenthyl phenyl group, and that the opposite is true in the case of
the 2-(R) diastereomer.

Ph HBoc Ph Ph

oo

FI.

(77a) NHBoc(nc)

Ph Ph h

H NHBoc
(77d)

FIGURE 13

These effects can only be rationalized by the assumption that the amino
acid moiety of both diastereomers adopts the Z conformations (77a) and,

(77b) shown in Figure 13. If rhe E rotamers (77c) and (77d) prevailed in
both cases, one would expect the opposite anisotropic effects to occur, since

Ph

o
c

H

Ph"
(77b)
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the 2-(s) isomer would then have the a-phenyl group pointing towards
the phenyl group of the g-phenyrmenthyl moiety. By extension, it is very
probable that all of the N-f-Boc-amino acid g-phenylmenthyl esters (60a,b)

and (74a,b)-(79a,b) adopt the Z conformation.

Re-examination of the lU-N.M.R. spectrum of the 2_(R)_phenylalaninate
(60b) revealed that the same effect did not occur. That is, the chemical
shifts of the geminal methyl group protons (ô 1.1g and õ 1.27) were only
slightly upfield of the "normal" ranges for these nuclei. The absence in
this case of an anisotropic effect of the same magnitude as that displayed by
the 2-(R)-phenylglycinate (7Zb) can be rationalized by appreciation of the
greater conformational freedom of the benzyl group of (60b) relative to the
phenyl grouP of (77b). Due to the presence of the intervening benzylic
methylene group, the p-phenyl group of (60b) could forseeably minimize
steric interactions with the g-phenylmenthyl moiety by rotation about the
o-p carbon-carbon bond. This in turn would exprain the absence of
magnetic shielding of the geminal methyl groups of this compound, as

evidenced by their typical proton chemical shift values.
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1..2 GRIGNARD ADDITION TO 8.PHENYLMENTHYL

N-ú-B OC.2-BROMOGLYCINATE (48)

The bromination of 8-phenylmenthyl N-f-Boc-glycinate (42) ¡¡¡i¡¡ freshly
recrystallized N-bromosuccinimide under ultraviolet light phototysis in
dry carbon tetrachroride proceeded rapidty (ten minutes) to afford the
bromide (48) as a colourress oil, in virtua[y quantitative yietd (scheme 13).

The bromide later solidified to an off-white, amorphous solid upon
standing under nitrogen. Completeness of reaction and high purity were
indicated by 1H-N.I¿.R., as judged by the complete absence of the G-proton
signals of starting materiar and the appearance of a doubret at õ 4.gg
attributed to the ø-proton of the product (4g). Care needed to be exercised
in handling the bromid.e (4g) as it was sensitive to moisture (due to
elimination of hydrogen bromide). Generally, the bromide was used
within thirty minutes of its preparation in order to avoid any
decomposition, though it was stable for up to a week when stored under
dry nitrogen in a refrigerator at 5C.

o o
Ph Boc Ph

(+z¡ (48) Br

ca)

-a) N.B.S. (1.01 equivalents), CCl4, hv, Â, 10 minutes.

SCHEME 13

A very interesting result concerning this CI,-bromoester is that it is almost
certainly produced as one diastereomer. That is, the radical bromination
proceeds with high diastereoselectivity. This conclusion was initially
based on the 300 MFIZ 1H-w.I¿.R. spectrum of (4g). euite clearly, only one
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resonance for each type of proton was present. This is convincing
evidence in light of the lH-N-M.R. spectra of the diastereomeric mixtures
(60a,b) and (74a,b)-(79a,b), which exhibited dual resonances for many
protons. This 1H-1..1.M.R. evidence, and other evidence for the
diastereomeric purity of the bromide (48), wilt be discussed at a later, more
appropriate stage in this thesis.

This high asymmetric induction in the bromination of (47), though not
important for the Grignard additions as the s-carbon loses its chirality
upon elimination of hydrogen bromide, is an exciting result since the

reaction occurs at a relatively high temperature (77"C) compared to most
asymmetric induction reactions, which are generally performed at low
temperatures. In addition, very few examples of asymmetric induction at

radical centres in acyclic systems are known. Again, this aspect will be

discussed in considerably more depth in a later section.

o

NHBoc a) Boc

o
RR

-

Br

R = Ph: (48)
R = H: (81) a) NEtr, Et2O, 0C - R.T R = Ph: (49)

R = H: (82)

SCHEME 14

It was found that the imine (49), the proposed intermediate of Grignard
addition to the bromide (4g), could be generated by treatment of (4g) in
anhydrous ether with one equivalent of triethylamine (Scheme 14). The

imine of the menthyl analogue (g2) was produced from bromide (g1) in a
similar manner (scheme 14). The bromide (gr.) was produced by
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bromination of N-f-Boc-glycine (-)-menthyl ester (g0). The imines (49)

and (82) were insufficiently stable for full characterization, but the
lH-N.M-R. spectral data of the two compounds were consistent with their

structures. with 1H-N.M.R. data now in hand for (47), its bromide (4g) and

its imine (49), along with their respective menthyl analogues (g0), (g1) and

(82), some interesting and encouraging points were observed. The

relevant data are summarized in Table L.

TABLE 1

Clearly, all of the a-proton chemical shifts for the 8-phenylmenthyl series

are substantially lower than those for the menthyl series. Molecular

models indicate that compounds (+Z¡,149¡ and (49) can readily adopt a

conformation in which the a-carbon atom of these g-phenylmenthyl

esters is situated directly over the middle of the phenyl group. Hence, it is
reasonable to assume that significant magnetic shielding of the o-carbon

by the induced magnetic field of the phenyl group is responsible for this

anisotropic effect.

6.70 (4e)4.88 (48)3.77 (47)8.Ph-MENTHOL

7.73 (82)6.22 (81)3.8e (80)MENTHOL

IMINE (No.)BROMIDE (No)PARENT (No.)AUXILIARY

cr PROTON CHEMICAL SHIFI ( õ )
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o-H: ô 8.50

o
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cr-H: ô 9.30

o

H H

FIGURE 14

work by whitesell's groupsS at Austin supports this assumption. These
workers observed that the chemical shift of the glyoxylate proton of
8-phenylmenthyl glyoxylate (15) was 0.g0 p.p.m. upfield of that of the
menthyl analogue (g3) (Figure 14). This work was part of a comparitive
study of the efficiencies of several chiral auxiliaries analogous to
8-phenylmenthol. In this study, Whitesell observed that the chemical
shifts of protons at the o-position of acid moieties esterified to these
8-phenylmenthol analogues were shifted downfield (relative to the
corresponding menthyl esters) to different extents. Furthermore, a rough
correlation was observed between the magnitude of the upfield shift of the
cr-proton signal and the amount of asymmetric induction afforded by the
chiral auxiliary concerned. As the iminoacetate (49) is the actual species to
which Grignard reagents wourd add, the 1.03 p.p.m. downfield shift of the
cr-proton of this species rerative to the menthyl analogue (g2) was most
encouraging' In light of Whitesell's findings, this large chemical shift
difference suggested that the iminoacetate (49) would. undergo highly
diastereoselective alkylation by Grignard reagents.

The Grignard reagents used in the alkylation studies described here were
synthesized from the appropriate alkyl halide in ether under standard
conditions (the only exception being vinylmagnesium bromide in T.H.F.,
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which was purchased from Aldrich Chemical Co.) and were stored under
nitrogen in bottles equipped with rubber septa. They were standardi zed. by
hydrolysis of a 1.00 ml aliquot in 20.0 ml of 0.1000 M HCI followed by back

titration of the excess acid with 0.1000 M NaOH.

Based on the concentrations determined by this method, a calculated
volume of Grignard reagent (2.2equivalents) was added dropwise to an

efficiently stirred etherear sorution of the bromide (4g), coored to -zg"c.
The only exception to this was the vinylmagnesium bromide addition,
which was performed in T.H.F. upon completion of Grignard reagent

addition, the resultant mixture was stirred at -78C for two hours. At this

time, the cold bath was removed and the mixture allowed to equilibrate to
room temperature. Excess saturated ammonium chloride solution was

then added to quench the reaction. Chromatographic purification was

necessary in all cases in order to rer_nove low R¡ impurities. Care was

taken to avoid fractionation of the two diastereomers produced. By this
procedure, products (s4)-(91) were obtained in widely varying yields of
51'-847o (Table 2). The lower yields were for the isopropyl magnesium

bromide addition (Entry g, s'l.To) and vinylmagnesium bromide addition
(Entry 7, 52vo). several attempts to improve these yields were
unsuccessful.

For all of the Grignard addition products, T.L.c. and 1H and 13C-N.M.R.

analysis indicated that exclusive C-alkylation had occured. Furthermore,

comparison with the diastereomeric pairs (60a,b) and (74a,b)-(79a,b)

revealed that, in most cases, mainry one diastereomer had been formed,

indicating that high asymmetric induction had occurred. Compounds (90)

and (91), however, (the products of vinylmagnesium bromide and
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allylmagnesium bromide addition to the bromide (4A¡¡ s¡o*ed some signs
of a second diastereomer by both T.L.c. and 1H -N.M.R. analysis.

All reactions in diethylether at -zgc except for entry z (Tetrahydrofuran, -20c).

a) 2-(R) diastereomer not detected by H.p.L.C.

b) Accurate determination not possible by H.p.L.c.; estimate based on 1H-N.M.R. and
13c-ru.V.n., which did not detect the 2-(R) diastereomer.

TABLE 2

H.P.L.C. analysis, however, was necessary for an accurate, quantitative
determination of the diastereomeric excess values. Adduct (90)
(vinylgtycine addition) was analyzed by a different method that will be

described later. Analysis of the Grignard adducts by H.p.L.C. was
straightforward in all cases except for compounds (gg) and (gZ¡, ¡¡"
products of benzylmagnesium bromide and phenylmagnesium bromide
addition, respectively. These samples were contaminated by minor
impurities which had very similar retention times to the minor, 2-(R)
diastereomers, Preventing accurate integration of the peaks due to these

5767(e1)allyl8

st52(e0)vinyl7

9582(8e)Et6

90b58(88)Bn5

90b82ßnPh4

98a51(86)i-Pr3

95u(8s)n-Pr2

9ga72(84)Me1.

D.E. (%)YTELD (%INo.RENTRY
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diastereomers. Thus, the values for the d.e. of these samples quoted in
Table 2 are nomina[y 90vo, since lH- and 13C-N.M.R. failed to detect the
minor, 2-(R) diastereomer.

The chemicat and optical yields for the Grignard addition reactions carried
out in this study are presented in Table 2. overall, these results show that
this approach to asymmetric a-amino acid synthesis was promising in so

far as the asymmetric step proceeded with high diastereoselectivity, and in
acceptable yield.

The reason for the reduced stereoselectivity in the cases of the vinylglycine
(eo¡ ¿tt¿ allylglycine (91) syntheses may be that the Grignard reagents used
(vinylmagnesium bromide and allylmagnesium bromide respectively)
aggregate to a different extent than the other Grignard reagents used.

whitesell23 found that the degree of aggregation of methylliithium
profoundly influenced the diastereoselectivity of its addition reaction with
8-phenylmenthyl glyoxylate (15). When methyllithium alone was added
to the glyoxytate in ether, no asymmetric induction at all was observed.
The inclusion of rithium perchlorate, however, resulted in a

diastereomeric excess of 60Vo.

It has been shown that Grignard reagents prepared from alkyl bromides
and iodides are monomeric in T.H.F. solution6g,70. Flence, the low
diastereoselectivity (relative to the Grignard reagents prepared in ether) of
the vinylmagnesium bromide addition to the 

'-bromoester 
(4g), (which

was conducted in T.H.F.) may be accounted for in light of Whitesell,s
findings described above. Alkylmagnesium halides are known to be

aggregates in s¡rts¡69,70. The larger effective size of the incoming
nucleophile in these cases may result in enhanced. facial selectivity in
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addition to the imino group. conversely, the smail, monomeric
vinylmagnesium bromide would be a less face-selective alkylating agent.
Whether the same effect is responsible for the low diastereoselectivity of
the corresponding allylmagnesium bromide addition is not so certain, as

this reaction was performed in ether, which would be expected to cause

aggregation of the atlylmagnesium bromide. Atthough the aggregation
argument is a plausible explanation in this case, it nevertheless remains as

speculation.

1H-N.M.R., T.L.C. and H.p.L.c. correlation with the authentic
N-f-Boc-(s)-alanine, N-ú-Boc-(s)-norvaline and N-f-Boc-(s)-valine
8-phenylmenthyl esters (74a), (7Sa) and, (T6a), synthesized from (S)_alanine,

(s)-norvaline and (s)-valine respectively, confirmed that the major
diastereomers of (8e¡, 135¡ and (86) (produced in the relevant Grignard
addition reactions) had the (s) configuration at the cr-carbon.
Coincidentally, this configuration is that of the majority of natural
cr-amino acids. Interestingly, in all three cases, the 2-(S) diastereomer was
the first-eluting diastereomer. In addition, the c-proton of the 2-(s)

diastereomer resonated at substantially lower field than the cr-proton of its
2-(R) counterpart. The C-2 configuration of the major diastereomer
produced in the remaining Grignard addition reactions was not confirmed
by correlation with the corresponding authentic Z_(S) derivatives.
However, the precedent estabrished by these two cases allows for the
assignment of the absolute configuration of the major diastereomer as

2-(S) in all cases.

These assignments were possible since, in addition to being the first-
eluting diastereomer, the major diastereomer produced in all of the
remaining Grignard addition reactions exhibited the same 1H_N.M.R.

47



spectral characteristic. That is, the chemical shift of the o-proton of the
major diastereomer was lower than the o-proton chemicar shift of the
minor diastereomer. Table 3 , which compares the o-proton chemical
shifts of the first and second eluting diastereomers for the epimeric
mixtures (60a,b) and, (7 4a,b) -(79 a,b), clearly shows this.

TABLE 3

The difference between the chemical shifts of the s-protons of the z_(s)
and 2-(R) diastereomers is almost certainly due to the magnetic shielding
effect exerted by the phenyl group of the g-phenyrmenthyr moiety. As
previously stated, the cr -carbon of acid moieties esterified to
8-phenylmenthol is situated directly over the c-g,aromatic ring. The
resultant downfield shift of ü-protons in such esters has been observed by
WhitesellsS. Figure 15 shows the general 2_(S) and 2_(R) 2_substituted
glycinates (92a) and (92b). when drawn in these confomations, the
cr-proton of the 2-(s) epimer points toward the æ-cloud of the phenyl ring,

0.343.983.64(7e)allylI
0.534.544.07(e0)vinyl7

0.363.933.57(78)Et6

0.774.043.87(60)Bn5

0.795.134.34(n)Ph4

0.544.073.53(76)í-Pr3

0.373.973.64(7s)n-Pr2

0.313.963.65(z+)MeL
^õ(

2-(R)2-(S)No.RENTRY

ôo-r (ppm)
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whilst the 
'-proton of the 2-(R) epimer points away. Thus, the former

proton experiences a greater magnetic shielding than the latter. Flence, the
cr-proton of the 2-(s) ePimer resonates at significantly lower field than its
2-(R) counterpart.

\H
(e2a) (e2b)

FIGURE 15

oc

st sl

FIGURE 16

In an effort to rationalize the 2_(S) stereochemistry of the Grignard adducts
(84)-(91), Whitesell's work on the glyoxylate ester of (_)_g_phenylmenthol
(15)23'24,25 was studied in greater depth. As discussed previously,
whitesell showed that the addition of Grignard reagents to the ester at
-78"C in ether produced the 2_(S)_glycolates (16) (Scheme 1, Introduction)
with very high (>98%) diastereomeric excesses. whiteselt rationalized this
stereochemical outcome with the moder shown in Figure 16. steric
shielding of the rectus face of the ardehyde carbonyl by the phenyl group
results in the sínister face being selectively attacked by Grignard reagents.

oc

R H
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whitesell argued that the ester and aldehyde carbonyrs were held in a syn
arrangement by coordination with magnesium ion. If the presumption is
made that the imine (a9) is behaving analogously to the glyoxylate (15)
(i'e', ester carbonyl and imino group held syn by magnesium ion, as in
Figure 16), the selective formation of the 2-(S) isomers upon addition of
Grignard reagents to the bromide (¿S) L accounted for.

e

S M
o

SI

PRELOG'S RULE WHITESELL'S MODEL

FIGURE 17

In a subsequent papetzl whitesell explained this model in greater detail.
To rationalize the 2-(s) stereochemistry, a model which differed from
Prelog's pu1"77,72 was invoked. As shown in Figure il7, prerods rure has
the ester and aldehyde carbonyls disposed in an ønti fashion, with the
large group of the alcohol moiety anti to the ester carbonyl. Reagents will
approach the aldehyde carbonyl from the side of the small rather than
medium group due to steric constraints. In whitesell,s model, the two
carbonyl groups are held syn, with the small group of the alcohol moiety
syn to the ester carbonyl. Flere, reagents approach from the side of the
medium rather than the large group, again due to steric constraints.

It should be noted that both models predict the 2_(S) stereochemistry.
whitesell argues, with good cause, that his model has more merit in this

FI
lo

L
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system as its basis of differentiation between the two prochiral faces of the

glyoxylate ester is the difference in size between the medium and large

grouPs. This accounts for the marked increase in stereoselectivity in

progressing from menthol to 8-phenylmenthol, as the large group is

changed from isopropyl to the huge phenylmethylethyl. prelog's model

states that the size difference between the small and medium groups is

responsible for diastereofacial selectivity in these systems. As this size

difference is not altered in changing from (-)-menthol to

(-)-8-phenylmenthol (small = H, medium = CHz for both), the prelog

model fails to predict the superior diastereoselectivity of the latter chiral

auxiliary. Furthermore, X-ray studiesT3 indicate that the conformation

proposed by Whitesell (with respect to the ester carbonyl and the C-1' ester

hydrogen adopting the syn arrangement) is predominant, albeit in the

solid state.

In order to account for the high diasteroeselectivity of Grignard addition to

the imine (49), it is also necessary to discuss Whitesell's investigations

into the reasons for the extremely high levels of asymmetric induction

afforded by (-)-S-phenylmenthol. Whitesell's group58 approached this

problem by systematically modifying some of the structural elements of

(-)-8-phenylmenthol. The relative efficiencies of these modified auxiliary

alcohols were evaluated by comparing the asymmetric induction in the

ene reaction of their glyoxylate esters (93) with l-hexene, catalyzed by tin

tetrachloride (Scheme 15).
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(es) (e6)
SCHEME 1.5

As a result of this study, Whitesell concluded that it is not the size alone of
the phenyl group, but also its aromaticity, that are responsible for high

asymmetric induction. He speculated that the phenyl group is intimately

involved with the glyoxylate moiety (possibly through n-æ interaction) in
the transition state of the ene reaction. This leads to almost complete

elimination of approach to the rectus face of the glyoxylate system.

Oppolzer50 put forward a similar argument to rationalize the high levels

of asymmetric induction observed in the Diets-Alder reaction of
8-phenylmenthyl acrylate.

FAVOURABLE INTERACTION UNFAVOURABLE INTERACTION

FIGURE 18

In an earlier publicationsT, Whitesell investigated the "ru-æ stacking,'

phenomenon exhibited by 8-phenyrmenthyl glyoxylate. Firstly, in a

theoretical approach, the glyoxylate moiety was approximated as

l,4-butadiene and the phenyl ring as benzene. shown in Figure 1g is the

favourable nodal interaction between the y3 H.o.M.o. of benzene and the

o

RR

H
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-lhe q\orculol"
Y3 L'u'M'o' of **ãä¡e-i¡e (when the carbonyls have a cis orientation) and
the unfavourable interaction for the trans orientation.

In the same paPer, photophysical experiments indicated that fluorescence
quenching of the excited aryl fluorophore by the dicarbonyl occurs. That
is, upon excitation of the phenyl chromophore at the appropriate
wavelength (285 nm), the energy of the excited electron is not released by
the normal fluorescence mechanism but instead excites the dicarbonyl
system' For this to occur, the two chromophores must be in very close
proximity; closer, in fact, than steric constraints would permit. The
H'o.M'o. - L.u.M.o. interaction described above is the most likely
explanation for the close proximity of the phenyl and dicarbonyl moieties.

Combination of these two approaches neatly explains both the preference
for the cis orientation of the carbonyls, and the remarkably efficient face
selectivity in asymmetric reactions involving the gryoxyrate ester (15). By
analogy, the high si face selectivity observed in our study on Grignard
reagent addition to the related iminoacetate (49) may also arise due to
similar behaviour by this compound. That is, a similar n-r¡ interaction
between the planar, conjugated n system of the iminoacetate moiety and
the æ system of the phenyr ring of the g-phenylmenthyl moiety leads to
almost complete elimination of approach to the reface of the q-carbon of
(4e)

47



1..3 ANALYSIS OF VINYLMAGNESIUM BROMIDE ADDUCT (90).

The synthesis of the vinylglcine derivative (90) was unique in that this
compound, unlike the adducts (g4)-(g9) and (91), which were derivatives

of common o,-aminoþcids, was the derivative of a non-proteinogenic
I

cr-amino acid. consequently, the chemistry involved in its synthesis, the

means of establishing the diastereomeric ratio, and the assignment of the

the absolute configuration of the two diastereomers produced, will be

discussed in more detail.

The c¿-bromoglycinate (48), in T.H.F. solution at -20c, was treated with
two equivalents of a 1.0 M sorution of vinylmagnesium bromide in T.H.F.

in the usual way. This temperature differed from that employed in the

other Grignard addition reactions (-78"C) as it was found that better
chemicat yierds of (e0) were obtained at -Z["C,white ,h"Jåi:kîçã-ksjit
unaltered. After two hours at this temperature, the homogeneous

mixture was quenched with saturated ammonium chloride solution.
T'L'C. analysis of the crude product revealed the presence of two spots at

high R¡ and a large low R¡ streak. purification by flash chromatography

isolated the high R¡ products in a combined yield of s\To. H.p.L.c. analysis

of this material indicated that two products formed in ca. 76 :24 ratio were

present. These were separated by H.p.L.C. and each product analy zed. by
high-field N.M.R.

The first-eluting, major component (90a) gave a 1H -N.M.R. spectrum

consistent with the structure of (90) (Figure 19), the expected product of
vinylmagnesium addition to the a-bromoglycinate (4g). Besides the
familiar features due to the g-phenylmenthyl moiety, the spectrum
contained an intense singlet at E 7.47 attributed to the tertiarybutyl methyl
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FIGURE 1.9

protons' A severely broadened multiplet due to the s-proton was centred
at84.07. The amide doublet appeared at õ4.70 (I=T.gfIz). In the vinylic
region of the spectrum, two overlapping doublets, integrating for a total of
two protons, were centred at ô 5.1r. and õ 5.12, disptaying coupling
constants of 10.4 Hz and 1,z.rtrz respectively. These resonances were
attributed to the terminal vinylic protons of (90). The magnitude of the
coupling constants indicated that the lower field doublet was due to the
proton cls to the vicinal C-3 vinylic proton, whilst the higher field doublet
was due to the proton trøns to the C-3 proton. A doublet of doublets of
doublets integrating for one proton appearing at ô 5.59, with ¡=5.g, 10.4 and
77.7 Hz, was assigned to the C-3 vinylic proton. The eight line pattern is
accounted for by considering that this proton is coupled to both terminal
vinylic protons (70.4fr2 crs coupling and 77.7Írz trans coupring) as well as

the vicinal cr-proton (5.0 Hz coupting). The reciprocal s.0Hzcoupling was
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not evident in the cr-proton signal due to the broadness of this peak.
These couplings are depicted diagramatically in Figure L9.

The broad-band decoupled t3C_N.M.R. spectrum of (90a) was also
consistent with structure (90). Besides signals typicar of the parent carbon
skeleton, resonances at ô ss-s2,716.49 and 132.g5 were present. The first of
these resonances, confirmed as a tertiary carbon signar by D.E.p.T.
spectroscopy, was assigned to the c-carbon. The second signal, due to a
secondary carbon nucleus, was due to the terminal vinyric methylene
carbon. The third signar was due to the c-3 vinylic methine carbon.
Confirmation of the structure (90) was made by high resolution mass
spectrometry. under chemical ionization conditions, this compound gave
a protonated molecular ion of m/2476.2g5, compared to the carculated
value of 416.280

The second-eluting, minor component (90b) possessed a lH_N.M.R.
spectrum similar in appearance to that of the major component, but with
peaks of different chemical shifts, suggesting that the two compounds
were diastereomeric. The o-proton resonated at ô 4.54 as a very broad
multiplet' Two slightly broadened doublets centered at ô s.20 and õ 5.29
(I=10'3 Hz, ¡=17'4Hz respectively) were attributed to the terminal vinylic
protons' The magnitudes of these couplings indicated that the doublet at
ô 5.20 was due to the c-4 vinylic proton crs to the C-3 vinylic proton, wh¡st
the doublet at ô s.29 was due to the C-4 vinylic proton trans to the C_3
vinylic proton.

The C-3 proton signal appeared as a doublet of doublets of doublets centred
atõ5.77, with splittings of s.7Hz,70.3FIz and r7.4Írz. The two larger
couplings are reciprocal to those exhibited by the two terminal vinylic
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protons, whilst the 5.7 Hz coupling must arise from coupling to the

c-proton. This coupling was not evident in the o-proton signal, however,

due to the broadness of this peak. These couplings are depicted

diagramatically in Figure 19. Confirmation of the structure (90) was made

by high resolution mass spectrometry. Under chemical ionization
conditions, this compound gave a protonated molecular ion of
m/ z 476-281, compared to the calculated value of 476.2g0.

o o
Ph Boc Ph

(9oa) (e0b)

o
Ph NHBoc

FIGURE 20

Thus, it appeared that the two compounds obtained from
vinylmagnesium bromide addition to the cr-bromoglycinate (4g) were the

diastereomeric vinylglycine derivatives (90a) and (90b) (Figure 20). The

2-(S) stereochemistry was tentatively assigned to the first eluting, major

diastereomer due to the precedent set by the chromatographic properties of
the other cr-substituted 8-phenylmenthyl N-ú-Boc-glycinates in this series.

Further evidence that the first-eluting diastereomer possessed the 2-(s)

stereochemistry was that its o-proton resonated at õ 4.02,0.42 p.p.m. lower

(es)
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than the chemical shift of the a-proton of the minor, second-eluting

diastereomer. The connection between o-proton chemical shift and C-2

stereochemistry was discussed earlier. The possibility that the cr-p-dehydro

isomer (95) (Figure 20) was one of the products was dismissed since this

compound has no a-proton, only one vinylic proton and an extra methyl

group. These structural features are inconsistent with the spectral data of

both of the isolated compounds.

Hydrogenation of the unfractionated mixture of diastereomers (90a) and

(90b) under standard conditions was followed by H.P.L.C. analysis of the

reaction product (96). Two peaks in the same ratio as the two unsaturated

compounds (ca. 3:1), but of differing retention times, were detected.

Isolation of small amounts of these two components by H.P.L.C. enabled

their analysis by lH-trl.tr¿.R. H.P.L.C. and lH-N.Vt.n. correlation of the

hydrogenated compounds with the authentic 2-(S) and 2-(R )

8-phenylmenthyl N-f-Boc-2-aminobutanoates (78a) and (78b) established

that the first-eluting, major saturated compound (96a) was identical to the

2-(S) cr-aminobutanoate (78a), and that the minor saturated compound

was identical to the 2-(R) diastereomer (78b). This confirmed that the

vinylmagnesium bromide addition reaction produced an excess of the

2-(S) diastereomer (90a).

After the completion of this work, the asymmetric synthesis of some

vinylglycine derivatives was reported by Williams and ZÌr.ai3 7

(Scheme 16). The zinc chloride catalyzed alkylation of the 2-bromo

derivative of (97) with trialkyltin acetylides provided access to a large

range of p-y-unsaturated cr-amino acids. Dissolving metal reduction of the

a-alkynylglycine derivatives (98) (formed with >99Vo d.e.) led to the
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(E)-vinylglycine derivatives (99) in good yields. Flowever, reduction

and/or derivatization for optical purity determination are thought to be

responsible for the enantiomeric purity of these compounds being

considerably less than that of their acetylene Precursors.
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1..4 HYDROLYSIS OF s.PHENYLMENTHYL (S)-N-ú-BOC-ALANINATE

(74a1

o

HBoc
R R*

(471 R* = 8-phenylmenthyl
Br

(48)

o

NHBoc HBoc
HO

R

(100) (101)

*cl-

(102)

R

(103)

a) N.B.S., hv, Â.

b) i) RMgX,EtzO,0C,5 min. ii) HOAc, -20"C

c) LiAlH, Et2O, 
^d) RuC[ /NaIO41 CH3CN/H2O

e) HCI/EIrO

SCHEME 1.7

Before this work reached the publication stage, however, a group of

researchers (Ermert, Meyer, Stucki, Schneebeli and ObrechtT4) working at

Hoffmann-La Roche in Switzerland published their account of exactly the

same approach to asymmetric cr-amino acid synthesis in Tetrahedron

Letters. As shown in Scheme 17, these workers took 8-phenylmenthyl

N-f-Boc-glycinate (47) and brominated it at the cr position with N.B.S.
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under photolytic conditions. The bromide so obtained was then added to

an excess of Grignard reagent in ether to give the amino acid derivatives

(1oo).

The authors reported that they were subsequently unable to remove the

8-phenylmenthyl group either by hydrolysis or transesterification without

concomitant racemization of the liberated amino acid. Consequently,

reductive cleavage of the esters (100) with lithium aluminium hydride

was carried out, yielding the N-ú-Boc-protected cr-amino alcohols (101).

Oxidation of the alcohols with ruthenium trichloride and sodium

periodate afforded the N-ú-Boc-protected amino acids (102). Removal of

the ú-Boc group by treatment with ethereal hydrogen chloride gave the

amino acid hydrochlorides (103). The results for the three published

Grignard additions in common with 
{-r¿s

summarized in Table 4. The chemical

and (100c) are very similar to those of (84), (86) and (87) (Table 2)

8278(100c)Ph3

8954(loob)i-Pr2

9277(100a)Me1

D.E. %YTELD %No.RENTRY

TABLE 4

The authors were able to show that the reduction and oxidation

procedures did not cause any racemization through epimerization at the

cr-centre. This means that the enantiomeric excesses of the amino acid

hydrochlorides (103) (determined by chiral G.C. analysis of the n-propyl
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ester / N -pentafluoropropionamide derivatives) reflect the

stereoselectivity of the respective Grignard addition stePs.

The bromination and Grignard addition steps just described appear to be,

at first glance, chemically identical to the work presented in this thesis.

However, close inspection of the published work reveals some important

d,ifferences. Firstly, the published bromination step involved irradiation

of a carbon tetrachlorid.e solution of glycinate (47\ in the Presence of N'B'S'

at room temperature. This procedure Save' to quote the authors, "a

mixture of two bromides". Presumably this means that the two bromides

epimeric at the cr,-centre were formed. The ratio of the two diastereomers

was not reported, nor was the means of ana-lysis (though this probably was

1H-N.M.R.). This contrasts with the bromination step reported here,

which selectively gave one of the two diastereomeric bromides (albeit in

refluxing carbon tetrachloride).

Secondly, the published Grignard addition step involved addition of the

bromide to an excess of Grignard reagent in ether at 0C and quenching of

the reaction mixture five minutes later, at -20"C, with acetic acid' As

described earlier, the equivalent step reported here involved addition of

the Grignard reagent to an ethereal solution of the bromide cooled to

-78"C, followed by quenching two hours later, at room temperature, with

saturated ammbnium chloride. This procedure resulted in generally

higher asymmetric induction, most probably due to the lower reaction

temperature. For the three Grignard additions in common with those

presented here, however, (MeMgI, iPrMgI and PhMgBr) the chemical

yields are very similar.
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At this stage, it was necessary to decide whether this research was worth

pursuing further in light of being beaten to the publication stage. The

following factors persuaded us that the project still merited study:

i) In the Swiss authors' hands, (i.e., performing the bromination at room

temperature), the cr-bromoester (48) was acquired as a mixture of two

diastereomers. In our hands, (i.e., performing the bromination at 80'C),

only one diastereomer was produced. Although the diastereomeric purity

of the bromide has no bearing on the diastereoselectivity of Grignard

addition (as the chiral centre is destroyed by the elimination of hydrogen

bromide), this is an important result when consideration is given to the

dearth of examples of high asymmetric induction at radical sites in acyclic

systems.

ii) The authors were unable to hydrolyze the amino esters to the

corresponding amino acids without racemization. The

reduction/oxidation procedure used to circumvent this problem severely

limits the range of groups with which the cr-bromoglycinate (48) can be

functionalized. It was felt that if non-epimerizing hydrolysis of the

8-phenylmenthyl esters could be achieved, this work would warrant a full

paper/ despite the similarity to the Swiss communication.

To this end, the task of developing such a hydrolysis procedure was

undertaken. It was envisaged that the hydrolysis of esters (84)-(91) could

be achieved by firstly treating them with trifluoroacetic acid to remove the

N-ú-Boc group, generating the corresponding trifluoroacetate salts. It was

assumed that these salts would be soluble in aqueous acid and that, once

in solution, refluxing for an appropriate length of time would produce the

amino acid hydrochlorides. The enantiomeric purity of the liberated
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amino acids could then be measured to reveal whether or not the
hydrolysis conditions caused epimerization.

The model compound chosen to test this hydrolysis procedure was

N-f-Boc-(s)-alanine 8-phenylmenthyl ester (74a), prepared from
enantiomerically pure (S)-alanine. The diastereomeric purity of this ester

was confirmed by H.P.L.C. analysis. Under the same conditions which

separated the two diastereomeric N-ú-Boc-alanine 8-phenylmenthyt esters

(74a) and (74b), DO trace of the 2-(R) diastereomer (74b) was detected.

Analysis of the enantiomeric purity of the alanine produced by hydrolysis

of (74a) would then reveal whether or not any racemization had taken

place under the hydrolytic conditions being used.

o o cF3c02
Ph Ph NHa*

(74a1
CFLJ

( 104)

o

b) Ph +x-

cH3

(105) X= Cl, CF3CO2

c a)

-
CHa

+

(4s)

o
c) + a) Trifluoroacetic acid

b) 6N HCI
c) Ion exchangecH3 (L06)

SCHEME 18
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Accordingly, N-f-Boc-(S)-alanine 8-phenylmenthyl ester Oaù was treated

with trifluoroacetic acid (Scheme Lg). After evaporating excess

trifluoroacetic acid, the residual trifluoroacetate salt (L04) was found to be

insoluble in 6N HCl. This was surprising, at first, as it is an ammonium

salt which one would expect to be water soluble. Flowever, in hindsight,

the 8-phenylmenthyl moiety must confer sufficient hydrophobicity to the

salt to override the hyrophilic effect of the charged sites, giving rise to the

observed insolubility in aqueous acid. In fact, the trifluoroacetate salt (104)

was found to be soluble in a 19: t hexane/chloroform mixture.

Thus, it was apparent that the hydrolytic solvent needed to be more

lipophilic. It was reasoned that a trifluoroacetic acid/6N HCI mixture

would dissolve the trifluoroacetate salt due to the lipophilic (relative to

6N HCI) influence of the trifluoroacetic acid. This turned out to be the

case. The revised procedure involved treatment of N-f-Boc-(S)-alanine

8-phenylmenthyl ester (7Ea) (ca. 100mg) with trifluoroacetic acid (1 ml) for

fifteen minutes, followed by the addition of 6N HCI (2 ml) to this solution.

under these conditions, the trifluoroacetate salt was soluble. The

homogeneous solution could then be refluxed in an attempt to hyd.rolyze

the ester group of the salt (104). It transpired that this procedure

successfully effected hydrolysis of (1 0 4 ) to give the mixed

hydrochloride/hydrotrifluoroacetate (105) (Scheme 1g).

The enantiomeric purity of the hyrolysate was initially determined by

polarimetry. This necessitated conversion of (105) to the free zwitterionic

amino acid (L06). This was achieved quantitatively by ion exchange

chromatography using Amberlite 1R-120 (H), a polysulphonic acid cation

exchanger. The free (S)-alanine produced had [cr]o2o = +76.7 +0.9' (C=3,

1N HCI), compared to the reported valueT5 ([a]o20 = +14.7", C=5.g, lN HCI).
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This discrepancy may have been be due to the differing amino acid

concentrations employed in the two measurements (5.gg/100m1 in the

reported case, 39/100m1 in this case). The higher literature concentration

could not be duplicated as a limited amount of the alanine derived from

hydrolysis of the parent ester (7+a) was available.

Flence, it was decided to prepare a solution of authentic (S)-alanine at a
concentration of 3g/100m1 in order to determine what effect, if any, the

amino acid concentration had on the magnitude of optical rotation. The

rotation observed for this solution was [a]o2o= +76.4" +0.9' (C=3, lN HCI),

in close agreement with that for the hydrolysis-derived alanine. This

indicated that, within experimental error, the (S)-alanine sample obtained

through hydrolysis of (74a) was enantiomerically pure and, in turn, that

the hydrolysis proceeded with no racemization of the alanine moiety.

However, this technique obviously could not reveal whether only a few

percent of (R)-alanine had been produced. Due to the capricious nature of

optical rotation measurements and their subsequent inability to reliably

determine enantimeric purity to great accuracy, it was decided to employ

chiral H.P.L.C. analysis of the hydrolysis derived (s)-alanine.

The hydrolysate was derivatized to N-benzoyl-(S)-alanine methyl ester

(108a) (Scheme L9). Firstly, treatment with methanolic hydrogen chloride

gave the methyl (S)-alaninate hydrochloride (107a). The hydrochloride

was converted to its N-benzoyl derivative (10ga) by treatment with
benzoyl chloride under Schotten-Baumann conditions. Earlier, it had

been found that the corresponding racemic alanine derivative (108) (made

under the same conditions as those described above) was resolvable into

two enantiomers using a chiral "Regis Covalent Pirkle Column" with 9: 1

light petroleum/2-propanol as the mobile phase (U.V. detector set at 254
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nm). The column packing consists of silica modified with the

N-(3,5-dinitrobenzoyl)-(R)-phenylglycine derivative (109) shown in

Figure 21,.

o o
+x- 

MeoH, HCt
*cl-

cll3

(105) X= Cl, CF3CO2

PhCOCI, KHCO3

EtOAc, HrO

cH3

(107a)

o

cFr3

(108a)

SCHEME 19

o

H

Ho
GSi
o o

L09

FIGURE 21

The two enantiomeric solutes participate in diastereomeric interactions of

dirrerent magnitudes with f#ft*t*lfoå:[i, and hence are etuted at

different rates. It is interesting to note that attempts to resolve the

N-(3,5-dinitrobenzoyL)-(R,s)-alanine methyl ester (in an attempt to

increase the sensitivity of the analysis by virtue of the more strongly
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absorbing 3,S-dinitrobenzoyl chromophore) on the same chiral column

had met with failure. Presumably, the interaction between the aromatic

ring of the solute molecules and the aromatic ring of the stationary phase

are critical to the efficient separation of enantiomers by this column.

Changing the electronic nature of the aromatic ring of the amino acid

derivative, as evidenced here, can dramatically effect the enantiomer

resolution.

A series of hydrolyses was performed with variation of reaction time in

order to optimize chemical and optical yields. The results are summarized

in Table 5. In all cases, even when the hydrolysis time was extended to

fifteen hours (the optimum hydrolysis time; extension beyond fifteen

hours did not improve the yietd of (105a), no racemization of the liberated

alanine occurred (i.e. only one enantiomer was detected by chiral H.P.L.C.

analysis of the alanine derivative (109a)). The configuration of the

enantiomer obtained from the hydrolysis was confirmed as (s) by co-

elution of (L08a), derived from the hydrolysate (105), with an authentic

sample derived from (S)-alanine.

>9977153

>gg632.52

>992911

E.E. (108a) &lbYIELD (10sa) (%)TIME (HR.)ENTRY

a) Yield of crude hydrochloride/hydrotrifluoroacetate salt (105a).

b) Determined by chiral H.P.L.C. analysis of the derivative, methyl N-benzoyl-alaninate

(108a).

TABLE 5
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1..5 N-ACYLIMINOACETATES : OTHER PUB LICATIONS

o o oH
Bo" u) -

H b)
oc

úBu Bu

Br

NBoc
fB

(L10) (111) ítzl
oo

d)Hc)

-

NBoc *)c

-a-

fBu

R

(L13)

R

(rt4)

a) N.B.S., CCl4, hv, 20C. b) RMgX, T.H.F., -78"C.
c) i) Rtr¿g>Ç T.H.F., -78"C to R.T. ii) H3O+.
d) T.F.A., 50C or 6N HCl, A.

SCHEME 20

During the course of this work, we became aware of a publication by

steglich and coworkers76, in which the authors reported that the

alkylation of N-f-Boc-2-bromoglycine tertiarybutyl ester (111) in T.H.F.

solution at -78C with a variety of Grignard reagents proceeded in 37-977o

yields (Scheme 20). Furthermore, the bromoester (1,11) was produced as a

crystalline solid by free radical bromination of the parent glycine

derivative (1,10) with N.B.S. under photolytic conditions at room

temperature. This approach to racemic cr-amino acid synthesis is

conceptually identical and synthetically very similar to the approach to

asymmetric cr-amino acid synthesis adopted by us. Some synthetic

differences are:
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Ð steglich et ø1. performed the bromination step at room temperature (c.f.

77"C).

ii) T.H.F. was used as the solvent (c.f. ether) in the Grignard addition

reaction.

iii) After completion of Grignard reagent addition, the mixture was

allowed to warm slowly to room temperature over twelve hours (c.f. two

hours at -78"C, followed by rapid equilibration to room temperature).

iv) Quenching of the Grignard reagent addition was achieved with glacial

acetic acid (c.f. saturated ammonium chloride solution).

Table 6 compares the yields obtained by steglich's group and those

obtained by us, for those Grignard reagents common to both studies. As is

evident, the yields differ significantly, with our approach giving better

yields in three of the four cases. Any or all of the synthetic differences

between the two methods may well be responsible for the yietd differences.

529067Vinyl4

828762Ph3

518637i-Pr2

828951Et1,

YIELD (%INo.YIELD (L731 ø)RENTRY

TABLE 6

Also during the course of this work, Yamamoto and lto77 reported that the

alkylation of 8-phenylmenthyl N-merhoxy-iminoacetate (115) with

allylzinc gave the adduct (1L6) with good diastereomeric excess
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(Scheme 21). This prochiral imine induced the (S) chirality at the cr,-centre.

This is the same face selectivity displayed by the N-f-Boc-iminoacetate (49)

o
Ph

H
¿2. u,ZnBr Ph -oM"OMe

(11s) (11.6)

SCHEME 21

employed in this project. The authors invoked chelation of the ester

carbonyl oxygen and imino nitrogen by zinc ion to explain the inferred

preference for the sy n relationship between these two atoms.

Interestingly, the 74Vo diastereomeric excess obtained with atlylzinc by

these workers was significantly higher than the 57To d,.e. obtained when

8-phenylmenthyl N-f-Boc-2-bromoglycinate (4g) was treated with
allylmagnesium bromide.
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1.6 ADDITION OF A CHIRAL GRIGNARD REAGENT TO BROMIDE (48)

Having demonstrated that 8-phenylmenthyl N-ú-Boc-iminoacetate (4g)

undergoes highly diastereoselective si face alkylation by Grignard reagents,

it was decided to attempt an extension of this methodology. Addition of

the chiral (but racemic) Grignard reagent sec-butylmagnesium bromide to

the iminoacetate (49) could potentially give rise to the four diastereomeric

isoleucine derivatives (117a-d) (Scheme 22). Frowever, since addition

takes place selectively at the si face of (49), the two 2-(R) compounds (L17a)

and (1L7b) should be formed in relatively minor proportions. The

question of the selectivity at the p-centre then remained to be addressed.

For high asymmetric induction to occur at the p-centre, kinetic resolution

of the Grignard reagent must take place. That is, one enantiomer of the

Grignard reagent must selectively alkylate the iminoacetate (49). For this

to occur, racemization of the Grignard reagent through inversion at the

metallated centre must be slowed or even stopped. In addition, one of the

enantiomeric Grignard species must react substantially faster than the

other with the iminoacetate.

Secondary Grignard reagents are reported to be configurationally stable for

hours at ambient temperatures in favourable cases78. Therefore, if
addition of sec-butylmagnesium bromide to the iminoacetate (a9) is

performed at low temperature, one would expect that the probability of the

Grignard reagent being configurationally stable under these conditions

would be high.
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Accordingly, two equivalents of s¿c-butylmagnesium bromide were added

to the bromide (48) at -78"C. Reaction conditions identical to those

þreviously established gave the addition product (1L8) ín jSVo yield. This

low yield was similar to that obtained with isopropylmagnesium iodide
(57%). These results indicate that secondary Grignard reagents tend to give

low yields of Grignard addition products in these reactions.

The product obtained was characterized by lH-N.M.R. and H.P.L.C.

correlation with authentic samples of the isoleucine derivates (71¡Ta-d).

These standards were originally synthesized in order to analyze a reaction

NHBoc

o
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which will be discussed in a later chaper, and their characterizaiton is best

described in the context of this later problem. Suffice it to say that the two
2-(s) isomers (1L7a) and (117b) were coincident by H.p.L.C. analysis, whilst
the two 2-(R) isomers eluted separately. Furthermore, the four
diastereomers were distinguishable by lft-N.tvt.R. by virtue of the fact that

their a-proton resonances were distinct. This enabled determination of
the amount of each diastereomer in the Grignard reaction product.
H'P-L.C' analysis of the Grignard addition product (Figure 22) indicated
that the total 2-(S) : 2-(¡¡ ratio was high, as expected. Also shown in
Figure 22 is the region of the lH-w.tr,t.R. spectrum containing the a-proton
signals of the (2S,gS) and (2S,3R) diastereomers (l!Za) and (117b). Clearly,

no measurable asymmetric induction had occurred at the p-centre, as

evidenced by the 1:1 integration of the two signals.

It was reasoned that the use of only two equivalents of Grignard reagent

may have been the cause of the low selectivity at the p-centre, even if sec-

butylmagnesium bromide at this temperature was configurationally stable.

Elimination of hydrogen bromide from the bromide (ag) generates the

imine (49). Assuming that elimination is not effected selectively by one of
the enantiomeric Grignard species, this leaves half an equivalent of each

enantiomer to add to the imine. under these conditions, no kinetic
resolution could be achieved.

In an effort to discover if this argument was valid, three equivalents of
sec-butylmagnesium bromide were added instead. The rationale behind

this experiment was that elimination of hydrogen bromide by one

equivalent of Grignard reagent would leave one equivalent of each

enantiomeric Grignard species. This would allow for selective alkylation
of the imine by one enantiomer. Addition of excess saturated ammonium
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chloride solution to the reaction mixture at low temperature would then

quench the remaining one equivalent of Grignard reagent.

Flowever, analysis of the product obtained under these reaction conditions
(in 57vo yield) revealed rhat the (2s:3s):(2s,3R) ratio obtained was again 1:1,

although the total 2-(S):2-(R) ratio remained high. As a result, these

investigations were not pursued further.

Even if the Grignard reagent was configurationally stabl e at -7gc, the

small size difference between the methyl and ethyl groups of the Grignard

reagent could have resulted in low discrimination between the two
enantiomers by the chiral iminoacetate (49). This, in turn, would be

manifested in there being no appreciable rate difference between the

reaction of the imine with either enantiomer of the Grignard reagent.
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1-.7 INVESTIGATION INTO THE DIASTEREOMERIC PURITY OF

BROMIDE (48)

The report by the swiss groupTf that, in their hands, bromination of
8-phenylmenthyl N-ú-Boc-glycinate (42) witn N-bromosuccinimide gave a
mixture of diastereomeric bromides contrasted with our observation that
the reaction apparently gave a single diastereomer. This prompted re-

examination of this reaction on our part.

A great deal of mainly spectroscopic evidence was acquired which strongly

inferred that the bromination proceeded with high diastereoselectivity.

As previously discussed, esterification of racemic N-f-Boc amino acids

with (-)-8-phenylmenthol produced diastereomeric esters which were

quite clearly differentiable by high field 1H and 13ç-N.M.R. Therefore, if a

mixture of diastereomers was produced in the bromination reaction, there

was little doubt that both diastereomers would be evident by N.M.R.

spectroscopic analysis.

N-f-Boc-glycine (-)-menthyl ester (g0) was brominated under the same

conditions as those employed for the (-)-g-phenylmenthyl analogu e @7)

(treatment with one equivalent of N-bromosuccinimide in carbon
tetrachloride at reflux under photolysis for ten minutes), as discussed

earlier. The lH-N.M.R. spectrum of the bromides (4g) and (gl) were run in
carbon tetrachloride solution, simply because this was the most expedient

solvent for these compounds. Since the bromination reactions were

performed in carbon tetrachloride, and it was desirable that manipulation

of these labile compounds be kept to a minimum, removal of succinimide

by filtration was followed by rapid N.M.R. analysis of the filtrate.

H
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lU-N.M.R. analysis of (g1) indicated that an almost 1:1 mixutre of the

diastereomeric cr-bromides (81a) and (81b) resulted (Figure 23). Two

overlapping doublet signals centred at õ 6.18 and ô 6.77, each exhibiting a

coupling constant of 10.6 Írz, were attributed to the q,-protons of the two

diastereomers. Each of these protons are, of course, coupled to an amide

proton. Although only one amide proton resonance was present in the

sPectrum (at E 5.74,I=10.6 Hz), the broadness of this signal was indicative

of two overlapping doublets. Two partially overlapping doublets of

triplets centred at õ 4.73 and õ 4.67 were also evident, and these signals

were attributed to the C-1' alkoxy ester proton of each diastereomer. Both

of these multiplets displayed coupling constants of 4.4H2 and 17.0Ílz.

Four signals due to the geminal C-9' and C-10' methyl groups were

detected. In the 8-phenylmenthyl case, the equivalent methyl protons had

no proton at C-8' with which to couple, and consequently gave singlet

resonances. In the menthyl case outlined here, the presence of the C-g'

proton meant that the C-9' and C-10' methyl signals were doublets. The

downfield pair of doublets appeared at õ0.97 and ô0.95 with a 9.zHz

splitting, whilst the upfield doublets were centred at ô 0.92 and ô 0.91 and

exhibited a7.2Hz coupling constant. Two overlapping doublets due to the

C-7' methyl groups of each diastereomer, each with J:6.9 Hz, were also

present in the spectrum. Although only one tertiarybutyl methyl

c

rB
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resonance was evident (situated at ô 1.48), the broadness of this peak was

consistent with the presence of two diastereomers.

Quite clearly, the menthyl glycinate (80) was brominated at the a-position

stereorandomly. Furthermore, the two diastereomers were differentiable

by lH-N.M.R. One would expect (-)-g-phenylmenthol to be at least as

powerful a chiral auxiliary as (-)-menthol with respect to distinguishing

between diastereomers by N.M.R. Flence, the observations outlined above

reinforce the expectation that, should bromination of g-phenytmenthyl

N-f-Boc-glycinate (+Z¡ tiu" a mixture of diastereomeric cr-bromides, both

diastereomers would be clearly discernable by lH-N.trrt.R.

the 1H-N.M.R. spectrum of 8-phenylmenthyl N-ú-Boc-2-bromoglycinate

was also run at 300 MHz in CCla. Only one tertiarybutyl resonance

(situated at õ 1..50), one pair of geminal methyl group resonances (at õ 1.29

and ô 1.20) and one ring methyl doublet (centred at õ 0.94 p.p.m., I:6.5lHz)
were clearly discernable. In addition, only one amide doublet (õ 5.45,

I=70.7 Hz), one a-proton doublet (õ4.Bz,I:10.7 Hz) and one doublet of

triplets due to the alkoxy ester proton at C-1'(ô +.az Hz, l0.g Hz) were

present. Thus, as far as could be discerned without a sample of the

bromide epimeric with the major diastereomer available, the bromination

of (a7) proceeded with very high asymmetric induction. The exact degree

of diastereoselectivity could not be established, since lH-trl.lr¿.R. showed

no sign of the s$I diastereomer and chromatographic analysis was

precluded by the lability of the a-bromoglycinate.

l3C-N.M.R. analysis of the bromide (a8) in carbon tetrachloride solution

confirmed that mainly one diastereomer had been formed. The spectrum

obtained was consistent with the expected structure. Some extraneous
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Peaks were present in the spectrum, but it was not clear whether these

peaks were due to a-epimer or an entirely different species. In any case,

these extraneous signals were of low intensity and, at worst, represented

an impurtity of ca. 57o. Two signals which were expected but did not

appear were those of the quaternary aromatic carbon and one of the

geminal methyl carbons. The absence of the former signal, which was

expected to resonate between ô 154.5 and ô 15S.S with extremely low

intensity (based on the precedent set by the other compounds in this

series), is probably due to the poor relaxation of the quaternary nucleus.

The missing methyl signat was probably obscured by another methyl

signal. The most likely peak responsible for this was the tertiarybutyl

methyl signal at ô 28.02. The cr-carbon resonated at õ 53.20.

In the aromatic region of the spectrum, five tertiary phenyl carbon

resonances were observed. Three of these resonances (at ô 724.74, 12s.74

and 725.M, in a ca. 5:7:7 ratio of intensities) appeared in the "ortho, parø"

carbon region. The remaining two peaks (at õ 122.59 and 727.28, in a ca. 4:l

ratio) were situated in the "meta" carbon region. These data are contrary

to the expectation that, due to the symmetry of the phenyl substituent,

only three tertiary phenyt carbon resonances should arise. This can only

be so, however, if free rotation of the phenyl ring is possible. It is tempting

to suggest that the presence of five resonances is due to restricted rotation

of the aromatic ring. If this did occur, one would expect that the resultant

difference between the chemical (and therefore magnetic) environments

of the two ortho carbon nuclei would manifest itself in the presence of two

different ortho carbon signals in the l3c-trl.l¿.R. spectrum. The same

argument, of course, would apply in the case of t}.e two meta carbon

nuclei.
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The possibility does exist that these additional aromatic signals are due to
the presence of another compound, either the epimeric bromide or an
entirely different species. This is considered unlikely, however, since the
rest of the spectrum is devoid of any contaminant resonances of similar
intensity' Why the inferred restricted rotation of the phenyl group should
occur in this compound and not in any other of the related compounds in
this series is a matter for speculation. A possible explanation is that the
carbon-bromine bond of the bromide (48) is weakened by the influence of
the nitrogen lone pair electrons. It may be that the subsequent
development of partial double bond character in the s-carbon-nitrogen
bond, along with concommitant development of a partial positive charge
on nitrogen, leads to interaction with the ru electrons of the aromatic ring.
This type of interaction would account for the restricted rotation of the
aromatic ring.

Clearly, a discrepancy existed between the report by Ermer t et a1.74 that the
bromination of (az¡ t^u. a mixture of diastereomers and our finding that
only one diastereomer was obtained. The fact that the swiss group had
performed the bromination at room temperature, as opposed to the
refluxing carbon tetrachloride conditions employed by us, led to
speculation as to whether or not this temperature difference was
responsible for the differing stereochemical outcomes.

since c-bromoglycinates are known to undergo thermal equilibru,.or",z9, it
was considered that equilibration of a first-formed mixture of
diastereomers may well have been responsible for the asymmetric
induction observed by us. In an attempt to establish that this was so, the
chiral glycinate (+z¡ was brominated with N.B,s. under photolytic
conditions for thirty minutes at room temperature. After cooling on ice
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and removal of succinimide by filtration, the product was anaryzed, by
ltt-trl.M'R. at 300 }y'.lFlz in carbon tetrachloride solution. The spectrum

obtained indicated that starting material had been completely consumed.

Furthermore, the Presence of a mixture of diastereomeric o-bromides was

inferred. In addition to the signals observed in the spectrum of the

product of the high temperature reaction, an extra set of signals consistent

with the structure of the epimeric bromide was observed. The intensity of
these signals indicated that this compound constituted. ca. one quarter to
one third of the mixture.

The tertiarybutyl methyt signal of the minor diastereomer appeared at

õ 7.46, whilst the two singlets due to the geminal methyl groups were

situated at õ 7.24 and õ 1.15. A doublet due to the ring methyl group was

centred at ô 0.90 (I=6.3Ífz). The C-1' alkoxy ester proton, amide proton and

a-proton of this comPound were obscured by the corresponding signals of
the major diastereomer. Thus it appears that, under non-equilibrating

conditions (i.e., room temperature) a kinetic mixture of bromides is

obtained. From the 1H-N.M.R. data, it appears that the ratio of
diastereomers produced by homolytic bromine atom transfer to the

a-centred radical is cø. 3: 1. The fact that one diastereomer is obtained at

elevated temperatures suggests that equilibration of the mixture occurs,

most probably aiø the mechanism shown in Scheme 23.

That this ionic mechanism should be more selective than the radical
mechanism, even at elevated temperatures, is not surprising as the

cr-carbon to nitrogen bond of the intermediate iminium ion (1L9) would
be expected to Possess greater double bond character than that of the

corresponding a-centred radical (L20) (Figure zsa). Flence, (119) is less

conformationally mobile than (L20). This would result in the si
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diastereoface selectivity of bromide ion addition to the iminium ion (119)

being greater the si diastereoface selectivity of bromine atom addition to

the radical (120)

o
+

c
R

Br-
Br

o

^R

(48)

Br

(48a)

o

R* = 8-phenylmenthyl
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Chapter 2 ïntroductíon

The observation that the bromination of g-phenylmenthyl

N-f-Boc-2-bromoglycinate with N-bromosuccinimide under homolytic
conditions proceeded with as¡rmmetric induction was a very exciting one.

This synthon has the potential to yield cr-amino acid derivatives not
accesible by the Grignard chemistry just described. Flence, reactions

suitable for the elaboration of the bromide (Lg) aíø radical pathways wilt be

investigated. As well as potentially providing novel cr-amino acids, these

reactions may eliminate the ambiguity created by some of the observations

made regarding the bromination reaction. As discussed earlier, it
appeared that the high diastereoslectivity of this reaction was the result of
thermodynamic equilibration of a first-formed ca. 3 : 1 mixture of
diastereomeric bromides (4ga) and (4gb). Formation, through a radical
pathway, of a derivative which is incapable of such equilibration should

Pfec Ìs¿
give a kru€r indication of the diastereoselectivity of the reactions of the

cr-centred radical (120).

In addition to providing access to a range of novel cr-amino acid
derivatives, this chemistry is worth pursuing since it embraces the little-
explored field of asymmetric, acyclic radical reactions. The control of
relative stereochemistry in radical reactions such as 1,5 cycliz¿¡i6ns80,81 i5

now commonplace and is well understood. Control of absolute

stereochemistry in the intermolecular reactions of radicals in cyclic
systems with radicalophiles has also been abundantly demonstrated82.

There are relatively few reports, however, of radicalophiles exhibiting
diastereofacial selectivity at radical centres in acyclic slrstems83,84.
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significantly, one of these reports concerned g-phenylmenthyl acrylate
(l21-)u (Scheme 24). Addition of ethyl radical (generated by thermolysis of

the O- acyl thiohydroxam ate (122) in toluene) to the cr position of the

acrylate double bond generated the intermediate radical (123).

Combination of this radical with S-pyridyl radical gave the adduct (124) in
307o d.e. with photochemical initiation at 10'C in ether, the d.e. was

improved to 56vo. The configuration of the new chiral centre was,

however, not stated by the authors. Nevertheless, this work demonstrated

that 8-phenylmenthol was capable of controlling absolute stereochemistry

in acyclic radical reactions.

The dearth of reports of asymmetric induction at acyclic radical centres is

the result of two factors. Firstly, this area is still somewhat in its infancy.

Secondly, in order to achieve useful levels of asymmetric induction,
special factors are necessary to restrict the conformational mobility of the

open chain. Whilst the factors controlling absolute stereochemistry in
acyclic polar reactions are well understood, only recently has a similar
level of understanding of acyclic radical reactions begun to be approached.

.b
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Tri-n-butyltin deuteride has been shown to be capable of reducing
a-bromoglycine moieties by means of a radical chain mechanismS5. In fact,

williams and coworkersll have reduced the bromide (125) with n Bu3snD

to give, after deprotection of (126), (R) chiral glycine in 60vo e.e

(Scheme 25).

Ph o
D2, PdCl2, T.FI.F., DrO +

CBz .H

Br (t2s) (727)

nBu,SnD ph

Ph

NCBz

SCHEME 25 (126)

New routes to the synthesis of chiral gtycine are still continually soughts6.

This is because many existing routes are long and do not give a product of
high optical purity. Homochiral glycine is requireds6 as a probe for the

elucidation of biosynthetic pathw ays, enzymic mechanisms and the

conformations of peptides in solution. It is also useful as an intermediate

in the synthesis of other important labelled compounds such as

.hennechiral acetic8T and hemechiral glycolicSS acids.

Despite this, a short, efficient synthesis of homochiral gtycine remains

elusive. Perhaps the best so far is that of Williamsll, which involves
treatment of the o-bromoglycine derivative (125) with D2 (Scheme 25).

The e.e. obtained for chiral (S) glycine (lZ7) was 77-g2Vo.

Ph
:

D.
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Ph

Br (48)

nBurSnD

o o
Ph OR Ph Boc

D

(128a) SCHEME 26 (128b)

Reduction of the bromide (48) with readily available tri_¿_butyltin
deuterideS9 has the potential to yield the corresponding cr-deuterioglycine

derivative (L28a) or (L28b) in high optical purity (scheme 26). This requires
a diastereoselective abstraction of deuterium atom by the cr-centred radical
(120). Both efficient diastereoface blocking by the chiral auxiliary and
restricted rotation of the o bonds labelled a, b and c in Figu re 24 are

necessary for this to occur.

CONFORMER A CONFORMER B

o o
Ph c Ph

NHBoc

FIGURE 24

The power of 8-phenylmenthol as a diastereoface blocker has been
abundantly demonstrated, as has the preference for a variety of

oc

D

cba
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8-phenylmenthyl esters to have the ester carbonyl group in a syn coplanar

arrangement with the alkoxy c-H bond of the g-phenylmenthol

moiety4a55 (Figure 24). This conformation is inferred by the configuration

of the chiral sub-units formed in the asymmetric reactions of
8-phenylmenthyl esters. The high diastereoselectivity of these reactions

indicate that rotation about bonds a and b is significantly restricted.

It is expected that rotation about bond c will also be restricted as this bond

has partial double bond character due to delocalization of the unpaired

electron into the ester carbonyl group90,91 (the capto effect). Resonance

contributors (35) and (32) (Figure 7, Chapter llntroduction) clearly show

this.

Whether the o-centred radical adopts conformation A or B (Figure 24)

should be inconsequential to the level of diastereoselectivity; it is

important only that one of these conformers predominates. Putting the

efficiency of the chiral auxiliary aside, the magnitude of the rotational

barrier in bond c witl determine the ratio of the two conformers and hence

the degree of diastereoselectivity in the deuteration step.

Determination of the ratio in which (128a) and (128b) are produced should

be possible by 1¡1-¡.M.R. spectroscopy. As discussed earlier, the signals due

to each diastereotopic a-proton of the parent glycine derivative (42) are

distinguishable by 300 },/.Ífz lH-N.M.R. Flence, the ø-proton signals of the

two diastereomeric chiral glycine derivatives (L2ga) and (12gb) should also

be distinguishable at this field strength. Integration of the two signals wilt
then allow for the determination of the percentage of each diastereomer.
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o
(t2e)

FIGURE 25

Hydrolysis of (128a) or (128b) would yield free (S) or (R) åene,ehi+a+
glycine' The absolute configuration of the chiral glycine obtained can be
determined by synthesizing (129) (Figure 25), the procedure for which is
outlined by Armaregog2. The pro_(S) a_proton of (12g) is reported to
resonate at higher field than its pro_(R) partner. If successful, this
approach would provide a very short and hopefully efficient synthesis ofenqn*ìqnnericqllv Pu¡t
åenochirál þlycine.

D
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Chapten 2 lResuTts and lElscussíon

2.I (g-2-D EUTERIOG LYCINE

Tri-n-butyltin deuteride was synthesized by the method of Kuivila and

Beomel89, who produced tri-n-butyltin hydride by lithium aluminium
hydride reduction of tri-n-butyltin chloride. Use of lithium aluminium
deuteride (99 atom%) instead gave tri-n-butyltin deuteride in 69Vo yield,

after distillation.

R OR
BzN nBu"SnD BzN OMe

H HBr o D o

(130) (L31)

R= íPr, iBu, Bn, CH2CO2CH', 37-l4Vo

SCHEME 27

Easton et al85 had reported the reduction of o-brominated dipeptides such

as (130) with tri-n-butyltin deuteride (Scheme 2Z) at room temperature,

without the use of a radical initiator. Presumably, the stabitity of capto

dative radicals of the type involved here is such that carbon-bromine bond

homolysis occurs spontaneously even at ambient temperature. This

observation, along with the general need for low temperatures in order to
attain high diastereoselectivity in asymmetric reactions, were considered

important factors in the search for the optimum conditions for the

reduction of the cr-bromoglycinate (4g).

u



The minimum temperature at which the thermally initiated tin hydride
reduction of cr-bromoglycinates occurs is not certain. A way of ensuring

that the reduction occurs at the lowest possible temperature, however, is
to start the reduction at -78"C and allow the reaction mixture to warm up

to room temperature very slowly. This was best achieved practically by

simply commencing the reductiön at dry ice/acetone temperature and

allowing the entire set-up to equilibrate to room temperature overnight.

Extension of the reaction time beyond sixteen hours did not improve the

yield of the deuteriated product.

FIGURE 26

P.p.m
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The reduction of the bromide (49) with tri-n-butyltin deuteride under

these experimental conditions did indeed proceed with high

diastereoselectivity. The a-deuteriated product obtained possessed a

lH-N.M.R. spectrum identical to that of the parent ø,cr,-diprotio compound

(47), except for the cr-proton region (ô 3.1 to 3.4), which formed the basis for

calculating the d.e. of the radical reduction. The signals due to the

diastereotopic cr-protons of the parent compound are shown in Figure 26.

This is the AB portion of an ABX system, with the X nucleus being the

vicinal amide proton. The geminal coupling is '1-,s.7 frz, and the AX and

BX couplings are 5.3ÍIz and 5.9 FIz.

Monodeuteriation resulted in two diastereomeric products whose

cr-protons each gave separate doublet signals. Coupling only to the amide

proton was observed, as geminal H-D coupling, though theoretically

possible, was too small to be apparent. The major deuteriated

diastereomer gave an o-proton doublet at õ 3.05 (I=5.4 Hz), whilst the

ü,-Proton of the minor deuteriated diastereomer resonated at ô 3.29

$=4] flz)- Integration of each doublet enabled calculation of the d.e. for

the reaction.

Although the two doublets of doublets due to the two diastereotopic

cr -protons of (42 ) were separated to baseline resolution in
deuteriochloroform, at 300 MHz, problems were encountered when

integration of the two multiplets revealed that the ratio of the area of the

upfield doublet of doublets (centred at ô 3.05) to the area of the downfield

doublet of doublets (centred at ô 3.29) was not 1:1, but rather ca. 1.04:7. It
was thus apparent that an impurity which resonated under the upfield

doublet of doublets was present, despite the analytical purity of the ester.
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This is evident uPon inspection of Figure 26. The double of doublets

centred at ô 3.05 is distorted by the underlying signal due to the unknown

impurity- Purification of the ester by preparative H.P.L.C. failed to remove

this impurity, however, as evidenced by the integral ratio remaining at ca.

1.04 : 1.

when the spectrum of this compound was run in d5,-benzene at 3}}ly'I]tsrz,

however, the impurity now resonated as a distinct, broadened singlet at

õ 3.14. In this solvent, the two doublets of doublets were situated at ô 3.34

and õ 3-22. Geminal coupling was lg.2Hz. The downfield doublet of
doublets exhibited a 5.5 Hz coupling to the amide proton, whilst the

upfield doublet of doublets exhibited a 6.0 FIz coupling to this nucleus.

Unfortunately, the chemical shift difference between the two o-proton
signals was now only 0.12 p.p.m. (c.f. the 0.24 p.p.m. difference in
deuteriochloroform), resulting in slight merging. This did not allow for
the accurate integration of each multiplet. As a result, it was necessary to

run the spectrum at the higher field of 500 MFIZ. Under these conditions,

resolution of the two multiplets was now adequate, as shown in Figure 27.

FIGURE 27

p.P.m
l. ¿8 f. ¿øJ. ¿¿l.e63.l03.3¿3. ltf,16f.fa

i -21
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The 13C-N.M.R- spectrum of the deuteriated product was identical to that
of the parent compound, with the exception of the signal due to the
cr-carbon. This shifted upfietd by ca.0.2p.p.m. (42.26 to 42.0sp.p.m.) upon
deuteration, and now appeared as a 1. :1 : 1 triplet (I=79.9H2) in the broad

band decoupled spectrum. This is due to coupling of the cr carbon nucleus

to the deuterium nucleus, which possess a spin of unity.

As stated above, the cr-proton of the major cr-deuterio diastereomer
resonated a lower field than that of the minor diastereomer. with
knowledge of the magnetic shielding effect exerted by the phenyt group of
the 8-phenylmenthyl moiety, this implied that the a-proton of the major

diastereomer points towards the phenyl group. This implication arises

from the expectation that the c-proton pointing towards the phenyl group
would experience a greater magnetic shielding effect that its geminal
partner, and hence will resonate at lower field. FIowever, even when
armed with this knowledge, it is impossible to tell whether the 2-(s) or
2-(R) diastereomer was formed in excess as the preferred conformation of
the 8-phenylmenthyl N-ú-Boc-glycinate was still unknown.

Due to the non-crystalline nature of the product, the only effective means

of purification (i.e. removal of tin residues) was flash chromatography. It
was necessary to carry this out twice, as residual tin by-products persisted

after initial chromatography.

Reaction conditions such as solvent, temperature, concentration and the
ratio of tri-n-butyltin deuteride to the cr-bromoglycinate (4g) were
systematically varied in an effort to improve the diastereoselectivity of the

reduction. These conditions, along with the experimental results, are

summarized in Table Z.
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3869.0:

31.0

4780 "cbenzene2452.08

8090.0 :

10.0

72R.Tether2452.07

6582.5

77.5

59R.T.ether921.16

8894.0:

6.0

35-78"C
+ R.T.

toluene2452.05

8894.0:

6.0

60-78"C
+ R.T.

ether4902.04

9095.0 :

5.0

70-78"C
-+ R.T

ether2452.03

8190.5:

9.5

71,-79"c
-+ R.T.

ether1287.12

6984.5

15.5

85-78"C
-r R.T.

ether701.11

d.e.

(%)

2-(S):

2-(R)

YIELD

øl
TEMP
('c)

SOLVENT

CONC.
(48)

(mM)

Bu3SnD:
(48)

RATIO

TABLE 7

As can be seen, the diastereoselectivity of the reduction is markedly
concentration and temperature dependent. Entries 1 and 2 (Table 7) show
a 72vo increase in d.e. uPon doubling the concentration of both reactants.
Roughly doubling the concentration of bromide, and quadrupling the
concentration of stannane (Entry 3) resulted in the highest d,.e. (g0%) being
observed. The cr-proton region of the 500 MHz lH-w.M.R. spectrum of the
product of this reaction is shown in Figure 2g.
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FIGURE 28

Further doubling of the concentration of both reactants (Entry 4) resulted
in a d.e. of 887o, which, within experimental error, represents no
significant change from Entry 3. switching from ether to the much ress

polar toluene also made no significant change to the diastereoselectivity,
although the chemical yield of deuterated product was dramatically
lowered (Entry 5).

Running the reduction at room temperature in ether at low concentration
with only 1.1 equivalents of deuteriostannane (Entry 6) lowered the d.e.

substantially (to 657o)- At the same temperature, but with two equivalents

of deuteriostannane and at high concentration resulted in an improved
d'e' of 80% (Entry 7). At stilt higher temperature (refluxing benzene,

Entry 8) the d.e. was as low as 3gTo.

The concentration dependency of the diastereoselectivity can be accounted

for if the following assumptions are made:_

1) The major û-deuterio diastereomer arises from delivery of a

deuterium atom to the o-centred radical (120) whilst the radical is still in
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the same conformation as when it was first generated (by carbon-bromine

bond homolysis).

2) Increasing the concentration of tri-r-butyl deuteride shortens the

lifetime of the cr-centred radical. The simple rate law k * [R'].[n Bu3SnD],

which states that the rate of consumption of the radical is directly

proportional to the stannane concentration, indicates that the assumption

is valid.

If these two assumptions hold true, then increasing the tri-n-butyltin

deuteride concentration increases the rate at which the major, first-formed

conformer of the radical (120) is scavenged by deuterium. Put simply, the

major conformer is reduced before it has time to adopt the alternative

conformer whose reduction produces the minor cr-deuterio diastereomer.

The temperature dependence of the diastereoselectivity can be explained

in a more straightforward manner. Given that there are thermal

rotational barriers between the various conformers of the cr-centred radical

(120), a decrease in the reaction temperature will tend to restrict the

conformational mobility of the open chain. This effect is manifested in a

product of high diastereomeric purity. Conversely, increasing the reaction

temperature increases the population of the minor rotamer, giving rise to

a product of low diastereomeric purity.

Hydrolysis of the 95:5 mixture of a-deuterio diastereomers was next

attempted. The purpose of this was twofold. Firstly, it was important to

show that the ester could be hydrolyzed to the free amino acid without

loss of deuterium. Secondly, the free amino acid was needed in order to
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synthesize a derivative which would enable assignment of the

configuration of the cr-centre.

The conditions developed for the non-racemizing hydrolysis of
8-phenylmenthyl N-f -Boc-alaninate (74a) were used. The

c-deuterioglycinate was dissolved in neat trifluoroacetic acid, and fifteen

minutes later a twofold volume of 6N HCI was added. Sixteen hour reflux

gave the crude (S)-2-deuterioglycine hydrochloride, which was converted

to the free zwitterion (132) by ion exchange chromatography. The overall

yield for this process was 95Vo. The melting point of the pure amino acid

was 235-236"C, which compared favourably with the reported value of

234"c.92 The lH-N.M.R. spectrum of (r32), run in Dzo, consisted of a 1:1:1

triplet centred at ô 3.53. The coupling constant was too small to be

measured accurately, but an estimation of ca. z\rz was made. The

reportedll chemical shift was ô 3.65. However, the internal reference

standard and coupling constant were not quoted in this publication. Thus,

comparison with the values reported here could not be made. The

internal reference standard utilized here was 3-(trimethylsilyl)-1-propane.

sulphonic acid sodium salt. Analysis of the 2-deuterioglycine by mass

spectrometry indicated that little or no deuterium had been lost in the

hydrolysis step.

92



2.2 STEREOCHEMICAL ASPECTS oF THE cr-cENTRED RADTCAL (120)

The free 2-deuterioglycine (132) was converted to its methyl

ester/N-camphanamide (729). The chemistry used differed from the

method reported by Armaregogz, which involved amidation of the amino

acid with camphanoyl chloride93, fo[owed by methylation of the resultant

acid with diazomethane. The method reported here was considered to be

more expedient. Treatment of the amino acid (132) with methanolic

hydrogen chloride was followed by amidation with camphanoyl chloride

(from camphanic acid monohydrate and thionyl chlorideg3) under

Schotten-Baumann conditions. This gave the glycine derivative (129) in a

modest yield of 55vo, but in sufficient quantity for lH-N.M.R. analysis.

The lH-N.M.R. spectrum (300 MHz) was consistent with the spectral data

reported for this compound by Armarego92, who utilized a 60 }l/']Hz

spectrometer. Due to the higher field instrument used here, more detail

was evident in the spectrum of (129). At 60 }y'.F]lz, the protons of the

geminal methyl group attached to C-7'resonated as one signal at õ 1.12. At

300 MHz, the signal resolved into two peaks at ô 1.123 and ô 1.105.

At 60 }dFIz, Armarego found it necessary to utilize the shift reagent

Eu(dPm)g to increase the separation of the two doublets centred at ô 4.03

and ô 4.13 (due to the two diastereotopic cr-protons) in order to measure

the integral of each proton. In this case, at 300 Mr}lz, this was not

necessary. The pro-(S) proton resonated at õ 4.lTZ. whilst the pro-(R)

proton resonated at õ 3.982, with the two peaks being baseline resolved.

The predominance of the doublet signal at õ 4.172 indicated that the amino

acid had the (S) configuration. As both the chiral glycine ester (128a) and

the bromide (48) are produced by delivery of deuterium and bromine
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resPectively.to the same cr-centred radical (120), it is very probable that the

configuration at the c¿-carbon of the bromide is also (S). With the absolute

stereochemistry of the 2-deuterioglycinate (128a) now known, a transition

state model for the deuteriation of the cr-centred radical (L20) could now be

proposed. This model is shown in Figure 29. Adoption of the

configuration shown, followed by delivery of deuterium to the sinister

face of the radical (the face opposite the phenyt group) accounts for the

2-(S) stereochemistry of the reduction product.

o
H

Y
o

st

(120)

FIGURE 29

o
Ph Ph

HR'

(Z)-rotamer (47a)
NHBoc

(E)-rotamer (47b)

FIGURE 30

Assignment of the 2-(S) configuration to the major 2-deuterioglycinate

(128a), in turn, allows for the assignment of the doublet of doublets

centred at ô 3.29 in the lH-N.l,t.R. spectrum of the undeuteriated

comPound (47), as being due to the pro-(s) proton. when drawn as the

Z-rotamer (47a) (Figure 46), the pro-(S) proton points away from the

phenyl ring of the 8-phenylmenthyl moiety. This is consistent with the

Fc

H
Ĵ
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observation that the pro-(S) proton resonates downfield of the pro-(R)

Proton, since the pro-(R) proton would be expected to experience greater

magnetic shielding than the pro-(S) proton. These observations indicate

that the Z-rotamer (47a) is preferred over the E-rotamer (4Zb).

It was subsequently of interest to investigate the selectivity of cr-hydrogen

abstraction from (42¡ 6, bromine atom. Since the Z-rotamer appeared to be

predominant, we speculated that the pro-(S) hydrogen, which points away

from the phenyl group in this conformation, may be stereoselectively

removed in the bromination reaction.

It was apparent that this problem could be solved by brominating a sample

of the (S)-2-deuterioglcinate (128a) with N-bromosuccinimide. If the

hydrogen atom abstraction was face selective, deuterium would be

removed completely, leading to the completely undeuteriated bromide

(48). At the other extreme, stereorandom hydrogen atom abstraction

would lead to a 1:1 mixture of the bromide (48) and the deuteriated

bromide (4Bb) (Scheme 28).

8-phenylmenthyl N-ú-Boc-2-deuterioglycinate (128a) was brominated with

N-bromosuccinimide under standard conditions. In order to produce a

stable derivative for analysis, the resultant bromide was immediately

reduced with tri-n-butyltin h)¡dride in ether from -78"C to room

temperature (i.e., under the optimum stereoselective reduction

conditions). If deuterium had been selectively removed in the

bromination step, the product of reduction with tri-n-butyltin hydride

would be the undeuteriated ester (a7) (Scheme 2g). A non-selective

hydrogen abstraction would lead to a 1:1 mixture of (49) and the

2-(R)-deuterioglycinate (128b).
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D H (128b) + (47) (1'1)H H @7)

SCHEME 28

Mass spectral analysis of the reduction product indicated that the dg : d1

ratio was 73;27, indicating that the bromination step removed three times

as much deuterium as protium. The a-proton region of the 1g-N.ir¿.R.

spectrum of the reduction product (300 MHz, CDCI3) is shown in

Figure 31. As is evident, the pattern is very similar to that of the authentic

undeuteriated compound (47), indicating that (42) is the major species

present. Subtraction of the spectrum of (aD from the spectrum of the

reduction product left a doublet centred at ô 3.29. This doublet was due to

R
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the cr-proton of the 2-(R)-deuterioglycinate (l2gb), as a later experiment (to
be discussed shortly) showed. The presence of (12gb) was consistent with
the expectation that stereoselective reduction of the deuteriated bromide
(48b) with tri-n-butyltin hydride wourd prace hydrogen in the pro-(s) rocus
(Scheme 28).

FIGURE 31.

Easton and Hay36 have reported that a kinetic isotope effect (kr,/ko = 3.15)
in the bromination of similar (achiral) glycinates with
N-bromosuccinimide. were it not for this kinetic isotope effect, the
selectivity for the pro-(S) hydrogen of (L2ga) may be even higher.

P.p-m.
3.03.23.s3. ¡ 3. r
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The selectivity for the 2-(S) deuterioglycinate (128a) raised the question of

why the inferred conformation (ester carbonyl and C-N bond syn) was

preferrentially adopted by the cr-centred radical (120). In addition, the high

level of asymmetric induction indicated that this conformation was of

significantly lower energy than the alternative nnti conformation. The

question of why this should be so needed to be addressed.

o (133) : R=MeO, X=O
(134) : R=MeO, X:S
(135) : R=Me, X=O
(136) : R=Me, X=S

XMe
R

o

<¡-.r¡.._>

R Me R

\ Me

FIGURE 32

Beckwith and Brumby9a studied the Electron Spin Resonance spectra of

the capto-dative free radicals (133a) - (136a) (Figure 32). These radicals were

derived from compounds (L33) - (136) through hydrogen atom abstraction

by the f-butoxyl radical at the position a to both the carbonyt group and the

heteroatom. The authors interpreted the E.S.R. spectra of these radicals to

show that they exist in two distinct conformations, with one of the

conformers predominating.

Taking into account their semi-empirical molecular orbital calculations at

the M.N.D.O. level of approximation, the authors concluded that the two

rotamers observed were (a) and (c) (Figure 32) and that (a) is the

o-o

(a)

R e

(b)

(c)

98



predominant radical. These results clearly show that the Z rotamer is

favoured in capto-dative radicals of this type.

Alternatively, hydrogen bonding may be responsible for the

conformational rigidity of the capto-dative radical. The hydrogen bond in

question is between the amide hydrogen and ester carbonyl oxygen. One

would expect this to be the preferred hydrogen bond since resonance

within the ester group renders the carbonyl oxygen more basic than the

alkoxy oxygen. The resonance contributor (32) to the o-centred radical (34)

(Figure 7, Chapter l-Introduction) could add to this effect.

G-----H oFt
| "'..

í37aÌ (1s7b) CHe

FIGURE 33

Slet95 examined the I.R. spectra of N-acetylglycine ethyl ester in carbon

tetrachloride solution and deduced that intramolecular hydrogen bonding

between the amide hydrogen and ester carbonyl oxygen was occurring

(Figure 33, structure L37a)). The enthalpy of formation of this hydrogen

bond was calculated to be -3.55 k|.mol-1, indicating a relatively weak

interaction. However, the the resonance effect discussed above could

foreseeably increase the basicity of the ester carbonyl oxygen of the radical

(120) utilized in our study. This, in turn, would make the hydrogen bond

significantly stronger, accounting for the preference for the (Z)-radical over

the (E)-radical.
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A previous publication by Slet96 casts an ambiguous light on these later

findings. N.M.R. and I.R. spectroscopy indicated that N-acetylglycine ethyl

ester in carbon tetrachloride forms an intramolecular hydrogen bond

(with a -78.4 kf.mol-l enthalpy of formation) between the amide hydrogen

and amide oxygen (Figure 33, structure 137b)). It is unclear whether this

means that both types of hydrogen bonding occur in N-acylamino esters,

or whether the later report is to be taken as a correction of the earlier

report.

Irrespective of the reason for the high conformational rigidty of the

cr-centred radical (!20), the results of this study show that this radical

allows for the synthesis of (S)-2-deuterioglycine of high enantiomeric

purity.
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2. 3 &PHENYLMENTHYL N.f-B OC.@).2-DEUTERIO GLYCINATE (1.28b)

It became apparent that the methodology used to produce (S)-chiral glycine

(132) could be used to synthesize (R)-2-deuterioglycine, not by use of the

enantiomeric chiral auxiliary, but by simply interchanging the roles of

hydrogen and deuterium. This entailed bromination of the

cr,a-dideuterioglycine derivative (138), followed by low temperature

reduction of the bromide (48b) with tri-n-butyltin hydride.

N.B.S oc n BurSnH
R* R

D Br

(L38) (48b)

o o

Boc
R R

D

(120b) (128b)

R* = 8-phenylmenthyl

SCHEME 29

Accordingly, commercially available 2,2-dideuterioglycine was converted

to its N-f-Boc derivative (139), which was subsequently coupled with

8-phenylmenthol under standard conditions. Bromination of the product

(138) was accomplished by the same method as that used for the

o,o-diprotio analogue (47). The reduction step involved exactly the same

conditions as those employed previously in obtaining the (S)-chiral

oo

DD
--.-.>

c

HD
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glycinate (128a) ín92To d.e. (Table7,Enn.y3). 500 lr'fÍrzrrt-w.vt.n. analysis

of the product so obtained revealed that, as expected, the high field doublet
(due to the pro-(S) proton) now predominated over the low field doublet
(due to the pro-(R) proton), as indicated by Figur e i4. Flowever, the

spectrum indicated that a significant amount of undeuteriated material
was also present. Mass spectroscopic analysis confirmed this. Analysis of
the peaks at m/2389,390 and 391 revealed that the dr : do ratio was ca.9S:S-

FIGURE 34

The presence of undeuteriated material made accurate determination of
the d-e. for this reaction difficult. Flowever, integration of the cr-proton
region yielded a 2-(R) : 2-(S) ratio of g9: 11. This represents an apparent

d.e. of 787o, but the actual d.e. must be significantly higher. There is no

apparent reason why the inherent diastereoselectivity of the reduction of
the deuteriated radical (120b) with tri_n_butyttin hydride should be lower

than that for reduction of the undeuteriated radical (120) with
tri-n-butyltin deuteride. To estimate the true d.e. of the 2-(R) compound
(128b), the deuterium content of the product (9570) must be taken into

account. Subtracting the contribution made by the 57o of undeuteriated

material to the integrals of the pro-(S) and pro_(R) signals in the
trt-N.tr¡.R. spectrum alters the g9 : 11 ratio to g4 : 6, which is equivalent to

7-¿øa.e?,f .263.?83.3€J.3¿3.343. f,6

m
f. ¿<

l8
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a ca. 93:7 2-(R) :2-(S) ratio. Hence the actual d.e. of the 2-(R)

2-deuterioglycinate (L28b) is , in all likelihood, closer to 907o (the d.e. value

of the (S)2-deuterioglycinate obtained under optimum conditions) than

the lH-N.M.R. spectrum of this product would indicate.

The low deuterium content of the reduced product (128b) was unexpected,

as the 2,2-dideuterioglycine from which it was ultimately derived was

98 atom Vo deuteriated. This prompted close investigation of the

deuterium content of N-ú-Boc-2,2-dideuterioglycine (139) and its

8-phenylmenthyl ester (138). The mass spectrum of the acid indicated a

97 :2.5 : 0.5 d2 : d1 d6 ratio, indicating that little or no deterium was lost in

the tertiarybutylcarbonylation of the amino acid. The mass spectrum of

the ester, however, revealed a 92:8 dz : d1 ratio, indicating the loss of some

deuterium during esterification of (139) with (-)-8-phenytmenthol. The

a-proton region of the lH-N.tr¡.R. spectrum of the ester (138) contained

low intensity signals at ô 3.29 (0.03 H, pro-(S) H) and ô 3.05 (0.05 H,

pro-(R) H). This accounted for the 8% content of monodeuteriated ester

indicated by mass spectroscopy.

The preferential exchange of the pro-(R) deuterium atom is difficult to

rationalize in light of the si face selectivity demonstrated by this system in

the reactions described in this thesis. However, it must be appreciated that

deuterium/hydrogen exchange would involve an enol or enolate

intermediate. The preferred conformation, and hence the diastereofacial

selectivity of such a charged species may well differ from the confomation

of the iminoacetate (49) and the a-centred radical (120).

The near-selective deuterium abstraction demonstrated in the

bromination of the (S)-2-deuterioglycinate (128a) would be expected to
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remove nearly all of the 3Vo pro-(S) protium and leave most of the Svo

pro-(R) protium. Hence the intermediate cr-centred radical (120b) would

be only 957o deuteriated. Reduction with tri-n-butyttin hydride then gives

the 95:5 mixture of deuteriated and undeuteriated products detected by

mass spectroscopy.

704



2.4 STEREOSELECTIVE REDUCTION OF ACYCLIC RADICALS WITH

TRI-IT-BUTYLTIN HYDRIDE - A LITERATURE REPORT

HH
CorEt nBu"SnlI, A.I.B.N., hv CO2Et

Me r PhcH3, -79"C HMe
94 7o d.e(140) (141)

SCHEME 30

During the course of this work, literature reports of asymmetric induction

at radical sites in acyclic systems began to afpear. Guindon and co-

workers9T reported the reduction the c-bromo ester (140) with
tri-n-butyltin hydride at low temperature (scheme 30). The high threo

selectivity was attributed to the intermediate acyclic radical adopting either

conformation L or 2 (Figure 35), both of which favour approach of the

stannane to the rectus face, giving the 2-(R) stereochemistry observed for

(141).

Ph Ph o
...co2Et

M oEr

CONFORMATION 1,

Me
CONFORMATION 2

FIGURE 35

Conformation 1 would arise from the interaction of the semi-occupied

molecular orbital with the lowest unoccupied molecular orbital of the

neighbouring C-O bond. In conformation 2, the intramolecular dipote-

dipole interactions between the two vicinal electronegative groups are

minimized by adoption of the anti orientation.

Me
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Cnnapten 3 Introductlon

Br
nBurSn

PhH, A.I.B.N., A

(142)
a)Rr=R2=R.=R4=FI
b)Rr=&=R4=H,&=Me
c)Rr=RZ=Rg- H,R¿=Me
d)R1=Me,Rz=&=R4=FI
e)Rr=R2=H,Rg=R¿=Me

SCHEME 31,

Br
R'rsn

R

Ph COrMe phCH3, A.I.B.N., g5'C ph

(142)
a) R= CO2Et, R': nBu
b) R= CN, R': ttBu
c) R= Cl, R'= n Bu
d) R= FI, R'= Ph

R2

Ph

(143)

EASTON ¿f al.

R

(144)

BALDWIN ef al.

Having observed that the cr-centred radical (120) undergoes highly

stereoselective reduction with tri-n-butyltin deuteride, elaboration of the

bromide (48) by other suitable radicalophiles will be studied. It is

envisaged that the cr-centred radical (120) should also undergo carbon-

carbon bond forming reactions with allyltri-n-butylstannanes. The radical

chain "allyltransfer" reaction of allylstannanes has been developed into

syntheses of amino acids independently and concurrently by the research

groups of Easton85,98 ¿¡¿ Baldwin99. These workers showed that the

a-bromoglycine derivative (142) underwent AIBN initiated reaction with
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the allylstannanes shown in Scheme 3L to give the cr-allylglycine

derivatives (1,43) and (144) in fair yields. This reaction proceeds through

the radical chain mechanism shown in Figure 36.

R'+ \,,^ Snn Bu, R
^¿/

'SnnBu,

RX + 'SnnBu, R' + XSnn Bu,

FIGURE 36

OBr
PhC OMe

íPr o (14s)

^-r/snnBu,
o

OMe

+

H

Ph

H
iPr o (146)

SCHEME 32

It is worth noting that Easton et al extended this work to asymmetric

cr-amino acid synthesisS5. Treatment of the brominated dipeptide (L45)

gave the allyl substituted product (1a6) as a 3:1 mixture of diastereomers

(Scheme 32). The use of the more efficient chiral auxiliary,

8-phenylmenthol, should give a higher d.e. Thus treatment of the
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bromide (48) with allylstannanes should give g-phenylmenthyl

N-f-Boc-allylglycinates in high diastereomeric purity.

y-ô-unsaturated amino acids are of interest, not only due to the synthetic

utility of the double bond, but also due to their action as "suicide

substrate" inactivators of pyridoxal phosphate dependent enzlmes10O.

Naturally, it would be beneficial for studies of enzyme inactivation to

involve the use of enantiomerically pure cr-allyl-o-amino acids. The

electrophilic asymmetric glycine template (147) of Witliams33 and the

nucleophilic asymmetric glycine template (148) of Schollkopflz (Figure 37)

both provide allylglycine and its derivatives in high enantiomeric purity.

Ph

tBu
OMe

+
CBz

Br

(147) (148)

FIGURE 37

R'+ SnPh, + 'SnPh,
(1s0)

RX+ ' SnPh, R' + XSnPh,

FIGURE 38

Another radicalophile which should be suitable for elaboration of the

bromide (48) is propargyl triphenylstannane (150). This reagent has been

Ph

Li
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reported by Baldwinlol to undergo "allene transfer" reactions with alkyl

radicals. This reaction proceeds through the radical chain mechanism

shown in Figure 38. Among the alkyl radicals employed was the

p-iodoalanine derivative (149), giving the corresponding p-altenyl

derivative (151) (Scheme 33). Of course, the apptication of this

methodology to the cr-bromoglycinate (48) will yield ø-allenyl-cr-amino

acids.

150

PhH, A.I.B.N., A t co2PMB

(t[e) (1s1)

SCHEME 33

Castelhano, Krantz and co-workers3T have developed a racemic synthesis

of a-substituted cr-allenyl-cr-amino acids by Claisen rearrangement of the

a-benzamido propargylic esters (152). They have shown that the

a-substituted cr-allenyl-cr-aminoacids (156) derived from the process

outlined in Scheme 34 are potent inactivators of Vitamin 85, linked amino

acid decarboxylasesl02. To date, however, the asymmetric synthesis of

cr-allenyl-cr-amino acids has not been reported.

I
SnPh,

t
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-+

b)a)

o

Bz

*v'?
"'HPh

N

R1

oR2

(1s2)

COrMe

(1s4)

d)

c)
R1

Ph
(1s3)

(1ss)

R1

co2H

(1s6)

a) PhrP, ÇCl* NEt3, CH3CN; b) MeOH, NEt3;
c) i) EtrO-BF4-, CH2CI2 iÐ 107o HOAc;
d) 1.0 M NaOH/MeOH

SCHEME 34
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Chapten 3 lResunß and lDlscLlsslon

3.1. ALLYL TRANSFER TO THE BROMIDE (48)

The conditions described by Easton and Scharfbillig9S for the allyl transfer

reaction of allyl tri-n-butyltin with methyl N-benzoyl-2-bromoglycinate

(142) were employed in the analogous reaction with 8-phenylmenthyl

N-ú-Boc-2-bromoglycinate (48). This involved treatment of the bromide

(48) with two equivalents of commercially available allyl tri-n-butyltin and

a catalytic amount of A.I.B.N. (5 mole Vo) in dry benzene at reflux for five

hours.

Ph NHBoc zBurSn

o

PhlI, A.I.B.N., Â,5 hrs

(48)

Ph

o

Br

*

¡+ -(R)2
7

2-(S)
93HBoc

(Ls7) SCHEME 35

Under these conditions, allyl transfer to the bromide (48) occurred, giving

the corresponding allylglycine derivative (157) in 76Vo yield as a 93:7

mixture of diastereomers (Scheme 35), after chromatographic removal of

tin residues and low R¡ impurities (probably resulting from

decomposition of the bromide (aB)). This yield compared favourably with

that reported by Easton and Scharfbiltig9 9 (63Vo for

N-benzoyl-(R,S)-allylglycine methyl ester (1a3a)).
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As was observed for the diastereomeric products resulting from Grignard

addition to the bromide (48), the major diastereomer produced was the

more chromatographically mobile (i.e., higher R¡ by T.L.C. and first eluting

by H.P.L.C.) of the two. This strongly inferred that the major diastereomer

possessed the 2-(S) stereochemistry, based on the correlation made earlier

between the C-2 stereochemistry of N-ú-Boc-amino acid 8-phenylmenthyl

esters and their chromatographic behaviour.

The two diastereomeric allylglycine derivatives (L57a) and (157b) were

isolated by preparative H.P.L.C. and their lH-trl.M.n. spectra were found to

be identical to the fully characterized, authentic compounds (79a) and

(79b), derived from (R,S)-allylglycine. Catalytic hydrogenation of the two

separated diastereomers from the allyl transfer reaction gave the saturated

compounds (158a) and (158b), whose 300 MHz lH-N.tU.n. spectra were

identical to those of the authentic norvalinates (75a) and (75b). As

dicussed in Chapter 1, the first-eluting norvaline-derived diastereomer

(ZSa) was proven to be the 2-(S) diastereomer by spectral comparison with

authentic 8-phenylmenthyl N-f-Boc-2-(S)-norvalinate synthesized from

(S)-norvaline. The 2-(S) diastereomer (75a) also had an identical

1I-t-N.trrt.R. spectrum to the product obtained from hydrogenation of the

major 8-phenylmenthyl N-ú-Boc-allylglycinate diastereomer (157a),

unequivocally showing that the allyl transfer reaction favours production

of the 2-(S) diastereomer. These correlations are depicted diagramatically

in Scheme 36.

Alternatively, the 93:7 mixture of diastereomers (157) was hydrogenated

and the diastereomeric saturated products were shown to co-elute by

H.P.L.C. with the authentic mixture of diastereomers (75a) and (75b).
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MAJOR DIASTEREOMER:
(157a). Lst ELUTING,
rn/2429

IJTPí/C

PRODUCT (158a): m/ z 437

il
o
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2.(S) DIASTEREOMER:
(75a). 1st ELUTING,
m/z 431.

1H N.M.R. coRRELATION

H.P.L.C

H.P.L.C.

(7s)

R*= 8-phenylmenthyl

SCHEME 36
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(1s7b). 2nd ELUTING,
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PRODUCT (158b): m/ z 437
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R*
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2-(R) DIASTEREOMER:
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Both the major 8-phenylmenthyl N-f-Boc-allylglycinate diastereomer

(157a) from the allyl transfer reaction and the major 8-phenylmenthyl

N-ú-Boc-2-deuterioglycinate (128a) from the deuteration reaction possessed

the 2-(S) configuration. This was not unexpected as both products result

from approach of a radicalophile to the same s-centred radical (120), and

there is no good reason to assume that the radical should adopt different

conformations for the two reactions. Therefore, the same arguments put

forward to ration alize the stereochemical course of the deuteration

reaction may be used for the analogous homolytic allylation reaction.

That is, the capto-dative radical (120) adopts t}:re Z geometry and is

selectively attacked at the siníster face by the approaching allyl

tri-n -butylstannane.

As discussed earlier, the level of diastereoselectivity in the reduction of

the bromide (a8) with tri-n-butyl deuteriostannane was found to vary with

reaction temperature and absolute concentration. Flence, the effect of

these two factors on the diastereoselectivity of the allylation reaction of the

bromide (48) was also investigated. The results of this study are

summarized in Table 8.

Quadrupling both the bromide and stannane concentrations gave the 2-(S)

and 2-(R) allytglycine derivatives in a 92:8 ratio in refluxing benzene

(Entry 2). Within experimental error, this result is not significantly

different from that observed in the initial, less concentrated reaction

(Entry 1; 2-(S):2-(R) =93:7). This is in contrast with the deuteration

reaction, where a doubling alone of the reactant concentrations improved

the d.e. by 72%, though this effect was observed at a lower temperature in

ether.
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88495664

928520663

u78802882

867680661

D.E.

(L57't (%l

YIELD

(Ls7l (%lTEMP. ("C)

coNC (48)

(mM)ENTRY

All reactions conducted in anhydrous benzene, using two equivalents of allyltri-n-butyltin

TABLE 8

The diastereoselectivity of the allyl transfer reaction did improve,

however, when the reaction was carried out at lower temperature' At the

same concentration as the initial allylation reaction (66 mM), but at

ambient tempratur e (ca 20C) the 2-(S) : 2-(R) diastereomer ratio improved

to 96: 4 (Entry 3). Thus, it can be seen that the diastereoselectivity of the

allylation reaction exhibits a temperature dependence similar to that of the

deuteration reaction, in so far as lowering the reaction temperature

increases the 2-(S) : 2-(R) diastereomer ratio. The extent of this increase,

however, is much greater in the case of the deuteration reaction' This is

shown by the 42Vo inctease in d.e. which resulted upon decreasing the

deuteration reaction temperature from 80.C to 20"C'

The improved yield of 85% obtained, in the room temperature allylation of

the bromide (ag) is attributable to a lesser degree of decomposition of the

bromide under the milder reaction conditions. This was indicated by the

small amount of low R¡ material d,etected by T.L.C. analysis of the crude

reaction mixture. The yield observed here is significantly higher than the
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yields quoted by Easton and Scharfbiltiggs (63Vo) and Baldwin et al9e (65%)

for allyl transfer to methyl N-benzoyl-2-bromoglycinate (742)).

An attempt was made to further improve the diastereoselectivity of allyl

transfer to the bromide (aB) by performing the reaction at still lower

temperature. A mixture of the bromide, two equivalents of allyl

tri-n-butyltin and a catalytic amount of A.I.B.N., in benzene solution, was

lefttostandat5'C(TableT,Entry4).Theprogressofthereaction'as

monitored by T.L.C., was extremely slow at this temperature- After sixteen

d.ays at 5'C, despite regular add.ition of fresh A.I.B.N., the yield of allylated

product was only 49Vo after chromatography. This low yield is a result of

the very low rate of reaction at 5'C. H.P.L.C. analysis of this product

established the 2-(S) : 2-(R) diastereomer ratio as 94:6. This is lower than

the 96 : 4 ratio observed. for the room temperature reaction. This result is

anomolous in light of the marked improvement observed in the

diastereoselectivity of this reaction upon lowering the reaction

temperature from 80"C to 20"C. Flowever, since the low chemical yield

made this low temperature reaction synthetically unattractive, the

reproducibility of this result was not investigated.
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3.2 FMETHALLYL TRANSFER TO THE BROMIDE (48)

o
nBurSn

Ph

Ph

Br

HBoc

NHBoc

* 2-(S) :2-(R)
95 :5

PhH, A.I.B.N., Â, 5 hrs.

(48)

o

(1se) SCHEME 37

Next, the reaction of the bromide (a8) with p-methallyl tri-n butylstannane

was studied (Scheme 37). Two equivalents of this stannane were added to

a solution of the bromide in benzene, in the presence of a catalytic

amount of A.I.B.N. The resultant solution was left to stand at room

temperature for sixteen hours. Chromatographic purification gave a

mixture of the 2-(S) and 2-(R) B-methallyl substituted products (159a) and

(159b) in a combined yield of 8"1.7o. H.P.L.C. analysis of this mixture

revealed two peaks in a 95: 5 ratio with the major comPonent being of

lower retention time. This indicated that the major diastereomer formed,

as expected, possessed the 2-(S) stereochemistry.

The proton N.M.R. spectrum of the mixture was consistent with the

structure of the expected compound. Besides the familiar signals due to

the 8-phenylmenthyl groups, signals characteristic of the novel amino acid

moiety were observed. The singlet at 7.64 P.P.m. integrating for three

protons was attributed to the allylic methyl protons of the unsaturated side

chain. Two broadened singlets at õ 4.63 and 4.75 due to the two vinylic
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protons were also present. The cr-proton signal appeared as a six line

pattern centered at õ 3.77. The pattern observed appears to arise from the

overlapping of two broadened triplets, with the triplet coupling being

5.6IJ2 and the doublet coupling 8.4H2. The vicinal amide proton

resonated at ô 4.41 as a doublet, with a coupling constant of 8.3 FIz.

Therefore, the two overlapping triplets can arise only if the cr-proton

coupling to one of the diastereotopic p protons is of magnitude 5.6t{2 and

coupling to the other p-proton is close to 8.3 Hz. This is indeed the case.

Although only the downfield half of the expected ABX pattern due to the

allylic, B-methylene protons was completely unobscured (the upfield half

being partially obscured by the methylene envelope), both a-p proton

couplings were apparent. The AX and BX couplings were found to be

5.3FI2 and 8.4 FIz, accounting for the pattern observed for the cr-proton

signal.

13C N.M.R. analysis of the mixture detected only one diastereomer. As

with the proton N.M.R., the familiar 8-phenylmenthyl signals were

accompanied by signals diagnostic for the amino acid moiety. The allylic

methyl carbon resonated at ô 21.84, whilst the allylic methylene carbon

resonated at õ 40.44. The unsubstituted vinylic carbon resonated at

õ 113.89, and the quaternary vinylic carbon at ô 140.95. The cr-carbon gave a

signal at ô 51.68.

o
Ph HBoc Ph NHBoc

FIGURE 39

o

(16La)

118

(161b)



Although the minor diastereomer (r59b) was not isolated and

characterized, its presence was established by hydrogenation of the 95:5

mixture of diastereomers to the leucine derivatives (L60a) and (160b)

und.gr standard conditions. H.P.L.C. analysis of these saturated products

revealed two components in a 94: 6 ratio, again with the major

comPonent having a lower retention time. The retention times of these

comPounds differed from those of the two corresponding unsaturated

compounds, but correllated with those of the authentic 2-(S)

8-phenylmenthyl N-ú-Boc-leucinates (161a) and (161b) (Figure 39). These

standards were obtained by preparative H.P.L.C. separation of the fully

characterized diastereomeric pair obtained through the coupling of

N-ú-Boc-(R,S)-leucine and 8-phenylmenthol.

The first eluting of the two diastereomers was confirmed as the z-(S)

isomer by H.P.L.G. and 1H-N.lr¡.R. correlation with 8-phenylmenthyl

N-ú-Boc-(S)-leucinate (16La), synthesized from (S)-leucine. The lH-N.M.R.

spectrum of the hydrogenation product was identical to that of the

authentic 2-(S) leucinate (161a). Thus the major y-õ-dehydroleucine

derivative (L59a), formed by p-methallyl transfer to the bromide (48),

possesses the 2-(S) stereochemistry. The stereochemical outcome of this

reaction is therfore consistent with the model previously described for the

analogous reaction with allyl tri-z-butyltin, as expected.
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3.3 TRANSFER OF A PROCHIRAL ALLYL GROUP TO THE BROMIDE

(48)

o

Boc +
R¡+ nn Bu,

Br
(48)

R*= 8-phenylmenthyl A.I.B.N., PhH, R.T

o o

R¡É

NHBoc Q'62a1 NHBo í62b)

o

R*

NHBoc í62cÌ NHBoc í62d)

SCHEME 38

The reaction of 8-phenylmenthyl N-Boc-2-bromoglycinate (4g) with
(E)-(tri-n-butylstannyl)-2-butene represents an important extension of the

methodology just developed. As shown in Scheme 3g, the reaction

between the cr-centred radical (120) and the methyl substituted

allylstannane involves the coupling of two prochiral centres, namely the

siníster diastereoface of the radical and an enantioface of the olefin. This

reaction, therefore, has the potential to give rise to the four diastereomers

shown in Scheme 38. The highly diastereoselective reaction of the

bromide with allyl and p-methattyl tri-n-butylstannanes demonstrated the

R

c

o

R
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ability of this system to control the absolute stereochemistry of the

cr-centre. Therefore, it was expected that the two 2-(R) products (162c) and

(162d) would be formed in only minor amounts. Flence, only the question

of stereoselectivity at the p-centre (i.e., the (2s,3s): (2s, 3R) ratio)

remained

Clearly, for high asymmetric induction to be achieved at the p-centre of

the resultant y-õ-unsaturated cr-amino acid derivative (162), one of the

enantiotopic faces of the 2-butenyl moiety of the stannane must

preferentially approach the o-centred radical. The absolute configuration

of the resultant p-centre is dependent on which particular face of the

prochiral stannane is prefered.

Accordingly, the bromide (48) was treated with (E)-y-methallyl

tri-n-butylstannane under the optimum conditions already established.

(two equivalents of stannane and a catalytic amount of A.I.B.N. in

benzene at room temperature for sixteen hours). The crude material was

subjected to chromatographic purifiction in order to remove tin residues

and low R¡ material. H.P.L.C. analysis of the purified product (obtained in

837o yield) revealed one high intensity peak accompanied by four very

minor, lower retention time peaks and a higher retention time tail. As

previously shown, the C-2 epimers of these N-f-Boc-o-amino acid

8-phenylmenthyl esters are quite well resolved by H.p.L.c. Therefore it
appeared that, since no other peaks of significant intensity were observed,

the stereoselectivity at C-2 was very high for this reaction. However, the

amount of selectivity at C-3 was impossible to gauge by H.p.L.C, as it was

unknown whether the (2S,35) and (2S, 3R) diastereomers coeluted or not.
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Proton and carbon N.M.R. were then utilized in an effort to determine the

amount of induction at the p-centre. The proton N.M.R. spectrum of the

olefin (162) contained only one tertiarybutyl methyl resonance and only

two 8-phenylmenthyl geminal dimethyl resonances. It appeared that a

pair of doublets, integrating for three protons in total, due to the p-methyl

group of (162), were present. This suggested a mixture of diastereomers.

However, these signals were obscured by the doublet due to the ring

methyl group of the 8-phenylmenthyl moiety and could not be relied

upon to assess optical purity.

It was expected that the cr proton of each diastereomer would appear as a

doublet of doublets in the 1H-N.M.R. spectrum due to coupling with both

an amide and p-proton. Two overlapping doublets of doublets were

indeed present in the spectrum and were assigned to the o-protons of the

two diastereomers. The major doublet of doublets was centred at

ô 3.58 p.p.m., with coupling constants of 4.2H2 and 8.6H2. The minor

doublet of doublets was centred at ô 3.63, with coupling constants of 4.0ÍIz

and 8.7 Hz. Due to the overlap of the two patterns, it was impossible to

determine the diastereomer ratio by integration of these signals.

However, if decoupling at the resonant frequency of the nucleus

responsible for the larger coupling in this system (the amide proton) was

possible, two integrable doublets would result. A broadened doublet

centred at õ 4.92 p.p.m. with I=8.8 FIz was assigned as an amide proton.

Decoupling at this frequency resulted in the major, low field doublet of

doublets collapsing to a doublet, with I=4.0 Hz. Flowever, the minor

doublet of doublets was unaffected and overlapped with the new doublet,

frustrating attempts at integration of the two signals. It was thus apparent

that the amide proton chemical shift of the minor diastereomer differed

from that of the major diastereomer. FIowever, the complexity of this
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region of the spectrum prevented the assignment of any signal to the

amide proton of the minor diastereomer.

The chromatographic homogeneity of this compound, along with the fact

that cr-epimers in this series generally have a much larger cr-proton

chemical shift difference, suggested that these two diastereomers were

epimeric at the p-carbon rather than the c¡-carbon. The l3c-N.tr¿.n.

spectrum of this compound was consistent with this supposition. Most of

the carbon atoms of the 8-phenylmenthyl moiety diplayed one resonance

each. Exceptions were the ring methyl carbon (28.49, 2B.gB p.p.m.), C-2'

(4J..53, 47.48 p.p.m.), one of the geminal methyl carbons (24.98,24.25 p.p.m.)

and the alkoxy ester carbon C-7' (75.79,75.71, p.p.m.). The small chemical

shift difference (0.08 p.p.m.) between the two C-1' signals contrasted

sharply with the large difference (0.9 p.p.m. on average) between the C-1'

signals of a-epimers in this series.

Within the amino acid moiety, only one tertiarybutyl resonance was

observed. Flowever, the cr-carbon (52.72, 56.90 p.p.m.), p-carbon (40.25,

39.67 p.p.m.), y-carbon (75.72, 74.90 p.p.m.), vinyl methylene (1,1,6.1,6,

115.40 p.p.m.) and vinyl methine (138.80,'1.37.85 p.p.m.) carbons all gave

two signals. As the ratio of intensities for these paired signals ranged from

3:2 to 9:2, 73c-trl.tr¿.R. could not be reliably used to measure the

(2S,3S) : (2S,3R) diastereomer ratio.

It was apparent that a more concise and unambiguous determination of

the diastereomer ratio and the C-2, C-3 stereochemistry of each

diastereomer was needed. Inspection of the carbon skeleton of the

cr-amino acid moiety of the unsaturated product (762) revealed an obvious

relationship to the carbon skeleton of the naturally occurring cr-amino
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acid isoleucine. Simple catalytic hydrogenation of the double bond of (].G2)

would yield the isoleucine derivative (L63) (Scheme 39). Correlation with

the relevant authentic N-ú-Boc-isoleucine 8-phenylmenthyl esters would

then unequivocally establish the amount of as¡rmmetric induction at the a

and p-centres for the allyl transfer reaction of bromide (48) with
(Z) - (tr t- n -bu tyl s tannyl) - 2-b utene.

o o
Ph rl2,PÐ2 Ph

MeOH

$621 (L63)

SCHEME 39

As both the a and p-carbon atoms of isoleucine are chiral, four

diastereomeric isoleucines exist (as two pairs of enantiomers). synthesis

of the N-ú-Boc derivative of a commercially available equimolar mixture

of the four stereoisomers, followed by esterification with

8-phenylmenthol, yielded an equimolar mixture of the four compounds

(ll7a), (1,17b),(L77c), (717d), whose structures are shown in Scherne 22,

Chapter 1., Results and Discussion 1.6.

Of course, due to the presence of the covalently bound homochiral

auxiliary, no enantiomeric relationships exist between any of the four

stereoisomers. Hence it was expected that simple achiral H.P.L.C. analysis

would enable resolution of all four stereoisomers. In practice, however,

three peaks in a roughly 2:7:7 ratio were detected in the H.p.L.c.

chromatogram of the mixture. This indicated that two of the four

diastereomers coeluted.

c
_..>
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In order to establish which particular diastereomer was represented by

each peak, all four diastereomeric isoleucines were purchased and each

converted to its N-ú-Boc/8-phenylmenthyl ester derivative under standard

conditions. The (2S,35 )and (2S,3R) compounds (117a) and (117b) were

subsequently found to possess the same retention time by H.P.L.C. This

retention time was coincident with that of the lowest retention time peak

(double the area of the other two peaks) in the H.P.L.C. chromatogram of

the mixture. The next highest retention time peak was that of the (2R,35)

diastereomer (117d). The last eluting diastereomer (117c) possessed the

(2R, 3R) stereochemistry.

The lH-N.M.R. spectra of the four diastereomeric isoleucine derivatives

(lL7a), (117b), (177c) and (117d) all contained the expected signals due to the

8-phenylmenthyl and tertiarybutyl groups. In addition, the isobutyl

methyl groups gave distinct characteristic signals in some cases. The

spectrum of the (2S,3S)-isoleucinate (117a) contained a doublet signal

(I=6.8 Hz), centred at õ 0.76, due to the y-methyl protons and a triplet signal

$=7.4}{2) due to the õ-methyl protons. The spectrum of the

(2S,3R)-isoleucinate (117b) contained a doublet (l=6.9 Hz) centred at the

very low chemical shift of õ 0.66 due to the 1-methyl protons. The

ô-methyl triplet overlapped with the ring methyl doublet. The

(2R,3S)-isoleucinate (\L7c) gave a doublet signal (I=6.8 }Iz) at õ 0.78 due to

the y-methyl protons and a triplet signal centred at õ 0.91 (I=7.4 Hz) due to

the õ-methyl protons. Both the y and õ-methyl signals of the (2R,3R)

diastereomer (117d) were indistinguishable due to overlap with each other

and with the ring methyl doublet.

Most significantly, however, the cr-proton of each diastereomer resonated

as a doublet of doublets at distinctly different chemical shifts. Table 9
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summarizes the relevant data. This meant that integration of the

cr-proton signals of the product derived from hydrogenation of the olefin

(L77) would yield the (2S, 35) : (2S,3R) ratio, and hence, the amount of

induction at the p-centre.

3.78.24.26(2R,35)(117d)4

4.89.34.1,3(2R,3R)(117c)3

3.38.93.66(2S,3R)(r17b)2

3.78.23.53(25,35)(Lt7a)1

Iz-s 0t t/z-HN Grr)ôo-"

c-2,c-3
CONFIGURATIONNo.ENTRY

TABLE 8

Accordingly, a methanolic solution of the y-ô-dehydroisoleucine

derivative (762) was treated with 57o palladium on carbon under one

atmosphere of hydrogen. lH-N.M.R. analysis of the product, however,

revealed that no detectable hydrogenation had occurred. After several

unsuccessful attempts at hydrogenation with the same catalyst, use of

platinum oxide met with immediate success. Shown in Figure 40 is the

o-proton region of the lH-N.M.R. spectrum of the hydrogenation product

(163). The chemical shift of the two doublets of doublets present

correspond with those of the (2S,35) and (2S,3R) isoleucine derivatives

(L77a) and (1L7b), as indicated. Integration of the two multiplets yields a

(2S,3S) : (2S,3R) ratio of ca. 2:3, indicating a slight threo selectivity for the

allyl transfer reaction.
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Ph

117 HBoc

Ph

163 NHBoc

ì

300 MHz
tH N.M.R.

(2s,3R) ( 2s,35 )

3 2

38 ?1 ?.6 3.5 3

FIGURE 40
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The H.P.L.C. chromatogram of the reduction product (shown in Figure 40)

revealed a small peak attributed to unreduced material and another

attributed to the (2R,3R) diastereomer. It was impossible to detect any of

the (2R,35) diastereomer as the retention time which it was expected was

obscured. Flence, the total (2S) : (2R) ratio can only be estimated as 93:7.
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3.4 HYDROLYSIS OF &PHENYLMENTHYL

N-f-B OC-(S)-ALLYLG LYCINATE (\7 2al

The hydrolysis of 8-phenylmenthyl N-f-Boc-(S)-allylgtycinate (157a) to give

enantiomerically pure (S)-allylglycine (164) was investigated next. A

sample of the diastereomerically pure 2-(S)-allylglycinate (157a) was

obtained by chromatographic purification of a 96:4 2-(S) : 2-(R) mixture

derived from the asymmetric allyl transfer reaction. The purity of this

chromatographed sample was established to be >99Vo by H.P.L.C. analysis,

which failed to detect the minor,2-(R)-allylglycinate (157b).

Following the previously established procedure, the ester was treated with

trifluoroacetic acid for fifteen minutes, whereupon a twofold volume of

6N HCI was added. Reflux of this mixture for sixteen hours, followed by

ion exchange chromatography of the crude, water-soluble hydrolysate gave

a product in 65Vo yield (assuming that it had the molecular weight of

allylglycine). This product was then analyzed by polarimetry. Its specific

rotation was [cr,]o24 = -30.3" (C=3.77, HzO). Based on the reportedl03

specific rotation of [a]D24 = -37.7" (C=4, HzO), it appeared that the

allyglycine obtained was not enantiomerically pure. Flowever, as

previously stated, optical rotation measurements are subject to many

factors which render them somewhat unreliable, especially when charged

molecules like amino acids are involved. Therefore other criterea of

optical purity were sought.

The low rotation of this sample was not necessarily due to low

enantiomeric purity of the allylglycine produced, but may have been due

to the presence of other impurities. Hence, the 1H-N.VÍ.R. of the

hydrolysis product was compared to that of authentic (R, S)-allylglycine.
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The two spectra were identical in every respect save for the presence of a

doublet resonance at ô 1.11 p.p.m. in the spectrum of the hydrolysate.

Assuming that this signal is due to a methyl group, its integral, relative to

those of the allytglycine signals, indicates that the impurity is ca 17 rnole 7o

of the mixture. Obscure peaks in the N.M.R. spectrum may have been due

to the same impurity. It is highly probable that this impurity is

responsible for the specific rotation of the allylglycine being ca 78To lower

than that reported for enantiomerically pure allyglycine. The identity of

the compound giving rise to the extraneous methyl doublet may well be

4-hydroxynorvaline, the product expected due to Markovnikov hydration

of the double bond under the acidic hydrolysis conditions. An ion of

m/ z 734 (the molecular weight of protonated 4-hydroxynorvaline), present

in the mass spectrum of the purified hydrolysate sample, supports this

speculation. The intensity of this peak was 78Vo of the intensity of the

peak of m/z 118 (protonated allylglycine). This correlates with the

estimation of 'l,7Vo made for the impurity revealed by the lH-N.trrt.R.

spectrum of this mixture.

It was apparent that a more reliable means of determining the optical

purity of the allylglycine derived from hydrolysis of (157a) was needed.

Conversion of the amino acid back to its N-f-Boc/8-phenylmenthyl ester

derivative (157a) was considered to be the most expedient method, since

H.P.L.C. conditions for the resolution of the 2-(S) and 2-(R)

8-phenylmenthyl N-f-Boc-allylglycinates were already established.

Conversion to the N-f-Boc derivative was straightforward. Because this

comPound potentially contained two enantiomeric acids, esterification of

this derivative with 8-phenylmenthol was carried out using a SVo excess of

the alcohol in order to avoid kinetic resolution of the enantiomers.
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H.P.L.C. analysis of the esterification product revealed the presence of

8-phenylmenthyl N-f-Boc-(S)-atlylglycinate (Zga) along with 1.5-1 .8Vo of the

corresponding (R)-allylglycinate (79b). This indicated that a maximum of

7.8Vo racemization of the allyglycine had occurred during hydrolysis.

Thus, although the hydrolysis procedure produced a chemically impure

sample of allylglycine, the allylglycine itself was of high optical purity.

Purification of the allylglycine by recrystallization would provide a sample

of both high chemical and optical purity. As restraints in time and the

amount of material available existed, purification of the amino acid was

not attempted.
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3.5 DIASTEREOSELECTIVE ALLYL TRANSFER TO ACYCLIC

RADICALS : LITERATURE REPORTS

o o
¿r,u,SnnBut

Et3B, CH2CI2, -20"C

92 % d.e.

\

I

o

\

I

o

(16s) SCHEME 40 (L66)

During the latter stages of this work, some reports on asymmetric

homolytic carbon-carbon bond formation involving prochiral, acyclic

radicals appeared in the literature. D.p. Curran's group at pittsburgh

showed that the chiral a-iodoamide (165) underwent highly

diastereoselective allylation with allyltri-z-butylûnlO4 (Scheme 40). The

authors argued that the amide oxygen and sultam 01 are opposed due to

dipole repulsion, and that the amide radical lnas Z g.eometry as the E

substituent is quite close to the sulram 01 (see Figure 4ll"âçþroach ro rhe

rectus (top) face of the planar system is favoured as the stannane would

experience a significant l,4-interaction with the sultam 92 when

approaching from t}r.e sinister (bottom) face.

The principles established by Guindon et al. in their work on the

diastereoselective tri-n-butyltin hydride reduction of a prochiral, acyclic

radical (discussed in Chapter 2) were extended by this group to asymmetric,

radical, carbon-carbon bond formation through homolytic allyl trans¡"¡105.

The secondary iodide (167), when treated with allyltri-n-butyltin at low
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A.T . B. 
^/,temperature using -triethttberæ as a radical initiator, gave the allylated

product (168) with 89Vo d.e. (Scheme 41).

o
Me..

H o\ \
I

úII
¡
¡
I
I

H OMe

H I

(L67)

FIGURE 41

n Bu.SnH, A.I.B.N., hV

PhCH3, -78"C

SCHEME 41

(168) 89Vo d.e.

H OMe

H
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3.6 ALLENYL AND PROPARGYL TRANSFER TO THE BROMIDE (48)

The synthesis of the cr-allenylglycine derivative (169) (Figure 42) via the

reaction of the bromide (49) with propargyltriphenyl stannane (150) was

next attempted. The stannane was produced by use of the method of Le

Quan and Cadis¡106, which involved treatment of propargylmagnesium

bromide with chlorotriphenyl stannane. This procedure also gave a small

amount of allenyl triphenylstannane (170). The two products were readily

distinguishable by their infrared spectra and melting points, and separable

by fractional crystallization from hexane.

SnPh,
(1s0) Ph HBoc

o

I . rr,Un,
(16e) a\(770)

FIGURE 42

The 2-bromoglycinate (48) was treated with two equivalents of

propargyltriphenylstannane and a catalytic amount of A.I.B.N. in

refluxing benzene for five hours. Chromatographic removal of tin
compounds and low R¡ material gave a mixture of products in a combined

yield of 45vo. lH-N.tvl.R. analysis of the mixture revealed only one

tertiarybutyl methyl resonance, but two pairs of geminal methyl singlets

and two ring methyl doublets were detected. The ratio of the two products

was approximately 2: 1.. The fact that only one tertiarybutyl resonance was

detected strongly suggested that the two compounds were not simply C-2

epimers, since precedence had established that a 0.2-0.3 p.p.m. difference

between resonances would have been observed if this were the case.
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Phs5n r''SnPh, +

-_.>

+ SnPh,

(1so) (170)

FIGURE 43

Baldwin s¡ a1707 had reported that, in the presence of A.I.B.N., thermolysis

of propargyltriphenyl stannane (150) resulted in partial isomerization to

allenyltriphenyl stannane (170) uia the competing SH2' reaction of

triphenylstannyl radical with the acetylene (Figure 43). Although Baldwin

stated that allenyltriphenyl stannane was unreactive under homolytic

conditions, it was considered that one of the products in this mixture

could have arisen from the reaction of this stannane with the bromide,

perhaps through an alternative mechanism.

It was thus necessary to determine what, if any, product resulted from

treatment of the bromide with allenyltriphenyl stannane and a catalytic

amount of A.I.B.N. in refluxing benzeîe. lH-N.tr¿.R. analysis of the

product of this reaction (obtained in 53Vo yietd) detected predominantly

one compound. The spectrum obtained matched that of the minor

compound produced in the previous reaction. In addition, a small peak

0.03 p.p.m. upfield of the tertiarybutyl methyl resonance was present,

suggestive of a minor, C-2 epimer. The spectrum displayed all of the usual

features of the a-substituted 8-phenylmenthyl N-f-Boc-glycinates in this

series. In addition, the cr-proton resonated as a complex multiplet at ô 4.09

and complex signals integrating for three protons appeared at õ 4.90-5.15

(i.e., in the vinylic region).

The I.R. spectrum of this compound contained a peak at V 1958 cÍt-1,

indicating the presence of an allenyl group. No peaks assignable to a
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terminal alkyne were present. This suggested that the a-allenylglycine

derivative (169) was the product of this reaction.

the 13C-N.M.R. spectrum of this compound was also consistent with the

proposed structure. The cr-carbon resonance at õ 51.53 was accompanied by

signals at õ79.43 and ô 89.06 (CH2 and CH respectively). The chemical

shifts of the latter two signals are too low for vinylic carbon atoms but are

within the range expected for terminal allenic carbons. A low intensity

signal at õ 207.79 confirmed the presence of an allenyl group. The mass

spectrum of this product revealed a peak due to the molecular ion at

rn/z 427 and an M-L peak at rn/2426. This hydride loss is typical of

allenes108. ô
NHSàC

( rt )
H.P.L.C. analysis of the product revealed that it contained two components

in a 93:7 ratio, with the major component having the lower retention

time. Hydrogenation of this mixture yielded (L77), a 93:7 mixture of two

compounds which co-eluted with the two components of genuine

8-phenylmenthyl N-ú-Boc-(R,S)-norvalinate (75a) and (75b).

The lH-N.M.R. spectrum of the hydrogenated product was identical to that

of authentic 8-phenylmenthyl N-f-Boc-(S)-norvalinate (75a), except for the

presence of the tertiarybutyl methyl signal of the (R)-norvalinate as a

small shoulder 0.03 p.p.m. upfield of the complementary signal of the

major diastereomer. This observation, along with the fact that the major

hydrogenation product co-eluted with the authentic 2-(S)-norvalinate

(75a), establishes that the C-2 conformation of the predominant allenic

diastereomer is also (S).
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This work established that the minor product formed upon treatment of

the bromide (a8) with propargyl triphenylstannane in refluxing benzene

was the ø-allenyl compound (169), and that it arose through reaction of

the bromide with allenyltriphenyl stannane (formed by isomerization of

proPargyltriphenyl stannane). It then remained to establish the identity of

the major product formed in this reaction, and its mode of formation.

Ph

Ph

o

o

Br

¡+

nPh,
Boc

PhH, A.I.B.N., R.T., 16 hrs.

(48)

* 2-(S) : 2-(R)

Boc 97:3

í72) SCHEME 42

It was suspected that this major product was the propargylglycine

derivative (L72), formed by the reaction of the bromide with

propargyltriphenyl stannane. Therefore it was necessary to conduct this

reaction under conditions that would not isomerize the propargyl

stannane to the allenyl stannane. It was considered that a lower reaction

temperature would suppress this isomerization. Accordingly, the

2-bromoglycinate (48) was treated with two equivalents of

propargyltriphenylstannane (150) and a catalytic amount of A.LB.N. in

benzene at room temperature (Scheme42). After sixteen hours, the crude

reaction product was purified by chromatography. The infrared spectrum

of the purified product contained an absorption at V 3300 cm-1 due to a

terminal acetylenic C-H stretch, and no allenyl stretch at 1958cm-1.
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Curiously, no peak due to the triple bond stretch was present in the

infrared spectrum. Flowever, N.M.R. spectral evidence left little doubt

that an acetylene group was present in the molecule. The product (172)

gave a molecular ion of rn/z427,but no M-1 peak was present in the mass

spectrum.

The only compound detected by lH-N.tr¿.R. spectroscopy had an identical

spectrum to that of the major compound formed in the reaction of

bromide (48) with propargyltriphenylstannane at 80"C. The a-proton of

this product resonated as a doublet of triplets centred at õ 3.59. The doublet

coupling of 7.8 Hz matched the coupling of the amide proton doublet

centred at õ 5.08. The triplet pattern indicated that the a-proton was

coupled to two p-methylene protons, as would be expected for an

ct,-propargylglycine derivative. Although these p-protons would

necessarily be diastereotopic, it is not unreasonable that both cr-p couplings

could have similar magnitudes.

The AB portion of this inferred ABX system was centred at õ 2.27 p.p.m.,

with a geminal AB coupling of 1.6.9 Í1z,. Analysis of this system yielded the

values I¿,=4.1F{2 and Jnx =4.0H2, which were indeed of similar

magnitude, though not equal, to the triplet coupling of 4.4H2 present in

the cr-proton multiplet. Flowever, decoupling at the a-proton frequency

resulted in the collapse of the 4.7}J2 and 4.0 Hz couplings, confirming the

connectivity between the protons responsible for these three signals. Each

diastereotopic p-proton displayed a further, small coupling (of 2.5 FIz and

2.8frz, respectively) to another proton. The magnitude of these couplings

suggested that they were long-range. Four-bond coupling to the acetylenic

proton of the propargyl unit accounts for this observation. This proton

resonated as a broad singlet at õ 2.08.
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All of these data were consistent with the presence of a propargyl group at

the a position of the glycine moiety. The 13C-N.M.R. spectrum of the

product further confirmed this structure. The diagnostic peaks in this

spectrum were at 870.97 (quaternary C) and ô 79.03 (methine C), due to the

acetylenic carbons, and at õ22.37, due to the p, propargylic carbon.

H.P.L.C. analysis of the product revealed the presence of two components

in a 97,,3 ratio. Again, the major component of the mixture eluted first.

Hydrogenation of the mixture gave a product (173) which contained two

components, also in a 97:3 ratio. The major component of the

hydrogenated mixture coeluted with 8-phenylmenthyl

N-f-Boc-(S)-norvalinate (75a), whilst the minor component coeluted with

the (R)-norvalinate (75b). The lH-N.M.R. spectrum of the hydrogenated

mixture was identical to that of the authentic (S)-norvalinate, except for a

signal due to the f-Boc methyl protons of the (R)-norvalinate, present as a

small shoulder upfield of the major f-Boc methyl peak.

This work unequivocally shows that, unexpectedly, the bromide (a8) reacts

with propargyltriphenylstannane to give the corresponding
q-Propargylglycine derivative (172), and with allenyltriphenyl stannane to

give the a-allenylglycine isomer (169). That these products were obtained

indicate that, in these reactions, the glycinyl moiety couples with the

carbon atom cr, and not T, to the tin. Unlike the classical homolytic allyl

transfer mechanism, this coupling would not involve the transposition of

æ electrons within the carbon unit being transferred. Therefore, the

mechanism operating here is not the radical S¡12' mechanism.
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+
NHBoc

NHBoc

(11e)
SnPh 3 R

(169): R = allenyl
(LZZ): R = proparglzl

R* = 8-phenylmenthyl

FIGURE 44

A reaction mechanism which does not involve radicals, but rather,

invokes ionic intermediates, also accounts for the products obtained.

Heterolysis of the carbon-bromine bond gives the iminium species (L19)

and bromide ion. Attack by bromide ion on the halophilic tin atom

polarizes the carbon-tin bond, rendering the allenyl and propargyl groups

nucleophilic. The allenyl and propargyl "anions" then alkylate the cr

carbon of the iminium cation, as shown in Figure 44.

The'fact that phenyl transfer does not occur does not rule out this ionic

mechanism, as the phenyl anion is not resonance stabilized. Both the

allenyl and propargyl anions are stabilized, by delocalization of the

negative charge, since the o orbital which formally contains the charge can

overlap with the neighbouring n orbital in both cases. In the case of the

phenyl anion, no such overlap is possible since the ru system is orthogonal

to the o orbital housing the negative charge. However, this mechanism

cannot be operating in the allyl transfer reactions dicussed previously,

since the product of coupling cr to the tin atom ((tzE), Figure 45) in the

reaction of the bromide (48) with (E)-(tri-n-Butylstannyl)-2-butene was not

detected.
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3.7 ALLYL TRANSFER IN THE PRESENCE OF A RADICAL INHIBITOR

An attempt was made to eliminate the mechanistic ambiguity that existed

due to the products obtained in the reaction of the bromide (a8) with

allenyl and propargyl triphenylstannanes. The results of these

experiments cast doubt on whether the alkyl transfer reactions of the

bromide were indeed radical in nature. Consequently, the reaction of the

bromide with allyltri-n-butylstannane was carried out in the absence of

A.I.B.N., but in the presence of the radical inhibitor, hydroquinone, and in

the dark. The quantity of radical inhibitor used was ten mole 7o relative to

the amount of allytributylstannane. Under these conditions, T.L.C.

analysis indicated that allyl transfer to give mainly the 2-(S) allyglycinate

(157a) proceeded at the same previously observed rate. H.P.L.C. analysis of

the mixture also revealed that the 2-(S):2-(R) ratio was 96:4, the same ratio

obtained when the reaction was conducted in the presence of A.I.B.N. and

with no measures taken to preclude light.

This result does not necessarily indicate that the allyl transfer reaction is

not a radical reaction. Radical reactions may still proceed in the presence

of radical inhibitors if the radicalophile employed (in this case,

allyltri-n-butyltin) is a more efficient radical scavenger than the radical

inhibitor. In short, the result of this experiment was inconclusive.

Irrespective of the finer details of the mechanism involved, this process

yields amino acid derivatives of extremely high optical purity. Although

acid-catalyzed hydrolysis of the propargylglycine derivative was not

attempted, if successful, propargyl glycine, an inhibitor of the pyridoxal

dependent enzyme 1-cystathionase109,110, would be produced.
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Acid-catalyzed hydrolysis of the allenyl glycine derivative (169) would

almost certainly (in light of the partial double bond hydration during

hydrolysis of (157a)) give rise to 2-amino-4-oxo-pentanoic acid (175)

through hydration of the atlenyl group (Scheme 43). The hydration of an

a-allenyl c-amino acid derivative to (175) under attempted acid-catalyzed

hydrolysis has been reported by Castelhano3T. This amino acid is of

interest in its own right as it is a component of argiotoxin-636 (176),

(Figure 46), found in some spider venoms1l1. This compound is under

investigation as a treatment for stroke o,i.¡1*s111.
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trX['trRïN/fltrNif AL

GENERAL

Melting points were determined using a Kofler hot-stage apparatus under

a Reichert microscope and are uncorrected.

Elemental analyses were carried out by the Canadian Microanalytical

Service Ltd., New Westminster, Canada.

as Gtyv.s
Infrared Spectra were recordedrron a ]asco A-702 Spectrophotometer using

the 1603 cm-l band of polystyrene as a reference.

60 I|i'{}lz lH-N.trrt.R. spectra were recorded on either a ]eol JNM-PMX

spectrometer or a Varian T60 spectrometer. 300 MHz 1ft-N.trrt.R. spectra

were recorded on either a Bruker CXP-300 or a Bruker ACP-300

spectrometer. 13C-N.tr¿.R. spectra were recorded on either a Bruker

CXP-300 or a Bruker ACP-300 spectrometer. Unless otherwise stated,

chemical shifts have been quoted in parts per million (p.p.m.) downfield

from tetramethylsilane. Peak multiplicities have been abbreviated to s

(singlet); d (doublet); t (triplet) and q (quartet).

AII thin layer chromatography was performed on Merck DC-Alufolien

Kiselgel 60 F25a Art. 5554. T.L.C. plates were developed using a solution of

1.0Vo w/v ammonium molybdate in IMHCl followed by heating. Flash

Chromatography6T was performed on Merck Kieselgel 60 (230-400 mesh

ASTM). D.y column chromatography66 was performed on Merck

Kieselgel 60 HF25a Art.7739.

7M



H.P.L.C. chromatography was carried out using a Waters 60004 solvent

PumP and a Waters Model 441 Absorbance Detector operating at 254 nm,

in conjunction with an I.C.I. D.P-700 data station. A Waters Radial Pak

normal phase 10 ¡rm silica column (8 mm) was used.

Electron impact mass spectra were recorded with an AEI MS-30 double

focussing mass spectrometer operating at 70 eY. F.A.B. mass spectra were

recorded with a Vacuum Generators ZAB 2HF mass spectrometer with

argon gas and a glycerol matrix.

Atl solvents were distilled before use. Anhydrous diethyl ether,

tetrahydrofuran and benzene were obtained by distillation from

benzophenone ketyl.
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(1R, 25, íIRl -2 - (1,-methyl-1-pheny I ethy l) -5 -methyl cy cl ohex ano I

(Gl -8 -pheny lmenth oD Ø5)

Followed the method of Ort56. The title compound was obtained in 39%

overall yield from (R)-(+)-pulegone (Aldrich 85Vo). lcr]ozo = -26.4" 10.5'.

Lit.s6 : [a]ozo = -26.4" +0.1". 1H-N.VÍ.R. (300 MHz) õ: 0.88 d, I 6.7 ÍIz, 3H

(ring CHs); 7.29, s,3H (CH3CPh);7.42, s,3H (CH3CPh);0.75-7.90 complex,

9IJ;3.52, d of t, 14.3,]..0.2 flz, 1H (HC-OH); 7.70-7.45, m, 5H (ArH).

13c-N.tr¡.R. (25.5 MHz) õ:2't.96 (CHeCph); 24.20 (CHeCph); 26.39 (ring

CHzCHCPh);28.63 (ring CHS); 37.43 (ring CHCHa);34.80 (ring CH2CHCHg);

39.70, (CMeZPh); 45.26 (ring CHZC-O); 54.06 (ring CHCPh); 72.87 (H-C-O);

725.77,128.37,757.26, (Ar). v max 3410 and 3560 cm-1.

SYNTHESIS OF N-TERTIARYB UTOXYCARB ONYL AMINO ACID S:

The following N-tertiarybutoxycarbonyl amino acids were synthesized

from the corresponding amino acids by the method of Itoh, Hagiwara and

Kamiya 38. All are known compounds. In the cases where the

compounds were obtained as solids, their melting points corresponded to

the reported values. In the cases where the compounds were obtained as

oils, 1H-N.M.R. analysis gave spectra which were consistent with the

compound structure.

N-tertìøryb ut oxy cørb onyl-(R,Sl - alanine (67)

N-tertìarybuto xy cørb onyl-(S) - al anine (67 a)

N -t e rt i øry b ut o xy c ørb o ny I - (R,Sl - n o ns alin e (68 )
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N -t erti aryb ut oxy carb onyl-(S\ -nora aline (68 a)

N -tertiaryb uto xy c arb onyl -(R,S) -a aline (69)

N -tertiaryb utoxy cørb onyl-(Sl-zt alìne (69 ø)

N -tertiaryb utoxy carb onyl-(R,S\ -phenylgly cine (7 0)

N -turtiaryb utoxy carb onyl-(R,Sl -phenyl al anine (71-)

N -tertiarybutoxy carb onyl-(R,S) -2- øminobutanoíc aciil (72)

N-tertiaryb utoxy carb onyl-(R,S) - allylgly cine (73)

N -tertí aryb ut o xy carb onyl-(R,Sl -leucíne (77 9)

N -tertiøryb utoxy carb onyl -(S) -leucine Q79 a)

N - t ert i aryb ut o xy c arb o ny l- QR'S, 3 R S )-ls o I e ucine (L8 0 )

N-tertiarybutoxy carb onyl-(29, 3S') -isoleucine (180 a)

N -terti aryb uto xy carb o ny I-(25, 3R,l -is oleu cine (780b)

N -tertíarybutoxy carb onyl-QR, 3R.l -is oleucine (180 c)

N -tertiøryb ut oxy carb onyl-QR, 33) -isoleucine (780 d)
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(1R, 25, 5R.) -2- (1 -m ethyl -L- phe nyl ethyl) - 5 -methy I cy cl ohexyl

2- Kterti øryb ut oxy carb ony l) aminol a cet ate (47)

N -tertiarybutoxycarbonylglycine (46) was esterified with

(-)-8-phenylmenthol using the method of Hassner and Alexanian45.

Purification of the crude product by flash chromatography gave t}:.e title

compound as a colourless oil in 937o yield. M.S. 389 (M+), 333

(M+ - C¿HS). Microanalysis: found C70.847o, H9.747o. CZaH3SNO¿

requires C70.92Vo, lF'9.06Vo.lH-N.lr.n. (300 Mftz) ô:0.87, d,l 6.6 Hz,3H

(ring CHe); 1.18, s, 3H (CHgCPh); ']...29, s, 3H (CHgCPh); 7.43, s, 9H (úBu

CHg); 0.8-2.7, complex, 8H (methylene envelope); 3.05, d of d, 15.9,75.7f12,

7Ij(pro-R o-CH);3.29,dof d,l5.3, 15.1 LIz,7F{(pro-S aCH);4.38,br. m, lFI

(NH¡; 4.87, d of t, | 4.2, 70.7 Hz, 7H (HC-O); 7.7-7.4, complex, 5H (ArH).

13c-N.rr¡.R. (25.5 MHz) õ:27.64 (cH¡cph); 22.66 (CHgCph); 26.ts (ring

CHzCHCPh); 28.22 (úBu CH3);29.45 (ring CH3); 31.13 (ring CHCHa); 34.37

(ring CHZCHCHI);39.28, (CMe2Ph); 41.49 (ring CHZC-O); 42.26 (u CFI2);

50.15 (ring CHCPh);74.73 (H-CÐ); 79.27 (CMe3); 725.07,725.20,127.79,755.34

(Ar);1,57.73 (fBoc C=O); 1,69.07 (ester C=O). vmax 3470,1725 crn-7.

(1 & 2 S, íRl -2 - (L-m ethy l - l--ph e ny I e thy l) - 5 - m ethy I cy cl ohexyl

(R,SI -2- [(tertì aryb ut o xy c arb ony l) amino]prop øno ate (7 4)

N-tertiarybutoxycarbonyl-(R,S)-alanine ßZ¡ was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian45.

Purification of the crude product by flash chromatography gave the title

compound as a colourless oil in957o yield. Microanalysis: found C77.227o,

H 9 .27 7o . CZ+H¡ ZNO4 requir es C 7 7.43To, H 9.24Vo.
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Small samples of the pure 2-(S) and 2-(R) diastereomers were obtained by

preparative H.P.L.C:

Data for the 2-(S) diastereomer (74a): F.A.B. M.S. : m/2404 ([M + H]+), 3+B

([M + H]+ - C¿Hs). lH-N.vt.R. (300 MHz) õ: 0.82 d., I 6.2Hz,3H (ring CHg);

7.09, d, I 7.7 ÍIz,3H (o CHg); 7.20, s, 3H (CHeCPh); 1.30, s, 3H (CH¡CPh);

7.44, s,9H (fBu CHg); 0.8-2.'].,, complex, 8H (methylene envelope); 3.65, m,

lH (cr CH); 4.49, d, ] 7.2 flz, 1H (NH); 4.81, d of t, | 4.3, '1,0.7 ÍIz, 7H (HC-O);

7.7-7.4, complex,5H (ArH). 13C-N.VÍ.R. (75.5 MHz) õ:78.44, (cr CH3); 27.75

(CH¡CPh); 23.88 (CHgCPh);26.47 (ring CHzCHCPh); 28.47 (ruu CH3¡; 28.93

(ring CHg); 37.26 (ring CHCHa);34.56 (ring CHZCHCHù;39.54, (CMe2Ph);

47.47 (ring CHZC-O) ; 49 .72 (a CH); 50.34 (ring CHCPh); 75 .32 (H-C-O); 79 .28

(CMe3); 725.37,728.05, 154.83 (Ar); 151.7 (rBoc C=O); 772.78 (ester C=O).

Data for the 2-(R) diastereomer (74b): F.A.B. M.S. : rn/ z 404 ([M + H]+), 348

(tv + Hl+ - C¿Hs). 1H-N.v.R (300 MFIZ) ô: 0.86, d, I 6.4H2,3H (ring CHg);

7.20, d, I 7.7 flz, 3H (o CHg); 7.23, s, 3H (CHSCPh); 7.32, s, 3H (CHgCPh);

7.M, s,9H (t¡u CHg); 0.8-2.1, complex, 8H (methylene envelope); 3.96, m,

1H (o CH); 4.78, d, I 8.7 ÍIz, 1H (NH); 4.87, d of t, | 4.4, 70.7 ÍIz, lH (HC-O);

7.7-7.4, complex, 5H (ArH). l3C-N.tvt.R. (75.5 ¡¿TI;¿) õ: 18.00, (a CH3); 27.71.

(CHgCPh); 26.1,5 (ring CH2CHCPh); 26.99 (CHSCPh); 27.62 (ring CHs); 28.35

(úBu CH3);37.32 (ring CHCH3,); 34.50 (ring CHZCHCHg); 40.06, (CMezPh);

47.67 (ring CHZC-O);49.84 (c¿ CH); 50.08 (ring CHCPh); 76.76 (H-C-O); 79.70

(CMe3); 125.33, 125.52, 728.00, 754.84 (Ar); 150.96 (fBoc C=O); 772.78 (ester

C=O).
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(1R, 25, ít l -2- (I-methy I -I-pheny I ethyl) - 5 -methyl cy cl ohexy I

6) -2- [(terti aryb ut o xy carb onyl) aminolpr op ano øte çZ la)

N-tertiarybutoxycarbonyl-(S)-alanine (67a) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian4s.

Purification of the crude product by flash chromatography gave the title

compound as a colourless oil in 82Vo yield. N.M.R. data : identical to the

data quoted above for the 2-(S) diastereomer (67a).

(1R, 25, íR,l -2- (1.-methyl-7-phenylethyl) - 5 -methy I cy cl ohexy I

(R,Sl-2-[(tertiarybutoxy carb onyl) amínolp entano øte (7 5)

N-tertiarybutoxycarbonyl-(R,S)-norvaline (68) was esterified with

(-)-8-phenylmenthol using the method of llassner and Alexanian45.

Purification of the crude product by flash chromatography gave t}i.e title

compound as a colourless oil in 98Vo yield. Microanalysis: found

C 7 3.07 Vo, H 9.47 % . CZOFI¿f NO4 requir es C 7 2.35Vo, H 9 .38Vo .

Small samples of the pure 2-(S) and 2-(R) diastereomers were obtained by

preparative H.P.L.C:

Data for the 2-(S) diastereomer (75a): F.A.B. M.S. : m/2432 ([M + H]+),326

([M + H]* - C¿Hs). lrt-N.tr¿.R. (300 MFIz) ô:0.80-0.95, complex, 6H (ring

CH3 and ô CH¡); 1..27, s,3H (CHgCPh); 1.30, s, 3H (CHgCPh);7.46, s, 9H (fBu

CHg); 0.95-1.90, complex, 1LH (methylene envelope);2.05, d of t, 13.2, 8.9

LIz, 7H (ring CH); 3.64, br. d of d, I 5.7, 73.8 ÍIz,1H (cr CH); 4.52, d, I 8.7 Í12,

1H (NH); 4.79,dof t,l4.3, 10.8 ÍIz,7H (HCÐ); 7.75-7.35, complex,5H (ArH).

13c-ru.u.R. (25.5 MFIz) õ: 13.68 (ô CH3); 18.41 (p or y cHz) ;27.72 (CHgCPh);

24.08 (CHgCPh); 26.36 (ring CH2CHCPh); 28.31 (fBu CH¡) ;28.69 (ring CHg);

31.18 (ring CHCHù;34.47 (ring CHZCHCHI);39.45, (CMe2Ph); 47.29 (ring
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CHzC-O); 50.24 (ring CHCPh); 53.10 (cr CH); 75.35 (H-C-O); 79.73 (CMe3);

725.20,725.26,727.96,155.12 (Ar); 151.54 (fBoc C=O); 777.92 (ester C=O).

Data for the 2-(R) diastereomer (75b): F.A.B. M.S. : rn/ z 432 ([M + Hl+), 376

([lvt + H]+ - C¿Hs). lH-N.tvt.R. (300 MHz) õ: 0.80-0.95, complex, 6H (ring

CH3 and ô CHe); 1..23, s,3H (CHeCPh);7.32, s,3H (CHeCPh);7.43, s, 9H (úBu

CHg); 0.95-2.'J,0, complex, 12H (methylene envelope); 3.97, br. d of d, I 8.2,

72.8IJz,lH (ø CH); 4.72, d, I 9.3 Hz,lH (NH); 4.85, d of t, | 4.3, 70.6 ÍIz,7H

1HC-O); 7.'1.0-7.30, complex, 5H (ArH).

(1R, 25, 5I ) -2 - (l,-methyl -7-phenylethyl) - 5 -methy I cy cl oh exy I

6\ -2- [(tertiarybutoxy carb onyl) aminolp entano ate (7 5 a)

N-tertiarybutoxycarbonyl-(S)-norvaline (68a) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian4s.

Purification of the crude product by flash chromatography gave tli.e title

compound as a colourless oil in 56Vo yield. N.M.R. data : identical to the

data quoted above for the 2-(S) diastereomer (75a).

(1R, 25, íR'l -2 - (1-methyl-1--phenyl ethy l) - 5 -methy I cy cl ohexy I

(R,S)-2-[(tertíarybutoxy carb onyl) amino] -3-methylbut ano ate (7 6)

N-tertiarybutoxycarbonyl-(R,S)-valine (69) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian4s.

Purification of the crude product by flash chromatography gave the title

compound as a colourless oil in88Vo yield. Microanalysis: found C72.087o,

H 9 .38Vo . CZOH¿f NO4 requir es C 72.357o, H 9 .57 Vo .
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Small samples of the pure 2-(S) and 2-(R) diastereomers were obtained by

preparative H.P.L.C:

Data for the 2-(S) diastereomer (76a): F.A.B. M.S. : m/ z 432 ([M + H]+), 376

([lvt + H]+ - C¿Hs). lH-N.tr¿.R (300 MFIZ) ô: 0.70, d, I 6.8 Írz, z}l(iPr CHa);

0.80, d, I 6.8 Hz,3H (iPr CH¡); 0.89, d, I 6.6 tlz,3H (ring CH¡); 7.22, s, 3H

(CHgCPh);1..30, s, 3H (CHaCPh);7.47, s, 9FI (tnu CH3);0.8-2.7, complex, 9H

(methylene envelope); 3.53, d of d, 13.6,8.6flz,7H (a CH); 4.78, d of t,l 4.3,

70.7 ÍIz, 1H (HC-O); 4.86, d, I 8.6 Hz, 7H (NH); 7.'1.-7.4, complex, 5H (ArH).

l3c-u.vt.R. (25.5 MFrz) õ: tr.3s, (ipr cHa) ; 78.64 (ípr CHg) ; 2t.75 (CH¡Cph);

24.64 (CH¡CPh); 26.47 (ring CHzCHCPh); 28.28 (úBu CH3 and ring CHg);

31.01 (ring CHCHa); 37.25 (íPr CH); 34.49 (ring CHzCHCHg); 39.52,

(CMezPh); a7.48 (ring CHZC-O); 50.48 (ring CHCPh); 58.04 (cr CH); 75.5"1.

(H-C-O); 79.27 (CMe3); 725.27,727.92,755.28 (Ar); 151.22 (fBoc C=O); 777.46

(ester C=O).

Data for the 2-(R) diastereomer (76b): F.A.B. M.S. : rn/2432 ([M + H]+),376

([M + H]+ - C¿Hs). lH-w.trrt.R. (300 MHz) ô: 0.82, d, l 6.9 frz, 3H (ipr CH3);

0.83, d, I 6.5 ÍIz,3H (iPr CHe); 0.97, d, I 6.8 ÍIz,3H (ring CHg); 7.24, s, 3H

(CHgCPh); 7.33,s, 3H (CHgCPh); 7.4,s, 9H (tnu CH3); 0.8-2.7, complex, 9H

(methylene envelope); 4.07, d of d, 14.5,9.5 Hz, lH (o CH); 4.72-4.97,

complex, 2H (NH & HC-O); 7.'1.-7.4, complex, 5H (ArH). l3C-i.l.M.R.

(75.5 MHz) õ: 1,6.96, (rPr CH3);79.35 (iPr CH3);27.68 (CHeCPh); 24.99

(CHeCPh); 27.78 (ring CHzCHCPh); 28.28 (tsu CHe); 28.94 (ring CH3); 30.55

(íPr CH); 31.33 (ring CHCHg); 34.40 (ring CHzCHCHù; 40.72, (CMezPh);

47.66 (ring CH2C-O); 49.95 (ring CHCPh); 58.90 (cr CH); 76.42 (H-C-O); 79.48

(CMe3); 125.33, 725.52, 727.98,155.38 (Ar); 150.50 (úBoc C:O); 777.07 (ester

C=O).
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(7R, 25, íRl -2- (L-methy I -L- pheny I ethyl) -5 -methyl cy cl ohexy I

6l -2- [(tertì aryb uto xy carb ony l) amino] -3-methylb ut an o ate (7 6 ø)

N-tertiarybutoxycarbonyl-(S)-valine (69a) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian45.

Purification of the crude product by flash chromatography gave t}:.e title

compound as a colourless oil in 76Vo yietd. N.M.R. data : identical to the

data quoted above for the 2-(S) diastereomer (76a).

(1& 25, 1IR') -2- (1--methyl-L-phenylethyl) -5 -methyl cy cl ohexyl

(R,SI -2- [(t ertíaryb uto ry carb onyl) amíno] -2-phenyl a cet ate (77 )

N-tertiarybutoxycarbonyl-(R,S)-phenylglycine (70) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian45.

Purification of the crude product by flash chromatography gave t}:.e title

compound as a colourless oil in 957o yield. Microanalysis: found

C 7 4.877o, H 8.23Vo. CZgHggNO4 requires C 74.81 7o, H 8.M7o.

Small samples of the pure 2-(S) and 2-(R) diastereomers were obtained by

preparative H.P.L.C:

Data for the 2-(S) diastereomer (77a): F.A.B. M.S. : rn/ z 466 ([M + H]+), 410

([M + H]+ - C¿Ha). lH-N.tr¿.R. (300 MFIZ) õ:0.76, d,l 6.3 Lrz,3H (ring CHg);

7.22,s,3H (CHaCPh);7.32, s,3H (CHgCPh);1..45, s,9H (tBu CHg);2.00, d of t,

12.8,77.6 Hz,1H (ring CH); 0.8-1.9, complex, 7H (methylene envelope);

4.34, d, I 7.7 Hz, 1H (o CH); 4.79, d of t, | 4.3, 70.6 Hz, 7H (HCÐ); 5.46, d, I 7 .7

IJz,lH (NH); 6.9-7.4, complex, 10H (ArH). 13C-N.trrt.R. (75.5 MHz) ô: 21.54

(CH¡CPh);23.73 (CHgCPh);26.73 (ring CHzCHCPh); 28.22 (fBu CH3); 28.80

(ring CHg); 37.07 (ring CHCHa); 34.36 (ring CHzCHCHù;39.a9, (CMe2Ph);

40.46 (ring CHZC-O); 50.34 (ring CHCPh); 57.12 (cr CH); 75.58 (FI-C-O); 79.53
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(CMe3); 725.28, 726.75, 727.92, '!.28.23,737.47, 754.32 (Ar); 151.29 (fBoc C=O);

769.98 (ester C=O).

Data for the 2-(R) diastereomer (77b): F.A.B. M.S. : m/2466 ([M + H]+), 410

([M + H]+ - C¿Ha). lH-N.tvt.R. (300 MFIZ) õ: 0.84, d, I 6.4 flz, 3H (ring CHg);

0.80, s,3H (CHgCPh); 1.00, s,3H (CHgCPh);7-43, s,9H (úBu CH3);7-0-'l'-7'

complex, ZH (methylene envelope) ; 7.82, d of t, I 3.3, 71'.9 Hz,1H (ring CH);

4.7g,dof t,14.4,'1.0.5Írz,LFI(HCÐ);5.13,d, 16.7Írz,1H(cr,CH);5.52, d,]r6.7

ÍIz,7H (NH); 7.0-7.4, complex, 10H (ArH). 13C-N.trrt.R. (75.5 MFIZ) õ:27.62

(CHgCPh); 23.77 (CHeCPh); 27.25 (ring CHzCHCPh); 28.28 (rBu CH3); 29-25

(ring CHg); 31.31 (ring CHCHa); 34.36 (ring CHZCHCHù;39.97, (CMeZPh);

47.54 (ring CHzC-O);50.41(ring CHCPh); 58.38 (cr CH); 77.26 (H-C-O); 79.95

(CMe3); 725.33,725.59, 1.27.60,'1.27.86,728.37,728.69, 736.70, 754.57 1er);

749.99 (úBoc C=O); 769.42 (ester C=O).

(7Jd., 25, lRl -2- (L-methy l -l.-ph enyl ethy l) -5 -methyl cy cl ohexyl

(R,SI -2 - [(terti øryb uto xy c arb onyl) ømin o] -3'phenylpt op ano øte (60)

N-tertiarybutoxycarbonyl-(R,S)-phenylalanine (71) was esterified with

(-)-8-phenylmenthol using the method of Hassner and Alexanian45.

Purification of the crude product by flash chromatography gave t}ire title

compound as a colourless oil in 967o yield. Microanalysis: found

C 7 5.08Vo, H 8.57 Vo . C¡OH¿ f NO4 requir es C 7 5.72Vo, H 8.62Vo .

Small samples of the pure 2-(S) and 2-(R) diastereomers were obtained by

preparative H.P.L.C:

Data for the 2-(S) diastereomer (60a): F.A.B. M.S. : m/2480 ([M + H)+),424

([M + H]+ - C¿Hs). 1H-N.M.R. (300 MFIZ) õ: 0.87, d,l 6.5 Hz,3H (ring CHg);

1.18, s, 3H (CHaCPh);7.26, s, 3H (CHaCPh);1.43, s, 9H (tnu CH3); 0.8-1.9,
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complex, ZFI (methylene envelope);2.05, d of t, 13.5177.2LIz,1H (ring CH);

2.62, d of d, | 6.4 I 1,3.9 ÍIz, 7H 1p CH); 2.87, d of d, | 5.8 / 13.9 Hz, 7H 1p CH);

3.87, d of d, | 6.2,74.3 tlz, 7H (cr CH); 4.54, d,l 8.3 ÍIz,1H (NH); 4.74, d of t,

14.3, 70.7 Hz, 1H (HC-O); 7.0-7.4, complex, 10H (ArH). 13C-N.M.R.

(75.5 l'lJlz) õ: 27.72 (CH¡CPh); 23.85 (CHeCPh); 26.37 (ring CHzCHCPh);

28.37 (rBu CH3); 28.90 (ring CHg); 31.20 (ring CHCHg); 34.46 (ring

CHzCHCHI); 37.70 (F CHz); 39.M, (CMezPh); 47.39 (ring CHzC-O); 50.27

(ring CHCPh); 54.76 (a CH); 75.80 (u-C-O); 79.30 (CMe3); 725.76, 126.63,

728.04,728.75, 729.47, 736.49,154.80 (Ar); 151.66 (úBoc C=O); 770.91. (ester

C=O).

Data for the 2-(R) diastereomer (60b): F.A.B. M.S.: m/2480 ([M + H)+),424

([M + H]+ - C¿Hs). lH-N.M.R. (300 MFIZ) õ: 0.81, d, I 6.6 Hz, 3H (ring CHg);

1.18, s, 3H (CHSCPh); 1,.27, s, 3H (CHgCPh); 7.40, s, 9H (tnu CH3); 7.0-2.7,

complex, 8H (methylene envelope); 2.84, d of d, 17.5,1.3.8 Hz,1H (P CH);

2.98, d of d, I 5.3, 73.8 Hz,1H (B CH); 4.04,br. d of d, 17.5, 73.2 Hz, 7H

(a cH); 4.56, d, I 7.7 fIz,1H (NH); 4.84, d of t, J 4.4, 70.7 Hz, 7H (HC-O); 7.0-

7.4, cornplex, 10H (ArH). 13c-N.tr¡.R. (75.5 MHz) õ:27.49 (CH¡CPh); 26.09

(CHgCPh) ; 26.60 (ring CHZCHCPh) ; 26.92 (ring CH3) ; 28.74 (tBu CH3¡ ; 37.07

(ring CHCHa); 34.24 (ring CHZCHCHg); 37.25 (Þ CHÐ; 39.67, (CMeZPh);

47.23 (ring CH2C-O); 49.83 (ring CHCPh); 54.87 (cr CH); 75.78 (H-C-O); 79.26

(CMe3); 1,25.79,726.M,127.79,728.77,1.29.35,736.59,154.51 (Ar); 150.89 (fBoc

C=O); 770.30 (ester C=O).
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(IJd., 25, íR'l -2 - (7- methy I -7 - pheny I ethy l) - 5 -methy I cy cl ohexy I

(R,Sl-2- [(tertiaryb uto xy carb onyl) amino]b utano ate (7 8)

N-tertiarybutoxycarbonyl-(R,S)-2-aminobutanoic acid (72) was esterified

with (-)-8-phenylmenthol using the method of Hassner and Alexanian4s.

Purification of the crude product by flash chromatography gave the title

compound as a colourless oil in 557o yield. Microanalysis: found

C 7 7.64Vo, H 9.06Vo. CZSHegNO4 requir es C 7 1..91 Vo, H 9.4'l.Vo.

Small samples of the pure 2-(S) and 2-(R) diastereomers were obtained by

preparative H.P.L.C:

Data for the 2-(S) diastereomer (78a): F.A.B. M.S. : rn/241.8 ([M + H]+),362

([M + H]+ - C¿Hs). lH-N.tr,t.R (300 MHz) õ: 0.76, t, I 7. flz 3I{, (y CHg); 0.87,

d,l 6.8tlz,3H (ring CHe); 7.27, s,3H (CH¡CPh); 1.30, s, 3H (CHgCPh);7.46, s,

9H (fBu CHg); 0.8-2.7, complex, 10H (methylene envelope);3.57, br. d of d,

17.0,73.3 ÍIz,7H (o CH); 4.63, d,l 7.7 tlz,1H (NH); 4.80, d of t, | 4.3,70.7 ÍIz,

lH (HC-O);7.70-7.30, complex, 5FI (ArH). 13C-N.tvl.R. (75.5 MHz) õ: 9.23 (y

CHe); 27.77 (CH¡CPh); 24.07 (CHsCPh); 25.38 (Þ Cuz); 26.3s (ring

CHzCHCPh); 28.30 (úBu CH3);28.64 (ring CHg);31.18 (ring CHCH¡); 34.45

(ring CHzCHCHI); 39.44, (CMezPh); 47.37 (ring CHzC-O); 50.27 (ring

CHCPh); 54.18 (a CH); 75.30 (H-C-O); 79.75 (CMe3); 725.24, 727.94,155.05

(Ar); 151.45 (fBoc C=O); 171,.67 (ester C=O).

Data for the 2-(R) diastereomer (78b): F.A.B. M.S. : m/z 478 ([M + H)+),362

([M + H]+ - C¿Hs). lH-N.tvl.R. (300 MFIZ) õ: 0.86, t,l7.4}lz3}j, (yCH3); 0.85,

d,l 6.4tfz,3H (ring CHg); 7.23, s,3H (CHgCPh);7.32, s, 3H (CHeCPh);7.M, s,

9H (fBu CHg); 0.7-2.7, complex, 10H (methylene envelope); 3.93, br. d of d,

17.4,1,2.6ÍIz,7H (cr CH); 4.76, d,l 8.ttlz,1H (NH); 4.86, d of t, | 4.3,70.7 flz,

1H (HC-O); 7.1,0-7.30, complex, 5H (ArH).
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(1R, 25, 5R') -2 - (L - methy I -7-pheny I ethy I) - 5 -methy I cy cl ohexyl

(R,Sl-2- [(tertiaryb ut o xy carb o nyl) øminolp ent-4- en o ate (7 9)

N-tertiarybutoxycarbonyl-(R,S)-allylglycine (73) was esterified with

(-)-8-phenylmenthol using the method of Hassner and Alexanian4s.

Purification of the crude product by flash chromatography gave tlire title

compound as a colourless oil in 76Vo yield. Microanalysis: found

C 72.437o, H 8.80Vo. CZeHg gNO4 requir es C 7 2.69 Vo, H 9 .157o .

Small samples of the pure 2-(S) and 2-(R) diastereomers were obtained by

preparative H.P.L.C:

Data for the 2-(S) diastereomer (79a): F.A.B. M.S. : rn/ z 430 ([M + H]+), 374

([M + H]+ - c¿Hs). lrt-N.tr¿.R. (300 Mrlz) ô: 0.87, d,l 6.4H2,3H (ring CHg);

7.2'1, s,3H (CHeCPh); 1.30, s, 3H (CHgCPh); 1,.46, s, 9H (úBu CH3); 0.8-2.4,

complex, 10H (methylene envelope); 3.64, br. d of d, 16.7, "1.3.2 Í12, 7H

(cr CH); 4.66, d, I 7.7 ÍIz, 1H (NH); 4.87, d oÍ t, | 4.4, 70.7 ÍIz,\H (HC-O); 4.98-

5.04, complex, 2H (CH2=CH); 5.a5-5.60, complex, 1H (CH=C¡¡Z);7.77-7.30,

complex, 5H (ArH). 13c-N.M.R. (75.5 MHz) õ:21..73 (CHgCPh); 23.82

(CHeCPh); 26.37 (ring CHzCHCPh); 28.29 (tsu CHg); 28.85 (ring CHg); 31.18

(ring CHCHZ); 34.M (ring CHZCHCHa); 36.38 (CHZC=C); 39.42, (CMeZPh);

47.42 (ring CHzC-O); 50.26 (ring CHCPh); 52.59 (a CH); 75.55 (H-C-O); 79.29

(cMeg); 118.45 (CH2=ç¡' 725.23, 127.97, 7V.87 (Ar); 132.59 (CH=CH);151,.60

(tBoc C=O); 770.98 (ester C=O).

Data for the 2-(R) diastereomer (79b): F.A.B. M.S. : m/ z 430 ([M + H]+), 374

([M + H]+ - C¿Hs). lH-N.tr¡.R. (300 MFIZ) õ: 0.86, d, I 6.5 trz, 3Il(ring cHg);

1.23, s,3H (CHgCPh); 1.33, s, 3H (CH¡CPh); 7.43, s, 9H (tnu CH3); 0.8-2.4,

complex, 10H (methylene envelope);3.98, br. d of d, 17.5,72.5 Hz, \H
(cr cH); 4.77, d, I 8.3 Hz, 1H (NH); 4.86, d of. t, | 4.3, 70.6 Hz, 7H (nC-o); 5.03-
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5.15, complex, 1H, (CHz=CH); 5.5+5.77, complex, 1H, (CHz=CH); 7.7-7.4,

complex,5H (ArH).

(7Jd., 25, 1I l -2- (l--methy I -7- phenyl ethyl) - 5 -methyl cy cl ohexy I

(2S,3Sl -2- [(tertiarybuto xy carb onyl) amino] -3-methylp entano ate (777 a)

N-tertiarybutoxycarbonyl(2S,3S)isoleucine (180a) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian4s.

Purification of the crude product by flash chromatography gave the title

compound as a colourless oil ín 48Vo yield. M.S. 445 (M+), 389 (M+ - C¿He).

Exact mass calculated for C27Ha¿NO¿ ([M + H]+) 446.327, f.ound 446.324.

1H-N.M.R. (300 MHz) õ: 0.76, d, I 6.8 Hz, 3H (y cH¡); 0.81, t, | 7.4 Hz, 3H

(ô CHg); 0.87, d,l6.5flz,3H (ring CHg); 7.22, s,3H (CH3CPh); 1.30, s, 3H

(CHaCPh);7.47, s, 9H (úBu CH3); 0.90-2.1'0, complex, 11H (methylene

envelope);3.53, d of d, I 3.7,8.2ÍIz,1H (cr CH);4.8L, d of t,l-4.0,8.3H2,7H

(HC-O); 4.93, d,l-8.2H2,1H (NH); 7.70-7.35, complex, SH (ArH).

(1 & 2 S, 5R.\ -2 - (1- m e thy I - 1. - ph e ny I e thy l) - 5 -m ethyl cy cl oh exy I

(25,3R) -2- [(t erti aryb ut o xy cørb onyl) amino] -3 -methy Ip ent ano ate (177b)

N-tertiarybutoxycarbonyl-(2S,3R)-isoleucine (1S0b) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian45.

Purification of the crude product by flash chromatograPhy gave t)ire títle

compound as a colourless oil in 67Vo yield. M.S. 445 (M+), 389 (M+ - C¿Hg).

Exact mass calculated for C27Ha¿NO¿ ([M + H]+) 446.327, found 446.328.

lH-N.tvt.R. (300 MFIZ) ô: 0.66, d,l'6.9Ílz,3H (1CH3); 0.75-0.90, complex, 6H,

(ô CH3 and ring CHg); 7.22, s,3H (CH¡CPh); 1.30, s,3H (CH¡CPh);'l'.47, s,9H
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(úBu CH3); 0.90-2.10, complex, 11H (methylene envelope);3.66, d of d, I 3.3,

8.9 Hz, 1H (cr CH); 4.79, d of. t, | 4.4, 70.8 Í12, 7H (HC-O); 4.82, d, I 8.9 tfz, 7H

(NH¡; 7.70-7.35, complex, 5H (ArH).

(7R, 25, 1I l -2- (1.-methyl-1,-phenylethyl) -5 -methylcy cl ohexyl

(2&3R)-2- [(tertìarybutoxy carb onyl) amíno] -3-methylpentano ate (777 c)

N-tertiarybutoxycarbonyl-(2R,3R)-isoleucine (fgOc) was esterified with

(-)-8-phenylmenthol using the method of Hassnei and. Alexanian45.

Purification of the crude product by flash chromatography gave the title

compound as a colourless oil in547o yield. M.S.445 (M*),389 (M+ - C¿Hg).

Exact mass calculated for C27H¿¿NO¿ ([M + H)+) 446.327, found 446.324.

lrt-N.tr¿.R. (300 MHz) ô: 0.80-0.95, complex, 9lts^, (ring CH3, t CHg and ô

CHe); 7.25, s,3H (CHgCPh); 1.33, s, 3H (CHgCPh);7.44, s, 9H (úBu CHg); 0.95-

2.05, complex, 11H (methylene envelope); 4.73, d of d, 14.8,9.3 \Iz, 7H

(cr CH); 4.8'j,, d,l 9.3 ÍIz,1H (NH); 4.85, d or t, | 4.2, 70.5 ÍIz,7H (HC-O); 7.10-

7.35, complex, 5H (ArH).

(7Id., 25, 5R.) -2- (7-methy I -7 - pheny I ethyl) - 5 -methyl cy cl ohexyl

QR,IS) -2- [(t erti aryb ut o xy c ørb o ny I) amin o] -3 -methylp ent øno ate (117 d)

N-tertiarybutoxycarbonyl-(2R,3S)-isoleucine (180d) was esterified with

(-)-8-phenylmenthol using the method of Hassner and Alexanian45.

Purification of the crude product by flash chromatography gave the title

compound as a colourless oil in 66Vo yietd. M.S. 445 (M+), 389 (M+ - C¿Hg).

Exact mass calculated for CzzH¿¿NO¿ ([M + H]+) 446.327, found 446.324.

1H-N.tr¡.R. (300 MHz) ô: 0.2g, d, I 6.8 Hz, iH (r CHg); 0.85, d, | 6.3 Hz, 3H

(ring CHe); 0.97, t, I 7.4 LIz, 3H (õ CHg); 1.24, s,3H (CHgCPh); 1.33, s, 3H

159



(CHgCPh); 7.44, s, 9H (fBu CH3); 1.00-2.00, complex, 11H (methylene

envelope); 4.26, d of d, 13.7,8.2H2, 1H (c¿ CH); 4.70-4.90, complex, 2H

(HC-O, NH); 7.05-7.35, complex, 5H (ArH).

(1R, 25, 5R.\ -2 - (L-methyl -1-phenylethyl) - 5 -methylcy cl ohexyl

e R S, 3R S )-2 - [(ú er t i aryb ut o xy c ørb o ny l) ømín oI -3 -methy lp ent an o at e (717 )

An equimolar mixture of (25, 3S), (25, 3R), (2R, 3R ) and

(2R, 35)-N-tertiarybutoxycarbonyl-isoleucine (180) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian45.

Purification of the crude product by flash chromatography gave t}re title

compound as a colourless oil in 53Vo yield. Microanalysis: found

C 72.36Vo, H 9.7 )Vo. CZZH¿gNO4 requir es C 72.77 Vo, H 9.737o. 1H-N.trrt. R.

(300 MHz) : indicated that an equimolar mixture of the four isoleucinates

(ll7a),(\l7b),(117c) and (117d) was formed.

(1R, 25, 1IR) -2 - (7-methy I -7-phenyl ethyl) - 5 -methyl cy cl ohexyl

(Ð -2 - [ft efü aryb ut oxy c arb o nyl) amíno] -2-b r omo øcet at e (48)

A suspension of N-bromosuccinimide (56mg, 0.374 mmol) in a refluxing

solution of (1R, 25, 5R) -2-(1-methyl-1 -phenylethyl)-S-methylcyclohexyl

(S)-2-l(tertiarybutoxycarbonyl)aminolacetate (AD ]r21,mg, 0.377 mmol) in

dry carbon tetrachloride (5ml) was irradiated for ten minutes with a 300 W

sun lamp at a distance of 10 cm. After simultaneously ending heating and

irradiation, the reaction mixture was cooled in an ice bath then filtered.

The carbon tetrachloride was evaporated in aacuo to give the title

compound as a colourless oil (744mg,99To) which later solidified. Due to
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the instability of this compound, characterization was possible by
lu-N.tr¿.R. and 13C-N.tvl.R. only. 1H-trl.tvt.R. (300 M:Hz, CCI¿) õ:0.94, d,

I6.5fIz, gH (ring CHS); t.20 s,3H (CH¡Cph); t.29, s, 3FI (CHeCph); 1.50, s,

9H (tgu CHs); 0.85-2.15, complex, gH (methyrene envelope) ; 4.g2, d of t,
] 4.2,'1,0.8\Iz,lH (HCÐ);4.87, d, J t0.7 flz, tH (cr CH); 5.45, br. d,, J 70.T flz,
lH (NH); 7.00-7.30, complex, 5H (ArH). l3C-N.pf.R. (7S.5¡¿;E1z, CCt¿)

õ:27.72 (CHgcPh); 2s.94 (ring cHzcHCph); 28.02 (rBu CH3); 30.01 (ring

CHe); 31.06 (ring CHCHÐ;34.36 (ring CH2CHCHI); 3¡9.02, (CMe2ph); s9.99

(ring cHzC-o); 50.34 (ring CHCph); sg.70 (cr cH); zs.2s (H-C-o); 80.59
(CMeg); 1.24.74,725.14, t25.M,127.59,727.2g (Ar);750.76 (fBoc e:e);764.60
(ester C=O).

(7R, 25, 1Id'.) - 2 - (7 - m ethy I e thy I) - S - m e thy t cy ct o h e x y t

6l -2- Kte*iarybut o xy cørb onyl) aminol øcet øte (g 0)

N-tertiarybutoxycarbonylglycine was esterified with (-)-menthol using the

method of Hassner and Alexanian4s. Purification of the crude product by
flash chromatography gave the title compound as a colourless oil in 9g%

yield' M'S' 313 (M+), 257 (¡v1+ - C¿Hs). Exact mass calculated for C13H2¿NO¿

([vt + H]+ - C¿Ha) 258.1,70, found 25g.16g. Microanalysis: found C 64.27vo,

}J9.567o. Cf ZHgfNO4 requires C 65.14Vo, ]H9.97Vo.lH_tS.tr¿.R. (300 MHz)
ô: 0.75, d, I 7.0 ÍIz, iH (ring CHg); 0.g9, d, I 6.9 TJz,3H (CH3Cph); 0.9t, d,

| 6.6H2, 3H (CH3CPh); 7.45, s,9H (tnu CHg); 0.g-2.2, complex, 9H
(methylene envelope); 3.89, d., I S.4Hz,2H (ø-CHf; 4.75, d, of t, | 4.4, l0.g

Hz,7H (HCÐ); 5.03, br. m, 1H (NH).
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(1R, 25, ítR) -2- (L-methylethyl) -5 -methyl cy cl ohexyl

6)'2- tft erti aryb ut oxy carb o ny l) aminol -2-bro mo a cet øt e (8L)

A suspension of N-bromosuccinimide (56.5 mg, 0.377 mmol) in a

refluxing solution of (1R,2S,5R) -2- (1 -methylethyl) -S-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)aminolacetate (80) (9S.5mg, 0.314 mmol) in

dry carbon tetrachloride (aml) was irradiated for ten minutes with a 300W

sun lamp at a distance of 10 cm. After simultaneously ending heating and

irradiation, the reaction mixture was cooled in an ice bath then filtered..

The carbon tetrachloride was evaporated in aacuo to give tlne title

compound as a colourless oil (112 mg, 0.305 mmol, 97To). Due to the

instability of this compound, characterization was possible by lt-t-irl.tr¡.n.

only. 1H-N.M.R. (300 MlFrz, CCI¿) ô: 0.28(4), 0.ZZ(6), each d, I 6.9 ÍIz, ratio

ca. 7:7, total 3H (ring CH¡); 0.9'1,, 0.92, each d, I 7.0 ÍIz, ratio ca. 1:1, total 3H

(gem. CHg); 0.94, 0.97, each d, I 9.3 Í12, ratio ca. L;7, total 3H (gr*.CHg);

7.48, br. s, 9H (fBu CH3); 0.75-2.75, complex, 9H (methylene envelop e); 4.67,

4.73, each d of t, I 4.4,77.0 Hz, ratio ca.1:L, total 1H (HCÐ); 5.74, br. d, I 10.6

Hz,7H (NH); 6.77,6.\8, each d, 170.6ÍIz,ratio ca.1.:7, total lH (cr CH).

(1R, 25, 5I() - 2 - (7 - m ethy I e thy l) - 5 - m ethy I cy cl o h e xy I

2 - [(terti aryb utoxy carb o nyl) imin o] a cet at e (82)

To a stirred solution of (1R, 25, 5R)-2-(1-methylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (gf) (776 rng,

0.297 mmol) in anhydrous ether cooled to 0"C was added triethylamine

(41 ¡tl, 0.297 mmol). A white precipitate was formed immediately. Stirring

was continued for one minute at 0'C and a further ten minutes at room

temperature. The mixture was filtered and the filtrate concentrated in
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aacuo to give t}rre title compound (85mg, 0.273 mmol, 927o). Due to the

instability of this compound, characterization was Possible by 1H-N.Vt.R.

only. lrt-N.tr¡.R. (60 ldlHz, CDCI¡) ô: 0.60-1.13, complex, 9H (ring CH3,

gem. CH3, gem. CH3); 1.53, s,9H (tBu CH3¡; 7.73-2.30, complex, 9H

(methylene envelope); 4.67, d of t, I 4, 10 ÍIz, 7H (HC-O); 6.'17, br- s, lFI

(cr CH).

(1R, 25, lR'l -2- (1-methyl-L-pheny I ethyl) -5 -methyl cy cl ohexy I

2- [(terti aryb utoxy carb o nyl)imíno] a cet at e (49)

Following the procedure used for (eZ¡, (7R,25,5R)-2-(1-methyl-

1-phenylethyl)-5-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-

2-bromoacetate (48) (131 mg, 0.280 mmol) was treated with triethylamine

(39 pl, 0.280 mmol) in anhydrous ether (5 ml) to give t}rre title compound

(79 rng, 0.203 mmol, 73Vo). Due to the instability of this compound,

characterization was Possible by lH-N'M'R' only' lH-N'M'R' (60 lu4.I{z,

CDCIg) ô:0.90, d, I5 flz,3H (ring CHe); 7.23 s,3H (CHeCPh); 1-32, s, 3H

(CH¡CPh); 1.55, s, 9H (tBu CH3¡; 0.85-2.30, complex, 8H (methylene

envelope);4.95,dof t, 14,1.0ÍIz,7}ir(HC-O);6.68,br. s, 1H(crCH);6-90-7.30,

complex, 5H (ArH).

( 1 R, 2 S, 5F.) -2 - (7 -methy I -1. - ph eny I ethy l) - 5 - m ethy I cy cl oh exy I

2- [(teúì aryb uto xy carb ony l) øminolprop ano ate (84)

Methylmagnesium iodide (335 pI of a 1.01 M solution in diethylether,

0.338 mmol, 2.2 equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (LR, 25,5R)-2-(1-methyl-1-phenylethyl)-
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S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (72 mg, 0.154 mmol, one equivalent) in anhydrous ether (2.6 ml)

cooled to -78C. The reaction mixture was stirred for a further two hours

at -78"C. The cold bath was then removed and the reaction mixture

allowed to warm to room temperature. The now homogeneous solution

was quenched by addition of excess saturated ammonium chloride

solution. More ether and water were added, the layers separated, and the

ether layer washed twice with water. The ether layer was dried over

anhydrous magnesium sulphate and the ether evaporated in aacuo.

Chromatography on silica gave 45 mg (0.772 mmol, 727o) of the title

compound. 1u-ru.M.R. and 13C-N.M.R.: detected only

(1R,2S,sR)-2-(1-methyll-phenylethyl)-S-methylcyclohexyl (S)-2-[(tertiary-

butoxycarbonyl)aminolpropanoate Qaù. H.P.L.C. analysis detected one

component only. This component coeluted with the authentic 2-(S)

diastereomer (74a).

(1R, 25, 1IR) -2- (1,-methyl-7-phenylethyl) - 5 -methyl cy cl ohexy I

2-[ftefüarybutoxy carb onyl) amino]p entano ate (85)

n -Propylmagnesium bromide (325 pl of a 1,.02M solution in diethylether,

0.327 mmol, 2.2 equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (1R, 25, 5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)aminoJ-2-bromoacetate

(48) (70 mg, 0.149 mmol, one equivalent) in anhydrous ether (2.5 ml)

cooled to -78'C. The reaction mixture was stirred for a further two hours

at -78"C. The cold bath was then removed and the reaction mixture

allowed to warm to room temperature, followed by workup as for (84).

Chromatography on silica gave 54 mg (0.125 mmol, 847o) of t}r.e title
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compound. 1H-N.M.R. and 13C-N.M.R.: Detected only

(1R,2S,5R)-2-(1-methyt-1-phenylethyl)-S-methylcyclohexyl (S)-2-[(tertiary-

butoxycarbonyl)aminolpropanoate (75a). H.P.L.C. analysis detected two

components in a 97.5:2.5 ratio. The major, first-eluting comPonent

coeluted with the authentic 2-(S) diastereomer (75a) and the minor,

second-eluting component coeluted with the authentic 2-(R) diastereomer

(7sb).

(1R, 25, 1IR) -2- (l--methyl -7-pheny I ethyl) - 5 -methyl cy cl ohexy I

2-f(tertiaryb ut oxy c arb onyl) amin o] -3-methylb ut øn o ate (86)

Isopropylmagnesium iodide (a90 pl of a 0.81 M solution in diethylether,

0.399 mmol, 2.2equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (LR, 2S, 5R )-2-(1-methyl-
1-phenylethyl)-5-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-

2-bromoacetate (48) (85 mg, 0.181 mmol, one equivalent) in anhydrous

ether (2.6 ml) cooled to -78"C. The reaction mixture was stirred for a

further two hours at -78'C. The cold bath was then removed and the

reaction mixture allowed to warm to room temperature, followed by

workup as for (84). Chromatography on silica gave 40 mg (0.093 mmol,

57Vo) of the title compound. 1ft-N.lrrt.R. and 13C-N.trrt.R.: Detected only

(1R,2S,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl (S)-2-[(tertiary-

butoxycarbonyl)aminol-3-methylbutanoate (76a). H.P.L.C. analysis detected

one component only. This component coeluted with the authentic 2-(S)

diastereomer (76a).
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(1R, 2 S, 1R,l -2- (7-methyl-L-phenylethyl) -í-methylcy cl ohexyl

2 - [(t ertiaryb ut oxy carb onyl) amino] -2-phenyl a cet ate (87 )

Phenylmagnesium bromide (a50 ¡rl of a 1.28 M solution in diethylether,

0.450 mmol, 2.2 equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (1R, 25, 5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)aminol-2-bromoacetate

(48) (1,22rng, 0.260 mmol, one equivalent) in anhydrous ether (4.3 ml)

cooled to -78C. The reaction mixture was stirred for a further two hours

at -78"C. The cold bath was then removed and the reaction mixture

allowed to warm to room temperature, followed by workup as for (84).

Chromatography on silica gave 100 mg (0.213 mmol, 82Vo) of the title

compound. 1u-ru.M.R. and 13C-N.M.R.: Detected only

(1R,2S,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl (S)-2-t(tertiary-

butoxycarbonyl) aminol-2-phenylacetate (77 a).

(1R, 25, 1IRl -2- (7-m ethyl-7-phenyl ethyl) -5 -methyl cy cl ohexy I

2- [(t erti aryb ut o xy carb onyl) aminol -S-phenylpr op an o ate (88)

Benzylmagnesium bromide (515 pl of a 0.82 M solution in diethylether,

0.M2 mmol, 2.2 equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (1R, 25,5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)aminol-2-bromoacetate

(48) (90 rng, 0.792 mmol, one equivalent) in anhydrous ether (3.2 ml)

cooled to -78"C. The reaction mixture was stirred for a further two hours

at -78"C. The cold bath was then removed and the reaction mixture

allowed to warm to room temperature, followed by workup as for (84).

Chromatography on silica gave 55 mg (0.111 mmol, 587o) of th.e title
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compound. 1H-N.M.R. and 13C-N.M.R.: Detected only

(1R,2S,5R)-2-(1-methyl-1-phenylethyl)-S-methylcyclohexyl (S)-2-t(tertiary-

butoxycarbonyl)aminol-3-phenyl-propanoate (60a).

(7Jd., 25, lR.l -2- (I-methy I -7-pheny I ethyl) - 5 -methyl cy cl ohexyl

2-[(t ertiaryb ut oxy c arb onyl) amino]b ut øno ate (89)

Ethylmagnesium bromide (3a5 pl of a 0.98 M solution in diethylether,

0.337 mmol, 2.2 equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (1R, 25, 5R)-2-(1-methyl-L-phenylethyl)-

S-methylcyctohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (72mg, 0.153 mmol, one equivalent) in anhydrous ether (2.6 ml)

cooled to -78'C. The reaction mixture was stirred for a further two hours

at -78"C. The cold bath was then removed and the reaction mixture

allowed to warm to room temperature, followed by workup as for (84).

Chromatography on silica gave 53 mg (0.722 mmol, 827o) of th.e title

compound. 1H-N.M.R. and 13C-N.M.R.: Detected only

(l R,2S,5R)-2-(1-methyl-l-phenylethyt)-S-methylcyclohexyl (S)-2-t(tertiary-

butoxycarbonyl)aminolbutanoate lZZa). H.P.L.C. analysis detected two

components in a 97.5 : 2.5 ratio. The major, first-eluting comPonent

coeluted with the authentic 2-(S) diastereomer (72a) and the minor,

second-eluting component coeluted with the authentic 2-(R) diastereomer

(72b).

767



(1R, 25, 5R.) -2- (l,-methyl -7- phenyl ethy l) - 5 -methylcy cl ohexy I

2- [ft ertiaryb ut o xy carb onyl) amino]b ut-S - eno ate (9 0)

Vinylmagnesium bromide (a30 pl of a 1.00 M solution in tetrahydrofuran,

0.431 mmol, 2.2 equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (1R, 25, 5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (85 mg, 0.L81. mmol, one equivalent) in anhydrous tetrahydrofuran

(3.5 ml) cooled to -20'C. The reaction mixture was stirred for a further

two hours at -20'C. The cold bath was then removed and the reaction

mixture allowed to warm to room temperature, followed by workup as for

(84). Chromatography on silica gave the title compound in 52Vo yield.

H.P.L.C. analysis showed two fractions in a 76.5:25.5 ratio. Small samples

of each fraction were isolated by preparative H.P.L.C. :

Data for the major, first-eluting fraction (90a) : M.S. 415 (M+), 359

(M+ - C¿Hs). Exact mass calculated for CzsHsaNO¿ ([M + H]+) 416.280,

found 41,6.285. lrt-N.M.R. (300 :|/ILrz) ô: 0.87, d,l 6.5H2,3H (ring CHg); 1.20

s, 3H (CHaCPh); 1..30, s, 3H (CH¡CPh); 1'.47, s, 9H (tBu CH3); 0.9-2.2,

complex, 10H (methylene envelope) ; 4.07, br. m, lH (a CH); 4.70, d, I 7.8

frz, IH (NH); 4.83, d of t, | 4.4, 70.7 Í12, 7H (HC-O); 5.1.7, d, I 70.4 frz, lH

(cis HCH=CH); 5.72, d,l17.7LIz,llH(trøns HCH=CH);5.59, d of d of d, /5.0,

70.4, 77.7 ÍIz, 7H (CH=CHZ); 7.70-7.30, complex, 5H (ArH). l3C-N.tvt.R.

(75.5rráIJr2) õ:27.73 (CHgCPh); 23.38 (CH3CPh);26.26 (ring CHzCHCPh);

28.31 (tnu CU3); 29.79 (ring CHg); 31'.27 (ring CHCH¡); 34.43 (ring

CHZCHCHù; 39.40, (CMe2Ph); 41.17 (ring CHZC-O); 50'28 (ring CHCPh);

55.52 (cr CH); 75.69 (H-C-O); 79.53 (CMe3); 71'6.49 (Cu2=g¡' 725-23, 125.33,

728.07,154.87 (Ar); 132.86 (CH=CHù;757.67 (fBoc C=O); 769.62 (ester C=O).
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Data for the minor, second-eluting fraction (90b) : M.S. 415 (M+), 359

(M* - C¿Ha). Exact mass calculated for C25HssNO¿ ([M + H]+) 416.280,

found 476.281.. 1H-N.trrt.R. (300 MHz) õ: 0.86, d,l 6.3trz,3H (ring CrI3);7.23,

s, 3H (CHeCPh); 7.37, s, 3H (CHaCPh); 1'.44, s, 9H (úBu CH3); 0'75-2'05'

complex, 8H (methylene envelope); 4.54, br. m, lH (cr CH); 4.86, d of. t, J 4.3,

"1.0.6 ÍIz,1H (HC-O); 4.99, d,|'7.6 ÍIz,7H (NH); 5.20, br. d,l'l'0.3 Hz,lH (cis

HCH=CH);5.29, br. d, 177.4ÍIz,7F]^(trans HCH:CH);5.77, d of d of d, | 5.7,

'1.0.3, 17 .4 Hz, 7H (HCH=CH) ; 7 .70-7 .30, complex, 5H (ÆH).

(1R, 25, lt0.l -2 - (l--methy I - l,-phenylethy l) -5 -methyl cy cl ohexy I

2-[(tertiaryb utoxy c arb onyl) amino]butano ate (96)

A ca. 75:25 2-(S): 2-(R) mixture (1R,2S,5R)-2-(1-methylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]but-3-enoate (90)

(49 mg) was reduced over 707.' Pd/C (35 mg) in methanol (5 ml) under one

atmosphere of hydrogen for sixteen hours. The catalyst was removed by

filtration and the methanol evaporated in aøcuo to give t}:re title

compound (Mr g,88Vo) as a cø.75:25 2-(S) : 2-(R) mixture of diastereomers

(determined by H.P.L.C. analysis; correlation was made with the authentic

2-(S) and 2-(R) (1R,2S,5R)-2-(1-methyl-l-phenylethyl)-S-methylcyclohexyl

2-l(tertiarybutoxycarbonyl)amino]butanoates (78a) and (78b)). 1H-N.VÍ.R' :

Comparison to the spectra of the authentic compounds (78a) and (78b)

indicated that a cø.75: 25 mixture of these two compounds was present.
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(1 R, 2 S, lld'l -2- (1-methyl-7-phenylethyl) -í-methyl cy cl ohexyl

2 - [(tertìaryb ut o xy carb onyl) øminolp ent-4- eno ate (91)

Altylmagnesium bromide (a50 pl of a 0.76 M solution in diethylether,

0.341, mmol, 2.2equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (1R, 25,5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(4g) (73 mg, 0.L55 mmol, one equivalent) in anhydrous ether (2.6 ml)

cooled to -78"C. The reaction mixture was stirred for a further two hours

at -78'C. The cold bath was then removed and the reaction mixture

allowed to warm to room temperature, followed by workup as for (84)'

Chromatography on silica gave 45 mg (0.104 mmol, 67Vo) of. t}i.e title

compound. 1H-N.VÍ.R. and 13C-N.trrt.R.: indicated that a mixture of the

2-(S) and 2-(R) (l R,2S,5R)-2-(1-methyl-l-phenylethyl)-S-methylcyclohexyl

2-[ (tertiarybutoxycarbonyl) amino] pent-4-enoate s (7 9 a) and (79b) had been

formed. H.P.L.C. analysis detected two components in a 78.5 :21'-5 ratio.

The major, first-eluting component coeluted with the authentic 2-(S)

diastereomer (79a) and the minor, second-eluting comPonent coeluted

with the authentic 2-(R) diastereomer (79b).

N-benzoyl-(R,S)-øl ønine methyl ester (108)

Thionyl chloride (1.79 8, 75 mmol) was slowly added dropwise to ice-

cooled, magnetically stirred methanol (10ml). (R,S)-alanine (1.00 g,

l,l.Z}mmol ) was added and the homogeneous solution left to stand for

sixteen hours. The methanol was then evaporated in aacuo, and the solid

residue d,issolved in water (38 ml). Potassium bicarbonate (5.62 g,

56.2 mmol) was cautiously added, followed by ethyl acetate (25 ml. A
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solution of benzoyl chlorid.e (7.73 g, 12.32mmol) in ethyl acetate (12.5 ml)

was slowty added to the rapidly stirred mixture. Stirring was continued

for a further two hours. The layers were then separated and the organic

layer successively washed with dilute hydrochloric acid and water' The

organic layer was dried over anhydrous magnesium sulphate and the

ethyl acetate evaporate d.in aøcuo to yield line title compound as a white

solid which was recrystallized from ethyl acetate/light petroleum' Yield:

2.72g,W; 97Vo. M.P. = 80-82'C. ¡i¡.112' 80.5-81.5C. lH-N'M'R'

(60 MHz) õ:1.50, d, I7 Hz,3H (Þ CHg); 3.73, s,3H (CHgO); 4.75, m, lFI

(cr CH); 6.90,br. s, 1FI (NH); 7.3-7-9, complex, 5H (fuH)'

N -b en zoyt-(S) - alanine methyl ester (1'08 a)

Synthesized by the method used for N-benzoyl-(R,S)-alanine methyl ester

(108). Yield = 897o. 1H-N.VÍ.R. data identical to (L08)'

N -b enzoyl-(S) -alanine methyl ester (108 a)

#1 : Hydrolysis time of t hour.

(1R,2S,5R)-2-(1-methylethyl)-5-methylcyclohexyl (s)-2-[(tertiarybutoxycar-

bonyl)aminolpropanoate Qaù (178mg,0.447 mmol) was dissolved in

trifluoroacetic acid. (1 ml) and the solution was left to stand for fifteen

minutes. 6N HCI (2 ml) was then added, and the homogeneous solution

was refluxed for one hour. After cooling to room temperature, water was

added and the resultant solution washed with chloroform (2X)' The

aqueous layer was evaPorated to dryness in uøctto, leaving 16 mg

(0.097 mmol, 22Vo) of the mixed alanine

hydochloride/hydrotrifluoroacetate as a yellow-green amorphous solid'
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without purification, the crude hydrolysate was derivatized by the
procedure used in the synthesis of N-benzoyl_(R,S)_alanine methyl ester
(1.08) to yield th.e títte compound (17 mg,0.0g2 mmol, tgTo overall yield
from 0 AaD. 1H-N.M.R. : identical to that of authentic
N-benzoyl-(S)-alanine methyl ester (L08a). Chiral H.P.L.C. analysis did not
detect any of the the (R) enantiomer.

#2 : Hydrolysis time of 2.5 hours.

(1R,2s,5R)-2-(1-methylethyl)-5-methylcyclohexyl (S)-2-[(terriarybutoxycar-

bonyl)aminolpropanoare (T4a) QZq mg, 0.555 mmol) was hydr olyzed,by the

procedure detailed above in "#1" except hydrolysis was carried out for
2.5 hours. obtained 44 mg (0.26g mmol, 4gvo) of the mixed alanine
hydochloride/hydrotrifluoroacetate as a yellow-green amorphous solid.

without purification, the crude hydrolysate was derivatized by the

method used for N-benzoyl-(R,s)-alanine methyl ester (r.0g) to yield the

title compound (45mg, 0.277mmol, 39To overall yield from (zaù).
lft-N.M.R. : identical to that of authentic N-benzoyl-(S)_alanine methyl
ester (108). Chiral H.p.L.c. analysis did not detect any of the the (R)

enantiomer.

#3 : Hydrolysis time of 15 hours.

(1R,2S,sR)-2-(1-methylethyt)-5-methylcyclohexyl (S)-2-t(tertiaryburoxycar_

bonyl)aminolpropanoate Qaù etl mg, 0.275 mmol) was hydr olyzed.by the

procedure detailed above in "#1" except hydrolysis was carried out for
15 hours. Obtained 35 mg (0.272 mmol, 77Vo) of the mixed alanine
hydochloride/hydrotrifluoroacetate as a yellow-green amorphous solid
which was purified by ion exchange chromatography on Amberlite
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1R-120 (H). The free (S)-alanine (19 mg, 0.272 mmol) was derivatized by

the method used for N-benzoyl-(R,S)-alanine methyl ester (108) to yield

the title compound (43 mg, 0.208 mmol, 757o overall yield from Oaù).
lH-N.trrt.R.: identical to that of authentic N-benzoyl-(S)-alanine methyl

ester (108a). Chiral H.P.L.C. analysis did not detect any of the the (R)

enantiomer.

(S\-alanine (106)

(1R,2S,5R)-2-(1-methylethyl)-5-methylcyclohexyl (S)-2-[(tertiarybutoxycar-

bonyl)aminolpropanoate (74a) (239 mg,0.592mmol) was hydrolyzed by the

procedure in "# L" except hydrotysis was carried out for 15 hours.

Obtained 92 rng (0.560 mmol, 95Vo) of the mixed alanine

hydochloride/hydrotrifluoroacetate as a yellow-green amorphous solid

which was purified by ion exchange chromatography on Amberlite

1R-120 (H). The free (S)-alanine (38 mg,0.42T mmol, 72Vo) was analyzedby

polarimetry. [cr]oz+ = +1.6.7 + 0.9", C=3, 1N HCl. Lit.75: +74.7", C=5.8,

1N HCI. A solution of authentic (S)-alanine was made up to a

concentration of 3 g/100 ml in 1N HCl. [a)oz+ = +'1.6.4+ 0.9", C=3, lN HCl.

M.P. 293-294"C (dec.); 1ft.7s 297"C (dec.). 1H-trl.tU.n. (60 MHz) õ :7.T5, d,

I7 Í12,3H (a CHg); 5.05, q, I Z LIz,1H (a CH).
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(1R, 25, lIRl -2- (7-methyl -7-phenylethy t) - S -methy I cy cl ohexyl

[(t ertiaryb ut o xy carb o nyl) amin o] -S -methylp ent an o ate (IIg)

#7 : 2.2 equivalents of Grignard reagent, reaction quenched at room temp.

sec-Butylmagnesium bromide (372 ¡tl of a 0.80 M solution in diethylether,

0.301 mmol, 2.2 equivalents) was added dropwise, over a period of thirty

minutes, to a stirred solution of (1R, 25, sR)-z-(l-methyl-l-phenytethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)aminol-2-bromoacetate

(48) (64rng, 0.137 mmol, one equivalent) in anhydrous ether (2.3ml)

cooled to -78C. The reaction mixture was stirred for a further two hours

at -78"C. The cold bath was then removed and the reaction mixture

allowed to warm to room temperature, followed by workup as for (g4).

Chromatography on silica gave 23 mg (0.052 mmol, 3ïvo) of the title

compound. lH-N.trrt.R. : correlation with the spectra of the authentic

compounds (117 a) and (717b) indicated that a L:l mixture of
(1 R,2S,5R)-2-(1-methyl-l -phenylethyl)-S-methylcyclohexyl (2S, J S)- and

(2S, 3R)-l(tertiarybutoxycarbonyl)amino]-3-methyl-pentan oate (ll7a) and

(L17b) had been formed. H.P.L.C. analysis detected three components in a

95.0 : 2.3:2.7 ratio. The major, first-eluting component coeluted with the

authentic (2s,3s) and (2s, 3R) diastereomers (L77a) and (lT7b). The second

and third-eluting components coeluted with the authentic (2R,3S) and

(2R, 3R)diastereomers (117d) and (117c).

#2: 3 equivalents of Grignard reagent, reaction quenched at -zg"c.
sec-Butylmagnesium bromide (1.11 ml of a 0.g0 M solution in
diethylether, 0.886 mmol, 3 equivalents) was added dropwise, over a

period of thirty minutes, to a stirred solution of
(7R,25,5R)-2-(1-methyl-1-phenytethyl)-S-methylcyclohexyl (S)-2-t(tertiary-
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butoxycarbonyl)aminol-2-bromoacetate (48) (134 rr.g, 0.29s mmol, one

equivalent) in anhydrous ether (4.9 ml) cooled to -28'C. The reaction

mixture was stirred for a further two hours at -78"C. Excess saturated

ammonium chloride solution was then added. The cold bath was

removed and the reaction mixture allowed to warm to room temperature,

followed by workup as for (48). Chromatography on silica gave 67 mg

(0.150 mmol, 5'l.,7o) of the title compound. lH-N.M.R. : correlation with

the spectra of the authentic compounds (117a) and (1L7b) indicated that a

1:1 mixture of (l R,2S,5R)-2-(1-methyl-l-phenylethyl)-5-methylcyclohexyl

(25, 3S)- and (2S, 3R)-[(tertiarybutoxycarbonyl)amino]-3-methyl-pentanoate

(!77a) and (1L7b) had been formed. H.P.L.C. analysis detected three

components in a 95.3 : 2.0 :2.7 ratio. The major, first-eluting component

coeluted with the authentic (ZS,ZS) and (2S,3R) diastereomers (117a) and

(LL7b). The second and third-eluting components coeluted with the

authentic (2R, 35) and (2R, 3R)diastereomers (117d) and (Ll7c).

BROMINATION OF (47) WITH N.BROMOSUCCINIMIDE AT ROOM

TEMPERATURE

(7R,25,5R)-2-(1-methyl-l-phenylethyl)-5-methylcyclohexyt (S)-2-t(tertiary-

butoxycarbonyl)aminolacetate (42¡ (62 rng, 0.160 mmol) and

N-bromosuccinimide (29 mg) in carbon tetrachloride (a ml) at room

temperature were irradiated for thirty minutes with a 300 W sun lamp at a

distance of 10 cm. The mixture was filtered and analyzed directly by
1H-trl.lrrt.R. spectroscopy. lH-N.trrt.R. (300 MIlHz, CCI¿) : contained signals

due to the bromide (a8) and the following signals : ô 0.90, d,l 6.3Írz,'1..75, s,

7.24, s. The remaining signals due to this minor compound were obscured

by the signals due to (48).
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trí-n-butyltin ileuteríile (177)

Prepared according to method of Kuivila et al89 for the corresponding

hydride, using lithium aluminium deuteride (99 atom7o). Yield = 69Vo,

b.p. 55-60'C @ 0.1 mm Hg. (1it.23 6B-24"C,0.3 mm Hg).

(1R, 25, S[d.'l -2- (7-methyl -7-phenylethyl) - 5 -methylcy cl ohexyl

6l -2 -f(terti aryb ut o xy c arb onyl) amìno] -2 - deuterío a cet ate (728 a)

# 1 : Solvent : ether, [48] = 70 mM, 1.1 equivalents n-Bu3SnD, -78"C -+ R.T.

Tri-r-butyltin deuteride (105 pl, 0.387 mmol, 1.1 equivalents) was added

rapidly to a stirred solution of (1R, 25,5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (161 mg, 0.344 mmol, 1.0 equivalent) in anhydrous ether (5.00 ml)

cooled to -78C. The cold bath was left to equilibrate to room temperature

over sixteen hours. The ether was then evaporated in aøcuo and the

residue purified by flash chromatography to yield the title compound

(717 mg,0.300 mmol, 85Vo). lft-N.Vt.R. (300 ll.lfIz): identical to that of @Z)

except for : õ 3.050, d, I 5.4 Hz 0.85 H; ô 3.289, br. d, | 4.7 Hz, 0.15 H.

13C-N.I¿.R. (75.5 MHz) : identical to that of @z) except for: õ 42.05,

1:1:1 triplet, I 79.9 ÍIz, replacing the singlet signal at E 42.26.

# 2 : Solvent: ether, [48] = 128 mM, 1.1. equivalents n-Bu3SnD, -78"C --+ R.T.

Tri-n-butyltin deuteride (80 pl, 0.295 mmol, 1..1. equivalents) was added

rapidly to a stirred solution of (1R, 25,5R)-2-(1-methyl-l-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (120 mg, 0.256 mmol, 1.0 equivalent) in anhydrous ether (2.00 ml)
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cooled to -78'C. The cold bath was left to equilibrate to room temperature

over sixteen hours. The ether was then evaporated in aacuo and the

residue purified by flash chromatography to yietd the title compound

(74mg,0.189mmol, Z Vo). lH-N.M.R. (300 }/rHò: identical to that of @z)

except for : ô 3.05, d, I5.4ffz 0.90 H; õZ.zg,br. d, I4.T Í12,0.10 H.

# 3 : Solvent : ether, [48] = 245 rr1NI,2 equivalents z-Bu3SnD, -7g"C + R.T.

Tri-z-butyltin deuteride (133 pl, 0.491mmol, 2.0 equivalents) was added

rapidly to a stirred solution of (1R, zs, sR)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)aminoJ-2-bromoacetate

(48) (115 mg, 0.246 mmol, 1.0 equivalent) in anhydrous ether (1.00 ml)

cooled to -78C. The cold bath was left to equilibrate to room temperature

over sixteen hours. The ether was then evaporated ín aacuo and the

residue purified by flash chromatography to yield t]ne title compound

(74m9,0.189mmol, 74vo). lH-N.M.R. (300MHz): identical to that of (47)

except for : ô 3.05, d, iI5.4H20.95 H; õg.2g,br. d, I 4.2 H2,0.05 H.

# 4 : Solvent : ether, [¿S] = 490 mM, 2 equivalents r-Bu3SnD, -Tg"C -+ R.T.

Tri-n -butyltin deuteride (85 pt, 0.214 mmol, 2.0 equivalents) was added.

rapidly to a stirred solution of (1R, 25,sR)-z-(l-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (74mg,0.757 mmol, L.0 equivalent) in anhydrous ether (320 pl) cooled

to -78'C. The cold bath was left to equilibrate to room temperature over

sixteen hours. The ether was then evaporated. in oacuo and the residue

purified by flash chromatography to yield the title compound (41 mg,

0.104 mmol, 60To). lrt-N.tr¿.R. (300 MHz) : identical to that of (47) except

for : õ 3.05, d, I 5.4IJz 0.94lFr; õ g.2g,br. d, I 4.2 81z,,0.06 H.
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# 5: Solvent: toluene, [48] =245mM,2 equivalents n-Bu3SnD, -TB"C

-+ R.T.

Tri-n-butyltin deuteride (60 pl, 0.220 mmol, 2.0 equivalents) was added

rapidly to a stirred solution of (1R, 25,5R)-2-(1-methyl-l-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (52 mg, 0.110 mmol, 1.0 equivalent) in anhydrous toluene (450 pl)

cooled to -78C. The cold bath was left to equilibrate to room temperature

over sixteen hours. The toluene was then evaporated in aacuo and the

residue purified by flash chromatography to yietd t}.e title compound

(15 mg, 0.039 mmol, 35Vo). 1H-N.VÍ.R. (300 MHz) : identical to that of @7)

except for : õ 3.05, d, I 5.4ffz 0.94H; õ 3.29, br. d, I 4.7 Í12,0.06 H.

# 6 : Solvent : ether, [48] = 92mM.,1.L equivalents n-Bu3SnD, R.T.

Tri-n-butyltin deuteride (54¡tl, 0.201, mmol, L.1 equivalents) was added

rapidly to a stirred solution of (1R, 2s,5R)-2-(1-methyt-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (86 mg, 0.L83 mmol, 1.0 equivalent) in anhydrous ether (2.00 mt) at

room temperature. The mixture was stirreed at room temperature for

sixteen hours. The ether was then evaporated in aacuo and the residue

purified by flash chromatography to yield tt.e title compound (42 mg,

0.108 mmol, 59Vo). lH-N.tr¿.R. (300 MHz) : identical to that of @z) except

for : õ 3.05, d, I5.4Hz 0.æ H; õ3.29, br. d, I 4.7 flz,0.l7 H.

# 7 : Solvent : ether, [eg] = 245 m]lr/,,2 equivalents n -Bu3SnD, R.T.

Tri-n-butyltin deuteride (60 pl, O2ZZmmol, 2.0 equivalents) was added

rapidly to a stirred solution of (1R, 25,5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (52 mg, 0.111 mmol, 1.0 equivalent) in anhydrous ether (450 pl) at

room temperature. The mixture was stirreed at room temperature for
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sixteen hours. The ether was then evaporated in aacuo and the residue

purified by flash chromatography to yield t}re title compound (31 mg,

0.080 mmol, 72Vo). lH-N.tr¡.R. (300 MHz) : identical to that of (42) except

for : ô 3.05, d, I5.4Hz 0.90 H; õ3.29, br. d, I 4.7 ÍI2,0.10 H.

# 8: Solvent: benzene, [48] =245 mM, 2 equivalents n-Bu3SnD, 80C.

Tri-n-butyltin deuteride (49 ¡tl, 0.182 mmol, 2.0 equivalents) was added

rapidly to a refluxing solution of ('l.,R,25,5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate

(48) (86 mg, 0.183 mmol, 1.0 equivalent) in anhydrous benzene (370 pl).

The mixture was refluxed for one hour. The benzene was then

evaporated in aacuo and the residue purified by flash chromatography to

yield the title compound (74rng, 0.037 mmol, 47%). lH-N.M.R.

(300MHz): identical to that of (A7) exceptfor: õ3.05, d, l5.4Hz 0.69}{;

õ3.29, br. d, I 4.7 Í12,0.31 H.

(S\ - deut eri o gly cine (132)

(1R,2S,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyctohexyl 2-[(terriary-

butoxycarbonyl)aminol-2-deuterioacetate (128a) (95 : 5 2-(S): 2-(R) by

lH-N.M.R. analysis) was dissolved in trifluoroacetic acid (0.5 ml) and the

mixture left to stand at room temperature for ten minutes. 6N HCI (1 ml)

was then added and the mixture refluxed for fifteen hours. After cooling

to room temperature, water was added and the resultant solution washed

with chloroform (2X). The aqueous layer was evaporated to dryness in

aøcuo. The residue was purified by ion exchange chromatography on

Amberlite 1R-120 (H) to yield t}r.e title compound (6.0 mg, 0.079 mmol,

927o). M.p. 235-236"C; tit.e2 234"C. M.S. 77 (21) 76 (M+) (100) 75 (73).

lg-N.tr,t.R. (300 M}{z,DzO, internal reference 3-(trimethylsilyl)-1-propane-
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sulphonic acid sodium salt) ô:3.53, t, IZÍIz. Lit.13 (270MÍIz, D2O, no

internal reference quoted) ô: 3.65, t.

(1S,4R)-ø camphønoyl chloride (778)

Followed the method of Gerlach93. (1S,4R)-ol-camphanic acid

monohydrate (99 mg) was converted to the title compound (81 mg, 82Vo).

M.P. =69-77"C; |ft .e3 6g-7'1."C.

methyl (1 S,4R)- a> camph anoylgly cinate (12g)

(S)-deuterioglycine (fgZ) (3.8 mg, 50.0 pmol) was dissolved in methanol

(5 ml) which had been treated with thionyl chloride (20 mg). After

standing for sixteen hours, the methanol was evaporated in aacuo, and

the residue dissolved in water (200 pl). Potassium bicarbonate (25.0 mg,

0.250 mmol), and ethyl acetate were then added. To the stirred mixture

was added a solution of (1S,4R)-or-camphanoyl chloride (178) (11.9 mg,

55.0pmol) in ethyl acetate (100 pl). Stirring was continued for a further

two hours. The layers were then separated and the organic layer

successively washed with dilute hydrochloric acid and water. The organic

layer was dried over anhydrous magnesium sulphate and the ethyl acetate

evaporatedin r¡acuo to yield the title compound as a colourless oil which

later solidified. Yield : 7.4 rr.g, 27.5 pmol, 55Vo). M.P. 80-82'C; li¡92 84C.
1H-N.VÍ.R. data consistent with that reported by Armarego et ø192.

1H-N.trrt.R. (300 MHz) ô: 0.98, s,3lH^, (7' gem. CHa); l.l'1, s,3lH, (7' gem. ClH:i.;

7.72, s,3FI, (4'CHe); 7.6-2.6, complex, 4H (5' and 6' CHz); 3.77, s,3H (CHaO);
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4.77, d, I 2.6 Í12,0.08H (prolR) a-CH); 2.99, d, I 2.6 Hz, 0.92}l (prolÐ a-CH);

6.94,br. s, 1H (NH).

BROMINATION OF (S)-2-DEUTERIOGLYCINATE (1.28a), FOLLOWED BY

REDUCTION WITH TRI.z-BUTYLTIN HYDRIDE

(7R, 25,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl 2-[(tertiary-

butoxycarbonyl)aminol-2-deuterioacetate (128a) (95 : 5 2-(S) : 2-(R) by

1U-N.tr¡.R. analysis) (18.1 mg, 46.3 ¡t mol) was treated with

N-bromosuccinimide (8.3 rrrg, 46.8 pmol) by the same procedure used for

the undeuteriated compound (48). Tri-n -butyltin hydride (25ltl,

92.6 ¡tmol,2.0 equivalents) was added rapidly to a stirred solution of the

intermediate bromide in anhydrous ether (S00 pl) cooled to -78"C. The

cold bath was left to equilibrate to room temperature over sixteen hours.

The ether was then evaporated in aøcuo and the residue purified by flash

chromatography to yield t}r.e title compound (9.7 rrtg, 24.9 ¡trnol, S4Vo).

Mass spectroscopy indicated that the d1:dg ratio was cø.26 74,based on the

relative intensities of the ions of m/z 39'1,,390 and 389. lg-N.Ir,t.R.

(300MHz): identical to that of (47), except for the presence of a doublet at

ô 3.29 (l 4.7 Hz) lying under the doubtet of doublets centred at õ 3.29, which

was detected by subtraction of the spectrum of (47).

N -terti aryb ut o xy c ørb onyl-2,2 - di deut erio gly cine (739)

Following the method of Itoh ef ø1.38, 2,2-dideuterioglycine (400 mg,

5.19 mmol) was converted to the títle compound.. Yield = 788 l¡r.g,

4.45 mmol, 867o ; m.p. = 75-76"C (cf. 77-78"C for the undeuterated
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compound). lH-trl.tr¿.R. (300 MrÍIz, d5,D.M.S.O.) ô: 1.3g, s, 9H (ú-Boc CHe);

7.06, s,lH (NH); 70.67, br. s, lH (CO2H). Electron impact mass spectroscopy

indicated that the d2:d1:dg ratio was cø. 96.9 ;2.5:0.6, based on the relative

intensities of the molecular ions of m/z 777, 776 and 175 respectively.

(7R, 25, SR.l -2- (7-methyl-7-pheny I ethyt) - 5 -methy t cy cl ohexyl

2- [(tertìaryb uto xy c arb onyl) amino] -2,2- ilideuterio acet at e (738)

N-tertiarybutoxycarbonyl-2,2-dideuterioglycine ( 139) (245 mg, 7 .3U mmol)

was esterified with (-)-8-phenylmenthol (296 mg, 7.272 mmol) using the

method of Hassner and Alexanian45. Purification of the crude product by

flash chromatography gave tt.e title compound as a colourless oil (434 lorrg,

1.108 mmol, 93vo). Mass spectroscopy indicated that the d2:d1:dg ratio was

ca. 9'l'.6: 8.4 : 0, based on the relative intensities of the molecular ions of

m/2392,391 and 390. lH-N.M.R. (300 MIIz) : idenrical to that of (aB) except

for the diminishment of the integrals of the two doublets of doublets

centred at ô 3.05 and ô 3.29 from 1 H each to ca. 0.05 H and 0.03 H

respectively. In addition, the amide proton resonated as a singlet at õ 4.33.

Mass spectroscopy indicated that the d2:d1 ratio was ca.92: 8, based on the

relative intensities of the ions of m/2397,390 and 389.

(1R, 2 S, SIR) -2 - (1,-methyl-1--phenyl ethy l) -5 -methy t cy cl oh exyl

(R) -2' [(t e*i aryb uto xy c arb o nyl) ømino] -2- deuterio acet at e (728b)

(7R,25,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl 2-[(tertiary-

butoxycarbonyl) am inof-Z,2- dideuterioacetate (L38) (75 mg, 0.792 mmol) was

treated with N-bromosuccinimide (34 mg, 0.192 mmol) in the same
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manner as the undeuteriated compound (48). Tri-n-butyltin hydride

(103 ¡rl, 0.384 mmol, 2.0 equivalents) was added rapidly to a stirred solution

of the uncharacterized bromide (48b) in anhydrous ether (7a0 pI) cooled to

-78"C. The cold bath was left to equilibrate to room temperature over

sixteen hours. The ether was then evaporated in aacuo and the residue

purified by flash chromatography to yield the títle compound (49 rng,

0.1'27 mmol, 66Vo). Mass spectroscopy indicated that the d1:dg ratio was cø.

94.6:5.4, based on the relative intensities of the ions of m/2391,,390 and

389. lH-N.tr¿.R. (300 MHz) : identical to that of (aB) excepr for : ô 3.05, d,

I5.4Hz 0.11 H; õ3.29, br. d, 14.7 Í12,0.89 H.

(1R, 2 S, 5R.) -2- (1.-methyl-7-phenylethyl) - S -methy I cy cl ohexyl

2- [(tertiaryb ut o xy carb o ny l) amìnolp ent-4- eno ate (157)

# 1 : [48] = 66 mM, 80C.

A solution of (l R, 25, 5R)-2-(1 -methyl-l -phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (190 mg,

0.406 mmol, 66 mM), allyltri-n-butyltin (295 mg, 0.822 mmol) and

azobisisobutyronitrile (ca. 3 mg) in anhydrous benzene (6.zml) was

refluxed for five hours. Upon cooling to room temperature, the benzene

was evaPorated in aacuo and the residue chromatographed on silica to

give the title compound (133 mg, 0.309 mmol, 76Vo). lH-N.M.R.

(300 MHz) : identical to the spectrum of authentic
(7R,25,5R)-2-(1-methyl-l-phenylethyl)-5-methylcyclohexyl (S)-2-t(tertiary-

butoxycarbonyl)aminolpent-4-enoate (29^). H.P.L.C. analysis indicated that

the ratio of the 2-(S):2-(R) allylglycinates (79a) and (79b) was 937.
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# 2: Í48) = 288 mM, 80'C.

Treatment of (L R, 25, 5R)-2-(1 -methyl-l -phenylethyl)-S-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (67 mg,

0.744 mmol, 288 mM) with allyltri-n -butyltin (105 mg, 0.377 mmol,

2.2 equivalents) and azobisisobutyronitrile (ca. 1 mg) in anhydrous

benzene (0.5 ml) as described above gave t}:.e title compound (48 mg,

0.1,72 mmol, 7870). lH-N.tr¿.R. (300 MHz) : identical to the spectrum of

authentic ('1,R,25,5R)-2-(1-methyl-1-phenyl-ethyl)-5-methylcyclohexyl

(S)-2-l(tertiarybutoxycarbonyl)amino]pent-4-enoate (79a). H.P.L.C. analysis

indicated that the ratio of the 2-(S):2-(R) allylglycinates (79a) and (79b) was

92:8.

# 3 : [48] = 66 mM, R.T.

A solution of (1R, 25, 5R)-2-(1 -methyl-1-phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (77 mg,

0.1,64 mmol, 66 mM), allyltri-r-butyltin ('1.20 rng, 0.361 mmol) and

azobisisobutyronitrile (ca.1 mg) in anhydrous benzene (6.2m1) was left to

stand at room temperature for sixteen hours. The benzene was

evaporated in oacuo and the residue chromatographed on silica to give

the title compound (60 mg, 0.139 mmol, 85Vo). lft-N.Vt.R. (300 MHz) :

identical to the spectrum of authentic (1.R, 25,5R)-2-(1-methyl-

l-phenylethyl)-5-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]-

Pent-4-enoate (7ee). H.P.[.C. analysls indlcated that the ratio of the

2-(5):2-(R) altylglyclnates (79a) and (79b) was 9(i:4.
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# 4 : [48] = 66 mM, 5'C.

A solution of (1R, 25, 5R) -2-(1 -methyl-1-phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (53 mg,

0.113 mmol, 66 mM), allyltri-n -butyltin (82 mg, 0.248 mmol) and

azobisisobutyronitrile (cø. f mg) in anhydrous benzene (7.7 ml) was left to

stand at 5C for sixteen days. Fresh A.I.B.N. was added every two days in

cø. 7 mg portions. The benzene was evaporated in aacuo and the residue

chromatographed on silica to give t}ire title compound (24 mg, 0.055 mmol,

49Vo). lH-N.tr¿.R. (300 llll}Jz): identical to the spectrum of authentic

(7R,25,5R)-2-(1-methyl-l-phenylethyl)-S-methylcyclohexyl (S)-2-t(tertiary-

butoxycarbonyl)aminolpent-4-enoate (79a). H.P.L.C. analysis indicated that

the ratio of the 2-(S):2-(R) allylglycinates (79a) and (79b) was 94:6.

(1R, 25, SIRÌ -2- (7-methy l-7-pheny I ethy I) - 5 -methyl cy cl ohexyl

ßl -2 - [(tertiaryb uto xy carb o ny l) amin olp ent ano ate (15 I a)

(7R,25,5R)-2-(1-methyl-1-phenylethyl)-S-methylcyclohexyl (S)-2-[(tertiary-

butoxycarbonyl)aminolpent-4-enoate (L57a), a (1.5 mg, 3.5 pmol) was

reduced over 707o Pd/C (0.7mg) in methanol (1 ml) under one

atmosphere of hydrogen for sixteen hours. The catalyst was removed by

filtration through celite and the methanol evaporated to give tÌi.le title

compound (L.3 mg, 3.0 pmol, 87Vo) as a colourless oil. 1H-N.M.R. :

(300 MHz) : identical to the spectrum of authentic

(1,R, 2S, 5R)-2-(1-methyl-1-phenylethyl)-S-methylcyclohexyl (S)-2-[(tertiary-

butoxycarbonyl)aminolpent-4-enoate (79 a).

185



(1R, 25, íIRl -2- (l,-methyl -l--ph enylethyl) - S -methyl cy cl ohexyl

(Rl -2- [(tertiaryb ut o xy c arb onyl) ømino]p ent øno ate (IS Bb)

(7R,25,5R)-2-(1-methyl-l-phenylethyl)-5-methylcyclohexyl (R)-2-[(tertiary-

butoxycarbonyl)aminolpent-4-enoate (157b) (1.0 mg, 2.3 pmol) was reduced

over 70vo PdlC (0.5 mg) in methanol (1 ml) by the same method used for

the 2-(S)-norvalinate (158a) to give ttre title compound (0.8 mg, 1.8 pmol,

807o) as a colourless oil. 1H-N.VÍ.R. : (300 MFIZ) : identical to the specrrum

of authentic (1 R, 25, 5 R) -2- ( 1 -methyl- 1 -phenylethyl)-5-methylcyclohexyl

(R)-2-[(tertiarybutoxycarbonyl) amino]pentanoate (Zgb).

(1R, 25, 1Rl -2 - (7-methyl-7-phenyl ethyl) - 5 -methy I cy cl ohexy I

2- [(tertiarybut o xy cørb o nyl) øminolp entano ate (75 8)

(1.R,25,5R)-2-(1-methyl-1-phenylethyl)-S-methylcyclohexyl (R,S)-2-[(ter-

tiarybutoxycarbonyl)aminolpent-4-enoate (157) (a 93 : 7 2-(S): 2-(R) mixture

of diastereomers, 15 mg, 36 pmol) was reduced over 70% Pd/c (z mg) in

methanol (1 ml) by the same method used for the 2-(S)-norvalinate (158a)

to give the title compound (13 mg, 32 pmol, 8B7o) as a colourless oil.

H.P.L.C. analysis indicated the presence of two components in a 93 :7 ratio.

The first-eluting component co-eluted with an authentic sample of

("1 R, 25, 5R)-2-(1 -methyl-1 -phenylethyt)-S-methylcyclohexyt (S)-2-t (tertiary-

butoxycarbonyl)aminolpentanoate (79a), and the second-eluting

component co-eluted with an authentic sample of the corresponding 2-(R)

diastereomer (79b).
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(1R, 25, 1IRl -2- (l=methy I -l--phenyl ethy l) - S -methyl cy cl ohexy I

2 - [(t ertí aryb ut o xy cørb o nyl) amino] -4-methylp ent-4- eno ate (1,59)

A solution of (1R, 25, 5R) -2-(1 -methyl-1-phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (9'1. rng,

0.193 mmol), (2-methyl-2-propenyl)tri-n -butyltin (133 mg, 0.386 mmol)

and azobisisobutyronitrile (ca.'1, mg) in anhydrous benzene (0.68 ml) was

left to stand at room temperature for sixteen hours. The benzene was

evaporated in aacuo and the residue chromatographed on silica to give

the title compound (69 rng,0.156 mmol, 9'l.Vo). H.P.L.C. analysis indicated

the presence of two components in a 95:5 ratio. M.S. 443 (M+), 387

(M+ - C¿Hs). Exact mass calculated for C27H¿zNO¿ ([M + H]+) 444.371,,

found 444.373. Microanalysis: found C72.70To, }I9.03Vo. CZZH¿f NO¿

requires C73.70Vo, H9.327o.1H-N.M.R. (300 }..d}{z) ô:0.g6, d, I6.4tlz,3H
(ring CHg); 7.20, s,3H (CHaCPh); 1.30, s, 3H (CHeCPh); 7.45, s, 9H (fBu

CHg); 7.64, s,3H, (CH3C=C); 0.9-2.3, complex, 10H (methylene envelope);

3.77, m, 1H (a CH); 4.47, d, I 8.3 ÍIz,1H (NH); 4.63, s,lH (HCH=C); 4.75, s,

1H (HCH=C);4.M, d of t, I 4.3,707 Hz,1H (HC-O);7.1,5-7.35, complex, 5FI

(ArH). 13c-ru.u.R. (75.5 MHz) õ: 27.76 (cH¡cph); 21,.84 (cH3C=c); 23.9t

(CHgCPh); 26.39 (ring CHzCHCPh); 28.32 (rsu CHg) ; 28.96 (ring CH3); 37.22

(ring CHCHe); 34.52 (ring CHZCHCHÐ;39.47, (CMe2Ph); 40.M (CHZC=C);

47.37 (ring CHzC-O);50.22 (ring CHCPh); 51.68 (cr CH); ZSJZ (H-C-O); 79.2t

(CMeg) ; 1 1 3. 89 (CH2:ç¡. 725.22, 725.30, 728.06, 754.99 (Ar) ; 740.95 (C =CHÐ ;

751..76 (tBoc C=O); 7Tt.60 (ester C=O).
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(1R, 25, íIÅl -2- (7-methy I -7-phenylethyl) -5 -methy I cy cl ohexyl

(R,Sl-2-[(tertiaryb utoxy carb onyl) amino] -4-methylp entøno ate (76L)

N-tertiarybutoxycarbonyl-(R,S)-leucine (L79) was esterified with

(-)-8-phenylmenthol using the method of Flassner and Alexanian45.

Purification of the crude product by flash chromatography gave t}re title

compound as a colourless oil in 87Vo yield. Microanalysis: found

C 72.79 Vo, H 9.63Vo . CZZFI¿gNO4 requir es C 7 2.77 Vo, H 9.7 3Vo.

Small samples of the pure 2-(S) and 2-(R) diastereomers were obtained by

preparative H.P.L.C:

Data for the 2-(S) diastereomer (L6La): F.A.B. M.S.: m/zM6 ([M + H]*),390

([M + H]+ - C¿Ha). lH-N.vt.R. (300 MFIZ) ô: 0.80-0.95, complex, 9H (ring

CH3, ô CH3's); 1.20 s,3H (CHgCPh); 1.30, s,3H (CHgCPh);7.M, s,9H (úBu

CH¡); 7.7-2.'1,, complex, l1H (methylene envelope);3.72, m, lH (c'C} );4.26,

d, 18.9 Hz, 7H (NH); 4.79, d of t, | 4.3,']..0.7 Hz, 7H (HC-O); 7.70-7.35,

complex, 5H (ArH).

Data for the 2-(R) diastereomer (161b): F.A.B. M.S.: rn/z446 ([M + H]+),390

([M + H]+ - C¿Hs). lrt-N.Ir¿.R. (300 MFIZ) õ:0.82-0.92, complex, 9H (ring

CH3, ô CH3's); 7.23 s,3H (CHeCPh); 7.32, s, 3H (CHgCPh); 7.43, s, 9H (fBu

CH¡); 0.9-2.7, complex, 1lH (methylene envelope);3.97, m, lH (cr CH); 4.58,

d, / 8.8 Hz, 7H (NU¡; 4.94, d of t, J 4.3, 10.7 Hz, 7H (gC-O); 7.75-7.30,

complex, 5H (ArH).
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(1R, 25, íR,l -2 - (I-methy I -L-pheny I ethy l) -5 -methyl cy cl ohexy I

(S) -2- [(terti øryb ut o xy c arb o ny l) amìn o] - -methylp ent ano ate (16L a)

N-tertiarybutoxycarbonyl-(S)-leucine (179a) was esterified with
(-)-8-phenylmenthol using the method of Ffassner and Alexanian45.

Purification of the crude product by flash chromatography gave t};.e title

compound as a colourless oil in 73Vo yield. N.M.R. data : identical to the

data quoted above for the 2-(S) diastereomer (L61a).

(1R, 25, 5R.) -2 - (l.-methy l -l.-phenyl ethyl) - 5 -methyl cy cl ohexyl

2- [(tertiarybutoxy carb onyl) amino]-4-methylp ent ano ate (760)

(7R,25,5R)-2-(1-methyl-1-phenylethyt)-S-methylcyclohexyl (R,S)-2-[(ter-

tiarybutoxycarbonyl)aminol-4-methylpent-4-enoate (159) (a 95 : 5

2-(S) : 2-(R) mixture of diastereomers, 20 mg,46 pmol) was reduced over

7070 Pd/C (10 mg) in methanol (1 ml) by the same method used for the

2-(S)-norvalinate (158a) to give t]r.e title compound (20 mg, 46 pmol, 'l,00Vo)

as a colourless oil. H.P.L.C. analysis indicated the presence of two

comPonents in a 94:6 ratio. The first-eluting component co-eluted with

an authentic sample of (1R, 25, 5R) -2-(1 -methyl-1 -phenylethyl)-5-methyl-

cyclohexyl (S)-2-t(tertiarybutoxycarbonyl)aminol-4-methylpentanoate

(16La), and the second-eluting component co-eluted with an authentic

sample of the corresponding 2-(R) diastereomer (L61b). 1H-trl.tr¡.R.

(300 MI{z) : identical to the spectrum of authentic (161a).
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( 1 R, 2 S, íIRl -2 - (7 -methy I - 7 -ph eny I e thy l) - 5 - me thy I cy cl oh exy I

2- (tertí aryb uto xy c arb o nyl) amin ol -3 -methylp ent- 4- eno ate (1.62)

A solution of (1R, 25, 5R)-2-(1 -methyl-1-phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (60 mg,

0.1,27 mmol), [(E)-(2-butenyl)Jtri-r-butyltin (97 rng, 0.280 mmol) and

azobisisobutyronitrile (cø.1 mg) in anhydrous benzene (1.00 ml) was left to

stand at room temperature for sixteen hours. The benzene was

evaporated in aøcuo and the residue chromatographed on silica to give

the title compound (47 mg, 0.105 mmol, 83%). M.S. 443 (M+), 387

(M+ - C¿Hs). Exact mass calculated for CzzH¿zNO¿ ([M + H]+) 444.377,

found 4M.309. lH-N.u.n. (300 MFIZ) ô: 0.75-0.95, complex, 6H (ring CHg

and y-CHz); '1..22, s, 3H (CHgCPh); 7.30, s, 3H (CH¡CPh); 7.46, s, 9H (fBu

CHg); 0.95-2.70, complex, 8H (methylene envelope); 2.36, complex, 1H

1p-CH); 3.58, d of d, I 4.2, 8.6 Hz and 3.63, d of d, ] 4.0, 8.7 Hz, total 1H

(a CH); 4.70-5.05, complex, 4H (NH, H2C:CH and HC-O); 5.40-5.70,

complex, 1H (HC=CHz); 7.1,5-7.35, complex, 5H (ArH). 13C-N.M.R.

(75.5ÌMFlz) õ: 14.90, 1,5.72 (y-CHe); 27.77 (CH¡CPh);24.38,24.25 (CHeCPh);

26.47 (ring CH2CHCPh); 28.29 (t¡u CH3,);28.38,28.49 (ring CH3); 37.24 (ring

CHCH¡); 34.46 (ring CH2CHCH3); 39.47, (CMezPh) ; 39.67, 40.25 (CHC=C);

47.48,41.53 (ring CHzC-O); 50.48 (ring CHCPh); 56.90,57.72 (cr CH); 75.7L,

75.79 (H-C-O); 79.33 (CMe3); 'j.,75.40, 776.76, (CH2=ç¡' ']..25.28, 725.38, 727.95,

754.97 (Ar); 137.85, 138.80 (CH=CHz);751,.23 (úBoc C=O); 770.78 (ester C=O).
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(1R, 25, íR,l -2- (L-methyl-1--phenylethyl) -5 -methyl cy cl ohexyl

2- Kt efti aryb ut o xy carb onyl) amin oI -3 -methylp ent ano ate (763)

(7R,25,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl 2-[(tertiary-

butoxycarbonyl)aminol-3-methylpent-4-enoate (162) (35 mg, 90 pmol) was

reduced over platinum oxide (10 mg, 45pmol) in methanol (2 ml) by the

same method used for the 2-(S)-norvalinate (1SSa) to give t]¡re title

compound (33 mg, 84 pmol, 83Vo) as a colourless oil. H.P.L.C. analysis

indicated the presence of three components in a 83 :70.7 : 6.3 ratio. The

first-eluting component co-eluted with authentic samples of

(1'R,25,5R)-2-(1-methyl-l-phenylethyl)-5-methylcydohexyl (25,3S)-2-[(ter-

tiarybutoxycarbonyl)aminol-3-methylpentanoate (lL7a) and the

corresponding (2S, 3R) diastereomer (llzb). The second-eluting

comPonent co-eluted with unreduced starting material (\62). The third-

eluting component co-eluted with an authentic sample of

(7R, 25, 5R)-2-(1 -methyl-1 -phenylethyl)-5-methylcyclohexyl (2R, 3R) -

2-[(tertiarybutoxycarbonyl)amino]-3-methylpentanoate (1L7c). 1ft-N.tr,t.R.

(300 MHz) : comparison to the spectra of authentic (117a) and (LL7b)

indicated that the (2S, 35) : (2S, 3R) ratio was cø. 2:3.

trípheny lpro p -2 -ynyl st annane (750) and

trìphenylpr op -7,2 - dienyl st ønnane (77 0)

Followed the method of Le Quan and Cadie¡106. (150) : lgVo yield.

M.P.:80-82'C; li¡106:81-83C. I.R.:21t0, gZgO cm-l. (L70) :1\Vo yield.

M.P. : 58-60"C; li¡106 : 65'C. I.R. : 1926 cm-1.
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(7R, 25, ÍR'l -2- (7-methyl-1.-pheny I ethyl) - S -methyl cy cl ohexy I

2 - [(tertiaryb uto xy carb o nyl) amino]p ent-3,4- ilìeno ate (769)

A solution of (1R, 25, 5R)-2-(1 -methyt-1-phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (79 mg,

0.168 mmol), triphenylprop-1,2-dienylstannane (170) (131 mg, 0.336 mmol)

and azobisisobutyro-nitrile (ca. 7 mg) in anhydrous benzene (590 pl) was

refluxed for five hours. The benzene was evaporated in aacuo and the

residue chromatographed on silica to give the title compound (38 mg,

0.090 mmol, 537o). H.P.L.C. analysis indicated the presence of two

components in a 93:7 ratio. M.S. m/2427 (M+), 426 (M+ -H), 377

(M+ - C¿He). M.S. 427 (M+), 371 (y1+ - C¿Ha). Exact mass calculated for

C25,H3gNO¿ ([M + H]+¡ 428.280, found 428.283. 1H-N.tvt.R. (300 MHz)

ô:0.87, d, 16.4 Hz, 3H (ring CHa); 7.21, s,3H (CH3CPh); 1.31., s, 3H

(CHeCPh); 7.46, s, 9H (fBu CHg); 0.9-2.3, complex, 8H (methylene

envelope);4.09, m, 1H (cr CH); 4.72,br. d,I8.'1.Hz,7H (NH); 4.84, dof t,] 4.3,

1.0.7 \Iz,lH (HC-O);4.90-5.15, complex,3H (allenic CH); 7.t0-7.35, complex,

5H (ArH). 13c-N.rr¡.R. (2s.5 MHz) õ: 2t.76 (cHeCph); 23.99 (cHgcph); 26.40

(ring CH2CHCPh); 28.32 (tBu CH3);28.73 (ring CHg); 3t.26 (ring CHCHg);

34.M (ring CH2CHCHg); 39.53, (CMe2Ph); 47.39 (ring CHzC-O) ; 50.M (ring

CHCPh); 51.53 (cr CH); 75.97 (H-C-O); 79.43 (CH2=ç=CH, CMee); 89.06

(CH=C=C}{Z); 725.37,']-,28.04, 754.66 (Ar); 151.49 (úBoc C=O); 1,69.4t (ester

C=O); 207.19 (CH2=ç=CHÐ. I.R. v 1958 cm-1.
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(7R, 25, 5R'') -2- (7-methyl-7-phenyl ethy l) -5 -methyl cy cl ohexyl

2- [(tertiarybut oxy carb onyl) aminolp entano ate (171)

(7R, 25,5R)-2-(1-methyl-l-phenylethyl)-5-methylcyclohexyl (R,S)-2-[(ter-

tiarybutoxycarbonyl)aminoìpent-3,4-enoate (169) (a 93 :7 2-(S) : 2-(R)

mixture of diastereomers, 11 mg, 27 pmol) was reduced over 'l,ÙVo Pd/C

(5 mg) in methanol (1 ml) by the same method used for the

2-(S)-norvalinate (157a) to give t}:.e title compound (9 mg, 2L pmol, 787o) as

a colourless oil. H.P.L.C. analysis indicated the presence of two

components in a 93 :7 ratio. The first-eluting component co-eluted with

an authentic sample of (7R, 25, 5R)-2-(1-methyl-1-phenylethyl)-

S-methylcyclohexyl (S)-2-[(tertiarybutoxycarbonyl)amino]pentanoate (158a),

and the second-eluting component co-eluted with an authentic sample of

the corresponding 2-(R) diastereomer (158b). lH-N.trrt.R. (300 MHz) :

identical to the spectrum of authentic (75a).

(7R, 25, íR'l -2- (7-methy I -7-phenyl ethyl) - 5 -methyl cy cl ohexyl

2- [(t ertiaryb uto xy carb onyl) ømíno]p ent-4-yno øte (772)

A solution of (1R, 25, 5R)-2-(1 -methyl-1-phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (60 mg,

0.728 mmol), triphenylprop-2-ynylstannane (150) (100 mg, 0.256 mmol)

and azobisisobutyro-nitrile (cø.7 mg) in anhydrous benzene (450 pl) was

left to stand at room temperature for sixteen hours. The benzene was

evaporated in rsacuo and the residue chromatographed on silica to give

t}re title compound (32 mg, 0.074 mmol, 58Vo) as a colourless oil which

became a white solid upon standing. H.P.L.C. analysis indicated the

presence of two components in a 97 :3 ratio. Recrystallization from
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hexane gave white crystals, M.P. = 726-127"C. M.S. rn/2427 (M+),377

(M* - C¿Hd. Exact mass calculated f.or CzzHzsNO¿ (M* - C¿Ha) 37'1,.270,

found 377.272. Microanalysis: found C73.26Vo, FJ8.80%. CZ6H3ZNO¿

requires c73.04vo, }i^8.727o.1H-N.M.R. (300 MHz) ô:0.88, d, 16.5 }lz,3H
(ring CHe); 1..20, s,3H (CH¡CPh);7.29, s, 3H (CHeCPh);7.47, s, 9H (úBu

CHg); 0.9-2.3, complex, 8H (methylene envelope);2.08, br. s, lH, (HC=C);

2.12, d of d of d, I 76.9, 4.7, 2.5 Ílz, 7H (HCHC=CFI); 2.47, d of d of d, | '1.6.9,

4.0, 2.8 ÍIz, 7H (HCHC{H); 3.59, d of t, I 7.8, 4.4 ÍIz, lH (cr CH); 4.83, d of t,

I 4.3, 70.8 ÍIz, 1H (HC-O); 5.08, d, I 7.8 Hz, 7H (NH); 7.1.5-7.40, complex, 5H

(ArH). l3C-ru.u.R. (25.5 MHz) õ:2t.76 (CHgCph); 22.37 (CHzC=C); 23.79

(CHeCPh);26.27 (ring CHzCHCPh);28.32 (tBu CHe);29.28 (ring CH¡); 37.23

(ring CHCH¡); 34.50 (ring CHzCHCH3); 39.38, (CMe2Ph); 41.18 (ring

CHzC-O); 50.44 (ring CHCPh); 51.65 (a CH); 70.97 (C=CH); 75.91. (H-C-O);

79.03 (C=CH); 79.69 (CMe3); 725.24, 725.37, 727.98, 754.U (Ar); 751.73 (úBoc

C=O); 769.65 (ester C=O). I.R. v 3300 cm-l.

(7Jd., 25, 5R.) -2 - (L-methy I -l--phenyl ethy l) - 5 -methyl cy cl ohexy I

2- [(tertíaryb ut o xy carb o ny l) amin o] p entano ate (77 3)

('1.R,25,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl (R,S)-2-[(ter-

tiarybutoxycarbonyl)aminolpent-4-ynoate (L72) (a97:3 2-(S) :2-(R) mixture

of diastereomers, 22m9,52 pmol) was reduced over 10Vo Pd/C (10 mg) in

methanol (1 ml) by the same method used for the 2-(S)-norvalinate (158a)

to give t}':.e title compound (16 mg, 37 pmol, 77%) as a colourless oil.

H.P.L.C. analysis indicated the presence of two components ín a 97 : 3 ratio.

The first-eluting component co-eluted with an authentic sample of

(1'R, 25,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl (S)-2-[(ter-

tiarybutoxycarbonyl)aminolpentanoate (75a), and the second-eluting
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component co-eluted with an authentic sample of the corresponding 2-(R)

diastereomer (75b). 1U-N.trrt.R. (300 MHz) : identical to the spectrum of

authentic (7Sat.

(7R, 25, 1IR) -2- (7-methy l-L-pheny lethy I) - 5 -methyl cy cl ohexyl

2-[(tertiarybuto xy carb onyl) aminolp ent- -yno ate (772) and

(1 R, 2 S, 1R'l -2- (7-methyl -l,-phenyl ethy l) -5 -methyl cy cl ohexyl

2- [(tertia.ryb uto xy c arb o nyl) aminolp ent-3,4- dieno at e (769)

A solution of (1R, 25, 5R)-2-(1 -methyl-1-phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (82 mg,

0.776 mmol), triphenylprop-2-ynylstannane (150) (1,37 rng, 0.352 mmol)

and azobisisobutyro-nitrile (ca. 7 mg) in anhydrous benzene (270 pl) was

refluxed for five hours. The benzene was evaporated in aacuo and the

residue chromatographed on silica to give a cø. 2:1 mixture of (172) and

(169) respectively, as indicated by comparison of the lH-N.M.R. spectrum

of the mixture with the spectra of pure (172) and (169). Total yield 34 mg,

0.079 mmol, 45Vo.

$)-allylglycine (164)

(1R,2S,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl (S)-2-[(tertiary-

butoxycarbonyl)aminolpent-4-enoate (157a) (>99Vo 2-(S) by H.P.L.C.

analysis) (283 mg, 0.659 mmol) was dissolved in trifluoroacetic acid (2 ml)

and the mixture left to stand at room temperature for ten minutes.

6N HCI (a ml) was then added and the mixture refluxed for fifteen hours.

After cooling to room temperature, water was added and the resultant

195



solution washed with chloroform (2X). The aqueous layer was evaporated

to dryness in aacuo. The residue was purified by ion exchange

chromatography on Amberlite LR-120 (H) to yield the title compound

(49.6 llng, 0.428 mmol, 65To). M.S. ßa ßy-product [M + H]+, 18),

116 (allylglycine [M + H]+, 100). 1H-N.M.R. (300 MHz, DzO) ô: 2.50,

complex, 2I{ (P CHz); 3.67, d of d, | 5.1, 6.8 Hz, 7H (cr-CH); 5.13, d, I 8.0 Hz,

1H (HCH=CH); 5.74, d, / 18.0 Hz,7H (HCH=CH); 5.60-5.75, complex, LH

(HCH=CH). This spectrum was identical to that of authentic

(R,S)-allylglycine, except for the presence of an extraneous signal (ô 1.11, d,

I 6.0 Ífz,0.1ZFI). No distinct resonance complementary to this signal was

discernable in the spectrum. [cr]oz¿=-30.3", C=3.77, HzO. ¡i¡.103'-37.7",

C-4,}{2O.

(1R, 25, il(l -2- (7-methyl -L-phenylethyl) - 5 -methyl cy cl ohexyl

2- [(tertiaryb ut o xy carb ony I) aminolp ent- 4- eno øte (7 9)

(S)-allylglycine (164) (41mg, 0.359 mmol) (derived from hydrolysis of

(7R, 25,5R)-2-(1-methyl-1-phenylethyl)-5-methylcyclohexyl (S)-2-[(ter-

tiarybutoxycarbonyl)aminoJpent-4-enoate (L57a)) was converted to its

N-f-Boc derivative (73a) by the method of Itoh et a138. Yield= 59mg,

0.276rnmol,77Vo. 48mg (0.223 mmol) oÍ (73a) was converted to t]l.e title

compound by esterification with (-)-8-phenylmenthol (57 rng.

0.246 mmol) by the method of Hassner and Alexanian45. Yietd = 85 mg,

0.198 mmol, 89%. H.P.L.C. analysis showed that the 2-(S):2-(R) ratio was

98.3 :7.7).

796



REACTION OF BROMIDE (48) WITH ALLYLTRI-z-BUTYLTIN IN THE

PRESECE OF HYDROQUINONE

A solution of (1R, 25, 5R)-2-(1 -methyl-1-phenylethyl)-5-methylcyclohexyl

(S)-2-[(tertiarybutoxycarbonyl)amino]-2-bromoacetate (48) (4'1, l¡:.g,

87.3 pmol), dlyltri-rz-butyltin (58mg, 175 pmol) and hydroquinone (2lrrg,

17.4 ¡tmol) in anhydrous benzene (1.3 ml) was left to stand at room

temperature in the dark for sixteen hours. Monitoring of the reaction by

T.L.C. revealed that the title compound t.ad formed. H.P.L.C. analysis

indicated that the ratio of the 2-(S):2-(R) allylglycinates (157a) and (157b)

was 96:4.
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