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Abstract

This thesis is concerned with the use of kinetic resolution strategies for the
preparation of enantiomerically pure materials.

Chapter 1 introduces kinetic resolution. The limitations of conventional kinetic
resolutions are described and the methods used to overcome these limitations are discussed.

Chapter 2 presents a double kinetic resolution strategy where the recovered reactant
from the first kinetic resolution is used as starting material in a second kinetic resolution.
In the second kinetic resolution the major enantiomer present in the starting material is the
faster reacting enantiomer. Application of this double kinetic resolution strategy to the
Sharpless epoxidation is shown to enable enhanced product enantiomeric excesses to be
obtained.

Chapter 3 presents an alternative double kinetic resolution strategy where the
product from the first kinetic resolution is used as starting material in a second kinetic
resolution. In the second kinetic resolution the major enantiomer present in the starting
material is the faster reacting enantiomer. Application of this double kinetic resolution
strategy using lipase mediated esterification and hydrolysis reactions is shown to enable
enhanced product yields to be obtained.

Chapter 4 describes the preparation of an enantiomerically pure 2-substituted mono-
protected propan-1,3-diol derivative via combination of an asymmetric synthesis and a
kinetic resolution.

Chapter 5 describes the preparation of the pheromone sulcatol in enantiomerically
pure form via combination of an asymmetric synthesis and a kinetic resolution.

Chapter 6 presents an investigation into the structure of lithium(a-methylbenzyl)-
benzyl amide.

Chapter 7 describes an attempted dynamic kinetic resolution of 2-substituted mono-
protected propan-1,3-diol derivatives.

Chapter 8 describes an attempted preparation of the iron crotonyl complex E-[(n5-
CsHs)Fe(CO)(PPh3)(COCH=CHCH3)] in enantiomerically pure form via enzymic kinetic
resolution.



Acknowledgements

Acknowledgements

Firstly, I would like to thank my supervisor Dr. Steve Davies for his advice and
support over the last three years.

I am grateful to ICI (Fine Chemicals Manufacturing Organisation) for their financial
support and to my industrial supervisor Dr. Steve Brown for his interest in my work.

Many thanks are due to the technical staff at the Dyson Perrins Laboratory, in
particular Elizabeth McGuinness, Tina Jackson, Val Lamburn, Robin Procter and Dr.
Robin Aplin.

I am greatly indebted to my many proof readers: Kevin Fitzpatrick, David White,
Dr. Steve Case-Green, Iain Walters, Dr. Michael Metzler, Dr. Guy Krippner, Jonathan
Bryden, Paul de Sousa and Anne de Sousa.

I thank, in addition to those already mentioned above, Dr. Peter Stephenson, Dr.
Robert Polywka, Dr. Narciso Martin Garrido, Osamu Ichihara, Dr. Andrew Mortlock and
Doreen Shirley for making the lab. a more bearable place in which to work and for many
useful discussions.

I thank my family for their endless love, support and encouragement and for giving
me every opportunity.

Finally, I thank Anne for making everything worthwhile.



Contents

Contents
Acknowledgements
Contents
Abbreviations

Chapter 1: Introduction to Kinetic Resolution.

1.1 The Importance of Chirality. . . . ...... ... .. ... ... ... . ...
1.2 Kinetic ResOIution. . . . . . . . . ot it e e e e e e e e e e
1.3 Limitations of Conventional Kinetic Resolutions. . .. ...............

1.4 Methods used to Overcome the Limitations of Conventional. . ... ... ...

Kinetic Resolutions.

1.4.1 Conversion of the Recovered Reactant to the Desired Product. . . . ..
1.4.2 Dynamic or Second Order Kinetic Resolution. . . ..............
1.4.3 Simultaneous Kinetic Resolution. . . .. ... ....... ... .......
1.4.4 Sequential Kinetic Resolution. . . ....... . ... ... ... ... .....

1.4.4.1 Recycling of the Product. . . . .. ... .. ... ... . ...

1.4.4.2 Use of the Product from the First Kinetic Resolution as . . .. ..

Starting Material in a Second Kinetic Resolution in which

the Major Enantiomer is the faster reacting.

1.4.4.3 Use of the Product from the First Kinetic Resolution as . . . . ..

Starting Material in a Second Kinetic Resolution in which

the Minor Enantiomer is the faster reacting.

1.4.4.4 Use of the Recovered Reactant from the First Kinetic . .. .. ...

Resolution as Starting Material in a Second Kinetic Resolution

in which the Major Enantiomer is the faster reacting.

1.4.5 Combination of Asymmetric Synthesis with Kinetic Resolution. . . . .

1.4.5.1 Use of the Product from an Asymmetric Synthesisas . ... ...

Starting Material in a Kinetic Resolution in which the

Major Enantiomer is the faster reacting.

. .



Contents

1.4.5.2 Use of the Product from an Asymmetric Synthesis as . . .. . ..

Starting Material in a Kinetic Resolution in which the

Minor Enantiomer is the faster reacting.

1.5 Summary and Objectives. . . . .. ... .. .. e

Chapter 2: Enhanced Product Enantiomeric Excesses and Yields in
Sharpless Epoxidations by the use of a Double Kinetic

Resolution Strategy.

2.1 The Sharpless Epoxidation. . .. ......... ... .. ... . ...,
2.2 Proposed Double Kinetic Resolution Strategy. . . .................
2.3 Application of the Proposed Double Kinetic Resolution Strategy. .. ... ..

2.4 Consideration of this Double Kinetic Resolution Strategy fora.........

Range of Stereoselectivity Factors.

2.5 Summary and Conclusion. . .. ... ... . . . e

Chapter 3: Enhanced Product Enantiomeric Excesses and Yields in
Lipase Mediated Reactions by the use of a Double

Kinetic Resolution Strategy.

3.1 Use of Enzymes in Organic Synthesis. . .. ......................

3.1.1 Lipase mediated Hydrolysis and Esterification. . .. .............
3.2 Proposed Double Kinetic Resolution Strategy. . ...................
3.3 Application of the Proposed Double Kinetic Resolution Strategy. . .. . ...

3.4 Consideration of this Double Kinetic Resolution Strategy fora.........

Range of Stereoselectivity Factors.

3.5 Summary and Conclusion. . . . .......... ... ... .. oL L.

Chapter 4: Preparation of Homochiral 2-substituted mono-protected
propan-1,3-diol derivatives via Combination of
Asymmetric Synthesis and Kinetic Resolution.

4.1 Uses of Homochiral 2-substituted propan-1,3-diol derivatives

.........



Contents

4.2 Preparation of Homochiral 2-substituted propan-1,3-diol derivatives. . . . . ..
4.2.1 Chemical Methods. . .. ....... ... .. ... .. . . . .. ..
422 Enzymic Methods. . . . ... ... .. ... e

4.3 Proposed Combination of Asymmetric Synthesis and Kinetic Resolution . .

for the Preparation of Homochiral propan-1,3-diol derivatives.
4.3.1 Identification of a Suitable Substrate and Exploratory Reactions. . .. ...

4.4 Application of the Proposed Strategy. . . ......... ... ... ... ......

4.5 Summary and Conclusion. . .. ......... ... . .. . e

Chapter 5: Preparation of Sulcatol via Combination of Asymmetric
Synthesis and Kinetic Resolution.
5.1 Biological Activityof Sulcatol. . .. ...... ... ... .. ... . . .
5.2 Preparation of Sulcatol. . .. ... ... .. ... .. ... . . ...
5.2.1 Chemical Methods. . .. ... ... .. . . . . . . e
5.2.2 Enzymic Methods. . . . ... ... .. ... . . .
5.3 Proposed Combination of Asymmetric Synthesis and Kinetic Resolution . . ..
for the Preparation of (S)-Sulcatol.
5.3.1 Exploratory Reactions. . ... ............ ... .. .. ... . ......
5.4 Application of the Proposed Strategy. . ... .......................

5.5 Summary and Conclusion. .. . ........ ... ... ... ..

Chapter 6: Investigation of the Structure of lithium(a-methylbenzyl)
benzyl amide.
6.1 Uses of Homochiral Lithium Amides. . .. ... ... .. ... .........

6.2 The Structure of Lithium Amides. . . ... ... ... ... . ... . ..

6.3 Structure investigation of lithium(a-methylbenzyl)benzyl amide (129). ... ..

6.3.1 Structures of Lithium Amides similar to 129. . ... ... . ..........
6.3.2 Experiments performed with N,N-dimethyl cinnamide. .. ..........
6.3.3 Experiments performed with the iron crotonyl complex. .. ... ... ...

6.4 Summary and Conclusion. .. ........... ... ... ...



Contents

Chapter 7: Attempted Dynamic Kinetic Resolution.
7.1 Proposed Dynamic Kinetic Resolution System. . . ................... 90

7.2 Summary and Conclusion. .. ........ .. ... ... 96

Chapter 8: Attempted Preparation of the Homochiral iron crotonyl

complex E-[(5-CsHs5)Fe(CO)(PPh3)(COCH=CHCHS3)] via

Enzymic Kinetic Resolution.

8.1 Uses of Homochiral iron acyl complexes. . . . ........... ... ... ... 97
8.2 Methods of Preparing Homochiral iron acyl complexes. . .............. 98
8.3 Preparation of Homochiral Organometallic Complexes using Enzymes. . . . .. 99
8.4 Proposed Strategy for the Preparation of Homochiral . .. ............. 101

E-[(M3-C5H5)Fe(CO)(PPh3)(COCH=CHCH3)]

8.5 Summary and Conclusion. . ... ... ... ... ... . . . ... 103
Experimental
General Experimental. . .. ... ... .. ... e 104
Chapter 2 Experimental. . . .. .. ... ... . .. .. .. e 109
Chapter 3 Experimental. . . . ... ... ... .. . . . . . . . e 112
Chapter 4 Experimental. . . .. ... ... .. .. ... . . ... ... 115
Chapter 5 Experimental. . . .. ... ... .. ... . ... ... . ... 125
Chapter 6 Experimental. . . .. ... ... .. ... .. ... .. .. 129
Chapter 7 Experimental. . . .. ... ... .. .. . ... . . e, 140
Chapter 8 Experimental. . . . ... ... ... ... . .. ... .. ... 146
References. . . . ... e, 149
Appendices
Appendix 1. .. .. o 1
AppendixX 2. . . ... ii
Appendix 3. . ... e vii
Appendix 4. . . ... 1X

Appendix 5. . ... X1



BINAP
DCC
DEAD
DET
DIBAL
DiPT
DMF
DMAE
DMAP
DNBOH
hfc
HMPA
LDA
LHMDS
LTMP
MTPA
PPTS
Py
TBHP
THF

Me
Et
Pr
1Pr
Bu
iBu
tBu
Ph

Abbreviations

Abbreviations

homochiral catalyst or reagent

conversion

diastereomeric excess

enantiomeric excess

stereoselectvity factor or enantiomeric ratio

specific rate constant

2,2’-bis(diphenylphosphino)-1,1’-binaphthyl
1,3-dicyclohexylcarbodiimide

diethyl azodicarboxylate

diethyl tartrate

diisobutyl aluminium hydride

diisopropyl tartrate

dimethylformamide
N,N-dimethylaminoethanol
4-dimethylaminopyridine

dinitrobenzoic acid

3-(heptafluoropropylhydroxymethylene)camphorato

hexamethylphosphoramide

lithium diiisopropylamide

lithium hexamethyldisilazide

lithium 2,2,6,6-tetramethylpiperidine

o-methoxy-o-(trifluoromethyl)phenylacetic acid

pyridinium p-toluenesulphonate
pyridine

i-butylhydroperoxide
tetrahydrofuran

CHj;

CH,CHj3
CH,CH,CH3
CH(CH3),
CH>CH,CH,CHj3
CH;CH(CH3),
C(CH3);3

phenyl



Bn

BOM
MOM

c-CeH11
(m3-CsHs)
TBDMS
TBDPS
TMS

CCL

PFL
PLE
PPL

2III
Sp-

GLC
HPLC
TLC
NMR

SX

br

m/z

\'A)

Abbreviations

CH»Ph

1-naphthyl
CH,OCH,Ph
CH,OCHj3

acetyl

cyclohexyl
(n>-cyclopentadienyl)
t-butyldimethylsilyl
t-butyldiphenylsilyl
trimethylsilyl

Aspergillus niger lipase

Candida cylindracea lipase

lipoprotein lipase from pseudomonas sp.
Mucor javanicus lipase

Pseudomonas fluorescens lipase

pig liver esterase

pig pancreatic lipase

Rhizopus arrhizus lipase

lipase from pseudomonas sp. type XIII

species

gas liquid chromatography

high performance liquid chromatography
thin layer chromatography

nuclear magnetic resonance

singlet

doublet

triplet

quartet

sextet

multiplet

broad
mass/charge ratio
strong

Very strong



Chapter 1

Chapter 1

Introduction to Kinetic Resolution.



Chapter 1

1.1 The Importance of Chirality.

In those cases where a biologically active compound contains one Or more
stereogenic centres, the desired biological activity is often only caused by one of the
enantiomerically and diastereomerically pure stereoisomers. In the best cases the other
stereoisomers have no effect. Unfortunately, it has often been found that the other
stereoisomers can inhibit the desired effect or even give rise to undesirable side effects.l
The most widely documented example of this phenomenon is the drug thalidomide (1)
which was administered as a racemate. It was subsequently found that only (R)-1 has the
desired anti-emetic properties whereas (S)-1 exhibits teratogenic activity (Figure 1)2
Another example is the drug propoxyphene (2): (IR,2S)-2 has been found to have
analgesic properties whereas (/5,2R)-2 has anti-tussive properties (Figure 1)3

Figure 1 : Activity of the enantiomers of thalidomide (1) and propoxyphene (2).

o)

O Ph CH,Ph
2
N_C>:O \/U\o 1 NMe,
NH
O

(R)-1 : anti-emetic (IR,25)-2 : analgesic
(S)-1 : teratogen (1S,2R)-2 : anti-tussive

The increasing awareness of the importance of chirality to biological activity has

led to great interest in the preparation of homochiral (enantiomerically pure) materials.4

1.2 Kinetic Resolution.?
A number of different methods have been employed for the preparation of
homochiral materials.® One method that has been widely used is kinetic resolution.
Kinetic resolution is defined as a process in which one of the enantiomers of a
racemic mixture is more readily transformed to product than the other enantiomer. In
order for this to occur the reaction must be mediated by a homochiral catalyst or reagent

(Scheme 1).
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Scheme 1 : Kinetic resolution.

RB* B* Racemic Mixture B* SB*
kg R+S kg

kg and kg = specific rate constants for reaction of R and S respectively.
B* is a homochiral catalyst or reagent.

If kp # ks, and the reaction is stopped at some point between 0 and 100%
conversion, the process can be described as a kinetic resolution. The difference in
specific rate constants arises because reaction of the enantiomers with the homochiral
catalyst or reagent proceeds via two diastereomeric transition states. Being diastereo-
meric the transition states may have different energies, in which case the rate of reaction
of each enantiomer will be different.

For chemical processes, the ratio of specific rate constants is defined as the
stereoselectivity factor (E) and is an indication of how efficient a kinetic resolution
process is.’2 Mathematical relationships (Figure 2) have been derived that relate the
stereoselectivity factor with the enantiomeric excess of recovered reactant (eer);
enantiomeric excess of the product (eep) and the extent of reaction (c). These
relationships allow easy calculation of the stereoselectivity factor for all kinetic
resolutions where the reaction is first order with respect to the reactant; any order with
respect to the homochiral catalyst or reagent and irreversible.” The same relationships-
can also be applied to biochemical kinetic resolutions, although in these cases E is the
ratio of specificity constants and is often described in the chemical literature as the
“enantiomeric ratio”.’a For clarity, throughout this thesis E is referred to as the
stereoselectivity factor for both chemical and biochemical kinetic resolutions.

Figure 2 : Mathematical relationships used for the calculation of stereoselectivity factors.

In[(1-c)(1-eeg)]
In{(1-c)(1+eeg)]
Ep= In[1-c(1 teep)] Ep = stereoselectivity factor calculated with respect to product.

In{1-c(1-eep)]

R = stereoselectivity factor calculated with respect to reactant.

ER=
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Recent examples of kinetic resolution include the reduction of a number of allylic
alcohols using the Ru(BINAP)(OAc), catalyst. As shown in Scheme 2, 2-methyl-2-

nonen-4-ol (3) (at 100 atmospheres of hydrogen) is reduced with a stereoselectivity factor

of 11.8
Scheme 2 : Kinetic resolution via Ru(BINAP)(OAc); catalysed hydrogenation.

OH OH
M
\ E=11 \
(RS)-3 (S)-3
(1) Ru[(S)-BINAP](OACc),, 100 atm Hj.

Enzymic kinetic resolution of the racemic cyanohydrin acetate (4) using the lipase
from pseudomonas sp. was found to proceed with a stereoselectivity factor of 10. The
recovered reactant was transformed in two steps to the 3-blocker (S )-propranolol (5)
(Scheme 3).9

Scheme 3 : Use of kinetic resolution in the preparation of (.S )-propranolol (§).

0]

E=10
OAc OAc OH
CN CN CH,NHiPr
(RS)-4 (S)-4 (S)-5

(i) Lipase from pseudomonas sp., pH 5.

Another example is the kinetic resolution of racemic phenylbutanoic acid (6)

using (R)-1-(4-pyridylethanol (7). In this case a stereoselectivity factor of 12 was

observed (Scheme 4).10
Scheme 4 : Kinetic resolution of phenylbutanoic acid (6) using 1-(4-pyridyl)ethanol (7).
OH

Ph = Ph

R)-(7 |
O SRS N |
CO,H DCC > CO,H

(RS)-6 E=12 (S)-6
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1.3 Limitations of Conventional Kinetic Resolution.

The fundamental limitation of conventional kinetic resolution is mass action: the
concentration of the slower reacting enantiomer increases relative to that of the faster
reacting enantiomer so that the difference in their rates of reaction is continuously
diminishing. Therefore as a kinetic resolution proceeds, the starting material is
increasingly enriched in the slower reacting enantiomer. The product is enriched in the
faster reacting enantiomer and its enantiomeric excess drops as the kinetic resolution
proceeds. This is shown graphically in Figures 3 and 4 for a range of stereoselectivity
factors.

Figure 3 : % Enantiomeric excess of reactant vs % conversion for kinetic resolutions

with various stereoselectivity factors.

et )l a2 o 1 2 4

% ee
reactant

0 l'—"l'l'TII1l'7l"lT]l"lT'Y"ﬁ"f"-j"fr

0 10 20 30 40 S50 60 70 80 90 100
% conversion

As can be seen from Figure 3, even when E is small the reactant can be obtained
with high enantiomeric excesses (albeit at the expense of yield), simply by allowing the
resolution to proceed to high conversions. According to Sheldon, in order to be
economically attractive to the chemical industry, only kinetic resolutions with
stereoselectivity factors of at least 20 are capable of yielding sufficient quantities of
recovered reactant with suitably high enantiomeric excesses.4a

Ideally, E should be very large so that essentially only one enantiomer of the
starting material reacts. If this were the case the reaction would stop when 50% of the
starting material had been consumed and the material recovered would consist of

homochiral starting material and homochiral product.
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Figure 4 : % Enantiomeric excess of product vs % conversion for kinetic resolutions with

various stereoselectivity factors.
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Figure 4 shows that the product from a kinetic resolution can only be obtained
with high enantiomeric excesses when E is large (>50). Maximum product enantiomeric
excess 1s obtained at an infinitesimally small conversion and can be calculated using the
relationship: maximum eep = (E-1)/(E+1). For example when E = 10, maximum
enantiomeric excess of product = 81.8%.

Due to the small number of kinetic resolutions where E is large, practical
applications of kinetic resolution have largely been restricted to the preparation of the

reactant, with little attention having been paid to the product of the kinetic resolution.

1.4 Methods used to Overcome the Limitations of Conventional Kinetic Resolutions.

As detailed above, one of the major limitations of conventional kinetic resolutions
is the fact that high product enantiomeric excesses can only be obtained for kinetic
resolutions that have high stereoselectivity factors. For example (using the relationship
mentioned previously), to obtain any product with an enantiomeric excess of 95%, E
must be at least 39. Similarly, for a product enantiomeric excess of 99%, E must be at
least 199. Examples of kinetic resolutions in the literature with stereoselectivity factors
as high as this are very rare. Consequently, a number of methods have evolved that
enable high product enantiomeric excesses to be obtained by the use of kinetic resolutions

with more modest stereoselectivity factors.
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1.4.1 Conversion of the Recovered Reactant to the Desired Product.

As mentioned before (see Figure 3), the recovered reactant from a kinetic
resolution can be obtained with high enantiomeric excess simply by allowing the kinetic
resolution to proceed to high conversion. Thus, the simplest method for obtaining
product with high enantiomeric excess is to run the kinetic resolution to the conversion at
which the reactant has the required enantiomeric excess, and then (after isolation)
transform the recovered reactant to the required product.!l This method was used by
Frejd ez al. for the preparation of (§)-4-hydroxy-3-methyl-2-cyclohexenone (9) as shown
in Scheme 5.112 The kinetic resolution proceeds with E ~ 20 and therefore in this case,
the maximum product enantiomeric excess (which would be obtained at an
infinitesimally small conversion) is 90%. However, the required product (9) was
obtained with 99% enantiomeric excess by the simple non-selective hydrolysis of the
recovered reactant (8) to give the desired product (9).

Scheme 5 : Preparation of (§)-4-hydroxy-3-methyl-2-cyclohexenone (9).

OH OH
I ' | I (i1)
O
(RS)- (R)- (S)-8 (S)-9
61% ece 99% ee 99% ee
(i) Pig liver esterase, pH 7. 62% conversion.
(ii) Na2C03/MeOH.

1.4.2 Dynamic or Second Order Kinetic Resolution.

As stated previously, the maximum theoretical yield of a pure enantiomer
obtainable by conventional kinetic resolution procedures is 50%. A dynamic!2 or second
order!3 kinetic resolution process is capable of producing a pure enantiomer with a
theoretical yield of 100%. In a dynamic kinetic resolution (Scheme 6) the enantiomers of
the reactant readily interconvert in the reaction medium, and at the same time a

homochiral reagent or catalyst (B*) preferentially transforms one enantiomer of the
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reactant into product. If the stereoselectivity factor is large, high product enantiomeric
excesses may be obtained.

Scheme 6 : Dynamic or second order kinetic resolution.

. . %
Racemic Mugure B RB*

B* is a homochiral catalyst or reagent.

If the rate of racemisation is significantly greater than the rate of asymmetric
transformation, there will be no mass action effect as the starting material will appear to
be racemic at all times. This means that, instead of decreasing as the kinetic resolution
proceeds (as with conventional kinetic resolution), the enantiomeric excess of the product
is independent of the extent of reaction as shown in Figure §.

Figure 5 : % Enantiomeric excess of product vs % conversion for dynamic kinetic

resolutions with various stereoselectivity factors.
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There are a number of difficulties in designing systems for dynamic kinetic
resolution. Firstly, the reaction medium must racemise only the reactant; the product and
the homochiral catalyst or reagent must be left stereochemically uncorrupted. Secondly,

since it is the product that is required, high enantiomeric excesses are only available for
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asymmetric reactions that proceed with a high stereoselectivity factor (E). For example
when E = 10, product enantiomeric excess will be 82%; when E = 50, product
enantiomeric excess will be 96%. The rate of racemisation must also be significantly
faster than the rate of the asymmetric transformation reaction. Finally, any “racemising
agent” used must be compatible with the homochiral reagent or catalyst. The paucity of
examples of dynamic kinetic resolution that appear in the chemical literature illustrates
the extent of these challenges.14

Sih et al. used a dynamic kinetic resolution to prepare the potent anti-
inflammatory agent and analgesic ketrolac (10).15 Enzymic hydrolysis of the ethyl ester
of ketrolac (11), under mildly basic conditions, leads to formation of the required (S)-
ketrolac (10) in 92% yield and with an enantiomeric excess of 85%. Racemisation of the
reactant is brought about by formation of the resonance stabilised enolate of the ethyl
ester (11) as shown in Scheme 7.

Scheme 7 : Dynamic kinetic resolution in the preparation of (S)-ketrolac (10).

%CQzEt 0 %COzH
0O o

(RS)-11 (S)-10
92% yield, 85 %ee

OHe

/ \ (i) Protease of Streptomyces Griseus, pH 9.7.
N

©_CO,Et

Noyori et al. performed a dynamic kinetic resolution on a number of 2-
substituted-3-oxo carboxylic acid esters. In the example shown in Scheme 8 the racemic
cyclic ketone (12) is hydrogenated in the presence of a homochiral ruthenium BINAP
catalyst to form the trans-hydroxy ester (13) in quantitative yield and with an

enantiomeric excess of 92%.12
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Scheme 8 : Stereoselective hydrogenation via dynamic kinetic resolution.

- 5 _
OMe
O i OH OH
_ I
OMe [RuCl(CHg)((R)-BINAP)]CI, - OMe
100 atm H,, CH,Cl,, 50°C, 70 h
i (IR,2R)-13
O ]O 92% ee, Quantitative yield
kOMe
(RS)-12

1.4.3 Simultaneous Kinetic Resolution.

Simultaneous kinetic resolution exploits a similar principle to dynamic kinetic
resolution: the mass action effect, that occurs in conventional kinetic resolution and
which causes the enantiomeric excess of the product to decrease as the conversion
increases, is negated. With simultaneous kinetic resolution, two homochiral catalysts or
reagents (B* and BT) are used synchronously (Scheme 9). One of the homochiral
reagents (in this case B*) reacts preferentially with the R enantiomer of the reactant and
the other homochiral reagent (in this case B¥) reacts preferentially with the S enantiomer.
Provided that the rate of each reaction is identical, and that they both display the same
(but opposite) degree of stereoselectivity, the reactant will remain racemic. This implies
that the enantiomeric excess (or diasteromeric excess) of the products (RB* and SBY) are
independent of conversion and are governed solely by the stereoselectivity factors of the
two reactions. When all of the reactant has been consumed, the two chemically different

products should be separable by normal methods. 16
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Scheme 9 : Simultaneous kinetic resolution.

B* Racemic Mixture BY
* ——— —_—
RB ke R+S ks SBT

kg and kg = specific rate constants for reaction of R and S respectively.
B* and BY are non-enantiomeric homochiral catalysts or reagents.

One example of this type of process uses z-butyl-2-bromopropanoate (14) as the
reactant and the iron acyl complexes® (R)-15 and (S,5)-16 as the two homochiral
reagents.18 Tt was found that (R)-15 reacted preferentially with (S)-z-butyl-2-bromo-
propanoate (14) to give (R,5)-17, whereas (S,5)-16 reacted preferentially with (R )-t-butyl-
2-bromopropanoate (14) to give (S,S,R)-18. Both products were formed with
diastereomeric excesses of > 93% (Scheme 10).

Scheme 10 : Simultaneous kinetic resolution using homochiral iron complexes.

%
D
(R,S)-17

Vs
@ .2
R)-15 >93% de
+ (i) BuLi - +
Ph Br
. P
/k Me (i /KH/OtBu "
/ /l\ Me
N /7

Q O
7\ \pc 0
- RS _14
Qh‘f?e (75 tBuO,C ﬂ}gs?
O

(S,S,R)-18
>93% de

* Ligand priority for iron complexes has been assigned as CsHs > PPhy > CO > acyl. The relative
configuration of the stereogenic centres is given starting with and in increasing distance from the iron

atom.17
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1.4.4 Sequential Kinetic Resolution.

Combinations of more than one kinetic resolution have been found to be
successful in enabling the formation of materials with enhanced enantiomeric excesses or
yields when compared with those obtainable using conventional kinetic resolution
processes. As described below, a number of different methods for combining kinetic

resolutions have been used.

1.4.4.1 Recycling of the Product.

One method that has been used to obtain enhanced product enantiomeric excesses
from kinetic resolutions with low stereoselectivity factors involves recycling the product.
If the product from the initial kinetic resolution is converted back to the reactant and then
a second kinetic resolution (using the same system) is performed on this scalemic starting
material, it allows formation of products with higher enantiomeric excesses (Figure 6).
In principle the process can be repeated a number of times until the required product
_ enantiomeric excess is obtained.

Figure 6 : % Enantiomeric excess of product vs % conversion for kinetic resolution (E =

10) of a scalemic starting material (where the major enantiomer is faster reacting).

100
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Toee 80
product 20
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This methodology has been implemented on a number occasions.!9 For example,

Babiak er al. prepared the prostaglandin precursor (19) as shown in Scheme 11.20

11
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Scheme 11 : Use of product recycling in kinetic resolution.

O
CO,CH;
(RS)-19
HO .
1)
O O
COzCH3 + CO2CH3
(S)-19 (R)-20
99.3% ee f 90% ee
HO AcO
(i1)
0) 0O
COzCH3 (iii) COZCH3
(R)-20 - (R)-19
s 99.3% ee s 90% ee
AcO HO

(1) PPL, vinyl acetate. 52% conversion.
(i1) Guanidine, MeOH.
(iii) PPL, vinyl acetate. 91% conversion.

In the first kinetic resolution (Scheme 11) the pig pancreatic lipase (PPL)
mediated acetylation was stopped at ~ 52% conversion. This gave rise to recovered
reactant [($)-19] with >99.3% enantiomeric excess and product [(R)-20] with 90%
enantiomeric excess. Hydrolysis of (R)-20 using guanidine in methanol gave (R)-19,
which was then used as the reactant for the second kinetic resolution (using the same
enzymic system). This time the reaction was halted after ~ 91% conversion giving rise to
product [(R)-20] with >99.3% enantiomeric excess.

This recycling approach can be used for any kinetic resolution, provided that the

product can easily be transformed back to the reactant.



Chapter 1

1.4.4.2 Use of the Product from the First Kinetic Resolution as Starting Material in a
Second Kinetic Resolution in which the Major Enantiomer is the faster reacting.

Examples have appeared recently (see Chapter 3) where instead of converting the
product from the first kinetic resolution back to the reactant and then performing the
second kinetic resolution (as described in Section 1.4.4.1), a different kinetic resolution
system 1s used in the second step. In this strategy the scalemic product (from the first
kinetic resolution) is used directly as the starting material in the second kinetic resolution.
This section describes processes such as this where in the second kinetic resolution, the
major enantiomer (present in the starting material) is the faster reacting enantiomer. This
means that the product (rather than the recovered reactant) from the second kinetic
resolution can be obtained with higher enantiomeric excess.2] Variation of %
enantiomeric excess of the product from the second kinetic resolution with % conversion
is identical to that for the recycling strategy described in Section 1.4.4.1 (Figure 6).
However, this strategy has an advantage over recycling in that there is one less step
involved, although obviously, it does require that a suitable second kinetic resolution
system be available.

When this project started, the only example in the chemical literature where this
methodologyv had been used was that reported by Wong er al. for the synthesis of (R)-
furylmethylcarbinol (21).22 Firstly, candida cylindracea lipase (CCL) mediated enzymic
esterification was performed and gave recovered reactant (S)-21 with 52% enantiomeric
excess and the product ester (R)-22 with ~ 48% enantiomeric excess. In the second
kinetic resolution, CCL mediated hydrolysis of (R)-22 (48% ee) led to formation of (R)-

21 with an enantiomeric excess of 94% (Scheme 12).

13
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Scheme 12 : Alternative method for product recycling.

[\ i [\ / \
(03\( (),(()3\-:/4((03\‘/
OH OH

OCOC7H;5s
(RS)-21 (S)-21 (R)-22
52% ee 48% ee
l(ii)

(i) CCL, octanoic acid, water/hexane. 52% conversion. / \
(if) CCL, pH 7.5. 25% conversion. O

OH
(R)-21
94% eec

The most efficient examples of this process are those in which the two kinetic
resolutions proceed in the same reaction medium (as this negates the need to stop the first
kinetic resolution, isolate the product and perform the second kinetic resolution
separately). Once again, there were very few examples of this type of process in the
chemical literature,23 however a number have recently appeared.24 The earliest example
was the enzymic hydrolysis of (RS)-diacetoxy binaphthol (23) using absidia glauca as
shown in Scheme 13.232 Examination of the reported relative rate constants (kp in
Scheme 13) for each step shows that in the first step, the S enantiomer of the racemic
diacetate (23) is preferentially hydrolysed to the monoacetate [(S)-24]. In the second
step, the S enantiomer of 24 is the faster reacting enantiomer and is preferentially
hydrolysed to (S)-binaphthol (25). Stopping the reaction at ~ 50% conversion gave (S)-

25 with an enantiomeric excess of 90%.
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Scheme 13 : Enzymic kinetic resolution of (RS)-23 using absidia glauca.

OAC k OH k OH
—1'—> —L—>

I OAc Slow OAc Slow I OH

(R)-23 (R)-24 (R)-25
OAc k3 OH k4 OH
l OAc fast OAc fast l OH

(S)-23 (S)-24 (S)-25

k1 =1, k2 =3.7, k3 =12.5, k4 = 205. 90% ee

1.4.4.3 Use of the Product from the First Kinetic Resolution as Starting Material in a
Second Kinetic Resolution in which the Minor Enantiomer is the faster reacting.
This section also describes a technique in which the product from the first kinetic
resolution is used directly as the starting material in the second kinetic resolution.
However in these examples, in the second kinetic resolution, the minor enantiomer
(present in the starting material) is the faster reacting. This means that the recovered
reactant (rather than the product) from the second kinetic resolution can be obtained with
higher enantiomeric excesses as shown in Figure 7. This approach also has the
advantage [over recycling (see Section 1.4.4.1)] that there is one less step involved,

although again, it does require that a suitable second kinetic resolution system be

available.

15



Chapter 1

Figure 7 : % Enantiomeric excess of reactant vs % conversion for kinetic resolution (E =

10) of a scalemic starting material (where the minor enantiomer is faster reacting).
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Ohta er al. observed evidence that such a process was occurring when (RS)-2-(4-
methoxyphenyl)propionitrile (26) was treated with rhodococcus butanica. In the first
step (R)-26 was preferentially converted to the amide (27), and in the second step it was
found that (§)-27 (the minor enantiomer) was preferentially converted through to the
carboxylic acid (28). Thus (R)-27 was obtained in 45% yield and with an enantiomeric
excess of 99% (Scheme 14).25

Scheme 14 : Enzymic kinetic resolution of (RS)-26 using rhodococcus butanica.

;
4

CN o CONH, fas CO,H
MeO MeO MeQO
(§)-26 (S)-27 (S)-28
/©/L CN fast CONH, slow COH
— - ———e
MeO MeO MeO
(R)-26 (R)-27 (R)-28

45% yield, 99% ee

The only other example of this type of process 1s the pig liver esterase mediated

hydrolysis of (¥)-trans-1,2-diacetoxycyclopentane as reported by Schneider er q/.23b
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1.4.4.4 Use of the Recovered Reactant from the First Kinetic Resolution as Starting
Material in a Second Kinetic Resolution in which the Major Enantiomer is the faster
reacting.

If the recovered reactant from a kinetic resolution is used as the starting material
in a second kinetic resolution, in which the major enantiomer (present in the starting
material) is the faster reacting enantiomer, higher product yields and enantiomeric
excesses (when compared with conventional kinetic resolutions) are achievable (see
Chapter 2).26 Isolated examples of this technique have appeared in the chemical
literature, however the generality of the concept and the potential benefits to yield and
enantiomeric excess have not been fully realised.8,27

Variation of % enantiomeric excess of the product from the second kinetic
resolution with % conversion is identical to that shown in Figure 6.

One example is that performed by Kitazume er al. for the preparation of
diprotected (R,R)-4,4-difluorothreonine (30).28 In the first kinetic resolution (RS,RS)-29
was hydrolysed using cellulase (from trichoderma viride). The S,S enantiomer of 29
preferentially reacted and after 76% conversion, (R,R)-29 was obtained as the recovered
reactant with an enantiomeric excess of 82%. In the second kinetic resolution the
scalemic (R,R)-29 (82% ee) was enzymically hydrolysed using lipase MY (which was
found to prefentially hydrolyse the R,R enantiomer of 29) to give (R,R)-30, after 69%
conversion, with an enantiomeric excess of 89% (Scheme 15).

Scheme 15 : Use of a double kinetic resolution technique for the preparation of

diprotected (R,R )-4,4-difluorothreonine (30).

OAc OAc OH
CO,Et__ () - CO,Et _ (i) - CO,Et
F,HC — = pHCT N 0 T FHCT N2
NHAc IiIHAc liIHAc
(RS,RS)-29 (R,R)-29 (R,R)-30
82% ee 89% ee

(1) Cellulase. 76% conversion.
(i1) Lipase MY. 69% conversion.
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1.4.5 Combination of Asymmetric Synthesis with Kinetic Resolution.

If the scalemic product from an asymmetric synthesis is subjected to a kinetic
resolution, it has been shown that material with higher enantiomeric excesses can be
obtained. The obvious advantage of this type of process over sequential kinetic
resolutions is that the theoretical yield from the first step is 100%. There are two distinct

categories into which the processes can be placed.

1.4.5.1 Use of the Product from an Asymmetric Synthesis as Starting Material in a
Kinetic Resolution in which the Major Enantiomer is the faster reacting.

In this case (as in Section 1.4.4.2), the product from the kinetic resolution can be
obtained with higher enantiomeric excesses.

Apart from the two examples of this type of process described in Chapters 4 and
5, the only other known example is that recently published by Ohta et al. in the
preparation of (25,3R)-sitopholate (34) as shown in Scheme 16.2°

Scheme 16 : Preparation of (25,3R )-sitophilate (34) via combination of asymmetric

synthesis and kinetic resolution.

iPrCOO O OH O OH O
X 0 ' (i)
(iii)
31 (25,35)-32 (25,3R)-32
96% de, 88% ee
@v)
(i) Growing cells of pichia farinosa.
(ii) DNBOH, PPh3, DEAD. OH O CICH,COO 0)
(iii) K,CO3, MeOH-THF.
(iv) (CICH,CO),0, py, DMAP. U
(v) Pseudomonas lipase.
(25,3R)-34 (25,3R)-33

98% de, 99% ee, 22% Overall yield

The asymmetric synthesis step involved reduction of the enol ester (31) using the

growing cells of pichia farinosa. The resulting (25,35)-B-hydroxy ester (32) was then

converted, via the corresponding 3,5-dinitrobenzoate, to give the 25,3R isomer of 32 with
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an enantiomeric excess of 88%. Kinetic resolution via pseudomonas lipase mediated
hydrolysis of the corresponding chloroacetate (33) gave (25,3R)-sitophilate (34) as the
product with an overall yield of 22%; a diastereomeric excess of 98% and an

enantiomeric excess of 99%.

1.4.5.2 Use of the Product from an Asymmetric Synthesis as Starting Material in a
Kinetic Resolution in which the Minor Enantiomer is the faster reacting.

Here (as in Section 1.4.4.3), the recovered reactant from the kinetic resolution can
be obtained with higher enantiomeric excesses.

There are a number of examples in the chemical literature of this type of process.
In most cases, the asymmetric synthesis and kinetic resolution proceed in the same
reaction medium.30 The first example was performed by Sih ez al. and involved enzymic
hydrolysis of the meso diester: 1,5-diacetoxy-cis-2,4-dimethyl pentane.3! Other examp-
les include Jiger’s and Schreiber’s work on the Sharpless epoxidation of divinyl-
carbinol.32 More recently, Chong ez al. observed this type of process when they
performed the reduction of a number of prochiral glycerol derivatives such as 35. Use of
a proline derived reducing agent led to formation of the intermediate (R )-monobromide
(36) in 48% yield and with an enantiomeric excess of 74% (Scheme 17).33

Scheme 17 : Combination of asymmetric synthesis and kinetic resolution.

H Br

Slow OBOM
(S)-36 k'/l
OBO % OBOM

BOM = -CH,OCH,Ph OBOM
(R)-36
48% vyield, 74% ee

19



Chapter 1

There are a small number of examples where the two processes are not performed
in the same reaction medium. These include the preparation of the pheromone sulcatol as
described in Chapter 5; work by Burgess er al. where asymmetric synthesis using the
SPAC reaction was combined with enzymic kinetic resolution;34 and also Wong’s
example for the preparation of monoprotected 2-substituted propan-1,3-diol derivatives

(this example is discussed in more in detail in Chapter 4).35

1.5 Summary and Objectives.

From the work described it was apparent that certain aspects of kinetic resolution
had not been studied in any detail. In particular kinetic resolution of partially resolved
materials had received little attention. The initial aim of this project was to investigate
these types of kinetic resolution, principally for the preparation of products with
enhanced enantiomeric excesses and/or yields.

The mathematical relationships described in Figure 2 can only be applied to
kinetic resolutions where the starting material is racemic. In order to predict the outcome
of kinetic resolutions using scalemic starting materials a simple computer model was
used (see Appendix 1).36 Use of this computer model enabled a comparison to be made
of the final product enantiomeric excesses and overall yields obtainable by a number of

the kinetic resolution strategies described (see Appendix 2).
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Chapter 2

Enhanced Product Enantiomeric Excesses and Yields in Sharpless Epoxidations by

the use of a Double Kinetic Resolution Strategy.
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2.1 The Sharpless Epoxidation.

In 1980 Sharpless ez al. reported one of the most important contributions to modern
chemistry, this was of course the asymmetric epoxidation of allylic alcohols.37 Since the
initial work, the Sharpless epoxidation has been widely used in organic synthesis.38 One
of the most striking examples is the preparation of the gypsy moth sex attractant (+)-
disparlure (40) from the allylic alcohol (38) as shown in Scheme 18.39 It has been
estimated that the financial saving made during the first two years that (+)-disparlure (40)
was used by the US government for insect control, exceeded that expended during the ten
years that Sharpless spent working on the methodology.40

Scheme 18 : Use of the Sharpless epoxidation in the preparation of (+)-disparlure (40).

CioHig CioHyo
() (i)-Giv)
l — O — i O
OH OH
38 39 (+)-40

95%
(i) (-)-DET, TBHP, Ti(OiPr),, CH,Cl,. srmee
(ii) Oxidation. 27% Overall yield

(iii) Wittig olefination.
(iv) Hydrogenation.

Shortly after the first publication, Sharpless reported that kinetic resolution of a
number of racemic allylic alcohols proceeded with stereoselectivity factors as high as 138
as shown in Scheme 19.7b

Scheme 19 : Kinetic resolution of 2-methylhepten-3-ol (41) via Sharpless epoxidation.

Q)
E =138
OH OH
(RS)-41 (R)-41
(i) (+)-DiPT, TBHP, Ti(OiPr)4, CH,Cl>.
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It has, however, been found that some racemic allylic alcohols undergo kinetic
resolution much less efficiently as shown in Table 1.

Table 1 : Examples of poor substrates for Sharpless kinetic resolution.

Entry Substrate E Entry Substrate E
C-C6H11 OH
1 ~1.27b,38b 4 167b,38b
OH
42
C-C6H11 45
OH
2 ~1.97038b || 5 \[ 1.141
OH
43 iBy 40
3 OH 4 - 1038b 6 | OH 1.241
Ph 44 'Bu 47

As mentioned previously (see Section 1.3), kinetic resolutions that proceed with
low stereoselectivity factors are incapable of yielding products with high enantiomeric
excesses. Therefore, for the allylic alcohols (42 - 47) shown in Table 1, conventional

kinetic resolution is of no use if high product enantiomeric excesses are required.

2.2 Proposed Double Kinetic Resolution Strategy.

The Sharpless epoxidation uses tartaric acid derivatives as its source of chirality.
Since both enantiomers of tartaric acid are readily available, it was thought that a double
kinetic resolution strategy could be applied. It was anticipated that this would enable
formation of products with higher enantiomeric excesses and/or yields than those
obtainable by conventional kinetic resolution methods. The particular double kinetic
resolution strategy proposed was one in which the recovered reactant from the first kinetic
resolution was used as the starting material for the second kinetic resolution (see Section

1.4.4.4). In the second kinetic resolution the source of chirality would be the opposite
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enantiomer of the tartaric acid derivative used in the first kinetic resolution (Scheme 20).
Therefore, in the second kinetic resolution the enantiomer in which the starting material was
enriched would be the faster reacting enantiomer.

In addition to the allylic alcohols shown in Table 1, it was known that 3-
methylcyclohex-2-en-1-ol (48) undergoes Sharpless epoxidation with a stereoselectivity
factor of 6. It was thought that this would be a suitable substrate on which to demonstrate
the proposed double kinetic resolution strategy.42

The enantiomeric excess of the recovered reactant increases as the kinetic resolution
proceeds. Therefore higher product enantiomeric excesses could be obtained by simple
non-selective epoxidation (E = 1) of the recovered reactant, for example with vanadyl
acetoacetate and r-butylhydroperoxide.43 Calculations performed using the computer
model (see Appendix 1) indicated that increased yields and/or enantiomeric excesses are
achievable if the double kinetic resolution strategy described is used (Scheme 20).

Scheme 20 : Proposed double kinetic resolution using the Sharpless epoxidation.

OH OH
0) .
E=6
(RS)-48 (R)-48 (S.S.R)-49
E- 6l(ii)
(i) (+)-DiPT, TBHP, Ti(OiPr),.
(i) (-)-DiPT, TBHP, Ti(OiPr);. OH
0
(R,R,S)-49

The overall maximum theoretical yields obtainable for any product enantiomeric
excess by this double kinetic resolution strategy (when E = 6 for each step) are compared

graphically with the theoretical product yields available by conventional methods (when E =
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6) in Figure 8 (for details of how Figure 8 was obtained see Appendix 3). The
enantiomeric excess of the final product from a double kinetic resolution depends on the
stereoselectivity factor and the extent of reaction for each step.

Figure 8 : Comparison of theoretical product yields obtainable by conventional kinetic

resolution methods with those obtainable by this double kinetic resolution strategy.
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As can be seen from Figure 8, maximum product enantiomeric excess from a
single step kinetic resolution (when E = 6) is 71% (obtainable at an infinitesimally small
conversion and therefore with an infinitesimally small yield). Use of non-selective
epoxidation of the recovered reactant enables products with high enantiomeric excesses to
be obtained. However, the double kinetic resolution strategy can lead to product formation
with enhanced enantiomeric excesses and/or yields. For example, if product (49) with an
enantiomeric excess of 85% is required, the theoretical yield obtainable by non-selective
epoxidation of the recovered reactant is 33%. Whereas for the same enantiomeric excess,
use of the double kinetic resolution strategy gives a theoretical yield of 37%. Alternatively
for the same yield of 33%, double kinetic resolution can be performed to give a product
with an enantiomeric excess of 90%.

Table 2 compares the overall theoretical yields possible using this double kinetic
resolution strategy for various enantiomeric excesses with the yields possible by

conventional methods.
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Table 2 : Comparison of overall theoretical yields obtainable using this double kinetic

resolution strategy (E = 6 for each step) with those obtainable by conventional methods.

% ee of final product. % Overall yield by % Overall yield by
conventional methods.2 | double kinetic resolution.
70 42 48
75 39 44
80 36 41
85 33 37
90 29 33
95 25 28
99 18 20
99.9 11 13

4 Non-selective epoxidation of the recovered reactant.

As can be seen from Table 2, even for high final product enantiomeric excesses
this double kinetic resolution strategy shows significant improvement in yield over
conventional methods.

It should be noted that the only difference between non-selective epoxidation of the
recovered reactant and the double kinetic resolution strategy is the catalyst used in the
second step, in particular the same number of isolation and separation steps are involved.

The theoretical benefits should therefore be realisable in practice.

2.3 Application of the Proposed Double Kinetic Resolution Strategy.44
Calculations as shown in Table 3 using the computer model (Appendix 1)
indicated that, for a final product enantiomeric excess of 85% (when E = 6 for both kinetic
resolutions), maximum yield using the double kinetic resolution strategy described above
would be obtained by allowing the first kinetic resolution to run to 56 - 58% conversion

and the second kinetic resolution to run to 84 - 88% conversion.
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Table 3 : Calculation of the % conversion required (in each kinetic resolution) to give the

maximum possible overall yield of product with 85% ee by double kinetic resolution.

% Conversion in | % ee of recovered % Conversion in second % Overall yield.

first kinetic reactant from first | kinetic resolution to give a

resolution. kinetic resolution. product with 85% ee.
50 55.5 65 32.5
55 63.9 81 36.5
56 65.7 84 37.0
57 67.4 86 37.0
58 69.1 88 37.0
59 70.9 90 36.9
60 72.7 92 36.8
61 74.4 94 36.7
62 76.1 95 36.1

With this in mind, double Sharpless kinetic resolution of (RS )-3-methylcyclohex-2-
en-1-ol (48) was performed. In the first kinetic resolution (+)-diisopropyl tartrate (DiPT)
was used as the source of chirality (Scheme 21) and after the epoxidation had proceeded
to the required (58%) conversion (conversion was monitored by GLC using nonane as an
internal standard), the reaction was stopped. Non-acidic workup4> and flash chromato-
graphy enabled isolation of the recovered reactant [(R)-48] in 31% yield and the epoxide
product [(S,S,R)-49] in 41% yield. Enantiomeric excesses of the recovered reactant 48)
and product (49) were measured by 19F NMR spectroscopy of Mosher’s ester
derivatives40 and by comparison of specific rotations with the literature value.4? The
recovered reactant (48) had an enantiomeric excess of 69% and the product (49) had an

enantiomeric excess of 50%.
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Scheme 21 : First kinetic resolution.

OH OH OH
E(i_) . N 0
(RS)-48 (R)-48 (S,5,R)-49
69% ee 50% ee
31% yield 41% yield

(1) (+)-DiPT, TBHP, Ti(OiPr)4, CH,Cl,. 58% conversion.

The recovered reactant [(R)-48] (69% ee) from the first kinetic resolution was used
as the starting material in the second kinetic resolution where (-)-DiPT was used as the
source of chirality (Scheme 22). Once again, the extent of the reaction was monitored by
GLC and at the appropriate conversion (86%) the reaction was halted. Non-acidic workup
followed by flash chromatography gave recovered starting material [(S)-48] in 10% yield
with an enantiomeric excess of 38% (model predicted 35%) and the required product
[(R,R,S)-49] in 59% yield with an enantiomeric excess of 86%.

Scheme 22 : Second kinetic resolution.

OH OH OH
._._(.i)__> + @)
E=6
(R)-48 (S)-48 (R,R,S)-49
69% ee 38% ec 86% ee
10% yield 59% yield

(i) (-)-DiPT, TBHP, Ti(OiPr)4, CH,Cl,. 86% conversion.

If the opposite product enantiomer was required it could be obtained by simply

reversing the order in which the enantiomers of diisopropy] tartrate were used.
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2.4 Consideration of this Double Kinetic Resolution Strategy for a Range
of Stereoselectivity Factors.

Using data obtained from the computer model (Appendix 1), a series of plots was
made for a range of stereoselectivity factors comparing the overall theoretical yields and
product enantiomeric excesses obtainable by this double kinetic resolution strategy, with
those obtainable by conventional kinetic resolution methods (Figures 9 to 12, see also
Figure 8). Figures 9 to 12 were prepared using the same method as used for Figure 8
(see Appendix 3).

It is apparent from Figures 9 to 12 that as the stereoselectivity factor increases,
the benefits of this double kinetic resolution strategy diminish.

Figure 9 : Comparison of enantiomeric excesses and yields obtainable by conventional
kinetic resolution methods with those obtainable by this double kinetic resolution strategy.
(E = 3 for each step).
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Figure 10 : Comparison of enantiomeric excesses and yields obtainable by conventional
kinetic resolution methods with those obtainable by this double kinetic resolution strategy.

(E = 10 for each step).
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Figure 11 : Comparison of enantiomeric excesses and yields obtainable by conventional
kinetic resolution methods with those obtainable by this double kinetic resolution strategy.

(E = 15 for each step).
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Figure 12 : Comparison of enantiomeric excesses and yields obtainable by conventional
kinetic resolution methods with those obtainable by this double kinetic resolution strategy.

(E = 25 for each step).
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2.5 Summary and Conclusion.

Application of a double kinetic resolution strategy where the recovered reactant
from the first kinetic resolution was used as the starting material in a second kinetic
resolution, in which the opposite enantiomer of the homochiral reagent was deployed, has
been shown to enable formation of product with enhanced enantiomeric excess.

Scheme 23 : Summary.

OH OH OH
—(i)—,. + ""IO
E = 6 s““‘
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69% ee, 31% yield 50% ee, 41% yield
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(i) (+)-DiPT, TBHP, Ti(OiPr),.

58% conversion. OH
(ii) (-)-DiPT, TBHP, Ti(OiPr),.
86% conversion.
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(R,R,S)-49
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The main criterion required for this double kinetic resolution strategy to be feasible
is that both enantiomers of the homochiral catalyst or reagent are available.
For a comparison of this double kinetic resolution strategy with a number of other

double kinetic resolution strategies see Appendix 2.
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Chapter 3

Enhanced Product Enantiomeric Excesses and Yields in Lipase Mediated Reactions

by the use of a Double Kinetic Resolution Strategy.
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3.1 Use of Enzymes in Organic Synthesis.

The value of enzymes for the preparation of homochiral materials is becoming
increasingly recognised.48 Enzymes frequently offer many advantages over conventional
chemical reagents. They normally operate under mild conditions, often at room
temperature and neutral pH. They are highly efficient catalysts. As far as the preparation
of homochiral material is concerned, the most important advantage of enzymes is their great
selectivity. Despite these advantages, the use of enzymes in organic synthesis prior to the
last ten to fifteen years was minimal. According to Suckling4® this can partially be
explained by the opinions of eminent chemists such as Fleming30 who referred in 1973 to
micro-organisms thus:

“Actually, this synthesis, using a microbiological oxidation, is not a

total synthesis, even in principle; the use of micro-organisms which

have not themselves been synthesised disqualifies the route as a total

synthesis in the usually accepted academic sense.”
However in recent years, the ready availability of highly selective, stable enzymes and the
ever increasing interest in enantioselectivity has led to a huge growth in the use of

biocatalytic reactions.

3.1.1 Lipase mediated Hydrolysis and Esterification.

Enzymes have found widespread use as catalysts for the stereoselective hydrolysis
of esters and the stereoselective esterification of alcohols.5! The enzymes that mediate
these reactions are known as lipases and esterases.

An example of the great utility of these reactions is the preparation of the Corey
lactone derivatives (50 to 53) in homochiral form. These key intermediates in the
synthesis of prostaglandins were prepared by kinetic resolution using lipase AK and lipase
PS. Both lipase mediated esterification and hydrolysis proceeded with very high

stereoselectivity factors (E > 1000) and excellent yield as shown in Scheme 24.52
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Scheme 24 : Preparation of homochiral Corey lactone derivatives (50 to 53) via lipase

mediated kinetic resolutions.

O O
O
O
OAc
HO
(+)-50 (-)-51
>99% ee >99% ee
47% yield 46% yield
O
uu,l’/
AcO
(+)-52 (-)-53
. 299% ee 299% ee
(i) Lipase AK, viny!l acetate, CH,Cl5. 50% yield 50% yield

(ii) (R = TBDMS) lipase PS, pH 7.6 buffer.

Carrea et al. used lipase mediated esterification to kinetically resolve the mucolytic
drug (ISR,5RS)-sobrerol (54). Once again the reaction proceeded with high
stereoselectivity factor (E = 518) and yield as shown in Scheme 25.53

Scheme 25 : Preparation of homochiral sobrerol (54) via lipase mediated esterification.

HO__; HO AcO,,,'
W N
5
OH 7\0H OH

(ISR,5RS)-54 (IR,55)-54 (1S,5R)-55

N Li i 99% ce 98% ee
Lipase PS, vinyl acetate, (CH3)3CCH,OH. > . b
WL ’ i 39% yield 38% yield
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3.2 Proposed Double Kinetic Resolution Strategy.

As with the Sharpless epoxidation (Chapter 2), there are examples of lipase
mediated kinetic resolutions that proceed with low stereoselectivity factors and are therefore
incapable of yielding products with high enantiomeric excesses. It was anticipated that use
of a double kinetic resolution strategy would enable formation of product with higher
enantiomeric excesses and/or yields than those obtainable by conventional kinetic resolution
methods. Since both enantiomers of the homochiral catalyst (the lipase) are not available
the double kinetic resolution strategy used for Sharpless epoxidations is not possible. In
this case, the particular double kinetic resolution strategy proposed was one in which the
product from the first kinetic resolution was used as the starting material for the second
kinetic resolution. The first kinetic resolution would be a lipase mediated esterification of a
racemic alcohol (56), and in the second kinetic resolution, the scalemic ester product (57)
(from the first kinetic resolution) would be used as the starting material in a lipase mediated
hydrolysis (Scheme 26) (see Section 1.4.4.2). If the same lipase was used in each step it
was expected that in the second kinetic resolution, the enantiomer in which the starting
material was enriched would be the faster reacting enantiomer.

Scheme 26 : Proposed double kinetic resolution using lipase mediated reactions.

R' IS' '
/& L + *
rR” NOH R SOH  R” NOCOR
(£)-56 (+)-56 (-)-57
(i1)
(i) Lipase, acyl donor, organic solvent.
(i1) Lipase, aqueous solvent. R'
R*OH
(-)-56

Calculations using the computer model (Appendix 1) indicated that use of the
proposed double kinetic resolution strategy (Scheme 26) would allow increased yields

and/or enantiomeric excesses to be obtained.
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From the chemical literature it was thought that 1-(4-methoxyphenyl)ethanol (58)
would be a suitable substrate on which to demonstrate this double kinetic resolution
strategy.>* In order to find the most suitable lipase, kinetic resolutions of (RS)-58 and of
the corresponding acetate of 58 [(RS)-59] were performed with a number of lipases:
pseudomonas fluorescens lipase (PFL); pig pancreatic lipase (PPL) and candida cylindracea
lipase (CCL). Esterification of (RS)-58 in dichloromethane using vinyl acetate as acyl
donor proceeded as shown in Scheme 27. With each of the lipases used, the R
enantiomer of 58 was found to be the faster reacting enantiomer.

Scheme 27 : Enzymic esterification of 1-(4-methoxyphenyl)ethanol (§8).

35

OH : OH OAc
)
—— +
MeO MeO MeO
(RS)-58 (S)-58 (R)-59

(i) Lipase, vinyl acetate, CH;Cl,.

Lipase % Conversiona | % €€ Recovered | % ee Product Egd Epd

reactant (58)P (59)¢

PFL 44 61 77 14.7 14.1
PPL 30 21 / 3.6 /
CCL 20 10 / 2.6 /

a Measured by !1H NMR spectroscopy of the crude product. b Measured by use of the chiral shift
reagent:(+)-Eu(hfc)3 followed by 1H NMR spectroscopy or by preparation of Mosher’s ester derivatives?6

followed by 1H or 19F NMR spectroscopy. ¢ Measured as described for 58 after hydrolysis
(K2CO3/MeOH). d Calculated using the standard formulae.’2

With PFL, kinetic resolution of (RS)-58 proceeded with a stereoselectivity factor of
15. Esterifications of (RS)-58 with PPL and CCL were found to proceed very slowly and
with lower stereoselectivity factors than that found with PFL.

Enzymic hydrolysis (pH 7) of (RS)-1-(4-methoxyphenyl)ethyl acetate (59)
proceeded as shown in Scheme 28. As expected, the R enantiomer of 59 was found to

be the faster reacting enantiomer.
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Scheme 28 : Enzymic hydrolysis of 1-(4-methoxyphenyl)ethyl acetate (§9).

OAc (i) OAc OH

MeO MeO MeO
(RS)-59
(i) Lipase, pH 7 buffer.

(R)-58

Lipase % Conversion? % ee Recovered | % ee Product Egd Epd
reactant (59)b (58)¢
PFL 51 77 73 15.3 14.4
PPL 61 28 32 1.8 3.1
CCL 40 8 30 1.4 2.2

2 Measured by 'H NMR spectroscopy of the crude product. P Measured as described for 58 after hydrolysis
(K2CO3/MeOH). © Measured by use of the chiral shift reagent: (+)-Eu(hfc)s followed by 14 NMR
spectroscopy or by preparation of Mosher’s ester derivatives*9 followed by 'H or 19F NMR spectroscopy.
d Calculated using the standard formulae.’2

As with the esterification of 58, PFL was found to be the most selective of the three
lipases tried. Therefore it was decided that PFL would be used to demonstrate the
proposed double kinetic resolution strategy.

The overall maximum theoretical yields obtainable for any product enantiomeric
excess by this double kinetic resolution strategy (when E = 15 for each step) are compared
graphically with the theoretical product yields available by conventional methods (when E =
15) in Figure 13 (for details of how Figure 13 was prepared see Appendix 4). Once
again, as with the double kinetic resolution strategy described in Chapter 2, the
enantiomeric excess of the final product from this double kinetic resolution depends on the

stereoselectivity factor and the extent of reaction for each step.
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Figure 13 : Comparison of theoretical product yields obtainable by conventional kinetic

resolution methods with those obtainable by this double kinetic resolution strategy.
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As can be seen from Figure 13, maximum product enantiomeric excess from a
single step kinetic resolution (when E = 15) is 87.5% (obtainable at an infinitesimally small
conversion and therefore with an infinitesimally small yield). Use of non-selective
hydrolysis of the recovered reactant from the first kinetic resolution would enable products
with high enantiomeric excesses to be obtained. However the double kinetic resolution
strategy described can lead to product formation with enhanced enantiomeric excesses
and/or yields. For example if product (88) with an enantiomeric excess of 95% is
required, the theoretical yield obtainable by non-selective hydrolysis of the recovered
reactant from the first kinetic resolution is 39%. Whereas for the same enantiomeric
excess, use of the double kinetic resolution strategy gives a theoretical yield of 42%.

Table 4 compares the overall theoretical yield possible using this double kinetic
resolution strategy for various enantiomeric excesses with the yields possible by

conventional methods.
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Table 4 : Comparison of overall theoretical yields obtainable using this double kinetic

resolution strategy (E = 15 for each step) with those obtainable by conventional methods.

% ee of final product. % Overall yield by % Overall yield by
conventional methods.2 | double kinetic resolution.
75 50 57
80 48 55
85 45 52
90 43 49
95 39 42
99 34 <1

2 Non-selective hydrolysis of the recovered reactant from a kinetic resolution.

As can be seen from Table 4, this double kinetic resolution strategy shows a
significant improvement in overall product yield for a range of enantiomeric excesses.
However, since in both kinetic resolutions (used in this double kinetic resolution strategy)
the product is required, there is a limitation to the maximum enantiomeric excess
achievable. *

It should be noted that the only difference between non-selective hydrolysis of the
recovered reactant from the first kinetic resolution and the double kinetic resolution strategy
is the second step, in particular the same number of isolation and separation steps are

involved. The theoretical benefits should therefore be realisable in practice.

3.3 Application of the Proposed Double Kinetic Resolution Strategy.
Calculations as shown in Table § using the computer model (Appendix 1)
indicated that, for a final product enantiomeric excess of 95% (when E = 15 for both kinetic
resolutions), maximum yield using the double kinetic resolution strategy described above
would be obtained by allowing the first kinetic resolution to run to 52% conversion and the

second kinetic resolution to run to 81% conversion.

*The maximum enantiomeric ¢xcess achievable using this double kinetic resolution strategy can be
calculated using the relationship: maximum product ee = [(E1 x E2)-11/[(E1 x Ep)+1]

(Where E1 and E; are the stereoselectivity factors for the first and second kinetic resolutions respectively.)
Therefore in this case, maximum product ee = [(15 x 15)-11/[(15 x 15)+1] = 99.1%.
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Table § : Calculation of the % conversion required (in each kinetic resolution) to give the

maximum possible overall yield of product with 95% ee by double kinetic resolution.

% Conversion in | % ee of product % Conversion in second % Overall yield.

first kinetic from first kinetic | kinetic resolution to give a

resolution. resolution. product with 95% ee.
45 77.5 88 39.6
48 75.8 85 40.8
49 75.1 84 41.2
50 74.4 83 41.5
51 73.7 82 41.8
52 72.8 81 42.1
53 71.9 79 41.9
54 71.0 77 41.6
55 69.9 75 41.3

With this in mind, a double kinetic resolution using (RS)-1-(4-methoxy-
phenyl)ethanol (58) was performed. In the first kinetic resolution lipase mediated
esterification was performed (Scheme 29). The reaction was stopped after having
proceeded to approximately the required (51%) conversion (conversion was monitored by
IH NMR spectroscopy). Workup and flash chromatography enabled isolation of the
recovered reactant [(S)-38] in 47% yield and the ester product [(R)-59] in 48% yield. The
enantiomeric excess of the recovered reactant (58) was measured by 1H NMR
spectroscopy in the presence of the chiral shift reagent: (+)-Eu(hfc)3. Enantiomeric excess
of the product (§9) was measured by the same technique after chemical hydrolysis
(potassium carbonate/methanol). The product (59) had an enantiomeric excess of 74% and

the recovered reactant (58) had an enantiomeric excess of 76%.
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Scheme 29 : First kinetic resolution.

—_— +
E=15
MeO MeO MeO
(RS)-58 (S)-58 (R)-59
76% ee 74% ee
47% yield 48% yield

(i) PFL, vinyl acetate, CH,Cl,. 51% conversion.

The product [(R)-59] (74% ee) from the first kinetic resolution was used as the
starting material in the second kinetic resolution in which PFL mediated hydrolysis was
performed (Scheme 30). The extent of the reaction was monitored by the amount of IN
sodium hydroxide dispensed by the autotitrator in order to maintain the reaction mixture at
pH 7. At the appropriate conversion (82%) the reaction was halted. Workup followed by
flash chromatography gave recovered reactant [(S)-59] in 12% yield with an enantiomeric
excess of 27% (model predicted 22%) and the required product [(R)-58] in 77% yield with
an enantiomeric excess of >95%.

Scheme 30 : Second kinetic resolution.

OAc (l) OAC OH
—_—— <+
E=15
MeO MeO MeO
(R)-59 (5)-59 (R)-58
74% ee 27% ee >95% ee
12% yield 77% yield

(i) PFL, pH 7 buffer. 82% conversion.
37% overall yield

The recovered reactant [(S)-58] (76% ee) from the first kinetic resolution was
treated again with PFL and vinyl acetate in dichloromethane. The reaction was stopped
after 20% conversion. After workup and flash chromatography, (S)-58 was obtained with

an enantiomeric excess of >95% and a yield of 70% (Scheme 31).
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Scheme 31 : Preparation of (S)-58 (>95% ee) by treating the recovered reactant from the

first kinetic resolution with PFL and vinyl acetate in dichloromethane.

—_— +
E=15
MeO MeO MeO
(5)-58 (S)-58 (S)-59
76% ec >95% ee 7% ee
(i) PEL, vinyl acetate, CH,Cl,. 20% convn. 70% yield 15% yield
339% overall yield

3.4 Consideration of this Double Kinetic Resolution Strategy for a Range
of Stereoselectivity Factors.

Using data obtained from the computer model (Appendix 1) a series of plots was
made for a range of stereoselectivity factors comparing the overall theoretical yields and
product enantiomeric excesses obtainable using this double kinetic resolution strategy with
those obtainable by conventional methods (Figures 14 to 17, see also Figure 13).

It is apparent from Figures 14 to 17 that as the stereoselectivity factor increases,
the benefits of this double kinetic resolution strategy diminish. Figures 14 to 17 were
prepared using the same method as used for Figure 13 (see Appendix 4).

Figure 14 : Comparison of enantiomeric excesses and yields obtainable by conventional
kinetic resolution methods with those obtainable by this double kinetic resolution strategy.

(E = 3 for each step: maximum product ee = 80.0%).
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Figure 15 : Comparison of enantiomeric excesses and yields obtainable by conventional
kinetic resolution methods with those obtainable by this double kinetic resolution strategy.

(E = 6 for each step: maximum product ee = 94.6%).
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Figure 16 : Comparison of enantiomeric excesses and yields obtainable by conventional
kinetic resolution methods with those obtainable by this double kinetic resolution strategy.

(E = 10 for each step: maximum product ee = 98.0%).

% ee
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Product from single kinetic resolution
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overall % yield
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Figure 17 : Comparison of enantiomeric excesses and yields obtainable by conventional
kinetic resolution methods with those obtainable by this double kinetic resolution strategy.

(E =25 for each step: maximum product ee = 99.7%).
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3.5 Summary and Conclusion.

Use of a double kinetic resolution strategy where the product from the first kinetic
resolution was used as the starting material in a second kinetic resolution has been shown
'0 enable formation of product with enhanced overall yield.

Scheme 32 : Summary.

OH (1) OH OAC
—_— +
E=15
MeO MeO MeO
(RS)-58 (S)-58 (R)-59
76% ee 74% ee
47% yield 48% yield
(1) PFL, vinyl acetate, CH2C12 51% convn. Gi)|E = 15 ()| E =15
(i1) PFL, pH 7 buffer. 82% convn.
(i11)) PFL, vinyl acetate, CH,Cl>. 20% convn. :
OH OH
MeO MeO
(S)-58 (R)-58
>95% ee >95% ee
70% yield 77% yield

33% overall yield 37% overall yield
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The main criterion required for this double kinetic resolution strategy to be feasible
is that suitable homochiral catalysts or reagents are available for each kinetic resolution.
For a comparison of this double kinetic resolution strategy with a number of other

double kinetic resolution strategies see Appendix 2.
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Chapter 4

Preparation of Homochiral 2-substituted mono-protected propan-1,3-diol
derivatives via the Combination of an Asymmetric Synthesis and a Kinetic

Resolution.
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4.1 Uses of Homochiral 2-substituted propan-1,3-diol derivatives.

Homochiral 2-substituted propan-1,3-diol derivatives have been shown to be very
useful chiral building blocks for the synthesis of biologically active compounds.

For example Sakai ez al. made use of the (R)-monoacetate of 2-methylpropan-1,3-
diol (60) in the preparation of (-)-muscone (61) as shown in Scheme 33.55 (R)-2-
Hydroxymethyl-3-butenyl acetate (62) has been used as a chiral precursor by Mori et al. in
the synthesis of the antibiotic 1233A (63).56 The microbial growth factor (-)-A-factor (65)
was prepared by Sih et al. from (S)-3-hydroxy-2-(prop-2-ene)propyl acetate (64).57

Scheme 33 : Use of homochiral propan-1,3-diol derivatives as chiral building blocks.

O
Me
—_—
—_—
—_—
HO OAc H
Me
(R)-(+)-60 (R)-(-)-muscone 61
| CO,H
= |
—_— HO/",,, NS
—_—
—_— éf—o
HO OAc O
(R)-(+)-62 1233A 63
/\ (77
2 HO”
s —— 0O
—_—
—_—
HO OAc o) O
(S)-(-)-64 (-)-A-factor 65

There are many other examples in the chemical literature where homochiral propan-

1,3-diol derivatives have been used as chiral building blocks. These include the synthesis
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of both enantiomers of paraconic acid,8 preparation of various renin inhibitors,> and

synthesis of the B-blocker (S)-propranolol.60

4.2 Preparation of Homochiral 2-substituted propan-1,3-diol derivatives.
The wide utility of homochiral propan-1,3-diol derivatives has led to a great interest
in their preparation. Methods reported in the chemical literature for their synthesis fall into

two distinct categories.

4.2.1 Chemical Methods.

Treatment of 1,3-di(trimethylsilyloxy)propane (66) with (-)-menthone in the
presence of a catalytic amount of trimethylsilyl triflate leads to formation of the spiroketal
(67) with a diasteromeric excess of 71%. After separation of the diastereomers by flash
chromatography, titanium tetrachloride promoted ring opening of 67 with the trimethylsilyl
enol ether of acetophenone afforded the monoprotected diol (68) with a diastereomeric
excess of >95%. Protection of the free hydroxyl group of 68 followed by removal of the
neomenthyl group, under basic conditions, yields the 1,3 diol derivative [(R)-69] with an
overall yield (from 66) of 51% and with an enantiomeric excess of >98% (Scheme
34).61

Scheme 34 : Homochiral propan-1,3-diols via stereoselective opening of spiroketals.

Me JH
(-)-menthone - ® - Me
TMSOTE
TMSO OTMS O
66 716‘?: de

(1) | Flash Chromatography
(i1) | CH,=C(OTMS)Ph, TiCl,

T NN
0 > OH
(i) PhsCCl, NEt;, DMAP :
(i) KOH, THF, McOH Me
HO OCPh;

(R)-69
>98% ce, S1% overall yield
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Fukumoto ez al. prepared homochiral propan-1,3-diol derivatives via the reaction of
2-substituted malonic acid derivatives (70) with (-)-menthol to form the malonic half ester
(71) as shown in Scheme 35. Reduction of the acid chloride of 71 leads to formation of
the hydroxy ester (72) as a 3 : 2 mixture of diastereomers. Separation of the diastereomers
by preparative HPLC was followed by protection of the free hydroxyl group as its (z-
butyl)dimethylsilyl ether, and reduction of the remaining ester group with diisobutyl
aluminium hydride (DIBAL). Product (73) was obtained with an overall yield of 21%
(from 70) and with an enantiomeric excess of >99%.62

Scheme 35 : Homochiral propan-1,3-diols via preparation of menthyl half esters.

Pr
HO\[‘])\[‘(OH (-)-menthol, DCC - O
O o) |

OH

O
iy
o

71
70 10% de
] (COCl),
(ii) [ (BusN)BH4
Pr

.
—

(i) Preparative HPLC 0O
(i1) TBDMSCI, NEt;

TBDMSO O (i) DIBAL

(S)-73
>99% ee, 21% overall yield 72

OH

<

4.2.2 Enzymic Methods.

Enzymes have been used widely for the preparation of homochiral propan-1,3-diol
derivatives. In many cases a prochiral substrate has been employed. For example pig liver
esterase (PLE) catalyses the hydrolyses of a large number of dialkylated malonic esters
(74). The reactions proceed with excellent yields to give products with good enantiomeric
excesses as shown in Scheme 36.63 Protection of the half esters (75) followed by

reduction leads to formation of the required monoprotected propan-1,3-diol derivatives.
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Scheme 36 : PLE mediated hydrolysis of dialkylated malonic esters.

CH3(CH2)H><C02MC PLE, pH 7.5 CH3(CH2)n><COZMC

CO,Me CO,H
n=1t06 n=1t03:(S). n=41t06:(R).
73 - 88% ee, 90 - 98% yield
74 75

Prochiral 2-substituted propan-1,3-diols (77) and their diacetates (76) have also
been used as substrates. Lipase mediated hydrolysis of the diacetates (76) in aqueous
media or esterification of the diols (77) in organic media can lead to formation of the
monoacetylated homochiral propan-1,3-diols (78) with excellent yields and enantiomeric
excesses.?4 Ramos-Tombo et al. prepared both enantiomers of a number of 2-substituted
propan-1,3-diol monoacetates using pig pancreatic lipase (PPL).65 Enantiomeric excess of
the product depends on the substituent at the 2 position as shown in Scheme 37.

Scheme 37 : Use of prochiral diols and diacetates for the preparation of homochiral

monoacetylated propan-1,3-diol derivatives.

R R R %eec % yield
0 CH,CH,CH=CH, 90 70
CeHs 92 98
AcO OAc AcO OH CH,CeHs 13 90
76 (S)-78 CeH1 58 90
R R R %ee % yield
(i) CHzCHzCH=CH2 >95 80
CgHs >95 91
HO OH HO OAc CH,CeHs 61 65
77 (R)-78 CeHig 60 96
(i) PPL, pH 7.

(i1) PPL, methyl acetate.

Blanco et al. employed this methodology for the preparation of optically active
monoacylated 2-sila-propan-1,3-diols (such as 79) using candida cylindracea lipase (CCL)

as shown in Scheme 38.66
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Scheme 38 : Preparation of optically active monoacylated 2-sila-propan-1,3-diol

derivatives via enzymic esterification.

Ph, M >—C02Me Ph_x Me

>

CCL, - 20°C, 120 h

HO OH HO O,CiPr
80% yield * unknown absolute
79 70% ee stereochemistry
80

For prochiral substrates, product enantiomeric excess is governed by the ratio of the
rates of formation of the two product enantiomers and is independent of the extent of
reaction. For example, if a product enantiomeric excess of at least 95% is required, the
ratio of the rates of formation of the two product enantiomers must be greater than 39.
When the ratio of rates is not so high, use of a prochiral substrate does not allow high
product enantiomeric excesses to be obtained.

One solution to this problem is to perform a kinetic resolution on a suitable racemic
substrate.67 This method was used by Santaniello er al. (Scheme 39).68 Kinetic
resolution of 4-phenylselenyl-2-methylbutan-1-ol (81) with pseudomonas fluorescens
lipase (PFL) affords recovered (R)-81 in 38% yield and with an enantiomeric excess of
98%. Protection of 81 as the silyl ether (82), followed by oxidative elimination of the
phenylselenyl group leads to formation of the alkene (83). Ozonolysis and subsequent
reduction of the intermediate ozonide produces the monoprotected propan-1,3-diol [(R)-

84] with an overall yield of 30% (from 81) and with an enantiomeric excess of >98%.
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Scheme 39 : Synthesis of homochiral propan-1,3-diol derivatives via enzyme mediated

kinetic resolution.

PFL, CHCl3 - TBDPSC!
vinyl acetate base
OH OH OTBDPS
PhSe

PhSe PhSe
(RS)-81 (R)-81 (R)-82
98% ee, 38% yield
H,0, | THF
(i) O3, -78°C, MeOH
(i) NaBH,4
HO OTBDPS OTBDPS
(R)-84 (R)-83

>98% ee, 30% overall yield

4.3 Proposed Combination of Asymmetric Synthesis and Kinetic Resolution
for the Preparation of Homochiral propan-1,3-diol derivatives.

If the enzymic methods for the preparation of homochiral propan-1,3-diol
derivatives are considered, there are two different approaches, both of which have their
limitations. Use of a prochiral starting material leads to high produét yields, however as
stated previously, the enantiomeric excess of the product is limited by the ratio of the rates
of formation of the two product enantiomers. In contrast, kinetic resolution of a suitable
monoprotected propan-1,3-diol does enable high enantiomeric excesses to be obtained,
however as with all conventional kinetic resolutions, the maximum yield is limited to 50%.

It was envisaged that if the two processes could be combined it would enable
formation of the required monoprotected propan-1,3-diol derivatives with improved yields
and enantiomeric excesses. A number of different strategies for combining the two

processes are possible. Scheme 40 shows the strategies considered.
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Scheme 40 : Strategies considered for the preparation of homochiral propan-1,3-diols.

Strategy 1 :
gy R
(i) (1) (ii1)
— —_— —

HO OH HO OAc PO OAc PO OH

Strategy 2 :
(iit) (ii) (iii)
_*_> ——— —*—>

AcO OAc AcO OH AcO OoP HO OP
Strategy 3 :

R R R R
Hw (i) Hﬁ (ii) (k‘ (iv) H\ (i)
* *

HO OH HO OAc PO OAc PO OH PO OAc

(i) Lipase, acyl donor, organic solvent. (ii) Protect free hydroxyl. P - protecting group
(ii1) Lipase, aqueous media. (iv) K;CO3, MeOH. * - enantioselective reaction

In strategy 1 a prochiral diol is enantioselectively acetylated, and after protection of
the free hydroxy!l of the monoacetate, enzymic hydrolysis is performed to give the required
product.

Strategy 2 uses a prochiral diacetate as starting material. Here, the first step is an
enzymic hydrolysis to give a monoacetate, again protection of the monoacetate is followed
by enzymic hydrolysis (as in strategy 1) to yield the required product.

Strategy 3 is identical to strategy 1 except that instead of using an enzymic
hydrolysis as the second enantioselective reaction, an enzymic acetylation is employed.
This strategy was considered because it 1s frequently found to be the case that enzymic
acetylation of a particular alcohol is more selective than enzymic hydrolysis of the

corresponding acetate (see for example Scheme 37).
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4.3.1 Identification of a Suitable Substrate and Exploratory Reactions.

A suitable substrate on which to demonstrate the proposed methodology was
sought. An enantiomeric excess of 60 - 90% for the intermediate monoacetate (formed in
the first enantioselective reaction) would be ideal.

Acetylation of 2-benzylpropan-1,3-diol (85) with a number of different lipases,
using vinyl acetate as the acyl donor, gave the monoacetate [(R)-86] as shown in Scheme
41. Product enantiomeric excess was estimated by measurement of the specific rotation
and comparison with the literature value.32

Scheme 41 : Enzymic esterification of 2-benzylpropan-1,3-diol (85).

CH,Ph CH,Ph

‘ Lipase % ec % yield
Lipase, CH,Cly, PFL >94 98
M S
vinyl acetate ANL 52 73
MIJL 18 69
HO OH HO OAc RAL - no reaction
85 (R)-(+)-86

The enantiomeric excess of the product obtained from the PFL mediated reaction
was too high to be of use in demonstrating the proposed methodology. Aspergillus niger
lipase (ANL) and mucor javanicus lipase (MJL) led to products with low enantiomeric
excesses. With rhizopus arrhizus lipase (RAL) no product was formed. Therefore, 85
was not suitable and a different substrate was tried.

2-(Prop-2-ene)propan-1,3-diol (87) undergoes acetylation with PFL, using vinyl
acetate as the acyl donor, to give the (R)-monoacetate (64) in 88% yield and with an
enantiomeric excess of 88% (by comparison with the literature rotation9), and therefore
appeared to be an ideal substrate (Scheme 42). The free hydroxyl group of (R)-64 was
protected, firstly as its (z-butyl)dimethylsilyl ether to give 88 in 72% yield and secondly as
its methoxymethyl ether to give 89 in 69% yield. Both 88 and 89 were fully
characterised. Since 88 and 89 have no published specific rotation a method for
measuring their enantiomeric excesses was required. Hydrolysis of 88 and 89 followed
by preparation of Mosher’s esters*6 and subsequent analysis by 19F NMR spectroscopy;

1H NMR spectroscopy or HPLC did not work. Use of a number of chiral shift reagents
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also proved unsuccessful. Without a method for measuring the enantiomeric excess of the
intermediate (88 or 89) this substrate (87) could not be used, as it was important to be
sure that no racemisation had occurred during the protection step.

Scheme 42 : PFL mediated esterification of 2-(prop-2-ene)propan-1,3-diol (87).

AN
(in)
X N TBDMSO  OAc
_ (S)-(-)-88
(1) 72% yield
o
HO OH HO OAc (in) AN
87 (R)-(+)-64
88% ee, 88% yield
(i) PFL, CH,Cl,, vinyl acetate. MOMO OAc
(ii) TBDMSCI, (i-Pr),NEt. (R)-(+)-89
(iii) CH30CH,Cl, (i-Pr),NEL. 69% yield

PFL mediated esterification of 2-(1-methylnaphthyl)propan-1,3-diol (90) was
performed as shown in Scheme 43. The monoacetylated product [(R)-91] (which was
fully characterised) was formed in 96% yield and with an enantiomeric excess of §6%.5%a
Protection of 91 as its methoxymethyl ether led to formation of 92 (which was fully
characterised) in 84% yield. Enantiomeric excess measurement of 92 also proved to be
difficult. Fortunately, HPLC using a Chiracel OB column (which possesses a homochiral
stationary phase) did enable accurate calculation of the enantiomeric excess of 92 and
indicated that no racemisation had occurred during the protection step.

Scheme 43 : 2-(1-methylnaphthyl)propan-1,3-diol (90) as substrate.

PFL, CH,Cl,, CH30CH,Cl,
vinyl acetate (i-Pr),NEt -
HO OH HO OAc MOMO OAc
90 (R)-(+)-91 (R)-(+)-92

86% ee, 96% yield 86% ce, 84% yicld
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It appeared that 2-(1-methylnaphthyl)propan-1,3-diol (90) would be a suitable
substrate on which to demonstrate the proposed methodology. A number of exploratory
reactions were performed in order to establish which of the strategies from Scheme 40
would yield the best results.

Lipase mediated hydrolysis of 2-(1-methylnaphthyl)propan-1,3-diacetate (93) was
performed and proceeded as shown in Scheme 44. With each of the three lipases
screened, significant amounts of the corresponding diol (90) were formed; therefore in this
case strategy 2 (Scheme 40) would not be suitable.

Scheme 44 : Enzymic hydrolysis of 93

CH,Np CH,Np
Lipase 93/ 91/ 90 % ee 91
i * PFL 51/27/22 58
CH,Np AcO OH HO OH  ppp  36/25/39 70
H\ (5)-(-)-91 90 CCL  30/12/58 59
(1)
e OAC\\ CH,Np CH,Np
93 (i) PFL or CCL, pH 7 buffer.
+ (i) PPL, pH 7 buffer.
HO OAc HO OH
(R)-(+)-91 90

With a view to employing strategy 1, kinetic resolution of (£)-92 was performed
with a number of different lipases and proceeded as shown in Scheme 45 to give 94
(which was fully characterised). PFL mediated the hydrolysis of 92 with a

stereoselectivity factor (E) ~ 5 and was the most selective of the enzymes tried.
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Scheme 45 : Enzymic hydrolysis of (+)-92.

CH,Np CH;Np

CH,Np 97 MOMO  OAc HO  OMOM
(R)-(+)-92 (R)-(+)-94

'/% N CH,N
MOMO OAM 7 2P
(292 Hﬁ ('\

+
(1) PPL, pH 7 buffer.
(if) PFL, CCL, pH 7 buffer. AcO OMOM MOMO  OH
(S)-(-)-92 (S)-(-)-94
Lipase %convn %ec 92 %ee94 Er Fp

ER : Stereoselectivity factor

PFL 38 32 55 4.4 47 with respect to reactant
PPL 45 19 10 1.9 1.3 Ep : Stereoselectivity factor
CCL 49 24 19 21 17 with respect to product

With a view to employing strategy 3, PFL mediated acetylation of (£)-94 was
performed. This kinetic resolution proceeded with E ~ 2 (Scheme 46) and thus indicated
that strategy 1 (E ~ 5) would be more effective (in this case) than strategy 3.

Scheme 46 : PFL mediated acetylation of (%)-94.

PFL, CH,Cl,,
vinyl acetate = +
MOMO OH MOMO OAc HO OMOM
(£)-94 (R)-(+)-92 (R)-(+)-94
% convn % ee 94 %eec92 Eg Ep
33 14 29 20 21

The exploratory reactions indicated that the proposed methodology could be

demonstrated using strategy 1 (Scheme 40) with 2-(1-methylnaphthyl)propan-1,3-diol

(90) as substrate.
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4.4 Application of the Proposed Strategy.

The first step in the process was the enzymic esterification of 90 using PFL to give
the monoacetate [(R)-(+)-91]. This was then protected to give (R)-(+)-92 with an
enantiomeric excess of 86% (Scheme 43). From the experiments performed in Scheme
45 there was a choice of which enzyme to use for the hydrolysis step. With PFL and
CCL, the faster reacting enantiomer of 92 is the R enantiomer. Since the intermediate (92)
(obtained by PFL mediated esterification followed by protection) is enriched in the R
enantiomer, use of PFL or CCL in the hydrolysis step would lead to formation of product
(94) with enhanced enantiomeric excess (see Section 1.4.5.1). With PPL, the faster
reacting enantiomer of 92 is the S enantiomer. Therefore if PPL were used in the
hydrolysis step it would lead to recovered reactant (92) (rather than product) with enhanced
enantiomeric excess (see Section 1.4.5.2).

Use of the computer model (Appendix 1) enabled a plot of % yield against %
enantiomeric excess (of product [94] or recovered reactant [92], depending on which
lipase was used in the kinetic resolution) to be made (Figure 18). This indicated that for a
final enantiomeric excess of 95%, maximum yield would be obtained using PFL in the
hydrolysis step (rather than CCL or PPL) and by allowing the reaction to run to 70%
conversion.

Figure 18 : Plot of % yield versus % enantiomeric excess of product (94) (in the case of
PFL and CCL) or % enantiomeric excess of recovered reactant (92) (in the case of PPL)

obtainable by hydrolysis of (R)-(+)-92 (86% ee) with various lipases.

.llllllLIllllJllJllllllAllLlllllliL llllllllllLLl

100 B
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Joee 96

94 -
92#.- ~r—

90‘_ m PFL (E=4.6)
g8 4 © CCL(E=19)
{1 & PPL(E=1.6)
86 fill'llll'l"'r"1j'l7llllllT‘Ifll 1"1’""""'

0 10 20 30 40 50 60 70 80 90 100
% yield of: product (94) with PFL and CCL
recovered reactant (92) with PPL
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Therefore, to complete the two step process, PFL mediated hydrolysis of (R)-(+)-
92 (86% ee) was performed as shown in Scheme 47. After 76% conversion, recovered
starting material (R)-(+)-92 was obtained in 20% yield and with an enantiomeric excess of
52% (model predicted 58%), and the required product (S)-(-)-94 was obtained in 68%
yield and with an enantiomeric excess of >95%.

Scheme 47 : PFL mediated hydrolysis of (R)-(+)-92 (86% ee)

CH,Np CH,Np CH,Np

PFL, pH 7 buffer

76% conversion +
E=46
MOMO OAc MOMO OH MOMO OAc
(R)-(+)-92 ($)-(-)-94 (R)-(+)-92
86% ee >95% ee 52% ee
68% yield 20% yield

Shortly after the completion of this work Wong er al. demonstrated the use of a
similar methodology in which the diol 87 was used as shown in Scheme 48.35
Interestingly in the second step, it was the R enantiomer of 95 [i.e the minor enantiomer
(see Section 1.4.5.2)] that reacted faster, therefore in this case recovered reactant (rather
than product) was obtained with enhanced enantiomeric excess.

Scheme 48 : Two step process performed by Wong et al.

e

Ac TsO
(R) 64 (S) 95 (S)- 95
54% ee 54% ee 92% ee

(1) PPL, vinyl acetate, CHCl3. (it) TsCl, pyridine. (iii) PPL, H,O. 40% conversion.
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4.5 Summary and Conclusion.

(S)-(-)-3-(methoxymethyloxy)-2-(1-methylnaphthyl)propan-1-ol (94) was prepar-
ed by a technique involving enzymic esterification followed by kinetic resolution as shown
in Scheme 49. The overall yield of (S5)-(-)-94 (>95% ce) obtained, starting from 2-(1-
methylnaphthyl)propan-1,3-diol (90), was 55%. When compared with conventional
methods; maximum enantiomeric excess using a prochiral substrate is only 86% (Scheme
43). For 95% ee, maximum yield obtainable by the kinetic resolution of (RS)-(£)-92
(Scheme 45) is only 28%. Therefore this combination of an asymmetric synthesis and a
kinetic resolution has been shown to enable significant improvements in yields and
enantiomeric excesses for the preparation of homochiral monoprotected 2-substituted
propan-1,3-diols.

Scheme 49 : Summary.

W @
HO OH HO OAc MOMO OAc
90 (R)-(+)-91 (R)-(+)-92
86% ee, 96% yield 86% ee, 84% yield

(i1i)
(i) PFL, CH,Cl,, vinyl acetate.
(ii) CH;OCH,Cl, (i-Pr),NEts.
(iii) PFL, pH 7 buffer. 76% conversion. CH,Np CH,Np

-+

MOMO OH MOMO OAc

(S)-(-)-94 (R)-(+)-92
>95% ee 52% ee
68% yield 20% yield

55% overall yield
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S.1 Biological Activity of Sulcatol.

Sulcatol (6-methylhept-5-en-2-ol) (96) (Figure 19) is the aggregation pheromone
of the ambrosia beetles: Gnathotrichus sulcatus and Gnathotrichus retusus. These beetles
are economically important pests in felled and bucked timber. Gnathotrichus retusus is
sensitive only to (S)-sulcatol (96) and its response is inhibited when (R)-sulcatol (96) is
present.’0 Interestingly, Gnathotrichus sulcatus responds only when both (R) and (S)-
sulcatol (96) are present, exposure to homochiral (R) or (S)-sulcatol (96) alone has no
effect.’! Indeed sulcatol (96) was first isolated from the boring dust of Gnathotrichus
sulcatus and found to be present as a 65 : 35 mixture of (S) : (R) enantiomers. /2

Figure 19 : 6-Methylhept-5-en-2-ol : Sulcatol (96).

OH
/’\ML
(§S)-(+)-sulcatol (R)-(-)-sulcatol

(§)-96 (R)-96

"E
\

5.2 Preparation of Sulcatol (96).
The biological activity of sulcatol (96) has led to the appearance of a number of
methods for its preparation in homochiral form. As in the preparation of homochiral

propan-1,3-diol derivatives (Chapter 4) the methods used fall into two distinct categories.

5.2.1 Chemical Methods.
Mori et al. made use of (S) and (R)-glutamic acid (97) to prepare both (R) and (S)-
sulcatol (96) respectively in 7 steps with an overall yield of 3% (Scheme 50).73
Carbohydrate starting materials were used to prepare homochiral sulcatol (96) by
Slessor er al. (L)-Fucose (98) was converted in 10 steps to (§)-sulcatol (96) in 13%
overall yield. 2-Deoxy-(D)-ribose (99) was converted in 5 steps to (R)-sulcatol (96) in

5% overall yield (Scheme 50).74
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(§)-Ethyl lactate (100) was used as starting material by Slessor ez al., who also
prepared (R) and (S)-sulcatol (96) from (R) and (S)-propylene oxide (101) respectively
with an overall yield of less than 20% (Scheme 50).75

Scheme 50 : Preparation of sulcatol via chemical methods.

CO,H OH
2 — - - 2 s,
HO,C /\/\NH2

(R)-97 (5)-96
3% overall yield
CHO
HO—+—H OH
H | on - it - /\/\/L
H OH
HO——H (S)-96
CH, 13% overall yield
98
CHO OH
5 steps
H——OH (R)-96
CH,OH 5% overall yield
99

OH
AN

R e
(§)-101 (S)-96
s < —_—
(R)-101

4 steps/(

¢ 7
N

O
(S)-100 3 steps\\

IIIIIIO
L

OH
)\/\/k
(R)-96
<20% overall yield

5.2.2 Enzymic Methods.
Biocatalytic reduction of prochiral 6-methylhept-5-en-2-one (102) to give sulcatol

(96) has been performed using a number of different enzymes as shown in Scheme 51
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Scheme 51 : Preparation of sulcatol via enzymic reduction.

0) OH
/U\/\)\ >/k/\/l\

102 (R) or (5)-96
Entry Enzyme Product | % yield % ee ref.
1 Lactobacillus kefir. R 58 >99 76
2 Pseudomonas sp. alcohol R 51 97 77

dehydrogenase.

3 Thermoanaerobium brockii. S <502 99 78
4 Thermoanaerobium brockii. S 52 >99 79
5 T. brockii (growing). S 100b >99 79
6 Clostridium tyrobutyricum.© S 100 88 79
7 Clostridium tyrobutyricum.d R 53 80 79
8 Aspergillus niger. R 64 96 79
9 Geotrichum candidum. R 50 92 79
10 Baker’s yeast.® S 70 94 79
11 Baker’s yeast.© no reaction 80
12f Baker’s yeast.® S 498 85-87 80
130 Baker’s yeast.® S 198 99 81

4 Yield unreported, reaction stopped at ~50% conversion. b Crude yield. ¢ From crotonic acid. 4 From
glucose. € Saccharomyces cerevisiae. f Reduction of ethyl acetoacetate followed by conversion to sulcatol. 8
Overall yield. 1 Reduction of 4-nitro-2-butanoate followed by conversion to sulcatol.

Without exception all the reductions described in Scheme 51 have shortcomings
of one form or another. Apart from baker’s yeast none of the enzymes mentioned are
readily available. Many of the enzymes (entries 1 to 9) require the use of specialist

equipment and techniques.”® Some also require expensive cofactors (entries 1 to 5).
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Baker’s yeast reduction of 6-methylhept-5-en-2-one (102) has been reported twice
(entries 10 and 11) with greatly differing results. Veschambre et al. obtained (S )-sulcatol
(96) in 70% yield and with an enantiomeric excess of 94%,79 whereas Mori et al. observed
no reaction whatsoever.80 Mori ez al. did however use baker’s yeast to reduce ethyl
acetoacetate (103) to (S)-ethyl 3-hydroxy butyrate (104), this was then converted to ($)-
sulcatol (96) with an overall yield of 49% and an enantiomeric excess of 85 - 87%

(Scheme 52).80

Scheme 52 : Preparation of (S)-sulcatol (96) via reduction of ethyl acetoacetate.

O O OH O OH
/U\/U\ /\/U\ = E
: o e - /
OEt OEt
103 (S)-104 (S)-96

85 - 87% ee, 49% overall yield.

Enzymic kinetic resolution of racemic sulcatol (96) has also been used to prepare
homochiral sulcatol (96) as shown in Scheme 53. High enantiomeric excesses can be
obtained but as with all simple kinetic resolutions, the maximum yield is limited to 50%.

Scheme 53 : Lipase mediated kinetic resolution of racemic sulcatol (96).

OH OH OCOR
Lipase,
W acyl donor = /l\/\/k + )\/\/k

(RS)-96 (R) or (5)-96 (R) or (§)-105
Enzyme Acyl donor Solvent Recovered E ref.
sulcatol (96)
PPL trifluoroethyl laurate EnO S 24 82
dehydrated PPL | trifluoroethyl laurate EtnO S 100 82
PPL trichloroethyl butyrate ExO S 16-23a| 79
CCL tributyrin biphasic system R 39 83

2 Calculated from the reported conversion and enantiomeric excesses using the standard formulae.’2
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In addition to the examples shown in Scheme 53, Paquette et al. obtained
homochiral (S)-sulcatol (96) via the lipase P30 mediated hydrolysis of (RS)-6-
chloroacetoxy-2-methylhept-2-ene. This kinetic resolution was reported to proceed with a

stereoselectivity factor of approximately 49.84

5.3 Proposed Combination of Asymmetric Synthesis and Kinetic Resolution
for the Preparation of (S)-Sulcatol (96).

From the enzymic reactions reported it is apparent that a similar strategy to that
employed for the preparation of homochiral propan-1,3-diol derivatives (Chapter 4) could
be used for the preparation of homochiral sulcatol (96). In this case, the prochiral ketone
6-methylhept-5-en-2-one (102) is reduced to form optically active sulcatol (96). Lipase
mediated kinetic resolution of the scalemic sulcatol (96) obtained would then enable
formation of sulcatol (96) [or, depending on the stereochemical preference of the lipase
used in the kinetic resolution, an ester of sulcatol (105)] with enhanced enantiomeric
excess (Scheme 54).

Scheme 54 : Proposed strategy for the preparation of homochiral sulcatol via two

enantioselective reactions.

0] OH OR
o reduction = acyl donor Za

102 scalemic (R) or (S)-96 homochiral (R) or (5)-96
or an ester of sulcatol (105)

5.3.1 Exploratory Reactions.
Baker’s yeast reduction of 6-methylhept-5-en-2-one (102) was performed and
contrary to both Veschambre’? and Mori80 led to formation of (S)-sulcatol (96) with an

enantiomeric excess of 85% in 66% yield (77% with respect to recovered starting material).
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Kinetic resolution of racemic sulcatol (96) was performed using a number of
lipases to establish which lipase would be most suitable for the second step of the proposed
strategy (Scheme 55).

PPL and CCL were found to catalyse the kinetic resolution with much lower
stereoselectivity factors than those reported in the literature.7982.83

Enantiomeric excesses of sulcatol (96) were measured by conversion to Mosher’s
esters*6 followed by 1H NMR spectroscopy, enantiomeric excesses of esters of sulcatol
(106 and 107) were measured by first hydrolysing the ester and then treating in the same
way.

Scheme 55 : Lipase mediated kinetic resolution of racemic sulcatol.

OH OCOR
/M ' W
y (S)-96 (R)-106 : R = Me
M (R)-107 : R = Pr
(RS)-96 M /k/\)\ OCOR
(i) PPL or PFL , acyl donor.

(ii) CCL, acy! donor. (R)-96 (S)-106 : R = Me
(§)-107 : R =Pr
Enzyme? Acyl donor Solvent Recovered ED
sulcatol (96)
PPL vinyl acetate EthO S 3.4
PFL vinyl acetate CH»Cly S 4.1
CCL vinyl acetate CH»Cl, R 3.3
PPL trichloroethyl butyrate EnO S 4.2
PFL trichloroethyl butyrate CH2Cl» \) 4.6
CCL trichloroethyl butyrate CH>Cly R 6.0

a Aspergillus niger lipase, mucor javanicus lipase and rhizopus arrhizus lipase were also screened, however
no reaction was observed using either vinyl acetate or trifluoroethyl butyrate as acyl donor in

dichloromethane. P Calculated according to the standard formulae.”2
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From the experiments performed (Scheme 55), with each lipase use of
trichloroethylbutyrate as acyl donor gave rise to a higher stereoselectivity factor than when
vinyl acetate was used.

After the completion of this work Carrea et al. reported the kinetic resolution of
racemic sulcatol (96) in a number of different solvents using PPL and lipase PS. Their
results indicate that more selective systems are available for the kinetic resolution of sulcatol
(96). In particular, the use of PPL in benzene with trifluroethyl butyrate as acyl donor is

reported to proceed with a stereoselectivity factor of 62.85

5.4 Application of the Proposed Strategy.

The first step in the process was the baker’s yeast mediated reduction of 6-
methylhept-5-en-2-one (102) to give (S)-sulcatol (96) with an enantiomeric excess of
85%. From the experiments performed in Scheme 55 there was a choice of which lipase
to use in the acylation step. With CCL, the faster reacting enantiomer of sulcatol (96) is
the S enantiomer. Since sulcatol (96) obtained from baker’s yeast reduction of 102 is
enriched in the S enantiomer, use of CCL in the acylation step would lead to formation of
product (107) with enhanced enantiomeric excess (see Section 1.4.5.1). With PFL and
PPL, the faster reacting enantiomer of sulcatol (96) is the R enantiomer. Therefore if PFL
or PPL were used in the acylation step it would lead to recovered reactant (96) (rather than
the product) with enhanced enantiomeric excess (see Section 1.4.5.2).

Use of the computer model (Appendix 1) enabled a plot of % yield against %
enantiomeric excess (of product [107] or recovered reactant [96], depending on which
lipase was used in the kinetic resolution) to be made (Figure 20). This indicated that for a
final enantiomeric excess of 95%, maximum yield would be obtained using CCL in the
acylation step (rather than PFL or PPL) and by allowing the reaction to run to 80%
conversion. If PFL was used in the acylation step, recovered reactant (96) with 95%
enantiomeric excess would be obtained after 31% conversion (corresponding to 69% yield

of recovered reactant).
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Figure 20 : Plot of % yield versus % enantiomeric excess of product (107) (in the case of
CCL) or % enantiomeric excess of recovered reactant (96) (in the case of PFL and PPL)

obtainable by acylation of (S)-sulcatol (96) (85% ee) with various lipases.

1 llllllllllllll)llllllllullilllJlllll b a bl a1
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89 a4 CCL(E=6.0)
87_' ® PFL (E = 4.6)
{ ® PPL(E=42) i
g —rr-rrr—r—Trrrrrr--rrr—+ e

0 10 20 30 40 50 60 70 80 90 100
% yield of: product (107) with CCL
recovered reactant (96) with PFL and PPL

Therefore, to complete the two step process, CCL mediated acylation of (S)-
sulcatol (96) (85% ee) was performed as shown in Scheme 56. After 81% conversion,
recovered starting material (96) was obtained in 12% yield and with an enantiomeric excess
of 41% (model predicted 43%), and the required product (S)-(107) was obtained in 73%
yield. Simple hydrolysis of 107 yielded (S)-sulcatol (96) in 94% yield and with >95%

enantiomeric excess.
Scheme 56 : CCL mediated acylation of (§)-sulcatol (96) (85% ee).

OH OH OCOPr
/g\/\/‘\ . - N
a 81% convn = =

85% ee 41% ee >95% ee
12% yield
| (i)
OH
(1) CCL, trichloroethyl butyrate, CH,Cl,. :
(ii) K2CO3, MeOH. y
(S)-96
>95% ee

69% yield over two steps
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PFL mediated acylation of (S)-sulcatol (96) (85% ee) was also performed as
shown in Scheme 57 and yielded recovered starting material (S)-sulcatol (96) in 59%
yield with >95% enantiomeric excess and product (107) in 24% vyield with 65%
enantiomeric excess (model predicted 64%).

Scheme 57 : PFL mediated acylation of (S)-sulcatol (96) (85% ee).

(:)H (_)H (_)COPr
/E\/\/k . - /é\/\)\ N Wk
4 33% convn =

(S)-96 E=4.6 (S)-96 (S)-107
85% ec >95% ee 65% ee
59% yield 24% vyield

(i) PFL, trichloroethyl butyrate, CH,Cl,.

S.5 Summary and Conclusion.

(S)-Sulcatol (96) has been prepared by a technique involving enzymic reduction
followed by kinetic resolution.

Overall yield of (S)-sulcatol (96) (>95% ee), starting from 6-methylhept-5-en-2-
one (102), was 46% when CCL was used in the second step (Scheme 58) and 39%
when PFL was used in the second step (Scheme 59.)

Scheme 58 : Preparation of (S)-sulcatol (96) using CCL in the second step.

0 OH
(1)
/U\/\//’k . =

102 ($)-96
85% ce
(1) Baker's yeast. 06% yield
(if) CCL, trichloroethyl butyrate, CH,Cls. ~
(iii) K,CO3, MeOH. (it)
OH OCOPr OH
Gy
M* /\/\//’k * /\/\)\
(S5)-96 (S)-107 (S)-96
>95% ec >95% ee 41% ec
69% yield over two steps 12% vyicld

46% overall yield
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Scheme 59 : Preparation of (S)-sulcatol (96) using PFL in the second step.

0 OH
(i) z
)Wk > w

102 (S)-96
85% ee
(1) Baker's yeast. 66% yield
(i1) PFL, trichloroethyl butyrate, CH,Cl,. 3
(iii) K,CO3, MeOH. (ii)
OH OCOPr OH
(iii) N
AN — = /
(5)-96 (S)-107 (5)-96
65% ec 65% ee >95% ee
24% yield over two steps 59% yield

39% overall yield

When compared with conventional enzymic methods for the preparation of sulcatol
(96), the procedure used here is not as efficient as the best enzymic reductions (Scheme
51) or the best enzymic kinetic resolutions (Scheme 53). However, the procedure
described uses inexpensive enzymes, requires no specialist equipment and as such serves
to demonstrate the proposed strategy.

There is no reason why the strategy described above cannot be applied generally for
the preparation of suitable alcohols in homochiral form. A number of recent publications86
describe enzymic kinetic resolutions of a racemic alcohol and also describe enzymic
reduction of the ketone precursor to the same alcohol. In each case, combination of the two
processes in a similar manner to that described above should enable enhanced yield and/or

enhanced enantiomeric excesses to be obtained.
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Chapter 6

Investigation of the Structure of

lithium(a-methylbenzyl)benzyl amide.
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6.1 Uses of Homochiral Lithium Amides.

Lithium amides such as lithium diisopropylamide (LDA) (108), lithium
hexamethyldisilazide (LHMDS) (109) and lithium 2,2,6,6-tetramethylpiperidide (LTMP)
(110) (Figure 21) have many applications in modern organic chemistry principally as
non-nucleophilic bases. Due to the ever increasing interest in the preparation of homochiral
material it comes as no surprise that the use of homochiral lithium amides has been the

subject of much recent investigation.87

Figure 21 : Commonly used lithium amides.

)\N/k MC3Si\N/SiMC3 N

Li Li Li
LDA LHMDS LTMP
108 109 110

As a consequence of the ready availability of many homochiral amines (often in
both enantiomeric forms), and their simple conversion to lithium amides, homochiral
lithium amides are cheap, convenient sources of chirality.

In 1969 Wittig et al. published the first reported use of a homochiral lithium amide
in which phenyl(a-naphthyl)ketone (111) was enantioselectively reduced using lithium(a-
methylbenzyl)phenyl amide (112) to form the secondary alcohol (113) in 25% vyield after
stirring for 32 d (not 32 h as reported in reference 87) in diethyl ether (Scheme 60). The

product obtained (113) had a specific rotation of [®]5782 = +35.5 (¢ = 1, acetone).88

Scheme 60 : Enantioselective reduction using a homochiral lithium amide.
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. 25% yield
[a]578“5 = +35.5 (c = 1, acetone)
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Whitesell et al. first demonstrated that deprotonation of epoxides using homochiral
lithium amides can lead to the formation of optically active allylic alcohols.8? This
technique was used by Asami er al. in the preparation of (S)-2-cyclohexen-1-ol (116) by
the treatment of cyclohexene oxide (114) with the proline derived homochiral lithium
amide (115). The product (116) was obtained in 77% yield and with an enantiomeric
excess of 92% (Scheme 61).90

Mori er al. prepared one of the aggregation pheromones of the Douglas-fir beetle by
the homochiral lithium amide mediated rearrangement of racemic 1-methylcyclohexene
oxide (117) with the same homochiral lithium amide (115) as described above. In this
case the required product (S )-1-methyl-2-cyclohexen-1-ol (118) and the exocyclic allylic
alcohol (119) were obtained as a 1 : 1 mixture in 53% yield. Separation of 118 and 119
by preparative GLC enabled the enantiomeric excess of 118 to be estimated at 80%
(Scheme 61).91

Scheme 61 : Homochiral lithium amide mediated epoxide rearrangement.

(IO

o Li 5)-115
THF, 0°C
114 (S)-116
92% ee
77% yield
OH
(S)-115
0 THF *
-78°C to RT
117 (S)-118 (5)-119
80% ee unknown %ee

53% yield of 1 : 1 mixture of 118 and 119.

Deprotonation of the cyclic prochiral ketone cis-2,6-dimethylcyclohexanone (120)
with the homochiral lithium amide (121), in the presence of one equivalent of hexamethyl-

phosphoramide (HMPA), followed by trapping with trimethylsilyl chloride, led to
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formation of the silylated enol (S )-122 in 73% yield and with an enantiomeric excess of

96% as shown in Scheme 62.92

Scheme 62 : Deprotonation of a prochiral cyclic ketone using a homochiral lithium amide.

0 MC‘N’\| Ph OSiMe;
K/N\AN/\tBu l,,"’
121 L ‘
-
Me;SiCl, HMPA, -78°C
120 (S)-122
96% ee
73% yield

There are many other examples in the chemical literature in which homochiral
lithium amides have been employed. These include enantioselective [2,3]-Wittig ring
contractions;?3 enantioselective dehydrohalogenations; 4 and kinetic resolution of imid-
azolidinones and B-lactams.95

A more recent development is the use of homochiral lithium amides as nucleophiles
in Michael addition reactions. This was first demonstrated by Hawkins er al. using the
binaphthyl derived lithium amide (123). Treatment of methyl crotonate (124) with 4
equivalents of racemic 123 gave product 125 in 88% yield and with a diastereomeric
excess of 98% (Scheme 63).96 Hydrogenolysis of Michael adducts so formed (with
homochiral 123) enabled the preparation of $-amino esters with moderate overall yields
(32 - 70%) and high enantiomeric excess (95 - 99%).97

Scheme 63 : Lithium amide Michael addition to methyl crotonate.

98% de, 88% yield
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Investigation of homochiral lithium amides in our group began with the Michael
addition of lithium N-(3,4-dimethoxybenzyl)-c-methylbenzyl amide (126) to the iron
crotonyl complex (127). When racemic 126 and racemic 127 were used the
diastereomeric ratio of product (128) obtained was 94 : 3 : 3 [(RS,RS,RS) : (RS,RS,SR) :
(RS,SR,SR)]. This indicated a ratio of specific rate constants of 16 : 1 for reaction of the
matched pair [(R)-amide (126) + (R)-iron complex (127) {or (5)-126 + (S)-127}] and
the mismatched pair [(R)-amide (126) + (S)-iron complex (127) {or (S)-126 + (R)-
127}]. Therefore reaction of racemic iron complex (127) and (R)-lithium amide (126)
resulted in kinetic resolution of the iron complex (127) (which proceeded with a
stereoselectivity factor (E) of 15) (Scheme 64).98

Scheme 64 : Kinetic resolution of (RS)-iron crotonyl complex (127) with lithium N-

(3,4-dimethoxybenzyl)[(R)-a-methylbenzyl] amide (126).
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Davies et al. have also performed Michael additions with a number of homochiral
lithium amides to a wide range of o,B-unsaturated esters?? and amides.100 For example,
Michael addition of lithium[(R)-a-methylbenzyl]benzyl amide (129) to methyl-p-
benzyloxycinnamate (130) proceeded in 78% yield to give the (§,R)-adduct (131) with a
diastereomeric excess of >99%. Hydrogenolysis of (S,R)-131 yielded the (S)-B-amino
ester (132) in quantitative yield. Subsequent acidic hydrolysis gave the hydrochloride salt

of homochiral (S)-B-tyrosine (133) also in quantitative yield (Scheme 65).99
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Scheme 65 : Preparation of(S)-B-tyrosine.HCI (133) using a homochiral lithium amide.
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overall yield = 78%

6.2 The Structure of Lithium Amides.

In order to understand how homochiral lithium amides are able to react as
selectively as they do it is essential that the structures of the homochiral lithium amides
involved are known. Consequently, there is a great deal of interest in the determination of
the structures of lithium amides. 101

Many different methods have been employed for the determination of lithium amide
structures. These include X-ray crystallography;102 muitinuclear NMR spectroscopy;103
molecular mass determination using colligative properties!04 and molecular modelling
calculations. 105

From the various studies performed it has been shown that lithium amides are
capable of aggregating to form dimers,106 trimers,!07 tetramers!08 or even higher
aggregates,109 although some lithium amides do exist as monomers (Figure 22).110 Ip
addition to molecular structure, the degree of aggregation of lithium amides depends greatly
on solvent, temperature and concentration. With chiral lithium amides (in racemic form)

there is the added complication that aggregation can lead to the formation of diastereomeric
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species. As well as their complexity, structure elucidation of lithium amides is also

hindered by their sensitivity to air and moisture.

Figure 22 : The diversity of lithium amide structures.
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6.3 Structure Investigation of lithium(c-methylbenzyl)benzyl amide (129).
Previous work in our group has made use of lithium(a-methylbenzyl)benzyl amide
(129) and found it capable of performing highly selective addition reactions to a number of
Michael acceptors (for example, see Schemes 64 and 65).98.99.100 [n order to aid the
understanding of these reactions it was desirable to investigate the structure of this lithium

amide in THF solution.

6.3.1 Structures of Lithium Amides similar to 129.

The chemical literature reports structures for a number of similar lithium amides. In
particular Snaith et al. found that lithium dibenzylamide (136) crystallises from a toluene-
hexane mixture as a cyclic trimer (137) containing a planar six-membered (NLi)3 ring.
From diethyl ether-hexane or HMPA-hexane, the same lithium amide (136) was found to

crystallise as a cyclic dimer (138 and 139 respectively) containing a planar four-membered

(NLi), ring (Figure 23).111

74



Chapter 6

Figure 23 : Structures of lithium dibenzylamide (136).

[Ph/\N/\Ph [(PhCH,),NLil3
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[(PhCH,),NL1.OEt,], [(PhCH,),NLi.O=P(NMe,);],
crystallised from diethyl ether-hexane crystallised from HMPA-hexane
138 139

Snaith er al. also predicted that since the benzyl groups in 137, 138, and 139 do
not lie in the same plane as the NLi ring, ring stacking!990 is not possible. Ring
laddering109% is also improbable for steric reasons with 137 and because of the presence of
solvent molecules in 138 and 139. Therefore with 136, the formation of aggregates
larger than trimers can be ruled out.112

Relative molecular mass measurements of 137 and 138 at different concentrations
in benzene have been performed. With 137, n = 2.87 - 2.72 (where n = the degree of
aggregation). This is thought to indicate that a trimeric structure largely persists in solution
but that a dimeric and/or monomeric species is also present. In the case of 138, n = 1.16 -
1.06. This was interpreted as being caused by extensive dissociation of the crystalline
dimer to form a monomer, or possibly due to loss of the diethyl ether molecules and
formation of an unsolvated dimer which then proceeds to disproportionate to the same
trimer/dimer/monomer equilibrium observed for 137.113 Snaith er al. have also performed
7Li NMR spectroscopic studies of 137 and 138 in benzene. The results obtained agree
well with the trimer/dimer/monomer equilibrium mentioned above.!13

Molecular orbital calculations have suggested that the pink-red coloration of
solutions of 137 and 138 can only arise from electronic transitions taking place in
uncomplexed monomeric (PhCH7),NLi rather than from transitions in an aggregated
structure. 114

In the reaction of lithium N-(3,4-dimethoxybenzyl)[(RS)-a-methylbenzyl] amide

(126) with (RS)-iron crotonyl complex (127) it was observed that if 1 equivalent of the
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lithium amide (126) was used, ~ 50% yield of product (128) was obtained. If 0.5
equivalents of 126 were used, the yield of 128 was ~ 25% and with 2 equivalents of 126
a yield of >90% of 128 was obtained. These observations indicated that the reaction
proceeded with a 2 : 1 stoicheiometry of lithium amide (126) : iron complex (127). This
was interpreted as being caused by the lithium amide (126) reacting as a dimer.
Furthermore, due to the consistency of the result obtained when kinetic resolution of (RS)-
iron complex (127) with (R)-lithium amide (126) (Scheme 64) was performed and the
result obtained in the reaction of (RS )-iron complex (127) with (RS)-lithium amide (126),
it was postulated that the dimers of the lithium amide (126) must be homochiral [(RS,RS)]
rather than heterochiral [(RS,SR)].98

To the best of our knowledge only monomeric and dimeric structures have been
reported for the structure of lithium amides in THF. For example, Jackman et al. used 13C
NMR spectroscopy and colligative property measurements to determine the structures of
the lithium amides shown in Figure 24.115 With the N-alkyl anilides (140), the
structures at the given temperatures change from monomer-dimer mixtures to exclusively
monomers as the steric bulk of the alkyl group increases.

Figure 24 : Structure of lithium amides of N-alkyl anilides (140) in THF.

R = CHj, -60°C : monomer - dimer

R R = Bu, -100°C : monomer - dimer
R =iPr, -80°C : exclusively monomer
R = tBu, -110°C : exclusively monomer

Similarly, Iithium hexamethyldisilazide (109) is reported to exist as a monomer-
dimer mixture in THF at -60°C.116 Seebach et al. observed that lithium diisopropylamide
(LDA) (108) exists as a monomer-dimer mixture in THF at -108°C,!17 although later

work by Collum er al. only saw evidence for a dimeric LDA structure under the same

conditions.118
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In view of the above observations, it was thought fair to assume that the structure
of 129 in THF at -78°C was likely to be monomeric or dimeric rather than a higher order

aggregate.

6.3.2 Experiments performed with N,N-dimethyl cinnamide (141).

It was known that the reaction between lithium[(R )-ci-methylbenzyl]benzyl amide
(129) and N,N-dimethyl cinnamide (141) proceeded to give the (S,R)-Michael adduct
(142) in high yield and with a diastereomeric excess >94% (Scheme 66).119 Since this
reaction proceeded so cleanly to give essentially only one product diastereomer, it was
thought that it would be an ideal reaction to study in more detail. It was hoped that from
this, information concerning the structure of 129 could be obtained.

Scheme 66 : Reaction of lithium[(R)-a-methylbenzyl]benzyl amide (129) with N,N-

dimethyl cinnamide (141)
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As mentioned previously, the 2 : 1 stoicheiometry observed in the reaction of (RS)-
lithium N-(3,4-dimethoxybenzyl)-a-methylbenzyl amide (126) with (RS)-iron crotonyl
complex (127) (Scheme 64) was interpreted as being caused by the lithium amide (126)
reacting as a dimer. Therefore experiments were performed to establish the stoicheiometry
of the reaction between lithium-(o-methylbenzyl)benzyl amide (129) and N,N-dimethyl
cinnamide (141). Two series of reactions were performed [firstly with (R)-129 and then
with (RS)-129] using varying amounts of 129. 1H NMR spectroscopy of the crude
products (from each reaction) enabled measurement of the extent of conversion of the
starting material (141) to the product (142). These values (shown in Table 6) were used

to calculate the stoicheiometries of the reactions between homochiral 129 and 141, and
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between racemic 129 and 141. With (R)-129 and 141 a 1 : 1 stoicheiometry was

observed. Similarly with (RS)-129 and 141 a 1 : 1 stoicheiometry was observed.

Table 6 : Experiments performed to establish the stoicheiometry of the reaction between
lithium(a-methylbenzyl)benzyl amide (129) and N,N-dimethyl cinnamide (141).

78

Entry Equivalents of 129 Stereochemistry of 129 | % Conversion to product 1432
1 0.5 R 49
2 1.0 R >95
3 1.5 R >95
4 0.5 racemic 47
5 1.0 racemic >95

4 Calcuated from NMR spectroscopy of the crude product.

These observations at first suggest that both homochiral and racemic lithium amide
(129) must be reacting in a monomeric form. However the results do not necessarily rule
out the possibility of 129 reacting in a dimeric form, since similar results would be
exﬁected if, after addition, the unused half of the dimer were able to return to the reaction
medium (as a monomer) and reequilibrate to form more reactive dimers.

It is often assumed that the enantiomeric excess of a chiral reagent (or chiral
auxiliary) and the enantiomeric excess of the product obtained by using such a chiral
reagent (or chiral auxiliary) will have a linear relationship. Work by Kagan et al. has
shown that this is not always the case and that when the relationship is nonlinear,
information concerning the reaction mechanism can be obtained. For example, Kagan used
this method to demonstrate that in the Sharpless epoxidation,3% more than one tartrate
ligand must be involved in the reactive oxidant species.120 If a nonlinear effect is observed
it 1s evidence that the chiral reagent (or chiral auxiliary) must be forming aggregates.

In order to investigate further the reaction of lithium(a-methylbenzyl)benzyl amide
(129) and N,N-dimethyl cinnamide (141), experiments were performed to establish
whether or not a nonlinear effect existed. If a nonlinear effect was observed, it would be a

positive indication that 129 was forming dimers. Thus, reactions were performed using
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lithium amide (129) with a range of enantiomeric excesses. Measurement of the
enantiomeric excesses of the product (142) and recovered amine (143) (since an excess
was used) were performed and the results obtained are shown in Table 7 and graphically
in Figure 26.

Before the existence of any nonlinear effect could be investigated, accurate methods
for measuring the enantiomeric excesses of the starting amine (143) and the Michael adduct
(142) were required. Parker er al. measured the enantiomeric excesses of a number of
amines by the addition of one equivalent of (R)-O-acetyl mandelic acid (144), to form
diastereomeric salts, followed by IH NMR spectroscopic analysis.12! This method proved
successful with the two amines (142 and 143) mentioned above. With 143, the NMR
spectroscopy was performed in CDCl3 at 200 MHz, whereas with 142, 500 MHz NMR
spectroscopy in CgDg was required. In each case enantiomeric excesses were measured by
integration of the o-methyl doublets at approximately 1.0 - 1.3 ppm (Figure 25). For
142, the doublet ariSing from the S,R enantiomer appears at higher field. For 143, the
doublet arising from the R enantiomer appears at higher field.

Figure 25 : Methods for measuring enantiomeric excesses of 142 and 143.

R
O
143:R=H (R)-144
0
142 :R = M
Ph NMCz
(R.S) (S,R)
(S) (R)
homochiral 142  racemic 142 homochiral 143 racemic 143
each + one equivalent of (R)-144 each + one equivalent of (R) -144

CgDg, 500 MHz. CDCl3, 200 MHz.
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Once a suitable analytical method had been found, the reactions shown in Table 7

were performed. In each case the diastereomeric excess of the product was identical

(>94%).

Table 7 : % Enantiomeric excess of (c--methylbenzyl)benzylamine (143) and %

enantiomeric excess of product (142).

entry? % ee of 143b % ee of product (142) | % ee of recovered 143

1 0 0 -

2 32 29 30
3 53 55 50
4 75 75 73
5 >97 >97 -

6¢ 52 47 47
7d 56 49 58

4 Performed using 1.6 equivalents of lithium amide 129 unless otherwise stated. b Enriched in (5)-143.
¢ Using 10 equivalents of 129. 9 Performed in toluene.

Figure 26 : Plot of % enantiomeric excess of the chiral reagent (143) versus %

enantiomeric excess of the product (142).
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The results obtained indicate that there is no nonlinear effect in the reaction of

lithium(o.-methylbenzyl)benzyl amide (129) and N,N-dimethyl cinnamide (141).
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Unfortunately, little information can be obtained when no nonlinear effect is observed.120
All that can be concluded is that either heterochiral dimers (of 129) do not exist or, if they

do exist, they react with the same selectivity and rate as the monomer or homochiral dimer.

6.3.3 Experiments performed with the iron crotonyl complex (127).*
In view of the observation made by Davies er al. that the stoicheiometry of the
reaction between (RS)-lithium N-(3,4-dimethoxybenzyl)-o-methylbenzyl amide (126) and

the iron crotonyl complex (127) is 2 : 1,98 it was decided to investigate the reaction of
lithium-(a-methylbenzyl)benzyl amide (129) with the iron crotonyl complex (127)
(Scheme 67).

Scheme 67 : Reaction of lithium-(o-methylbenzyl)benzyl amide (129) with the iron

crotonyl complex (127)
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Reactions were performed as detailed in Tables 8 to 12 in order to establish the

127 129 145 Ph

stoicheiometry of the various combinations of homochiral and racemic 127 and 129.

From the results in Tables 8 and 9, the observed conversions of starting material
(127) to product (145) show that 2 equivalents of 129 are required to bring about
complete reaction of 127. Therefore the stoicheiometry of the reaction between racemic
lithium(a-methylbenzyl)benzyl amide (129) and homochiral or racemic iron crotonyl
complex (127) is 2 : 1. This implies that 129 reacts as a dimer and that once addition has
occurred, the unused part of the dimer is unable to return to the reaction medium.

Close examination of the results in Table 9 reveals that 129 cannot be reacting
exclusively as a homochiral dimer, since if it did, when 1 equivalent of (RS)-129 (entry 1)
was used, it would imply that 0.25 equivalents of (R,R)-dimer and 0.25 equivalents of

(S,S)-dimer were present in the reaction medium. Thus, when 50% of (R)-iron crotonyl
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complex (127) had been consumed, half (of the 50%) must have reacted with (R,R)-dimer
to give (R,R,R)-product (145) and the other half (of the 50%) must have reacted with
(S,S)-dimer to give a 1 : 1 mixture of (R,R,S) and (R,S,S)-145. This would imply that
the overall diastereomeric ratio of the product (145) (entry 1 in Table 9), would be 50 :
25: 25 [(R,R,R) : (R,R,S) : (R,S,S)]. As can be seen the value obtained is greatly
different from this, thus indicating that 129 cannot be reacting exclusively as homochiral
dimers.

Also from Table 9, the diastereomeric excesses observed indicate that racemic
129 cannot be reacting as a heterochiral dimer (and that, once addition has occurred, the
unused part of the dimer does not return to the reaction medium and reequilibrate to form
more reactive dimers). If this were the case, there would be no mass action effect and
consequently the expected diastereomeric ratio of the product (145) would be the same as
that observed in the reaction between racemic 127 and racemic 129 [96 : 2 : 2] as shown
in Table 8.

Therefore from the results in Tables 8 and 9, it appears that the reactive species

must be a monomer.

Table 8 : Experiments performed to establish the stoicheiometry of the reaction between
lithium[(RS )-a-methylbenzyl]benzyl amide (129) and (RS )-iron crotonyl complex (127).

Entry Equivalents of 129 % Conversion to product (145)a,b

1 0.5 29

2 1.0 39, 40

3 1.2 64

4 1.5 74,75

5 2.0 91

6 2.2 >95

7 2.5 >95

8 4.0 >95

2 Calculated from NMR spectroscopy of the crude product. P Diastereomeric ratio of product calculated by
500 MHz 'H NMR spectroscopy of the crude product = 96 : 2 : 2 [(RS,RS.RS) : (RS.RS.SR) :
(RS,SR,SR)] in all cases.
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Table 9 : Experiments performed to establish the stoicheiometry of the reaction between
lithium([(RS )-a.-methylbenzyl]benzyl amide (129) and (R)-iron crotonyl complex (127).

Diastereomeric ratio
of product (145)b

% Conversion to
product (145)3

Entry | Equivalents of 129

1 1.0 54 87:7:6

2 2.0 >90 8:6:5
2 Calculated from NMR spectroscopy of the crude product. ® Diastereomeric ratio of product calculated by
500 MHz 'H NMR spectroscopy of the crude product : [(R,R.R) : (R.R.S) : (R.S.5)].

In contrast, the results in Tables 10 to 12 show that the stoicheiometry of the
reaction between homochiral lithium(a-methylbenzyl)benzyl amide (129) and homochiral
or racemic iron crotonyl complex (127) is 1 : 1 [possibly with the exception of the reaction
between the mismatched pair (Table 12)]. This implies that homochiral 129 reacts as a
monomer, or if homochiral dimers are the reactive species, then in this case, after addition
has occurred the unused part of the dimer is able to return to the reaction medium (as a

monomer) and reequilibrate to form more reactive dimers.

Table 10 : Experiments performed to establish the stoicheiometry of the reaction between
lithium([(R )-a-methylbenzyl]benzyl amide (129) and (R)-iron crotonyl complex (127).

Entry Equivalents of 129 % Conversion to product (145)a.
1 0.5 46
2 0.75 65
3 1.0 86, >95
4 2.2 >95

2 Calculated from NMR spectroscopy of the crude product. b Diastereomerically pure (R,R.R) by 500 MHz

1H NMR spectroscopy.
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Table 11 : Experiments performed to establish the stoicheiometry of the reaction between
lithium([(R )-a-methylbenzyl]benzyl amide (129) and (RS)-iron crotonyl complex (127).

9% Conversion to Diastereomeric ratio

Entry | Equivalents of 129
product (145)3 of product (145)P

1 0.5 48 82:9:9

2 1.0 >95 55:25:20

2 Calculated from NMR spectroscopy of the crude product. P Diastereomeric ratio of product calculated by
500 MHz 1H NMR spectroscopy of the crude product : [(R.R.R) : (S,S.R) : (S.R.R)].

Table 12 : Experiments performed to establish the stoicheiometry of the reaction between
lithium[(S)-a-methylbenzyl]benzyl amide (129) and (R )-iron crotonyl complex (127).

Entry Equivalents of 129 % Conversion to product (145)a.b

1 1.0 58, 61

2 2.2 86

4 Calculated from NMR spectroscopy of the crude product. b1 : 1 mixture of (R,R.S) : (R.S,S) by 500
MHz 'H NMR spectroscopy.

It was thought that a possible explanation for the difference in the stoicheiometry of
the reactions of homochiral and racemic 129 with 127 was that a chiral recognition
process was taking place: if both homochiral and racemic 129 are assumed to be
monomeric and the enolate (146) formed from reaction of the matched pair [(R)-129 +
(R)-127] is able to chelate selectively to (S)-129 but not to (R)-129, then the expected
stoicheiometries would be the same as those observed experimentally. In order to test this
hypothesis the reactions shown in Schemes 68 to 70 were performed.

In the first experiment (Scheme 68) the (R,R,R)-enolate of (146) was prepared
by addition of one equivalent of (R)-129 to (R)-127. According to the hypothesis
outlined above, addition of racemic 129 (two equivalents) would lead to chelation (by
146) of (S)-129 but not (R)-129. Therefore when one equivalent of racemic iron
crotonyl complex (127) was added, it would only be able to react with the one equivalent
of (R)-amide (129) remaining [since (5)-129 had been removed from the reaction
medium]. Consequently, the expected overall diastereomeric ratio for the product (145)

would be 150 : 25 : 25 [(RS,RS,RS) : (RS,RS,SR) : (RS,SR,SR)]. If however the
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chelation were not occurring, then two equivalents of racemic 129 would be available to
react with the one equivalent of racemic 127 added. In which case the expected overall
diastereomeric ratio for the product (145) would be 196 : 2:2=98:1: 1 (calculated using
data from Table 8), which is identical to the ratio observed when the reaction was

performed.

Scheme 68 : First experiment performed to test for the occurrence of selective chelation.
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The second experiment (Scheme 69) is identical to the first except that (R)-127
rather than racemic 127 was added. In this case, selective chelation would lead to the
exclusive formation of the (R,R,R)-diastereomer of 145 [since no (5)-129 would be
available to react]. If however chelation were not occurring, then two equivalents of
racemic 129 would be available to react with the one equivalent of (R)-127 added. In
which case the expected overall diastereomeric ratio for the product (145) would be 189 : 6

:5=94.5:3:2.5 (calculated using data from Table 9) which again agrees closely with

that obtained experimentally.
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Scheme 69 : Second experiment to test for the occurrence of selective chelation.
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(R,R,R)-146 e 145
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94:3:3

(R,R,R) :(R,R,S):(R,S.S)

The third experiment (Scheme 70) uses the same approach except this time one
equivalent of N,N-dimethyl cinnamide (141) was added in the second step [rather than the
iron crotonyl complex (127)]. Here, selective chelation would result in the product from
the Michael addition of 129 to 141 being exclusively (S,R)-142 [since no (§5)-129 would
be available to react}, whereas if selective chelation were not occurring, the organic Michael
adduct (142) would be racemic [(SR,RS)]. When the experiment was performed, flash
chromatography of the crude product enabled isolation of 142. Addition of (R )-O-acetyl
mandelic acid (144) to 142 followed by IH NMR spectroscopy indicated an enantiomeric
excess of 16% [enriched in (S,R)-142]. It was concluded that the slight enantiomeric
excess was caused by a small excess of (R)-129 being used in the first step of the reaction

and that selective chelation was not occurring.
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Scheme 70 : Third experiment performed to test for the occurrence of selective chelation.
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(R,R,R)-145
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None of the three experiments performed (Schemes 68 to 70) was consistent
with the proposed selective chelation theory.

Additional experiments were performed as described below.

Reaction of two equivalents of (RS)-129 with one equivalent of (R)-127 was
performed. After stirring for 3 h at -78°C, one equivalent of N,N-dimethyl cinnamide
(141) was added. It was expected that 141 would not undergo any reaction. However
after workup, 'H NMR spectroscopy of the crude product revealed that both 127 and 141
had undergone complete conversion to their respective Michael adducts (145 and 142).
The Michael adducts were formed with the expected (approximately) diastereomeric ratios
(Scheme 71). As was anticipated, repeating the experiment shown in Scheme 71 using
(R)-129 in place of (RS)-129, resulted in complete conversion of both 127 and 141.
Therefore it would appear that, in contrast to the iron crotonyl complex (127), N,N-
dimethyl cinnamide (141) is able to breakdown the species that forms between (R)-127

and (RS)-129.
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Scheme 71 : Addition of 141 to the complex formed between (R)-127 and (RS)-129.
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6.4 Summary and Conclusion.

It has been shown that the stoicheiometry of the reaction of racemic or homochiral
lithium(a-methylbenzyl)benzyl amide (129) with N,N-dimethyl cinnamide (141)is 1 : 1.
Experiments performed between 129 with a range of enantiomeric excesses and 141
demonstrated that the reaction of 129 and 141 does not display a nonlinear effect. This
implies that heterochiral dimers of 129 do not form or if they do form, they react with the
same selectivity and the same rate as the monomer or homochiral dimer.

The stoicheiometry of the reaction of racemic lithium(o-methylbenzyl)benzyl amide
(129) with homochiral or racemic iron crotonyl complex (127) is 2 : 1, whereas the
stoicheiometry of the reaction of homochiral (129) with homochiral or racemic (127)is 1 :
1.

In contrast to the iron crotonyl complex (127), N,N-dimethyl cinnamide (141) is
able to breakdown the species that forms between (R)-127 and (RS)-129.

Measurement of the reaction rate and calculation of the order of reaction with
respect to each reactant would provide a very good insight into the mechanism involved.

However, due to the reaction proceeding so quickly this is not straightforward.
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As yet, no explanation is available that fully accounts for the differing

stoicheiometries observed for the reaction of racemic 129 with 127 and the reaction of

homochiral 129 with 127.
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Attempted Dynamic Kinetic Resolution.
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7.1 Proposed Dynamic Kinetic Resolution System.

It has been suggested that 2-substituted-1-hydroxy-3-monoacetates (147) as shown
in Figure 27 undergo racemisation in the presence of triethylamine via an intramolecular
1,3-acetyl transfer process.69

Figure 27 : Triethylamine induced scrambling of 2-substituted-1,3-diol derivatives.

R R R
O (@o = 0N 0 o@\ O
y— N —
o
{ d >
147 147

It was hoped that a dynamic kinetic resolution could be achieved by coupling this
racemisation process with a lipase catalysed selective esterification of the free hydroxyl
group to form products as shown in Scheme 72.

Scheme 72 : Proposed dynamic kinetic resolution.

u m
R
HO 0\7T,Rf R
NE O
& ﬂ Lipase R" 0] 9) R'
R organic solvent \n/ \ﬂ/
R"
donor O O
O homochiral-148
R' 0 OH theoretical yield = 100%
O

i

- (RS)-147
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No problems of incompatibilty between the lipase and triethylamine were envisaged
as Thiel ez al. has demonstrated that a number of lipases readily catalyse transesterification
reactions in the presence of triethylamine.122

A number of optically active 1,3 diol derivatives (86, 91 and 149) were prepared
as shown in Chapter 4. However all attempts at racemisation with triethylamine were
unsuccessful. In each case the substrate was returned without any decomposition and
without any change in its specific rotation (Scheme 73).

Scheme 73 : Attempted racemisations using triethylamine.

R R
NEt3
CH,Cl, - X
HO OAc AcO OH
R timeh  [a]p>? initial [alp?? final
86 CH,Ph 20 +19 +19 (¢ = 1.4, CHCl3)
91 CH);Np 71 +27 +27 (¢ = 1.0, CHCl3)
149 CH,CH(OMe), 18 +11 +11 (c = 1.2, CHCly)

It was hoped that another racemising agent could be found. Firstly potassium
carbonate was tried, without success. Use of 10 mol% pyridinium para-toluenesulphonate
(PPTS) caused scrambling of the stereogenic centre of 86 after stirring in dichloromethane
for 24 h as shown in Scheme 74.

Scheme 74 : PPTS mediated racemisation of 86.

CH,Ph CH,Ph
PPTS 10 mol%
CH,C1,
24 h
HO OAc HO OAc
[a]p®® = +19 (c = 1.4, CHCl3) [a)p* <1 (¢ = 1.4, CHCl5)

(R)-(+)-86 (RS)-(£)-86
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It was thought that a dynamic kinetic resolution could be performed as proposed in
Scheme 72 by simply replacing triethylamine with PPTS.

Three novel substrates (150 - 152) were prepared and fully characterised (Figure
28). The reactivity of pseudomonas fluorescens lipase (PFL) towards these substrates was

tested.

Figure 28 : Substrates prepared to test the proposed dynamic kinetic resolution system.

CH,Ph CH,Ph CH,Ph

tBu O

\ﬂ/ OH Pr\[rO OH CF3\[rO OH

O 150 O 151 O 152

The substrates 150 and 152 did not undergo acetylation with PFL, however 151
was readily acetylated to give the novel diester 153 which was fully characterised. After
18 d at room temperature the reaction had proceeded to 38% conversion. The absolute
stereochemistry of 153 is unknown, but by analogy with the PFL mediated esterification
of 2-benzylpropan-1,3-diol (85) (see Chapter 4), it was thought that PFL would
preferentially acetylate the S enantiomer of 151. This would lead to formation of the S
enantiomer of 153 as shown in Scheme 75. Unreacted substrate and product were
separated by flash chromatography.

Scheme 75 : PFL catalysed acetylation of 151.

CH,Ph CH,Ph CH,Ph
PFL X q
CH)ClI, l/\‘ +
vinyl acetate
Pr O OH 18 d Pr O OH Pr O OAc
\”/ \n/mo” = +10.3 \ﬂ/[a)o” =73
) O (c=1.0,CHCl) O (c=1.0, CHCly)
(RS)-(¥)-151 (R)-(+)-151 (S)-(-)-153*

* tentatively assigned
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As expected stirring the product from the enzymic acetylation 153 with 10 mol%
PPTS in dichloromethane caused no reduction in the optical rotation. Similar treatment of
the recovered starting material (151) did cause racemisation as detailed in Scheme 76.

Scheme 76 : PPTS racemises 151 but does not racemise 1353.

CH,Ph CH,Ph
PPTS
Pr O OAc CH,Cl, — Pr O OAc
\[( [Q]Dzz =7 7d Y [a]DZZ <7
O (c=1.0,CHCL) O (c=1.0,CHCl3)
(§)-(-)-1583 ($)-(-)183
CH,Ph CH,Ph
PPTS -
Pr O OH CH,Cl, Pr O OH
[a]DZZ =+10 72 h [a]Dzz <1
O (c=1.0,CHCl) O (c=1.0,CHCl)
(R)-(+)-151 (RS)-(£)-151

All that remained to be done in order to demonstrate the proposed dynamic kinetic
resolution system was to combine the two processes. Frustratingly when the two
processes were combined no reaction was observed (Scheme 77).

Scheme 77 : Attempted dynamic kinetic resolution.

CH,Ph

PFL
CH,Cl,
vinyl acetate - X

Pr. O OH PPTS
\n/ 61d

O (RS)-(1)-151

The most likely explanation is that PPTS inhibits the enzymic reaction. This was

confirmed by performing a test reaction with 2-(1-methylnaphthyl)propan-1,3-diol (90), a
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substrate which is known to be readily acetylated by PFL (see Chapter 4), in the presence
of 10 mol% PPTS. Once again no reaction was observed (Scheme 78).

Scheme 78 : Experiment performed to establish if PPTS inhibits PFL.

CH,Np -

CH,Clp —= X
vinyl acetate
PPTS
HO OH 21d
90

Experiments were performed to establish if it was the pyridinium moiety or the
para-toluenesulphonate moiety that was causing the racemisation. Attempted racemisations
using tetrabutylammonium para-toluenesulphonate [BusN(p-TSA)], sodium para-
toluenesulphonate [Na(p-TSA)] and pyridinium trifluoroacetate [Py(OCOCF3)] showed
that it was in fact the pyridinium moiety that was causing the scrambling of the stereogenic
centre.

Unfortunately, PFL was unable to catalyse the esterification of 85 when a
pyridinium moiety [this time in the form of Py(OCOCF3)] was present (Scheme 79).
Therefore, it would appear that PFL is inhibited by the presence of a pyridinium moiety.
There is evidence in the literature that PFL is also inhibited by species containing an N-
methyl imidazole group.?

Scheme 79 : Experiment performed to establish if Py(OCOCF3) inhibits PFL.

CH2C12
vinyl acetate ~ X
Py(OCOCEF;3)
HO  OH 39d
85

It was hoped that if the pyridinium moiety could be immobilised on a solid support
it would still be capable of mediating the racemisation process but would not cause any

hindrance to the PFL catalysed esterification.
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Successful racemisation was achieved with pyridinium supported on a Dowex™ 1on
exchange resin, however once again, PFL was unable to catalyse esterification reactions in
this medium as shown in Scheme 80.

Scheme 80 : Use of Dowex® as an immobilised source of pyridinium ions.

CH,Np CH,Np
CH)Cl,
pyridinium washed
Dowex®
HO OAc 4d HO OAc
[(X]D22 = +18 (c=1.3, CHClg) [a]D22 <1 (C = 1.3, CHCl3)
(R)-(+)-91 (RS)-(£)-91
CH,Ph PFL
CH,Cl,
vinyl acetate
pyridintum washed = X
Dowex®
HO OH 64 d
85

Attempted scrambling using poly(4-vinyl pyridine) was unsuccessful. A number of
other racemising agents were tried, including 4-dimethylaminopyridine and 2-hydroxy-
pyridine, however in all cases no racemisation was observed.

The next approach tried was to use the proposed dynamic kinetic resolution system
as shown in Scheme 77 with an enzyme other than PFL. A number of readily available
lipases were obtained. The compatibility of each enzyme with PPTS was tested by
carrying out a known reaction of each enzyme in the presence of 10 mol% PPTS (Scheme
81). The enzymes tried were mucor javanicus lipase (MJL); aspergillus niger lipase
(ANL); pig pancreatic lipase (PPL); candida cylindracea lipase (CCL); lipase from
pseudomonas sp. type XIII (XXIII) and lipoprotein lipase from pseudomonas sp. (LL).

Each of the enzymes mentioned was found to be inactive in the presence of PPTS.
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Scheme 81 : Incompatibility of various lipases with PPTS.

CH,Ph
Lipase - X
For ANL and MJL : vinyl acetate
CH,Cl,
PPTS
HO OH
85
~
For PPL, CCL, £x11 and LL : Lipase
vinyl acetate
CH,Cl,
PPTS
HO g7 OH

7.2 Summary and Conclusion

It has been established than 2-substituted-1,3-diol derivatives such as 3-hydroxy-2-
benzylpropyl acetate (86) undergo racemisation in the presence of a pyridinium moiety
whereas unsymmetrical diesters such as 2-benzyl-3-(methylethanoate)propyl butanoate
(153) are not racemised. 3-Hydroxy-2-benzylpropyl butanoate (151) is readily
transformed to the diester 153 by pseudomonas fluorescens lipase, however 3-hydroxy-2-
benzylpropyl trimethylacetate (150) and 3-hydroxy-2-benzylpropy! trifluoroacetate (152)
do not undergo esterification. It has been shown that a number of enzymes are unable to
catalyse esterification reactions in the presence of a pyridinium moiety.

The above account is an indication of the magnitude of the obstacles to be overcome

in order to perform a dynamic kinetic resolution.
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Chapter 8

Attempted Preparation of the Homochiral iron crotonyl complex E-[(n3-

C5H35)Fe(CO)(PPh3)(COCH=CHCH3)] via Enzymic Kinetic Resolution.
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8.1 Uses of Homochiral iron acyl complexes.
The iron acetyl complex [(15-CsHs)Fe(CO)(PPh3)(COCH3)] (15) has been used
extensively as a chiral auxiliary by Davies et al. for the synthesis of numerous homochiral

materials (Figure 29).123

Figure 29 : (n5-CsHs)Fe(CO)(PPh3)(COCH3) (15).

0 O
F’—(— , _7_\FC
7/ N
O O

(R)-15 (S)-15

For example, both B-lactams!24 and trans-substituted cyclopropane carboxylic acid

derivatives125 have been prepared in homochiral form using the iron crotonyl complex (n>-
CsHs)Fe(CO)(PPh3)(COCH=CHCH3) (127) as a source of chirality (Scheme 82).

Scheme 82 : Use of the iron crotonyl complex (127).
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8.2 Methods of Preparing Homochiral iron acyl complexes.

Until recently the only method for the preparation of homochiral (n>-
CsHs)Fe(CO)(PPh3)(COCH3) (15) was as shown in Scheme 83. Cleavage of the di-
iron species (158) with bromine, followed by addition of triphenylphosphine leads to
formation of complex 159. Treatment of 159 with homochiral (R,S,R)-potassium
mentholate results in the formation of the diastereomers 160 and 161. Recrystallisation
enables isolation of the S,R,S,R diastereomer (160). Addition of methyllithium to 160
proceeds with inversion (at the iron centre) to give (R)-15. The S enantiomer of 15 can be

obtained by use of the opposite enantiomer of potassium mentholate.126

Scheme 83 : Preparation of homochiral (n°-CsHs)Fe(CO)(PPh3)(COCH3) (15).

Q
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More recently, homochiral (n3-CsHs)Fe(CO)(PPh3)(COCH3) (15) has been
ybtained via a kinetic resolution process in which the lithium enolate of (RS)-15 undergoes

in aldol reaction with homochiral (/R )-camphor (162). The § enantiomer of 15 is
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preferentially converted to product (163) leaving unreacted 15 enriched in the R
enantiomer (Scheme 84).127

Scheme 84 : Kinetic resolution of (RS)-(m3-CsHs)Fe(CO)(PPh3)(COCH3) (15) via aldol

reaction with (IR)-camphor (162).
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Kinetic resolution of iron crotonyl complex (RS )-E-(n3-CsHs)Fe(CO)(PPh3)-
(COCH=CHCH3) (127) via Michael addition of (R)-lithium N-(3,4-dimethoxybenzyl)-o.-

methylbenzyl amide (126) has also been employed as described in Chapter 6.128

8.3 Preparation of Homochiral Organometallic Complexes using Enzymes.

Enzymic reductions of a number of organometallic complexes have been
reported.129 For example, Yamazaki et al. performed the reduction of acetylferrocene
(164) using candida tropicalis to give (S)-1-hydroxyethylferrocene (165) in 7% yield and
with an enantiomeric excess of 96% as shown in Scheme 85. Reduction of acetophenone
chromium tricarbonyl (166) using sacchraomyces rosei proceeded to give (§)-1-
hydroxyethylbenzene chromium tricarbonyl (167) in 35% yield and with an enantiomeric
excess of >97% (Scheme 85).130

Lipase mediated esterifications and hydrolyses of racemic substrates have been used
for the preparation of organometallic complexes in homochiral form. For example,
Nakamura er al. kinetically resolved (RS )-ortho-substituted methylbenzylalcohol chromium
tricarbonyl (168) in this way using the Amano P lipase (Scheme 86). The reaction
proceeds with a stereoselectivity factor (E) of ~ 200.131 Similarly, the PFL mediated

kinetic resolution of (RS)-1-hydroxyethylferrocene (165) has been performed (Scheme



100

Chapter 8
86). In this case E ~ 120,132 Optically active o-hydroxy stannanes and y-hydroxy

vinylstannanes have also been prepared by lipase mediated kinetic resolution. 133

Scheme 85 : Enzymic reduction of organometallic complexes.
(o) OH
CFe ~  C.Tropicalis e \-/\_—/Fe ~
164 (S)-165
7% yield
96% ee
O OH
——T
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CO
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97% ee
Scheme 86 : Lipase mediated kinetic resolution of organometallic complexes.
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The first reported example of enzymic kinetic resolution of an organometallic
complex was the pig liver esterase (PLE) mediated hydrolysis of (&)-2-

ethoxycarbonylbuta-1,3-diene iron tricarbonyl (171) as performed by Crout ez al. The

reaction proceeds with a stereoselectivity factor of approximately 33. Both unreacted 171
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(after chemical hydrolysis to the acid) and the corresponding acid product (172) were
obtained with >98% enantiomeric excess after one recrystallisation (Scheme 87).134

Scheme 87 : Enzymic hydrolysis of a buta-1,3-diene iron tricarbony! complex.
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8.4 Proposed Strategy for the Preparation of Homochiral E-[(nS-CsHs5)Fe-
(CO)(PPh3)(COCH=CHCH?3)] (127).

The proposed methodology involved combination of a diastereoselective chemical
process with an enantioselective enzymic process as described below. 135
Aldol reaction of acetaldehyde with the aluminium enolate of (RS)-15 1s known to

proceed highly selectively to give predominantly the (RS,RS)-product diastereomer (173)
as shown in Scheme 88.136

Scheme 88 : Aldol reaction of (1°-CsHs)Fe(CO)(PPh3)(COCH3) (15) with

acetaldehyde.
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Since carbonyl compounds containing a -hydroxy functionality have been shown
to be suitable substrates for a number of lipases,!37 it was anticipated that enzymic kinetic
resolution of racemic iron complexes such as (RS,RS)-173 would enable formation of
homochiral iron complexes (Scheme 89). After separation of the expected recovered

starting material [(R,R)-173] and product [(S,S)-(174], O-methylation of (R,R)-173
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followed by sodium hydride induced elimination of methanol, would lead to formation of
the synthetically useful iron crotonyl complex [(R)-127] in homochiral form (assuming
that the resolution was selective).138 Similar treatment of the product [(S,5)-174], once it
had been hydrolysed to (S,5)-173, would enable (S)-127 to be obtained. Alternatively,
elimination of acetic acid from the product [(S,S)-174] as described by Liebeskind et al.
would also lead to the required iron crotonyl complex [(S)-127] (Scheme 89).139
Scheme 89 : Proposed enzymic kinetic resolution of racemic (RS,RS)-173 followed by
conversion to the iron crotonyl complex (127).
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In order to test the viability of the proposed kinetic resolution process, the required
starting material (RS,RS)-173 was prepared as described above. A sample of the expected
product (RS,RS)-(174) was prepared according to the literature procedure. 140 After
stirring (RS,RS)-173 in dichloromethane for 17 d with pseudomonas fluorescens lipase
(PFL) using vinyl acetate as acyl donor, no trace of product was observable by TLC or 'H
NMR spectroscopy.

It was thought that use of the other diastereomer of 173 [(RS,SR)] may prove
more successful. Consequently, the aldol reaction of the lithium enolate of 15 was
performed with acetaldehyde. This produced an approximately 1 : 1 mixture of (RS,RS)-

173 and (RS,SR)-173. If it was found that enzymic esterification occurred with the
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(RS,SR) diastereomer, aldol reaction between the copper or tin enolate of 1§ and
acetaldehyde would allow selective formation of the (RS,SR) diastereomer of 173.138
After enzymic resolution of (RS,SR)-173, conversion of the expected recovered starting
material ((S§,R)-173] and the expected product [(R,S)-174] to the required iron crotonyl
complex (127) could be performed using the same conditions as shown in Scheme 89
for (R,R)-173 and (S,5)-174 respectively.

Enzymic esterification of the 1 : 1 mixture of diastereomers was attempted with a
number of lipases using vinyl acetate or isopropenyl acetate as the acyl donor. Reactions
were performed using dichloromethane as solvent or in neat vinyl acetate or isopropenyl
acetate. The enzymes screened were aspergillus niger lipase; candida cylindracea lipase;
lipoprotein lipase from pseudomonas sp.; mucor javanicus lipase; pig pancreatic lipase
(PPL); PFL,; lipase from pseudomonas sp. type XIII and rhizopus arrhizus lipase. After a
typical reaction time of 15 - 20 d, the only experiment that had shown any sign of reaction
was that using PPL. Therefore, reaction of diastereomerically pure (RS,RS)-173 was
tried with PPL. Once again a second spot was observed on TLC. The reaction mixture
was filtered to remove the enzyme, and solvent was removed in vacuo to yield the crude
product. Flash chromatography enabled separation of product and starting material (173).
Only a very small amount of product was obtained, and all attempts at identification proved
unsuccessful. Measurement of the specific rotation of the product and the recovered

starting material (173) revealed no optical activity.

8.5 Summary and Conclusion.

From the experiments performed it has been found that B-hydroxy iron complexes
are not suitable substrates for a number of readily available lipases. Judging by the fact that
lipases have been shown to be capable of mediating esterifications of a range of

organometallic complexes, it is thought that the most likely cause of the unsuitability is the

presence of the sterically demanding (n3-CsHs)Fe(CO)(PPh3) substituent.
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General Experimental Techniques.

Solvents

Dichloromethane was distilled from calcium hydride under a nitrogen atmosphere.
Tetrahydrofuran was distilled from sodium benzophenone ketyl under a nitrogen
atmosphere. Diethyl ether and toluene were dried over sodium wire. Petrol refers to that

fraction of petroleum ether that boils between 40°C and 60°C unless otherwise stated.

Reagents

Butyllithium was used as a 1.6 M solution in hexanes.
washed with petrol (3 x 20 mL) and then dried in vacuo before use. Triethylamine was

distilled and stored over potassium hydroxide pellets. Other reagents were used as received

or purified according to standard methods.141

Enzymes
The following enzymes were used:
Aspergillus niger lipase ANL
Candida cylindracea lipase CCL
Lipase from pseudomonas sp. type XIII 211

Lipoprotein lipase from pseudomonas sp.  LL

Mucor javanicus lipase MIL
Pig pancreatic lipase PPL
Pseudomonas fluorescens lipase PFL
Rhizopus arrhizus lipase RAL

Saccharomyces cerevisiae (Baker’s yeast)

pH Stat

Enzymic hydrolyses were performed using a Radiometer RTS822 autotitration

system.

Sodium hydride was

Fluka
Sigma
Sigma
Fluka
Fluka
Sigma
Fluka
Fluka

Sigma

62301
L1754
L9518
62335
62304
L3126
62312
62305
YSC-2
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General

All Sharpless epoxidations and all experiments that involved the use of iron
complexes, lithium amides, metal hydrides or alkyl halides were performed under a
nitrogen atmosphere using degassed solvents and standard vacuum line and Schlenk

techniques.142

Chromatography

Flash chromatography was performed on silica gel (40 - 60 um) or on grade V
alumina. Chromatography of iron complexes was performed under a nitrogen atmosphere.

Thin layer chromatography was carried out using aluminium sheets precoated with
Merck Kieselgel 60F;54 silica gel or Macherey-Nagel plastic backed alumina plates
(802022).

Gas chromatography was performed using a Carlo-Erba instrument fitted with a 25
m BP10 capillary column and a flame ionisation detector.

High performance liquid chromatography was performed using a Waters instrument
fitted with a variable wavelength detector. The column used is described in the relevant

section of the experimental.

Mass Spectrometry
Mass spectra were recorded on a VG Micromass ZABIF or a TRIO-1 GC-MS
instrument using either fast atom bombardment, electron impact or chemical ionisation

techniques.

NMR Spectroscopy

IH NMR spectra were recorded on a Varian Gemini 200 operating at 200 MHz, a
Bruker WH300 at 300 MHz or a Bruker AM500 spectrometer at 500 MHz. 13C NMR
spectra were obtained on a Bruker AM250 at 62.9 MHz or on a Varian Gemini 200
spectrometer at 50.3 MHz. 31P and 19F NMR spectra were recorded on a Bruker AM250

spectrometer at 101.26 MHz and 235.35 MHz respectively. All samples were run in
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deuteriochloroform unless otherwise stated. !H and 13C samples were referenced to
tetramethylsilane using the signal from residual protio solvent. I9F samples were
referenced externally to CFCl3. 31P samples were referenced externally to 85% ortho-

phosphoric acid. Chemical shifts quoted for 13C and 31P are from the broad band proton

decoupled spectra.

Infrared Spectroscopy

Infrared spectra were run as chloroform solutions on a Perkin-Elmer 781 or a

Perkin-Elmer 1750 spectrometer.

Elemental Analyses

Elemental microanalyses were performed by Mrs. V. Lamburn at the Dyson Perrins

Laboratory.

Optical Rotations
Optical rotations were measured using a Perkin-Elmer 241 polarimeter in various

solvents at 22°C.

General Procedure for the preparation of a-methoxy-a-(trifluoromethyl)-
phenylacetic acid (MTPA) esters.*0

A solution of (R)-(+)-MTPA (175) (23 mg, 0.1 mmol) in toluene (2 mL) was
treated with oxalyl chloride (16 puL, 0.2 mmol) and DMF (~ 0.05 mL). The reaction
mixture was stirred for 30 min at room temperature. Solvent and excess oxalyl chloride
were then removed in vacuo to give the acid chloride of MTPA (176). CH»Cl> (5 mL)
was added and the solution was used immediately. The alcohol to be derivatised (0.1
mmol) in CH2Cl3 (5 mL) was treated with DMAP (5 mg), triethylamine (66 pL, 0.2 mmol)
and the solution of MTPA acid chloride (176) (Scheme 90). The reaction was monitored
by TLC. When all the alcohol had been consumed, N,N-dimethylaminoethanol (0.1 mL)

was added and the solvent was removed in vacuo. The residue was dissolved in 1 : 4,
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EtO : petrol and filtered through an alumina (grade V) plug. Removal of solvent yielded
the MTPA ester of the alcohol] (177) as a colourless oil. Normally, further purification
was not required however in some cases flash chromatography was performed on silica
with Et7O : petrol mixtures as eluant.

Scheme 90 : Preparation of Mosher’s ester derivatives.

Ph Ph
— ol — "“COOR
MeO - MeO -
3 3
(R)-175 (R)-176 (R,RS)-177

(1) (COCl),, DMF, toluene.
(ii) ROH, NEt3, DMAP, DMAE, CH,Cl,.

General Procedure for enzyme catalysed acetylation reactions.

Vinyl acetate (2.0 equivalents) and the appropriate enzyme were added to a solution
of the substrate in CH7Cly. The mixture was stirred at room temperature. The extent of
the reaction was monitored by removal of an aliquot followed by TLC or lH NMR
analysis. When the reaction had proceeded to the required conversion, filtration of the
reaction mixture (to remove the enzyme) followed by removal of solvent and excess vinyl
acetate in vacuo yielded the crude product. 'H NMR of the crude product enabled accurate
calculation of the conversion. Flash chromatography (silica, EtoO : petrol mixtures) was

used to separate products from recovered starting material.

General Procedure for enzymed catalysed hydrolysis reactions.

The substrate and appropriate enzyme were added to pH 7 phosphate buffer (10
mL) and the reaction mixture was stirred at room temperature. The pH of the reaction was
maintained by the use of an autotitrator dispensing 1N NaOH solution. Extent of reaction
was monitored by reference to the amount of NaOH added. Reaction was halted at the
required conversion by repeated extraction with CHoClp or EtOAc. After drying (MgSQy)

and filtration, removal of solvent in vacuo yielded the crude product. 'H NMR of the
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. : aph
crude product enabled accurate calculation of the conversion. Flash chromatography
e , in
(silica, EtpO : petrol mixtures) was used to separate products from recovered starting

material.

Analytical Data.

All novel compounds were fully characterised (including elemental analysis).
For all known compounds, lH NMR data has been quoted and a literature reference

has been given. In all cases the IH NMR data obtained was very similar to the data quoted

in the literature reference.
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Preparation of a dichloromethane solution of t-butylhydroperoxide (TBHP).
A dichloromethane solution of TBHP was prepared as described in reference 143.

The molarity of the solution was measured using 1H NMR spectroscopy and found to be

3.6 M.

Measurement of the enantiomeric excesses of 48 and 49.

After preparation of Mosher’s ester derivatives as described in the General
Experimental, 19F NMR spectroscopy was performed. For the allylic alcohol (48), signals
were observed at ~ -73.5 [(R)-48] and at ~ -73.9 ppm [(S)-48]. Signals for the epoxide
product (49) were observed at ~ - 73.7 [(R,R,S)-49] and at ~ -73.9 ppm [(S,S,R)-49].

Sharpless epoxidation of racemic 3-methylcyclohex-2-en-1-0l (48): first
step of double Kinetic resolution.

To a stirred solution of 3-methylcyclohex-2-en-1-ol (48) (2.00 g, 17.8 mmol), (+)-
DiPT (0.63 g, 2.7 mmol), nonane (~ 1.0 mL) and molecular sieves (4A) in CH»Cl, (50
mL) at -239C was added Ti(OiPr)4 (0.5 mL, 1.7 mmol). An aliquot of the reaction mixture
was removed and treated as described below so that the extent of the reaction could be
monitored. After stirring for 2 h (catalyst conditioning), TBHP [3.5 mL (of a 3.6 M
CH,Cl, solution), 12.6 mmol] was added. After stirring for a further 4 h at -23°C, GLC
(as described below) indicated that the reaction had proceeded to the desired 58%
conversion. Standard non-acidic workup#> was performed as follows: a solution of NaOH
(30% w/V) in saturated brine (3 mL) and Et7O (10 mL) were added and the reaction mixture
was warmed to room temperature, then MgSO4 (2 g) and celite (0.5 g) were added.
Stirring for 15 min filtration and removal of solvent in vacuo yielded the crude product as a
yellow oil. Flash chromatography was performed (silica, 2 : 1, EtpO : petrol) and yielded
recovered starting material [(R)-48] (0.62 g, 31%) {[a]p?2 = +66.2 (¢ = 0.9, CHCl3),
literature [(S)-48]%7: [a]p20 = -96.3 (¢ = 0.5, CHCI3)} and product [(S,S,R)-49] (0.94 g,

41%) {[a]p?2 = -35.8 (c = 1.0, CHCI3)} as colourless oils. Enantiomeric excesses were
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measured as described above, 48 was obtained with an enantiomeric excess of 69%, and
49 was obtained with an enantiomeric excess of 50%. The recovered reactant (48) was
used as starting material in a second kinetic resolution as described below.

4847 : 8y 5.49 [1H, s, CHOHCH], 4.17 [1H, s br, CHOH], 1.69 [3H, s, CH3],
2.0 - 1.2 [TH, m, (CH»)3 + OH].

49144 : 841 4.01 [1H, m, CHOH], 3.16 [1H, d, J 3 Hz, CHOHCH], 1.35 [3H, s,
CHz3l, 2.2 - 1.2 [7TH, m, (CH3)3 + OH].

Sharpless epoxidation of scalemic 3-methylcyclohex-2-en-1-0l (48): second
step of double Kkinetic resolution.

To a stirred solution of (R)-3-methylcyclohex-2-en-1-o0l (48) (69% ee) (0.275 g,
2.46 mmol), (-)-DiPT (0.087 g, 0.37 mmol), nonane (~ 0.1 mL) and molecular sieves
(4A) in CH»Cly (30 mL) at -23°C was added Ti(OiPr)4 (0.07 mL, 0.24 mmol). An aliquot
of the reaction mixture was removed and treated as described below so that the extent of the
reaction could be monitored. After stirring for 2 h (catalyst conditioning), TBHP {0.7 mL
(of a 3.6 M CH,Cl; solution), 2.5 mmol] was added. After stirring for a further 5 h at
-230C, GLC (as described below) indicated that the reaction had proceeded to the desired
86% conversion. Standard non-acidic workup#> was performed as follows: a solution of
NaOH (30% w/v) in saturated brine (0.5 mL) and Et7O (2 mL) were added and the reaction
mixture was warmed to room temperature, then MgSO4 (0.5 g) and celite (0.1 g) were
added. Stirring for 15 min filtration and removal of solvent in vacuo yielded the crude
product as a yellow oil. Flash chromatography was performed (silica, 2 : 1, EtyO : petrol)
and yielded recovered starting material [(S)-48] (0.028 g, 10%) {[a]p2? =-36.5 (c = 0.9,
CHCIl3)} and product [(R,R,S,)-49] (0.187 g, 59%) {[a]p22 = +63.0 (c = 0.7, CHCI3)}
as colourless oils. Enantiomeric excesses were measured as described above, 48 was
obtained with an enantiomeric excess of 38%, and 49 was obtained with an enantiomeric
excess of 86%. 'H NMR spectra of the recovered reactant (48) and the product (49) were

identical to those described above.
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Monitoring the extent of reaction of Sharpless epoxidations of 3-methyl-
cyclohex-2-en-1-01 (48).

A freshly prepared aqueous solution of FeSO4 (33% w/v) and tartaric acid (10%
w/v) (~ 0.5 mL) was added to an aliquot (~ 0.5 mL) of the reaction mixture. The organic
layer was separated, dried (MgSQy) and filtered. The solution obtained was then injected
onto a capillary GLC column (BP10, 25 m). A temperature gradient was used: (i) 3 min at
90°C (ii) 90 - 210°C at 15°min-! (iii) 30 min at 210°C. Retention times for the various
components of the reaction mixture were found to be as follows: nonane ~ 5 min, allylic
alcohol (48) ~ 7.5 min, epoxide (49) ~ 8.5 min, DiPT ~ 13 min. The extent of reaction
was calculated by observing the decrease in the ratio of starting material : internal standard

(nonane).
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Preparation of 1-(4-methoxyphenyl)ethanol (58)

4-Methoxyacetophenone (15.0 g, 0.10 mol) in EtpO (100 mL) was added slowly to
a mixture of LiAlHy (5.0 g, 0.13 mol) in EtpO (200 mL) at 0°C under a nitrogen
atmosphere. After stirring for 3 h at 0°C and then 3 h at room temperature, TLC indicated
that all of the starting material had been consumed. The reaction mixture was cooled to 0°C
and the excess LiAlH4 was carefully quenched with 5 : 1 EtpO/water (25 mL), 15% w/v
NaOH solution (5 mL) and water (15 mL). The insoluble inorganic salts were removed by
filtration through celite. Concentration of the filtrate in vacuo yielded the required product
(58) (14.3 g, 94%).

58145 : 3y 7.32 [2H, d, J 8.6 Hz, Ph (mera to OMe)], 6.90 [2H, d, J 8.6 Hz, Ph
(ortho to OMe)], 4.87 [1H, g, J 6.6 Hz, CHOH], 3.82 [3H, s, OCH3], 1.82 [1H, br s,
OH], 1.50 [3H, d, J 6.6 Hz, CH3].

Preparation of 1-(4-methoxyphenyl)ethyl acetate (59)

To a stirred solution of 58 (2.00 g, 13.2 mmol), triethylamine (1.59 g, 15.6 mmol)
and DMAP (5 mg) in CH7Cl, (50 mL) was added acetic anhydride (1.46 g, 14.3 mmol).
After stirring for 6 h at room temperature, TLC indicated that all of the starting material had
been consumed. The reaction mixture was washed with saturated NaHCO3 solution (30
mL) and after drying (MgSQOy), the organic layer was concentrated in vacuo. Flash
chromatography was performed (silica, 1 : 1, EtpO : petrol) and gave the required product
(59) 2.23 g, 87%).

59146 : 5y 7.32 [2H, d, J 8.7 Hz, Ph (meta to OMe)], 6.90 [2H, d, J 8.7 Hz, Ph
(ortho to OMe)], 5.85 [1H, q, J 6.6 Hz, CHOAc], 3.82 [3H, s, OCH3], 2.07 [3H, s,
OCOCHs3], 1.54 [3H, d, J 6.6 Hz, CH3].

Measurement of the enantiomeric excesses of 58 and 59.
For the alcohol (§8), preparation of Mosher’s esters derivatives as described in the

General Experimental followed by 'H or 19F NMR spectroscopy enabled enantiomeric
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€xcess measurement. In the 'H NMR spectrum of the Mosher’s ester derivative of 58,
signals for the methoxy group were observed at ~ 3.55 ppm [(S)-58] and at ~ 3.47 ppm
[(R)-58]. In the 19F NMR spectrum, signals were observed at ~ -73.3 ppm [(R)-58] and
at ~-73.6 ppm [(S)-58]. Alternatively IH NMR spectroscopy of 58 in the presence of 1.5
equivalents of the chiral shift reagent tris-[3-(heptafluoropropylhydroxymethylene)-d-
camphorato] europium(III) [(+)-Eu(hfc)s] gave rise to signals for the methyl group at ~ 9.4
ppm [(S5)-58] and ~ 9.3 ppm [(R)-58].147 The enantiomeric excess of the ester (59) was
measured as described above after chemical hydrolysis (KpCO3/MeOH)

PFL mediated esterification of racemic 1-(4-methoxyphenyl)ethanol (58):
first step of double kinetic resolution.

To a stirred solution of 58 (2.48 g, 16.3 mmol) and vinyl acetate (2.77 g, 32.2
mmol) in CH7Cls (30 mL) was added PFL (40 mg). The reactants were stirred at room
temperature for 18 d, extent of reaction was monitored by !H NMR spectroscopy.
Filtration of the reaction mixture to remove the enzyme was followed by removal of solvent
and excess vinyl acetate in vacuo. 'H NMR spectroscopy of the crude product indicated a
conversion of 51%. Flash chromatography was performed (silica, 1 : 1, Et20 : petrol) and
gave recovered starting material [(S)-58] (1.173 g, 47%) {[a]p?2? = -44.5 (¢ = 1.0,
CHCly), literature [(R)-58: 85% ee]148: [a]p20 = +44.2 (¢ =0.9 - 1.1, CHCI3)} and the
required product [(R)-59] (1.53 g, 48%) {[a]p?? = +89.8 (¢ = 0.9, CHCl3)}. Enantio-
meric excesses were measured as described above, 58 was obtained with an enantiomeric
excess of 76%, and 59 was obtained with an enantiomeric excess of 74%. The product
(59) and the recovered reactant (58) were used as starting materials in second kinetic
resolutions as described below.

The lipase mediated esterification reactions shown in Scheme 27 were performed

in a similar manner.
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PFL mediated hydrolysis of scalemic 1-(4-methoxyphenyl)ethyl acetate
(59): second step of double kinetic resolution.

PFL (30 mg) was added to a stirred mixture of (R)-1-(4-methoxyphenyl)ethyl
acetate (59) (74% ee) (0.50 g, 2.6 mmol) in pH 7 phosphate buffer (10 mL). As the
reaction proceeded the pH was maintained by use of an autotitrator dispensing 1N NaOH
solution. When 2.12 mL of NaOH solution had been added (corresponding to 82%
conversion) the reaction was stopped by extraction with CHyCly (10 x 20 mL). The
combined organic layers were dried (MgSQO4) and solvent was removed in vacuo. 'H
NMR spectroscopy of the crude product indicated a conversion of 82%. Flash
chromatography was performed (silica, 1 : 1, EtpO : petrol) and gave recovered starting
material [($)-59] (0.060 g, 12%) {[a]p2? = -32.7 (¢ = 1.0, CHCI3)} and the required
product [(R)-58] (0.302 g, 77%) {[a]p?2 = +58.6 (c = 1.0, CHCl3)}. Enantiomeric
excesses were measured as described above, 59 was obtained with an enantiomeric excess
of 27%, and 58 was obtained with an enantiomeric excess of >95%.

The lipase mediated hydrolysis reactions shown in Scheme 28 were performed in

a similar manner.

PFL mediated esterification of scalemic 1-(4-methoxyphenyl)ethanol (58):
continuation of the first step of the double kinetic resolution.

To a stirred solution of (S)-58 (76% ee) (0.50 g, 3.3 mmol) and vinyl acetate (0.57
g, 6.6 mmol) in CH7Cl; (30 mL) was added PFL (50 mg). The reactants were stirred at
room temperature for 26 d, extent of reaction was monitored by TH NMR spectroscopy.
Filtration of the reaction mixture to remove the enzyme was followed by removal of solvent
and excess vinyl acetate in vacuo. 1H NMR spectroscopy of the crude product indicated a

conversion of 20%. Flash chromatography was performed (silica, 1 : 1, EtpO : petrol) and

gave recovered starting material [(S)-58] (0.348 g, 70%) {[a)p2% = -55.7 (c = 1.2,
CHCl3)} and product [(S)-59] (0.093 g, 15%) {[a]p2? = -8.5 (¢ = 1.2, CHCl3)}.
Enantiomeric excesses were measured as described above, 58 was obtained with an

enantiomeric excess of >95%, and 59 was obtained with an enantiomeric excess of 7%.
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Preparation of 2-benzylpropan-1,3-diol (85), 2-(prop-2-ene)propan-1,3-
diol (87) and 2-(1-methylnaphthyl)propan-1,3-diol (90).

Each diol was prepared by LiAlHy4 reduction of the corresponding 2-substituted
diethyl malonate according to the literature procedure. 149

8538 : 8y 7.25 [5H, m, Ph], 3.73 [4H, m, CH,OH], 2.62 [2H, d, J 7.7 Hz,
CH,Ph], 2.43 [2H, br s, OH], 2.05 [1H, m, CH].

8769 : 8y 5.80 [1H, m, CH=CH5), 5.07 [2H, m, CH=CH>], 3.78, 3.64 [4H,
ABX system, Jax 4.1 Hz, Jgx 7.1 Hz, Jap 10.8 Hz, CH,OH], 2.91 [2H, br s, OH],
2.06 [2H, t, J 6.7 Hz, CHCH,CH=CHj3], 1.87 [1H, m, CHCH,CH=CH>].

90150 : § 8.06-7.29 [7H, m, Np], 3.85, 3.75 [4H, ABX system, Jaox 3.5 Hz,
JBx 6.6 Hz, Jop 10.6 Hz, CH,OH], 3.09 [2H, d, J 7.4 Hz, CH,Np], 2.42 [2H, br s,
OH], 2.23 [1H, m, CH].

PFL mediated acetylation of 85 to give (R)-(+)-3-hydroxy-2-benzylpropyl
acetate (86).

To a stirred solution of 85 (2.00 g, 12.0 mmol) and vinyl acetate (1.20 g, 14.0
mmol) in CH»Cly (50 mL) was added PFL (35 mg). The reactants were stirred for 8 d at
room temperature, extent of reaction was monitored by TLC. Filtration of the reaction
mixture to remove the enzyme was followed by removal of solvent and excess vinyl acetate
in vacuo. Flash chromatography was performed (silica, 3 : 1, Et;0 : petrol) and yielded
the required product (R )-(+)-3-hydroxy-2-benzylpropyl acetate (86) (2.46 g, 98%) with
>94% ee {calculated by comparison of specific rotation: [a]p22 = +26.9 (c = 1.3, CHCl3)
with the literature value: +28.6 (c = 1.1, CHCl3)393} as a colourless oil.

8658 : 8y 7.27 [SH, m, Ph], 4.21, 4.09 [2H, ABX system, Jax 4.7 Hz, Jgx 6.3
Hz, Jop 11.2 Hz, CH>OAc], 3.63, 3.52 [2H, ABX system, Jaox 4.7 Hz, Jgx 6.0 Hz, Jaop
11.3 Hz, CH»OH], 2.72, 2.63 [2H, ABX system, Jaox 4.5 Hz, Jgx 4.0 Hz, Jog 10.5 Hz,
CH,Ph], 2.13 [5H, m, CH + CH3CO + OH].

The other enzyme catalysed reactions shown in Scheme 41 were performed in a

similar manner.
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PFL mediated acetylation of 87 to give (R)-(+)-3-hydroxy-2-(prop-2-
ene)propyl acetate (64).

To a stirred solution of 87 (3.89 g, 33.5 mmol) and vinyl acetate (4.30 g, 50.0
mmol) in CHCl, (50 mL) was added PFL (60 mg). The reactants were stirred for 8 d at
room temperature, extent of reaction was monitored by TLC. Filtration of the reaction
mixture to remove the enzyme was followed by removal of solvent and excess vinyl acetate
in vacuo. Flash chromatography of the crude product (silica, 2 : 1, EtpO : petrol) yielded
the diacetate (87) (0.40 g, 6%) {8y 5.75 [1H, m, CH=CH3], 5.08 [2H, m, CH=CH2],
4.11, 4.03 [4H, ABX system, Jox 5.1 Hz, Jgx 6.1 Hz, Jap 10.9 Hz, 2 x CH20Ac], 2.15
[3H, m, CHCH>CH=CH3>], 2.07 [6H, s, 2 x CH3CO]} and (R)-(+)-3-hydroxy-2-(prop-
2-ene)propyl acetate (64) (4.61 g, 88%) with 88% ee {calculated by comparison of
specific rotation: [a]p22 = +8.8 (¢ = 0.9, CHCI3) with the literature value: +8.6 (86% ee)
(c = 1.0, CHCI3)%9} as a colourless oil.

6499 : 3y 5.76 [1H, m, CH=CH3], 5.08 [2H, m, CH=CH>], 4.22, 4.10 [2H,
ABX system, Jaox 4.8 Hz, Jgx 6.5 Hz, Jop 11.3 Hz, CH20Ac], 3.61, 3.53 [2H, ABX
system, Jax 4.9 Hz, Jgx 6.7 Hz, Jop 11.9 Hz, CH>OH], 2.14 [2H, m, CH,CH=CHj],
2.07 [3H, s, CH3CO], 2.00 [2H, m, CH + OH].

Protection of (R)-(+)-64 as its (t-butyl)dimethylsilyl ether.

To a stirred solution of (R)-(+)-64 (1.63 g, 10.3 mmol) (88% ee) in CH,Cl; (50
mL) was added (i-Pr);NEt (1.61 g, 12.4 mmol) and TBDMSCI (1.71 g, 11.4 mmol). The
reactants were stirred at room temperature for 20 h and formed a dark red solution. After
washing with saturated NaHCO3, the organic layer was dried (MgSQ4) and the solvent
was removed in vacuo. Flash chromatography (silica, 1 : 1, EtpO : petrol) yielded
recovered substrate (64) (0.43 g, 26%) and product (S)-(-)-3-[(z-butyl)dimethylsilyloxy]-
2-(prop-2-ene)propyl acetate (88) (1.49 g, 72%) as a colourless oil.
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88 : Found : C, 61.5; H, 10.8. C14Hg03Si requires : C, 61.7; H, 10.4%; [a]p??

=-1.0 (¢ = 1.0, CHCl3) (88% ee); Vmax. 1730 (C=0), 1256, 839 (Si-C) cm™1; 8y 5.77
[1H, m, CH=CH3], 5.05 [2H, m, CH=CH>], 4.07 [2H, d, J 5.8 Hz, CH20Ac], 3.59,
3.58 [2H, ABX system, Jox 5.3 Hz, Jgx 5.8 Hz, Jap 10.0 Hz, CH,0Si], 2.21-1.84
[6H, m, CHCH,CH=CH, + CH3CO], 0.89 [9H, s, (CH3)3C], 0.04 [6H, s, Si(CH3)2];
oc 171.4 [C=0], 136.2 [CH=CHj>], 116.7 [CH=CH3], 64.3 [CH20Ac], 62.1 [CH20Si],
39.9 [CHCH2CH=CH3], 32.3 [CH>CH=CH>], 25.7 [SiC(CH3)3], 20.8 [CH3CO], 18.1
[SiC(CH3)3], -5.8 [Si(CH3)2]; m/z 290 (M*++NHy).

Protection of (R)-(+)-64 as its methoxymethyl ether.

To a stirred solution of (R)-(+)-64 (0.99 g, 6.3 mmol) (88% ee) in CH2Cl2 (50
mL) was added (i-Pr);NEt (0.97 g, 7.5 mmol) and MOMCI (0.55 g, 6.8 mmol). The
reactants were stirred at room temperature for 16 h. After washing with saturated
NaHCO3, the organic layer was dried (MgSQ4) and the solvent was removed in vacuo.
Flash chromatography was performed (silica, 1 : 1, EtO : petrol) and yielded recovered
substrate (64) (0.17 g, 17%) and product (R)-(+)-3-(methoxymethyloxy)-2-(prop-2-
ene)propyl acetate (89) (0.87 g, 69%) as a colourless oil.

89 : Found : C, 59.3; H, 9.3. C19H1804 requires : C, 59.4; H, 9.0%; [a]p22 =
+0.8 (c = 1.0, CHCI3) (88% ee); Vmax. 1731 (C=0), 1046 (C-O) cm1; 8y 5.79 [1H, m,
CH=CHz3], 5.07 [2H, m, CH=CH3»], 4.61 [2H, s, OCH20], 4.10 [2H, d, J 5.7 Hz,
CH»OAc], 3.51 [2H, d, J 5.5 Hz, CHOMOM], 3.36 [3H, s, CH30] 2.21-2.00 [6H, m,
CHCH,>CH=CH; + CH3COJ; dc 171.3 [C=0], 135.8 [CH=CH3], 117.1 [CH=CH3>],
96.6 [OCH,0] 67.1 [CH,OMOM], 64.3 [CH7O0Ac], 55.1 [CH30] 37.9
[CHCH,CH=CH3], 32.7 [CH>CH=CH3>], 20.7 [CH3CO]; m/z 220 (M*+NHy).

117



Chapter 4 Experimental

PFL mediated acetylation of 90 to give (R)-(+)-3-hydroxy-2-(1-
methylnaphthyl)-propyl acetate (91) : first enantioselective reaction in two

step process.

CH,Np CH,Np
PFL, CH,Cl,,
vinyl acetate
HO OH HO OAc
90 (R)-(+)-91 (86% ee)

To a stirred solution of 90 (3.00 g, 13.9 mmol) and vinyl acetate (1.50 g, 17.4
mmol) in CHCl; (50 mL) was added PFL (50 mg). The reactants were stirred for 14 d at
room temperature, extent of reaction was monitored by TLC. Filtration of the reaction
mixture to remove the enzyme was followed by removal of solvent and excess vinyl acetate
in vacuo. Flash chromatography was performed (silica, 3 : 1, EtpO : petrol) and yielded
the required product (R)-(+)-3-hydroxy-2-(1-methylnaphthyl)propyl acetate (91) (3.45 g,
96%) with 86% ee {calculated by comparison of specific rotation: [a]p22 = +35.5 (c =
1.0, CHCl3) with the literature value: +35.7 (86% ee) (¢ = 1.0, CHCI3)151} as a colourless
oil.

91151 : Found : C, 74.3; H, 7.1. C16H 1803 requires : C, 74.4; H, 7.0%; Vmax.
3300 (O-H), 1729 (C=0) cm’1; 8y 8.08-7.33 [7H, m, Np], 4.26, 4.17 [2H, ABX system,
Jax 4.9 Hz, Jgx 6.6 Hz, Jaop 11.6 Hz, CH2OACc], 3.69, 3.60 [2H, ABX system, Jax 4.7
Hz, Jgx 6.0 Hz, Jap 11.3 Hz, CH>OH], 3.20, 3.08 [2H, ABX system, Jaox 7.3 Hz, Jgx
7.4 Hz, Jap 13.9 Hz, CH»>Np], 2.33 [1H, m, CH], 2.13 [3H, s, CH3CO]}, 1.82 [1H, br s
OH]; 6c 172.0 [C=0], 135.7, 134.2, 132.1, [C1, C9, C10 : Np], 129.1, 127.5, 127.3,
126.2, 125.7, 125.5, 123.8 [C2-8 : Np], 64.2 [CH720Ac], 62.2 [CH,OH], 41.5 [CH],
31.3 [CH3Np], 20.8 [CH3CO]; m/z 276 (M*+NHa).
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Protection of (R)-(+)-91 as its methoxymethyl ether.

CH,Np CH,Np
CH;0CH,Cl,
G-Pr),NEL >
HO OAc MOMO OAc
(R)-(+)-91 (86% ee) (R)-(+)-92 (86% ee)

To a stirred solution of (R)-(+)-91 (0.42 g, 1.6 mmol) (86% ee) in CH2Cl3 (50
mL) was added (i-Pr)oNEt (0.63 g, 4.8 mmol) and MOMCI (0.29 g, 3.6 mmol). The
reactants were stirred at room temperature for 20 h. After washing with saturated
NaHCOs3, the organic layer was dried (MgSQj4) and the solvent was removed in vacuo.
Flash chromatography was performed (silica, 3 : 1, Et;0 : petrol) and yielded recovered
substrate (91) (0.06 g, 15%) and product (R)-(+)-3-(methoxymethyloxy)-2-(1-methyl-
naphthyl)propyl acetate (92) (0.41 g, 84%) with 86% ee [measured by HPLC (see below)]
as a colourless oil.

92 : Found : C, 71.2; H, 7.4. C18H2204 requires : C, 71.5; H, 7.3%; [a]p22 =
+26.9 (c = 0.9, CHCI3) (86% ee); Vmax. 1734 (C=0), 1045 (C-O) cm-l; 8y 8.11-7.31
[7H, m, Np], 4.65 [2H, s, OCH7O0], 4.16 [2H, d, J 5.5 Hz, CH20Ac], 3.57 [2H, d, J
5.4 Hz, CH,OMOM], 3.39 [3H, s, CH30] 3.26-3.12 [2H, ABX system, Jaox 7.4 Hz,
Jpx 7.0 Hz, JaB 14.1 Hz, CH,Np], 2.45 [1H, m, CH], 2.09 [3H, s CH3CO]; 8¢ 171.3
[C=0], 135.8, 134.2, 132.1, [C1, C9, C10 : Np], 129.0, 127.5, 127.3, 126.1, 125.7,
125.5, 123.9 [C2-8 : Np], 96.8 [OCH»0], 67.3 [CH2OMOM], 64.6 [CH7OAc], 55.2
[CH30], 39.3 [CH], 31.7 [CH2Np], 20.8 [CH3CO]J; m/z 320 (M++NHa4).

Measurement of enantiomeric excess of 92 and 94.

Enantiomeric excesses of 92 and 94 were measured by HPLC using a Chiralcel
OB column (Jones). 1% Propan-2-ol in hexane was used as eluant at a flow rate of 0.5
mLmin-!. Samples were dissolved in a portion of the eluant (1 mgmL-1) and were injected

on to the column vig a Rheodyne valve using a 10 uL loop. Detection was by uv

absorbance at 254 nm. Retention times for the two enantiomers of 92 were 44 min (R
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enantiomer) and 64 min (S enantiomer). Enantiomeric excess measurement of 94 was

performed by acetylation of the hydroxyl group with acetic anhydride (to give 92) followed
by HPLC as described above.

Preparation of 2-(1-methylnaphthyl)propan-1,3-diacetate (93).

To a stirred solution of 90 (0.53 g, 2.5 mmol) in CH7Clz (50 mL) was added
triethylamine (0.54 g, 5.3 mmol), DMAP (10 mg) and acetic anhydride (0.48 g, 4.7
mmol). After stirring for 14 h at room temperature, TLC indicated that all of the starting
material had been consumed. After washing with saturated NaHCO3, the organic layer
was dried (MgSQy) and the solvent was removed in vacuo. Flash chromatography was
performed (silica, 3 : 1, EtpO : petrol) and yielded monoacetylated product (91) (0.06 g,
9%) and 2-(1-methylnaphthyl)propan-1,3-diacetate (93) (0.67 g, 91%) as a colourless oil.

93150 : 31 8.06-7.29 [7H, m, Np], 4.16, 4.09 [4H, ABX system, Jaox 5.4 Hz,
JBx 5.8 Hz, Jaop 11.3 Hz, 2 x CH0Ac], 3.18 [2H, d, J 7.4 Hz, CH,Np], 2.53 [1H, m,
CH], 2.12 [6H, s, 2 x CH3CO].

PFL mediated hydrolysis of 93 to give (S)-(-)-3-hydroxy-2-(1-methyl-
naphthyl)propyl acetate (91).

PFL (35 mg) was added to a stirred mixture of 93 (0.28 g, 0.9 mmol) in pH 7
phosphate buffer (10 mL). As the reaction proceeded the pH was maintained by use of an
autotitrator dispensing 1N NaOH solution. When 0.48 mL of NaOH solution had been
added (corresponding to 53% conversion) the reaction was stopped by extraction with
CH)Cly (10 x 20 mL). The combined organic layers were dried (MgSQOj4) and solvent was
removed in vacuo. 'H NMR spectroscopy of the crude product revealed a ratio of diacetate
(93) : monoacetate (91) : diol (90) of 51 : 27 : 22. Flash chromatography (silica, 3 : 1,
Et70 : petrol) yielded recovered diacetate (93) (0.14 g, 50%), diol (90) (0.04 g, 20%) and
(S)-(-)-monoacetate (91) (0.05 g, 21%) with 58% ee {calculated by comparison of specific
rotation: {a]p?2 = -24.0 (¢ = 1.5, CHCIl3) with the literature value for (R)-(+)-91: +35.7

(86% ee) (c = 1.0, CHCl3)5%2}.
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The other enzyme catalysed reactions in Scheme 44 were performed in a similar

manner.

Preparation of (£)-3-(methoxymethyloxy)-2-(1-methylnaphthyl)propyl
acetate (92).

CH,Np CH,Np CH,Np
NEt3;, DMAP, - (i-Pr)zNE[,
ACzO, CH2C12 CH30CH2C1,
HO OH AcO OH CHXLh  AcQ OMOM
90 (£)-91 (£)-92

(£)-3-Hydroxy-2-(1-methylnaphthyl)propyl acetate (91) was prepared by treatment
of 2-(1-methylnaphthyl)propan-1,3-diol (90) (2.03 g, 9.3 mmol) with triethylamine (1.12
g, 11.1 mmol), DMAP (10 mg) and acetic anhydride (1.03 g, 10.1 mmol) in CH3Cl3 (50
mL). Workup and flash chromatography were performed as in the preparation of 93 and
yielded recovered starting material (90) (0.99 g, 49%), the diacetate (93) (0.18 g, 6%) and
the required product (+)-91 (0.87 g, 36%).

(¥)-3-hydroxy-2-(1-methylnaphthyl)-propyl acetate (91) (0.65 g, 2.5 mmol) was
then converted to (+)-92 by treatment with (i-Pr)sNEt (0.49 g, 3.8 mmol) and MOMCI
(0.30 g, 3.7 mmol) in CHCl, (50 mL). The reactants were stirred at room temperature for
24 h. After washing with saturated NaHCO3, the organic layer was dried (MgSQ4) and the
solvent was removed in vacuo. Flash chromatography was performed (silica, 3 : 1, Et2O :
petrol) and yielded recovered starting material (91) (0.14 g, 21%) and product ()-3-
(methoxymethyloxy)-2-(1-methylnaphthyl)propyl acetate (92) (0.54 g, 71%).

PFL mediated kinetic resolution of (*)-3-(methoxymethyloxy)-2-(1-methyl-
naphthyl)propyl acetate (92).

PFL (30 mg) was added to a stirred mixture of (£)-92 (0.25 g, 0.8 mmol) in pH 7
phosphate buffer (10 mL). As the reaction proceeded the pH was maintained by use of an

‘autotitrator dispensing 1IN NaOH solution. When 0.31 mL of NaOH solution had been
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added (corresponding to 38% conversion) the reaction was stopped by extraction with
CH,Clz (10 x 20 mL). The combined organic layers were dried (MgSOy) and solvent was
removed in vacuo. Flash chromatography (silica, 3 : 1, EtpO : petrol) yielded recovered
starting material (S)-(-)-92 (0.12 g, 47%) {[a]p22 = -8.3 (c = 1.9, CHCl3)} and product
(S )-(~)-3-(methoxymethyloxy)-2-(1-methylnaphthyl)propan-1-01 (94) (0.06 g, 30%).

94151 : Found : C, 73.9; H, 8.0. C16H2003 requires : C, 73.8: H, 7.7%: [a]p22 =
-13.2 (¢ = 1.2, CHCL3) (55% ee) {literature (86% ee)ldl: [a]p20 = -20.7 (c = 1.0,
CHCI3)}; Ymax. 3300 (O-H), 1045 (C-0) cmrl; 8y 8.08-7.33 [7H, m, Np], 4.65 [2H, s,
OCH:0], 3.73 [4H, m, CHy0H + CH,OMOM], 3.41 [3H, s, CH30] 3.16 [2H, d, J 7.4
Hz, CHaNp], 2.31 [2H, m, CH + OH]J; 8¢ 136.2, 134.2, 132.1, [C1, C9, C10 : Np],
129.0, 127.4, 127.2, 126.0, 125.7, 125.5, 124.0 [C2-8 : Np], 96.9 [OCH,0] 69.9
[CH,0MOM], 64.7 [CH,OH], 55.4 [CH30] 41.6 [CH], 31.4 [CHoNpl; m/z 278
(M++NHy).

% Enantiomeric excesses of recovered starting material (92) and product (94) were
measured by HPLC as described above and indicated: ee recovered starting material (92) =
32%, ee product (94) = 55%.

The other enzyme catalysed reactions described in Scheme 45 were performed in

a similar manner.

Preparation of (i)-3-(methoxymethyloxy)-2-(1-methylnaphthyl)propan-l-ol

(94).
CH,Np CH,Np CH,Np
(i-Pr),NE,
CH30CH2C1
CH,Cl,
HO OH MOMO OMOM
90 (+) 94

To a stirred solution of 90 (0.63 g, 2.9 mmol) in CH2Cl; (50 mL) was added (-
Pr)2NEt (0.76 g, 5.8 mmol) and MOMCI (0.28 g, 3.5 mmol). The reactants were stirred

at room temperature for 17 h. After washing with saturated NaHCO3, the organic layer
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was dried (MgSOy) and the solvent was removed in vacuo. Flash chromatography was
performed (silica, 3 : 1, Ep0O : petrol) and yielded the required product (*)-3-
(methoxymethyloxy)-Z-(l-methylnaphthyl)propan-l-ol (94) (0.33 g, 44%) and bis-1,3-
(methoxymethyloxy)-2-(l-mcthylnaphthyl)propane (178) (0.22 g, 24%).

178 : Found : C, 71.2; H, 8.0. C1gH2404 requires : C, 71.0; H, 8.0%; Umax.
1041 (C-0) cm-1; 8y 8.16-7.33 [7H, m, Np], 4.65 [4H, s, 2 x OCH20], 3.59 [4H, d, J
5.6 Hz, 2 x CHoOMOM], 3.39 [6H, s, 2 x CH30], 3.20 [2H, d, J 7.4 Hz, CH2Np], 2.36
[1H, m, CHJ; d¢ 136.5, 134.2, 132.3, [C1, C9, C10 : Np], 128.9, 127.5, 127.1, 126.0,
125.6, 125.5, 124.2 [C2-8 : Np], 96.9 [OCH,0], 68.0 [CH,OMOM], 55.2 [CH30], 40.4
[CH], 31.8 [CH,Np}; m/z 304 (M).

PFL mediated acetylation of (%)-3-(methoxymethyloxy)-2-(1-methyl-
naphthyl)propan-1-ol (94).

To a stirred solution of 94 (0.31 g, 1.2 mmol) and vinyl acetate (0.20 g, 2.3 mmol)
in CH2Cl, (50 mL) was added PFL (40 mg). The reactants were stirred for 36 d at room
temperature, extent of reaction was monitored by TLC. Filtration of the reaction mixture to
remove the enzyme was followed by removal of solvent and excess vinyl acetate in vacuo.
IH NMR spectroscopy of the crude product indicated a conversion of 33%. Flash
chromatography was performed (silica, 3 : 1, EtpO : petrol) and yielded recovered starting
material (R)-(+)-94 (0.18 g, 58%) {[a]p?? = ;1—%% (c = J‘/é CHCI3)}, and product (R)-
(+)-3-(methoxymethyloxy)-2-(1-methylnaphthyl)propyl acetate (92) (0.12 g, 33%)
([oIp?22 = 335 (c = LF, CHCly)).

% Enantiomeric excesses of recovered starting material (94) and product (92) were

measured by HPLC as described above and indicated: ee recovered starting material (94) =

14%, ee product (92) = 29%.
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PFL mediated hydrolysis of (R)-(+)-92 (86% ee) : second enantioselective

reaction in two step process.

CH,Np CH,Np CH,Np

PFL, pH 7 buffer
76% conversion
E=4.6
MOMO OAc MOMO OH MOMO OAc

(R)-(+)-92 (86% ee) (S)-(-)-94 (>95% ee) (R)-(+)-92 (52% ee)

+

PFL (35 mg) was added to a stirred mixture of (R)-(+)-92 (0.20 g, 0.7 mmol)
(86% ce) in pH 7 phosphate buffer (10 mL). As the reaction proceeded the pH was
maintained by use of an autotitrator dispensing 1N NaOH solution. When 0.50 mL of
NaOH solution had been added (corresponding to 76% conversion) the reaction was
stopped by extraction with CH2Cls (10 x 20 mL). The combined organic layers were dried
(MgSO4) and solvent was removed in vacuo. Flash chromatography (silica, 3 : 1, EtpO :
petrol) yielded recovered starting material (R)-(+)-92 (0.04 g, 20%) {[a]p22 = +17.6 (c =
1.0, CHCI3)}, and product (S)-(-)-3-(methoxymethyloxy)-2-(1-methylnaphthyl)propan-1-
ol (94) (0.12 g, 68%) {[a]p?2 = -23.2 (c = 1.0, CHCI3)}.

% Enantiomeric excesses of recovered starting material (92) and product (94) were
measured by HPLC as described above and indicated: ee recovered starting material (92) =

52%, ee product (94) >95%.
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Measurement of enantiomeric excesses of 96, 106 and 107.

Enantiomeric excesses of 96 were measured by preparation of Mosher’s ester
derivatives#6 (prepared as described in the General Experimental) followed by 500 MHz
IH NMR spectroscopy. 106 and 107 were first hydrolysed (K2CO3, MeOH) to form 96
and then treated in a similar manner to that described above. In some experiments

enantiomeric excesses were measured by comparison of the specific rotation of 96 with the

literature value: [0t]p22 = +14.5 (c = 0.7, EtOH).73

General procedure for the hydrolysis of 106 and 107.

The substrate (106 or 107) was added to a mixture of K2CO3 (1 g) and MeOH (10
mL). The reactants were stirred for 1 h at room temperature, after which the MeOH was
removed in vacuo. Water (20 mL) was added to the residue and this was washed with
Ety0 (3 x 20 mL). The combined organic layers were dried (MgSOg4) and after removal of

the solvent in vacuo yielded 96.

Preparation of trichloroethyl butyrate.

To a stirred solution of 2,2,2-trichloroethanol (5.01 g, 33.5 mmol) in CH2Cl (150
mL) was added triethylamine (4.12 g, 40.7 mmol), DMAP (25 mg) and butyryl chloride
(3.89 g, 36.5 mmol). The reactants were stirred at room temperature for 48 h in a flask
fitted with a reflux condenser. After washing with saturated NaHCO3, the organic layer
was dried (MgSQy4) and the solvent was removed in vacuo. Distillation of the crude
product yielded trichloroethyl butyrate (5.82 g, 80%) as a colourless oil.

8y 4.76 [2H, s, CH20], 2.46 [2H, t, J 7.4 Hz, CH»CO»], 1.74 [2H, sx, J 7.4

Hz, CH3CH,CHjy], 1.01 [3H, t, J 7.4 Hz, CH3].

Baker’s yeast reduction of 6-methylhept-5-en-2-one (102) : first
enantioselective reaction in two step process.”’
To a stirred mixture of baker’s yeast (Sigma) (100 g) in water (1 L) at 35 °C was

added sucrose (Tate & Lyle) (72 g); fermentation ensued. After stirring for 1 h, distilled 6-
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methylhept-5-en-2-one (5.00 g, 39.7 mmol) was added and stirring was continued.
Sucrose (4 x 72 g) was added at 24 h intervals over the next 4 d. The reaction mixture was
extracted with EtO (20 x 100 mL), the combined organic layers were dried (MgSO4) and
the solvent was removed in vacuo. Flash chromatography was performed (silica, 1 : 3,
Et20 : petrol) and gave recovered starting material (102) (0.75 g, 15%) and sulcatol (96)

(3.35 g, 66%) with an enantiomeric excess of 85% (by 1H NMR spectroscopy of the
MTPA derivative).

9673 : 8y 5.12 [1H, m, CH=C], 3.79 [1H, sx, J 6.2 Hz, CHOH], 2.06 [3H, m,
CH,CHOH], 1.68, 1.62 [2 x 3H, 2 x s, (CH3)2C=C], 1.49 [2H, m, CH,CH=C], 1.18
[3H, d, J 6.2 Hz, CH3CHOH].

PFL mediated acetylation of (RS)-96 using vinyl acetate as acyl donor to
give (R)-(-)-1,5-dimethylhex-4-enyl acetate (106) and (S)-(+)-96.

To a stirred solution of (RS)-96 (0.25 g, 2.0 mmol) and vinyl acetate (0.25 g, 2.9
mmol) in CH,Cly (10 mL) was added PFL (30 mg). The reactants were stirred for 8 d at
room temperature, extent of reactiori was monitored by H NMR spectroscopy. Filtration
of the reaction mixture to remove the enzyme was followed by removal of solvent and
excess vinyl acetate in vacuo. 'H NMR spectroscopy of the crude product indicated a
conversion of 45%. Flash chromatography was performed (silica, 1 : 2, Et;O : petrol) and
yielded recovered starting material (S)-(+)-96 (0.12 g, 48%) with 39% ee {calculated by
comparison of specific rotation : [a]Jp?2 = +5.7 (c = 1.1, EtOH) with the literature value:
+14.5 (c = 0.7, EtOH)73}, and product (R)-(-)-1,5-dimethylhex-4-enyl acetate (106)
(0.11 g, 33%) with 47% ee {calculated by comparison of the specific rotation of the
hydrolysis product (96): [x]p22 = -6.8 (c = 1.0, EtOH) with the literature value’3}.

10634 : [a]p22 = -5.2 (¢ = 0.9, EtOH) (47% ee); 6u 5.07 [1H, m, CH=C], 4.88
[1H, sx, J 6.3 Hz, CHOAc], 2.00 [5H, m, CH,CHOCOCHs3], 1.72-1.42 [8H, m,
(CH3);C=CHCHjy], 1.20 [3H, d, J 6.3 Hz, CH3CHOACc].

The other enzyme catalysed reactions, using vinyl acetate as acyl donor, shown in

Scheme §5 were performed in a similar manner.
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PFL mediated acylation of (RS)-96 using trichloroethyl butyrate as acyl
donor to give (R)-(-)-1,5-dimethylhex-d-enyl butanoate (107) and (S)-(+)-
96.

To a stirred solution of (RS)-96 (1.02 g, 8.0 mmol) and trichloroethyl butyrate
(1.92 g, 8.8 mmol) in CH,Cl, (50 mL) was added PFL (75 mg). The reactants were
stirred for 14 d at room temperature, extent of reaction was monitored by 'H NMR
spectroscopy. Filtration of the reaction mixture to remove the enzyme was followed by
removal of solvent in vacuo. 1H NMR spectroscopy of the crude product indicated a
conversion of 48%. Flash chromatography was performed (silica, 1 : 3, EO: petrol) and
gave fractions containing recovered starting material (§ )-(+)-96 (0.49 g, 48%) with 46%
ee (measured by !H NMR spectroscopy of the MTPA derivative) {[o]p?2 = +6.4 (c = 1.0,
EtOH)}, and a mixture of trichlororethyl butyrate and (R )-1,5-dimethylhex-4-enyl butyrate
(107). Hydrolysis of the mixture of butyrates, as described above, yielded (R)-(-)-96
(0.43 g, 42%) with 50% ee (measured by TH NMR spectroscopy of the MTPA denvative)
{([a]p22 =-7.4 (¢ = 1.0, EtOH) }.

The other enzyme catalysed reactions, using trichloroethyl butyrate as acyl donor,

shown in Scheme 55 were performed in a similar manner.

CCL mediated acylation of (S)-(+) 96 (85% ee) : second enantioselective
reaction in two step process.

To a stirred solution of ($)-(+)-96 (85% ee) (0.49 g, 3.8 mmol) and trichloroethyl
butyrate (0.92 g, 4.2 mmol) in CH2Cl, (50 mL) was added CCL (1.02 g). The reactants
were stirred for 5 d at room temperature, extent of reaction was monitored by IH NMR
spectroscopy. Filtration of the reaction mixture to remove the enzyme was followed by
removal of solvent in vacuo. 1H NMR spectroscopy of the crude product indicated a
conversion of 81%. Flash chromatography was performed (silica, 1 : 3, Etp0 : petrol) and
gave fractions containing recovered starting material (S)-(+)-96 (0.06 g, 12%) with 41%

ee (measured by IH NMR spectroscopy of the MTPA derivative) ([0]p22 =+5.4 (¢ = 1.0,

EtOH)}, and a mixture of trichlororethyl butyrate and (S)-1,5-dimethylhex-4-enyl butyrate
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(107). Hydrolysis of the mixture of butyrates, as described above, yielded ( §)-(+)-96
(0.34 g, 69% over two steps) with >95% ee (measured by 'H NMR spectroscopy of the
MTPA derivative) {[a]p?2 = +14.2 (c = 1.2, EtOH)}.

PFL mediated acylation of (S)-(+) 96 (85% ee) : alternative second
enantioselective reaction in two step process.

To a stirred solution of (S)-(+)-96 (85% ee) (0.51 g, 4.0 mmol) and trichloroethyl
butyrate (0.94 g, 4.3 mmol) in CH>Cl; (50 mL) was added PFL (100 mg). The reactants
were stirred for 8 d at room temperature, extent of reaction was monitored by IH NMR
spectroscopy. Filtration of the reaction mixture to remove the enzyme was followed by
removal of solvent in vacuo. 'H NMR spectroscopy of the crude product indicated a
conversion of 33%. Flash chromatography was performed (silica, 1 : 3, ErO : petrol) and
gave fractions containing recovered starting material (S )-(+)-96 (0.30 g, 59%) with >95%
ee (measured by !H NMR spectroscopy of the MTPA derivative) {([]p22 = +14.1 (¢c =
1.0, EtOH)}, and a mixture of trichlororethyl butyrate and (S )-1,5-dimethylhex-4-enyl
butyrate (107). Hydrolysis of the mixture of butyrates, as described above, yielded (S)-
(+)-96 (0.12 g, 24% over two steps) with 65% ee (measured by IH NMR spectroscopy of
the MTPA derivative) {[a]p?2 = +9.9 (c = 1.1, EtOH)}.
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Preparation of (RS)-(o.-methylbenzyl)benzyl amine (143).

Benzaldehyde (10.0 g, 94.3 mmol) and (RS)-0.-methylbenzylamine (10.0 g, 82.5
mmol) were refluxed for 4 h in EtOH (250 mL). The reaction mixture was cooled to 00oC
with an ice bath and sodium borohydride (1.6 g, 42.3 mmol) was added. After stirring for
16 h at room temperature the solvent was removed in vacuo. The remaining slurry was
dissolved in water (200 mL), extracted with CH,Cly (3 x 100 mL) and dried (MgSOa4).
After filtration and concentration, (RS)-143 (15.5 g, 89%) was obtained as a pale yellow

oil. The amine was purified by flash chromatography (silica, 1 : 1, Et0 : petrol) as and

when required.
143152 : 8y 7.32 [10H, m, 2 x Ph], 3.84 [1H, q, J 6.6 Hz, CH], 3.68, 3.62 [2H,
AB system, Jop 17.9 Hz, CH,Ph], 1.71 [1H, br s, NH], 1.40 [3H, d, J 6.6 Hz, CH3].
(R) and (S5)-143 were prepared by the same method using (R) and (S )-a-methyl-

benzylamine.

Preparation of N,N-dimethyl cinnamide (141).

To a stirred solution of distilled cinnamoyl chloride (5.0 g, 29.9 mmol) and
dimethylamine.HCI salt (2.7 g, 33.1 mmol) in CH,Clp (100 mL) at 0°C was added
pyridine (5.2 g, 65.7 mmol). After stirring at room temperature for 1 h, the solvent was
removed in vacuo, and saturated brine (50 mL) was added to the residue. Extraction with
CH,Cl, (3 x 100 mL) followed by drying (MgSQy), filtration and concentration yielded a
brown solid. Recrystallisation (hexane/CH2Cly) gave the required product (141) as a
white solid (4.80 g, 92%). mp 91 - 94°C (lit: 96 - 98°C)

141153 : 8y 7.67 [1H, d, J 15.6 Hz, PhCH], 7.43 [SH, m, Ph], 6.89 [1H, d, J

15.6 Hz, CHCONMej3], 3.17, 3.06 [6H, 2 x s, N(CH3)2].

Measurement of enantiomeric excess of 143.121
The sample of 143 (10 mg, 0.05 mmol) of interest and (R )-O-acetyl mandelic acid
(144) (10 mg, 0.05 mmol) were mixed together in an NMR tube with CDCl3. 'H NMR

spectroscopy (200 MHz) enabled measurement of the diastereomeric excess of the resulting
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salt via integration of the a-methylbenzyl doublets at 1.0 - 1.3 ppm. The value obtained

corresponds to the enantiomeric excess of the sample of 143.

Michael addition reaction of lithium[(RS)-o-methylbenzyl]benzyl amide
(129) and N,N-dimethyl cinnamide (141) to give (SR)-N,N-dimethyl-3-
phenyl-3-(N-benzyl, N-(RS)-o.-methylbenzyl)aminopropanamide (142).

Me

/l\ Me Ph
ph”” >N ph
0 N P N7 0O
129
Ph” X" NMe, e NMe,
141 142

Butyllithium (1.7 mL, 2.7 mmol) was added to a stirred solution of (RS)-(al-
methylbenzyl)benzyl amine (143) (0.63 g, 2.9 mmol) in THF (25 mL) at 0°C, resulting in
the formation of a pink-red solution of the lithium amide (RS)-(129). After stirring at 0°C
for 30 min and then for 1 h at -78°C, N,N-dimethyl cinnamide (141) (0.30 g, 1.7 mmol)
in THF (5 mL) was added dropwise and stirring was continued for 1 h at -780C. MeOH (1
mL) was added and the reaction mixture was warmed to room temperature. Removal of
solvent in vacuo, addition of CH2Cl, (30 mL) and filtration through alumina (10%
deactivated) yielded (after removal of the solvent in vacuo) the crude product as a yellow
oil. Flash chromatography (silica, 1 : 1, Et20 : petrol) allowed recovery of the amine
(143) (0.29 g) and the Michael adduct (SR )-N,N-dimethyl-3-phenyl-3-(N-benzyl, N-
(RS )-a-methylbenzyl)aminopropanamide (142) (0.60 g, 91%) with >94% diastereomeric
excess!34 both as colourless oils.

(SR,RS)-142" : Found : C, 80.8; H, 7.7; N, 7.1. Co6H3oN20 requires : C, 80.8;
H, 7.8; N, 7.2%; Vmax. 1633 (C=0) cm-1; 8y 7.34 [15H, m, Ph], 4.62 [1H, t, ] 6.8 Hz,
PhCH(CH2)N], 4.03 [1H, q, J 6.7 Hz, PhCH(CH3)N], 3.83, 3.72 [2H, AB system, JoB
14.9 Hz, CH»Ph], 2.78 [3H, s, NCH3], 2.51 [2H, d, J 6.8 Hz, CH,CO], 2.43 [3H, s,
NCH3], 1.36 [3H, d, J 6.7 Hz, PhCHCH3); 8¢ 171.2 [C=0], 144.4, 143.7, 142.6,
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128.5, 128.1, 127.2, 127.0, 126.8, 126.6 [Ph], 60.3 [PhCH(CH2)N1, 56.5
[PhCH(CH3)N], 50.6 [PhCH»], 37.8 [CH,CO], 36.7 [NCH3l, 35.2 [NCH3], 13.5
[CHCH3]; m/z 387 (M++1).

*See below for the specific rotation of homochiral (R,S)-142.

Measurement of enantiomeric excess of 142.

The sample of 142 (18 mg, 0.05 mmol) of interest and (R )-O-acetyl mandelic acid
(144) (10 mg, 0.05 mmol) were mixed together in an NMR tube with CeDg. 1H NMR
spectroscopy (500 MHz) enabled measurement of the diastereomeric excess of the resulting

salt via integration of the a-methylbenzyl doublets at 1.0 - 1.3 ppm. The value obtained

corresponds to the enantiomeric excess of the sample of 142.

Experiments performed to determine the stoicheiometry of the reaction
between homochiral or racemic 129 and 141.

The experiments shown in Table 6 were performed as described above using the
indicated amounts of homochiral or racemic 129. In each case, the conversion was

measured by !H NMR spectroscopy of the crude product.

Experiments performed to test for the existence of a nonlinear effect in the
reaction of 129 and 141.

The experiments shown in Table 7 were performed as described above using 1.6
equivalents of lithium amide (129) of the required enantiomeric excess. Enantiomeric
excesses of the starting material (143), the Michael adduct (142) and the recovered starting
material (143) were measured using the previously described methods.

In the reaction using homochiral 143 (Entry 5), (§)-143 was used. The product
obtained was (R)-N,N-dimethyl-3-phenyl-3-(N-benzyl, N-(S )-a-methylbenzyl)aminopro-

panamide (142) with a specific rotation of [a]p?? = -10.6 (c = 0.9, CH2Cly).
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Preparation of the iron crotonyl complex E-[n5-C5H5)Fe(CO)(PPh3)-
(COCH=CHCH3)] (127).

(RS)-Iron crotonyl complex (127) was prepared via the sodium hydride mediated
elimination of MeOH from the O-methylated acetaldehyde aldol product of (RS )-(n°>-
CsHs)Fe(CO)(PPh3)(COCH3) (15) as described in reference 138. An overall yield of
84% was obtained from (RS )-(m3-CsHs)Fe(CO)(PPh3)(COCH3) (15).

127138 : 5y 7.43 [15H, m, PPh3], 6.51 [1H, d, J 15.1 Hz, COCHl, 5.54 [1H,
dg, J 15.1, 6.8 Hz, CHCH3), 4.44 [5H, d, Jpy 1.2 Hz, CsHs], 1.58 [3H, d, J 6.8 Hz,
CHs].

(R)-127 was prepared as described above using (R )-(m2°-CsHs)Fe(CO)(PPh3)-
(COCH3) (15).

Michael addition reaction of lithium-[(RS)-o-methylbenzyllbenzyl amide
(129) and iron crotonyl complex (RS)-E-[(T]5-C5H5)Fe(CO)(PPh3)-
(COCH=CHCH3)] (127) to give the Michael adduct (145).

@)
Q ph / \ ?l}hZ / \
¢ Pﬂ + THF Pé—(\.—}K
\»/ N o 4
N Ph -78°C O
Li

,1'?'—(\_% Ph N_ _Ph
©, T

127 129 145 Ph

Butyllithium (0.5 mL, 0.80 mmol) was added to a stirred solution of (RS)-(a.-
methylbenzyl)benzyl amine (143) (0.18 g, 0.84 mmol) in THF (25 mL) at 0°C, resulting
in the formation of a pink-red solution of the lithium amide (RS)-(129). After stirring at
0°C for 30 min and then for 1 h at -78°C, (RS)-iron crotonyl complex (127) (0.20 g, 0.42
mmol) in THF (10 mL) at -78°C was added by cannula and stirring was continued for 1 h
at -78°C. MeOH (1 mL) was added and the reaction mixture was warmed to room
temperature. Removal of solvent in vacuo, addition of CH,Cl; (30 mL) and filtration

through alumina (10% deactivated) yielded (after removal of the solvent in vacuo) the crude
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product as an orange oil. Flash chromatography (silica, 1 : 4, EtpO : petrol) yielded
recovered amine (143) (0.04 g) as a colourless oil, and the Michael adduct (145)7 (0.19 g,
67%) as a yellow solid with a diastereomeric ratio of 96 : 2 : 2* [(RS,RS,RS) :
(RS,RS,SR) : (RS,SR,SR)].155

TSee below for characterisation of (R,R,R), (R,R,S), and (R,S,S)-145.

*Identical to the diastereomeric ratio of the crude product.

Experiments performed to determine the stoicheiometry of the reaction
between 129 and 127.

The experiments shown in Tables 8 to 12 were performed as described above
using the indicated amounts of homochiral or racemic 127 and 129. Experiments using
racemic 129 and those between the mismatched pair were left stirring at -78°C for up to 6
h. However the conversions observed were no greater than those observed when shorter
reaction periods were used. In each case, the conversion and diastereomeric excess were
measured by lH NMR spectroscopy of the crude product.

In the reaction between the matched pair [(R)-129 and (R)-127], the product
obtained was (R,R,R)-145, no trace of the (R,S,R) diastereomer was seen.

(R,R,R)-145 : Found : C, 75.0; H, 6.0; N, 1.9. C43H42FeNO,P requires : C,
74.7: H, 6.1; N, 2.0%; [a]p22 = -43.2 (c = 0.04, benzene); Vmax. 1913 vs (CO), 1601 s
(CO) cm-l; 6y 7.34 [25H, m, 2 x Ph + PPh3], 4.22 [SH, d, Jpx 0.8 Hz, C5Hs], 3.80
[1H, q, J 6.8 Hz, PhCH], 3.66, 3.58 [2H, AB system, Jog 15.1 Hz, CH,Ph], 3.20 [1H,
m, COCH,CH], 2.93 [1H, d, J 16.2 Hz, CHHCO], 2.48 [1H, dd, J 16.2, 10.5 Hz,
CHHCO], 1.26 [3H, d, J 6.9 Hz, PhCH(N)CH3], 0.52 [3H, d, J 6.6 Hz,
CH,CH(N)CH3]; 8¢ 276.2, 221.3 [2 x COJ, 145.0, 143.0, 137.1, 136.3, 133.5, 133.3,
129.8, 128.3, 128.1, 127.9, 127.8, 126.6, 126.4 [Ph + PPh3], 85.1 [CsHs], 71.1
[CH,CO], 58.1 [CHPh], 50.3 [ CH;Ph], 48.0 [COCH2CH], 19.2, 19.1 [2 x CH3]; dp

72.46 [PPh3]; m/z 692 (M*+1).
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In the reaction between the mismatched pair [(S)-129 and (R)-127], the product
obtained was a 1 : 1 mixture of (R,R,S) : (R,S,S)-145. Recrystallisation (petrol/CH2Clp)
enabled separation of the two diastereomers.

145 (less soluble in petrol/CH,Cly of RRS and RSS) : Found : C, 74.5; H, 6.2;
N, 1.9. C43H42FeNO,P requires : C, 74.7; H, 6.1; N, 2.0%; oy 7.30 [25H, m, 2 x Ph +
PPh3], 4.29 [5H, s, CsHs], 3.84 [1H, q, J 6.8 Hz, PhCH], 3.67, 3.57 [2H, AB system,
JaB 15.4 Hz, CH,Ph], 3.33 - 3.19 [2H, m, COCH,CH + CHHCO], 2.40 [1H, dd, J
14.8, 10.0 Hz, CHHCO], 1.28 [3H, d, J 6.7 Hz, PhCH(N)CH3], 0.49 [3H, d, J 6.3 Hz,
CH,CH(N)CH3]; 8¢ 275.7, 220.5 [2 x CO]J, 145.6, 142.9, 136.7, 136.3, 133.4, 133.3,
129.6, 128.4, 128.0, 127.7, 127.6, 126.3, 126.2 [Ph + PPh3], 85.2 [CsHs], 72.3
[CH,CO], 58.2 [CHPh], 50.2 [ CH,Ph], 48.7 [COCH,CH], 19.1, 16.8 [2 x CH3]; dp

72.15 [PPh3]; m/z 692 (M*+1).

145 (more soluble in petrol/CH2Cl2 of R,R,S and R,S,S) : selected oy 4.32 [5H,
d, Jpg 0.8 Hz, CsHs], 1.16 [3H, d, J 6.7 Hz, PhACH(N)CH3], 0.94 [3H, d, J 6.2 Hz,
CH,CH(N)CHz3]; dp 73.06 [PPh3].
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Experiments performed to test for the occurrence of selective chelation :
1 : Addition of two equivalents of (RS)-129 followed by one equivalent of
(RS)-127 to the enolate (R,R,R)-146.

@ﬁé—@/ + Ph/'\ Il\ji/\ —_— ,Fe O\—JN\‘/

(R)-127 (R)-129
1 equivalent 1 equivalent (R,R,R)-146
1 equivalent
() Ph/{N/\Ph
0) Li 0
CE2/o\ (RS)-129 ¢ Pphm
ll'?é N 2 equivalents ,Il7
APl A
Ph \r (RS )-127
1 equivalent
(R,R,R)-146 145
1 equivalent (i) MeOH 2 equivalents
98 :1

(RS,RS,RS) : (RS,RS,SR) : (RS,SR,SR)

Butyllithium (0.1 mL, 0.16 mmol) was added to a stirred solution of (R)-(x-
methylbenzyl)benzyl amine (143) (0.038 g, 0.18 mmol) in THF (15 mL) at 0°C, resulting
in the formation of a pink-red solution of the lithium amide (R)-(129). After stirring at
0°C for 30 min and then for 1 h at -78°C, (R )-iron crotonyl complex (127) (0.077 g, 0.16
mmol) in THF (10 mL) at -78°C was added by cannula, resulting in the formation of a dark
orange solution (637), and stirring was continued for 3 h at -78°C. A solution of (RS)-
129 was prepared [by the addition of butyllithium (0.2 mL, 0.32 mmol) to a solution of
(RS5)-143 (0.078 g, 0.37 mmol) in THF (15 mL) at 0°C and stirring for 30 min at 0°C and
then for 1 h at -78°C] and added by cannula to the reaction mixture. The reactants were
stirred together at -40°C for 2 h and then cooled to -78°C. (RS)-Iron crotonyl complex

(127) (0.078 g, 0.16 mmol) in THF (10 mL) was added by cannula at -78°C and the dark
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orange solution obtained was stirred for a further 3 h after which MeOH (1 mL) was added
and the reaction mixture was warmed to-room temperature. Removal of solvent in vacuo,
addition of CH,Cl; (30 mL) and filtration through alumina (10% deactivated) yielded (after
removal of the solvent in vacuo) the crude product as an orange oil. 1H NMR
spectroscopy (500 MHz) of the crude product revealed that complete conversion of 127 to
the Michael adduct (145) had occurred. The diastereomeric ratio of the product was found

tobe 98 :1:1[(RS,RS,RS): (RS,RS,SR) : (RS,SR,SR)].

2 : Addition of two equivalents of (RS)-129 followed by one equivalent of
(R)-127 to the enolate (R,R,R)-146.

@ Ph/{N/\ph
0 Li Q
¢ B2 /o \ (RS)-129 ezl N

I ’ i ‘ ’
,Pe 7N 2 equivalents . Pe—(—'\K
©) " ©

F
O '/NTPh W O ’/N Ph
O T
Ph (R)-127 Ph
(R.R.R)-146 ! equivalent 145
1 equivalent (i) MeOH 2 equivalents
94:3:3

(R.R,R) : (R.R,S):(R,S,S)

The second experiment to test for selective chelation was performed as descibed
above except that instead of adding (RS)-129, (R)-129 was added. Once again 'H NMR
spectroscopy (500 MHz) of the crude product revealed that complete conversion of 127 to
the Michael adduct (145) had occurred. In this case the diastereomeric ratio of the product

was found to be 94 : 3 : 3 [(RS,RS,RS) : (RS,RS,SR) : (RS,SR,SR)].
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3 : Addition of one equivalent of (RS)-129 followed by one equivalent of
141 to the enolate (R,R,R)-146.

/{ Ph” N~ O

. S

- ® PN Ph/'\/lLI\IMe2
¢ P—Zﬂ (RS)-129 (S.R)-142
}I?é‘é/ 1 equivalent 1 equivalent

@/ 5 o) - 16% ee
N Ph i) +
’/ \r Ph/\/”\ NM€2 0 Ph
Ph 141 Cp2 7 N\
(R,R,R)-146 1 equivalent ,F \—
1 equivalent (iii) MeOH @ O rN Ph
[ T
(R,R,R)-145
1 equivalent

In the third experiment, butyllithium (0.1 mL, 0.16 mmol) was added to a stirred
solution of (R)-(a-methylbenzyl)benzyl amine (143) (0.040 g, 0.19 mmol) in THF (15
mL) at 0°C, resulting in the formation of a pink-red solution of the lithium amide (R)-
(129). After stirring at 0°C for 30 min and then for 1 h at -78°C, (R)-iron crotonyl
complex (127) (0.077 g, 0.16 mmol) in THF (10 mL) at -789C was added by cannula,
resulting in the formation of a dark orange solution (637), and stirring was continued for 3
h at -780C. A solution of (RS)-129 was prepared [by the addition of butyllithium (0.1
mL, 0.16 mmol) to a solution of (RS)-143 (0.041 g, 0.19 mmol) in THF (15 mL) at 0°C
and stirring for 30 min at 0°C and then for 1 h at -78°C] and added by cannula to the
reaction mixture. The reactants were stirred together at -78°C for 2 h. N,N-dimethyl
cinnamide (141) (0.030 g, 0.17 mmol) in THF (10 mL) was added by cannula at -78°C
and the orange solution was stirred for a further 2 h after which MeOH (1 mL) was added
and the reaction mixture was warmed to room temperature. Removal of solvent in vacuo,
addition of CH2Cly (30 mL) and filtration through alumina (10% deactivated) yielded (after

removal of the solvent in vacuo) the crude product as an orange oil. 'H NMR
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spectroscopy of the crude product revealed that >90% conversion of 127 and ~80%
conversion of 141, to their respective Michael adducts (145 and 142), had occurred.
145 was formed as the R,R,R diastereomer, 142 was formed as the SR,RS diastereomer
with a diastereomeric excess of >94%. Flash chromatography (silica, 1 : 1, EtyO : petrol)
enabled isolation of 142. Measurement of the enantiomeric excess of 142 using the

method described above indicated a value of 16% ee (enriched in the S,R enantiomer).

Addition of N,N-dimethyl cinnamide (141) to the complex formed between
(R)-E-[(Tls-CsHs)Fe(CO)(PPh;;)(COCH:CHCH3)](127) and lithium-[(RS)-
o-methytbenzyllbenzyl amide (129).

Ph
JO

A "
O M
Ph N Nph . \/lL Ph NMe,
Li Y ph N NMe, (R,S)-142
(RS)-129 141 1 equivalent
2 equivalents 1 equivalent >94% de

+ -

+
O ..
2 Phy /7N (i) MeOH 8Ph2 7 N\
P [P
,Fe—@\ ,Fe \—

O

O _N_ _Ph
(R)-127 '/ \(
: Ph
1 equivalent 145

1 equivalent
84:8:8
[(R,R,R):(R,R,S):(R,S.S)]

Butyllithium (0.2 mL, 0.32 mmol) was added to a stirred solution of (RS)-(a-
methylbenzyl)benzyl amine (143) (0.077 g, 0.36 mmol) in THF (15 mL) at 0°C, resulting
in the formation of a pink-red solution of the lithium amide (RS)-(129). After stirring at
0°C for 30 min and then for 1 h at -78°C, (R)-iron crotonyl complex (127) (0.077 g, 0.16
mmol) in THF (10 mL) at -78°C was added by cannula and stirring was continued for 3 h

at -78°C. Addition by cannula of N,N-dimethyl cinnamide (141) (0.028 g, 0.16 mmol) in
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THF (10 mL) at -78°C was performed and the dark orange reaction mixture was stirred for
a further 3 h at -78°C. MeOH (1 mL) was added and the reaction mixture was warmed to
room temperature. Removal of solvent in vacuo, addition of CH,Cly (30 mL) and filtration
through alumina (10% deactivated) yielded (after removal of the solvent in vacuo) the crude
product as an orange oil. !|H NMR spectroscopy of the crude product revealed that
complete conversion of 127 and 141, to their respective Michael adducts (145 and 142),
had occurred. 145 was formed with a diastereomeric ratio of 84 : 8 : 8 [(R,R,R) : (R,R,S)

: (R,S5,5)], 142 was formed as the R,S diastereomer with a diastereomeric excess of

>949,.

Addition of N,N-dimethyl cinnamide (141) to the complex formed between
(R)-E-[(T]5-C5H5)Fe(CO)(PPh3)(COCHzCHCH3)](127) and lithium-[(R)-
o-methylbenzyllbenzyl amide (129).

This experiment was performed as described above except that instead of using
(RS)-129, (R)-129 was added. Once again lH NMR spectroscopy of the crude product
revealed that complete conversion of 127 and 141 to their respective Michael adducts

(145 and 142) had occurred.
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2-Hydroxymethyl-4,4-dimethoxybutyl acetate (149).

See reference 156.

3-Hydroxy-2-benzylpropyl acetate (86).

See Chapter 4 experimental for the preparation of this material.

3-Hydroxy-2-(1-methylnaphthyl)propy! acetate (91).

See Chapter 4 experimental for the preparation of this material.

Attempted racemisation of 86, 91 and 149 with triethylamine.
A large excess of triethylamine was added to the optically active monoacetate (86,
91 or 149) in CH,Cl,. At various intervals samples were taken, the triethylamine and

CHCl, were removed in vacuo, and the specific rotation of recovered monoacetate (86,

91 or 149) was measured. As shown in Scheme 73, no reduction in rotation was observed.

Attempted racemisation of 86 with potassium carbonate.

A large excess of KoCO3 was added to the monoacetate (86) in CH,Cl, and the
mixture was stirred at room temperature for 7 d. K,CO3 was removed by aqueous
extraction. After drying (MgSQO4) and removal of solvent in vacuo, the specific rotation of

the remaining monoacetate (86) was measured and found to be unchanged.

General Procedure for the pyridinium para-toluenesulphonate (PPTS)
mediated racemisation of propan-1,3-diol derivatives.

The optically active propan-1,3-diol derivative (~ 1.0 mmol) and PPTS (~ 0.1
mmol) were stirred in CH>Cly (25 mL) at room temperature for 24 h. After washing with
saturated NaHCO3, the organic layer was dried (MgSO4) and the solvent was removed in
vacuo. The specific rotation of the recovered substrate was measured. When there had

been no change in the specific rotation the process was repeated, this time stirring for 7 d.
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Preparation of 3-hydroxy-2-benzylpropyl trimethylacetate (150).

CH,Ph CH,Ph

tBuCOCl, NEts;,
DMAP, CH,Cl,
HO OH

HO O
85 150 \fO]/

>

tBu

Trimethylacetyl chloride (2.2 g, 18.2 mmol) was added to a mixture of 2-
benzylpropan-1,3-diol (85) (2.5 g, 15.1 mmol), triethylamine (2.2 g, 21.8 mmol) and
DMAP (10 mg) in CH2Cl, (100 mL). The reactants were stirred at room temperature for
16 h. After washing with saturated NaHCOs3 solution, the organic layer was dried
(MgSQy4) and the solvent was removed in vacuo. Flash chromatography (silica, 2 : 1, EtpO
: petrol) yielded recovered starting material (85) (0.50 g, 20%) and product (150) (2.49 g,
66%) as a colourless oil.

150 : Found: C, 72.0; H, 9.3. C15H2203 requires C, 72.0; H, 8.9%; Viax. 3300
(O-H), 1722 (C=0) cml; 8y 7.27 [5H, m, Ph], 4.24, 4.07 [2H, ABX system, Jaox 4.2
Hz, Jgx 6.2 Hz, Jop 11.3 Hz, CH»OCO], 3.54 [2H, m, CH,OH], 2.64 [2H, m,
CHoPh], 2.17 [2H, m, CH and OH], 1.25 [9H, s, (CH3)3]); 8¢ 179.8 [C=0], 139.8,
129.2, 128.6, 126.4 [Ph], 63.5 [CH,0CO], 61.9 [CH,0H], 42.6 [CH], 39.4 [(CH3)3C],
34.1 [CH2Ph], 27.1 [(CH3)3C]; m/z 268 (M*+NHy).

Preparation of 3-hydroxy-2-benzylpropyl butanoate (151).

CH,Ph CH,Ph CH,Ph
PrCOCI, NEts, +
DMAP, CH,Cl,
HO OH HO O. _Pr Pr. O OL _Pr
85 151 \(r)]/ Y 179 \[Of
o)

Butyryl chloride (1.2 g, 11.2 mmol) was added to a mixture of 2-benzylpropan-
1,3-diol (85) (1.5 g, 9.0 mmol), triethylamine (1.3 g, 12.9 mmol) and DMAP (10 mg) in
CH,Cl, (100 mL). The reactants were stirred at room temperature for 16 h. After washing

with saturated NaHCO3 solution, the organic layer was dried (MgSOy) and the solvent was
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removed in vacuo Flash chromatography (silica, 2 : 1, EtpO : petrol) yielded recovered
starting material (85) (0.32 g, 21%), the required product (151) (0.82 g, 39%), as a
colourless oil, and 2-benzylpropan-1,3-dibutanoate (179) (0.98 g, 36%) as a colourless
oil.

151 : Found: C, 70.9; H, 8.6. C14H2003 requires C, 71.2; H, 8.5%; Vmax. 3300
(O-H), 1729 (C=0) cm1; 8y 7.27 [5H, m, Ph], 4.23, 4.09 [2H, ABX system, Jax 4.5
Hz, Jgx 6.2 Hz, Jap 11.2 Hz, CH,0CO], 3.56 [2H, m, CH,OH], 2.72, 2.62 [2H, ABX
system, Jaox 7.8 Hz, Jgx 4.2 Hz, Jog 12.1 Hz, CH,Ph], 2.34 [2H, t, ] 7.4 Hz,
CH2CO2], 2.14 [2H, m, CH and OH], 1.69 [2H, m, CH3CH,], 0.98 [3H, t, J 7.4 Hz,
CHz); 8¢ 174.6 [C=0], 139.6, 129.2, 128.6, 126.3 [Ph], 63.7 [CH,0CO], 61.9
[CH>OH], 42.4 [CH], 36.0 [CH,CO3], 34.2 [CH,Ph], 18.3 [CH3CH3], 13.5 [CH3]; m/z
254 (M++NHy).

179 : Found: C, 71.0; H, 8.9. C;8H2604 requires C, 70.6; H, 8.6%; Vmax. 1731
(C=0) cm-1; 8y 7.24 [5H, m, Ph], 4.09 [4H, m, 2 x CH,0CO], 2.71 [2H, d, J 7.4 Hz,
CH2Ph], 2.34 [5H, m, 2 x CH>CO, and CH], 1.66 [4H, m, 2 x CH3CHj3], 0.97 [6H, t, ]
7.2 Hz, 2 x CH3z]; 8¢ 179.8 [2 x C=0], 138.9, 129.1, 128.7, 126.5 [Ph], 63.4 [2 x
CH>0CO], 39.1 [CH], 36.0 [2 x CHyCO»], 34.5 [CH,Ph], 18.3 [2 x CH3CHj5], 13.5 [2
x CH3]; m/z 324 (M++NHy).

Preparation of 3-hydroxy-2-benzylpropyl trifluoroacetate (152).

CH2Ph CH2Ph
(CF3CO),0, NEts,
DMAP, CH,Cl,
HO OH HO O_ _CF,
85 152 \n/
O

Trifluoroacetic anhydride (3.8 g, 18 mmol) was added to a mixture of 2-
benzylpropan-1,3-diol (85) (2.5 g, 15.1 mmol), triethylamine (2.1 g, 21.1 mmol) and
DMAP (10 mg) in CH,Cl, (100 mL). The reactants were stirred at room temperature for
16 h. After washing with saturated NaHCO3 solution, the organic layer was dried

(MgS04) and the solvent was removed in vacuo. Flash chromatography (silica, 3 : 1, EtoO
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: petrol) yielded recovered starting material (85) (0.51 g, 21%) and product (152) (1.56 g,
40%) as a colourless oil.

152 : Found: C, 56.5; H, 4.9. C13H1303F3 requires C, 56.3; H, 5.1%; Vmax.
3300 (O-H), 1786 (C=0), 1171 (CF3) cm-1; 8y 7.28 [5H, m, Ph], 4.45, 4.36 [2H, ABX
system, Jox 7.0 Hz, Jgx 6.0 Hz, Jap 11.2 Hz, CH,OCO], 3.71, 3.61 [2H, ABX system,
Jax 4.8 Hz, Jgx 6.1 Hz, Jap 10.9 Hz, CH,OH], 2.78, 2.67 [2H, ABX system, Jox 7.8
Hz, Jgx 7.5 Hz, Jop 13.6 Hz, CH,Phl, 2.29 [1H, m, CH], 1.61 [1H, br, OH]; 3¢ 175.2
[C=01, 157.5 [CF3, q, Jrc 158 Hz] 138.5, 129.0, 128.7, 126.6 [Ph], 67.4 [CH20CO],
61.6 [CHoOH], 41.9 [CH], 33.9 [CH,Ph]; m/z 280 (M*++NHy).

PFL mediated esterification of 151 to yield 2-benzyl-3-(methylethanoate)-

propyl butanoate (153).

CH,Ph CH,Ph CH,Ph
PFL N X
CH,Cl,
Pr\[rO OH vinyl acetate PrYO OH + Pr\n/O OAc
O (RS)-151 5 (R)-151 O (5)-153

* tentatively assigned

151 (0.29 g, 1.2 mmol), PFL (30 mg) and vinyl acetate (0.30 g, 3.5 mmol) were
stirred in CH,Cl2 (100 mL) for 18 d. After filtration and removal of solvent in vacuo, 1y
NMR spectroscopy of the crude product showed a conversion of 38%. Flash
chromatography (silica, 1 : 1, EtpO : petrol) yielded recovered starting material [(R)*-151]
([lp22 = +10.3 {c = 1.0, CHCI3}) (0.15 g, 51%) and the diester [(S5)*-153] ([a]p?2 =
-7.3 {¢ = 1.0, CHCl3}) (0.10 g, 28%) as colourless oils. (*Tentatively assigned)

153 : Found: C, 69.0; H, 8.1. C16H?27204 requires C, 69.0; H, 8.0%; vpax. 1733
(C=0) cm"1; 8y 7.25 [5H, m, Ph], 4.11, 4.02 [4H, ABX system, Jaox 6.0 Hz, Jgx 6.0
Hz, Jag 11.2 Hz, 2 x CH,0CO], 2.71 [2H, d, J 7.3 Hz, CH2Ph], 2.32 [3H, m, CH2CO,
and CH], 2.07 [3H, s, CH3CO3], 1.67 (2H, m, CH3CH2], 0.97 {3H, t, J 7.2 Hz, CH3];
dc 173.8 [O=COCH,], 171.2 [O=COCH3] 138.9, 129.1, 128.7, 126.5 [Ph}, 63.7
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[CH20Ac], 63.4 [CH,OCOCHS,], 39.1 [CH], 36.0 [CH,CO>], 34.5 [CH,Ph], 20.6
[CH3CO], 18.3 [CH3CH,], 13.5 [CH3CH,CHy]; m/z 296 (M*++NHy).

Attempted Dynamic Kinetic Resolution of 151 using PPTS and PFL

For the attempted dynamic kinetic resolution, reaction conditions were as above
except that PPTS (40 mg, 0.2 mmol) was added to the reaction mixture. The reactants
were stirred for 61 d. TH NMR spectroscopy and TLC showed no sign of any reaction and

on work up only recovered starting material (151) (83%) was isolated.

Test reaction performed to establish if PPTS inhibits PFL
2-(1-methylnaphthyl)propan-1,3-diol (90) (0.5 g, 2.3 mmol), PFL (27 mg), PPTS

(40 mg, 0.2 mmol) and vinyl acetate (0.4 g, 4.7 mmol) were stirred in CH»Cl» (50 mL).

After 21 d stirring, TH NMR spectroscopy and TLC showed no sign of any reaction and on

work up only starting material (90) (0.43 g, 86%) was recovered.

General Procedure for attempted racemisations of 91.

Optically active 91 (typically [a]p22 = +27 [c = 1.0, CHCI3]) (100 mg) was stirred
with the “racemising agent” (0.1 equivalents) in CHCl, (10 mL) for 7 d. After extraction
with saturated NaHCO3 solution followed by drying (MgSQy), filtration and removal of
solvent in vacuo, the specific rotation of the recovered starting material was measured. In

the case of Py(OCOCEF3) the specific rotation had decreased ([o] D22 < 1) indicating that
racemisation had occurred. In all other cases BuyN(p-TSA), Na(p-TSA), DMAP, 2-
hydroxypyridine and poly(4-vinyl pyridine) there had been no significant change in specific

rotation.

Attempted PFL mediated acetylation of 2-benzylpropan-1,3-diol (85) in the
presence of Py(OCOCF3).
The experiment was performed as described in the General Experimental except that

Py(OCOCF3) (0.1 equivalents) was added to the reaction mixture. After stirring for 39 d

144



Chapter 7 Experimental

no sign of any reaction was detected by YH NMR spectroscopy Of TLC. Aqueous
extraction followed by drying (MgSQO4) of the organic layer, filtration and removal of

solvent in vacuo, only yielded recovered starting material (85) (78%).

Racemisation of 91 using pyridinium washed Dowex®.

Dowex® 50X8-100 (1.0 g) was stirred in a strong aqueous solution (0.5 gmL-1) of
Py(OCOCF3?). After stirring for 2 h, suction filtration was performed and the Dowex®
was dried in a vacuum desicator. The pyridinium washed Dowex® (20 mg) was then
stirred in CHyCly (5 mL) with optically active 91 (50 mg) ([a]p?% = +18 {c = L0,
CHCI3)) for 4 d. The reaction mixture was filtered and solvent was removed in vacuo to

yield 91 (46 mg, 92%). Measurement of the specific rotation of the recovered starting

material (91) indicated that racemisation had occurred ([a)p22 < 1).

Attempted PFL mediated acetylation of 85 in the presence of pyridinium
washed Dowex®.

The experiment was performed as described in the General Experimental except that
pyridinium washed Dowex® (20 mg) was added to the reaction mixture. After stirring for
64 d, the reaction was halted. Filtration, followed by removal of solvent in vacuo, yielded

recovered starting material (85) (86%) only.

Attempted enzymic acetylation reactions in the presence of PPTS.
Experiments were performed as described in the General Experimental except that
PPTS (0.1 equivalents) was added to the reaction mixture. After stirring each reaction for a
period of time that would normally enable complete conversion of substrate to product
(ranging from 5 to 21 d), each reaction was worked up in the normal manner. In all cases

only starting material was recovered.
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Preparation of (RS,RS)-[(n5-C5H5)Fe(CO)(PPh3)(COCH2CH(OH)CH3)]
(173).136

Butyllithium (2.6 mL, 4.2 mmol) was added to a solution of the (RS)-iron acetyl
complex (15) (1.00 g, 2.2 mmol) in THF (30 mL) at -780C. The resulting dark red
solution was stirred for 1 h at -780C. Diethyl aluminium chloride (2.0 M in toluene) (5.8
mL, 11.6 mmol) was then added and the reaction mixture was warmed to -40°C and stirred
for 1 h. The mixture was cooled to -100°C and a solution of freshly distilled acetaldehyde
(1.24 g, 28 mmol) in THF (10 mL) was added dropwise. After stirring for 2 h at -1000C,
MeOH (1 mL) was added and the solution was warmed to room temperature. Removal of
the solvent in vacuo was followed by addition of CH2Clp (20 mL). The organic layer was
washed with saturated NaHCO3 solution and then filtered through alumina (10%
deactivated). After concentration, the crude product was obtained as a yellow solid. Flash
chromatography (alumina, CH,Cly) gave recovered starting material (15) (0.22 g, 22%)
and the required product (173) (0.69 g, 63%) as a yellow solid with a diastereomeric ratio
of 7:1[(RS,RS): (RS,SR)].

(RS,RS)-173136 : 8y 7.42 [15H, m, PPh3], 4.45 [5H, s, CsHs}, 3.55 [1H, br s,

OH], 3.33 [1H, m, CHOH], 2.83 [2H, m, CH>], 0.82 [3H, d, J 6.2 Hz, CH3].

Preparation of 1 : 1 mixture of (RS,RS)-173 and (RS,SR)-173.136
Butyllithium (4.5 mL, 7.2 mmol) was added to a solution of the (RS)-iron acetyl
complex (15) (2.00 g, 4.4 mmol) in THF (30 mL) at -780C. The resulting dark red
solution was stirred for 1 h at -789C. A solution of freshly distilled acetaldehyde (0.78 g,
17.7 mmol) in THF (10 mL) was added dropwise. After stirring for 2 h at -78°C, MeOH
(1 mL) was added and the solution was warmed to room temperature. Removal of the
solvent in vacuo was followed by addition of CH2Cl2 (20 mL) and filtration through
alumina (10% deactivated). After concentration, the crude product was obtained as a
yellow solid. Flash chromatography (alumina, CH2Cly) gave the required product (173)
(1.49 g, 68%) as a yellow solid with a diastereomeric ratio of ~ 1 : 1 [(RS,RS) : (RS,SR))].
(RS,SR)-173139 : selected 8y 4.44 [SH, s, CsHs], 0.89 [3H, d, J 6.2 Hz, CH3].
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Preparation of (RS,RS)-[(T]5-C5H5)Fe(CO)(PPh3)(COCHZCH(OAC)CHs)]
(174).140

To a stirred solution of (RS,RS)-173 (0.11 g, 0.2 mmol) in THF (20 mL) at -5°C
was added methyllithium (1.5 M in Et;0) (0.2 mL, 0.3 mmol). Stirring was continued for
1 h at -50C and resulted in a colour change from orange to black and the evolution of a gas.
Acetic anhydride (0.05 mL, 0.5 mmol) was added and the reactants were stirred together
for 1 h during which time the colour reverted back to orange. After washing with saturated
NaHCOg3, the organic layer was dried (MgSQO4) and the solvent was removed in vacuo.
Flash chromatography (alumina, 1 : 4, EtOAc : CH,Cly) gave the required product (174)
(0.06 g, 52%) as a yellow solid.

(RS,RS)-174140 : §y 7.38 [15H, m, PPh3], 4.90 [1H, m, CH], 4.45 [5H, s,
CsHs], 3.41 [1H, m, CHH], 2.63 [1H, m, CHH], 1.99 [3H, s, CH3CO], 0.74 [3H, d, J
5.5 Hz, CHs].

General procedure for enzymic esterification of 173.

Each enzyme (typically 0.10 g) was added to a stirred solution of (RS,RS) and
(RS,SR)-173 (0.10 g, 0.2 mmol) and vinyl acetate (0.10 g, 1.2 mmol) in CH2Cl, (10
mL). The reactants were fully degassed and stirred for a period of 15 - 20 d under a
nitrogen atmosphere at room temperature. Extent of reaction was monitored by !H NMR
spectroscopy and TLC. Filtration of the reaction mixture (to remove the enzyme) was
followed by removal of solvent and excess vinyl acetate in vacuo. The crude product was
analysed by TLC and IH NMR spectroscopy.

A number of reactions were tried as outlined above using isopropenyl acetate as
acyl donor (in place of vinyl acetate). Some experiments were also tried in neat vinyl
acetate or isopropenyl acetate. In all cases no reaction was observed except as described

below.
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PPL mediated esterification of (RS,RS)-173.

To a stirred solution of (RS,RS)-173 (1.19 g, 2.4 mmol) and vinyl acetate (1.3 g,
15.1 mmol) in CH,Cl, (10 mL) was added PPL (1.5 g). The reactants were fully
degassed and stirred for a period of 18 d under a nitrogen atmosphere at room temperature.
Extent of reaction was monitored by 'H NMR spectroscopy and TLC. Filtration of the
reaction mixture (to remove the enzyme) was followed by removal of solvent and excess
vinyl acetate in vacuo. TLC of the crude product revealed two components, one spot
corresponded to the starting material (173) and the other possessed a similar Rf value to
the expected product (174).  Flash chromatography (silica, 3 : 1, EtyO : petrol) gave an
unidentifiable yellow band (5 mg) and recovered starting material (173) (1.03 g, 87%).
Measurement of the specific rotation of the unidentified product and the recovered starting

material was performed (¢ = 0.1, benzene) and in both cases [a]p22 = 0.0.
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Appendix 1

The programme was written on an Apple Macintosh Computer using Microsoft Basic.
Listing:

10 INPUT ™% Enantiomeric excess of starting material =";SM
20 IF SM>100 GOTO 360

30 IF SM<-100 GOTO 360

40 INPUT "Stereoselectivity factor =";E

50 IF E=0 GOTO 360

60 INPUT "Number of points to be displayed =";D
70 EE=SM/100

80 A=1/(D-1)

90 RP=0

100 SP=0

110 B8=0

120 RSM=((1+EE)/2)

130 SSM=(1-RSM)

140 PRINT " %convn %eeSM %eeprod"

150 FOR Z=.001 TO .999 STEP .001

160 N=((E*RSM)+(SSM))

170 RPF=((.001*(RSM*E))/N)

180 SPF=((.001*SSM)/N)

190 RSM=RSM-RPF

200 SSM=SSM-SPF

210 RP=RP+RPF

220 SP=SP+SPF

230 C=100*z

240 IF Z=.999 GOTO 260

250 IF Z>=B GOTO 260 ELSE 300

260 B=B+A

270 EESM=(100*((RSM-SSM)/(RSM+SSM)))

280 EEP=(100*((RP-SP)/(RP+SP)))

290 PRINT USING "##H## ##";C,EESM,EEP

300 NEXT Z

310 PRINT "Initial % ee of starting material =";SM
320 PRINT "Stereoselectivity factor=";E

330 FOR JdS = 1 TO 10000

340 NEXT JdS

350 END

360 PRINT "Invalid value - programme stopped"
370 FOR JdS = 1 TO 10000

380 NEXT JdS

390 END

Example of Input:

€ Enantiomeric excess of starting material =? S0
Stereoselectivity factor =7 10

Number of points to be displayed =7 11

Example of Output:”
€convn BeeSM Reeprod

0.10 4996 9355
10.00 4520 93.16
20.00 39.33 9269
30.00 3195 9212
40.00 2241 9139
50.00 9.57 9043
6000 -857 89.04
70.00 -3579 86.77
80.00 -76.82 81.71
90.00 -99.87 66.65
99.90-100.00 S50.15

Initial % ee of starting material = S0
Stereoselectivity factor= 10

Negative enantiomeric excesses indicate that the material is enriched in the opposite enantiomer to the original
starting material.
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Plot of % enantiomeric excess of final product against overall % yield.
Stereoselectivity factor = 3 for both single kinetic resolution processes.

Stereoselectivity factor

3 for each step in both double kinetic resolution processes.
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Appendix 2

Plot of % enantiomeric excess of final product against overall % yield.

Stereoselectivity factor = 6 for both single kinetic resolution processes.

6 for each step in both double kinetic resolution processes.
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Appendix 2

Plot of % enantiomeric excess of final product against overall % yield.

Stereoselectivity factor = 10 for both single kinetic resolution processes.

Stereoselectivity factor = 10 for each step in both double kinetic resolution processes.
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Appendix 2

Plot of % enantiomeric excess of final product against overall % yield.

Stereoselectivity factor = 15 for both single kinetic resolution processes.

Stereoselectivity factor = 15 for each step in both double kinetic resolution processes.
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Appendix 2

Plot of % enantiomeric excess of final product against overall % yield.

Stereoselectivity factor = 25 for both single kinetic resolution processes.

25 for each step in both double kinetic resolution processes.

Stereoselectivity factor
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Appendix 3

Appendix 3

Preparation of Figure 8.



Appendix 3 vil

In Figure 8, the relationship between the % enantiomeric excess of the final
product and the overall % yield for the double kinetic resolution process as described in
Chapter 2 was obtained as detailed below.

The % enantiomeric excess of the recovered reactant from the first kinetic resolution

(E = 6) is dependent on the conversion of the first kinetic resolution as shown in Table 1.

Table I
% conversion in first % ee recovered % yield of recovered
kinetic resolution reactant reactant
10 7.7 90
20 16.8 80
30 27.6 70
40 40.4 60
50 55.7 50
60 72.8 40
70 89.0 30
80 98.1 20
90 99.9 10

If the first kinetic resolution is stopped at 40% conversion, % enantiomeric excess
of the recovered reactant is 40.4%. If this material is now used as starting material in a
second kinetic resolution [as described in Chapter 2 (where E = 6)], use of the computer
model (Appendix 1) gives the % enantiomeric excess of the final product for any
conversion. Simple calculation enables the % enantiomeric excess of the final product
(from the second kinetic resolution) to be plotted against overall % yield (for both kinetic
resolutions) and is shown, for this example, by the yellow line (Figure I). In this case
maximum overall % yield is 60% (since the first kinetic resolution was run to 40%
conversion). When the lines that arise from different conversions in the first kinetic
resolution are also plotted, a line can be drawn that shows the maximum overall % yield
obtainable using this double kinetic resolution strategy against % enantiomeric excess of the
final product.

Figures 9 to 12 were prepared in a similar manner to that described above.
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Appendix 3
Figure I : % Enantiomeric excess of product from the second kinetic resolution versus

overall % yield (for both kinetic resolutions).
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Appendix 4

Appendix 4

Preparation of Figure 13.



Appendix 4 iX

In Figure 13, the relationship between the % enantiomeric excess of the final
product and the overall % yield for the double kinetic resolution process as described in
Chapter 3 was obtained as detailed below.

The % enantiomeric excess of the product from the first kinetic resolution (E = 15)

is dependent on the conversion of the first kinetic resolution as shown in Table IL

Table 11
% conversion in first % ee product % yield of product
kinetic resolution
5 87.0 5
15 85.7 15
25 83.9 25
35 81.5 35
45 77.5 45
55 69.9 55
65 53.2 65
75 33.3 75
85 17.7 85
95 5.3 95

If the first kinetic resolution is stopped at 55% conversion, % enantiomeric excess
of the product is 69.9%. If this material is now used as starting material in a second kinetic
resolution [as described in Chapter 3 (where E = 15)], use of the computer model
(Appendix 1) gives the % enantiomeric excess of the final product for any conversion.
Simple calculation enables the % enantiomeric excess of the final product (from the second
kinetic resolution) to be plotted against overall % yield (for both kinetic resolutions) and is
shown, for this example, by the yellow line (Figure II). In this case maximum overall %
yield is 55% (since the first kinetic resolution was run to 55% conversion). When the lines
that arise from different conversions in the first kinetic resolution are also plotted, a line can
be drawn that shows the maximum overall % yield obtainable using this double kinetic
resolution strategy against % enantiomeric excess of the final product.

Figures 14 to 17 were prepared in a similar manner to that described above.



Appendix 4
Figure I : % Enantiomeric excess of product from the second kinetic resolution versus

overall % yield (for both kinetic resolutions).
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Appendix 5

Appendix 5

Computer model of the reaction of lithium-(a-methylbenzyl)benzyl

amide (127) with the iron crotonyl complex (129).



Appendix 5

The diastereomeric ratio of the product (145) obtained from the reaction of
lithium-[ (RS}-a.-methylbenzyl [benzyl amide (129) with (RS )-iron crotonyl complex (127)
was 96 : 2 : 2 [(RS,RS,RS) : (RS,RS,SR) : (RS,SR,SR)]. Since mass action has no effect in
a reaction between two racemic mixtures, this ratio is equivalent to the ratio of the
specific rate constants for the formation of each product diastereomer. Therefore, the
relative rate of reaction of the matched pair {(R}-129 + (R)-127 [or (§)-129 + (§)-127]}
and the mismatched pair {(R)-129 + (5)-127 [or (S)-129 +(R)-127]} is 96 : 4 (or 24 : 1).

The relative rates of formation of each product diastereomer were used in a simple
computer model. Given the % enantiomeric excesses of the starting materials (127 and
129), the computer model enables prediction of the expected % enantiomeric excesses of
the recovered starting materials and the % enantiomeric and diastereomeric excesses of
the product (145) at any conversion. The model can assume that 129 forms monomers or
homochiral dimers (if homochiral dimers are assumed, then the unused part of the dimer
does not return to the reaction medium).

The model was written on an Apple Macintosh Computer using Microsoft Basic.
The following pages show a listing for the programme, the data input required and the

form of the data output.



Listing:

Appendix 5

10 INPUT *% Enantiomeric excess of iron compiex (R>S => positive) = “;CA
20 INPUT "% Enantiomeric excess of amine (R>S => positive) =*;CB
30 INPUT “Ratio of amine to iron compiex ="H

35 INPUT “Is amine monomers (1) or homochiral dimers (2)";DA

40 INPUT "Number of points to be dispiayed™;D

SO INPUT “Relative rate of formation of RRR/SSS diastereomer =":D1
60 INPUT "Relative rete of formation of RSR/SRS diastereomer =*:D2
70 INPUT "Relative rate of formation of RRS/SSR diastereomer =*;D3
80 INPUT "Relative rate of formation of RSS/SRR diastereomer =“:D4
85 H=H/DA

90 EA=CA/100

100 EB=CB/100

110 L=t/(D~1)

115 RC=0

116 SC=0

120 RRR=0

130 RSR=0

140 RRS=0

150 RS$S=0

160 S5S5=0

170 SRS=0

180 SSR=0

190 SRR=0

200 B=0

210 RA=((1+EA)/2)

220 SA=1-RA

230 RB=((1+EB)/2)*H

240 SB=H-RB

244 PRINT - IRON COMPLEX AMINE RRR/5SS RSR/SRS RRS/SS
R RSS/SRR

245 PRINT * CONVN EE YIELD EE YIELD EE Y{ELD €E Y{ELD EE YiEL
D EE VYIELD*

250 FOR Z=.001 TO .999 STEP .001

ZiOBN:E()l:A*RB*DI )+(RA*RB*D2)+(RAXSB*D3) +(RA*SBXD4) +(SAXSB*D1)+(SA*SB*D2) +(SA*RB*D3) +(S
A*R )

270 RRRF=(.001*(RA*RB*D1))/N

2B0 RSRF=(.001*(RAXRB*D2))/N

290 RRSF=(.001*(RA*SB*D3))/N

300 RSSF=(.001*(RA*SB*D4))/N

310 SSSF=(.001*(SA*SB*D1))/N

320 SRSF=(.001*(SA*SB*D2))/N

330 SSRF=(.001*(SA*RB*D3))/N

340 SRRF=(.001*(SA*RB*D4))/N

350 RA=RA~RRRF-RSRF-RRSF-RSSF

360 SA=SA~SSSF~SRSF~SSRF-SRRF

370 RB=RB-RRRF -RSRF~SRRF~SSRF

380 SB=SB-SSSF-SRSF~RSSF~RRSF

385 RC=RC+((RRRF+RSRF +SRRF+SSRF)/2)

386 SC=SC+((5SSF+SRSF+RSSF+RRSF)/2)

390 RRR=RRR+RRRF

400 RSR=RSR+RSRF

410 RRS=RRS+RRSF

420 RSS=RSS+RSSF

430 SSS=555+5SSF

440 SRS»*SRS+SRSF

450 SSR=SSR+SSRF

460 SRR=SRR+SRRF

465 C=100*Z

468 IF Z=.999 GOTO 480

470 IF 2=B GOTO 480 ELSE 560

480 B=B+L

485 IF RA+SA=0 GOTO 495 ELSE 490

490 F1=100*((RA-SA)/(RA+SA))

495 IF RB+SB=0 GOTO 505 ELSE S00

SO0 F2=100*((RB-SB)/(RB+58))

505 IF RRR+SS5=0 GOTO 515 ELSE 510

510 F3=100*((RRR-SSS)/(RRR+5SS))

515 IF RSR+SRS=0 GOTO 525 ELSE 520

520 F4=100*({RSR-SRS)/(RSR+SRS))

525 IF RRS+SSR=0 GOTO S35 ELSE 530

530 F5=100*((RRS-SSR)/{RRS+SSR))

535 IF RSS+SRR=0 GOTO 550 ELSE 540

540 F6=100*((RSS-SRR)/{RSS+SRR))

545 F7=100%((RC-SC)/(RC+SC))

546 F8=100*(({((RC+SC)/(RC+SC+RB+SB))*((RC-SC)/(RC+SC)N+(((RB+SB)/(RC+SC+RB+SB))*((RB-SB) /(
RB+SB)))

$S0 IF DA~1 GOTO 552 ELSE 555

S52 PRINT USING™#### ##°.C F1,(100%(RA+SA)),F2,(100*((RB+SB)/H)),F3,(100*(RRR+5S55)),F4,(10
O*(RSR+SRS)),F5,(100*%(RRS+SSR)),F6,(100*(RS§+SRR))

555 IF DA=2 GOTO 557 ELSE 560

S57 PRINT USING™#### ##°.C F1,(100%(RA+SA)) F8,(100*%((RB+SB)/H)),F3,(100*(RRR+SSS)) F4,(10
O*(RSR+SRS)),F5,(100*(RRS+SSR)),F6,(100*(RSS+SRR))

560 NEXT Z

S70 PRINT™% Enantiomeric excess of iron complex =*;CA

580 PRINT™X Enantiomeric excess of amine =";CB

600 PRINT Relative rate ot formation of RRR/SSS diastereomer =",D1
610 PRINT"Relative rate ot formation of RSR/SRS diastereomer =";D2
620 PRINT Reiative rate of formation of RRS/SSR diastereomer =*,D3
630 PRINT Relative rate of formation of RSS/SRR diastereomer =*,D4
640 FOR JdS = 1 TO 10000

650 NEXT JdS

660 END

X1



Example of Input:

Appendix 5

X Enantiomeric excess of iron compliex (R>S => positive) =7 30

X Enentiomeric excess of amine (R>S => positive) =7 -30

Ratio of amine to iron complex =7 1

Is amine monomers (1) or homochiral dimers (2)? 1

Number of points to be displayed? 21

Relative rate of formation of RRR/SSS diastereomer =7 96

Relative rate of formation of RSR/SRS diastereomer =7 0

Relative rate of formation of RRS/SSR diastereomer =7 2

Relative rate of formation of RSS/SRR diastereomer =7 2

Example of Output:

CONVN
0.10
5.00

10.00
15.00
20.00
25.00
30.00
35.00
40.00
45.00
50.00
55.00
60.00
65.00
70.00
75.00
80.00
85.00
90.00
95.00
99.90

IRON COMPLEX
YIELD

EE
50.04
52.35
54.93
57.79
60.96
64.50
68.47
72.93
77.96
83.57
89.68
g5.63
99.29
89.96

100.00
100.00
100.00
100.00
100.00
100.00
100.00

99.90
95.00
90.00
65.00
80.00
75.00
70.00
65.00
60.00
55.00
50.00
45.00
40.00
35.00

30.00-
25.00-
20.00~

AMINE

EE
-50.04
-52.35
-54.93
-57.79
-60.96
-64.50
-68.47
-7293
-77.96
-83.57
-89.68
-95.63
-99.29
-99.96
100.00
100.00
100.00

15.00-100.00

10.00-

100.00

5.00-100.00
0.10-100.00

YIELD

99.90
95.00
90.00
85.00
80.00
75.00
70.00
65.00
60.00
55.00
50.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00

0.10

RRR/SSS

EE
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

YIELD
0.09
467
9.32

13.95
18.55

23.11

27.62

32.07

36.41

40.58

44.45

47.63

4932

49.59

49.60

49.60

49.60

49.60

49.60

49.60

49.60

RSR/SRS
EE YIELD
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

RRS/SSR

EE YIELD
80.00 0.00
81.07 0.17
82.20 0.34
83.37 0.53
84.58 0.73
85.83 0.95
87.12 1.19
88.47 1.47
69.88 1.79
91.35 221
92.91 278
9459 3.68
96.26 5.34
97.41 7N
98.04 10.20
98.43 1270
98.68 15.20
98.87 17.70
99.01 2020
99.12 2270
99.21 25.15

Xiii

RSS/SRR
EE VIELD
80.00 0.00
81.07 0.17
82.20 0.34
83.37 0.53
84.58 0.73
85.83 0.95
87.12 1.19
88.47 1.47
89.88 1.79
91.35 2.21
9291 2.78
94.59 3.68
96.26 5.34
97.41 7.71
98.04 10.20
98.43 1270
98.68 15.20
98.87 17.70
99.01 20.20
99.12 22.70
99.21 25.15






