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ABSTRACT

The objectives of this thesis were to conduct model work on two systems in anticipation of
using them on the pathway chosen to synthesize the side-chain of paclitaxel. The model systems
chosen  were  benzoyl-13-dithiane,  [l-phenyl-2-(1 3-dithiacyclohexyl)ethanone]  and
hydrocinnamoyl-1,3-dithiane, [4-phenyl-1-(1.3-dithiacyclohexyl)butan-2-one]. This work
consisted of screening several acyl equivalents to determine which one could best be used for a one
carbon homologation. Enantioselective reduction of the carbonyl group, using three different chiral
reducing agents, was also studied. Studies were also conducted to determine the most efficient
manner in which to unmask the carbonyl group and convert it to the more stable methyl ester.

Several acyl equivalents, tris(methylthio)methane, tris(phenylthio)methane and 13-
dithiane, were tested and 1,3-dithiane was determined to be the most advantageous as determined
by the efficiency of creating the anion and the stability of the final products 91 and 9%...

Enantioselectrve reduction of benzoyl-1,3-dithiane 91 and hydrocinnamoyl-1,3-dithiane 98
using Corey's (s)-oxazaborolidine reagent 105 produced different results for each compound. This
reducing agent 105 produced the highest enantiomeric excess (87%) of those studied on benzoyl-
1,3-dithiane 91. Reduction of hydrocinnamoyl derivative 98 resulted only 45% enantiomeric
excess however the yield was much higher at 85%.

Results from asymmetric reduction of the benzoyl-1,3-dithiane 91 and the hydrocmnamoyl-
1.3-dithiane 98 using the modified Corey’s (s)-oxazaborolidine reagent 108 indicated lower
selectivity for this reagent. The benzoyl-1,3-dithiane 91 had an enantiomeric excess of only 44%
while the higher homologue 98 had 2 much lower enantiomeric excess (3%).

The use of (-)-diisopinocampheylchloroborane (Dip-Cl) as the enantioselective reducing



m

agent produced much improved selectivity for both systems. Reducnon of the benzovl denvative
91 afforded alcohol 92 with an enantiomenc excess of 53% while the reducton of the
hydrocinnamoyl derivative 98 afforded the alcohol 99 with an enantiomeric excess of §87% and i
90% vield.

The final target methyl ester 103 mn the hvdrocinnamoyl model system was prepared by two
separate routes. Dithiane 93 and 100 were oxidatively hydrolyzed to afford the aldehvdes 94 and
101 on treatment with mercuric(Il) chionde and cadmuium carbonate. The methyi ester 103 was
then prepared by oxidation and concomitant esterification of the aldehyde 101 on treatment with
bromine/sodium bicarbonate/methanol. The second route consisted of oxidation of the unmasked
aldehyde 101 to the corresponding carboxylic acid 102 on treatment wath silver (I) oxide and then
esterification on treatment with diazomethane to afford the methyl ester 103. Authentic sanples of

both methyl esters 96 and 103 were also synthesized.
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1 _INTRODUCTION

11 _Overview

This thesis studied two models systems to test conditions and reagents in preparation for
use in the synthesis of a taxoid side-chain. Three enantioselective reducing agents, containing
boron, were used to determine their effictency in asymmetric reduction of the carbonyl group.
Several acyl equivalents were also tested for use in one carbon homologation of optically pure
phenylglycine.

Research in the area of enantioselective reduction of prochiral ketones using boron as the
hydride source has received a great deal attention as a result of the Food and Drug Administration
requirements for enantiomerically pure compounds for drug submissions. The number of
enantioselective boron derivatives containing chiral auxiliaries has increased over the last decade as
indicated by the large number of publications recenty.'® These boron hydrides use chiral
auxiliaries to control the facial selectivity and thereby enhance the enantioselectivity.

Enantiopure matenials are useful building blocks for synthesis. Consequently, several
groups have utilized phenylglycine as a starting material for the paclitaxel side-chain. An early
approach in our laboratories was stopped with Greene's publication® as the routes were nearly
identical. However, it was realized that the group required access to the side-chain in addition to

the need for improved methods that could be readily scaled-up starting with a natural source.

1.2 Background
The taxanes (Figure 1.2.1), specifically paclitaxel 1 (Taxol®) and docetaxel 2 (Taxotere®)
have been touted as “the most promising anticancer agents developed in the last decade™® The

mode of action for these agents is unique as they promote tubuler polymerization then bind to the



mucrotubules which prevents disassembly and further cell division. Pachitaxel 1 was the first taxane
to be approved for human use and has shown promising results tn treatment of ovartan cancer,
breast cancer and non-smali-cell lung cancer. Docetaxel 2 has recently been approved (September

1995) for use in treatment of similar tumors.

0]
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X Yo
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PHCOG OCOCHL,
1. Paclitaxel Rl = Ac R2 =PhCO
2. Docetaxel RlI=H R2 = -BuOCO

Figure 1.2.1, Structures of paclitaxel 1 and docetaxel 2

Paclitaxel 1 was first detected, in its crude form, in 1856 by Lucas® but it was not until
1971 that Wani and Wall® determined the structure of the compound. This material was isolated
from the bark of the American yew, Taxus brevifolia. Initially in short supply, the supply problem
has been over come due to the partial synthesis using baccatin ITf 3 (Figure 1.2.2) which is isolated
from the needles. As the needles can be harvested annually this represents a renewable resource.
Several groups around the world are attempting the total synthesis of paclitaxel 1 motivated by

curiosity and the desire to synthesis more active and potent analogues. To date, three groups
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(Holton™", Nicolaou® and Danishefsky”) have successfully completed total synthesis of paclitaxel 1.
However their synthetic routes, while elegant. are not economically viable due to low overall vields
and the large number of synthetic steps required. Docetaxel 2 is more effective, less toxic and more
water soluble than pachitaxel I . ii «an be readily prepared by a semi-synthetic route. This mvolves
the conversion of 10-desacetylbaccatin Il 4 (Figure 1.2.2), obtamed from the needles of the

European yew, Taxus baccata, to docetaxel 2.

RIQ O  oH

HO. .........
. ; O
Bo N
3. Baccatin I Rl =Ac
4. 10-desacetylbaccatin I R!=H

Figure 1.2.2. Structures of baccatin Il 3 and 10-desacetylbaccatin IIT 4

Structure activity studies of 1 and 2 have shown *hat several of the functional groups are
essential for biological activity. The oxetane ring plays an important role in binding to the tubulin
and helping to maintain the conformation of the taxane skeleton which was demonstrated by
Kingston.'™ The side chain is essential for activity particularly the hydroxyl group attached to the
2’ position.'™ To date, studies have shown that substituents attached to the hydroxyl groups at C7

and C10 can vary without drastic changes in activity. Biological testing of the C7 dehydroxy



derivative. prepared by Kingston vr al 1% established that this compound was <0 times more

cytotoxic than pachitaxel 1.

1.3 Previous svnthests of the Taxane Side-Chain

In view of the importance of the semi-synthetic routes to these drugs, several groups have

developed routes to the taxare side-chains as outlined below.

1.3.1 Greene's Epoxidation Routes

The first synthesis of the paclitaxel side-chain was accomplished by Greene e? al.'™ using
cis-cinnamyl alcohol as the starting material (Scheme 1 2.1.1). Sharpless asymmetric epoxidation
produced (2S,3R)-epoxy-alcohol § in 61-65% yield and with 76-80% enantiomeric excess. The
epoxide 5 was opened regioselectively when treated with azidotrimethylsilane and a catalync
amount of zinc chloride. The resultant alcohol 6 was then protected as the benzoyl derivative 7.
Hydrogenation of azide 7 was accompanied with an O — N benzoy! transfer which afforded the
methyl ester form 8 of paclitaxel side-chain. One crystallization from chloroform produced
optically pure amino alcohol 8 (= 95%) in 23% yield. The alcohol of amino alcohol 8 was then
converted to the MOM derivative 9 which was suitable for attachment to paclitaxel. This strategy
was later refined, by the same group,’'® by employment of Sharpless dihydroxylation to prepare the
diol 10 from methyl cinnamate (Scheme 1.3.1.2). The C2 alcoho! of the diol 10 was selectively
protected as the corresponding tosylate and the epoxide 5 was prepared on treatment with wet
potassium carbonate. The resultant epoxide S was opened regioselectively on treatment with

sodium azide in excellent yield (95%). Finally, treatment of alcohol 6 with benzoyl chloride and
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hydrogenation yielded the paclitaxel side-chain as the methyl ester 8. This route has also been used

to prepare the side-chain for docetaxel 2.

1 3 2 Sharpless's Dihydroxvlathon Route

Sharpless and Kolbe'* used the chiral catalyst (DHQ).-PHAL to perform the asymmetric
dihydroxylation of methyl cinnamate to give diol 10 in 69-76% yield and with excellent
enantiomeric excess (99%)(Scheme 1.3.2). The dio! 10 was then converted to the side-chain

methyl ester 8 in 4 additional steps via the azide route.

1.3.3._Deng and Jacobson's Epoxidation Route

Deng and Jacobsen'” used their manganese(IlI) chiral catalyst in a short route to the free
acid form of the side-chain 14 (Scheme 1.3.3). Ethy! phenylpropiolate was hydrogenated with the
aid of Lindlar catalyst The(R R)-epoxide § was synthesized, in excellent optical punty (97%),
when the alkene was treated with commercial bleach and 4-PPNO(cat). The amide 12 was
afforded on treatment of the epoxide 5 with ammonia in ethanol. Hydrolysis of the amide 12. on
treatment with barium h.ydroxide, produced the amino alcohol 13. Protection of the amino alcohol
13, on treatment with benzoyl chloride and base, afforded the acid-form of 14 which was isolated
excellent enantiomeric excess (> 97%). This strategy is sumlar to Greene’s but is one step shorter

due to the direct formation of amine 12, which avoided the azide reduction step.
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Scheme 1.3.1.1. Greene’s epoxidation route
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Scheme 1.3.1.2. Greene’s asymmetric dihydroxylation route



(DHQ),-PHAL. K,[OsO,(OH), ]
0 K,[Fe(CN),]. K,CO..

-

CH:  MeSO,NH,

1) PhC(OMe),_ TsOH
2) CH,COBr
3) NaN; DMF

H,, Pd/C, TsOH (cat.)

CH; -

Scheme 1.3.2. Sharpless’s asymmetric dihydroxylation route
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Scheme 1.3.3. Deng and Jacobsen’s epoxidation route

134 Commercon’s Oxazolidine Route

Greene et al."*" discovered up to 15% epimerization at the C2 center when the open form
of the side-chain and forcing conditions were used to attach the side-chain to a taxane. In an
attempt to disfavor the potential hydrogen abstraction and resultant epimerizaion, the use of cyclic
protection groups to lock in the steric configuration was investigated. Commercon ef al.'®

synthestzed the N,O-protected Sphenylisoserine 19 to test this theory (Scheme 1.3.4). The
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bromoalcohol 16 was svnthesized on condensation of the boron enolate of (48, SK)-3-bromoacetvl-
4-methyl-S-phenvl-2-oxazohidinone 15 wath benzaldehvde The bromoalcohol 16 was converted to
the epoxide § on treatment with base. The epoxide § was opened regiosclectively on treatment wath
sodium azide to afford the amumno alcohol 17. The amune group of the amino alcohol 17 was
protected as the Boc denvatve 18 Protection of compound 18 with methoxypropenc and PPTS
and subsequent sapontfication afforded oxazolidine 19, Afier estentfication wath the destred taxane,
deprotection of the side-chain also removed the Boc group from the amine  N-acyvlation and
O-deprotection afforded paclitaxel 1 and docetaxel 2 in good vields (59-62%) and high opuical
punty.

To eliminate the deprotection of the amine that occurred during the deprotecthion of the
side-chain, Commercon er al.'” substituted 4-methoxy-phenyl or 3. 4-dimethoxy-phenyi substituents
at the 2 position of the oxazolidine which are less stable oxazolidines. Oxazohdine 19 could then
be opened on treatment with methanesulfomc acid or p-toluenesulfonic acid at room temperature

with retention of the Boc group on the nitrogen.

1.3.5 Greene's Route Using Camphorsultam as a Chiral Auxibary

Greene et al.' " used Oppolzer’s L-(+)-camphorsultam as a chiral auxiliary to further
expand the strategy of using 1,3-oxazolidines as intermediates for the side-chain (Scheme 1.3.5).
Oppolzer’'s camphorsultam was coupled to enolate 20 through the acid chlonde to produce
camphorsultam 21. With the chiral auxiliary attached, the ©t face attack was controlled stencally
and the addition of the imine afforded diastertomer 22 in 68% yield with excellent optical purity
(2 99.5%). Protection of amide 22, using DDQ, afforded 1,3-oxazolidine 23 in excellent optical

purity (> 99%) and in 94% yield. The sultam amide 23 was oxidatively hydrolyzed, on treatment



with hydrogen peroxide, to afford the p-methoxy benzvhdine protected paclitaxel side-chain 24 1n
neariy quantitative yield
1.3 6 Greene's Phenviglveine Route

The strategy of using phenylglvamne as the starting matenal for the svnthests of the side
chain of pachitaxel was first reported by Greene er af * (Scheme 1.3 6) ($)-(+)-Phenvlglveine 28
was reduced on treatment with hithiumn aluminum hvdnde and the resultant anmuine was protected as
the benzoyl or Boc denvative 26 The alcohol of armde 26 was oxidized to the corresponding
aldchyde then treated with wvinylmagnesium bromide to afforded alkene 27 wath good swn
diastereoselection (9:1) and without loss of enantiomeric punty. The alcohol of alkene 27. on
protection with ethyl vinyl ether, was oxidatively cleaved to afford the corresponding carboxylic
acid 28, This protected form of the taxol side-chain was prepared in 30% yield with excellent

optical purity (= 99%).
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Scheme 1.3.4. Commercon’s epoxidation route
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Scheme 1.3.5. Greene’s route using camphorsultam as chiral auxiliary
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Scheme 1.3.6. Greene’s phenylglycine route

1.3.7 Dondoni's Thiazole Route

Another route using (S)-(+)-phenylglycine 25 as the starting matenial was reported by
Dondoni er al.'® (Scheme 1.3.7). The amino acid 25 was first converted to the acid chloride and
then transformed into the methyl ester. The amine group of the methyl ester was protected as the

Boc or benzoyl derivative 30. The methyl ester 30 was reduced on treatment with DIBAH to
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afforded the corresponding aldehyde 31 The thiazole anion was prepared in situ by desilylation
and then a 1,2 addition to the crude aldehyde 31 afforded the sy» amino alcohol 32 with exceilent
diastereomeric selectivity (95%) and in 75% yield. Oxazolidine 33 was formed on treatment of
thiazole 32 with DMP, CSA and PPTS. The carbonyl group was unmasked on treatment of
thiazole 33 with methyl tnflate. reduction with sodium borohydnde and finally mercury(Il) or
copper (T) assisted hydrolysis, The resultant aldehvde was oxidized using potassium

permanganate in f-butyl alcohol to afford the acid form of the side-chain 34 in 47% overall yield.

1.3.8 Hanaoka's Aldol Condensation Route

Hanaoka ez al."” synthesized an optically pure form of the side-chain through an asymmetric
aldol condensation using a (+)-chromium(0)-complexed benzaldehyde (Scheme 1.3.8). The
alcohol 37 was synthesized when (+)-Tricarbonyl(n®-o-trimethylsilylbenzaldehyde) chromium(0)
complex 35 was treated with the titanium enolate 36, which had been prepared in sin.. The anti-
aldol product 37 was then desilylated and irradiated with > 300 nm light, to remove the chromium
carbonyl motety, to afford thioester 38. The Mitsunubo reaction of thioester 38 with HN;, PPH;
and DEAD gave a syn amide. Reduction of the azide on the syn amide with PPH; and water and
subsequent protection of the amine, on treatment with benzoyl chloride and base, afforded the
amide 39 in excellent optical purity (98%) and in 63% yield. The thioester 39 was then converted
to the methyl ester 40, in quantitative yield, on treatment with thallium trinitrate in methanol.
Deprotection of the alcobol 40, by hydrogenation, afforded the methyl ester of the taxol side-chain
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.39 f-Lactam Pathwavs using frans-2-Phenyl-1-cyvclohexyl as a Chiral Auxihary

The use of flactams as precursors for the synthesis of the side-chain has been studied by
several groups. Ojima er al prepared the side-chain by a chiral htium ester enolate-imimne
cyclocondensation method (Scheme 1.3.9). Treatment of (silvloxy)acetate 41 with LDA afforded
the (E)-lithium enolate 42. Addition of N-(trimethylsilyl)imine pave a N-lithiated Aaminoester
which cyclized to afford the Blactam 43. Theflactam 43 was deprotected on treatment with
1-butylammonium fluoride and then hydrolyzed to afford the phenylisoserine. The amine group was
protected as the benzoyl dertvative, on treatment with benzoyl chloride and base, to afford the free
acid form of the side-chain 17. The enantiomeric purnty and yield were directly affected by the
O-protecting group and the chiral auxiliary. Denvatives bearing triisopropylsilyl as the O-
protecting group and (-) or (+)-trans-2-phenyl-1-cyclohexyl as the chiral auxiliary afforded the cis-
Blactams with excellent enantiomenic punity (96-98%) and in yields of 80-85%.

Similar work has been completed by Swindell and Tao® using chiral auxiliaries to control
the steric environment dunng the cycloaddition reaction. With their imine and ketene acetal system,
(1R,25)-(-)-trans-2-phenyl-1-cyclohexy! produced respectable endo-exo discrimination (70:18) and
good n-face discrimination (88:12). Other chiral auxiliaries, (1R,2R,3R,55)-(-)-iospinocampheyl,
(1R,25,5R)~(-)-menthyl and (1R,2S,5R)-(-)-8-phenylmenthyl, produced better endo-exo and n-face
discrimination but the unnatural 2'S,3'R enantiomer was isolated. The ligand that gave the best
results was (15,2R)}(+)-trans-2-(1-methyl-1-phenylethyl)-1-cyclohexyl which produced excellent

endo-exo discrimination (93:0) and good n-face discrimination (93:7).
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1.3.10 Georp's B-Lactam Route

Georg et al.® have synthesized Blactam and phenylisoserines asymmetrically via the
Staudinger reaction (Scheme 13.10). Treatment of the galactose imine 44 with the aryl acid
chlonde 45 yielded one diastereoisomer 46 in cis stereochemistry. Hydrolysis of the Slactam 46
and subsequent treatment with benzoyl chloride and base afforded the N-benzoyi-3-phenylisoserine

derivative 47. The phenylisoserine methyl ester 48 was synthesized by



X

oxtdative dearylation of methyl ester 47 on treatment with ammonium cerium (IV) nitrate 1o cleave

the aryl group. Unfortunately, optical rotanion of this compound revealed that the 25, 3R 1somer had

been synthesized.
OAc OoAc
0Ac oac o
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;\ AcO N Ar
AC
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CHa
Ar
47

Scheme 1.3.10 Georg’s fiactam route



1.3 11 Fanna’s /Flac;am Route

Farina ¢f al”” used silylated L-threonine ester 50 as a chiral auxiliary to prepare the
/tlactam 56 (Scheme 1 3.11). The L-threonine ester 50 was condensed with the acetoxyacetyl
chloride 49 in the presence of base to afford the Blactam 51 in 74% yield and a diastereomeric ratio
of 115:1. r-Butyl ammonium fluoride was used to deprotect the secondary alcohol 51 and then
mesylatton/elimination afforded the alkene 53. The ozalimide 54 was prepared, cleanly, by
ozonolysis and then without punfication was treated with sodium bicarbonate, to afford the

Slactam 56.

1.3 12 Palomo’s 8-Lactam Route

The usefulness of the Staudinger reaction to synthesize flactams was also demonstrated by
Palomo ¢7 al.”* (Scheme 1.3.12). A single cis isomer 59 was obtained from the condensation of the
acid chloride 57 with the imine 58. The cis Slactam 59 was oxidatively dearylated, on treatment
with ammonium cerium (IV) nitrate. The ring system was opened on treatment with
chlorotrimethylsilane in methanol to afford the corresponding famino ester which was isolated as

the benzoyl denivative 60.
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1.3.13 Kayser's Route using Baker’s Yeast

Kayser and Keamns®™ used Baker's yeast to catalyze the enantioselective reduction of
dione 63 on route to the paclitaxel side-chain (Scheme 1.3.13). Inexpensive phenylgiycine 25 was
converted to the acid chloride 61 , when heated at reflux with thionyl chlonde, and then transformed
into a nitrile group 62 on treatment with sodium cyamde. Alcoholysts of the resultant nitrile group
62 afforded the methyl ester 63. It was found that Baker’s yeast reduced the carbonyl group at the
C3 position enantioselectively to afford the R alcohol 64. The amine of alcohol 64 was protected as
the amide using Georg's”® methodology to yield (2R, 35)-N-benzoyl-3-phenylisoserine 8 in 91%

yield.
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Scheme 1.3.13. Kayser’s route using Baker’s yeast




1.3 14_Chen’s Enzymatic Route

Chen et al.”” used Mucor micher lipase MAP-10 and 1sobutyl alcohol to resolve (=)-methyl
trans-f+phenylgiycidate 65 in high optical punty and chemical yields (Scheme 1.3.14) The
epoxide 66 was opened regioselectively to yield 2R 3S5-hvdroxybromine 67 in 90% wyield.
Displacement of the bromine at C3 on treatment with sodium azide afforded the inverted product 6.
The hydroxy group of azzde 6 was converted to the benzoyl denvative 11. On hydrogenation of the
azide and the accompanying O—»N benzoyl transfer afforded the side-chain methyl ester 8 in 40%

overall yield.

1.3.15 Sih's Enzyme Studies

A vanety of lipases were screened by Sih er al™ for their ability to selectively cleave the
ester at C3 or open the Flactam ring. In an attempt to increase the reaction rate and not
compromise the enantiomeric purity, several conditions were studied. The effect of cosolvents,
temperature, and water concentration on the reaction was studied The addition of a cosolvent
(10% acetonitrile) and elevated incubation temperatures increased the reaction rates, To improve
the medium for the biocatalytic transformation, several organic solvents were tested. ¢-Butyl methyl
ether and isopropyl ether afforded the most results. The effect of water concentration in the r-butyl
methyl ether on the cleavage of the C3 acetyl group was investigated. It was found that 10 molar
equvalents was the optimum level. It was noted that when methanol (5 eq.) was substituted for the
water, the C3 acetyl group was removed but in addition the S-lactam ring was opened to give the

required 2R 3 configuration of the side-chain.
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1 4 Synthesis of Prodruqs

In order to overcome the formulation problems associated with paclitaxel 1, which nclude
low water sotubility and lack of functional groups to allow salt formation, several routes have been
devised to synthes.ze prodrugs of paclitaxel 1. The C2' and C7 site would seem to have the most
potential for derivatization without substantial lost of biological activity.

Kingston e al.” completed a structure-activity study where 2', 2'.7 and 7 acetates were
prepared, characterized and tested for biological activity. The results indicated that paclitaxel 1 and
the 7-acetylpaclitaxel had similar biological activity while the 2'-acetylpaclitaxel was approximately
haif as active. The 2’,7-diacetylpaclitaxel was approximately 10-fold less active than paclitaxel 1.

Nicolaou er al.¥® systematically prepared and tested the biological activity of several
propaclitaxel compounds and determmed that high temperature and pH controlled the rate at which
paclitaxel 1 was released. The compounds studied were of two basic types (Figure 1.4). The rate
of release of paclitaxel 1 from Type | compounds mcreases when the electron-withdrawing ability
of the aryl substituent on the sulfone moiety was increased. Similarly, the rate of release from Type
T compounds also increased with the electron-withdrawing ability of the hetroatom linkage. Using
this trend, its was propesed that simple chemical principles could be used to fine-tune future

derivatives to maximize their biological and pharmacological properties.
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Figure 1.4. Mechanistic rationale for the design of propaclitaxels

1.5 Preparation of Water Soluble Derivatives

In an attempt to increase water solubility as well as enhance the activity of the prodrug,
Kingston et al*' studied two routes for the preparation of the sulfonate derivatives of the 2'-
succinylpaclitaxel 75 and the two 2'-acylpaclitaxel derivatives (Figure 1.5.1). The first approach to
the sulfonate derivative consisted of coupling of the 2'-succinylpaclitaxel 75 wath the t-
butylammonium salt of taurine or 3-amino-1-sulfopropionic acid via the mixed anhydride reaction.
The amino acid derivatives 68 and 69 were then converted to the water soluble sodium salts. The
2'-acryloylpaclitaxel 70 was prepared by the mixed anhydride method and then Michael addition of
sodium metasulfite to the ¢ S-unsaturated ester afforded the sulfonate derivative 71. The sulfonate

derivatives were between 100-200 times more water soluble than paclitaxel 1 however their



biological acuvity was only shghtly dimimished as compared to paclitaxel 1. Both 2'-
glycyclpaclitaxel 72 and the 2'-(y-aminobutryl)paclitaxel 73 were prepared but were too unstable to
conduct further testing.

Stella er al. " synthesized and evaluated several compounds by introducing an amino acid to
the C2' or C7 positions. Coupling of 3-(N,N-diethylamino)propionic acid methanesulfonate with
paclitaxel 1 using DCC and DMAP in dichloromethane produced the C2' derivative 74 with the
greatest water solubility (> 10mg/mL)} and equal or better biological availability compared to
paciitaxel 1. The C7 denvanves had a much lower activity for inhibiting tumor growth and
melanoma cell proliferation. The similanty in activities between the C2' analogues and paclitaxel 1
was thought to be due to the in vive conversion of the analogues to paclitaxel 1 or an active
metabolite.

Deutsch er al.™ prepared several water-soluble 2'-monoderivatives of paclitaxel 1 on
treatment with succinic anhydride or glutanc anhydride (Figure 1.5 2). These derivatives were then
converted to the sodium, triethanolamine and N-methylglucamine salts and screened for biological
activity. In this senies, the sodium and triethanolamine salts of the 2’-monoglutarate 76 were the
most potent and active of those tested. All attempts to prepare a basic prodrug were unsuccessful
except for the coupling of an acidic prodrug with a dibasic amine. The amino amide 77 was
synthesized when the 2’-glutarylpaclitaxel was coupled with the 3-(dimethylamino)-1-propylamine.
The hydrochloride salt of this compound had good solubility and was the most potent and active of

all agents reported.
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Figure 1.5.1. Structures of water soluble derivatives of paclitaxel

R=COCH,CH,CONHCH.CH.CH.SOX'
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Figure 1.5.2. Structures of succinyl, glutaryl and amino amide paclitaxel derivatives

1.6 Preparation of p-Substituted 3'-Phenyl Analogues
A series of analogues synthesized by Swindell er a/.** and Potier er al* revealed several

important points about the structure-activity of the side-chain. These two groups found that the C3'
acyl group was essential for activity however the amide’s aryl group may be substituted with
another aryl or alkyl group. The C3" aryl group is required as demonstrated by a 19-fold decrease
in activity with replacement by a methyl group. One of the polar functional groups on the C2' or
C3’ can be removed wit: little effect on biological activity. However the removal or interchange of
both groups caused a drastic reduction in activity. It was also noted that the natural (2'R, 3'S )
isomer was much more active than the (2'S, 3'R ) enantiomer and that the (2'S, 3'S ) and (2’R,3'R)

diasteriomers of the side-chain maintained similar activity to the natural isomer.
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The first denvanives of paclitaxel I possessing substituents on the two phenvl nings of the
side-chain were re~oried by Georg er al.™ (Figure 1.6). An ester enolate cyvclocondensaton reaction
afforded a Flactam with a chlorne substituent at the C4 position of the nng.  NV-acvlanon of the
lactam led to phenylisoserine 78 with a chlorine substituent at the C3' amine position. Both

paclitaxel analogues were prepared in good yield and had similar activity to the parent compound.

CH;0CO O oH

{ : o
HO
PHCOG OCOCH,
78.  p~Chlorophenyl paclitaxel Ar' = p-CIC,H, Ar® = CoHs
Ar' = C¢H;s Ar® = p-CICH,
79.  p-Fluorophenyl paclitaxel Ar' = p-FCeH, Ar* = C¢Hs
80.  p-Dimethylamino paclitaxel  Ar' = p-(CH:).NCHqH, Ar* = CgHs

Figure 1.6. Structures of p-substituted 3'aromatic paclitaxel derivatives

Subsequently, Commercon er al.*” have prepared two additional 3'-phenyl ring derivatives
using the Staudmger reaction. These side-chain analogues contained fluorire 79 or dimethylammo
80 groups at the para position (Figure 1.6) and were coupled to O-diprotected baccatin . Double
deprotection of the two compounds afforded two new taxoid analogues with substituents at the para

position of the 3’ phenyl group. The overall yield was reported as 23% for the fluorine denivative



and 42% for the dimethylamino analogue The fluonne denvative was reported to have an IC50 of

003 pg/mL as compared to docetaxel 2 (IC50 = 0.04 pg/mL).

| 7 Preparation of 2’-Methvl Analogue

The first preparation of a 2’ alkylated analogue of the 25,3R and 2R.3S side-chain was
reported by Greene er al.”® (Scheme 1.7). The N-benzylidene-1-phenylethylamine 81 was afforded
on condensation of 1-phenylethylamine with benzaldehyde. Addition of methyl pyruvate to a stirred
suspension of the imine 81 and niobium (IM) chloride in THF at -20°C afforded the sym-
diastereoisomerically favored product 82 (9:1). Hydrogenation and protection of the amine with a
Boc group transformed methyl ester 82 into the C2' methyl docetaxel side-chain 83. Attempts to
open the p-methoxybenzylidene side-chain under acidic conditions were unsuccessful. Preparation
of the more acid labile 2 4-dimethoxybenzylidene 85 resolved the problem however the coupling
procedure faled to afford the desired product. Substitution of a di-2-pyridyl variant, for DCC,
afforded the docetaxel 2 in 72% (25,3R) and 40% (2R,3S) yields respectively. Unfortunately,
opening of the dimethoxybenyzlidene ring also removed the Boc group and the amine had to be
reprotected as the Boc derivative before the final deprotection of the C7 and C10 hydroxy groups to
afford the 2’ methylated analogue. The 2'S,3'R derivative showed no biological activity however

the 2'R,3'5-2'methyl docetaxel showed significantly greater activity than that of docetaxel 2.
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! 8 Proposed Route 1o Taxerd Side-chamn

Our planned route for the synthesis of the methyl ester of the paclitaxe! side-chain 8 is
outlined 1n Scheme | 8
Optically pure phenylglycine 25, would be converted to the amide 86 on treatment with benzoyl
chlonde and triethylamine. The carboxylic acid 86 would be treated with methanol and a catalytic
amount of sulfuric acid to afforded the methyl ester 30. A one carbon homolagation would be
completed with the addition of the cyclic S,S acetal to the terminal carbonyl group. The next step
would be to distereoselectively reduce the carbonyl group to generate the correct geometry.
Enantioselective reduction of the ketone 87 would afford the alcohol 88 in high optical purity. The
alcohol 88 would then be protected as the silyl ether to afford the r-butyl dimethyl silane derivative
89. The aldehyde would then be unmasked and directly oxidized to the methy! ester first by
oxidation with N-bromosuccinimide and then esterificaion with bromine/sodium
bicarbonate/methanol.  Deprotection of the hydroxy group would afford the methyl ester of

paclitaxel side-chamn 8.
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2 RESULTS AND DISCUSSION

In order to establish the feasibility of the approaczh outlined in Scheme 1.8, model
systems were examined and these studies form the basis of this thesis. Benzoyl and
hydrocinnamoyl compounds were chosen for the model work to determine the effect of steric
crowding and the adjacent dithiane group on the stereocontrolied reduction. The initial model
work consisted of a one carbon homolagation afforded by the addition of an acyl equivalent and
then enantiomeric reduction of the carbonyl group with the adjacent sulfur groups in place.

The pathway using the first model system, benzoyl chlonde, is outlmed m
Scheme 2.1.

The first step involved a one carbon homolagation on addition of an acyl equivalent.
Tris(methylthio)methane was the imtial acyl equivalent chosen to add to the carbonyl group.
The instability of the resulting product led us to try tris(phenyithio)methane as 2 logical
altemative. Unfortunately similar results were obtained with this reagent. In an attempt to
increase the stability of the product of the first step, 1.3-dithiane was studied as the acyl
equrvalent. The 1,3-dithiane was treated with ~-BuLi at -78°C for 20 minutes then added via a
cannula to the benzoy! chloride 90 in THF. After work-up, the ketone 91 was isolated in 61%
yield. The IR spectrum indicated a strong signal at 1679 cm™ characteristic of a conjugated
ketone. The major by-product was isolated and identified as an alcohol containing two dithiane
units. This side reaction has been reported previously.”> Treatment of the ketone 91 with
sodium borohydride afforded a racemic mixture of the aleohol 92 characterized by a broad
signal at 3425 cm™ in the IR spectrum and doublets at 4.90 ppm(PhCH) and 4.06 ppm

(HCS2)and a broad singlet at 2.95 ppm (OH) in the "H NMR spectrum.
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Scheme 2.1. Proposed route for benzoyl model system

The purified alcohol 92 was protected as a silyl ether on treatment with s~butyldimethyl

silyl chloride. Characteristic signals were noted in the '"H NMR spectrum at 0.86 and 0.07



ppm for the 1-butyl and methy! of the protecting group. The broad singlet for the hydrogen of
the alcohol at 2.95 ppm in the '"H NMR spectrum also disappeared. The final step of the
synthesis was to unmask the aldehyde 94 and converted 1t to the more stable methy! ester 96.
The benzoyl denvative 93 was dissolved in acetonitnle and water (80:20) and treated with M-
bromosuccinimide (6 eq) and collidine (12 eq) at 0°C. Under these conditions all the starting
material disappeared and a2 new very polar spot was detected by TLC. However only a small
peak was detected at 9.36 ppm in the 'H NMR and the IR spectrum indicated a major peak at
1715 cm™ which is low for an aldehyde.*™** Several other methods were tried to hydrolysis the
dithiane with litle or no success. These included NBS/AgNO:* CuCl/Cu0,*
NCS/AgNO:.* Choramine-T."” m-CPBA.* methyl iodide.*® and CAN.* 1 3-Dithianes are
reported to be stable to hydrolysis using mercuric salts at room temperature.®' However
heating the mixture to 50°C n aqueous acetone (1:6) and using cadmium carbonate to control
the pH near neutrality was reported to unmask the aldehyde. The dithiane 93 was dissolved in
acetone-water (80:20) and treated with mercunic(ll) chloride and cadmium carbonate for 24
hours at 50°C to afford the aldehyde 94. The aldehyde 94 was only partially characterized, by
a singlet at 9.50 ppm in the 'H NMR spectrum, a peak at 199.5 ppm in the ’C NMR and a
band at 1746 cm™ in the IR spectrum, due to the unstable nature of the compound Several
methods were tried to directly oxidize the aldehyde 94 to the methyl ester 96. These included
r-butyl hypochlorite,”? PDC/methanol,*® I./NaOH/methanol.** and Bry/NaHCO:/methanol.**
Unfortunately none of these methods worked satisfactory on the benzoy! system.

The higher homologue was prepared via the same route as shown in Scheme 2.2.
Treatment of hydrocmnamic acid with oxalyl chloride afforded the acid chloride 97 (R=Cl).

Treatment of 1,3-dithiane with »-Buli at -78°C for 20 minutes afforded the anion. The
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solution contaning the amon was added wia a cannula to the acid chlonde 97 to afford the
dithiane 98 in 52% wield. This method was later modified to use the more stable ethyl ester 97
{R = OCH:CH:)instead of the acid chloride. This modification allowed a stable and easier to
handle starting matertal to be used and produced a modest improvement in vield (54%) A
strong signal at 1732 cm™ was detected in the IR spectrum which was charactenistic of a
ketone. Treatment of the ketone 98 with sodium borohydnde afforded the alcohol 99 in 82%
yield. The alcohol 99 was characterized by a broad signal at 3436 cm™ in the IR spectrum and
a doublet at 3.87 ppm (CHOS:) a broad singlet at 2.57 ppm (OH) in the '"H NMR spectrum.
The alcohol 99 was then protected as a silyl ether on treatment with r-butyldimethylisilyl
chlonide. This was confirmed by the disappearance of the alcohol signal in the IR spectrum and
the emergence of a singlet at 0.98 ppm and two singlets at 0.18 and 0.13 ppm in the '"H NMR
spectrum which are characteristic of the r-butyl and methyl groups on the silyl ether. The
dithiane 100 was dissolved in acetone-water and treated with mercuric(ll) chlonde and
cadmium carbonate for 24 hours at 50°C to afford the aldehyde 101. The aldehyde 101 was
only partially characterized, by a singlet at 9.58 ppm in the 'H NMR spectrum and a band at
1735 cm™' in the IR spectrum, due to the unstable nature of the compound. The aldehyde 101
was treated with all the reagents tried on the benzoyl model system with similar results except
that the bromine/sodium bicarbonate/methanol method worked. Unfortunately the alcohol on
methyl ester 8 was deprotected in the process and had to be reprotected to mantain its
chemical stability. The methy! ester 103 was characterized by a singlet at 3.69 ppm in the 'H

NMR representing the 3 hydrogens on the methoxy group.
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Scheme 2.2, Proposed route for bydrocinnamoyl model system

Due to the addition of the step to reprotect the alcohol, a simpler route was investigated

to try to mcrease the overall yield of the oxidation final steps. Silver (I) oxide was chosen as



the oxidizing agent to convert the aldehyde to the corresponding acid and diazomethane would
be used to estenfy the compound. The aldehvde 101 was dissoived 1in water and treated with
silver(I} oxide (2 eq) to afford the corresponding carboxviic acid 102 wn a small amount
Treatment of the carboxyhc acid 102 with freshly prepared diazomethane in cther afforded
methyl ester 103.. The 'H NMR spectra from the methy! ester 103 concurred with the spectra
from the methyl ester 103 prepared by the other route.

With these matenals in hand, the enantioselective reduction of the carbonv! group was
studied using three chiral reagents. The chiral reducing agents chosen were Corev's (s)-
oxazaborolidine reagent, modified Corey’s (s)-oxazaborolidine reagent and (-)}-Dip Cl

Corey et al™ first reported. in 1987. a highly enantoselective reduction of ketones
using borane and a catalytic amount of chiral oxazaborolidine reagent. Synthesis of the catalyst
was camied out by heating at reflux (8)-(-)-2-diphenylhydroxymethylpyrrolidine with
3 equivalents of BH:-THF under an atmosphere of Ar-BH: Removal of the solvent and
sublimation resulted in the pure compound. Subsequently, Boron-methy! and Boron-n-butyl
derivatives were prepared, by substitution of methylboronic acid and »-butylboronic acid for
borane in the synthetic pathway, so as to make the compounds less sensitive to air and
moisture. These catalysts do not reduce double bonds and amide functionalities, as occurs with
borane. The catalysts are more reactive and so can be used at lower temperatures which was
found to improve the stereoselectivity in reduction reactions. This increased the scope of these
reagents for synthesis to a-hydroxy acids and @-amino acids.

The preparation of the N-methyl derivative of chiral oxazaborolidine 105 (Corey's
reagent) was attempted as outlined in the literature.’® Unfortunately the ''B NMR and 'H

NMR spectrum were different from those reported An altemative method has also been



reported’’ for the preparation of the reagent 105 and this was attempted.  (S)-(-)-
{Diphenylhydroxymethyl)pyrrolidine was treated with mimethvlboroxine in toluene. Excess
methylboronic acid was removed by distillation of toluene as an azeotroptc mixture, The
ketones 91 and 98 were dned by distillation of benzene and then treated independently with
borane in THF and a catalytic amount of Corey’s reagent. The benzoyl alcohol 92 was isolated
in 52% yield while the hydrocinnamoyl alcohol 99 was isolated in 85% yield.

A small portion of each alcohol was converted to Mosher's ester® and the enantiomeric
excess for the respective compounds (92 and 99) was 87% and 45% as determined by
**F NMR

A further improvement in the chiral reducing agent was made by Mathre er af***
when a stable, free-flowing crystalline form of a borane complex was prepared. In Corey's
initial papers, this reagent was only identified as an important intermediate responsible for the
enantioselective reduction of ketones. However, Mathre er al. were able to isolate the
intermediate, obtain a single-crystal X-ray structure and prepare it on a large-scale. The
reagent is reported to be stable for over 3 years at room temperature when stored under
nitrogen, It was found that two of the three hydrides were effectively transferred during the
reaction and that the enantioselectivity was highest for the transfer of the first hydride.

The literature procedure involved treatment of (S)»(-)-
diphenylhydroxymethyl)pyrrolidine m dry toluene with trimethylboroxine at 21°C. Excess
methylboronic acid was removed by repeated washing with toluene as an azeotropic mixture by
distillation. BMS complex was added to the mixture at 20°C and stirred for 0.5 hours. On
addition of dry hexane a white precipitate formed. The suspension was cooled to -10°C and

stirred for 2 hours. Removal of the solvent left a white fluffy material. The ketone 91 and the



modified Corey’s reagent 108 were dned by distillanon of toluene as an azeotropic nuxture A
stoichiometric amount of the reducing agent 108 was dissolved i dry dichloromethane and
cooled 10 -20°C. The ketone 91 was dissolved n dry dichloromethane and added by syrnnge
pump, over 1 hour, maintaining the temperature at -20°C.  After 4 hours the reaction was
quenched with chilled methanol (-20°C) and punified. The spectral data was in agreement with
the data obtained for the racemic alcohol 92 however the enantiomeric excess was only 43 $%
by '"F NMR_ The ketone 98 was treated in the same manner except 2 2q of the chiral reagent
108 was used. Unfortunately the enantiomeric excess was a disappointing 2.5% by "'F NMR

for alcohol 99,
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From the above model. it would be expected that the S-isomer of both of the
oxazaborolidine chiral reducing agents would produce the R-alcohol for both model
systems. These results concure with those reported by DeNinno er al.™ using Corey's
reagent and similar dithiane systems. The differences seen in the enantioselective
reduction between the two model systems was also reported by DeNinno's group when an
ethyl group was substituted for a methy! group.

Brown and his group have synthesized many boron reagents over the years using
a-pinene as the chiral auxiliary. Dip-Cl has gained popularity in the asymmetric reduction of
ketones. It is commercially available in both enantiometric forms and even though sensitive to
oxygen and moisture, it has a shelf-life of several years when stored under an inert atmosphere
below 25°C. The reagent was originally tested on unhindered aliphatic ketones wath
disappointing results.’’ However when bot!: aliphatic and cyclic hindered ketones were used
high enantioselectivities were cbtained.

Recent publications'>* described the use of Dip-Cl as a chiral reducing agent in a
sterically crowded environment. Thus, it was decided to study this reagent. The ketone 91
was dissolved in dry THF and treated with 2.2 eq. of Dip-Cl in THF under an atnosphere of
dry nitrogen at 21°C for 14 days. The yield from the reaction was only 25%. The experiment
was repeated however this time the solid reagents were combined neat . After several hours the
mixture began to liquefy and the reaction was aliowed to proceed for 14 days at 21°C. The
mixture was then placed on 2 high vacuum to remove the a-pinene. The oily material was
diluted with ether, 2.2 eq. of diethanolamine was added and stirred for 1 hour at 21°C. The
precipitate was removed by filtration and washed with n-pentane. The benzyl alcohol 92 was

1solated in 41% yield with an enantiomeric excess of 55.1%. The ketone 98 was treated under
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the same neat conditions. After work-up and purification, the alcohol 99 was isolated in 90%

yield with an enantiomeric excess of 86.5% by F NMR

favoured H, /OH
"
RL/\Rs

lPC\B/C l unfavoured H__" ,OH
- . —_— 5
-""H--,lﬁRs S

Figure 2.2 (-}-Dip Cl Boat Transition State™

The above figure illustrates the boat transistion state for the enantioselective reduction
of the carbony! groups using Dip Cl. The (R)~(-)-tsomer of Dip Cl would be expected to
produce the S-alcohol using the above model.

The results from the enantioselective reduction of the two model systems using the

three different chiral reducing agents is summanzed in Table 2.1.



43

Table 2.1 Summary of Enantioselective Reduction.

% Enantiomeric Excess
Chiral Reducing Benzoyl-1.3- T Hydrocinpamoyl-
Agent Dithianc 1.3- Dithiane

(o1 (98)

(S)-oxazaborohdine 872 452

Modified 133 25
(S)-oxazaborolidine

(-)-Dip Cl 551 86.5

To prepare a silyl sther wath a more stable O-protecting group for the direct oxidation
of the aldehyde to the methyl ester, r-butyldiphenylsilyl was substituted for the
1-butyldimethylsilyl group however 1t was not possible to hydrolysis the dithiane with the
-butyldiphenylsilyl group in place.

Authentic matenal of both methyl esters was synthesized by different routes.
(+)-Mandelic acid was protected as the silyl ether on treatment with -butyldimethylsilyl
chlonde. The carboxylic acid 96 was dissolved in ether and treated with freshly prepared
diazomethane to afford the authentic methyl ester 96. The methyl ester 96 displayed a singlet
at 3.57 ppm in the "H NMR spectrum characteristic of the methoxy group. a signal at 173.2
ppm in the “C NMR and 1749 em™ in the IR spectra for the carbonyl group and singlets at
0.94, 0.15 and - 0.04 ppm in the 'H NMR spectra characteristic of the r-butyl and methyl
groups on the O-protecting group.

The authentic material for the methyl ester 103 was also prepared. 3-L-Phenyllactic
acid was dissolved in dichloromethane and treated with ~butyldimethylsilyl ciiloride at 21°C to

afford carboxylic acid 162. The resultant carboxylic acid was dissolved in ether and treated
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with freshly prepared diazomethane to afford the corresponding methyl ester 103.. Methyl
ester 103 displayed a characteristic singlet at 3.66 ppm in the 'H NMR for the methoxy group.
asignal at 173 2 ppm in the "'C NMR and 1747 cm™ in the IR spectra fe. the carbonyl group
and singlets at 0.78, - 0.13 and - 0.24 ppm in the 'H NMR spectra representative of the -butyl
and two methyl groups on the O-protecting group. Spectra from this authentic compound
concurred with the spectra from the methyl esters 103 prepared by the two studied methods.
Development of a HPLC system using several chiral columns to measure the
enantiomenic purity of several compounds was attempted However none of the columns tested
or solvent systems tried resulted in baseline resolution. The alcohuls 92 and 99 were tested on
all three types of chiral columns using solvent systems varying in composition from 50:50 to
0:100 for methanol/hexane and isoprcpyl alcoholhexane mixtures. Mosher esters of the
alcohols 92 and 99 were tested on the (R)-naphthyl urea using the above combinations of
mobile phase and these showed the best results using a mobile phase of 2.98 methanol/hexane
at | mL/minute. 3,5-Dinitrobenzoyl and camphor sulfonate dervatives were synthesized for
the hydrocinnamoyl compound. These derivatives were tested on the (R)-naphthy! urea and
3,5-dinitrobenzoyi glycine propylsilyl column using the above combinations of mobile phase

however baseline resolution was not achieved.
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3 Conclusion

Of the acyl equivalents studied. 1.3-dithiane was the most advantageous. Both
tris(methylthio)methane anZ wris(phenylthio)methane proved difficult to create the anion
and the resulting products were not stable enough for further testing  1.3-Dithiane
afforded a stable anion using a literature procedure and the resulting products 91 and 98
vere crystalline and proved to be very stable.

As a result of our investigations int+ the enantioselective reduction of the carbonyl
group in the benzoyl-1 3-dithiane and hydrocinnamoyl-1.3-dithiane models, several points
were determined. Corey’s reagent 105 reduced the benzoy! derivative 91 more selectively
than the hydrocinnamoyl derivative 98 (87% vs 45%) however the isolated yield was
better for the hydrocinnamoyl derivative than the benzoyl derivative (85% vs 52%).
Studies usir:g the modified Corey’s reagent 108 as the reducing agent indicated that the
benzoyl derivative 91 was again reduced in the more selective manner. Comparison of the
enantiomeric excess for the two models systems indicated benzoyl compound 91 to be
more selectively reduced than hydrocinnamoyl derivative 98 (45% vs 2.5%). When
Dip-Cl was used as the reducing agent for the asymmetric reduction of both of the ketones
91 and 98, hydrocinnamoyl derivative 98 was reduced more selectively (86.5% vs 55.1%)
and with a better isolated yield (90% vs 41%) than benzoyl derivative 91.

The unmasking of the aldehyde 101 and conversion to the stable methyl ester 103
was completed, for hydrocinnamoyl-1,3-dithiane 100, by two different routes. Hydrolysis
of the dithiane was finally accomplished using a mercuric (II) chloride and cadmium

carbonate system. Allshyde 101 was directly oxidized on treatment with bromine/sodium
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bicarbonate/methanol to afford the methy! ester 103 in very low vield. The longer route of
oxidizat:on of the aldehyde 101 to the corresponding acid 102 with silver oxide and then
esterification to the methyl ester 103 using diazomethane was also followed. However the

yield from this pathway was also low.



4 Experimental

4.1 General

Melting points were obtained in capillary tubes using 2 Thomas-Hoover Unit
melting point apparatus and are uncorrected. I[nfrared (IR) spectra were obtained using a
Bomem MB 100 FTIR spectrometer. Proton magnetic resonance spectra (‘'H NMR)
were measured at either 200 MHz with a Varian Gemini spectrometer or at 500 MHz
with 2 Bruker AMXS500 spectrometer in the stated solvent. Carbon magnetic resonance
spectra (¥C NMR) were measured at either 50 MHz on a Varian Gemini spectrometer or
at 125 MHz with a Bruker AMX3500 spectrometer. with an internal reference (CDCls, &
7.24 opm; “C: 8 77.0 ppm). Fluorine magnetic resonance spectra (F° NMR) were
measured at 282 MHz with a Varian XL-300 spectrometer using an external reference of
trifluoroacetic acid, & 0.00. All cnhemical shifts are reported downfield from
tetramethylsilane (3 scale) in ppm. The signal multiplicity are indicated by (s=singlet,
d=doublet, t=triplet, g=quartet, br=broad) and coupling constants and number of protons
are indicated in parentheses. A V.G. micromass 7070 HS instrument at an ionization
energy of 70 eV or chemical iomzation (CI) was used to determine mass spectra (MS).
Elemental analyses were conducted by either M-H-W Laboratories, Phoenix, Az, USA or
in-house using 2 Perkin-Elmer 2400 Series II Analyzer. The HPLC system consisted of a
Varian (Model 9012) pump, a Varian (Model 9050) UV detector set at 254 nm and 20 pl
sample loop. The guard and analytical columns used were a 250 x 4.6 mm Chiralcel OB,
250 x 4.6 mm, a 5 micron Supelcosii LC{R)-naphthy! urea and a 250 x 4.6 mm,

5 micron (R)-3,5-dinitfobenzoyl phenyl glycine propylsilyl. Composition of the mobile



phase used with each column is outlined in the discussion. Commercial aluminum sheets
coated (0 2 mm layer thickness) with silica gel 60 Faoy (E Merck) were used for analytical
thin layer chromatography (TLC). Silica gel (E. Merck. 70-230 or 230-400 mesh) was
used for all column chromatography

Petroleum ether was a hydrocarbon fraction with a boiling range 30-60°C.
Anhydrous tetrahydrofuran was distilled from potassiunvbenzophenone while anhydrous
dichloromethane was dried over calcium hydride. Anhydrous magnesium sulfate was used
to dry solutions in organic solvents. A Buchi rotatory evaporator connected to a water
aspirator was used to remove solvents. Unless otherwise stated, all starting materials

were purchased from Aldrich Chemical Company.
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Preparation of I-Phenyl-2-(1.3-dithiacyclohexyl)ethanone (91)

S
[

1.3-dithaine (1.0 g. 8.3 mmol) was dissolve in dry tetrahydrofuran (100 mL).
cooled to -78°C. and #-BuLi (3.3 mL of a2 2.5 M in hexanes, 8.3 mmol) was added. After
20 minutes, the solution containing the anion was added vig a cannula, using a stream of’
dry nitrogen over 15 minutes, into a solution of the benzoyl chlioride 90 (0.6 g. 4.3 mmol)
in dry tetrahydrofuran (50 mL). After 2 hours, work-up consisted of the addition of
saturated aqueous solution of ammonium chloride, and dilution with ethyt acetate. The
organic layer was washed with brine and dried over magnesium sulphate. Concentration
and purification by column chromatography. (1:9 ethyl acetate/petroleum ether) yielded
0.79 g (61%) of ketone 91 as a white crystalline solid; mp 98-99°C; IR (CHCl:, cm™)

2922, 1679, 1448, 731; 'H NMR (200 MHz, CDCk) § 7.94-7.91 (m, 2H), 7.59-7.40 (m,

CDClL) & 192.6, 134.6, 133.4, 128.7 42.7, 29.9, 26.6, 25.2; HRMS calcd for C;H208;
(M"): 224.1330. found 224.0328; Anal. Calcd for CyH,,08S:: C, 58.89; H, 5.39. Found:

C, 58.98; H, 5.42.
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By-Product (104)

The major by-product .alcohol 104, was also isolated and characterized as follows:
mp 162-163°C. IR (CHCL. cm™) 3498, 3092, 2916, 1274. 1066, 727. 'H NMR (200
MHz, CDCl:) & 7.61 (d. J = 5.6 Hz. 2H). 7.42-7.34 {m. 3H). 4.86 (s. 2H). 3.50 (s. 1H),
2.88-2.68 (m, 8H), 2.03-1.75 (m, 4H) ppm. "“C NMR (50 MHz. CDCl;) § 139.7. 128.3.

127.8, 126.6. 81.9.55.2,30.2,29.5, 25.3 ppm.
Preparation of (+)-I-Phenyl-2-(1,3-dithiacyclohexyl)ethanol (92)

HO

J

To a solution of the ketone 91 (752.1 mg, 3.33 mmol) in ethanol (10 mL) was
added sodium borohydride (63 mg. 6.66 mmol). The resultant solution was stirred at
21°C for 3 hours. The mixture was then acidified to pH =~ 6.0 with 10% HCI, quenched

with water and extracted with ethyl acetate. On concentration of the dried organic
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extract. purification by column chromatographv. (19 ethyvl acetate/petroleum etherd
vielded 639 7 mg (85%) of the alcohol 92 as a white crvstalline solid. mp 74-78°C
(Lit. 71.3-72.1°C). IR (ethyl acetate, cm'') 34235, 3029, 2015, 1452, 1421, 1253, '"H NMR
(200 MHz. CDClL:) 8 744-730 (m. SH). 490 (d. J = 74 Hz. 1H). 406 (d. ] == 76 Hz,
1H), 2.99-2.86 (m. 2H). 2.95 (s. 1H). 2.76-2.64 {m. 2H). 2.08-1.94 (m. 2H) ppm. ''C
NMR (50 MHz, CDCl:} & 1407, 1291, 1289, 1274, 753,534, 28 8, 28 2, 26 0 ppm,
HRMS caled for C)H;:S> (M'-OH):209.0459. found 2090417 MS (CI) caled for
CiiHyi:S> (M™ - OH) 209.0. found: 208.9 (100%). Anal. Caled. for €, H,;0S: C. 58.39;

H. 6.24 Found: C, 58.57. H. 6.14.

Preparation of (+)-1-~-Butyldimethylsilyloxy-1-Phenyl-2-

(1.3-dithiacyclohexyl)ethane (93)

OTBS

3

The alcohol 92 (400 mg., 1.77 mmol) was dissolved in dry dichloromethane
(20 mL) and flushed with dry nitrogen. 24.6-Collidine (1.1 mL, 5 eq) and
r-butyldimethylsilyl trifluoromethanesulfonate (2.3 mL, 5 eq) were added sequentially and
the solution was stirred at 21°C for 4 days . The reaction was quenched with water

followed by saturated aqueous solution of sodium bicarbonate. The aqueous phase was



57

extracted with dichloromethane (3 x 50 ml.).washed with brine, dried over magnesium
sulphate and concentrated Purnification by column chromatography, (1.9 ethyl
acetate/petroleum ether) afforded 540 mg (90%) of compound 93 as a white crvstalline
solid, mp 54-59°C; IR (ethyi acetate, cm™') 3063. 3030, 2940, 1253, 1093. 774. 'H NMR
(200 MHz, CDCls) & 7.39-7.27 (m, 5H), 4.72 (d. J = 72 Hz. 1H). 426 (d. J = 7.0 Hz,
IH), 2.84-2 69 (m, 4H) 2.10-1.99 (m, 2H). 0.86 (s. 9H), 0.08 (s, 3H). -0.17 (s, 3H) ppm:
“C NMR (50 MHz. CDCL) § 141.5, 128.0, 127.9, 126 8. 76.4, 55.1. 30.1. 29.7. 25.8.
257, 182, 47, -5.1 ppm. MS(CI) caled for C;Hi:Sz: (M'-CiHq) 209.1. found:

208.9(100%); Anal. Calcd for C,-H208,81: C. 59.95; H, 8.29; Found: C, 59.95: H. 8.30.

Preparation of 4-Phenyl-1-(1.3-dithiacyclohexyl)butan-2-one (98)

)

Hydrocinnamic acid (3 g, 20 mmol) was dissolved in dry tetrahydrofuran (20 mL)
and purged with dry nitrogen. Oxalyl chloride (1.9 mL, 22 mmol) was added slowly and
the resultant solution was heated at reflux for 3 hours under a nitrogen atmosphere to
afford acid 97. The acid chloride solution was then cooled to -78°C. In another dry round
bottom flask, (100 mL). 13-dithiane (2.4 g, 002 mol) was dissolved in dry

tetrahydrofuran (20 mL) flushed with dry ritrogen and cooled to -78°C. n-BuLi (8.8 mL,
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20 mmol) was added slowly over 5 minutes  After 15 minutes, the resultant solution was
added vig a cannula to the freshly prepared acid chloride 97 using a stream of dry
nitrogen. After 3 hours. the reaction mixture was quenched with saturated. aqueous
solution of sodium bicarbonate. partitioned between ethvl acetate (3 x 100 ml.) and dried
over magnesium sulphate  Following concentration and purification by column
chromatography. (1:9 ethyl acetate/petroleum ether), 2.75 g (54%) of the title compound
was isolated as a white crystalline solid: mp 80-82°C; IR (CHCl;. cm™) 3064, 3028, 2944,
1732, 1242. "H NMR (200 MHz, CDCl:), § 7.31-7.16 (m, SH), 4.13 (s. 1H), 3.24-3.11
(m, 2H). 2.97-2.93 (m. 4H). 2.59-2.48 (m. 2H), 2.07-1.93 (m. 2H) ppm: "C }\IMR (50
MHz, CDCl;) 201.8, 140.6, 128.5, 128.3, 126.2, 47.0, 41.6, 30.2, 26.2, 252 ppm. HRMS
caled for Ci;zHis08; (M'): 252.0643, found 252.0638; Anal. Caled for Cy:H.0S;:: C.

61.86; H, 6.39. Found C, 62.02; H, 6.55.

Preparation of Ethy! 4-phenyl-butanoate (97)

0

O/\\)J\OC%CH;

Hydrocinnamic acid (5g, 33 mmol) was dissolved in ethanol 99% (20 mlL).
Concentrated sulphuric acid (3 drops) was added and the mixture was heated to reflux for

3 hours. The reaction mixture was washed with saturated aqueous solution of sodium
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bicarbonate and extracted with ethyl acetate (3 x 50 inL) The organic layer was washed
with brine, dried over magnesium sulphate and concentrated to yield a colorless oil
Purification by column chromatography, (1:9 ethy! acetate/petroleum ether) afforded 5.4 g
(92%) of the title compound as a clear colorless oil: IR (neat, cm’') 3065, 3029, 2982,
2935, 1735, 1242: ' H NMR (200 MHz, CDCl:) & 7.32-7.18 (m. 5H). 4.11 (q. J, = 158
Hz J» = 72Hz 3H),295(t.J=154Hz J,=74Hz 2H). 261 (t.}; =158 Hz, J.=78
Hz 2H), 1.23 (¢, J; = 14.2 Hz. J» = 7.2 Hz. 3H) ppm: “C NMR (75 MHz. CDCl) & 171.8.
140.1, 127.8. 127.7. 125.6, 59.5. 35.2, 30.3. 13.5 ppm: HRMS calcd for CyH;:0-(M ')
178.09938. found 178.09869.

The structure was confirmed by comparison with an authentic sample from Aldrich
Chemical Company.

Compound 98 was prepared as above using ethyl hydrocinnamoate as the starting

material.
Preparation of (+)-4-Phenyl-1-(1,3-dithiacyclohexyl)butan-2-ol (99)
OH

[

The ketone 98 (5 g. 19.8 mmol) was dissolved in ethanol (40 mL). To the cooled

solution (0°) an excess of sodium borohydride was added and stirred for 3 hours. Work-
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up consisted of adjustment the pH = 6 with 10% hvdrochloric acid and extraction with
chloroform (3 » 100 mL) The organic fayver was washed with brine and dried over
magnesium sulfate.  Concentration and punfication by column chromatography, (14
acetone/petroleum ether) vielded 4.1 g (82%) of alcohol 99, mp 39-40°C. IR (CDCl,
cm™') 3436, 3026, 2919, 1422, 1276. 'H NMR (500 MHz. CDCl:) § 7.29-7 14 (m. 5H).
3.87 (s.1H). 2.89-2 8] (m. 2H). 2.73-2.68 (m. 4H). 2.57 (s.1H), 2.19-2.15 (m, 2H), 2 07-
2.00 (m, 2H). "C NMR (125 MHz. CDCl:) § 141.7. 1285, 128.4, 1259, 713, 523,
35.7. 32.0, 282, 278, 25.7 ppm. MS (CI) caled for Ci:H1xOS:: 254.1; found: 254.0
(39.8%). 237.0 (21.1%). 149.0 (52.4%) 118.9 (100.0%). 107.0 (100.0%). Anal Calcd.

for C:H13082: C. 61.40; H 7.14; Found: C. 61.78; H. 6.83.

Preparation of (+)-2-r-Butyldimethylsilyloxy-4-phenyl-1-

(1,3-dithiacyclohexyl)butane (100)

OTBS
S

0

The alcoho! 99 (0.5 g, 1.96 mmol) was dissolved in dry dichloromethane (30 mL)
and treated with imidazole (0.160 g, 235 mmol), DMAP(catalytic) and
t-butyldimethyisilyl chloride (0.353 g, 2.35 mmol). for 7 days at 21°C. The reaction was

then quenched with water and diluted with ethyl acetate, (3 x 50 mL). The organic layer
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was washed with brine and dried over magnesium sulphate  Concentration and
purification by column chromatography. (19 ethy] acetate/petroleum ether) gave 0.678 g
(94%) of the desired product. mp 59-62°C. IR(CDCl:. cm’') 3028, 2944, 2857, 1468.
1065, 734 cm™. '"H NMR (200 MHz. CDCl:) & 7.35-7.18 (m.5H). 4.25 (d. J = 5.2 Hz.
IH), 3.98-3 90 (q. J, = 16 0 Hz, J, = 5.4 Hz, 1H), 2.91-2.86 (m, 4H). 2.80-2.63 (m. 2H).
2.14-1 87 (m, 4H) 0.98 (s. 9H). 0.18-0.13 (d. J = 9.4 Hz, 6H) ppm; "C NMR (50MHz.
CDCla). 142,00 1284, 1283, 1258, 744, 54.2, 363, 31.2. 30.5 30.4. 263, 25.9. 25.7.
182, -4.4. HRMS calcd for CioH2CS> (M' -CiHo): 311.0960. found 311.0932; MS(CI)
caled for Ci<H»OSAM'- CiHo) 311.1. found: 310.9 (33.0%). 249.0 {48%) 131.0

(100.0%). Anal. Calcd for CsH:208,Si: C, 61.90; H. 8.75. Found: C. 61.76: H. 8.84.

Attempted Preparation of (S)-Corey’s Reagent **(103)

($)~(-)-2~Diphenylhydroxymethyl)pyrrolidine (100 mg, 0.4 mmol) was dissolved

in dry toluene (20 mL) and methyiboronic acid (45 mg, 0.75 mmol) was added and the
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resultant solution was heated to retlux for 5 hours in Dean-Stark apparatus  The volume

was reduced to 5 mL and 4 A molecular steves were added



Alternative Synthesis of (S)-Corey's Reagent *' (105)

C(',HS

Dry toluene (10 mL) was added to (5)-(-)-2-(diphenylhydroxymethyl)pyrrolidine
(100 mg. 0.4 mmol) and purged with dry nitrogen. Trimethylboroxine (37 uL. 0.67 Eq)
was added slowly over 2 minutes and the mixture was stirred at 21°C for 30 minutes.
Toluene and methylboronic acid (as trimethylboroxine) were removed by distillatiun as an
azeotropic mixture. Toluene washes (3 x 10 mL) were added and distillation was
continued to completely remove the water and any excess methylboronic acid. Solvent
was removed and unpurified reagent 105 was stored for future use under nitrogen at

-20°C.



Preparation of (R*}-I-Phenyl-2-(1.3-dithiacyclohexyl)ethanol (92)

Using (S)-Corey's Reagent

HO
S

9

The ketone 91 (600 mg. 2.68 mmol) was dried by preparing azeotropic mixtures
with benzene (3 x 20 mL). Dry tetrahydrofuran (20 mL) and Corey's Reagent (0.05 Eq)
was added and stirred for 0.5 hours under an atmosphere of nitrogen. Boranc in
tetrahydrofuran (1.2 Eq) was added and the mixture was stirred for 3 hours at 21°C.
Work-up ircluded addition of methanol (20 mL), solvent removal. addition twice more
with methanol and extraction with ether. The organic layer was washed with brine and
dried over magnesium sulphate. Concentration and purficaticn by column
chromatography (3.7 ether/ petroleum ether) resulted in 313 mg (52%) of alcohol 92 as a
white crystalline solid. ee = 87.2% ,mp = 68-70°C; IR (ethyl acetate, cm’™") 3425, 3029,
2915, 1452, 1421, 1253, 'H NMR (200 MHz, CDCly) § 7.44-7.30 (m, SH), 4.90 (d, J =
7.4 Hz, 1H), 4.06 (d, ] = 7.6 Hz, 1H), 2.99-2.86 (m, 2H), 2.95 (s, 1H), 2.76-2.64 (m,
2H), 2.08-1.94 (m, 2H) ppm; *C NMR (50 MHz, CDCl;) § 140.7, 129.1, 128.9, 1274,

75.3,53.4, 28.8, 28.2, 26.0 ppm.
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Preparation of (R*)-4-Phenyl-1-(1.3-dithiacycliohexyl)butan-2-ol (99)

Using (S)-Corey’s Reagent

Oil
N

@

The ketone 98 (510 mg, 2.01 mmol) was dried by distillation as an azeotropic
mixture with toluene (3 x 20 mL). Corey’s Reagent 105 (0.05 eq) was dissolved in dry
tetrahydrofuran (20 mL) and transferred by syringe to a round bottom flask (50 mL)
containing the ketone 98 and stirred at 21°C for 0.5 hours. Borane in tetrahydrofuran
(1.2 eq) was then added and the reaction was followed by TLC for 3 hours to completion.
Work up consisted of addition of methanol (10 mL), solvent removal, addition twice more
of methanol. solvent removal and extraction with ether. The organic layer was washed
with brine and dried over magnesium sulphate. Concentration and purification by column
chromatography (3:7 ether/ petroleum ether) yielded 439 mg (85.3%) of alcohol 99 as a
white crystalline material. ee = 45.2%: mp = 37-39°C; IR (CDCl, cm™) 3436, 3026,
2919, 1422, 1276, 'H NMR (500 MHz, CDCl;) & 7.29-7.14 (m. 5H), 3.87 (s,1H). 2.89-
2.81 (m, 2H). 2.73-2.68 (m. 4H). 2.57 (s.1H), 2.19-2.15 (m, 2H). 2.07-2.00 (m, 2H), “C
NMR (125 MHz, CDCl:) 8 141.7, 128.5, 128.4, 125.9, 71.3, 52.3, 35.7, 32.0, 28.2, 278,

25.7 ppm.



[414]

Preparation of R-(+)-Mosher's Acid Chloride® (106)

H-C (l) ﬁ
O
F;C

(R)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetic acid was converted to the acid
chloride on addition of thiony! chloride (3 mL per 250 mg of acid) and a trace of sodium
chionde. The mixture was heated to reflux for 50 hours. The excess thionyl chloride was
removed under low vacuum and the solution was purified by distillation using a Kuhelrohr
distillation apparatus (= 100°C at 2 mm Hg) to give the title compound. IR (neat, cm '1)

3069, 2990, 2953, 2852, 1786.



67

General Procedure for Preparation of R-(+)-Mosher's Ester™ (107)

The alcohol was dissolved in dry dichloromethane (2 mL). DMAP (1 eq) was
added and the flask was purged with dry nitrogen. Triethylamine (1 eq) and MTPA 106
were then added. The mixture was stirred for 1.5 hours at 21°C or until complete. The
reaction was quenched with distiiled water, saturated aqueous solution of ammonium
chloride and diluted with dichloromethane. The organic layer was washed with brine and
dried over magnesium sulphate. Concentration and purification by column
chromatography (1:9 ethyl acetate/ petroleum ether) vielded the desired esters. "F NMR

was then used to determine enantiomenc excess of the alcohols.



oN

Preparation of (S)-Oxazaborolidine-Borane Complex ** (108)

($)~(-)-2~«(Diphenylhydroxymethyl)pvrrolidine (885.4 mg. 3.5 mmol) was dissolved
in dry toluene (30 mL) and flushed with dry nitrogen. Trimethylboroxine (0.8 eq) was
added and the mixture stirred at 21°C for 0.5 hours. The flask was then fitted with a
distillation apparatus and the volume was reduced to approximately 5 mL. Toluene flushes
(3 x 30 mL) were then added and the distillation repeated. The solution was cooled to
21°C. borane-dimethyl sulfide (1.2 Eq) was added and the mixture was stirred for 0.5
hours. A white precipitate formed on addition of dry hexane (20 mL). The suspension
was cooled to -10°C and stirred for 2 hours at which point TLC (3:7 acetone/ petroleum
ether) showed one spot. Solvent was removed under high vacuum (0.2 mm) to leave a

fluffy white solid which gave satisfactory spectral data.
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Preparation of (R*)-I-Phenyl-2-(1.3-dithiacyclohexyl)ethanol (92)

using (S)-Oxazaborolidine-Borane Complex

HO
S

[

The ketone 91 (224 mg. 1 mmol) and the oxazaborolidine-borane complex 108
(160 mg. 0.89 mmol) were dried separately by distillation with dry toluene (3 x 20 mL).
The oxazaborolidine-borane complex 108 was dissolved in dry dichloromethane ( 10 mL),
flushed with dry nitrogen and cooled to -20° C in a saturated aqueous calcium chloride/dry
ice bath. The ketone 91 was then dissolved in dry dichloromethane (10 mL) and added by
syringe pump over 1 hour maintaining the temperature at -20° C. The reaction was
followed by TLC for 4 hours then quenched by addition of chilled (-20°C) methanol. The
solution was warmed to 21°C, the solvent was remouved and then washed twice more with
methanol (2 x 10 mL) and concentrated. The oil was diluted in ether, washed with brine
and dried over magnesium sulphate. Concentration and purification by column
chromatography afforded alcohol 92 as a white crystalline solid. ee = 43.5%; IR (ethyl
acetate, cm’') 3425, 3029, 2915, 1452, 1421, 1253; 'H NMP". (200 MHz, CDCL) § 7.44-
7.30 (m, 5H), 4.90 (d. J = 7.4 Hz, 1H). 4.06 (d, J = 7.6 Hz, 1H), 2.99-2.86 (m, 2H), 2.95
(s, 1H), 2.76-2.64 (m, 2H), 2.08-1.94 {m, 2H) ppm; *C NMR (50 MHz, CDCl,) § 140.7,

129.1, 128.9, 127.4, 75.3, 53.4. 28.8. 28.2. 26.0 ppm.



70

Preparation of (R*)-4-Phenyl-1-(1.3-dithiacyclohexyl)butan-2-0l (99)

using (S)-Oxazaborolidine-Borane Complex (99)

OH
s

J

The ketone 98 (325 mg, 1.28 mmol) and the oxazaborolidine-borane complex 108
(480 mg, 2.7 mmol) were dried separately by distillation as an azeotropic mixtures with
dry benzene (3 x 20 mL). Oxazaborolidine-borane complex 108 was dissolved in dry
dichloromethane (10 mL). flushed with dry nitrogen and cooled to -20'C in a calcium
chloride/dry ice bath. The ketone 98 was then dissolved in dry dichloromethane (10 mL)
and added by syringe pump over 1 hour maintaining the temperature at -20°C. The
resultant mixture was stirred for 48 hours after which the reaction was quenched by
addition of chilled methanol (-20° C). The solution was warmed to 21°C, the methanol
was removed and washed twice more with methanol (2 x 10 mL) and concentratzd. The
o1l was diluted in ether (30 mL), washed with brine and dried over magnesium sulphate.
Concentrativn and purification by column chromatography (3:7 ether/petroleum ether)
resulted in 196 mg (59.8%) of alcohol 99 as a white crystalline solid. ee = 2.5%; mp = 36-
39°C; IR (CDCly, cm™) 3436, 3026, 2919, 1422, 1276, 'H NMR (500 MHz, CDCl;) &

7.29-7.14 (m, 5H), 3.87 (s,1H), 2.89-2.81 (m, 2H), 2.73-2.68 (m, 4H), 2.57 (s,1H), 2.19-
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2.15 (m, 2H), 2.07-2.00 (m, 2H). "'C NMR (125 MHz, CDCl:) & 1417, 128.5. 128 4,

1259,71.3,.523,357,320,282, 278,257 ppm

Preparation of of (5*)-1-Phenyl-2-(1.3-dithiacyclohexyl)ethanol (92)

using (-)-Dissopinocampheylchloroborane (DIP-Chloride)

HO
S

@

The ketone 91 (848 mg, 3.79 mmol) was treated with (-)-Dip-Cl (2.7 g, 2.2 eq)
under an inert atmosphere. The mixture was stirred (neat) at 21°C for 14 days. The oil
was placed under a high vacuum (0.2 mm of Hg) for 2 hours, and then :iiluted with ether
(50 mL). Diethanolamine (2.2 eq) was added and the solution was stirred for 1 hour at
21°C. The resultant precipitate was removed by filtration, washed with n-pentane and the
filtrate was concentrated. Purification by column chromatography (3:7 ether/petroleum
ether) yielded 346 mg (40.5%) of alcohol 92 as a white crystalline solid; ee = 55.1%,
[a)y’'=-18.2°, (c 0.0178, CHCI:); IR (ethyl acetate, cm™) 3425, 3029, 2915, 1452, 1421,
1253 'H NMR (200 MHz, CDCly) § 7.44-7.30 (m, SH), 4.90 (d, J = 7.4 Hz, 1H), 4.06 (d.
J = 7.6 Hz, 1H), 2.99-2.86 (m, 2H), 2.95 (s, 1H), 2.76-2.64 (m, 2H), 2.08-1.94 (m, 2H)
ppm: “C NMR (50 MHz, CDCL) § 140.7, 129.1, 1289, 1274, 753, 53.4, 2838, 28.2,

26.0 ppm.



Preparation of (5*)-4-Phenyl-1-(1.3-dithiacyclohexyl)butan-2-ol (99)
using (-)-Dissopinocampheylchloroborane (DIP-Chloride)

OH
s

L

In an inert atmosphere of dry nitrogen, (-) Dip-Cl (2.29 g, 7.13 mmol. 2 eq) was
added to the ketone 98 (901 mg. 3.55 mmol). The resultant mixture was stirred. neat, ar
21°C for 14 days then placed under a high vacuum (0.2 mm of Hg) for 2 hours.. Work-up
consisted of dilution with ether and addition of diethanolamine (2 eq) and the solution was
stirred for 2 hours. The resultant precipitate was filtered off, washed with ether and the
solvent was removed. Purification by column chromatography (3:7 ether/ petroleum
ether) yielded 818 mg (90%) of alcohol 99; ee = 86.5%; [a]n"'= -27.9° (¢ 0.033. CHCl,);
mp 35-38°C; IR (CDCl:, em™) 3436, 3026, 2919, 1422, 1276, 'H NMR (500 MHz,
CDCl;) & 7.29-7.14 (m, 5H), 3.87 (s,1H), 2.89-2.81 (m, 2H), 2.73-2.68 (m, 4H), 2.57
(s,1H), 2.19-2.15 (m, 2H), 2.07-2.00 (m, 2H), "C NMR (125 MHz, CDCL) & 141.7,

1285, 128.4,125.9,71.3, 52.3,35.7, 32.0, 28.2, 27.8, 25.7 ppm.



Preparation of (+)-2-(7-Butyldiphenylsilvloxy)-1-phenyl-
2-(1.3-dithiacyclohexyl)ethane (109)

OTPS
S

[

The alcohol 92 (1.34 g, 0.59 mol) was dissolved in dry DMF (5 mL). Imidazole
(2.2 eq) and +-butyldiphenylsilane chloride (1.1 eq) were added and the solution was
stirred for 2 days at 20°C under an atmosphere of dry nitrogen. Work-up consisted of the
addition of saturated aqueous solution of ammonium chioride and dilution with
dichloromethane (3 x 50 mL). The dried organic layer was concentrated and purified by
column chromatography (1:9 ether/ petroleum ether) to yield 1.23g (92%) of the desired
compound 109. Crystallization from ether/ petroleum ether afforded an analytically pure
sample. mp 105-106°C:. 'N NMR (200 MHz, CDCl;) § 7.81-7.77 (m, 2H), 7.52-721 (m.
13H), 4.89 (d. J = 5.8 Hz, 1H), 422 (d, J = 6.0 Hz, 1H), 2.70-2.56 (m, 4H), 1.99-1.92
(m. 1H). 1.90-1.70 (m. 1H). 1.10 (s, 9H) ppm: “C NMR (200 MHz, CDCly) § 140.4,
136.1, 135.9. 129.6, 128.0, 127.7, 127.4, 127.3, 127.2, 77.6, 55.1, 29.8, 27.0, 25.8, 19.5
ppm. HRMS caled for Ca:Hx:08.8i (M'-CiHs): 407.0960. found 407.0933; MS (CI)
caled for C;HuaS: M -Ci6Hs0Si) 208.9. found 2089 (100%). Anal. Calcd for

C»Hi:08:81: C. 69.78; H. 6.94. Found: C, 69.93; H, 6.83.



Preparation of (+)-2-(-Butyldiphenylsilyloxy)~4-phenyl-

1-(1.3-dithiacyclohexyl)butane (110)

The alcohol 99 (2.00g, 7.88 mmol) was dissolved in dry DMF (5 mL). Imidazole
(2.2 eq) and r-butyldiphenyisilane chioride (1.1 eq) were added and the solution was
stirred for 2 days at 20°C under an atmosphere of dry mitrogen. Work-up consisted of
addition of aqueous solution of ammonium chloride and extraction with dichloromethane
(3 x 50 mL). The dried organic layer was concentrated and purified by column
chromatography (1:9 ether/ petroleum ether) to yield 2.0g (82%) of the desired compound
110. Crystallization from ether/ petroleum ether afforded an analytically pure sample. mp
72-74°C; IR (CDCls, cm™) 3069, 3027, 2941, 2895, 2858, 1427, 'H NMR (200 MHz,
CDCly) & 7.94-7.83 (m, 4H). 7.54-7.43 (m, 6H). 7.32-7.21 (m, 3H), 7.12-7.08 (m, 2H),
4.20-4.11 (m, 2H), 2.84-2.81 (m, 2H), 2.75 (s. 1H), 2.70 (d, J = 2.2 Hz, 2H), 2.61 (m,
2H), 2.14-2.04 (m, 2H), 1.96-1.84 (m. 2H), 1.25 (s, 9H); *C NMR (50 MHz, CDCh) 8

141.5, 136.0, 135.9, 133.8, 133.6, 129.6, 128.2, 128.1, 127.5, 1274, 125.6, 75.0, 55.1,
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358.318,308.304.270,263. 195 ppm HRMS caled for C»H:-08-Si (M -C:Ho)

435 1274 found 435.1256, MS (CI) caled for CosHx0S8,81 4351 found 434 8 (62%)

Attempted Preparation of (+)-2-(-Butyldimethylsilyloxy)-2-phenylethanal (94)

OTBS

The dithiane 93 (224 mg. 0.7 mmol) was dissolved in a 6:1 of mixture of acetone-
water (10 mL) and treated with mercuric(il) chloride (985 mg) and cadmium carbonate
(1478 mg) at 21°C. The resultant suspension was heated at 50°C for 24 hours. The
suspension was cooled, potassium iodide (851 mg) was added and the suspension was
stirred for 15 minutes as the color changed from yellow to grey. The precipitate was
filtered off and washed with acetone. The compound was extracted with ether (3 x 25
mL) and washed with saturated aqueous solution of potassium iodide and the organic
phase was dried over magnesium sulphate. Due to the unstable nature of the aldehyde 94,
the crude product was only partially characterized. '"H NMR (200 MHz. CDCl:) § 9.50 (s,
1H). 7.40-7.32 (m, SH), 5.00 (s. 1H). 0.94 (s, 9H). 0.11 (s, 3H), 0.03 (s, 1H); “C NMR

(50 MHz, CDCl;) 6 199..5, 136.5, 128.7, 128.3, 126.4. 799, 25.7, 18.3, - 4.9.



Preparation of (+) -2-(s-Butyldimethylsilyloxy)-4-phenylbutanal (101)

OTBS
O

The dithiane 100 (536 mg. 1.6 mmol) was dissolved in a mixture of acetone-water
(6:1. 25 mL) and treated with mercuric(1I) chloride (4.4 g) and cadnuum carbonate (3.6 g)
at 21°C. The resultant suspension was heated to 50°C for 24 hours. The suspension was
cooled, potassium iodide (2.0 g) was added and the suspension was stirred for 15 minutes
as the color changed from yellow to grey. The precipitate was liltered oft and washed
with acetone. The compound was extracted with ether (3 x 50 mL). washed with a
saturated aqueous solution of potassium iodide and the organic phase was dried over
magnesium sulphate. Due to the unstable nature of the aldehyde 101, the crude product
was only partially characterized. IR (CH.Cl, cm™) 3054, 2986, 2957, 1735, 1440, 1269,
1100; "H NMR (200 MHz, CDCl;) § 9.58 (s. 1H). 7.33-7.17 (m, 5H), 4.09 (s, 1H), 2.63

(m, 2H), 1.90 (m, 2H), 0.91 (s, 9H), 0.09 (s, 3H), 0.05 (s, 3H).



~1
~4

Attempted Preparation of (1)-2-(+-Butyldimethylsilyloxy)-4-phenylethanoic acid

(95)

QTBS

OH

The aldehyde 94 (crude) was suspended in water (10 mL) and freshly prepared
silver(l) oxide (2.2 eq) was added. The mixture was stirred at 21°C for | hour or until no
starting material was left. The reaction was quenched with saturated aqueous solution of
ammonium chloride and the resulting precipitate was filtered off and washed with
dichloromethane. The solution was further diluted with dichloromethane washed with

brine and dried over magnesium sulphate. No product was detected in the IR spectra.
Preparation of () Methyl 2-(+-butyldimethylsilyloxy)-4-phenylbutanoate (103)
QTBS

O OCH;

The aldehyde 101 (crude) was suspended tn a 1.5.7 mixture of water-methanol (10

mL) at 21°C. Sodium bicarbonate (20 eq.) and bromine (5 eq.) was added sequentially
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and the solution was stirred overnight. Sodium thiosulfate (1M) was added \dropwise until
the brown color disappeared. Work-up consisted of the addition of saturated aqueous
solution of ammonium chloride and extraction with dichloromethane (3 x 50 mL). The
organic phase was washed with brine and dried over magnesium sulphate. Concentration
and purification by column chromatography (1.5:8.5 acetone/petroleum ether) afforded
methyl ester 1_03 as a white crystalline solid. IR (CH-Cl,. cm™) 3466, 3057, 2946, 1736,
1447, 1266, 1102, 738; 'H NMR (500 MHz, CDCl;) & 7.27-7.15 (m, 3H), 4.24 (m,J, =
11.8 Hz. J; = 5.8 Hz, 1H), 3.69 (s, 1H), 2.73-2.65 (m, 2H), 2.05-1.99 (m, 2H), 0 91 (s,
9H), 0.07 (s. 3H), 0.05 (s, 3H) “C NMR (500 MHz, CDCl) & 174.0, 1414, 1284,
128.3, 1259, 71.7, 51 .7,A36.8, 31.4,25.7,18.3,-4.9,-53. |
Methyl ester 103 was also prepared by the following method. The aldehyde 101
(crude) was suspended in water (10 mL}) and freshly prepared silver(I) oxide (2.2 eq) was
added. The mixture was stirred at 21°C for 1 hour or until no starting material was left.
The reaction was quenched with saturated aqueous solution of ammonium chloride and
the resulting precipitate was filtered off and washed with dichloromethane (3 x 50 mL).
The solution was further diluted with dichloromethane washed with brine and dried over
magneéium sulphate. The solution was concentrated in vacuo, redissolved in ether and
cooled o 0°C. Diazomethane was prepared by a literature procedure® and added
dropwise until a yellow color remained whilst stirring in an ice bath. A solution of glacial
acetic acid (2 mL) in ether (50 mL) was added dropwise until the yellow color jl;st
disappeared. The solvent was then removed in vacuo and_ the methy! ester 103 purified by

column chromatography (1:9 ether/petroleum ether) to yield a white crystalline solid.. 'H



v

NMR (200 MHz, CDCl;) 8 7.30-7.12 (m, 5H). 424 (t. J, = 11.8 Hz. J. = 3.8 Hz, IH),
3.69 (s, 1H), 2.72-2.64 (m. 2H). 2.07-1.99 (m. 2H), 0.91 {s. 9H). 0.07 (s. 3H). 0.05 (s.
3H).

Preparation of Authentic (+) Methyl 2-(r-butyldimethylsilyloxy)-

2-phenylethanoate (96)

QTBS

OCH3

(+)-Mandelic acid (1 g, 4.1 mmol) was dissolved in ether and cooled to 0°C.
Diazomethane, prepared by a literature procedure®, was added dropwise until a yellow
color remained whilst the solution was stirred at 0°C. A solution of glacial acetic acid
(2 mL) in ether (50 mL) was added dropwise until the yellow color just disappeared. The
solvent was removed in vacro and redissolved in dry dichloromethane (25 mL). To the
stirred solution, #-butyldimethylsilyl chloride (1.2 eq.), imidazole (1.2 eq.) and DMAP
(cat) was added. The mixture was stirred at 21°C for 48 hours. Work-up included
addition of saturated aqueous solution of ammonium chloride and extraction the
dichloromethane (3 x 25 mL). The organic layer was washed with brine, dried over
magnesium sulphate and concentrated in vacuo. Purification by column chromatography
(1.9 ether/petroleum ethef) resulted in 961 mg ( 80.3%) of the methyl ester 103 as an oil.

IR (neat, cm™) 3066, 3032, 2945, 2858, 1749, 1260, 1156, 855; 'H NMR (200 MHz,
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CDCls) & 7.46 (m, 2H), 7.26 (m, 3H), 5.26 (s, 1H), 3.57 (s, 3H), 0.94 (s, 9H), 0.13 (s,
3H), 0.04 (s, 3H); ""C NMR (200 MHz, CDCl5) & 172.0, 1389, 1280, 127.8, 126.0,
74.1,51.5,25.4, 18.0, - 5.42, - 5.53; HRMS caled for C;1Hi50:8i (M’ -C;Ha) 223.0791.
found 223.0783.

Preparation of Authentic (+) Methyl 2-(Hydroxy)-4-phenylbutanoate (111)

OCH;

3-L-phenyllactic acid (500 mg, 2.6 mmol) was dissolved in ether (25 mL) and
cooled to 0°C. Diazomethane, prepared by a literature procedure,*® was added dropwise
until 2 yellow color remained whilst the solution was stirred at 0°C. A solution of glacial
acetic acid (2 mL) in ether (50 mL) was added dropwise until the yellow color just
disappeared. Removal of the solvent in vacuo provided an analytically pure sample. IR
(neat, cm™) 3460, 3065, 3031, 2954, 1737, 1098, 911, 735; 'H NMR (200 MHz, CDCl)
8 7.30-7.19 (m, 5H), 4.42 (m. 1H), 3.70 (s, 3H), 3.33 (s, 1H), 3.06 (m, 2H), 2.97 (m,

2H), “C NMR (200 MHz, CDCLy) & 174.3, 136.3, 129.2, 123.1, 126.6, 7.1, 52.1, 40.3.

i{



Preparation of Authentic (x) Methyl 2-(r-butyldimethylsilyloxy)-

4-phenylbutanoate (103)

TBS

OCH;

To a stimed solution of the alcohol 111 dissolved in dichloromethane,
t-butyldimethylsilyl chloride (1.2 eq.), imidazole (1.2 eq.) and DMAP (cat.) were added.
The mixture was stirred at 21°C for 48 hours. Work-up included the addition of saturated
aqueous solution of ammonium chloride, and extraction with dichloromethane (3 x 25
mL). The organic layer was washed with brine, dried over magnesium sulphate and
concentrated in vacuo. Purification by column chromatography (1:9 ether/petroleum
ether) resulted in 733 mg ( 88.1 %) of the methyl ester 103 as an oil. IR (neat, cm™) 3065,
3030, 2944, 2857, 1747, 1605, 1263, 1153; 'H NMR (200 MHz, CDCl;) & 7.24-7.12 (m,
5H), 4.36-4.30 (m, 2H), 3.66 (s, 3H), 3.06 (m, 2H), 2.96 (m, 2H), 0.78 (s, 9H), - 0.13 (s,
3H), - 0.24 (s, 3H); “C NMR (200 MHz, CDCl;) § 173.2, 137.2,129.6, 128.0, 126.4,

73.6,515,41.4,254,18.0,-5.7,-59333
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Claims to Original Research
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the

The extension of an aliphatic hydrocarbon chain by one unit using various acyl
equivalents was studied. The use of 1.3-dithiane for this purpose was determined

to be the most appropriate.

The asymmetric reduction of a carbonyl group in two model systems using three
different chiral reducing agents was investigated. Corey’s reagent, modified
Corey’s reagent and Dip-Cl were all studied for their selectivity in reducing the
carbon group in 1-phenyl-2-(1,3-dithiacyclohexane)ethanone and 4-phenyl-1-(1,3-

dithiacyclohexane)butan-2-one model systems.

Routes to unmask the aldehyde and convert it to a more stable methyl ester were
investigated. Mercuric (II) chloride and cadmium carbonate wﬁs determined to be
the most appropriate system to unmask the aldehyde in the two model systems
studied. Direct esterification was used to convert the 2-t-butyldimethylsiloxy-4-
bhenyl-l-(l,3-diti;niacyclohexane)butan-z-one to the mcfhyl ester. Alternatively,

aldehyde was oxidized to the acid and then esterified.
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