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Abstract

This thesis 1s divided 1nto three chapters The first chapter 1s a review of the literature methods
utilised to date 1 the synthesis of non-racemuc chiral sulfoxides, including resolution,
stereospecific nucleophilic substitution at sulfur, asymmetric oxidation and enzymatic methods
Also, this first chapter introduces briefly the palladium-catalysed allylic nucleophilic substitution

reaction, 1t covers the nature of different factors which can influence on the enantiomeric excess

The second section deals with our approaches to the synthesis of potentially chelating sulfoxides
of high enantiomeric purity and their subsequent application, mamly 1n the process of palladium-
catalysed allylic nucleophilic substitution reactions as chiral ligands, but also their application as
chiral auxihianies 1n the synthesis of chira o-hydroxy or a-amino ketones This second chapter
also deals with the design of a new class of chiral amino-sulfides as ligand 1n the palladium-

catalysed allylic nucleophilic substitution reaction

The most successful ligand synthesised enantiomenically pure N-(1,1-Dimethylethyl)-N-(18,25)-
2-[(1,1-dimethylethyl)thio]-1-methyl-2-phenylethyl-N-methylammne was apphed successfully to
the palladium-catalysed allylic nucleophilic substitution reaction, furnishing the product i up to
89%ee

The third part of this thesis deals with the experimental procedures undertaken 1n this work
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Chapter 1

Sulfur in Asymmetric

Synthesis:




1-A  Routes to Non-racemic chiral sulfoxides:

1-A-1 Imtroduction

Over the last two decades, organosulfur compounds have been mcreasingly studied 1n organic
synthesis In particular, sulfox:des have been widely used n organic processes! because of their
ability to act as electrophiles as well as nucleophiles Furthermore, they have been employed as

chiral auxilianies i asymmetnc transformations, especially i C-C bond formation reaction 2

Because of these attractive chemical properties, many routes have been established for the

synthesis of both racemic and non-racemic chiral sulfoxides 3

The importance of sulfoxides in asymmetric synthesis 1s explamed by the presence of 3 different
groups at the sulfur with vanable steric and/or electronic effects” a lone pair of electrons, the
oxygen atom, and two aryl or alkyl groups The geometry of the sulfur 1s close to that of a

tetrahedral carbon atom Pyramidal inversion at the sulfur centre 1s not observed at temperatures

under 150 "C. (Scheme 1)4

cl)@ (|)®
R1I|o SQ Rg“' S®
R2/ [ R1 \..
Scheme 1

Some exceptions are encountered such as allylic sulfoxides, which racemise through a [2,3]-
sigmatropic shift at room temperature (Scheme 2)° Other racemisation conditions have also been
observed, including exposure of sulfoxides to HC! m organic solvent, exposure to light (which 1s

not a problem under the normal laboratory zonditions), and exposure to organolithiums, although

even strong bases do not usually racemise sulfoxides ¢
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Scheme 2

Only recently, sulfoxides have roles for asymmetric syntheses other than the formation of
covalent bonds They appeared, n 1993, when chiral non-racemic sulfoxides were used as
ligands 1n a catalytic-metal transition process, namely, the palladium-catalysed allyhc
nucleophilic substitution reaction In the first two examples, the chiral asymmetric sulfoxide
molety was introduced by the Andersen procedure, the third example was synthcsized by

asymmetric oxidation (Fig 1)7

OG)
I ©
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Fig 1

These successful applications of chiral non-racemic sulfoxides have dniven research 1nto efficient
and relevant routes to enantiomerically pure or enriched sulfoxides, such as the Andersen process
(cf 1-A-3)7 There are very few applications of chiral sulfoxides 1n asymmetnc synthesis where

the sulfoxides have been synthesised by asymmetric sulfoxidation &

This ntroduction reports the various processes for access to enantiomerically pure or enriched
sulfoxides Only the more useful, relevant and efficient processes are discussed and reported 1n
the following order resolution of racemic sulfoxides, stereoselective nucleophilic substitution at
the sulfur atom, asymmetrnic oxidation at sulfur and, finally, cnzymatic processes and related

methods used in the preparation of chiral sulfoxides



1-A-2 Resolution of sulfoxides

Harnison® described one of the first processes used for the resolution of chiral sulfoxide m 1926
These resolutions were achieved with sulfoxides contaming an acid or a basic moety by

formation of diastereoisomeric salts with a chiral non-racemc base or acid, such as (-)-brucine

(4) and (+)-camphorsulfonic acid (5) (Fig 2)

MeO

MeO
SO5H

Fig 2

Fifteen years ago, Janczewskn reported the resolution of sulfinylacetic acids by using a sumilar

process 10

The demand for stoichiometric amounts o” chiral reagents does not make this process attractive
as a route to non-racemic sulfoxides Pcor enantiomeric excesses can be observed m some
cases !! Furthermore, this process cannot be applied to the resolutton of sulfoxides contaming
non-basic or acid groups Because of these problems, more elegant and inventive methods have

been established

An nteresting process was reported, 1n 1979, by Pirkle!2 who used a chiral stationary phase for
the chromatographic separation of enantiomenc sulfoxides This stationary phase was derived by
attachment of (R)-2,2,2-trifluoro-1-(9-anthryl)ethanol to silica gel (Fig 3), and the separation was
run as a chiral HPLC Efficient results were attributed to the presence of a hydroxyl group, the
trifluoro group and a -n donor-acceptor mteraction Recently, Pirkle reported a chiral stationary
phase,!3 for the separation of sulfoxides by hydrogen bonding between an N-H of the stationary

phase and the oxygen atom of the sulfoxide
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Fig 3

In a simular process,'4 B-cyclodextrin was used to separate phenyl or benzyl sulfoxides The
chiral non-polar cavity of the cyclodextnin allows the msertion of one enantiomer of the sulfoxide
(Scheme 3), while the sulfoxide moety irnteracts with the external hydroxyl groups, leading to
diastereoisomeric mnclusions The results obtamned are generally low, 9 1 % for the resolution of

ethyl phenyl sulfoxide, but 682 % n the case of sulfinate esters such as 1sopropyl methyl

sulfinate
H a8
5 50 () joday
~N _5 & | =0
R O °|'
oL,
et

Scheme 3

In 1994, Kagan!S observed an enantiomeric amplification for the flash column chromatography
of (R)-methyl p-tolyl sulfoxide of 86 % ee The first fraction collected gives the product with 99
% ee whereas the last fraction yields the product with only 63 % ee. It has been suggested that a
sulfoxide-sulfoxide interaction occurs and the column chromatography consists of the separation

of “drastereoisomers”

All these processes depend on the existence of physical interactions However, Carey et al

described an 1nteresting synthesis of optically pure 1,3-dithiane-1-oxide using camphor as a




chiral auxihary!6 (Scheme 4) The ratio cf thermodynamic and kinetic intermediates could be
controlled by variation of the temperature which lead to optically pure ($)-(-)-1,3-dithiane-1-
oxide and (R)-(+)-1,3-dithiane-1-ox1de 1n 3 5 % and 22 % yrelds respectively

m 1) n-Buly, THF, -70°C
®

OH
S\/S""o n) {+)-Camphor
© ~00 6
S @S
NH,4CI, 15°C NH,CI, -70°C
Yo °
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S S1 —_
7 S Gt
H H H
7 and 8 9+ (7and 8)
Major Diasteregisomer Major Diastereorsormer
Chromatography
Recrystallisaton Recrystallisation
OG)
HO, é@j Ho O @
s s/
H H
KOH, t-BuOH KCH, +BuOH
OG |
@ é ) S® |
L5 == [T s
o ® |
© |
(8)-(-}-1,3-dithiane-1-oxide {R)-(+)-1,3-dithiane-1-oxide

Scheme 4




1-A-3 Nucleophihic substitution at sulfur

In 1962, Andersen!? reported the use of ontically pure (-)-(S)-menthol 1n the synthests of chiral
non-raceric p-tolyl alkyl sulfoxides The (-)-(S)-menthyl p-toluenesulfinate was 1solated by
recrystallisation of one diastereoisomer under interconversion conditions It 1s known that the use
of HCl racemises sulfoxides mn organic solvents With the advantage of having one
diastereoisomer less soluble, 1t proved possible to prepare (-)-(S)-menthyl p-toluenesulfinate n

almost quantitative yreld (Scheme 5)

Q@ ©
| i o |
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i

Scheme 5

The (-)-(S)-menthyl p-toluenesulfinate 1s then subjected to treatment with Grignard reagent to
give sulfoxide with complete inversion at the sulfur atom This process 1s largely used for large
scale preparation of optically pure sulfoxides but 1t 1s limuted to p-tolyl sulfoxides and the range

of available Grignard reagents (Scheme 6, table 1)

. ?9 NuM Oe
® S\GD - ..“,,ISG')
p-Tolyl?Y  O—Menth ‘ N p-Tolyl
Scheme 6




Table 1

NuM / Solvent Yield (%) ee (%)
Me,Cult / Et,O 55 851
MeMgBr / Et,O 61 850
MeMgBr / PhH 82 89.5
EtMgBr/ Et,0 62 915
EtMgBr/ PhH 92 975
PhMgBr/ PhH 88 ((e]=200)
Ph,Cula / Et;O 52 ([a] =20 0)

Alcudial® reported a similar process to the Andersen procedure m 1992 usmg (1,2 5,6-di-O-

1sopropylidene-a-D-glucofuranose)  diacetone-D-glucose

(DAG),

which leads to Dboth

enantiomers of the sulfoxide The employment of the appropriate base-solvent system in the

formation of the mtermediate sulfenate from sulfinyl chlorides and DAG allows access to both

diastereo1somers (Scheme 7)

RS(O)CI, pyndine
[iile] -

THF, -78°C

RS(0)CI, +PrNE
Toluene, -78°C

Scheme 7
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Subsequent treatment with Grignard reagents leads to optically pure sulfoxides The range of

accessible sulfinyl chlorides and Gngnard reagents only limts this process (Scheme 8, table 2)
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Table 2
R Yield (%) ge (%0)
p-Tal 84 100
Ph 78 100
Bn 83 100
n-Pr 66 100
t-Bu 62 100

Naso!? has used optically pure chiral vinyl sulfoxides in displacement of a halovinyl group by
subsequent bromination and Grignard addition, leading to sulfoxides with high optical purity.
This process 1s dependent on the accessibility of the Gnignard reagent used and the availability of

the chiral vinyl sulfoxides (Scheme 9, table 3)

Qe o@
S F 1) Bry, CC! 3
SO A oF
DBU, CCI
Me " ¢ Me Br
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V RMgX
3
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Scheme 9




Table 3

R Yield (%) ee (Vo)
Ph 77 100
n-Bu 81 99
n-Pr 78 100
1-Pr 86 100
Et 73 98

Whitesell2? has reported the use of thionyl chlonde as sulfur source n the formation of a
chlorosulfinate ester, which can undergo yeaction with alkylzines to form alkylsulfinate esters,
(Scheme 10)

SO,Cl,

o® 0®

IS@ |l®
LT Ne * LT e

Me,Zn, -78°C

o 0®

fe i
ASTA A WA/ L

2 98

Scheme 10

Kagan?! has extended the use of sulfites which were developed by Mikoljczyk?? who used a
chiral amine 1n the asymmetric synthesis of t-butyl-alkanesulfinates m good yields and
encouraging enantiomeric excesses Instead of chiral amuines, Kagan has used charal 1,2-diols for

the preparation of optically pure cyclic sulfites which were subsequently treated with



organometallic reagents to afford 1,2-hydroxy sulfinates mtermediates 10 and/or 11, (scheme 11,

table 4)
Me Ph
Ph
R
\
£d on
Me Ph 6“
Me Pr;jh S0,Cl, H Ph  RM © 10
> < _— o\@/o —_— and/or
HO OH

%o
Scheme 11
Table 4
RM Product ratio Yield * (%)

10 11
MeLa 75 25 55
MeMgBr 80 20 70
EtMgBr 92 8 80
n-OctMgBr 955 60
-BuMgBr 595 60
t-BuMgCl 10 90 70
BnMgCl 70 30 50
VinylMgCl . 955 50
MesMgBr 12 88 70
PhMgBr 50 50 b

a) Isolated yield of major 1somer, b) Separation failed

The regioselectivity of attack has been attributed to steric interactions between the bulky O-CPh;
fragment and the incoming nucleophile 1n a trigonal bipyramidal transition state With a small

nucleophile, the bulky O-CPh, fragment can lie i a preferred equatorial position with

11




concomitant attack at sulfur from an apical position In the case of large nucleophile, stenc

interactions between the imcoming group and the two phenyl groups means adoption of an apical

position for O-CPh; becomes favoured (Scheme 12)

Me Me,  Ph
Ph
)
Ph
eo”'ls@o on o HO 0
o y H @08 @
R
Rsmall
Ph  Ph Me  Ph
(O/\S >_€Ph
@o,l g M T o  OH
-.’@) ®510g
R
Rlarge

Scheme 12

Subsequent treatment of the enantiomerically pure sulfinate esters with organometallic reagents
leads to a wide range of sulfoxides with impressive enantioselectivities and coupled with a
quantitative recovery of the chiral auxiliary make this an attractive route to access optically pure
sulfoxides (Scheme 13, table 5)

Me Ph
> {—Ph RyM 0@ Me, Ph
0Q0 _ Lo th
RoM R’ @ Ra HO  OH

Scheme 13
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Table 5

R, R, Config, Ee (%)

{-Bu Me R 100
t-Bu Ph S 100
-Bu n-Bu R 100
-Bu Vmy' R 100
Mesityl Me R 100
Mesityl Ph R 100
Me n-Oct R 100
n-Oct Me S 100
Et Bn R 100

Bn Et S 100

Similar processes were reported by Wudl and Lee?3 using (-)-ephedrine 1n the formation of the
sulfinamide intermediates, but partial racemisation was observed under these reaction conditions

and several equivalents of the second Grigrard reagent are required (Scheme 14)

o® o©
3 S
\ 0'® N—Me 0"® N—Me
ho M sOCl, ) ( H
——
H EtsN PR Me PR Me
Ph Me
72 28
0@ o) ©
o @
s RLi or RMgBr s—R
0 N—Me [—— /
HO NMe  vield = 7-90 %
N HME H ee = 40-100 %

Scheme 14
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Later, Snyder?4 improved this process by introducing trimethylaluminium, which reduces to one
equivalent the required quantity of the second Grignard reagent, and suppresses the racemisation

process (Scheme 15, table 6)

O O
£r Me 2@ o ©
/ AlMey Me-Alw R'MgX Q
HO  NMe e MeTNC z
0 NMe PR \
R TR
Ph Me pi Me
Scheme 15
Table 6
R R’MgX Yield (%) ee (%)
Me PhMgBr 71 >99
Me n-BuMgCl 76 >99
Me t-BuMg(Cl 63 >09
Vinyl PhMg3r 75 >99
Allyl PhMg3r 62 >99
t-Pr PhMgBr 82 >99

Evans and co-workers?® have reported the use of oxazohdinones 12 and 13 denved from (-)-
ephedrnine and phenylalanine as chiral auxilianes for a wide range of process These
oxazolidinones were synthesized both by reaction of a sulfinyl chlonde, leading to a 4 1 mixture
of separable diastereorsomers, or by oxidation of the sulfenamide with m-CPBA, leadingtoa 1 2

muxture of diastereoisomers (Fig 4)

14
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Fig 4

Subsequent treatment with Grignard reagents proceeds i excellent yield and with very high

selectivities {(Scheme 16, table 7)

99 )OL RMgX, -78°C, THF 0@ |
p-Tol=—3~N" Yo - — éu
® \__/ p-Tol ® R
B
Scheme 16
Table 7
R Yield (%) ee(%)
Me %0 99
Et 90 928
1-Pr 91 97
t-Bu 88 97
Bn 86 99

In contrast to the Andersen procedure, the diastercoisomeric N-alkylsulfinyl precursors to dialkyl
sulfoxides are readily separable, and therefore provide an excellent high yielding and highly

selective route to dialkyl sulfoxides (scheme 17, table 8)

15
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Scheme 17
Table 8
R R’ Yield (%) ee (%)
Me Ph 87 90
Me -Bu 78 93
Me Bn 82 9]
Me Octyl 78 100
t-Bu Me ) 100
t-Bu n-Bu 91 100

Recently, camphor sultam (14) has been reported 1n the formation of a sulfinylsulfonamides (15)
by Oppolzer?® Separation of the major diastereoisomer by recrystallisation and treatment with
Grignard reagents furmshed a vanety of chiral sulfoxides in high yields and selectivities
(Scheme 18, table 9)

p-tolS(O)Cl © RM NH
0 s05
.59
- NH / p-tol +
SO5 o
g
14 15 _ S@
R p-tol

Scheme 18




Table 9
RM Yield (%) ee (%) Sultam Yield (%)
MeMgBr 93 99 91
-PrMgCl 92 99 91
n-BuMgCl 97 97 94
BnMgCl 91 >99 93
VinylMgCl 95 96 95
AllylMgCl 96 >99 98

17




1-A-4 Asymmetric oxidation of sulfides

In 1984, Kagan?’” and Modena2® reported independently modifications of the Sharpless
asymmetric epoxidation reaction conditions effective for the oxidation of sulfides First,
sulfoxidation cccurred 1n good yields but the sulfoxides appeared to be obtamed 1n a racemic
form Further studies by Kagan showed a n.zed for one equivalent of water to reach high levels of
asymmetric induction This feature was discovered accidentally when employing wet titanium
tetraisopropyloxide! 29 Kagan proposed a possible transition state (TS1) related to that of the
asymmetric Sharpless epoxidation, which 1s a bimetallic transition state (TS2) (fig 5), but the
matn difference between these two transition states 1s that there 1s a covalent bond between the
allylic alcohoel substrate and the titarium metal 1in the Sharpless asymmetric epoxidation of allylic

alcohols

TS1 Modified Sharpless Asymmetric T82 Sharpless Asymmetric Epoxidation
Oxidation of Sulfides of Allylic Alcohols

Fig 5

High similanities were found between the Sharpless asymmetnic epoxidation process and 1ts
modified version Best enantioselectivities were obtamed with the use of cumene
hydroperoxide?? nstead of t-butyl hydroperoxide, but also the presence of molecular steves has a
great influence by a possible regulation of the amount of water in the reaction Kagan3! described

mn 1996 an adapted catalytic system using 1§0pr0panol in place of water (Scheme 19, table 10)

18




TI{O+Pr)4, 1 9
(+)-(R.R)-DET, 4 eq

~PrOH, 4 eq 10 mol % gg
R R CHP, 1 eq, 4A T RR
Ry >R, MS, DCM, -20°C
Scheme 19
Table 10

R, R, Yield (%) ee (%)
Phenyl Me 81 91 2(R)
p-Tolyl Me 77 956 (R)
p-Anisyl Me 73 92 1 (R)
o-Anisyl Me 72 893 (R)
p-NitroPhenyl Me 51 750 (R)
Phenyl Vinyl 58 554 (R)
p-Tolyl Et 68 78 1 (R}
p-Tolyt n-Bu 70 250(R)
o-Anisyl Ph 64 62(R)
Benzyl Me 72 90 3 (R)
n-Octyl Me 69 707 (R)

This process has been widely employed m the synthesis of chiral sulfoxides by Naso3? who
studied the nature of the leaving group 1n nucleophilic substitution reactions on chiral sulfoxides

induced by Grnignard reagents {Scheme 20, table 11)

0 ox’ o® o R'MgX o®
S P<OE $@ _Port @
— t - >
R™ " Okt cCly R™ " Okt R R
Ox  TBHP or CHP, Ti{(O~Pr}4/(R)Binol/H,0
Scheme 20
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Table 11
R R’ Yield (%) ee (%)
Me n-Octyl 54 >08 (R)
Me n-Decyl 46 >98 (R)
Me n-Octadecyl 49 >98 (R)
Me Cyclohexyl 50 >086 (R)
Me -Butyl 15 >98 (R)
Me (E)-2-Stiryl 43 >98 (R)
Et n-Octyl 40 91 (R)
Et p-Tolyl 36 91 (R)
Ph Me 60 94 (S)
Ph p-Tolyl 42 %4 (R)

Naso32 has shown as well that aryl groups can be good leaving group and be displaced by
Grignard reagents (Scheme 21, table 12)

o o
/&0

Me” S ~ Ox Me I AN RMgX

——— Me R

Ox" CHP, CH,Cly, THORPH/(R,R)-DET/H,0

Scheme 21
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Table 12

X Yield of Ee R Yield (%) | ee (%)
sulfoxidation (%) | (%)

2-OMe 86 88 (R) n-Decyl 40 86 (S)
3-OMe 70 93 (R) © 56 91 (S)
4-OMe 72 92 (R) ¢ 24 92 (S)
2-Cl 94 80 (R) n-Octyl 65 81 (S)
4-Cl 76 91 (R) n-Decyl 73 89 (S)
2-Br 77 83 (R) n-Octyl 68 85 (S)
3-Br 67 97 (R) n-Decyl 81 96 (S)
4.Br 88 98 (R) n-Octyl 84 >98 (S)

© ¢ @ n-Tridecyl 74 ¢

@ © ¢ n-Tetradecyl 90 ¢

e ¢ ¢ n-Hexadecyl 77 ¢

¢ ¢ " Cyclohexyl 72 ‘-

Page et al3} have employed Sharpless modification sulfoxidation procedures for the synthesis of

chiral 2-substituted-1,3-dithiane-1-oxide (Scheme 22, table 13) He has shown many applications

of the 1,3-dithhane-1-ox1de species as a chiral auxiliary in asymmetric synthesis, for example, 1n

the preparation of chiral a-hydroxy ketones

L\r

|)BuL| R'CHO

w}Swern oxidation

E:\)‘L Kagan oxidation @é I;
S

OH
z NBS
R -— e
\[]/\R1 3% H 0/Acetone
0
Scheme 22

OeO
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Table 13

R R’ Yield of 16 (%) | ee (%)
Ph Me ant1 65 99
syn 6 99
Ph Et ant1 42 97
syn 15 57
Me Me ant: 47 78
syn 43 82
Me Ph ant1 58 86
synQ -
Et Me ant1 61 81
syn 4 1
Et Et ant1 67 87
syn 6 ¥
Et F- antt 60 90
syn 6 I
Et Bn ant1 65 82
syn 0 -
Et Bn-CH; ant1 61 81
syn 2 81

1 ee not determuned

The modified Sharpless sulfoxidation process developed by Kagan has also been studied by

Scettr1 & Lattanzi for the kinetic resolution of racemrc sulfoxides34 They mnvestigated the nature

of different hydroperoxides based on cumyl and furyl structures (Scheme 23, table 14 and

Scheme 24, table 15)
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Scheme 23
Table 14
R Yield (%) ee (%)
p-Tolyl 40 83 (R)
Phenyl 39 87 (R)
p-Cl-Ph 31 94 (R)
Benzyl 31 9(R)
p-Tolyl 75 13 (R)
a) THF was employed
0 ©
0
EtO . é@
R Me” TR
OOH
(+)
T{OrPr}s, DCM, L-DET
O
o u
Eto + /S..@ + Me—S5—R
R Me R 3
OH

Scheme 24




Table 15

R T (°C) Yield® (%) ee (%)
p-Tolyl -23 38 >95 (R)
Phenyl @ 38 91 (R)
p-Cl-Ph “ 40 95 (R)
p-Tolyl -15 49° 73 (S)
Phenyl 0 64° 40 (R)
p-Tolyl 0 48 81 (R)
p-Cl-Ph “ 38 76 (R)
Pheny! @ 38 83 (R)

a) All experiments were carried oul with furylhydroperaxide K=/-Pr unless notilied, b) D-DET was employed,

c) In this expeniment furylhydroperoxide R'=CH3 has been used

Another increasingly important method for asymmetric sulfoxidation 1s the employment of chiral
imines or oxazindines In 1977, Davis33 reported for the first synthesis and uses of stable chiral
camphor-derived sulfonyl oxazindines (Fig 6 17, 18, 19, 20}, which proved to be efficient in the

synthesis of sulfoxides, but enantioselectivities were low

/,.’
S 02 \7
80,
17 \ |\\ 18
_N

Fig 6

\\Ar

so‘g' \
0;

Davis36 prepared sulfonyl oxaziridines (Scheme 25, 21 and 22) from chiral secondary amine by
conversion to the imine and oxtdation to the two separable diastereoisomers of the oxaziridine by

column chromatography 1n a mixture of 1 1
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Both of these oxaziridines with a variety of aryl groups were used to oxidise several sulfides
here (Scheme 26, table 16)

under a variety of conditions to yield a large volume of data, a selection of which 1s reported

O@
Oxazindine 5 ®
/S\ - ~ S
R R - R R'
CHCl5
Scheme 26
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Table 16

Oxazindine Ar Tep (°C) Sulfoxide ee (%) / (Abs Conf)
1-Pr-S-p-Tol | 9-Anthryl-S-Me
(R,R)-22 a 25 210(R) 290(R)
(R.R)-22 b 25 40 (R) 159 (R)
(5,5)-21 c 25 376 (S) 530(5)
(R,R)-22 d 25 370(R) 69 9 (R)
(5,9)-21 d 25 300(8) 64 9 (S)
(5,8)-21 e -42 522 (8) 774(8)
(5,5)-21 e -78 603 (S) 90 6(S)

a= 3-N03-‘C5H4, b= 2-C1-C5H4. c= 2'C|-5-N02-C6H].
d = 3,5-N01-C6H3. e= Cng
It was only 1n 1988 that Davis?7 reported a synthesis of cyclic oxazindines derived from camphor
sulfonic acid These oxazindines have the advantage that upon oxidation of the imne only one

1somer of oxazinidine (23) 1s formed, which simplifies their purification (Scheme 27)

1) PC|5 m- CPBA
o ) NH,OH /N

SO4H SOzNHz sort ”

Scheme 27

The selectivity of the oxazinidine (23) i cxidation was also rationalised 1n terms of mmnimising
steric mnteractions mn a non-spiro transition state, although enantioselectivity was not high, except
1n the case of methyl 9-anthryl sulfide (Scheme 28, table 17) In addition, the reactivity of 23 was
found to be about half that of 21 and 22 This lowering of activity was ascribed to increased steric
bulk around the oxazindine and the presence of electron donating groups which reduce the

electrophilicity of the oxaziridine.
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s Oxazindine g@
R R cHCl, R™ R
Scheme 28
Table 17
Oxazindine R R’ ec (%) / (Abs Conf)
(+)-23 p-Tolyl n-Bu 29(S)
(+)-23 p-Tolyl 1-Pr 47(8)
(-)-23 p-Tolyl n-Bu 35(R)
(-)-23 p-Tolyl 1-Pr 53(R)
(+)-23 9-Antrhyl Me 72.7 (8)
(+)-23 9-Anthryl 1-Pr 662 (S)
(-)-23 9-Anthryl Me 775(R)
(-)-23 9-Anthryl 1-Pr 68 0 (R)

Page38 recently published a new system for catalytic asymmetric oxidation using a modified
Payne oxidation, which involves m-suu a highly reactive oxidant This catalytic process
employed camphorsulfonylimines similar to those used by Davis The absolute configurations of
the sulfoxide product were opposite when imine (24) and oxazindine (23) were employed

{Scheme 29, table 18)

24
b ©
so{N ?
/S\ SG’)
R1 RZ —_— R1/ \RZ
Dru, 4 eq
H202' 4 €q
Scheme 29
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Table 18

R1 R2 Yield (%) ee (%) Abs Conf
t-Bu Me 83 42 R
Bn Me 100 35 R
p-Tol Me 100 20 R
t-Amyl Me 87 26 -
2-Phenyl-1,3-dithiane - 100 44°
2-Prvaloyl-1,3-dithiane 66 49*

a) anfr isomer

After many nvestigations of the nature of the group at the o position of the imine, Page3?

reported m 1995, the application of 8,8-dimethoxycamphor sulfonyl imme (25) which 1mproved

reactivity and enantioselectivities In this case, the corresponding oxazindine (26) gave similar

results and selectivities, including the same absolute configuration at the sulfur atom, in contrast

to the process using the unsubstitued imine (24) instead (Scheme 30, table 19)

OMe

Yy OMe

25 S0;
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Scheme 30
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Table 19
R, R; ee (%), (Yield (%))
Imine (25} / H,O, Oxazirndine (26)
Me t-Bu 86 5 (100) 85 S (100)
Me Bn 63 5 (100) 49 § (100}
Me p-Tol 60 S (96) 61 S(100)
Me Cyclohexyl 66 (+) (100) 53 (+) (100)
2-Phenyl-1,3-dithiane >98 §(100) 98 S(100)
(ant1) (anty)
2-t-Butyl-1,3-dithiane 78 R (46) 83 R (68) (ant1)
(ant1) 85 R (28) (syn)
1,3-dithiane I2R(AT) 36 R (96)

/® ©

9. 5o

BF,

Buffered

——

Scheme 31

Oxone @
N
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O

o

species to sulfoxides very efficiently but with a lack of stereochemistry

©
BF,

Recently, Lusinchi*? published a promising process based on the use of a chiral immium salt as
catalyst for the oxidation of sulfides The positive charge on the mtrogen appeared to make the
iminum salt more active than oxaziridines, perhaps due to therr increased electrophilicity. This
chiral 1minium salt was treated n presence of buffered Oxone®, perhaps to give a very active

oxaziridimum oxidant (Scheme 31, table 20) These oxazindinium salts seem to oxadise sulfides
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Table 20

Solvent Yields % (conversion) ee % (abs Config)
CH,Cl, 60 (100) 35(8)

CsHs 76 (100) 37(S)
n-CsHiz 93 (100) 37(S)

In 1995, Bolm*! reported the catalytic asymmetric sulfoxidation by a chiral vanadium complex of
dithioacetals and dithioketals Many advantages were observed, mncluding the use of 30 %
aqueous HyO; as termunal oxidant, the simplicity of the reaction conditions, its catalytic
efficiency (0 01-1 mol% of catalyst), and the use of simple ligands (1 5 mol%), (¢ g 27) denved
from ammo alcohol and salicylaldehydes (Scheme 32, table 21)

S
R/ ',< VO(acac),, (S)-Z‘7 R,,,/<S
R s: H,0, (30 %) R s®:
¥

X
l
27 OH N
HO
Scheme 32
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Table 21. Asymmetric exidation of dithioacetals and dithioketals to give sulfoxides catalysed by
1 mol% of [VO(acac);] and 1 5 mol% of ligand ($)-27 (X=¢-Bu)

R R’ Yield (%) ee (%) Optical
rotation
Ph* H 77 76 ) |
Ph H 84 85 ¢
p-Tol H 79 77 -)
P-Cl-Ph H 87 64 )
p-MeO-Ph H 60 57 ) |
o-Br-Ph H 81 64 ) |
0-NO,-Ph H 75 62 +) |
t-Bu H 67 46 nd”® i
C(CH3);CH,0H H 62 47 ) l
Ph Me 44 (c1s) 68 nd
37 (trans) 12 )
0-Br-Ph Me 57 (c1s) 85 nd
25 (trans) 15 nd

a) Ligand J (8) (X=NO;) was used m this run, b) n d = not determined

Recently, Skarzewslkui*? published his research on this process for the optimisation of the different
groups from the hgand and obtained optimum results with the ligand (28), and applied the
catalytic process to aryl sulfides, 1,3-dithiane species, and bis(arylthio)alkanes, giving excellent
ees (Scheme 33, table 22 and Scheme 34, table 23) Skarzewsk: confirmed the observation
reported by Bolm that the chirality transfer occurred generating the same configuration at the
sulfur atom as 1n the catalyst, 1e (S)-sulfoxade was formed using the ligands derived from L-

valinol, and (R)-sulfoxide was obtained w12 that of D-valinol
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Table 22
Ry R; R; Yield (%) ee (%)
-Bu t-Bu NO; 94 70
t-Bu t-Bu t-Bu 73 59
Pr Ph NO, 90 75
-Bu Ph NO, 74 73
-Pr -Bu NO; 64 69
Ph Ph NO; 74 15
Ph t-Bu +-Bu 79 30
i-Pr t-Bu -Bu 58 50
o®
/
i >_— V(acac)z hgand (28) <:S>?_
Ph

H202 (30%)

Rs

R2:Il

OH N_ Ry

J

HO
28

Scheme 34
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Table 23

R, R, R; Yield (%) ee (%)*
-Bu t-Bu NO, 77 76
t-Bu -Bu -Bu 84 85
-Pr Ph NO, 80 88
t-Bu Ph NO, 88 71

a) only trans product observed

Optically pure sugar hydroperoxides have been shown by Hamann et al 43 to oxidise methyl aryl
sulfides, 1n a similar process to the modified Sharpless sulfoxidation developed by Kagan, with
up to 26 % ec (Scheme 35)

O@
s. THO-IPr)4 (20 mol%) XS,
Ar” T T Me - AT T Me
Oxidant 29, 3AMS
up to 26 %ee
OBn
Q
29 /ogn H
BnO o-0

Scheme 35




1-A-5" Reactions involving the use of enzymes

The biotransformation of sulfides to sulfox:des was first reported 1n 1954 by Wright#4 et al and
was reviewed by Holland* in 1988 Generally, enzymatic processes can afford exceptional
results with extremely high enantioselectivities, but have poor scope with regard to sulfide

structure

Helmnthospormum and Mortiella 1sabellina were reported 1 1978 by Sm* to effect the
sulfoxidation of p-tolyl methyl sulfide with high enantiomeric punty but of opposite absolute
configurations (Scheme 36)

©
S

EN Helminthospornum S@
ee = 100%

9@

S $®

/@/ “Me  Morterella sabelina /@/ “Me
ee =100%
Scheme 36

The used of Helmmthosporium has been extended to the oxidation of 4-substituted methyl benzyl
sulfides with moderate to good yi¢lds and enantioselectivities 47 Helminthosporium has also been
employed n the synthesis of the anticarcinogenic compound (R)-sulforaphane (Fig, 7, 30) 1n 45
% yield and 93 % ee 48

©
%c)
Me/ \/\/\NQ

N

0

S
30
Fig 7

Colonna*® reported the mvestigation of cyclohexanone monooxygenase (CMO) derived from

Acnetobacter m the oxidation of a range of sulfides Colonna’? extensively investigated the




influence of sulfide structures on the obse -ved enantioselectivity and also reported the action of
CMO on the oxidation of dithioacetals, with excellent results (Scheme 37, table 24 and Scheme
38, table 25)

malic Enzyme

@ |
Su 0 |
R, cyclohexanone o)
/©/ + NADPH > NADP + *r
R, monooxygenase /©/ 2
Ry
Scheme 37
Table 24
Ry R; | 7ield (%) | ee (%) | Abs Conf
Ph Me 88 99 R
o-Tol Me 90 87 R
m-Tol Me 90 40 R
p-Tol Me %94 37 S
2-Pyndyl | Me 86 87 R
Ph -Pr 93 3 S
p-Tol 1-Pr 99 86 S
p-Tol Et 89 89 S
p-F-Ph Et 96 93 S
Q@
s _$9
/ R "R
S-Sk oMo
\ o® MO o0
i® 7 s
g S-S RTNTOR
Scheme 38
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Table 25
Sulfide Vield (%) | ee (%) | sulfone Yield (%)
1,3-dithiane 81 >98 19
1,3-dithiolane 94 >98 6
Bis(methylthio)methane 92 =98

Colonna®! also reported the use of the enzyme chloroperoxidase (CPO), derived from

caldariomyces fumago. This enzyme has also been apphed by Wong52 to the sulfoxidation of a

variety of sulfides with similar results (Scheme 39, table 26)

Chioroperoxidase O@
RS R - @
1 2 Hydrogen peroxide R1/ ~ Ry
Scheme 39
Table 26
Ry R Yield (%) | ec (%)

Ph Me 100 98
p-Tol Me 98 91
o-Tol Me 27 33
p-Tol Et 50 68
p-Tol Pr 53 5
Bn Me 100 90
2-Pynidyl Me 100 99
p-Cl-Ph Me 77 90
0-Cl-Ph Me 33 &5
p-NO,-Ph vie 10 80

Recently, Dalton®3 has reported the use of stramns of Pseudomonas putida for the oxidation of a

variety of alkyl aryl and dialkyl sulfides with excellent selectivities but with extremely vanable

yields The UV4 strain was the most successful and gave the same sense of enantioselectivity in
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all cases with regard to the phenyl group, although the configurational assignment 1s changed n

some examples due to a change m priority of the non-phenyl substituents (Scheme 40, table 27)

Pseudomonas oe

s putida UV4 HO)

o g

Scheme 40
Table 27
R Yield (%) | ee (%) | Abs Conf.

Me 95 =98 R
Et 64 >98 R
n-Pr 3 >98 R
n-Bu 7 97 R
-Pr 27 97 R
t-Bu 2 62 R
o-Tol 1 86 S
p-Tol | >98 S
Vmyl 38 =98 S

Roberts has reported the use of a strain of baker’s yeast 1n the oxidation of methyl tolyl sulfide
with good enantioselectivity (up to 92 % ee) The use of bovine serum albumin (BSA)SS was
reported 1n 1991 giving vanable selectivities (up to 79 % ee) Also, the use of Rhodococcus equt
has been published by Ohtas6 mn a procedure involving the resolution of sulfinate esters In 1994,
Schultz57 reported the use of catalytic antibodies i the oxidation of sulfides m presence of

sodum periodate

Enzymes have also been used 1n kinetic resolution of functionahised sulfoxides In 1986, OhtaS8
reported a selective hydrolysis of sulfinyl esters by using Corneybacterium equi IFO 3730 which
afforded good levels of optical punity of the sulfinyl ester (up to 97 % ee) (Scheme 41)
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Burgess®? reported sumular results using Pseudomonas K10, with the advantage that the
hydrolysed acid was also recovered with good optical punty for the sulfiny! ester and the

hydrolysed sulfinyl acid, 1n >95 % ee and up to 94 % ee respectively
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1-A-6 Conclusions

Since the first asymmetnic sulfoxidation in the early 1960°s, many procedures have been
developed to access a wide range of chiral sulfoxides with various groups at the sulfur atom One
of the most important developments 1n asymmetric sulfoxidation was mtroduced by Kagan and
Modena (Scheme 42) by adaptation of the Sharpless asymmetnic epoxidation conditions, to
access mainly chiral aryl methyl sulfoxides with high enantiomeric excess Other sulfide types

are less successful substrates

TI{OrPr)s, 1 eq
{+)-(R,R)-DET, 4 eg ©
®

o)
+PTOH, 4 eq 10 mol % Z

CHP, 1 eq, 4AMS, DCM, -20°C

Scheme 42

Another efficient procedure was recently developed by Davis and subsequently by Page who

have observed high enantiomeric purity with the use of chiral oxaziridines and related reagents

generated i1 situ (Scheme 43)

£ R
o R ]
S . s®
O, »-
Scheme 43

Furthermore, the modified Payne oxidation developed by Page (Scheme 44) using chiral sulfonyl

imnes for asymmetric sulfoxidation 1s used for the access of dialkyl sulfoxides with high ees
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The development of these highly selective procedures has allowed the synthesis of chiral
auxiliantes using the 1,3-dithiane-1-oxide moiety, which has been already introduced by Page
(Scheme 45) for the enantioselective synth=sis of o-hydroxy ketones For example, deprotonation
of the 2-substitued-1,3-dithiane spectes, addition of the resulting anion to aldehyde, oxidation to
the ketone, asymmetnic sulfox:dation by modified Sharpless protoco! allows 1solation of the two
separable diastereoisomers 31 and 32, and subsequent stereoselective reduction of 31 followed by

thioacetal hydrolysis affords the a-hydroxy ketone (33) with high optical purity
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Scheme 45

Pagef0 has also reported simular chemustry from optical pure 1,3-dithiane-1-oxide n one pot
reactions, by reacting the 2-anion denved from chiral 1,3-dithiane-1-oxide with an appropriate
acyl imidazole in the presence of additional base, and treatment of the enolate so generated with

methyl 10dide (Scheme 46) to afford the chiral keto-dithiane-ox1de intermediate (34)

S% NaHMDS, BulL, @ S\?)J\/\R
l/s RCH,CH,Ct nmid, CHal [/S 34

90 % ee

Scheme 46
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The aim of this work 1s to extend this procedure to a wide range of 2-substituted-1,3-dithiane
spectes, for the enantioselective synthesis of a-hydroxy aryl ketones (35) (scheme 47) using our

standard procedure for the asymmetric sulfoxidation of the 1,3-dithiane species

Possible route

Q@
0 % 5
s R asym ~s@ _r 1) Buli ~S -
Yy — hd @Y. R
S oxidation s ) R'CHO S
CH NEBS,
R 3% H,O/Acetone
*» R
0 35
Scheme 47

The advantage of such routes 1s the production of only one diastereorsomer nstead of the

chromatographic separation of a mixture of diastercoisomers required n the earlier scheme 45.
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1-B: Allylic Nucleophilic Substitution Palladium-Catalysed Reaction-

1-B-1 Introduction

The synthesis of non-racemic enriched chiral compounds has increased the attention of many
researchers over the last four decades Many synthetic approaches have been developed to afford
high enantiomenc excess of the synthesized product, but the most efficient method developed so
far 1s asymmetric catalysis, which requires a catalytic amount of chiral matenal to transmit the

chiral information to a larger amount of substrate

The process, which descnibes the formation of a chiral product, ennched 1n either enantiomer,

from an achiral or a chiral racemic substrate, 1s called enantioselective synthesis 6!

The design of an enantioselective catalytic process would be advantageous to obtain high yields
of enantiomerically pure products synthesized from a chiral racemic substrate The kinetic
resolution cannot respond to such demand where optimal yields are only 50 % Furthermore, the
challenge to convert both enantiomers of the substrate into a single enantiomer of the product can
be achieved by a chiral catalyst, which reacts with either enantiomers of the substrate with

possible loss of chiral information from the substrate

The transition metal-catalysed reactions respond to such demand and have been widely studied
over the last two decades to control the regioselectivity as well as the stereoselectivity 1n the
formation of organic molecules  Asymmetnic  epoxidation$?  dihydroxylation 53
aminohydroxylation and the Heck®3 reactions of olefins, allylic alkylation reactions®4, etc  are a

few examples of transition metal-catalysed reactions
In 1977, Trost®® reported the metal-catalysed allylic nucleophilic substitution reaction and 1ts

synthetic applications These have been widely demonstrated by a growing presence of reports 1n

the literature Most of the enantioselective transition metal-catalysed processes mvolve transfer of
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oxygen or molecular hydrogen, but the metal-catalysed allylic substitution reaction mvolves

carbon-carbon as well as carbon-hetercatom bond formation (Scheme 48)

o Catalyst o
\/\X + Nu \/\Nu + X

Scheme 48

Furthermore, the greatest advantage of the metal-catalysed allylic substitution reaction over the
other enantioselective transition metal-catalysed reactions, 1s its ability to convert racemic
substrate 1nto only one enantiomer of the sroduct The kinetic resolution processes, such as the

hydrogenation of substituted -ketoesters, are the only exceptions

The transition metal-catalysed allylic substitution reaction has been widely studied with different
transition metals including nickel, palladium, platinum, rhodum, 1ron, ruthenium, molybdenum,
and tungsten Vanous observations have been reported on the regioselectivities for

unsymmetrically 1,3-disubstituted allyl substrates

Trost® reported, m 1977, the first enantioselective example of a palladium-catalysed allylic

nucleophilic substitution reaction with the employment of DIOP (Fig 8) as chiral ligand

>

@) O

Ph,P “—PPh,
DIOP

Fig &

Since his pioneenng research, a wide range of chiral ligands has been elaborated to access high

level of regioselectivity and enantioselectivity for the catalytic process.
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This introduction 1s Iimited to the metal-catalysed allylic nucleophilic substitution reactions It
constders the role of cach of the reac’ion components and their possible importance m
enantioselective induction, treated 1n the following order nucleophiles, enantiodiscrimination in

substrate-metal intermediates, transition metals and ligands
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1-B-1-a Nucleophiles

There are two different types of palladiim-catalysed allylic substitution depending upon the
nature of nucleophiles, “hard” nucleophiles which have a pKa > 25 for the comjugate acids, are
attached to the transition metal n the first step and undergo reductive elimination (Scheme 49)
These nucleophiles have not been extensively studied because of the similanty of the reaction to

organocopper chemustry

Nu | /Metal coordination
Metal
|_/ L (= _\
L
: |

Metlal

L{: ) ,_ LX(= ;
Nu \_L\‘ ‘@J)

Metal ‘T
reductive /D )/ /Metal\ % oxidative

Nu
elimination G?\lu L insertion

Scheme 49

The other type of nucleophiles, “soft” nucleophiles, has a pKa < 25 for the conjugate acids In

this case, the dissociation and formation of bonds occur outside of the coordmation sphere, 1¢,

the nucleophile approaches the m allyl face opposite to the transition metal and its ligands

(Scheme 50)




~

L |
( — | Metal X
Nu Metal L
L coordination
T
L /Metal
Metlal t Vda
L/(: L X)
Nu @ ‘
Metal cxidative
N 4 \ Insertion
eNu
Scheme 50
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1-B-1-b Enantiodiscrimnation in substrates-metal intermediates

The nature of the substrate also has great influence on the enantioselective induction during the
substrate-palladium attachment step The effect has been shown to be an example of enantiofacial

discrimination by Trost64

Many enantiodiscrimuination processes have been reported One of these 1s “enantiofacial
complexation and 1omsation”, where the transition metal must distinguish between two different
faces of the olefin In these cases, 10misation from different enantiofaces of the olefin affords

enantiomeric allyl complexes (Fig 9)

=
XA~ R\%\;X
X

Fig 9

Another aspect of enantiodiscrimmation 1s “iomsation of enantiotopic leaving group” A
stereoelectronic effect occurs in the 1onisation step in the palladium-catalysed reaction For
example, Fiaud®? observed different reaction rates in the iomsation of axial and equatonal

leaving groups (Scheme 51)

wc 7 \k ZOAC

3 57%
PdO,Nu”

2 7|\Q/\Nu

40%

OAc

Scheme 51
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The axial acetate X underwent complete transformation to give the palladium-catalysed allylic
nucleophilic substitution product while the equatorial 1somer Y was recovered unchanged
Fiaud®® also reported sunilar behaviour in meso substrates with two enantiotopic leaving groups

and described 1t as a “desymmetrisation process” (Fig 10)

X., WX C> R~
* WKonne X, :
X

Fig 10

An mtramolecular palladium-catalysed allylic nucleophilic substitution reaction has been

reported by Trost6? on an allyl dicarbamate substrate (Scheme 52)

|
@ Pd(0) N g
RHNCOZ" "Q,LNHR T @ F

Scheme 52

Another distinctive enantiodiscrimination effect 1s based on “enantioface exchange 1n n’-allyl
complexes” In the case of unsymmetrically 1,3-disubstituted allylic intermediates, the metal
switches between enantiofaces of the allylic moiety, and 1somensation exchange process can be
important for enantioselectivity 1f one face has less steric and/or electronic effects in detriment to

the other

Two different 1somersation mechamsms were defined depending upon the substrate structure
For substrates contaiming two identical substituents on one of the allyl termini, the “n’n'-n*”

mechamsm can occur (Scheme 53)
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Scheme 53

This process may operate on the same time scale as other steps in the catalytic cycle
Furthermore, stereochemical information gained 1n the 10msation step can be lost The figure 11

llustrates some substrates whose complexes may racermse under a n°-n'-n® process.

R X—\:/—X X W x

R
X | RA‘/\/R' R\(\’r“x
X R R
Fig 11

It appears that the rate of exchange for the n’-n'-n’ process, 1s proportional to the concentration
of palladium (0) 1n stoichiometnic studies (Scheme 54) By mean, mtroversion occurs between a

metal and a metal allyl complex.

L\
M L /L
4 ot \M®—- M.
\ L/ L
L
Scheme 54
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Granberg’0 has shown that this 1somensation process (1°-n'-n’) can be munimsed by a reactive
allyhc substrate, a low concentration of palladium (0), bidentate ligands and use of halide 10ns
Trost?! has proposed the 1solation of each of the palladium sites on solid supports which avoided

the 1somerisation process to take place
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1-B-1-¢ Transition metals

Despite the n’-n'-n’ 1somensation process, palladium metal can be considered as the most
widely used transition metal n the allylic nucleophilic substitution reaction These reactions

however show a lack of regroselectivity in the presence of unsymmetric substrates

Meanwhile, good regioselectivities were o™tained 1n ambiguous cases depending upon the choice
of higand or substrate which have an apparent role in the regioselectivity Hayash?2 reported the
application of MOP (36) (Fig 12) as a ligand with unsymmetric substrates n the palladium-

catalysed allylic nucleophilic substitution reaction and observed a “memory effect” 1n his results

I | OMe I I NMe»
I l PPh, I I PPhy

36 MOP 37 MAP
Fig 12

The meaning of ‘memory effect’ as introduced by Hayashi 1s that the mcoming nucleophile
becomes attached to the carbon of the allyl molety where the leaving group was previously

bonded (Scheme 55)

memory effect

LG pd® Nu

R)\'/\ R Nu R)\/\R'

Scheme 55
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In contrast to these results using MOP, Vyskocil’3 observed a dramatic loss of this memory effect
in the palladium-catalysed allylic alkylation reactions of unsymmetnical substrates when MAP

(37) was employed as chiral hgand (Scheme 56)

OAc

©/VOAC ==

a b

Me MeQ,C COMe
\ COZME
Me
/
COzMe
7221 From acetate substrate a
MOP (Hayashi) 2377 From acetate substrate b
>200 1 From acetate substrate a
MAP (Vyskocil) 919 From acetate substrate b
Scheme 56

The apparent differentiation 1n chemical behaviour between MOP and MAP 1s surprising but was
explained by different modes of chelation to the transition metal Oxygen 1s generally not a good
ligating group and 1n extreme cases, oxygen does not ligate to transttion metals at all A mectal
complex intermediate with two monodentate molecules of MOP attached was proposed, and
would decrease the n°-1'-n’ exchange equilibrium after the substrate tonisation step In this case,
the memory effect occurs after nucleophilic addition at the allyl morety of the carbon bearing the

metal complex (Scheme 57)
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Scheme 57

Willtams?# also reported good regioselectivities using a hybnd N,O ligand (38) 1n this reaction 1n
an application for the synthesis of f-amino-acids by using bulky groups on one side of the

unsymmetric substrate to induce the approach of the nucleophile on the other (Scheme 58)

Ph_~ R NaCH(CO;Me),, P~ R
0 Ph  HG
Ph  OAc Pd™, 0 ~ (COMe),
Ph,P N~f
a8 /o up to 97 %, 99 %ee

/
@ozcvr /

(EZHZNH?
Scheme 58

One of the most inventive regioselective inductions with palladium was reported by Krafft? in

1998 who mtroduced a heteroatom directing group 1nto the substrate {Scheme 59)
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Scheme 59

The regioselective additions to allylic acetates, catalysed by palladium, can be achieved by
mcorporation of a thioether or tertiary amine into the substrate It was demonstrated, for the first
time, that heteroatoms capable of coordinating to palladium can change or even reverse the
expected regiochemical and stereochemical outcome Reactions with malonate anion proceed
with high selectivity to provide the product substituted at the termmus of the allyl moiety

proximal to the heteroatom, even if that position was more substituted

Although the elaboration of favourable nteractions or in the choice of substrates, palladium

metal failed 1n most of the cases to afford good regioselectivities wath unsymmetric substrates

This lack of regioselectivity was solved by changing the steric and electronic demands of the
metal template, and good to excellent regioselectivities were obtamed with the use of tungsten,

molybdenum, rhodium and platinum as described below

In 1983, Trost’6 reported a tungsten-c-talysed allylic nuclcophilic alkylation reaction for
unsymmetric allyl substrates bearing one aromatic group (Aryl, pyndyl, furyl, thienyl) 1n the
presence of bipyridine as ligand which facilitates the opening of a coordination site on the

tungsten complex (Scheme 60)
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Scheme 60

Molybdenum also proved to be efficient in obtaining high regioselectivities for unsymmetric

substrates, Trost’? reported the asymmetric version of the molybdenum-catalysed allylic

nucleophilic substitution reactions of unsynmetric substrates with, 1n most of the cases, excellent

results (Scheme 61)

Ar /
Ar Ar s
=
Ve0,co  (ECN)Mo(CO)y ;
NaRC(COMe)  r~ T co.Me COMe
o CO,Me rRT COzMe
Ar
%
0COMe regioselectvity from 51 to 991

Scheme 61

Very high enantioselectivities were achieved with the use of a bipynidine hgand (39) (fig 13) on

the same aromatic substrates as already reported by Trost?8 with tungsten
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N\ /39 _
Fig 13
Similar regioselectivities were reported by Evans™ with the use of a modified Wilkinson’s

catalyst (RhC1(PPhs);) as a transition metal binding site for the allylic nucleophilic substitution

reactions of unsymmetric substrates (Scheme 62)

R
R R
(=3 Rh(PPh3)3C| / R’ \
-~ - +
MeQ,CO NaCH(CO;Me), R CO,Me MeO,C CO,Me

Yields upto95%
ratio upto99 1

Scheme 62

Although excellent regioselectivitics were obtaned, this process was not carried out 1n an

asymmetric version

Platinum®? also gave good regioselectivities n the allylic nucleophilic substitution reaction for

unsymmetric substrates but with a shghtly lower regioselective induction (up to 15 1)




1-B-1-d Ligands

One of the most important methods for controlling enantioselectivity 1nto transition metal-
catalysed processes 18 by the incorporation of chiral igands The two most important classes of

chiral ligands are homobidentate ligands with Cy, symmetry and heterobidentate ligands

Homobidentate ligands with Cy, symmetry

One of the first chiral ligands used in palladium-catalysed allylic nucleophilic substitution
reactions was a P,P homobidentate liganc with Cz, symmetry developed by Noyori®! (BINAP)
(Fig. 14), but this gave very poor enantiomeric nduction reported by Trost82 despite his success

n other metal-catalysed reactions

In 1992, Trost69 reported the first successful P,P-homobidentate chiral igand with Cyy, symmetry
dertved from tranms-1,2-diamimo-cyclohexane (40) A “dome-type architecture” controls the

stereochemistry of the reaction primantly by steric effects

Excellent enantioselectivities were obtamed with optically pure NN Cy symmetrical
homobidentate bis-oxazohnes (41) reported by Evans®3 Pfaltz 84 This last type of N,N Ca
symmetrical homobidentate bis-oxazoline ligands were widely appled to copper-catalysed

reactions 85
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O/YR
~NH PPhy —nN
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wPPhy NH PPh, —N
O ’ll"
o R

Rl
BINAP upto 34 % ee

40 upto 96 % ee 41 upto 88 % ee

Fig 14

Shibasaki® has reported moderate results for the enantioselective palladium-catalysed allylic

nucleophilic substitution reactions with 5,8 homobidentate Cy, symmetncal chiral bis-sulfoxide
ligands (42)

p-ToI,,’_ L0
S ® ® S&
0p p-Tol

W2 upto 64 % eea

Heterobidentate ligands

A conceptually different approach for enantioselective induction was based on the 1dea that a
bidentate ligand with two clectroncally different ligating groups should encourage preferential

attack at one of the two termuini of the m-allyl complex owing to the frans effect of the acceptor
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centre relayed through the metal These effects may be momitored by the 3¢ shifts of the allyhc
complexes The lowest field allylic 3¢ sh-fis were observed with complexes containing electron-
withdrawing phosphite ligands (back-bon ing), the highest field allyhc BC shifts are observed
with tertiary amine ligands (pure o donors) The stereoelectronic predictions of the trans effect

are that bonds frans to phosphorus will be longer and weaker than bonds trans to mtrogen

Pfaltz,37 Williams®8 and Helmchem3? independently mntroduced P,N ligands (Fig 15, 43) capable
of chelating palladium between a traditionally arylated phosphorus atom and an imine-type

nitrogen contained n an oxazoline nng

0]

\\)‘R'
FPhy N

43 Lhto 98 5%

A\

o A

e

Fig 15

Many ligands have been reported following this highly successful P,N ligand (43) and many of
them retained the oxazoline rng as the source of chirality and nitrogen for chelation to palladium
The phosphorus atom has been moved withm the structure or replaced by other heteroatoms (S,

Se, O or N) 90, 91. 92

Wilhams? reported N,S oxazolme lgands (44, 45, 46) with good to excellent
enantioselectivities Tkeda®! reported diphenylphmooxaline ligands (47) with a chiral binaphthyl

backbone for palladium-catalysed allylic al<ylation with moderate selectivities




e at

“,
'
R

44 upto 76 % ee 45 upto 88 % ee

R’ .
R 0
X S, S(0), Se

(S,aR}

46 up to 92 % ee
47 upto 96 % ee

A very recent paper®? reported the application of N,N oxazolme-pyndine (or qunoline) ligands
(48, 49) and N,N oxazolne-tcrtiary amr ne higands (50) to the palladium-catalysed allylic
alkylation reaction, but with poor enantioselective induction m most of the cases, which may be

due to the simtlar electronic nature of the groups chelated to palladium

AN 0
N i - Dm

N/ N
s o} N
e 7
N N7 o
’R d R‘</
R R 0
48 upto25%ee 49 1pto 69 % ee 50 upto 17 % ee
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A wide range of ligands contatning a nitrogen atom contamed 1n moieties other than an oxazoline

has been reported These include P,N oxazine ligands (51) reported by Evans? with excellent
enantioselectivities 1n palladium-catalysed allyhic alkylation reaction, and P,N pyndime ligands

(52) investigated by Ito% with very good enantiomeric excesses

l N
N PPh, ( - ohe
£ R

51 upto 95 % ee 52 upto 98 % ee

Good to excellent enantioselective induction was observed with N,S ligands such as (+)-
pinocarvone dertved N,S pyndine-thioether (53) ligands reported by Chelucei®> Kellogg®s
reported the same type of ligand derived from S-thiofenchone (54) as a chiral site source for

asymmetric induction.

53 upto 83 % ee 54 upto 98 % ee

In 1999, Anderson®7 reported the enantioselective palladium-catalysed allylic alkylation reaction
using N,S imune-thioether higands (55) denived from optically pure amino alcohols The steric
environment around the palladium complex orients the nucleophilic attack opposite to the imine

group, due to a tilted angle of 15 5° between the plane of the allyl group and the perpendicular of
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the N-Pd-S plane In comparison, poor to moderate success were reported by Hiro18 for the

application of N,S chiral B-ammo sulfoxides hgands (56) in palladium catalysed allylic
alkylations, where sulfoxide functionality 1s the sole chiral source

@

Rn

>_\ : \p-Tol

/:::N S—R'

NR
R 2

[ XLe]
®

55 upto 86 % ee 56 upto 38 % ee
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1-B-2* Nutrogen (sp’)-Sulfur and Nitrogen /'sp>)-sulfoxide as Ligands

Over the last decade, many research groups have focused on the synthesis and uses of nitrogen-
sulfur-based hybrid chiral ligands for the reason that N,S-chelates create additional possibilities
compared to N,N and N,O-chelates, because the sulfur atom may become chiral when
coordinated to the metal A new class of ligands 1s formed by oxidation of the sulfur atom In
these cases, the sulfur atom itself 1s chwal and possesses different electronic and polanty

characteristics.

This work has also stimulated interest mn the coordination chemustry of chiral sulfinyl
functionalities and extensive efforts have been devoted to the development of new chiral ligands

bearing chiral organosulfur functionalities s sole chiral sources

One of the most widely studied types of mitrogen-sulfur-based chiral higand, mcorporate a
nitrogen sp2 hybrid and a thioether functionalities (57, 58, 44, 45) The most successful
apphcation of such ligands was reported by Williams® based on his previous observation of a

N,P-phosphinooxazoline ligand (43) 1n palladium-catalysed allylic alkylation reactions

/ .
Sl e o g

s N
INd 3
R
57 upto 92 % ee 58 upto 80 % ee
o 0
] —~

R'—S N "IR R'—S N R

44 upto 76 % ee 45 upto 88 % ee

64




Great successes were also reported by Cheluce1®s and Kelloggs? with their pyndine-based

ligands contaiming (+)-pmocarvone (59) and S-thiofenchone (60) moieties.

59 upto83%ee 60 upto 98 % ee

Chelucc1%® also reported the application of smmple pynidine-thioether ligands but with poor
results The synthesis includes the mtroduction of the chirality by incorporation of a chiral
sulfinyl group followed by separation of ‘he diastereoisomers and subsequent reduction of the
sulfoxide functionality to afford the pyridine-thioether hgand (61) The sulfoxide intermediates
(62) were also tested as potential chiral ligands 1n palladium-catalysed allylic alkylation reactions

and gave better, but still poor, results

3 ~
AN R
N/ « R N
®
s © S
\p«ToI 0 p-Tol
61 upto 34 % ee 62 upto 20 % ee

An alternative sp’ nitrogen moiety was reported by Monmoto!90 by using an imidazoline (63)
ring nstead of oxazoline The 1midazoline nng was built by reacting a chiral diamme and an
smidic ester The results obtamed for the investigation of these ligands n palladium-catalysed

allylic alkylation reaction were similar to those obtained for the oxazoline higands
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63 upto 96 % ee

Excellent results were also reported by Anderson®? using an 1mmne functionality (64) to provide
one chelation site and using optically pure amino thioethers for the source of chirality Anderson
believes that the steric influence of the chiral hgand predisposes the allyl group toward
nucleophilic attacks opposite to the mitrogen The plane of the allyl igand 1s tilted of 15 5° from
the perpend:cular to the N-Pd-S plane (1)

Rl‘l
FN S—R'
g N—Pd=S
64 upto 96 % ee 1
No such successes were obtamned by Cheluce1'®! who used a binaphthyl backbone type structure
(65) as a source of chirality 1n the synthesis and mvestigated as ligand a thioether-naphthyl

1soquinoline The very poor results observed may be explained by a lower energy gate for the

racemisation of the naphthyl-1soqumoline core than for the BINAP analogue

65 2% ee



Another promising class of ligands containing a tertiary amne as a sp’ nitrogen source was also
investigated by Hiro1 98 An interesting feature of these ligands (66, 67) 1s that the sulfoxide
moiety 15 the sole source of chirality They were synthesised from chiral (R)-p-tolyl vinyl

sulfoxide or aromatic amne and (-)-menthyl (S)-p-toluenesulfinate

Q@
@ B @

R 0 S
N—CH,CHp— 62 ; p-Tol
/ 2 ?"?“P-TO! e

R' z

.o NRgz
66 upto 33 % ee 67 upto 38 % ee

Sp® mitrogen-thiol/thnoether higands have however encountered great success in catalytic
asymmetnic additions of diethylzinc or other zinc reagents to aldehydes Wipf102 reported the
application of amuno thiol ligands (68) denved from a-ethylbenzylamme with excellent
enantioselectivities. Amino-thioether hgands (69) derived from R-cystemne gave optically pure

alcohols 1n the asymmetric addition of diethylzinc to aldehydes

SMe
e /\)
N o™
Me ‘—l‘fl
SH
68 up to 99 % ee €9 upto>99 % ee

Very recently, van Leeuwen!9 reported the irdium(l)-catalysed asymmetric hydrogen transfer m
the reductions of ketones with chiral ammno thioether (70) and amno sulfoxide higands (71)
denived from (R)-cysteine Poor enantioselectivities were obtained for the amino thioether series

but good enantioselectivities were obtaned for amino sulfoxide homologues
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70 upto 19 % ee 71 upto 82 %ee

van Lecuwen also synthesised and mvestigated N,S-chelates (72) denved from (1R, 25)-(nor)-
ephedrine and (1R 25)-2-aminodiphenylethanol using Mitsunobu reaction conditons to afford an
aziridine intermediate which was stereoselectively nng opened with thiol nucleophles Excellent

enantioselectivities were obtained by opturisation of the reaction conditions

R"—S N—Me

72 upto 82 % ee




1-B-3 Conclusion

Despite extensive efforts for the application of mitrogen-sulfur-based chiral ligands 1n metal-
catalysed reactions, only a few successes have been reported, for example 1n the palladium-
catalysed allylic nucleophilic substitution reaction, using sp2 mtrogen-thioether ligands This area

1s however still virgin ground for sp3 mtrogen-thioether and sp2 mitrogen-sulfoxide ligands.

Only recently, the application of the 1,3-dithiane-1-oxide core as a higand 1n metal-catalysed
reactions has been investigated within our research group,!9 with moderate but promising

success (fig 16)

©
D
!
L, S® up to 37 % ee in Pd-catalysed allylic nucleophilic
N ( substitution reaction

S

Fig 16

The aim of this present work was to synthesise and mvestigate non-racemic chiral hybnd-
sulfoxide ligands 1n the palladium-catalysed allylic alkylation reaction where the sulfoxide

moiety was the sole chiral source for the asymmetric induction (Scheme 63)

/Ti/\ Pd®, Nu" Nu
/ - - /k/\
Ph Ph L'gands Ph = Ph
O@
Ligands’ é@
R” R

Scheme 63




A further aim was to promote the use of sp3 mitrogen-thioether higands which have never been
successfully mvestigated mn palladium-catalysed allylic alkylation reaction Anderson,%? for
example, dismissed terttary amino-tmoesther ligands as inactive using standard reaction

conditions (BSA + AcOK cat as base to geerate the nucleophile) (Scheme 64)

/TA\C/\ Pd®, Nu Nu
- . - */\
Ph Ph Ligands Ph e
poor ee's
R™ R" poor yelds
ngands' *>_<,
RN SR’
Scheme 64
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2-A: Asymmetric Sulfoxidation:

2-A-1 Introduction

Optically active sulfoxides constitute a class of highly valuable chiral auxiharies and reagents 1n
asymmetnic synthesis The most attractive method for their preparation 1s the enantioselective

oxidation of the easily accessible prochiral sulfides

The first successful and commonly used chemical method of asymmetric sulfoxidation, modified
Sharpless epoxidation system, was developed independently by Kagan! and Modena? Dawvis3

mntroduced the employment of chiral oxaziridines also subsequently studied by Page 4

These asymmetnc sulfoxidation procedures allow accessing various chiral sulfoxides with high
optical purity But, we were interested to promote 1,3-dithiane-1-oxade derivatives as chiral
auxiharies and limitations appeared for the choice of the procedure to oxadise enantioselectively
1,3-dithiane denivatives Apparently, the cniral oxazindines developed by Page> afford generally
better asymmetric sulfoxidation than other procedures for asymmetnic sulfoxidation of some 1,3-

dithiane derivatives

Furthermore, these chiral oxaziridines have been developed within our research group and we

were aware how to deal for the syntheses of such chiral oxidising agents

Further reasons for using chiral oxaziridine oxidising agents for asymmetric sulfoxidation are the
simple reaction conditions (dichloromethane, and -20 °C), work-up (aqueous solution of sodium
sulfite, extraction with dichloromethane), and the almost quantitative recovery of the
corresponding chiral 1mine (25) which can be converted to the oxaziridine (26) by oxidation with

hydrogen peroxide and potassium carbonate (Scheme 1)
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The disadvantages for the other procedures are the use of an excess of DBU and hydrogen

peroxide with the chiral sulfonyl imme (Payne-related procedure developed by Page), or careful
control of the ratio Ti(O-iPr)s, (+)-DET, and water for optimal enantioselecttvities n the

modified Sharpless procedure.
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2-A-2 Oxazindine as chiral oxidising agent

Oxazindines are versatile reagents that can be used in hydroxylation of enolate, epoxidation and
sulfoxidation A major advantage of these stoichiometric reagents 1s that they can oxidise

substrates under neutral, aprotic condittons.

Chiral oxazindmes based on camphor skeleton have been widely studied and optimised by
Paget5 A range of these chiral oxazindines can be used for the preparation of various sulfoxides
with vanable level of selectivities and asymmetric induction following the nature of oxaziridine
used With non-substrtuted chiral sulfonyl wmine (24) or oxaziridine (23), 1t 15 possible to access

both enantiomer of the sulfoxides (Scheme 2)°

24 ;& 23
© & N
® soz N

Pl N /S\

R R DBU, H,0, R R’ R R’

omiQ

Scheme 2

Many chiral sulfonyl imines (24, 73, 74, 25, 75) and oxaziridines (23, 76, 77, 26, 78) have been

synthesised and successfully nvestigated as chiral oxidising agents for sulfides (Fig 1y

0 Cl OMe OFEt
Su $u 4 Cl < NOMe 4 OFt
S0z~ 2

S0; so; N S0;5” sos M
24 73 74 25 75
0 cl OMe OEt
Cl OMe OFt
N N LN b CN
SO%; SO5t S04 sosN SO
0 o ] 3 el
23 76 77 26 78

Fig 1




We decided to opt for the use of [(3,3-dimethoxycamphoryl) sulfonylymine (25) as chiral
oxidising agent, because 1t gave very high levels of asymmetnc induction for the oxidation of
various sulfides and 1t 15 easily synthesised from (+)-10-camphorsulfonyl chlonide by standard

reactions 1n four steps without requirement of chromatographic purification at any stage

First, the (+)-10-camphorsulfonyl chlornide (79) 1s converted to the corresponding sulfonyl imine
(73) by treatment with ammonium hydroxide followed by condensation and oxidation of the
crude sulfonamide (80) (Scheme 3)

NH,OH ~ AcOH o)
—— Z ———————
(93 %) . Se0, (83 %) AN
O —N
S0,Cl SO,NH; SO;
79 80 73
Scheme 3

The keto function of (-)-oxocamphorsulfonyl imine {73) was protected through treatment with
trimethy! orthoformate under acid catalysis and subsequent oxidation with hydrogen peroxide

and potassium carbonate afford the oxaziridine (26) (Scheme 4)

HC(OMe);, MeOH OMe
—_—
Arrberlyst 15, OMe
AN co1c HySOy N N
so; N SOz~
73 25
Az- K,CO3, MeOH
OMe
OMe
Slelath
8]
26
Scheme 4
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2-A-3 1,3-dithiane species
2-A-3-1 Synthesis

The synthesis of 1,3-dithiane derivatives 1s largely covered in the literature by procedures
mvolving dithioacetahisation of aldehydes with 1,3-propanedithiol The typical procedure 1s to
reflux an equumolar mixture of aldehydes and 1,3-propanedithiol n presence of Lewis acid

under Dean-Stark condition reaction (Scheme 5)

A 0 )

+  —_—

R H SH SH R/J\S
Scheme 5

Many improvements have been developed to this process for the access to higher yields, shorter

reaction times, cleaner reaction conditions and easier punification step of 1,3-dithiane derivatives

One of the most inventive improvements to this process has been reported by Graham’ who
generated hydrogen chlonde i» situ from methanol and acetyl chlonde to catalyse the
dithioacetalisation reaction {Scheme 6)

0°C

MeOH + AcCl —— AcOMe + HCIin methanol

(scivent)

L0 0

+

Ar H SH SH methanol /I\
Scheme 6

The punfication of the 1,3-dithiane derivatives from the reaction mixture was achieved by
evaporation of the solvent reaction to dryness and recrystallisation from methanol of the crude
muxture to afford the product in generally good yields We mad a sertes of 2-aryl-1,3-dithiane
derivative using this methodology All elemental analyses were 1n agreement with the calculated

values (Scheme 7, table 1)
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| SH SH in methanol

’\/ '\/
X
Scheme 7
Table 1
Entry Compounds X Yields (%)
1 81 o-Br ‘ 74
2 82 : 0-NO2 ! 82
3 i 83 o-F 69
4 84 p-Br , 74
5 ; 85 0-MeO 81
6 | 86 m-MeO 05
7 § 87 p-MeO 91

The mconvenience of this process 1s that 1t cannot be appled to aldehydes contaiming a basic
sensitive group Therefore, the preparatior of 2-pyndyl-1,3-dithiane (181) was performed under
Dean-Stark reaction condition 1n presence of a catalytic amount of p-toluene sulfonic acid (p-

TSA) to condense 1,3-propanedithiol and pyndme-2-carboxaldehyde (Scheme 8)8

0
Dean-Stark S/j
- H + (\l —— SN

SH SH p-TSA | 3
~N
71%
181
Scheme 8

We were also mterested to synthesise 2-(2-aminophenyl)-1,3-dithnane as precursor of imine-

sulfoxide ligands for application in asymmetric metal-catalysed reactions

The 2-aminobenzaldehyde 1s not commercially available for understandable reason, we decided
to reduce the mtro group of either 2-(2-nitrophenyl)-1,3-dithiane and 2-(2-mitrophenyl})-1,3-

dithiane-1-ox1de (synthesised by oxidation of the corresponding 1,3-dithiane derivative with
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MMPP) by standard reduction processes with in mind to preserve the sensifive 1,3-dithiane

moiety by careful choice of selective reducing agents

We first turned on the use of catalytic hydrogenation process with palladium on charcoal
(Scheme 9) in methanol with hydrogen, but 1t appears that 1,3-dithiane moiety acted as a poison
for palladium metal 1n the case of 2-(2-mitrophenyl)-1,3-dithiane, and a partial deprotection of the
1,3-dithiane-1-oxide ring was detected by *he charactenistic odour of thiols for reduction of 2-(2-

mtrophenyl}) -1,3-dithiane-1-oxide

S
Pd-C, H,,
Methanol Pd-poisoned

ﬁ —_— or
(0) deprotection
NO,
Scheme 9

The use of hydnde sources was mvestigated without any success for both 1,3-dithiane and 1,3-

dithiane-1-oxide denivatives (Scheme 10)

S
/j NaBH;CN or
S NaBH, or

(0) —_— No reaction

LIAH,
NO,

Scheme 10

After these unsuccessful attempts to reduce the rutro moiety, we decided to use tin/HCI as
reducing agent, without any great hope as 1,3-dithiane motety 1s an acid sensitive group But, we
were surprised upon analysmg the reactior mixture to observe complete consumption of the mitro

compound The 1,3-dithiane moiety was not cleaved and the amino derivative (89) was obtamned
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in almost quantitative yields Scaling up the reaction was less successful because under longer
reaction time, hydrogenolysis of the 1,3-dithiane moiety started to occur and polymer formation

was observed which complicated punfication (Scheme 11)

)
T|n HCI
S
water reﬂux

NO,
99 %
Scheme 11

The punfication step was achieved by filtration of the unreacted tin metal, and alkalination of the
aqueous phase 2-(2-Aminophenyl)-1,3-dithiane (89) precipitated in the absence of orgamic
solvent, but so did tin dihydroxide (Sn(OH),) affording mseparable phases even after addition of
dichloromethane. By addition of excess sodium hydroxide solid, tin dihydroxide dissolved to
give a highly water soluble complex, tin tetrahydroxide (Sn(OH),*) (Scheme 12), and the

purification of the amino product was achieved without further difficulties

SN(OH) soi 2 (Na*+ OH7) gy ——> Sn(OH) % (aq) " 2Na* (g

Scheme 12

The synthests of 2-(2-methylenepynidyl)-1,3-dithiane (90) (Fig 2} was also investigated, given
the potential apphcation of its chiral 1,3-dithiane-1-oxide (91) derivative as ligand in metal-
catalysed reaction Its simlanty with the 2-pyndyl-1,3-dithiane-1-oxide (88) homologue already
successfully used by us® as ligand n palladium-catalysed allylic alkylation, prompted its
synthesis to help the clarification on the nature of the interaction between the higand and the

palladium complex
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2-Pyndyl-acetaldehyde 1s not commercially available, and we decided to synthesise pyndyl-
methylene-1,3-dithiane (90) by nucleophlic substitution reaction from 2-lithio-1,3-dithiane and
2-halomethyl pyndme Unfortunately, no formation of product was observed (Scheme 13, eq 1)
Inversion of the polarty of the reagents was also unsuccessfully attempted by preparation of the
Gnignard reagent of 2-halomethyl py-dine and subsequent attack onto the 1solated
tetrafluoroborate salt of 1,3-dithiane (Scheme 13, eq 2)

R
| ol No reaction
< ] s
N (Br) \@/ L|® equation 1
l Mg, Et20
=
I - No reaction
= MgClI S-S
(MgBr) ® e equation 2
BF,
Scheme 13

Attempted oxidation of 2-pyndyl ethanol fo the corresponding aldehyde was also fruitless using
selemum dioxide, pyridimum chlorochromate, pyndimum dichlorochromate, TEMPO-BAIB,
Swern ox1idation process and manganese dioxide (Scheme 14)

s Oxidising
I —_— No reaction
= agents
N OH
Scheme 14
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Given our difficulty to access this useful intermediate, we synthesised 2-(methylsulfoxide)
pynidine-based higands (92) which contammed only pyndine (N sp2) and sulfoxide moiety
Investigation of these compounds as ligands might shed lights on the possible competition of N
(sp2)-thioether (93) and N (sp2)-su1fox1de‘ (94) chelation with palladium complex (Scheme 15)
{cf 2-A-4)

™ %
N S‘R 92
N % |
P s® - S
®
pa—S Pa— %
! 93 94 %
Scheme 15
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2-A-3-2 Oxidation using chiral oxazindine

With the 1,3-dithiane substrates m hand, racemic sulfoxidation was first camred out with
magnesium monopetoxyphthalate (MMPP) on the 1,3-dithiane substrates to afford a mixture of

cis and trans 1somers with a major presence of the trans 1somer (Scheme 16)

@ (')e

[, R + enantiomer
X (®

N S

| MMPP (0 5 eq )

S S —_ - Trans
X MeOH

S\j I = (')@

s S

X/ ® + enantiomer
S
cis
Scheme 16

After separation, a 'H NMR spectrum was obtaned i presence of an equimolar mixture of (£)-
trans 1,3-dithiane-1-ox1de substrate and (R)-(3,5-dumtrobenzoyl)-1-phenylethylamine (Fig 3,
95)% as chural shift reagent (instead of the usual Pirkle reagent (Fig 3, 96))0 which requires 10
molars equivalents), to check the possible determination of enantiomeric excesses (in case of
asymmetric sulfoxidation) by sphtting the singlet signal corresponding to the proton attached to

the carbon between the thioether and the sulfoxide moety

Me O
NO, OOO

NI, 96

I=

95

Fig. 3
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After venfying that enantiomeric excess determination was possible by 'H NMR spectroscopy,

we carried out the asymmetric oxidation using the well-established procedure with the chiral

oxaziridine oxidising agent (1) This procedure has been optimised by Page (Scheme 17)3

OMe
OMe
soxN O
26°921° 11eq ¢
S —
P N — AR
Scheme 17

We apphed the optimised reaction conditions to the oxidation of our 1,3-dithiane substrates using
a slight excess of oxidising agent (1) to reach complete consumption of substrate within 24 hours.
The 1,3-dithrane-1-oxide products were obtained exclusively as the frans 1somers In most cases,

the c1s 1somer was ever not detected or obtained 1n less than 5 % yield (Scheme 18)

OMe
OMe

=2 oe

26 0 11eq I é@

/ = [ F .
X
\J “oom,20°C s\j

mainly trans
Scheme 18
The enantiomeric excesses were determimed by 'H NMR spectroscopy of an equimolar mixture

of 1,3-dithiane-1-oxide species and (R)-(3,5-dmrtrobenzoyl)-1-phenylethylamine (95) as chiral

shift reagent Companson of the mtegration of the sphit signals gave the enantiomenc excesses
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Yields and enantiomeric excesses for the asymmetric sulfoxidation of 1,3-dithiane substrates are

surnmarnsed 1n table 2

Table 2
Entry é compounds X ; Yield (%) ee (%)
1 97 0-Br 90 56
2 % 98 0-NO, 90 i 72
3 9 o-NH, 98 1 92(99)
4 100 oF 83 | 7
5 101 p-Br 99 96
6 102 o-MeO 97 84
7 103 m-MeQO 84 96
8 104 p-MeO 95 >9Ge
9 88 pyridyld 78 >99¢c

a) 1solated yields , b) after recrystallisation , ¢) minor 1somer not detected ,

d) substituted phenyl was replaced by pyndyl ning

Better asymmetric induction was obtained for substrates contaiming a substituent n the para

position than for those with an ortho substituent (Entries 1 and 5, 6 and 8) The nature of the

substituent was also decisive for excellent results electron donating groups (EDG) afford a

higher enantiomenc excess (Entries 3, 7, 8) than do electron withdrawing groups (EWG) (Entry

2)
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2-A-4: Sulfoxides containing pyndyl ring
2-A-4-1 Synthess of sulfides and asymmetric sulfoxidation

Kagan!! has reported the synthesis of new optically active sulfoxides with chelating properties,
but investigation of these sulfoxides in metal-catalysed reactions as higands remains missing from
the literature Anderson’s method!?2 was used to access optically pure (R)-(+)-2-(p-
toluenesulfinylmethyl) pyndine (105) An analogous substitution process developed by Kagan!3
afforded optically pure (R)-(+)-2-(¢-butylst Hfinylmethyl) pyndine (106) (Scheme 19)

AN 1) BuLi @\/o@
Y
N/ {S)-(-}-menthyl N/ S

p-toluenesulfinate @ “p-tol

Y

105
LT
CH,Ls N c%\ t-Bu
\
t-Bu 106
Scheme 19

Kagan nvestigated an additional route to sulfoxides by asymmetnic sulfoxidation using the
modified Sharpless procedure!# Pyridylmethyl sulfoxides (92) can be prepared by nucleophilic
thiolate attack on 2-(chloromethyl)pynidine, but asymmetric sulfide oxidation turned out to

proceed without satisfactory enantiomeric excess (Scheme 20)
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= cl J\/ asymmetric = S@
sulfoxadation
92

upto 26 % ee

Scheme 20

We decided to follow such procedure mvolving asymmetric oxidation of sulfides using our chiral

oxazindine oxidising agent 1n place of the modified Sharpless procedure

The synthesis of the 2-pynidylmethyl sulfoxides senes was achieved first by nucleophilic

displacement of the chloro atom by thiolate anion generated from throl and sodum hydroxide 1in

a bi-phasic solvent (Scheme 21)"°

~ RSH, NaOH 2

| — |
= ct = S<
N N R
Entry ;  Compound | R ¢ Yield (%)
1 | 107 Ph ] 96
2 i 108 Me i 86
3 ¥ 109 : -Bu , 100
Scheme 21

Asymmetnc oxidation was carried out with the chiral oxazindine oxidising agent (26) to give, m
general, better enantiomernic excess than the modified Sharpless procedure. The same
configuration at the sulfur atom was obtained, determined by comparison of optical rotation, but

remaimns unknown (Scheme 22)
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CMe

% OMe o
~ So 26 / (LAY
N R DCM, -20°C N * R
Entry | compound g R yield (%) | ee (%) | Kagan’ ee (%)"
1 110 [ Ph 78 17 -
2 111 . Me 80 51 26
{
3 112 { -Bu 99 53 -
Scheme 22
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2-A-4-2 Application of sulfo .1des compounds containing pyridyl ring as higands

Even with the moderate enantioselectivities achieved by asymmetric oxidation with chiral
oxazindine (26), we decided to mvestigate pyrnidylmethyl sulfoxides as ligands 1n the palladium-
catalysed allylic nucleophilic substitution reaction!é of 1,3-diphenylprop-2-enyl acetate with
dmmethy! malonate anion as nucleophile generated using N, O-bis(tnimethylsilyl)acetamide (BSA),

a catalytic amount of potassium acetate and dimethyl malonate

These reaction conditions are commonly apphed according to the literature!? when potential
hgands are imvestigated for the determination of their activities as asymmetric mediator.
Palladium allyl chlonde dimer was chosen as palladium source n tetrahydrofuran or

dichloromethane solvent (Scheme 23, table 3)

OAc Pd(n>-allyl)Cl dimer (5 mol %) ~ MeO2C. . CO;Me
/K/\ g I/\
Ph Ph BSA(3eq), AcOK (cat), PR * Ph

dimethyl malonate (3 eq)

> 96 10 mol %
S@ mol Yo
« R

I

e

N
Scheme 23
Table 3
Entry R compound rt (h) solvent T yield ee optical
(ee’s) . (%) (%) rotation
1 Me 111 (51) 48 THF i RT 0
2 Ph 110(17) 48 THF RT 0 §
3 +Bu | 112(53) | 48 THF RT 0
4 -Bu 112 48 THF reflux 0
5 -Bu 112 1 70 DCM RT 17 8 )
6 Me 111 ; 48 DCM RT 5 5 )
7 | tBu 112 ; 18 | DCM | refux | 78 8 )
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Dichloromethane seems to be the solvent of choice but reaction times were long. Only under
reflux was a reasonable yield achieved (Zntry 7), with almost no activity shown by sulfoxide
higands as asymmetric mediator (up to 8 % ee)

As mentioned above, trans-2-(S)-(2-pyndyl)-1,3-dithiane-1-(S)-oxide (88) has been previously
employed as ligand in the same palladium reaction with excellent yield (96 %) and an

enantiomeric excess up to 37 % of the (+) 1somer. (Scheme 24)

OAc Pd(n’-ally)C! dimer (5 mol %)  MeO,C __ CO;Me
)\/\ ~ L\
Ph Ph BSA(3eq), AcOK (cat), PR = Ph

dimethyl malonate (3 eq)

96 % yield
X P 37 % ee (+)
| _J_ o tomil%
N
[
88

Scheme 24

The synthesss of this ligand used the same asymmetric sulfoxidation process as the pyridylmethyl
sulfoxide higands, and we expected that same absolute stereochemustry should be obtamned for our
pynidylmethyl sulfoxides (110, 111, 112) The opposite sense of induction actually observed n
palladium-catalysed reaction might be explamned with different coordination sites with palladium

(Fig. 4)

O]
S S
Ph N,FS)' SN ng)' - Sﬂ
P

N\ Ph Ph
h repulsive interaction
N NS / -~
113 114
Fig 4
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It 1s absolutely impossible to give a possible transition state by companson of the higand 88 and
pyndylmethyl sulfoxide hgands (110, 111, 112) to explamn the induction of chirality from the
pyridylmethyl sulfoxide ligands (110, 111, 112), for several reasons The first reason 1s that the
mode of chelation 1s different, 1€ chelaticn between S-Pd from the sulfide for the hgand 88 and
S(0)-Pd from the pyridylmethyl sulfoxides (110, 111, 112) The other reason s that the
asymmetric centre at the sulfoxide remains unknown and the spatial position of the R and phenyl
group cannot be determined for the minimisation of the man repulsive interaction (Fig 5, 115,
116)

ph . Pd B R ‘Pd"’%"R
A Ph VA
Nu@/ /Ph
©
N
115 Y 116

Fig 5
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2-A-5 Possible application of chiral 1,3-dithiane-1-ox1de species

2-A-5-1. Chiral auxihary

The application of chiral sulfoxides as asymmetric mediator was first reported by Solladié 18
Usually condensation of chiral esters with aldehydes results m low levels of asymmetric
induction Incorporation of a chiral sulf~xide, however, as a chiral auxihary affords for the

synthesis of 3-hydroxy acid (117), good chamical yields and enantioselectivities (Scheme 25)

OH
O
1 RYY CO,-t-Bu
1} ~BuMgBr '
p_To,.“{.svcoz-r-Bu } tBuMg R [
) RR'CO g
p-Tol
Al-Hg OH
- R\Y COg-f—BU
Rl
117

Scheme 25

Chuiral sulfoxides have been reported!® 1n the synthesis of chiral alcohol (118) by nucleophilic

addition of chiral sulfoxide anion to aryl ketone with high selectivities (Scheme 26)

O
O S(@ 1) EtNL 3@ Ar
n) ArCOR '\\R 96-98 %
OH (ds~100 0)
for R= n-alkyl

Ar, R
Ra N ™
e >\ 118
Me OH
Scheme 26
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An applhication of acyclic sulfide-sulfoxides as chiral auxihiaries has also been reported?® for
chiral homologation of aldehyde (119) (Scheme 27) with good to excellent enantioselectivities (=
70 % ee)

0 OH
S g 1) BuLi Hits S
P iy —_— Ph p-Tol
p-Tol” " > ol 1) PhACHO .
ol S
p-Tol” O

1) BuyNOH, Me;S0, OMe
—_— -
n) Nal, I, PPhy H% 119
) »5, NaHCO; Ph CHO

Scheme 27

Page?' introduced the application of chiral 1,3-dithiane-1-oxide derivatives for the asymmetric
synthesis of a-hydroxy ketone (120) The chiral sulfoxides are generated by a modified Sharpless
asymmetric epoxidation process to yield a separable mixture of frans and cis diastereoisomers.
(Scheme 28)

0
S\r Ph yBuL, CH3CH,CHO S%
e
[/S 1) Swern oxidation (/

S
o3 of
OH
Kagan ©s 1) DIBAL z
—_— _— Ph
oxidation g u) NBS Y\
H,O/Acetone 0
+
diastereoisomer 120
Scheme 28
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Many other asymmetric synthetic methodelogies with chiral sulfoxides have been developed, for
example 1n the synthesis of biologically active compounds 22 But, chiral 2-aryl-1,3-dithiane-1-

oxide (Fig 6, 97-104) have never been 1nvestigated as chiral auxiliaries

~ oG>
| YO g® up to 99 % ee
X *
S
97-104
Fig 6

Their easy synthesis, with high chemical yields and enantioselectivities, prompted us to apply 2-
aryl-1,3-dithiane-1-oxide as a chiral meeator in the synthesis of chiral o-hydroxy ketones

(Scheme 29)

% 0@ o
| '® 1) Base, THF, -78°C
x// § —_—
\J n} RCHO 121
S
NBS
________ - | = OH
H,O/Acet S
,OfAcetone > AN
(o]
Scheme 29

Unfortunately, no formation of product was observed with any aldehydes or bases in the

formation of the chiral anion intermediate (121) (Table 4)




Table 4
Entry X R T(C) Base | Yield (%)
1 pOMe |, Me -78 ¢ n-BulLr -
2 p-OMe Me -78 ! +-Bula -
3 p-OMe Me -78 LHMDS |, -
4 p-OMe Ph -78 r-Buli -
5 ! p-OMe Ph -78 +Bul: -
6 E pOMe : Me =+ RT | Mels -

This lack of reactivity from the chiral an on might be explamned partly by stenic effects which
prevent the approach of the electrophile Further, the low nucleophilicity of 2-amion of the 2-aryl-
1,3-dithiane-1-oxide intermediate may prevent nucleophilic attack . The use of solvent having
strong coordimnating properties such as 1,4-dioxane was also mvestigated, with a smaller organic

base (methyl lithum), n a mixture of tetrahydrofuran and 1,4-dioxane as solvent, at room

temperature This experiment failed also




2-A-5-2 Application as ligands 1n palladium-catalysed allylic alkylation reaction

During our work on asymmetric sulfoxidation with chiral oxazirtdine for the preparation of chiral
1,3-dithrane-1-ox1de denivative to be investigated as potential asymmetric mediator, we were able
to synthesise 2-(2-amuinophenyl) 1,3-dithiane-1-oxide m good chemical yield and high

enantioselectivity (Scheme 30)

MeOH, AcCl Sn, HCI
— e - S —_—
CHO  1,3-propanedithiol water
NO, §
82

NO,

82 % 99 %

C:')

CSO

S —_—
DCM, -20°C
NH, S
98 %
89 99 % ee after
recrystallisation
Scheme 30

By simple condensation of this chiral aromatic amine with different aromatic aldehydes, we
accessed potential imine-S(O) hgands, where the sulfoxide moiety 1s the sole source of chirality
These chiral imne were synthesised 1n moderate yields with aromatic aldehydes containing
different groups at different position (Scheme 31, table 5)

S@ ArCHO o

4A MS, *
DCM N [

Scheme 31
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Table 5

Entry Compound Ar Yields (%)
1 122 Ph 71
2 123 0-NO;Ph 50
3 124 0-MeOPh 53
4 125 m-MeOPh 50
5 126 ‘" p-MeOPh . 34

Only one diastereoisomer was 1solated 1n each case, which we presumed to be the more stable E
isomer NMR studies could not prove this due to the absence of suitable protons for NOE
experiments For the reason of their instability under laboratory conditions (hydrolysis observed
even under nitrogen atmosphere storage at -20 ‘C), we decided to investigate, straight after their
purification, these chiral 1mine-S(0) compounds as potential chiral higands in palladium-

catalysed allylic nucleophilic substitution reaction (Scheme 32)

n o°
Q\r§®
)\/\ Pl\/
Ph Ph L N

x Pd°,
Dimethyl malcnate,
Base

Scheme 32

We decided to apply the optimised reactions conditions for short reaction time (avoiding
hydrolysis of the imine moiety) reported by KocovskiZ3 who mvestigated different solvent
reactions and the use of organic or morganic bases to generate the nucleophile from dimethyl
malonate Caesium carbonate 1n dichloromethane seem to be the best choice of reaction
conditions, leading to short reaction time, good chemical yields and enantioselectivities

general
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Furthermore, for future comparison with *he previously successful chmral (S5)-2-(2-pyndyl)-1,3-
dithiane-1-oxide Ligand (88), designed within our group, we had also to apply the same optimised

reaction condition as for our chiral imine-S(0) ligands (Scheme 33, table 6)

Pd®,
COZMe

OAc Dimethyl malonate, MeO,C
/l\/\ Cs,C03, DCM
Ph Ph — Z
Ph Fh

+ .
G- QL&
P o I L 1!
N S\j " sjﬁ
Pr: 88
Scheme 33
Table 6
Entry | compound Ar rt (h) | Yield (%) | ee (%) | Optical
rotation
1§ 123 o-NO,Ph | 24 <10 22 8]
2 12 Ph u 37 25 +)
31 124 0-MeOPh | 4 | >95 40 )
4 i 125 m-MeOPh | 24 { 24 30 )
5 . 126  pMeOPh | 7 100 34 (+)
6 | 88 Ligand 88 | 10 [ 100 49 +)

First, we observed even better asymmetr ¢ mduction for the 2-(2-pyndyl)-1,3-dithane-1-oxide
ligand (88) with the use of optimal reaction conditions, from 37 % ee with BSA-AcOK catalysis
n dimethylformamide, to 49 % ee with caesium carbonate in dichloromethane leading to

completion withm 10 hours.

Furthermore, asymmetric induction and reactivity were dependent on the nature of the group

contained 1n the aromatic 1mine-S(0) ligands. The electron withdrawing nitro group (entry 1)
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caused the reaction to proceed very slowly, surpnsingly, with opposite asymmetric induction
This might be explained by formation of a metal complex intermediate between palladium metal
and chiral ligand, where the two better b nding groups are attached to the palladium metal, by
means, oxygen atom from the nitro group :md sulfur from the thioether motety Our knowledge 1n

the nature of such chelation remains superficial however

Excellent reactivities were achieved with electron donating groups 1n the para and ortho positions
m the higand (entries 3 and 5) In particular, the ortho position gave a higher asymmetric
induction 1n our 1mine-S(0) higands, by possible chelation between oxygen-caesum-mucleophile

helping to drive the approach of the nucleophile (Fig 7)

HO HO
—N, |® =N |®
Q/MB_ | @ s 5 Q/Me_ L ® -8 s
g Ph Pd" ﬂ d pd-~
! 2N Ph ® .- =
@ Cs Ph
CsY N
Nu’g) fu® L repulsive
interaction
Favour
Fig 7

The formation of the chiral sulfoxide molety was achieved with the same chiral oxidising agent
(oxazindine), so we expected the same absolute configuration at the sulfur atom bearing the
oxygen A transition state (127), usmg 2-(2-pyndyl)-1,3-dithiane-1-oxide (88) as ligand, can be
proposed to explamn the higher asymmetric induction This transition state (127) should hold the
chiral ligand, the palladium metal and the diphenyl allyl substrate 1n the close five membered ning
for good asymmetric nduction For the imine S(O) higands (122-126), a six membered ring
transition state (128) can be proposed. Therefore, the chiral centre, from the ligand, stands one

carbon away from the diphenyl allyl substrate, leading to lower asymmetnc induction
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Fig 8
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2-A-6 Conclusion

We have developed an easy route to access chiral 1,3-dithiane-1-oxide aryl demvatives by
condensation reaction between an aldehyde and 1,3-propanedithiol under i situ generation of
HCI 1n methanol, followed by asymmetnc sulfoxidation with chiral oxaziridine leadng to 1,3-
dithiane-1-oxide aryl dervatives with good yields n the condensation reaction and excellent
chemical yields with good to high enantioselectivities (Scheme 34) for asymmetric sulfoxidation

with our chiral oxaziridine

X m AcCl, MeOH ~
| _ Yo XN
x/ CHO S\J

74 to 953 % yield

OMe o
= OMe = 0
l N ] ' @
S S S0z, 11eq S S
X (0] X *
S DCM, -20°C 8
83 to 99 % yield
561099 % ee
Scheme 34

Unfortunately, the application of the optically pure 2-(4-methoxyphenyl)-1,3-dithiane-1-oxide as
chiral mediator 1n the asymmetric preparation of a-hydroxy ketones was not successful, even 1
presence of strong coordmating solvent and small organic base The application of more
electrophile substrates may be considered for asymmetric preparation of a-amino ketones.
(Scheme 35)
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]// §® 1) Base ><
X s\'j 1) CH3;CHO

© =
] = ? 1) Base NBS l NR,
< S® """""" o —memm--e- - S AN,
X \j 1) R'CH=N"'R; H,O/Acetone X
S o)
Scheme 35

We have applied, with moderate success, chiral sulfoxides as ligands 1in palladium-catalysed
allylic nucleophilic substitution reaction We hypothesise that our chiral oxidising agent (26)
(oxazindine used to synthesise these ligands) should oxidise, under same reaction conditions,
1,3-dithiane ring and mono sulfide m the same manner, so gIVIng same absolute configuration at
the sulfur atom It may be that m the palladium-catalysed allylic alkylation, the nucleophile
attacks opposite to the sulfoxide moiety for pyndinylmethyl sulfoxide higands (110-112), and
opposite to the nitrogen for 2-(2-pyndyl)-1,3-dithrane-1-oxade (88) and 1mine-S(0) hgands (122-
126) (Fig 9)

e,

Q

@ oo
cee D Y

pl /
6 NS m
Phe_ _~_Ph Pd® PG
N Ph M Ph\/fig/ Ph

110-112 g8 122-126
Fig 9

We attempted to react chiral 2-(2-amimophenyl)-1,3-dithiane-1-oxide with chiral (-)-menthyl
chloroformate to obtamn a suitable solid for X-ray spectrum to find out the configuration at the

sulfur atom Unfortunately, the product was 1solated as a hqud
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2-B Amino-Sulfides in the Allylic Nucleophilic Substitution Palladium-Catalysed

Reaction:

2-B-1' Introduction

There are several features which make reactions mnvolving palladium particularly useful and
versatile amongst the many transitton metals used for orgamic synthesis Most importantly,
palladiumn offers many possibilities for carbon-carbon bond formation 24 The importance of
carbon-carbon bond formation i organic synthesis needs no explanation, and no other transition
metal offers such versatile methods for carbon-carbon bond formation as does palladium The
tolerance of palladium reagents to many functional groups such as carbonyl and hydroxy groups
1s another important feature Palladium-caialysed reactions can be carned out without protection
of these functional groups Although reactions mvolving palladium should be carmed out
carefully, palladium reagents and catalysts are often not very sensitive to oxygen and moisture, or

even to acid

The most useful reactions of palladium are catalytic reactions, which can be cammed out with only
a small amount of an expensive palladwm compound In particular, the formation of a =-
allylpalladium complex (129) takes place by an oxidative addition of allylic compounds, mainly
allylic esters, to palladum (0) The =-allylpalladium complex 1s a resonance form of o-
allylpalladium and a coordinated m-bond m-Allylpalladium complex formation mnvolves
inversion of stereochermstry, and attack of the soft carbon nucleophile on the n-allylpalladium

complex 1s also an mversion of stereocher:stry, resulting m overall retention of stereochemistry
(scheme 36)
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R R o  Inversion Ri_~-R
\A/ + Pd ,< 3

R R .
N NuH  inversion R\%rR . ped

“0hc AcOH N
129 ©

T
=X}

Scheme 36

The possibility to incorporate chiral higands onto the palladium catalyst makes this process highly
useful for asymmetric carbon-carbon bond formation Since the first example of an
enantioselective palladium-catalysed allylic nucleophilic substitution reaction,2’ a wide library of
chiral ligands have been reported with different properties in their asymmetric mduction, 1 ¢., Can
symmetry of chiral homobidentate and chiral heterobidentate ligands Some of the most
successful 1nvestigations of chiral hgands in the palladium-catalysed allylic nucleophilic
substitutions involve the dome-type architccture homobidentate P-P ligand (Fig 9, 40) reported
by Trost26 and the heterobidentate N-P hgand (Fig 10, 68), investigated independently by

Helmchen,?? Pfaltz28 and Williams %9

oy -

NH HN |
PPh, N
PPh, PhgP R
40 43
Fig 10
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Good enantioselectivities have also been achieved with N,N bis-oxazoline, 30 oxazolme-sulfide,?!
ymne-sulfide,3? pyridine-sulfide,33 amino-sulfoxide? ligands and many others Only one type of
lgand remamns absent for the palladium-catalysed allylic alkylation, namely tertiary amimo
sulfide ligands, which have been widely used m asymmectric additions of diethylzinc to
aldehydes33 with excellent results (>90 % e m most cases) n enantioselective induction Access
to optically pure amino-sulfide compounds can be carried out from commercially available
amino-alcohols nvolving a nucleophilic substitution reaction of the denvatized alcohol group

(Scheme 37)

R—N OH ———= R—N SR"

Scheme 37

At least two main processes can be ach.eved this transformation, the well-known Mitsunobu
reaction (Scheme 38, equatron 1),3‘5 and : two-step reaction which involves mesylation of the

alcohol followed by a nucleophilic displacement reaction by the approprate thiol (Scheme 38,

37
equation 2)  Both processes give mversion of configuration at the carbon atom bonded to the

alcohol

(Equation 1)
PPh,, DEAD

SR”

R"SH /'\ |

1) Mesylation

e
NR"S"
{Equation 2)

>~1IIO
I

Scheme 38
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There 1s some precedent for the application3637 of such conditions to tertiary amino-alcohols

resulting 1n a double inversion reaction where an azindmum catton (N) 1s purported to be the

reactive intermediate (Scheme 39)

‘}R‘ W/R' :\R'

N N® /N
RN  OH ® R RN SR
N
Scheme 39

The ring opemng step of the azindimum cation intermediate occurs only n the presence of a

phenyl group at one carbon centre and the nucleophile attacks on the opposite face of the mitrogen

at the benzylic positton (Scheme 40)

Scheme 40




2-B-1-1 Optimisation of the condrtions for the palladiurn-catalysed reaction

In 1998, Vyskocil and Kocovsky3® reported the investigation of 2-amino-2’-diphenylphosphino-
1,1’-binaphthyl (Fig 11, MAP) mn the palladium-catalysed allylic nucleophilic substitution

NMe,
_ PPh,
| MAP
™

Fig 11

reaction

Different reaction conditions were applied to optimise the asymmetnc induction from MAP to
the diphenyl allyl substrate Reactions were carried out 1n tetrahydrofuran or dichloromethane,
the nucleophile was generated by sodium hydnde, bis-silyl acetamide 1n the presence of a
catalytic amount of potassium acetate, or caesium carbonate Optrmusation of the reaction
conditions earlier reported by Trost?? used dichloromethane as solvent and caesium carbonate to
generate the nucleophile The influence of the metal/ligand ratio was also 1nvestigated (with the
amount of palladium remaining constant a. 5 mol%), but practically no effect was observed The
actual catalyst loadmg also proved to be umimportant (same ee for reactions run with 3, 5 and 10
mol% Pd)
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2-B-2 Frrst generation of ligands
2-B-2-1 Synthesis

Another research program being investigated within our group focuses on the application of
chiral immum salts 1n asymmetric epoxidation of carbon-carbon double bonds 4 Many chiral
mminium salts have been synthesised with different functionalities; one of the potential catalyst

types consists of a norephednine core with a free hydroxy group. (e g. 131, Fig 12)

O
ke
)

f!’
131 HO Ph

Fig 12

The synthetic procedure to access these chiral iminum salts was descnibed by Rieche and
Schimtz,*! who reacted 2-bromoethyl-benzaldehyde 130 with many chiral amines (Scheme 41).
By anion-exchange, 1t 1s possible to 1solate the final iminium salt by recrystallisation from the

crude reaction mixture The commonly used counter-anion 1s tetraphenyl borate
—_——
0o
~ o .
130
©
NaBPh, (BPhy)

— 8

Scheme 41
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In the case of norephedrine, the anion-exchange process was not required, the immium salt could
be 1solated by filtration of the reaction m xture and recrystallised from acetonztrile to yield the
bromide salt 131 (Scheme 42)

Br HaN o EtOH ©:/\‘ N®
+
_0

" T s0%
HO” “Ph
131 HO “Iph

Scheme 42

Subsequent reduction with sodium cyanoborohydride afforded quantitatively the corresponding
amino alcohol 132 (Scheme 43) These two steps, tmimum salt formation and reduction to the

amino alcohol, were carried out on a 20 grem scale.

NaBH3{CN)
N@ — N
MeCN j
132 i

HO "’ph HO™ “Ph
Scheme 43

The transformation of the amino alcohol mto the corresponding amino sulfide 134 was performed
with a double nversion reaction mvolving the formation of a mesylate intermediate, which,
according to the literature,36.37 undergoes mtramolecular substitution by the mtrogen atom to give
an azindimum cation The ring opening reaction of this azindinum species 133 occurred at the
benzylic position by attack of a thiolate as nucleophile The original configuration at the sulfur-

bearing carbon atom thus remains conserved overall (Scheme 44)
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. 133
HO™ “Ph

Ph

i} Et;N, RSH m o
j.\

134 RS~ “Ph
Scheme 44

Previous reports involved the synthesis of chiral diamines and triammes derived from ephednne

and pseudoephedrine employed amine or azide nucleophiles for the ring opening reactions of the

azindimum ntermediate (Scheme 45) 37 X-ray analysis confirmed that the substitution reaction

had proceeded regiospecifically and stereospecifically with retention of configuration

i/ | i l S
N )J\/
MeoN I 1) Et3N, MsCI Me,N NV/

Tin

HO Ph h
T
1} NaNj or k/ N
—_— Me,N
Et;N, RNH,
Y Ph
Y= Ny or RNH
Scheme 45

This ring opening reaction was also performed by Kellogg36 with thiolate anions on azindines
and azindinium cations, but the double inversion reaction was determined by comparison of the
couplmg constants at the benzylic proton, as well as the observed optical rotations, the

configuration was thus not verified nngorously (Scheme 46)
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Scheme 46

NH
- I single 1somer

Ph

_N
single 1somer

RS Ph

The synthesis of our tetrahydroisoquinoline amino thioether derived from norephedrine occurred

by performing the mesylation reaction with 12 equivalent of mesyl chloride in dichloromethane

at 0 °C followed by addition of 3 equivalents of a thiolate amon for the ring opening reaction,

Only one diastereoisomer was 1solated m moderate chernical yields (Scheme 47, table 7)

1) EtsN, MsCl

@ ““\ >
j n) EtzN, RSH

HO” “Ph

m I‘\

RS Ph
single diastereoisomer
Scheme 47
Table 7
Entry ; compound RSH Port Yield (%)
1 f 135 i PhSH I’ o/n : 49
2 136 p-MeOPhSH o/n 28
3 137 2-naphthylSH o/n 57
4 138 MeSNa omn : 64
5 139 1PrSH o/n 60
6 140 tBuSH o/n 68
7 141 TrtylSH o/n 57
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We were able to recrystallise the terr-butyl sulfide denvative and an X-ray analysts confirmed

that the configuration had been conserved (Fig 13)

We decided to carry out the same reaction with tosyl chloride in place of mesyl chlonde and ferr-
butyl thiolate as nucleophile to nvestigate whatever the tosylate group would give a double or
single inversion reaction We were surpnised to 1solate the starting ammo alcohol 1n quantitative
yield along with tosyl #-butyl sulfide This observation proved that the tosylation does not occur,
perhaps a tosyl salt between the amine morety and the tosyl group was formed The subsequent

addition of the tert-butyl thiolate amon merely reacted with the tosyl group. (Scheme 48)

[::::I:::jl . )EGN, TsCI
A 132 + Ts—S

1) Et;N, RSH
132 po” “ph

Scheme 48




2-B-2-2 Application of amino sulfide ligands in the palladium-catalysed reaction

The investigation of these chiral amino sulfides as ligands mn the palladium-catalysed allylic
nucleophilic substitution reaction was carried out with the optimised reaction conditions reported
by Vyskocil and Kocovsky 38 The palladium loading was generated using n’-allyl chlonde
palladium dimer and mantained at 5 mol%, with 10 mol% of the chiral amino sulfides (Scheme
49) For simpler punification of the product, only 2 equivalents of caesium carbonate and
dimethyl malonate were used Reactions proceeded to completion within a short period of time
(approximately one hour), with complete consumption of the allyl acetate substrate The chemical

and optical yields are reported in table 8

(n>-allyt-"d-Cl), (5 mol %)

OAC  Cs,CO3(2eq),DMM(2eq) HaCOOC, _COOCH,
Ph/\)\Ph /\I

DCM, RT, L™ (10 mol%) Ph” "+ Ph

S
L= mj_‘\\
S
R
Scheme 49
Table §
Entry R r Yield ee Optical rotation /
(b, (%) (%)b Absolute config
1 Ph (135) 1 92 | 11 (H-(R)
2 p-MeOPh (136) | 85 11 (H)-(R)
3 2naphthyl(137) | 1 | 70 1 6 (H)-(R)
4 Me (138) 1 95 15 (-)-(S)
5 1-Pr (139) 1 94 34 (H-(R)
6 +-Bu (140) 1 90 72 (O-(R)
7 Trityl (141) 24 3 8 (-)-(S)

a) 1solated yields , b) determined by "H NMR 1 presence of Eu(hfc);
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2-B-2-3 Interpretation of the asymmetnc mduction

It 1s unclear why the reactions are less enantioselective with aromatic substrates at the sulfur
terminus However, with sterically more demanding aliphatic thioethers, the enantiomeric
excesses increased up to 72 % (entry 6 for R= +-Bu) With the bulky trityl group, neither
mmcreased enantiomeric excess nor full consumption of the substrate was observed (Table 8,

entry 7)

Our results suggest that 1t 15 mainly the steric rather than the electromie properties of the thioether
moiety that are responsible for fast and highly enantioselective reactions These dramatic
responses of enantioselectivity to reactions changes 1n the thioether terminus suggest that the
ontentation of the diphenyl allyl moiety may be directed by the steric interaction from the group

at the sulfur terminus

Ligand effects i n’-allyl-palladium complexes momitored by >C NMR spectroscopy n the
literature,#2 suggest that the nucleophile probably attacks along the trajectory of the palladium-
sulfur bond which 1s considered as the longer and weaker bond m contrast wath the palladium-

nitrogen bond (Fig 14)

Ph
N FN
(52
/
S
Ph
Fig 14

At least two transition states can be proposed to explain the enantioselective mduction from the
ammo sulfide hgands to the substratc by minimised steric and/or electronic effects which may

stabilise and destabilise the interaction between m3-allyl moiety and the palladium complex
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Transition state 142 (Fig 15) appears to be the most favoured because the t-butyl group points
away from the phenyl group labelled Ph', therefore the diphenyl allyl moiety has to be ortented
as shown 1n 142 In contrast, repulsive irteractions occur 1n the transition state 143 where the
diphenyl allyl moiety 1s very close to the +-butyl group In the extreme case, the diphenyl allyl

acetate substrate cannot approach the palladium complex,

Favoured HZCOO0C COOCH;
———
I/\
Ph Phy

(+)-R 1somer

Drisfavoured

Phr\/ Phy

H,C00C” ~COOCH,

(-)-S 1somer




2-B-3 Second generation of ligands
2-B-3-1 Synthesis

The syntheses of our first generation of higands allowed us to optumise and to farmilanise
ourselves with the double inversion reaction which takes place during therr preparation Our
study of their use in the palladium-catalysed allylic nucleophilic substitution reaction had

permitted us to determine the best group at the sulfur terminus (ferz-butyl).

The transition state established for the determmation of the induction process could not clanfy
which of the two present chiral centres 1s the most important for asymmetric nduction
Therefore, we synthesised a second generation of ligands dertved from optically pure (+)-(1 S ,2

$§)-pseudoephedrme which also allowed us to optimise the group at the mitrogen atom

These syntheses involved three steps to afford the corresponding amino sulfide ligands with no
racemisation at any stage In the first step, condensation reactions of the optically pure
pseudoephedrine was carned out with aldehydes under various reaction conditions The
condensation of pscudoephednne with par-formaldehyde (Scheme 50) was performed 1n benzene
under reflux n presence of potassium carbonate to afford the oxazoline product (144) 1n 98 %

yield

Ph
\, an (CHOMn \/ &
el

_ Benzene, N O
NH OH K,CO4 - UN

144
Scheme 50

For the condensation of benzaldehyde with pseudoephedrine, the reaction was performed with an

equimolar muixture of aldehyde and amin: alcohol over 4A molecular sieves 1 toluene under

reflux (Scheme 51) The employment of an equimolar mixture allowed us to avoid the distillation
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of the excess benzaldehyde, and a simple filtration afforded the oxazoline (145) mn high purity

after removal of the solvent mn 95 % yield

\J Ph PhCHO, \’ £
N e

_ Toluene, N fe)
NH CH 4A MS -~ Y
Ph
145

Scheme 51

We also condensed pseudoephedrine with acetone, but the reaction had to be assisted by addition

of a catalytic amount of a Brensted acid (p-TSA) over 4A molecular sieves under reflux n
acetone used as solvent (Scheme 52} The acetone was easily removed because of its low boiling

pont Afier work-up, the oxazolme (146) was 1solated in 99 % yield.

\’ \\Ph Acetone solv, \’ _.\‘Ph
———————

—_ p-TSA cat, N 0
NH  OH 4AMS - x
146
Scheme 52

We investigated two possible ning opening reactions of these oxazolines, one of which has been
developed within our group in collaboration with another research program The second reaction

was the addition of a Gngnard reagent to the oxazoline

The reductive cleavage of oxazoline was derived from the Eschweiler-Clarke procedure??

(Scheme 53) and only allows the synthesis of N-methyl amuine




o\ Fh
“ ‘:'-"Ph Hzco N

HCOH

Scheme 53

The known conversion of 2-alkyloxazolidines into enamines#* by using chlorotnmethylsilane 1n
the presence of Humg’s base, and the use of chlorotrimethylsilane and dichlorodimethyl-silane to
generate imintum 1ons from aminol ethers,% suggested that a “one-pot™ reductive ring opening
reaction of aminol ether could be effected by using chlorotrimethylsilane in the presence of a
source of hydnide 10ns Followmng a numoer of tnal experiments we found that reductive nng
opening reactions could be carnied out rap dly in high yields to give the corresponding alkylated
amino alcohol, by adding 5 equivalents of chlorotrimethylsilane to a solution of the aminol ether

and sodrum cyanoborohydnde (Scheme 54)46

Ph Fh
H NaBH,CN §_\

0 TMSCI, MeCN ,/Nw

Scheme 54

We were faced with the problem of 1somerisation 1n the purification step by the presence of
partial silyl protected alcohol. Treatment of the crude mixture with potassium hydroxide m
methanol resulted 1n 1solation of the amino alcohol as a mixture of two diastereoisomers We
assume that the silyloxy group acts as a leaving group and therefore the chiral nformation at the
benzylic position 1s compromsed Potassium carbonate has been employed to cleave silyl group,
and no racemisation was observed in our case by treatment of the crude reaction mixture with

potassium carbonate m methanol The N-methyl pseudoephedrine (Fig 16, 147) and N-benzyl
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pseudoephedrine (148) were 1solated 1n enantiomerically pure form iz 97 and 95 % yields

respectively

FPh Ph
—N CH —N OH
\
Ph
147 148
Fig 16

Treatment of oxazolines with Grignard reagents?? was performed with the intention not to create

a third chiral centre That 1s, 1f the 2 position on the oxazolme already has two 1dentical groups,

any Grignard reagent can be used On the other hand, 1f two different groups are at this position,

only Gnignard reagents having a group 1dentical to that of one of those substituents was be used.

(Scheme 55)

A
A

on
R'MgX
—_— N OH
Rl
RR
o o
R'MgX ; \ ; \
_— - —N OH or N OH
or RMgX z\ . >[\ .
R R
R RI R R
Scheme 55

The addition of Grignard reagents to oxazolines proceeded 1n excellent chemical yrelds with an

excess of 3 equivalents of Gnignard reagent under reflux in diethyl ether for half an hour
(Scheme 56, table 9)




R'"MgX (3eq)

——

Et,0, reflux

Scheme 56

\
—~N_ OH
re
R Rl

Entry compound R R’ R” Yields (%)
Lo 4 ! Me Me Me § 95
2 i 150 Fh H | Ph | 99
3 151 Me Me Ph 98

With the tertiary amino alcohols in hand, the double mversion reactions were carried out with

tert-butyl thiol to afford the corresponding ammo sulfides (Scheme 57) 1in moderate to good

yields (Table 10) The importance of the fert-butyl group has been discussed previously

\ ‘\\F’h

) Et;N (Seq),

MsCl(12eq)
—N OH _— —N S—t-Bu
>|\ . u) Et;N (3 eq ), .
R R t+-BuSH (3 eq ) R'g R
Scheme 57
Table 10
Entry compound R R’ R” Yield (%)
1 152 H H H 38
2 153 H H Ph 51
3 154 . Me Me Me 71
4 155 Ph H Ph 68
5 i 156 Me Me ¢« Ph 47
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2-B-3-2 Applicatron of amino sulfide ligands 1n the palladium-catalysed reaction

A second generation of ligands was synthesised for the two reasons previously mentioned The
most important reason was to determune the mfluence of each chiral centre on asymmetric
induction The second reason was to optimise the nature of the group at the nitrogen atom The
palladium-catalysed allylic nucleophilic substitution reactions were performed with the optinused

reaction conditions reported by Vyskocil and Kocovsk: (Scheme 58, table 11)38

(m3-altyl-Pd-Cl), (5 mol %)

/\/IO:C Cs,CO3 (26q), DMM (2eq)  T3COOC ~COOCH;
Ph” X Ph

DCM, RT,L (10 mol%) ~ Ph7 X7 *Ph

+
. Ph
L= P
—~N_ S—t-Bu
h\ "
R R
Scheme 58
Table 11
Entry { compounds {rt (M | yeld| ece optrcal rotation
(%) | (%) / absolute config,
1 152 18 7 87 (-)>-S
2 154 7 98 89 (-)-S
3 i 155 24 20 82 I (-)-S
4 156 24 10 77 (-)-S
5 1 153 I 24 E 35 ! 78 : (-)-S

The chemical yields were vanable and may have been dependent on the purty of the diphenyl

allyl acetate 158 The synthesis of this allyl acetate was performed n two steps, a Luche
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reduction of the chalcone affords the allyl hydroxy intermediate 157 (Scheme 59, equation 1)

which was treated 1n dichloromethane n presence of 2 equivalents of pyridine, 1 2 equivalents of

acetic anhydride and a catalytic amount of N,N-dimethylammo-pyndine (Scheme 59, equation

2) After complete consumption of the alcohol, the solvent was removed and the crude product

was taken up 1n diethyl ether

O CEC|3,7H20
NaBHg4, MeQH

—————

Ph” X Ph

DCM DMAP cat,

Ph/\/L

Pyr , Acz') RT

OH

Ph/\)\ Ph

157
QAc

Ph” ™ Ph
158

Scheme 59

equation 1

equation 2

The purfication of the allyl acetate 158 was achieved by aqueous washing First, the ethered

solution was washed with copper sulfate solution to remove the pyndine and the catalyst,

followed by treatment with a solution of sodium carbonate to remove the acetic anhydnde and

acetic acid But such punfication was not completely effective.

Subsequent column

chromatography and fractional distillation failed to provide a mgher purity product
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2-B-3-3- Interpretation of the asymmetnc induction

Except for aliphatic groups (entries 1 and 2) the enantioselectivities observed do not seem to be
dependent on the nature of the group at the mitrogen atom The bulky fers-butyl group gave rise to
the enantioselective induction up to 89 % for the (-)-(S) product This absolute configuration of
the product 1s opposite to that obtamed with the first generation of ligands (Fig 17), and therefore
we might postulate that the onentation of the diphenyl allyl moiety in the transition state 1s

greatly affected by the methyl group

©f)j @df

$ “ph $ “’ph
t-Bu t-Bu
induces formation of induces formation of
the {(+)-R 1somer the (-)-S isomer
Fig 17

Such a postulate mught be verified by the investigation of (-)-ephedrine derivative amino sulfides
as ligands 1n the palladium-catalysed allylic nucleophilic substitution reaction as these have the
opposite relative stereochemustry as the two asymmetric centres A synthesis was performed from
(-)-ephedrine to obtain the diastereoisomer of the best igand (154) from the second generation
(Table 11, entry 2) A condensation reaction between (-)-ephedrine and acetone was performed

by the same process as for the (+)-pseudoephedrine, a ring opening reaction was achieved by

addition of methyl magnesium bromude, end finally, the double mversion reaction afforded the
amno sulfide 159 (Scheme 60)




Ph
Ph Acetone solv, H
—NH  OH p-TSA cat 4A MS —~N_©
9% % >< 160
Ph Ph
MeMgBr 1} Et3N, MsCI
——- —_—
o retx N O mEuNeBusH TN STHBU
96 % t-Bu 53 % t-Bu
161 159
Scheme 60

Investigation of the palladium-catalysed allylic nucleophilic substitution reaction using the di-
tert-butyl amino sulfide dertved from ephedrine as ligand was carried out in dichloromethane and

caesium carbonate (Scheme 61)

(n-allyl-Fd-Cl), (5 mol %)
OAc  Cs,C03(22q),DMM (2eq) MsCOOCCOOCH;

PR Ph DCM,RT, L (10mol%)  ph” X" “Ph

(+)-R isomer
29 % yield
L= 60 % ee

Scheme 61

The absolute configuration of the major product 1s 1n oppositton with that expected from our
mechanstic postulation The actual group which onents the spatial position of the diphenyl allyl
mouety 15 thus not the methyl but the phenvl group In the first generation of ligand, such as (Fig
18, 140), therefore, the most decisive group for asymmetric induction 1s perhaps the
tetrahydroisoquinoline core The conformation of the six membered ring clearly has a great

importance, but details remain unclear
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1% generation 2" generation

O
Nj - t—Bu/Nj/ t-Bu/NI

$ “/ph ? “’Ph el*, Ph
140 t-Bu 154 t-Bu 159 t-Bu
induces formation of ind 1ces formation of  induces formation of
the (+)-R1somer the (-}-S isomer the (+)-R 1somer
Fig 18

We were interested 1n further investigating the reason why the amino sulfide ligand denved from
pseudoephedrine (154) gave opposite asymmetric induction and higher level of asymmetric
mduction than the amino sulfide ligand derived from ephednine (159} 1n the palladium-catalysed
allylic nucleophilic substitution reaction Two transition states 162 and 163 can be drawn for the
pseudoephedrine denivative (154) (Fig 19 and 20)

epulsive interaction

i

HyCOOC._ _-COOCH3

— Cusfavoured I/\
%Iﬂﬂ\ Ph Fh
( ‘) \' NU@ (+}-R1somer

stronger
repulsive 162
tnteraction

Fig 19
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v o ﬁ: 3/|< Favoured Ph Ph
N / Ph'
N—=Pd_

; : {-)-S 1somer

) N 8

weaker 163
repulsive
interaction

Fig 20

The orientation of the preferred palladium-ligand complex 1s determined by the relative sizes of
the methyl group labelled Me? and the rert-butyl group at the mitrogen centre Thus, in the
transition state 162, a strong repulstve interaction between the tert-butyl group at the mtrogen and
the phenyl labelled Ph' disfavours the spatial position of the diphenylallyl moiety Also, a
interaction may occur 1n this transition state between the phenyl group from the ligand and the
phenyl group labelled Ph? On the other hand, the transition state 163 adopts a spatial
configuration for the diphenylallyl moiety where interactions are kept to the mimimum and lead to

the formation of the (-)-S 1somer.

For the amno sulfide higand derived from ephednne (159), we may also sumlarly suggest two
transition states 164 and 165 (Fig 21), where one palladium-ligand complex 1s preferred due to
the same repulsive mteractions with the fers-butyl group at the mtrogen and the methyl group
labelled Me?




Me2
N4 H of H4COOC._ . COOCH;
N—=Pd Faveoured
O pn?
Ph Ph
Pl’ﬂ\_‘ 5
( —) Nu {+)}-R 1somer
stronger

repulsive 164

interaction
r/\ stronger repulsive

interaction

/k ) Dlsfavoured

Ph Ph
\\f(\“l H3COOC™ ~COOCH,

N

weaker
repulsive 165
interaction

Fig 21

The preferred transition state 163 (for the psendoephedrine derivative 154) 1s preferred over the
transition state 162 because both interactions with N--Bu and Phenyl groups on the ligand are

avoided.

The transitions state 164 and 165 (for the ephednne dervative 159) cannot avoid both
interactions In fact, the transition 164 15 preferred over the transition state 165 because 1t avoids

the interaction with the phenyl group on the ligand, which seems to be the most important
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2-B-4 Third generation of higands

2-B-4-1 Introduction

In our design of amino sulfide ligands, we have optumised the group at the sulfur terminus i the
synthests of our first generation of ligands Aryl and alkyl thiols have been used as nucleophiles
for the displacement of the alcohol group in the double mnversion reaction The second generation
of igands permitted us to investigate the best configuration between the methyl and phenyl at the
chiral centres The frans configuration showed better asymmetnc induction than the cis

configuration

The next step 1n our design of amino sulfide ligands was to nvestigate the effect of a third chiral
centre 1n the mitrogen substituent The chiral oxazolidine-diphenylphosphine ligand (Fig 22, 43)
reported independently by Helmchem,2? P“altz,28 and Williams?® contamns only one chiral centre

outside the palladium-ligand ring complex.

W,
PPhy N—
R
43
Fig 22

The transition state used for the investigation of the asymmetric induction of this type of higand
has been widely studied to understand the high level of asymmetric induction observed In this
case where mitrogen and phosphorus are used as chelating groups to the palladium, the
nucleophile attacks along the trajectory of the palladium-phosphorus bond which is considered as
the longer and the weaker bond Furthermore, the addition of the nucleophile creates a sp3 carbon

centre which causes the phenyl group to move closer to the chiral oxazolidme ring. The
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formation of the most stable transition state 1s therefore directed by two matching mteractions

(Fig 23)

O S O

Pha R
‘ \ repulswe P"‘ Pd Ph
Ph /—_//T\ »— interaction p[-f ,_F/
oF Ph "\
Nu-~
Nu~

Ph
PP ¢ AN
Ph” X Ph Nu
minor iIsomer major 1somer

Fig 23

In the mvestigation of the first generation of ligands, the nucleophile 1s believed to attack along
the ax1s of the palladium-sulfur bond and t* erefore approaches closer to the nitrogen side, but the
absence of an external chiral centre prevents any increase of the instability of the less stable

transition state during the formation of the sp? carbon (cf. 2-B-2-3, scheme, transition state 143)
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2-B-4-2- Synthes1s

Dunng the synthesis of the first generation of ligands, an immwum salt has been used as
intermediate. Imimum salts have been applied as catalyst 1n asymmetric epoxidation of carbon-
carbon double bonds ** The positive charge makes them highly versatile electrophilic catalysts
(Scheme 62)

oxone®
basic conditions

Scheme 62

Due to 1ts electrophilic behaviour we decided to test the addition of several Grignard reagents??
onto the mmmwm functionality to form the corresponding amino alcohols A muxture of

diastereoisomers was obtained m the formation of a third chiral centre (Scheme 63)

B>
RMgX (3 eq)
o h@ ‘\\Me ——i N .\\Me
j Et,0, -78°C to RT j
HO™ “Ph Rio™ “pn

Scheme 63
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Determunation of the stereochemistry generated was 1investigated by derivatisation of the alcohol
with p-nitrobenzoic acid and 3,5-dinitrobenzoic acid to afford the crystalline amino esters 166
and 167 (Scheme 64)

1} EtsN, MsCI N wMe
N._.wMe _——
n) EtsN, ArCO.H R I
R Y 0" “Ph
HO™ “Ph )\
O Ar
166 Ar = p-nitrophenyl
167 Ar = 3,5-dinitrophenyl
Scheme 64

Our double inversion reaction conditions were applied successfully for these denivatisations, but

recrystallisation failed to give a suitable crystal for X-ray analysis

During the mvestigation of Gngnard reagents addition onto the mmintum salts, we observed
different levels of asymmetric induction depending on the nature of the Grignard reagent and on
the nature of the halide counterion (Scheme 65, table 12)

Bre
RMgX (3 eq)
= I\@ wMe —— N .\wMe
j Et,0, -78°C to RT j
HO™ “Ph Rio” “pn
Scheme 65
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Table 12

Entry compound RMg X Yield (%) de ratio
1 : 168 : PhMg Br . 99 101
2 169 MeMg I 99 101
3 169 MeMg ., Br 99 101
4 169 MeMg Cl 99 1.1
5 _ 170 Etl g Br 99 ! 4 2a
6 171 . PiMg IO
7 171 1-PrMg Br 99 I b
8 171 ¢ o-PiMg - C1 99 11

a) diastereoisomers separated 1n 20 and 40 % yields respectively, b) not determined

Bromide and i1odide Grignard reagents gave good asymmetric mduction for the formation of a
third chiral centre in the asymmetric addition of Gngnard reagents In contrast, the chlorde
equivalent afforded a 1-1 muxture of diasterecoisomers It 1s difficult to interpret these
observations, but presumably the Schlenk equilibrium 1s a factor Bloch50 has previously reported
that in addition of Gnignard reagents to chiral imme-alcohols where shghtly better asymmetnc

mduction was observed for bromide and 10dide (Scheme 66)

HO. OH
S R'MgX R
\ /_\ H :
A7 TR A7 NTTR
H
Scheme 66

The Grignard addition of ethyl magnesium bromide onto the iminum salt gave a separable
mixture of diastereoisomers 1n 20 and 40 % yelds respectively (Scheme 67) 'H NMR
spectroscopy could not tell which diastereoisomer 1s which We have labelled them 170 A and
170 B following the order of their Rf (A for lugher Rf, B for smaller Rf') to differentiate them
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Et
HO
@ EtMgBr (3 eq)
aWMe

j “ph
Et,0, -76°C to RT

HO "’Ph
+ N .\\Me

Scheme 67

With good diastereoisomeric excesses (non separated) of the ammo alcohols derived from
norephedrme by Gngnard addition to 1minium salts, we proceeded with the synthesis of the third
generation of higands The conversion of the amino alcohols mto the correspondmg amino

sulfides was achieved with the double inversion process previously described (Scheme 68)

(EtN, MGl aMe
N _\\Me j

j 1) Et3N, RSH o
RHO b or MeSNa Ph

Scheme 68

In the second step of the double mversion process, we extended the range of other thiol reagents
to methyl, 1sopropyl and fert-butyl groups (Table 13), in expectation of particular mnteractions
between the third chiral centre of the amino sulfide hgands and the diphenyl allyl substrate in the

palladium-catalysed allylic nucleophilic substitution reaction
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Table 13
Entry 2 compound R R Yield (%) | ee (%) | de (%)
1 : 172, Me | Me ;. 30 100 =90
2 | 173 Me | 1Pr | s8I 100 = 90
3 174 Me Bu 55 100 =95
4 } 115 | Ph | Me 61 100 | =90
5 ! 176 l Ph -Pr : 56 100 =90
6 177  Ph i tBu 60 : 100 | =95
7 178-A | Et | +Bu | 35 100 | 100
8 178-B Bt | #Bu| 5l 100 100

In 1999, Buonos! reported the 1solation of a palladium complex by reacting an equimolar mixture
of n3-allyl chlonde palladium dimer and a bidentate higand (Scheme 69) The exchange of the
counter amon (chloride) by the appropriate salt allowed the solid palladium complex to be

1solated and recrystalhised for X-ray analysis

@

Ligand’ . ©
—Pd—Cl - ——Pd—Ligand c

2

] LICIO,4, methanol

@

Q
<(— Pd— ngand' ClO4

Scheme 69

We applied the same methodology to one (177) of our higands of the third generation (Scheme

70), but recrystallisation of the crude powder obtained after anion exchange reaction with lithium
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perchlorate has failed to produce a suitablz crystal for X-ray analysis The configuration at the

third chiral centre still remains unknown

Ph
N .wMe + —pd—Cl - N._ .Me CIG)
P

n . Pd
7 “pn ®\§ “Ph
177 t-Bu -Bu
LiCIO,4, methanol Ph o
CiO,
N \Me
/ %)
<(—Pd\ )
@ S “Ph
tBu

Scheme 70
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2-B-4-3 Application of amino sulfide ligands in the palladium-catalysed reaction

The third generation of hgands was synthesised to determine the possible effects of the insertion
of a third chiral centre nto the amino sulfide ligands, enabling us to review the transition state for
the asymmetric induction 1n our first generation of ligands The palladium-catalysed allylic

nucleophilic substitution reactions (Table 14) were performed with the optimised reaction

conditions reported by Vyskocil and Kocovskr (Scheme 71)38

OAc

Ph/\/J\ Ph

(n2-allyl-Pd-Cl); (5 mol %)

Cs;C03 (22q), DMM (2 eq ) HaiiC;E
DCM, R™, L* (10 mol%) P X Ph

som

R

COOCH,

87 "/Ph
&
Scheme 71
Table 14
Entry . compound : de (%) Z rt iyeld E ee (%) | optical
; t of L’ : )y | (%) ; rotation
| 175 i =90 x 24 45 . 61 ' -)>-(S)
2 176 = 9( 24 84 68 -)-(5)
3 177 ~95 24 39 60 ! ()5
4 172 =90 10 94 83 -)-(5)
5 173 i =90 24 97 72 (-)-(S)
6 | 119 J=os| 24| 2] 11| O
7 178-A 100 24 88 30 (-)-(S)
8 178-B 100 24 74 1 (-)-(S)
93 138 : 100 I ;95 1 15 -)-(S)
100 139 | 100 | 1 P94 | 3 1 (D®
112 ;140 100 1 9% = 72 (H)-(R)

a) From the first generation of ligands




The first piece of evidence which appear. from these results 1s that the mnclusion of the third
chiral centre has reversed the sense of asymmetric induction 1n the palladium-catalysed allyhic
nucleophilic substitution reaction (entries 1-8) The modification of asymmetnc induction from
this thurd generation of higands might be explained by steric interaction between the substituent at

the new chiral centre and the diphenylallyl substrate

We have been able to synthesise in enantiomernically and diastereoisomerically pure form the
hgands 178-A and 178-B (Fig 24), and mvestigated them independently 1n the palladium-
catalysed allylic nucleophilic substitution reaction It seems that both diastereoisomers catalyse

the reaction, but with very different asymmetric induction

j‘ minor 1scmer  178-A
Et ‘ major 1Isomer 178-B

Fig 24

During the asymmetric addition of ethyl magnesium bromide onto the immum salt, we have
managed to separate the mixture of diastereoisomers After a double mnversion reaction to convert

the alcohol group mto fert-butyl sulfide group, these ligands were investigated independently

The munor diastereoisomer 178-A gave h.gher selectivity in asymmetric induction (Table 14,
entry 7, 30 % ec¢) m the palladium-catalysed allylic alkylation reaction than the major
diastereoisomer 178-B (Table 14, entry 8, 1 % ee)

We have optimised the sulfide group for the first generation of ligands by increasing the

repulsive interaction between the sulfide group and the phenyl group from the diphenyl allyl

substrate (Entries 9-11} But 1n our third generation of igands, we observed completely opposite
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results The smaller the sulfide group 1s, the higher the level of asymmetric induction transmitted
from the higand to the diphenyl allyl substrate It seems that the presence of the third chiral centre
has somehow obliged the dipheny! allyl s ibstrate to adopt the alternative conformation m the
palladium complex and therefore increase the repulstve interaction between the sulfide group and
the phenyl group from the substrate Thus the smaller the sulfide group 1s, the smaller the

repulsive mteraction 15

Unfortunately, the absolute configuration at the third chiral still remains unknown, therefore, we
cannot propose any transition states to explam the asymmetric induction from our third
generation of ligands to the diphenylallyl substrate But, we believe 1n this case that the decisive
interaction occurs between the third chiral centre on the higand and the pheny! group on the

diphenylallyl substrate (Fig 25, transition state 179 and 180)

(\ P R |
S |
H;CO0C._ _ COOCHS, |
N—%)d/ Ph |
y disfavoured =
—_— Ph Ph,

/ %m k e {+)-R 1somer l

strong repulsive interaction 179

H,CO0C” ~COOCH,

{-)-S 1somer

R
S
Ph . _-Ph
‘/@\/ Phy favoured 1
Ph /.
R k

180 NP

Fig. 25
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2-B-5 Conclusions

We have positively demonstrated the asymmetric efficiency of chiral optically pure amino

sulfides as ligands 1n the palladium-catalysrd allylic nucleophilic substitution reaction

We developed a large-scale synthesis of amino alcohols derived from tetrahydroisoquinoline core
for the access to our first generation of ligands (Fig 26) We have also optimised the nature of
the sulfide group to obtain mgh asymmetric induction i the palladium-catalysed allylic

alkylation.

up to 72 % ee for R=t-Bu

Fig 26

By X-ray analysis, the double mversion reaction has been proven to take place upon treatment of
the amino alcohol with triethylamine and mesyl chlonde, followed by displacement by the
appropriate thiolate amon (Scheme 72) The azindinium cation seems to be the reactive

intermediate 1n this double mversion reaction
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1) Et3N, MsCi
Nj\\Me N @NY,\\Me

HO™ “Pn Ph

(L

? “oh
R

1} Et;N, RSH

Scheme 72

We have tumed our attention to find which of the two asymmetric centres has the most important

effect n the asymmetnic induction This second generation of ligands has been synthesised by the
approprate reactions for the cleavage of the oxazolne ring and has afforded a range of different
groups on the nitrogen for the optimisation of this part of the hgands These cleavage reactions of
the oxazoline ring were performed to avoid the formation of a third chiral centre 1n the nitrogen

substituents (Scheme 73)

Me Ph
NaBH,CN )—{
TMSCI —N OH
Me Ph / >_R2
> < R RyorRy;=H
N O
R1 Ry
Me Ph
RaMgX >_<
—N CH
R;
Ri Ry Ry=Rj; and/or
R2=R3

3cheme 73




By companson of the results obtaned for the application of the pseudoephedrine and ephedrine
senies as ligands m the palladium-catalysed allylic nucleophilic substitution reaction, 1t appears
that the phenyl group induces the spatial conformation of the diphenylallyl substrate, and
furthermore, the trans relative position of the two chiral centres 1n the transition state provides

highest enantiomenc excesses (Fig 27)

1 |

N
t-Bu” NJ/ t-Bu” r
? Ph

s7 “ph
{—Bu t-Bu
induces formation of induces formation of
the (-}-S 1somer in 89 % ee the (+)-R1somer in 60 % ee
Fig 27

The synthesis of the third generation of ligands has been achieved to observe the influence of a
third chiral centre 1n the nitrogen substituent The closeness of the third chiral centre, the phenyl
group from the substrate and the nucleophile have shown very interesting results The spatial
conformation of the diphenyl allyl substrate has apparently switched to the oppostte conformation
defined for our first generation of Iigands (Fig 28 and 29) The opposite enantiomer has been

obtamed with even higher asymmetric induction

First generation

(\ 2
Al ¢, R
p) '|| ( s H3COOC COOCH3

NT 3 Favoured L\
———
Me i:?’h
o =
Ph/\/\ Ph1 Ph F‘h1

142 Nu (+}-R 1somer
Fig 28

150




Third g neration

H;C00C” “COOCH,

(\s’ R
Ph X Phy
—————————

R
K (-)-S 1somer
N
Fig 29
The importance of the phenyl group n our ligands has been demonstrated by access to high

asymmetric induction n the palladium-catalysed allylic nucleophilic substitution reaction, but

also during the double inversion reaction waere the nucleophile attacks opposite to the nitrogen at

the benzylic position Due to time constraint, the investigation of the nature of the second chiral
centre which has been a methyl group afforded by pseudoephedrine, ephedrine and norephedrine
was not possible Meanwhile, Polt has reported the synthesis of B-amino alcohols from amino
ester with a chelation control via Schiff bases (Scheme 74) 32 These syntheses of ammo alcohols
with different groups other than methyl could provide ready access to new ligands for the

mvestigation of the mfluence of the second chiral centre

Ph

R Ph R R
Ax oMe _2PC )\\ Ph 9 . wPh
Ph N Ph N HzN ’
OH

0 OH
from81to 18 1 de

a) ~BuyAl-H / CHyCl, / - 78°C b) PhMgBr / Et,0 / -78°C -> 0°C
) NaHCO3/ H,0 d) Ha0*

Scheme 74

The wide range of commercially available chiral amino esters could be useful for access to

vartous amino alcohols, which could be converted into the corresponding amino sulfides by
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dialkylation of the primary amine and double 1nversion reaction at the alcohol position (Scheme

75)
R R
RyX EtaN, MsCI
H N)\|-“‘Ph 1 »- o - R1\NJ\ -
2 EtsN, tBuSH R 8
OH “t-Bu
Scheme 75

The mvestigation of such ligands 1n the palladium-catalysed allylic nucleophilic substitution

reaction would allow optimisation of the steric and electronic nature of this chiral centre
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3 1 General experimental procedures

Commercially available reagents were used as supplied, without further punfication, unless
otherwise stated Air and moisture sensitive compounds were stored 1n a desiccator over self

mdicating silica pellets, under a nitrogen atmosphere

Flash chromatography was carned out using Merck 9385 Kieselgel 60-45 (230-400 mesh) and
hand bellows to apply pressure to the column Thin layer chromatography (TLC) was carned out
on glass or aluminmum plates coated with silica gel layer of 025 mm thickness, containing
fluorescer Compounds on this material were visualised by UV radiation at wavelength of 254
nm, or stamned by exposure to an ethanolic solution of phosphomolybdic acid, (acidified with

concentrated sulfuric acid), followed by cherring where appropniate

Light petroleum ether (bp 40-60 °C), was distilled from calcium chloride prior to use Ethyl
acetate was distilled over calcium sulphate or chlonde Dichloromethane was distilled over
calclum hydnde Tetrahydrofuran (THF) was distilled under mitrogen atmosphere from the
sodium/benzophenone ketyl radical or from lithmum alummium hydnde Trnethylamine and

dusopropylethylamine were stored over potassium hydroxide pellets.

Highly air and moisture sensitive reactions were carried out using glassware that had been dned
overmight 1n an oven at 240 °C These were allowed to cool 1n a desiccator over self indicating

silica pellets The reactions were carnied out under a slight positive static pressure of nitrogen

Microanalyses were performed on a Per'un Elmer Elemental Analyser 2400 CHN Optical
rotation values were measured with an Optical Activity-polAAar 2001 mstrument, operating at
=589 nm, corresponding to the sodium line (D) The solvents used for these measurements were
of spectrophotometnic grade The solutions for these measurements were prepared in volumetric
flasks for maximum accuracy of the volume of the solvent used Melting pomts were carried out

on a Electrothermal-IA 9100 and are uncorrected.
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Fourier transformed infrared absorption spectra were recorded on a Perkin Elmer FT-IR
spectrometer Paragon 2001 mstrument in the range of 4000-600 cm-!, Solid samples were run as
thin films of their solution 1n dichloromethane Liquid samples were run neat on sodium chlonde
discs Mass spectra were recorded on Cra os MS-80 or Jeol-SX102 instruments using electron

mmpact (EI), 1omsation technique

Proton nuclear magnetic resonance spectra, were recorded on Bruker AC 250 and Bruker DPX
400 operating at 250 13 and 400 13 MHz respectively The experiments were conducted mn
deuteriated solvents with tetramethylsilane as the internal standard Multiplicities were recorded
as broad signals (br s), singlets (s), doublets (d), tniplets (t), quartets (q), quintets (quint), heptets
(hept), doublet of doublets (dd), doublet of triplets (dt), triplet of doublets (td), doublet of double
doublets (ddd), and multiplets (m)

Carbon-13 nuclear magnetic resonance spectra were recorded on Bruker AC 250 and Bruker
DPX 400 instruments operatmg at 62 86 and 100 62 MHz respectively Normally the 13C NMR
spectrum for cach compound was recorded 1n the same deuteriated solvent as that used for the 'H
NMR spectrum, unless otherwise stated Tetramethylsilane was used as the internal standard

DEPT was recorded on a Bruker AC 250 and Bruker DPX 400

Enantiomeric excesses were determined by either proton nuclear magnetic resonance, (‘H NMR),

or by Chiral High Performance Liqud Chromatography, (Chiral HPLC).

The proton nuclear magnetic resonance spectra were recorded in deuteriated chloroform on
Bruker AC 250 NMR nstruments, operating at 250 13 MHz, n the presence of frs-[3-
(heptafluoropropylhydroxymethylene)-(+)-camphorato]europrum(IIl), [(+)-Eu(hfc),], or (R)-(3,5-
dinitrobenzoyl)-1-phenylethylamine as the chiral shift reagent, and tetramethylsilane as the
nternal standard Between 20 and 40 mol% of the chiral europrum shift reagent was used for the
determination of the enantiomeric excess of 1,3-Diphenyl-1-(2-dimethylmalonyl)prop-2-ene In

no case, however, did the total mass of the chiral shift reagent used 1n each of the "TH NMR
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expermments exceed 10 mg due to the paramagnetic properties of europrum{HI), which may

compromise data through hine broadening

The chiral colurnns used for the determuination of enantiomenc excesses (ee), of non-racemic
muxtures of chiral compounds by chiral HPLC, were Chiracel OD or Chiracel OJ on a TSP
Thermo-Separating-Products Spectra Serie: P200 mstrument, with a TSP Spectra Series UV100
ultra-violet absorption detector and a Cromojet Integrator For 1,3-Diphenyl-1-(2-
dimethylmalonyl)prop-2-ene, the solvent system used was hexane/isopropanol (95 5), operating
at a flow rate of 0 50 mL per minute, (pump pressure equivalent to 80-135 ps1), with the UV
detector set at 254 nm Both solvents used for these measurements (hexane and 1sopropanol),
were of HPLC grade




3-2: Individual expermmental procedures

2-Pyridyl-1,3-dithiane (181):'

A solution of equimolar of 2-pyndmecarboxaldehyde (2 00 g, 18 7 mmol) and 1,3-propanedithiol
(1 88 ml, 18 7 mmol} in toluene 1n presence of a catalytic amount of p-toluene sulfonic acid, was
heated to reflux for 24 hour After cooling the reaction mixture, the solvent was removed and a
careful column chromatography on silica gel was camed on the crude mixture to yield the title
compound (2 59 g, 71 %) as a colourless o1l IR vmg cm™ 3047, 3006, 2931, 2898, 1667, 1585,
1568, 1469, 1431, 1277, 1172, 993, 750 &y (250 MHz, CDCly) 1 90-2 10 (1H, m), 2 12-2 30
(1H, m), 2 90-3 20 (4H, m), 536 (1H, s), 7 18-725 (1H, m, CH pyr), 745-750 (1H, m, CH
pyr), 765-773 (1H, m, CH at pyr), 8 56-8 60 (1H, m, CH pyr) 8¢ (CDCl;, 62 MHz) 24 94,
3114,5266,1218,1227,1366,1498,1574

General procedure for the condensation of ~,3-propanedithiol and substituted benzaldehydes
Acetyl chloride (5 ml) was added to methanol (50 ml) at 0°C Afier 5 minutes the ice-bath

was removed and aryl aldehyde was added followed by 1,3-propanedithiol Then the reaction was

left to stir overmight at room temperature The solvents were removed under reduced pressure and

the crude mxture was recrystallised 1n methanol to yreld the titled compound
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2-(2-Bromophenyl)-1,3-dithiane (81):

Br
Br
—_— S
-0
S
See above 2-Bomobenzaldehyde (1 06 ml, 9 08 mmol), 1,3-propanedithiol (1 ml, 9 35 mmol, 1 1
eq ), to yield 1 86 g of the titled compound as a colourless crystallme solid (74 %) m p 100-

101°C IR vmax cm™ 3070, 2897, 1466, 1419, 1276, 1176, 1021, 745, 668 8y (400 MHz, CDCls)
194 (1H, ddt, J 14, 12 5, 3 Hz), 219 (1H, ddt, J 14, 43, 2 5 Hz), 292 (2H, ddd, J 14, 125, 4 3
Hz), 3 12 (2H, ddd, J 14, 3,2 5 Hz), 5 60 ( H, s), 7 14 (1H, ddd, J 8, 7 4, 1.7 Hz), 7 33 (1H, ddd,
J78,74,13Hz),754 (1H, dd, J 8, 1 3 Hz), 7 68 (1H, dd, J 78, 1 7 Hz) §¢ (100 MHz, CDCl3)
25 14 (CHy), 32 29 (2x CHy), 50 74 (CH), 123 01 (CH ar.), 12587 (d, J 59 Hz, C ar), 128 11

(Char), 12976 (CH ar), 13294 (CH ar), 138 27 (C ar) Elemental analysis. found C, 43 55;
H, 3 94, C,oH} BrS; requires C, 43 64, H, 4 03, Br, 29 03, S, 23 30

2-(2-Nitrophenyl)-1,3-dithiane (82):>

See above' 2-Nitrobenzaldehyde (200 g,, 13 23 mmol), 1,3-propanedithiol (146 mi, 14 53
mmol, 1 I eq), to yield 2 63 g of titled compound as an orange crystallime solid (82%) mp 121-
123 *C. IR vpax cm™' 3074, 2904, 2890, 1520 (NO,), 1423, 1352, 1274, 1250, 1173, 721, 8y (400
MHz, CDCl3) 195 (1H, m), 220 (1H, m), 293 (2H, m), 3 13 (2H, m), 5 89 (1H, s), 7 44 (1H,
ddd, J 15,7.5,82 Hz), 762 (1H, dt,J 15,75 Hz), 788 (2H, m) 8¢ (100 MHz, CDCl3) 25 00
(CHz), 3225 (2x CHy), 45 95 (CH), 124.72 (CH ar.), 129 08 (CH ar), 130 73 (CH ar), 133 43
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(CH ar}, 13347 (C ar), 147 72 (C ar) Exact mass calcd for CioH1INO,S; 241 02312; found
241.02312. Elemental analysis found C, 46 70, H,4 53, N, 575, C,oH;1NO,S; requures C, 49 77,
H,459,N,580,0,1326,8,2657

2-(2-Fluorophenyl)-1,3-dithiane (83);

See above 2-Fluorobenzaldehyde (2 00 i, 18 98 mmol), 1,3-propanedithiol (1 91 ml, 19 01
mmol, 11 eq), to yield 2 80 g of titled c¢mpound as a colourless crystallme solid (69%) mp
77-79 °C IR vpax cm™ 2900, 1487, 1275, 1232, 1089, 757. 8y (400 MHz, CDCI3) 1 95 (1H, m),
218 (1H, m), 2 92 (2H, m), 3 13 (2H, m), 5 55 (1H, s), 7 05 (1H, ddd, J 1 25, 8 08, 9.8 Hz), 7 15
(1H, dt,J 127,752 Hz), 727 (1H, m), 7 62 (1H, dt, /1 85,7 5 Hz) &c (100 MHz, CDCl3) 25 08
(CHy), 32 18 (2x CHy), 43 08 (CH, J 4 Hz), 11549 (CH ar, J 222 Hz), 124 64 (CH ar, J 3 7

Hz2), 126 29 (C ar, J 14 24 Hz), 129 56 (CH ar, J 2 8 Hz), 129 87 (CH ar, J 8 4 Hz), 158 91 (CF
ar, J 2481 Hz) Exact mass caled for C\,H,;FS, 214 02862, found 214 02834 Elemental
analysis found C, 55 85, H, 5 10, C;gH,,FS, requires C, 56 04, H, 5 17, F, 8 86; S, 29 92

2-(4-Bromophenyl)-1,3-dithiane (84):*

[

Br.
Br
T — Uy
=0
()

See above. 4-Bromobenzaldehyde (200 g, 1081 mmol), 1,3-propanedithiol (120 ml, 11 94
mmol, 11 eq) to yield 2 203 g of the titled compound as a colourless crystalline solid (74 %)
mp 98-99°C (Lit 92-94°C) IR viu, cm” 3058, 2951, 2931, 2896, 1588, 1484, 1398, 1274,
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1070, 1007, 760 8y (CDCls, 400 MHz) 1 90 (1H, m), 2 16 (1H, m), 2 90 (2H, dddd, 1,3 1,4 5,
138 Hz),3 04 (2H, dddd, J 1, 25,123, 14 6 Hz), 5 11 (1H, s), 7 35 (2H, d,J 8 6 Hz), 7 48 (2H,
d, J 8 6 Hz) 8¢ (CDCl;, 62 MHz) 24 96 (CH,), 31 95 (2*CH,), 50 60 (CH), 122 22, 129 43 (CH
ar), 131 80 (CH ar ), 138 06 Elemental aralysis* found C, 43 57, H, 3 89, C,oH,,BrS, requires
C,43 64,H,403,Br,2903, S,2330

2(-2-Methoxyphenyl)-1,3-dithiane (85):*

Se¢ above Ortho-ansaldehyde (2 00 g, 14 69 mmol), 1,3-propanedithiol (1 62 ml, 16 12 mmol,
1 1eq) to yreld 2 686 g of the titled compound as a colourless crystalline solid (81 %) m p 130-
132°C IR vy cm’ 3060, 3029, 2994, 2897, 2834, 1596, 1491, 1244, 1096, 1022, 757 8y
(CDCl;, 400 MHz) 1 93 (1H, dtt, J 3,126, 14 1 Hz), 2 16 (1H, dtt, J 2 5,4 3, 14 1 Hz), 2 88 (2H,
ddd, /3,42, 145Hz), 3 11 (2H,dt,J 25,12 6 Hz), 307 (3H, s), 5 71 (1H, 5), 6 86 (1H, dd, J 1,
83 Hz), 6 96 (1H, dt,J 1 1,75Hz), 7 25(1H,dt,J 1 8,7 4,8 3 Hz), 758 (1H, dd, J 1 8, 7 6 Hz)
¢ (CDCl;, 62 MHz) 25 35 (CHy), 3242, 43 64, 55 73 (CH), 110 69 (CH ar ), 120.98 (CH ar.),
127 24, 129.10 (CH ar ), 12932 (CH ar), 155 35 Exact mass calcd for CniH,,08; 226 04861,
found 226 04892, Elemental analysis found C, 58 21, H, 6 11, C;;H,40S; requires C, 58 37; H,
623,0,707,8S,2833

2(-3-Methoxyphenyl)-1,3-dithiane (86):*
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See above Meta-amsaldehyde (1 79 ml, 14 69 mmol), 1,3-propanedithiol (1 62 ml, 16 12 mmol,
11eq) toyield 3165 g of the titled compound as a colourless crystalline solid (95 %) mp 62-
64°C IR v o’ 3052, 3000, 2936, 2896, 2832, 1582, 1498, 1464, 1452, 1431, 1421, 1315,
1298, 1275, 1243, 1146, 1047, 871, 761, 694 &y (CDCls, 400 MHz) 194 (1H, dtt, J3 1, 123,
14.1 Hz), 217 (1H, dtt, J2 5,44, 14 1 Hz), 291 (2H, ddd, J 3, 4 3, 14 5 Hz), 3 06 (2H, dddd, J
1,25,124,13 5 Hz), 381 (3H, 5), 515 (H, s), 6 84 (1H, ddd, J 1, 2 6, 8 3 Hz), 7 04 (2H, m),
725 (1H, m). 8¢ (CDCL, 62 MHz) 25 17 (CH3), 32.13 (CH3), 51 58 (CH3), 55 28 (CH3), 113 03
(CHar), 11437 (CHar ), 120 03 (CH ar ), 129 68 (CH ar), 140 48, 159 75 Exact mass caled for
C11H1408; 226 04861, found 226 04881 Elemental analysis found C, 58 21, H, 6 14, C;;H,408;
requires C, 58 37, H, 6 23, 0,7 07, S, 28 33

2(-4-Methoxyphenyl)-1,3-dithiane (87):2

o — Y

See above Para-anisaldehyde (1 79 ml, 14 69 mmol), 1,3-propanedithiol (1 62 ml, 16 12 mmol,
1 1eq) to yield 3 044 g of the titled compound as a colourless crystalline solid (91 %) mp 118-
120°C IR vpax cm™ 3030, 3005, 2960, 2936, 2902, 2834, 1608, 1508, 1249, 1179, 1030, 776,
757, 675 8y (CDCl;, 400 MHz) 1 90 (1H, dtt, J 2 8, 12, 14 Hz), 2,14 (1H, dhept, J 1 5, 14 4 Hz),
289 (2H, dt, /4 4, 14 4 Hz), 303 (2H, dm, J2 4 Hz),3 78 (3H, 5), 5 13 (1H, s), 6 85 (2H, d, J 9
Hz), 738 (2H, d, J9 Hz) §C (CDCl;, 100 MHz) 25 03 (CH2), 32 13 (CH2), 50 69, 55 23, 114 03
(CH ar), 128 87 (CH ar), 13126, 159 52 Exact mass calcd for C;,H,408, 226 04861, found
226 04892 Elemental analysis* found C, 58 20, H, 6 08, C, H,408S; requires C, 58 37, H, 6 23,
0,707,85,2833
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2-(2-Aminophenyl)-1,3-dithiane (89):*

NQO» NH,
8 —_ ©;/S

To a suspension of 2-(2-mitrophenyl)-1,3-dithiane (4 00 g, 16 58 mmol) and tin (53 g, 4634
mmol, 2 8 eq) m water (40 ml) was added hydrochloric acid concentrated (15. ml), then the
reaction mixture was heated with a water bath until disappearance of the starting matenal (1€
clear solution), then the reaction was cooled down to room temperature, filtrate by suction,
basified with a solution of sodium hydroxide until alkaline pH Then sodium hydroxide was
added until disappearance of the precipitated, the mixture was transferred to a separating funnel
and extraction was carried out with dichloromethane The combmed organic layer were dried
over sodium sulfate and the solvent was removed to yield 3 44 g of the utled compound as a
orange-red crystalline solid (99 %) mp 121-123 "C IR vmax cm” 3432, 3342, 1622, 1490,
1273, 751 8y (400 MHz, CDCl3) ! 83-2 02 (1H, m), 2 11-2 24 (1H, m), 2 86-2 97 (2H, m), 3 02-
316 (2H, m), 4 16 (2H, broad, NHy), 5 29 (IH, s), 6 66-6 71 (1H, m), 6 73-6 81 (1H, m), 7 07-
7 16 (1H, m), 7 28-7 34 (1H, m), ¢ (100 MHz, CDCl3) 25 31 (CHy), 32.02 (2x CHj), 48 68
(CH), 11701 (CH ar), 11906 (CH ar),'123 09 (CH ar), 128 54 (CH ar ), 12927 (CH ar),
144 39 (CH ar) Exact mass caled for CigH|3NS; 211 04894, found 211 04903 Elemental
analysis found C, 56 74, H, 6 16, N, 6 51, C,oH;5NS; requires C, 56 83, H, 620, N, 6 63, S,
3034

General procedure for the asymmetric sulfoxidation of 1,3-dithiane species
To a solution of 2-aryl-1,3-dithiane (= 500 mg) 1n dichloromethane (20 ml) at -20°C, was added
8,8-(dimethoxycamphor)sulfony! oxaziridime (1 1 eq) The reaction was left to stir at -20°C for

48 hours, then a saturated solution of sodium sulfite was added to quench the reaction Brine and

dichloromethane were added and the phases separated The aqueous layer was washed twice with
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dichloromethane and the combined organic layers were dried over magnesium sulfate, filtered,
and the solvent was removed under reduced pressure The crude product was purified by flash

column chromatography over silica gel to yield the titled compound

2-Pyridyl-1,3-dithiane-1-oxide (89):"

S O/%
©

See Above 2-pyndyl-1,3-dithiane (500 mg, 254 mmol), 8,8-(dimethoxycamphor)sulfonyl
oxazindine (806 mg, 279 mmol, 11 eq), to yeld 421 6 mg of the titled compound as a
colourless crystalline solid (78 %, >99 % ee) mp 132-134°C. IR Vg cm”’ (CH,Cl, solution)
3050, 1469, 1274, 1040 3y (CDCl3, 400 MHz) 2 30-2 45 (1H, m), 2 50-2 61 (1H, m), 2 70-3 00
(3H, m), 3 52-3 70 (1H, m), 4 76 (1H, s), 726-7 31 (1H, m, CH pyr.), 7 45-7 48 (IH, m, CH
pyr), 770-775 (1H, m, CH pyr), 8 66-8 68 (1H, m, CH pyr) 8¢ (CDCl;, 62 MHz) 29 49,
3099, 54 82, 71 38, 124 00, 124 92, 137 12, 150 53, 15290 [a]p™= 110" (c=1 002, CHCl3)
Exact mass caled for CoH;{NOS; 213 02821, found 213 02850 Elemental analysis' found C,
5048, H, 5 13, N, 6 44, CsH;;NOS; requirss C, 50 68, H, 5 20, N, 6 57, 0, 7 50, S, 30 66.

2-(2-Bromophenyl)-1,3-dithiane-1-oxide (97):°

Br Br
S\J /S\j
O
3 ®




See above  2-(2-Bromophenyl)-1,3-d:thiane (152 g, 551 mmol) and 8§,8-
(dimethoxycamphor)sulfony! oxazirdine (" 75 g, 6 05 mmol, 1 1 €q) to yield 1.45 g of the titled
compound as a colourless crystalline solid (90%, 56 % ce) mp 154-156"C IR vpmax cm”! 3055,
1471, 1422, 1269, 1030 (S-0), 753, 669 8y (CDCl3, 250 MHz) 2 52 (3H, m), 2 93 (2H, m), 3 62
(1H, dm, J 13 Hz), 528 (1H, 5), 721 (1H, ddd, J 1 7, 74, 8 Hz), 739 (1H, ddd, J 13, 7.5, 7§
Hz), 753 (1H, dd, J 1 7, 7.5 Hz), 7 64 (1H, dd, J 1 3, 8 Hz) 8¢ (CDCls, 62 MHz) 29 78 (CH),
3172 (CHy), 54 85 (CHy), 67 87 (CH), 125 53 (C ar ), 128 36 (CH ar.), 129 27 (CH ar), 130 35
(CH ar), 13307 (C ar) 13346 (CH ar) [a]p™= 66° (¢=0992, CHCl;) Elemental analysis:
found C, 41 10, H, 3 75, CyoH;,BrOS; requires C, 41 24, H, 3 81, Br, 27 44,0,549,85,22 02

2-(2-Nitrophenyl)-1,3-dithiane-1-oxide (98):°

NO, NO;
] _— ©/\‘/S
S\j ’S\.j
o)
8 ®

See  above  2-(2-Nitrophenyl)-1,3-dithiane (129 g 535 mmol) and 8,8-
dimethoxycamphor)sulfonyl oxazindme (170 g, 589 mmol, 11 eq), 124 g of the titled
compound as a orange crystalline solid (90 %, 72 % ee) mp 161-163°C IR vpay cm” 3068,
2905, 1520, 1426, 1349, 1037 (S-0), 781, 752, 712 8y (CDCls, 250 MHz), 2 70 (5H, m), 3 60
(1H, dm, J 13 Hz), 5 68 (1H, s), 7 53 (1H, m), 7 70 (2H, m), 8 03 (1H, dm, J 8 Hz) §¢ (CDCl,
62 MHz) 29 74 (CH,), 31 60 (CH3), 55 0C (CH,), 63 54 (CH), 12546 (CH ar ), 128 37 (C ar),
12969 (CH ar), 12978 (CH ar), 13385 (CH ar), 149.54 (C ar) [a]p®= -80" (c=1 002,
CHCIl3) Exact mass caled for CioH;1NO;S; 257 01804, found 257 01807, Elemental analysis:
found C, 46 76, H, 4 23, N, 5 37, C,oH,;NO;8; requires C, 46 68, H, 4 31, N, 5 44, O, 18 65, S,
2492
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2-(2-Aminophenyl)-1,3-dithiane-1-oxide (99):

NH, NH;
8 —_—_— CE[/S
S\j /S\J
0
o ®

Sec above  2-(2-Aminophenyl)-1,3-dithiane (500 mg, 237 mmol) and &8-
dimethoxycamphor)sulfonyl oxazirndine (752 mg, 2 60 mmol, 11 eq), 531.1 mg of the titled
compound as a orange-red crystalline solid (98 %, 92 % ee, 99 % ce after recrystallisation) mp
143-144°C IR vpmax cm’ 3436, 3347, 3237, 1646, 1026, 752 dH (250 MHz, CDCly), 222-243
(1H, m), 2.46-2 59 (1H, m), 2 66-2 77 (1H, m), 2 78-2 94 (2H, m), 3 54-3 65 (1H, m), 3 70-4 30
(2H, broad, NHy), 507 (1H, 5), 6 73-6 79 (1H, dd, J 79, | Hz), 6 81-6 89 (1H, ddd, J7 7, 7 5, |
Hz), 711-718 (1H, ddd, J 79, 75, 1 5 Fz), 719-724 (1H, dd, J 77, 1 5 Hz) 8¢ (100 MHz,
CDCl3) 29 57 (CHz), 31 13 (CHy), 55 13 {CH,), 63 85 (CH), 11771 (CH ar ), 119 77 (CH ar),
12009 (CH ar), 12804 (CH ar), 12970 (CH ar), 146 67 (CH ar) [o]p?= -171" (c=1.014,
CHCl3) Exact mass caled for CyoHi;3sNOS; 227 04386, found 227 04410 Elemental analysis

found C, 5276, H, 5.73; N, 5 93, C4H,3NOS; required C, 52 83, H, 576, N, 6 16, O, 704, S,
28.20

2-(2-Fluorophenyl)-1,3-dithiane-1-oxide (100):

5 — M
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See above  2-(2-Fluorophenyl)-1,3-dithiane (500 mg, 233 mmol) and 8,8-
dimethoxycamphor)sulfonyl oxaziridine (741 mg, 2 56 mmol, 1.1 eq), 448 6 mg of the titled
compound as a colourless crystalline solid (83 %, 72 % ee) mp 145-146°C IR v,y cm’™ 3054,
2912, 1585, 1490, 1233, 1040 (S-0), 759 8y (CDCl3, 250 MHz), 2 54 (3H, m), 2 89 (2H, m),
360 (1H, dm, J 127 Hz), 503 (1H, s), 7 '1 (1H, ddd, J 1 3, 82,9 6 Hz), 721 (1H, ddd, J 1 3,
75,7.5Hz), 735 (1H, m), 746 (1H,ddd,.» 19,7 5,7 5 Hz) 8¢ (CDCls, 100 MHz) 29 64 (CH,),
3148 (CH,), 54 85 (CHy), 61 64 (CH), 11597 (CH ar, J 21 66 Hz), 120 88 (C ar, J 14 27 Hz),
12496 (CH ar, J 3 91 Hz), 129 08 (CH ar, J 2 46 Hz), 130 75 (CH ar., J 8 36 Hz), 160 78 (CF
ar,J 249 56 Hz) [a]p?%= 113° (c=1 008, CHCl3) Exact mass caled for CioH,;FOS; 230 02354;
found 230 02307 Elemental analysis found C, 51 96, H, 4 74, C)oH,;FOS; required C, 52.15, H,
481,F, 825,0,695,5,27 84.

2(-4-Bromophenyl)-1,3-dithiane-1-oxide (101):

Br Br
R Qs
©

See above  2-(4-Bromophenyl)-1,3-dithiane (1994 mg, 0724 mmol} and 8,8-
dimethoxycamphor)sulfonyl oxaziridine (230 mg, 0 796 mmol, 11 eq), 218 9 mg of the titled
compound as a colourless crystalline solid (99 %, 96 % ee}) mp 181-183°C IR v ¢ 2908,
1487, 1426, 1402, 1270, 1072, 1040, 1010, 852, 823, 762 §4(CDCls, 400 MHz) 2 36 (1H, m),
253 (1H, m), 272 (2H, m), 2 88 (1H, ddd, /2 8, 12 4, 14 4 Hz), 3 56 (IH, dm, J 12 § Hz), 4 51
(1H,s), 729 (2H, d, /8 8 Hz), 7 53 (2H, d, J 8 8 Hz) 3¢ (CDCls, 100 MHz) 29 78 (CH,), 31 69
(CH,S), 55 10 (CH;8(0)), 69 35 (CH), 123 88 (C ar), 130 57 (CH ar ), 132 53 (CH ar ), 132 63
(C ar) [a]p?%= 115° (c=1064, CHCly) Elemental analysis' found C, 4123, H, 3.78,
CioH11BrOS; requires C, 41 24, H, 3 81, Bi, 27 44,0,549,8,2202
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2(-2-Methoxyphenyl)-1,3-dithiane-1-oxide (102):
O SN
S _— 3
S\j -~ S\J
9]
8 ®

See above' 2-(2-methoxyphenyl)-1,3-d’thiane (199 3 mg, 0882 mmol) and 8,8-
dimethoxycamphor)sulfonyl oxaziridme (230 mg, 0 969 mmol, 1.1 €q ), 207 9 mg of the titled
compound as a colourless crystalline sohd (97 %, 84 % ee) mp 170-172°C IR v, e’ 3029,
2998, 1596, 1492, 1462, 1428, 1311, 1289, 1246, 1098, 1023, 763 8y (CDCl;, 400 MHz) 2 31
(1H, m), 247 (1H, dm, J 15 2 Hz), 2 58 (1H, dm, J 124 Hz), 2 78 (14, dt, J3.2,132Hz), 287
(1H, ddd, J 28, 124, 14 4 Hz), 3 52 (1H, dm, J 12 8 Hz), 3 85 (3H, s), 5 26 (1H, s), 691 (1H, d,
J 84 Hz), 699 (1H, dt, 708,72 Hz), 728 (1H, dm, J 1 6 Hz), 741 (I1H, dd, J 16,76 Hz) &c
(CDCl;, 100 MHz) 29 51 (CHy), 31 44 (CH;), 54 61 (CHy), 55 68 (CHi), 61 64 (CH), 11118
(CH ar), 12104 (CH ar), 121 74 (C ar), 12861 (CH ar), 13002 (CH ar), 157 47 (C ar)
[a]n?%=113° {c=1 048, CHCIl3) Exact mass caled for CyyH;,0,S, 242 04352, found 242 04340
Elemental analysis found C, 54 54; H, 5 75, C;;H140,S, requires C, 54 52, H, 5 82, O, 13.20, S,
26 46

2(-3-Methoxyphenyl)-1,3-dithiane-1-oxide (103);

m
-

o
<_/“é>_°®
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See above  2-(3-methoxyphenyl)-1,3-dithiare (201 mg, 0889 mmol) and §,8-
dimethoxycamphor)sulfonyl oxazirdine (283 mg, 0979 mmol, 11 eq), 181 7 mg of the titled
compound as a colourless crystalline solid (84 %, 96 % ec) mp 150-152°C IR Ve cm’ 3031,
2987, 1598, 1490, 1270, 1151, 1037 &y (CDCls, 400 MHz) 2 31 (1H, tm, J 3 2 Hz), 2 46 (IH,
dm, /152 Hz), 2 62 (1H, ddd, J 12,3 6, 14 Hz), 2 73 (1H, dt, /2 8, 13 2), 2 83 (1H, ddd, J 2.4,
12, 14 Hz), 3 52 (1H, dm, J 12 8 Hz), 3.79 (3H, s), 4 53 (1H, 5), 689 (1H, ddd, J 12,28, 84
Hz), 6 95 (1H, dd, J 2, 24 Hz), 701 (1H, dm, J 7 6 Hz), 729 (1H, t, J 8§ Hz) 8¢ (CDCls, 100
MHz) 29 93 (CH>), 31 82 (CH,), 55 19 (CHy), 55 71 {CH3), 70 06 (CH), 114 55 (CH ar.), 115.57
(CH ar), 12149 (CH ar), 13058 (CH ar), 13524 (C ar), 16042 (C ar) [a]p20= 125°
(c=1058, CHCl3) Exact mass calcd for T H,40,S; 242 04352, found 242 04351 Elemental
analysts found C, 54 49, H, 5 75, C,1H,40-S; requires C, 54 52, H, 5 82,0, 13 20, S, 26 46

2(-4-Methoxyphenyl}-1,3-dithiane-1-oxide (104):’

0 0 ?@
S\J S\J

See above  2-(4-methoxyphenyl)-1,3-dithiane (202 mg, 0894 mmol) and §,8-
dimethoxycamphor)sulfonyl oxaziridine (284 mg, 0983 mmol, 1 1 eq), 205 1 mg of the titled
compound as a colourless crystalline solid (95 %, >99 % ee} mp 183-184'C (Lit 166°C) IR
vimax €m” 3028, 2908, 2838, 1609, 1512, 1460, 1442, 1304, 1258, 1177, 1108, 1025, 847, 757 &
(CDCl,, 400 MHz) 2 34 (1H, tm, J 2 4 Hz), 2 50 (1H, dm, J 14 8 Hz), 2 69 (2H, m), 2 86 (1H,
ddd, /24,128, 144 Hz), 3 64 (1H, dm, J 12 8 Hz), 3 79 (3H, s), 4 50 (1H, 5), 6 91 (2H,d, J 8 6
Hz), 733 (2H, d, /8 6 Hz) 3¢ (CDCls, 100 MHz) 29 48 (CHy), 31 48 (CH3), 54.71 (CH,), 55 25
(CH3), 6910 (CH), 114 54 (CH ar.), 12519 (C ar), 129 87 (CH ar), 16032 (C ar) [a]p?0=
142" (¢=0 990, CHCl3) Exact mass caled for C;1H;40,8; 242 04352, found 242.04340.
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Elemental analysis found C, 54 44, H, 5 77, C;;H,40,S; requires C, 54 52, H, 5 82, O, 13 20, S,
26 46

2-[(Phenylthio)methyl]pyridine (107):

N AN
| e ) I / S
N N “Ph
HCI

To a solution of 2-(chloromethyl)pyridine hydrochloride (3 00 g, 18 3 mmol) 1n water was added
neat thiophenol (24 g, 21 8 mmol, 12 eq) followed by 22 ml of a 3 M sodium hydroxide
solution The reaction was left under stirring overmight at room temperature, then the reaction
mixture was extracted with dichloromethane (3x100 ml). The combined organic layers were
dnied over magnesium sulfate and the solvént was removed and the crude product was punfied by
column chromatography over silica gel to yield the titled compound as a yellow o1l (3 75 g, 61
%) IR Vi cm™ 3030, 1571 8y (CDCl3, 250 MHz) 4 27 (2H, s, CHa), 7.10-7 36 (7H, m, Ar and
Pyr), 760 (1H,td, J 7 6,2 3 Hz), 8 52-8 56 (1H, m)

2-[(Methylthio)methyl] pyridine (108):3

= AN
I < Cl I ~ [
N N “Me
HCI

To a solutton of 2-(chloromethyl)pyndine hydrochlorde (3 00 g, 18 3 mmol) in ethano! (50 ml)
was added thiourea (1 39 g, 18 3 mmol) and the reaction mixture was refluxed for 1 5 hour. After |
cooling down the solution the solid was filtered and treated with a 3 M aqueous solution of
sodwum hydroxide The mixture was heated to 60 °C for 20 mmutes then after cooling, a solution

of 1odomethane in dichloromethane was added The reactton was left overmight at room
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temperature The reaction mixture was extracted with dichloromethane, the combmed organic
layers were dried over magnesium sulfate and the solvent was removed and the crude product
was purfied by column chromatography over silica gel to yield the titled compound as a light
yellow o1l (142 g, 56 %) IR vpe e’ 30270, 1569 8y (CDCly, 250 MHz) 2 07 (3H, s, CH3),
381 (2H,s, CHy), 7,17 (1H,ddd, J 7 5,4 %, 1 1 Hz), 737 (1H, dt, 8 §, 1 Hz), 7.66 (1H, td, J 7 6,
1 8 Hz), 8 54 (1H, m)

2-[(1,1-Dimethylethyl)thio]methylpyridine (109):®

[ S

~ Cl

N N S\t-Bu
HCI

To a solution of 2-{chloromethyl)pyridine hydrochlonde (3 00 g, 18 3 mmol) in water was added
sodium 2-methyl-propane-2-thiolate (2 05 g, 18 3 mmol, 1 0 eq) followed by 50 ml of a 3 M
sodium hydroxide solution The reaction was left under sturing overnight at room temperature,
then the reaction mixture was extracted with dichloromethane (3x100 ml} The combined organic
layers were dried over magnesium sulfate and the solvent was removed and the crude product
was purified by column chromatography over silica gel to yield the titled compound as a yellow
o011 (192 g, 58 %) IR v cm’' 3033, 1578 8y (CDCl3, 250 MHz) 1.34 (9H, s, +-Bu), 3 93 (2H, s,
CH,), 713 (1H, ddd, 7 7.5,5,1 1}, 742 (I1H, dt, J 79,1 1 Hz), 763 (1H,td,J7 7, 1 9 Hz), 8 52
(1H, ddd, /5,19, 1 Hz)

2-[(Phenylsulfinyl)methyl]pyridine (110):

[ [ 0°
—_— &@

~ S

N “Ph N7 S Ph
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To a solution of sulfide (519 3 mg, 2 58 mmol) 1n dichloromethane (20 ml) at -20°C, was added
8,8-(dimethoxycamphor)sulfony! oxaziridime (¢ 750 mg, 2 59 mmol, 1 05 eq) The reaction was
left to stir at -20°C for 48 hours, then a saturated solution of sodum sulfite was added to quench
the reaction Brne and dichloromethane were added and the phases separated The aqueous layer
was washed twice with dichloromethane and the combined organic layers were dned over
magnesium sulfate, filtered, and the solv-nt was removed under reduced pressure The crude
product was punfied by flash column chroriatography over silica gel to yield the titled compound
as a thick o1l (0 440 mg 78 %) IR vy, cm™ 3035, 1572, 1051. 8y (CDCl;, 250 MHz) 4.17 (1H,
d, /12 6 Hz), 424 (1H,d, J 12 6 Hz), 7 16-7 26 (2H, m), 7 44-7 55 (5H, m), 7 64 (1H, td, J 7 7,
I 8 Hz), 8 54 (1H,ddd, J4 8,1 8, 1 Hz)

2-[(Methylsulfinyl)methyl]pyridine (111):

B - - > 0
{O)

= S

N Me N/ S\Me

To a solution of sulfide (510 mg, 3 67 mmol) in dichloromethane (20 ml) at -20°C, was added
8,8-(dimethoxycamphor)sulfonyl oxazindime (1 100 g, 3 81 mmol, 1.1 eq) The reaction was left
to stir at -20°C for 48 hours, then a saturated solution of sodium sulfite was added to quench the
reaction Brine and dichloromethane were added and the phases separated The aqueous layer was
washed twice with dichloromethane and the combined organic layers were dried over magnesium
sulfate, filtered, and the solvent was removed under reduced pressure The crude product was
purified by flash column chromatography over silica gel to yield the titled compound as a thick
o1l (0280 mg 49 %) IR v cm™' 3032, 1567, 1042 Sy (CDCl3, 250 MHz) 2 58 (3H, s, Me),
412 (1H,d, J 12 7Hz), 420 (1H, d, /12 7 Hz), 729 (1H, ddd, J 77, 5, 1.3 Hz), 7 38 (IH, dt,J
79,12Hz2),773 (1H,td,J 76,1 8 Hz), 8 62 (1H, ddd,J4 9, 1 7, 1Hz)
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2-[(1,1-Dimethylethylsulfinyl)methylpyridine (112):

[ S O T
2®

=z s

N ~tBu N S tBu

To a solution of sulfide (880 8 mg, 4 86 mmol) mn dichloromethane (20 ml) at -20°C, was added
8,8-(dimethoxycamphor)sulfonyl oxazindine (1 550 g, 5.36 mmol, ! 1 eq )} The reaction was left
to stir at -20°C for 48 hours, then a saturated solutton of sodium sulfite was added to quench the
reaction Brine and dichloromethane were ¢ dded and the phases separated The aqueous layer was
washed twice with dichloromethane and the combined organic layers were dnied over magnesium
sulfate, filtered, and the solvent was removed under reduced pressure The crude product was
purified by flash column chromatography over silica gel to yield the titled compound as a thick
o1l (8525 mg 89 %) IR vimax cm™ 3029, 1578, 1062 8y (CDCly, 250 MHz) 1 34 (9H, s, t-Bu),
378(1H,d, /126 Hz), 407 (1H,d, J 126 Hz), 725 (1H,ddd, J 76,49, 1 2 Hz), 7 43 (I1H, d,J
78Hz),769(1H,td,J7 6, 1 8 H2), 8 58-8 63 (1H, m)

2-(2-[(E)-1-Phenylmethylidene]aminophenyl-1,3-dithiane-1-oxide (122):

o®@

/
—_— —N S®

/O@
H,N s®

A solution of 2-(2-Ammophenyl)-1,3-dithiane-1-oxide (331 4 mg, 1 46 mmol), benzaldehyde
(154 6 mg, 146 mmol) and magnesium sulfate in dichloromethane was stirred for 48 hours at
room temperature The reaction mixture was filtered and the solvent was removed The crude
product was purified by column chromatography over neutral alumina to yreld 329 4 mg of the
titled compound (71 %) as a colourless ol IR vy, cm™ 3058, 2980, 2908, 1732, 1700, 1629,
1041, 766, 734, 693 3y (CDCls, 250 MHz) 2 50 (3H, m), 2 84 (2H, m), 3 55 (1H, dm, J 126
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Hz), 543 (1H, s), 705 (1H, dd, J 1 6, 75 Hz), 733 (2H, m), 7 50 (4H, m), 7.94 (2H, m), 8 46
(1H, 5) 8¢ (CDCls, 62 MHz) 30 01, 31 89, 55 02, 64 80, 116 12, 120 34, 121 03, 127 88, 128 48,
128 65, 129 98, 139 90, 146 67, 161.75 [a)p20=+80 * (c= 1 002, CHCIy)

2-(-2[(E)-1-(2-Nitrophenyl)methylidene]Jaminophenyl)-1,3-dithiane-1-oxide (123):

o®

©
o —N S®

/
H,N s®

NO,

Sec above  2-(2-Amunophenyl)-1,3-dithiane-1-oxide (200 2 mg, 088 mmol), 4-
mitrobenzaldehyde (133 1 mg, 0 88 mmol), magnesium sulfate to yield 140 4 mg of the titled
compound (50 %) as an orange 01l IR vy cm™ 3060, 3023, 2986, 1693, 1548, 1335, 1046, 965,
743,700 &y (CDCl3, 250 MHz) 2 50 (3H, m), 2 91 (2H, m), 3 57 (1H, dm, J 12 6 Hz), 5 46 (1H,
s), 720 (1H,dd,J 17,7 8 Hz), 738 (2H, m), 7 54 (1H, dd, J 1 6, 7 4 Hz), 7 64 (1H,dt,J 16,81
Hz), 775 (1H, dt,J 14,7 6 Hz), 8 01 (1H, dd, J 13, 8 0 Hz), 827 (1H, dd, J 1 5, 7 7 Hz), § 90
(IR, s) 8¢ (CDCls, 100 MHz) 29 86, 31 65, 53 44, 5497, 118 67, 124 42, 127 80, 128 26,
128 60, 130 19, 13048, 130 73, 131 34, 133 25, 14928, 150 06, 156 80 [a]p20= + 117 ° (c=
0 99, CHCly)

2-[2-((E)-I-[4-(Methyloxy)pheny]]methylideneamino)phenyl]-l,3-dithiane—1-oxide (126):

HoN sS®

MeQ
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See above 2-(2-Amunophenyl)-1,3-dithiane-1-oxide (250 mg, 1 10 mmol), p-anisaldehyde (150
mg, 1 10 mmol) to yield 130 4 mg of the ti.led compound (34 %) as a colourless o1l IR Vinax €111
3059, 3026, 2996, 1699, 1568, 1345, 1035 760, 699 &y (CDCls, 400 MHz) 2 33 (1H, m), 2 50
(IH, m), 2 60 (1H, m), 2 75 (2H, m), 3 50 (1H, dm, J 12 4 Hz), 5 43 (1H, s), 700 (3H, m), 7 26
(1H, m), 733 (1H, m), 749 (1H, d, J8 Hz), 789 (2H, d, J 8 Hz), 837 (1H, s) &¢ (CDCls, 100
MHz) 29 90, 31 79, 54 93, 55 46, 64 24, 114 17, 118 68, 126 30, 127 33, 128 35,129 35, 130 01,
130 69, 151 60, 160 69, 162 45 [a]p20=+ 70 (c= 0 974, CHCl;)

2-[2-((E)-1-[3-(Methyloxy)phenyl]methylideneamino)phenyl]-l,3-dithiane—1-oxide (125):

©

0 V N do

H,N s® - g 5
)

OMe

See above 2-(2-Ammophenyl)-1,3-dithiane-1-ox1de (250 mg, 1 10 mmol), m-amsaldehyde (150
mg, 1 10 mmol) to yield 191 8 mg of the titled compound (50 %) as a colourless o1l IR Vimax €’
3025, 2983, 2896, 1690, 1340, 1042, 966, 700 & (CDCls, 400 MHz) 2 30 (1H, m), 2 45 (1H,
m), 2 58 (1H, dm, J 14 Hz), 272 (1H, dt, J 2 8, 13 2 Hz), 2 82 (1H, ddd, J 2 8,124, 14 8 Hz),
350 (IH, d, m, J 124 Hz), 3 86 (3H, s, OMe), 538 (1H, s), 7 04 (2H, m), 727 (1H, m), 7 34
(2H, m), 748 (3H, m), 840 (1H, s) 8¢ (CDCl;, 100 MHz) 14 19, 29 85, 31 73, 54 98, 55 43,
11299, 117 92, 118 61, 121 41, 126 65, 127 45, 128 42, 129 74, 130 00, 137 61, 151 22, 159 94,
16136 [o)p20=+72° (c= 0 488, CHCl;)
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2-[2-((E)-1-[2-(Methyloxy)phenyl] methylideneamino)phenyl]-1,3-dithiane-1-oxide (124):

o®@

/
v, ——= —N S®

H,N . s® S >
\ ; OMe

See above 2-(2-Aminophenyl)-1,3-dithiane-1-oxide (250 mg, 1 10 mmol), o-anisaldehyde (150
mg, 1 10 mmol) to yield 202 8 mg of the titled compound (53 %) as a colourless o1 IR Vinax €I
3060, 2993, 1694, 1598, 1039, 753, 700 &y (CDCl;, 400 MHz) 2 48 (3H, m), 2.81 (2H, m), 3 54
(1H, dm, J 127 Hz), 3 87 (3H, s, OMe), 5 48 (1H, s), 6 94 (1H, d, J 8 4 Hz), 7 06 (2H, m), 7 40
(4H, m), 823 (1H, dd, J 1 7, 7.7 Hz), 891 (1H, 5) 8¢ (CDCl;, 62 MHz) 30 20, 32 08, 55 19,
5586, 64 50, 11147, 119 12, 12100, 125 01, 126 72, 127 91, 128 12, 128 52, 130 26, 133.20,
15209, 157 40, 159 97 [a]p20=+ 83" (c= 0 998, CHCl:)

(E)-1,3-Diphenyl-3-hydroxy-prop-1-ene (157):°

O OH

Ph/\)l\ Ph Ph/\)\ Ph

To a sturred solution of chalcone (5 00 g, 24 00 mmol) and cerium chlonde heptahydrate (9 90 g,
26 60 mmol, 1 I eq ) 1n methanol (50 ml), at 0 °C, was added sodium borohydride (1 00 g, 26 60
mmol, 11 eq} The reaction mixture was allowed to reach the room temperature and left under
stirning for 3 hours The solvent was removed and the resuling gum was extracted with
dichloromethane (three times) The combired organic layers were dried over magnesium sulfate,
filtered and concentrated i vacuo to yield an oily solid which was recrystallised from hexane to
yield 4 80 g of the titled compound (95 %) as a white wool m p 52-54 °C (L1t 55-56'C) IR vpax
em™ 3350, 3027, 1494, 1450, 966 &y (CDCls, 400 MHz) 2 60 (1H, br s), 539 (1H, d, J 6 4 Hz),
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639 (1H, dd, J6 4, 15 8 Hz), 6 70 (1H, d, J 15 8 Hz), 7 35 (10H, m, Ar). 8¢ (CDCl;, 100 MHz)
7860, 12580, 12610, 126 60, 12720, 128 00, 12980, 13090, 13610, 14080, 14100
Elemental analysis found C, 85 59, H, 6 73, CsH,40 requires C, 8568, H, 6 71, 0, 7 61

1,3-Diphenylprop-2-en-1-yl acetate (158):"°

Ph/\/l\ Ph PhM Ph

To a solution of alcohol (0 500 g, 2 38 mmol) in dichloromethane was added pyridine (0 40 ml,
476 mmol, 2 eq), followed by a catalytic amount of 4-dimethylamino-pyridine and acetic
anhydride (0 27 ml, 2 88 mmol, 12 eq) The reaction was monitored by TLC (petroleum ether-
diethy! cther, 2'1) until completion The reaction mixture was concentrated, taken 1n diethyl ether
and washed with an aqueous solution of copper (II) sulfate (three times), and a saturated solution
of sodium carbonate (twice) The organic layer was dried over sodium sulfate, filtered and
concentrated i vacuo to yield the titled compound quantitatively as a colourless o1l IR vy cm’!
3030, 1737, 1495, 1370, 1236 8y (CDCl;, 250 MHz) 2 13 (3H, s}, 6 34 (1H, dd, J 7, 16 Hz), 6 45
(1H, 4, J 7 Hz), 6 63 (1H, d, J 16 Hz), 7 30 (10H, m, Ar) &c (CDCl;, 62 MHz) 21 31, 76 16,
126 8,127 1,127 6,1279,128 1,128 2,128 5,128 6,128 8,132 6, 136 2, 139 3,170

Palladium-catalysed allylic nucleophilic substitution reaction: 1,3-Diphenyl-1-(2-
dimethylmalonyl)prop-2-ene:'!

MeO,C._ _CO;Me

g /\j:
/\/l\
Ph™ ™" "Ph Ph” X" ph

General procedure for the allylic nucleophilic substitution palladium-catalysed reaction
To a solution of allyl chloride palladium dimer (5 mg, 0 0137 mmol, 5 mol%) 1n dichloromethane

(0 5 ml) was added an enantiomencally pure ligand (0 0273 mmol, 10 mol%) and the reaction
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was left under stirring at room temperature for 15 minutes Then a solution of allyl acetate
substrate (140 mg, 0 555 mmol) 1n dichloromethane (1 m!) was added The reaction was left for
another 15 minutes Then a solution of dimethyl malonate (147 mg, 1111 mmol, 2 eq) in
dichloromethane (2 ml) was added followed by caesium carbonate (362 mg, 1 111 mmol, 2 eq)
and the reaction was momtored for the first 2 hours. In the case of no total consumption of the
allyl acetate substrate, the reaction was left under stirning for 24/48 hours. Then water was added
and the phases were separated The aqueous layer was washed twice with dichloromethane and
the combined organic layers were dried over sodium sulfate, filtered and concentrated 1 vacuo to
yield the crude product which was purrfied by column chromatography over silica-gel wath
petroleum ether-ethyl acetate (95 5) to yield the titled compound as a colourless solid mp 120-
122 °C IR vy cm’! 3031, 2955, 1755, 1436 & (CDCls, 250 MHz), 3 51 (3H, s, Me), 3 70 (3H,
s, Me), 392 (1H, d,J 11 Hz), 422 (1H, dd, J 8, 11 Hz), 6 27 (1H, dd, J 8, 15 Hz), 644 (1H,d,J
15 Hz), 725 (10H, m, Ar) 3¢ (CDCls, 62 MHz) 49 09, 52 30, 52 47, 57 53, 126 2,127 0, 127 4,
1277,1283,128 5,129 0, 131.7, 136 6, 140 0, 167 6, 168 0, Elemental analysis* found C, 73 94,
H, 6 21, C20H2004 requires C, 74 06, H, 6 21, O, 19 73

(-)-(Oxocamphorsulfonyl)imine (73):"

o \N

SO,CI SO,

Reagent grade ammonum hydroxide (360 ml) was cooled to 0 °C A solution of (+)-10-
camphorsulfonyl chloride (40 0 g, 159 mmol) 1n dichloromethane (400 ml) was added dropwise,
over thirty mmutes, to the rapidly sturing ammonium hydroxide solution using a pressure
equalised dropping funnel The reaction mixture was left stiming at 0 "C for a further 2 hours,
transferred to a separating funnel and the phases were separated and the aqueous layer washed

twice with dichloromethane The combined organic layers were dried over magnesium sulfate,
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filtered and concentrated i vacuo to yrelc the crude (+)-(1S)-10-camphorsulfonamide The (+)-
(1S)-10-camphorsulfonamide was sufficiently pure to use for the subsequent preparation of (-)-
{oxocamphorsulfonyl)imire The crude (+)~(1S)-10-camphorsulfonamide (11 5 g, 53 7 mmol)
was added to a 1 htre flask containing selenium dioxide (850 g, 77 0 mmol, 14 eq), and acetic
acid (400 mi) The reaction was heated under reflux for 20 hours, after which time, precipitated
selentum was removed by filtration Water (500 ml) and dichloromethane (250 ml) were added to
the filtrate The layers were separated and the aqueous layer was washed with dichloromethane
(twice 250 ml) The combined orgamic layers were dried over magnesium sulfate, filtered and the
solvent was removed to yield the crude product which was recrystallised from chloroform to
furmish 10 65 g of the titled compound (87 %) as a pale ycllow crystals. m p. 196-198°C (Lt
190-191°C) IR vpee et 1758, 1653, 1339, 1173, 1164 &y (CDCl3, 400 MHz) 099 (3H, s, Me),
117 (3H, s, Me), 1 95 (2H, m), 2 30 (2H, m), 2 75 (IH,J5Hz),3 22 (1H, d, J 14 Hz), 3 45 (1H,
d, J 14 Hz) 3¢ (CDCl;, 100 MHz) 18 35, 20 14, 22 26,27 95, 44 63, 50 05, 59 03, 62 75, 181 5,
197.7 [a]p20=- 179° (c=1 000, CHCl3)

(+)-[(8,8-Dimethyloxycamphoryl)sulfonyl]imine (25):"°

OMe
o]
% e %OMB
—~N _~N
S0, SO,

A solution of (-)-oxocamphorsulfonyl irine (227 g, 100 mmol) and Amberlyst® 15 10n
exchange resin (0 500 g) in trimethyl orthoformate (25 0 ml), methanol (5 0 ml) and concentrated
sulfuric acid (0 500 ml) were heated to reflux overmght The cooled solution was filtered, water
added (20 ml) and the mixture extracted with dichloromethane (3x30 ml) The combined organic
layers were washed with water (30 ml), dried over magnesium sulfate, filtered and the solvent
was removed to yield the crude product which was recrystallised m absolute ethanol to yield 2 35
g of the titled compound (95 %) as a white solid m p 189-190 (Lit 186-187°C) °‘C IR v,,x cm™
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(nuyol) 1653, 1332, 1161 84 (CDCls, 400 MHz) 100 (3H, s, Me), 109 (3H, 5, Me), 2 10 (5H,
m), 297 (1H, d, J 120 Hz), 3.16 (1H, d, J 120 Hz), 336 (3H, s, OMe), 347 (3H, 5, OMe) 5¢
(CDCls, 100 MHz) 20 46, 20 53, 20 63, 25 25, 46 01, 48 89, 50 33, 50 55, 52 07, 64 27, 103 00,
18873 [a]p?0= - 111" (c=1 000, CHCl3) (Lit -7 3°, c=3 4g/100ml, CHCI, and 4", ¢=1g/100ml,

acetone)

(+)-[(8,8-Dimethyloxycamphorylsulfonyljoxaziridine (26):"*

OMe OMe
{ OMe —————— OMe
N N
SO5 1/

sozg

Potassium carbonate (200 g, 14 5 mmol) v-as raprdly stured 1n a solution of methanol (20 ml) at
room temperature Commercial hydrogen peroxide (3 32 ml, 29 3 mmol, 40 eq) was added
followed by (+)-[(8,8-dlmethyloxycamphoryl)sulfonyl]lmme (200 g, 732 mmol) The reaction
mixture was stirred overnight and partitioned between saturated brine solution (50 ml) and
dichloromethane (100 ml) The organic layer was separated and the aqueous phase washed with
dichloromethane (2x50 ml) The combined organic layers were quickly washed with a cold
saturated solution of sodwm sulfite (10 ml), dried over magnesium sulfate, filtered and
concentrated in vacuo (water bath temperature below 35 ‘C) to yreld 175 g of the titled
compound (82 %) as a white crystalling solid, m p 188-190°C (Lit 189°C) IR viae cm! 1367,
1345, 1165. 8y (CDCl3, 400 MHz) 1 06 (31, s, Me), 132 (3H, s, Me), 2 15 (5H, m), 3 08 (1H, d,
J 12 Hz), 329 (1H, d, J 12 Hz), 327 (3F, s, OMe}, 3 34 (3H, s, OMe) 8¢ (CDCls, 100 MHz)
2045, 21 62, 28 07, 2931, 45 11, 4742, “0 50, 50 78, 52 88, 54 57, 97 59, 102 77 {a]p20= +
88" (c=2 000, CHCl) (Lt 91 3°, c=3 39g/100ml, CHCl3)
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2-(2-Bromoethyl)-benzene-1-carbaldchyde (130):'°

@Q——’

To an 1ce cooled solution of 1sochroman (50 g, 0 37 mol), 1n carbon tetrachlonde (200 ml), n a

Br

o—

500 m! flask fitted with a reflux condenser, molecular bromine (60 g, 0 37 mol), 1s added slowly
down the condenser over a pertod of 5 minutes with stirring After the vigorous reaction subsides,
(ca 5 minutes), the cooling bath 1s removed and the dark brown solution 1s refluxed until the
reaction mixture becomes pale yellow, and hiberation of the white HBr smoke ceases, (indicative
of complete consumption of bromrme, ca 1 hour) The solution 1s the allowed to attamn ambient
temperature and the solvent 1s removed under reduced pressure To the yellow o1l obtained, (1-
bromo-isochroman), 75 ml of 48% hydrobromic acid (aqueous) 1s added and the reaction muxture
1s refluxed, (dark green-blue) After approximately 10 -15 minutes the solution 1s allowed to cool
and extracted with diethyl ether (4x50 ml) (Care The solution must be at room temperature or
below prior to extraction with ether, firs. ether extract may be the lower layer as 1t 1s very
concentrated with orgamic material) The organic extracts are washed with water (2x30 ml), then
with dilute sodium bicarbonate solution and dried over magnesium sulfate Evaporation of the
solvent under reduced pressure furmshed 675 g (65% yield) of the crude 2-(2-bromoethyl)
benzaldehyde as an orange oil approximmately 85-90% pure Analytically pure samples may be
obtained by distillation under reduced pressure, ca 150°C 0 5 mbar (Lit. 82-83°C 0 1 mmHg,
100°C 0 7 mmHg), chromatography 1s not recommended The crude matenal which does not
decompose when stored mn a flask 1n the presence of hight and air, was used for subsequent

reactions unless stated otherwise IR vpay cm! (neat) 2742, 1697, 1600, 1575, 1260, 1193, 755
61 (CDCl3, 400 MHz) 3 54-3 63 (4 H,m), 733 (1 H,d, 7796 Hz), 748 (1 H, t, J 7 50 Hz), 7 54
(1 H,t,J 794 Hz), 780 (1 H, d, J 7 56 Fz), 10 14 (1 H, 5, CHO)} 8¢ (CDCls, 62 MHz) 33 17
(CHy), 36.70 (CH,), 128 10 (CH ar), 132 51 (CH ar), 134 14 (CH ar) 134 33 (C ar), 134 88
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(CH ar), 14095 (C ar), 193 33 (CH, HC=0). Exact mass calcd for CyHyBrO 211 98373, found
21198370

(18,2R)-2-(3,4-Dihydroisoquinolinium-2-y1)-1-phenylpropanol-1-ol bromide (131}:

HO™ “pn

A solution of norephedrine (200 g, 13 2 mmol) n ethanol (4 ml) was added dropwise via a
stoppered, pressure equalising, dropping funnel, to an ice cooled, one-neck flask, containing 2-(2-
bromoethyl}-benzaldehyde, (5 63 g, 26 4 mmol, 2 equivalents) neat The reaction mixture was
allowed to reach the room temperature after completed addition and was left under stirring for 1
hour Then the reaction mixture was left at room temperature without stirring  The precipitated
imimum salt was collected mnto a buchner funnel and washed with ethanol, ether and finally
acetonitrile to yield 290 g of pure mmimum salt (63 %) as a white solid, mp 227-229°C
(decomp ) IR vmax et (nujol) 3557, 1649, 1600, 1570 & (CDCls+d-6-DMSO, 400 MHz) 1 36
(3H, d, J 6 8 Hz), 327 (2H, m), 4 27 (2H, m), 4 85 (1H, m), 522 (1H, s, OH), 6 16 (IH,d, J 4
Hz), 730 (1H, m, Ar), 737 (2H, m, Ar), 7 50 (4H, m, Ar), 779 (1H, m, Ar), 8 00 (IH,d,J8
Hz), 937 (1H, s5) 8¢ (CDCls+d-6-DMSO, 62 MHz) 1146, 24 93, 48 43, 70 62, 71 49, 124 96,
126 10, 127 60, 128 01, 128 14, 133 86, 136 89, 137 46, 140 41, 165.75 [o]2%y= -9° (c=1 026,
H,0) Elemental analysis found C, 62 01, H, 579, N, 3 99, CisHyoBINO requires C, 62 44, H,
582,Br,2308,N,405,0,462
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(15,2R)-1-Phenyl-2-(1,2,3,4-tetrahydroisoquinolin-2-yl)propan-1-0l{132):

Br
@i}\l@ '\\Me . @:/\T)\']

HO” "Ph HO” “Ph

\\M e

To a suspension of the iminum salt (3 79 g, 10 95 mmol) 1n acetomtrile (20 ml) was added a
aqueous solution of hydrobromic acid (48 %, 1 85 ml, 1 eq } then sodium cyanoborohydnde solid
was added by portions (0 625 g, 4 33 mmnl, 1 5 eq) The precipitate gradually disappeared but
after 10-20 minutes a white precipitate started to crash out The reaction mixture was left under
stirring at room temperature for on hour The solvent was removed and the crude solid was taken
mnt dichloromethane and aqueous potassium carbonate solution The phase were separated and the
aqueous layer was extracted four times with dichloromethane The combined organic layer were
dried over sodium sulfate, filtered and the solvent was removed to yield 2 75 g of the amino
alcohol as a white solid (94 %) mp 111-113°C IR vuax co! 3200, 3064, 2917, 2802, 1602,
1492, 1450, 1380, 1164, 1130, 1096, 998, 740, 704 &4 (CDCl;, 400 MHz) 0 96 (3H, d, J 7 Hz),
286 (5H, m), 3 84 (2H, AB system, J 15 Hz), 4 23 (1H, br, OH), 496 (1H, d, J 3 7 Hz), 725
(9H, m, Ar} 8. (CDCl3, 100 MHz) 10 11 (CH3), 29 50 (CH:), 47 56 (CH,), 53.81 (CH,), 63 85
(CH), 7262 (CH), 12567 (CH ar ), 12599 (CH ar), 126 20 (CH ar), 126 64 (CH ar ), 126 94
(CHar), 12800 (CH ar ), 128 66 (CH ar }. 134.58 (C ar ), 13508 (Car), 14202 (Car) [a]®%p=
059 ° (c=2 03, CHCl;) Exact mass caled for CgH; NO 267 16231, found 267 16185 Elemental
analysis found C, 80 12, H, 7 8, N, 5 28, C;3sHxNO requires C, 80 86, H, 7 92, N, 5 24, O, 5 98

General procedure for the conversion of amino alcohols into amino sulfides (double mnversion).
To a solutron of amino alcohol (1 eq ) in dichloromethane was added at 0°C tniethylamine (3 eq )

After 10 minutes, methanesulfonyl chlonde(1 2 eq ) was added and the reaction was left under

stirrtng for ! hour Tricthylamine (3 eq) was added followed by the appropriate thiol (3 eq) The
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ice bath was removed and the reaction was left under stirring at room temperature overnight. A
solution of potassium carbonate was added and the phases were separated The aqueous layer was
washed with dichloromethane The combined organic layers were dnied over sodium sulfate and
the solvent was removed The crude mixture was punfied by column chromatography over silica

gel with Petroleurn Ether-dichloromethane to yield the corresponding amino sulfide

2-[(1R,2S)-1-Methyl-2-phenyl-2-(phenylthio)ethyl]-1,2,3 4-tetrahydroisoquinoline (135):

m .\\Me » m _\\Me
j Ph{ j

Ho™ “ph s~ “pn

See above: Amino alcohol (1 01 g, 3 78 mrwol), dichloromethane (10 ml), tricthylamine {1 58 ml,
11 35 mmol, 3 eq ), methanesulfonyl chlonde (0 35 ml, 4 54 mmol, 1 2 eq ), triethylamme (I 58
ml, 11 35 mmol), thiophenol (1 16 ml, 11 35 mmol, 3 eq ) to yield 0 674 g of the titled compound
as a orange o1l (50 %) IR vpax cm! 3060, 3023, 2916, 2799, 1583, 1493, 1480, 1450, 1381,
1154, 1136, 740, 694 &, (CDCl;, 400 MHz) 133 (3H, d, J 6 7 Hz), 2 74 (4H, m), 329 (IH,
qut, J 7 Hz), 3 78 (2H, AB system, J 14 8§ Hz), 436 (1H, d, J 7 Hz), 7 14 (14H, m, ar.) 8¢
(CDCl;, 100 MHz) 12 41 (CH3), 29 75 (CH,), 46 01 (CH,), 52 49 (CHy), 58 26 (CH), 63 52
(CH), 12532 (CH ar), 12569 (CH ar), 12643 (CH ar), 126 56 (CH ar), 126 65 (CH ar),
12789 (CH ar), 128 50 (CH ar ), 128 58 (CH ar ),128 62 (CH ar }, 13493 (C ar.), 135 51 (C ar),
13564 (C ar ), 141 65 (C ar ) Exact mass ~alculated for C24H,sNS 359 17077, found 359 17012
[a]2p= 145 ° (c=1 036, CHCly)
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2-((1R,25)-1-M ethyl—2-[(methyloxy)phenyl]thio-2-pheny]ethyl)-1,2,3,4-
tetrahydroisoquinoline (136):

mj\\me . m}-“’“‘"

, 87 “pn

HO™ “Ph pMeOPh
See above Amino alcohol (1 00 g, 374 mmol), triethylamine (1 57 ml, 11 24 mmol, 3 eq),
methanesulfonyl chlonde (0 35 ml, 4 49 mmol, 1 2 eq ), tnethylamne (1 57 ml, 11 24 mmol), p-
methoxy-thiophenol ( 138 ml, 11 24 mmol, 3 eq ) to yield 0 409 g of the titled compound as a
orange o1l (28 %) IR vingy cm! 3061, 2912, 2834, 1592, 1493, 1285, 1246, 1172, 1031, 827, 742,
699 &y (CDCl3, 400 MHz) 1 36 (3H, d, /6 7 Hz),2 70 (4H, m}, 3 28 (1H, quint, J 6 7 Hz), 373
(3H, s, OMe), 3 74 (2H, AB system, J 14 3 Hz), 414 (1H, d, J 7 6 Hz), 6 67 (2H, m, ar), 709
(I11H, m, ar) 8¢ (CDCls, 100 MHz) 12 43 (CHs), 29 85 (CH,), 45 75 (CH3), 52 19 (CHy), 55 22,
5992, 62 80, 114 17 (CH ar ), 125 27 (CH ar %, 12543 (Car), 12561 (CH ar), 126 43 (CHar),
12773 (CH ar ), 128 58 (CH ar ), 127 73 (CH ar ) 12862 (CH ar), 13503 (C ar), 135 31 (CH
ar), 13565 (C ar), 141 94 (C ar.), 159 31 (C ar) Exact mass caled for C;4H,,NOS 389 18134,
found 389 18018, [«]205= 170 * (c=1 040, CHCL).

2-[(1R,28)- 1-Methyl-2-(naphthalen-z-ylthio)-z-phenylethyl]-l,2,3,4-tetrahydr0isoquinoline

(137):
@ \\Me
m ‘\\Me —_—— e . ].
j , s” “ph

|
2-naphthyl
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See above Amino alcohol (100 g, 374 mmol), triethylamine (157 ml, 11.24 mmol, 3 eq),
methanesulfonyl chlonde (035 ml, 449 mmol, 1 2 eq ), tricthylamine (1 57 ml, 11 24 mmol), 2-
thionaphthol (1 80 g 1124 mmol, 3 eq) to yield 0 881 g of the titled compound as a orange ol
(57 %) IR viay el 3054, 2918, 2800, 1646, 1586, 1498, 1451, 1381, 1267, 1133, 814, 741,
700 54 (CDCl;3, 400 MHz) 137 3H,d,J6 7 Hz), 2.75 (4H, m), 3.33 (1H, quint, J 6 9 Hz), 3 80
(2H, AB system, J 14 8 Hz), 447 (1H, d, 7 6 7 Hz), 733 (16H, m, ar) d¢c (CDCl;, 100 MHz)
12 48 (CH3), 29 77 (CH,), 46 06 (CHy), 52 57 (CHy), 58 23, (CH), 63 54 (CH), 125 33 (CH ar),
12570 (CH ar), 12575 (CHar), 126 22 (CH ar ), 126 44 (CH ar), 126 74 (CHar), 127 24 (CH
ar), 127 56 (CH ar ),127 95 (CH ar), 128 00 (CH ar ), 128 54 (CH ar ), 128 63 (CHar), 129 15
(CH ar ), 129 88 (CH ar ), 13199, 133 17, 133 56, 134 95, 135 55, 141 56 Exact mass caled for
CasHy7NS 409 18642, found 409 18690 [a]y= 180 ° (c=1 084, CHCI;)

2-[(lR,ZS)-l-Mcthyl-Z-(methylthio)—2—phenylethyl]-l,2,3,4-tetrahydr0isoquinoline (138):

CO. . QL.

N S ,,,Ph
HO™ “pn [
Me

See above Amno alcohol (100 g, 374 mmol), triethylamne (1 57 ml, 1124 mmol, 3 eq),
methanesulfonyl chlornide (035 ml, 449 mmol, 12 eq), tricthylamine (1 57 ml, 1124 mmol),
sodum methanethiolate ( 0 78 8 1124 mmol, 3 eq) to yreld 0 714 g of the titled compound as a
orange o1l (64 %) mp 56-58°C IR Vmax cm! 3062, 3023, 2969, 2914, 2800, 1599, 1493, 1451,
1380, 1270, 1139, 936, 740, 699 3y (CDCl,, 250 MHz) 129 (3H, d, J 67 Hz), 182 (31, s,
SMe), 2 60 (3H, m), 2 82 (1H, m), 3 20 (1H, dq,J67, 8 1Hz), 374 (2H, AB system, J 14 8 Hz),
390 (1H,d,J81Hz),7 11 (9H, m, ar ) & (CDCL, 100 MHz) 12 55, 14 88, 30 18, 45 94, 52 38,
56 47, 63 45, 125 55, 125 88, 126 67, 126 87, 128 26, 128 75, 128 87, 13521, 135 86, 141 90
Exact mass caled for CioH3 NS 297 155 12, found 297 15453 [a]?y= 80" (c=0 998, CHClLy)
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2-(1R,ZS)-1-Methyl-z-[(l-methylethyl)thio]-Z-phenylethyl-1,2,3,4-tetrahydroisoquinoline
(139):

CQd aMe
Nj‘\\Me j‘
] s~ "“pn
HO™ “Ph [
IPr

See above. Amino alcohol (102 g, 3 82 mmol), triethylammne (1 60 ml, 11 46 mmol, 3 eq.),
methanesulfonyl chloride (036 ml, 4 58 mmol, 12 eq), triethylamine (160 ml, 11 46 mmol),
propane-2-thiol (1 06 ml, 11 46 mmol, 3 eq ) to yield 0 735 g of the titled compound as a orange
o1l (60 %) IR vimax cm”! 3061, 3023, 2962, 2922, 2800, 1650, 1600, 1492, 1451, 1380, 1 154, 741,
699 &, (CDCls, 400 MHz) 110 (3H, d, J ~ 8 Hz), 1.23 (3H, d, /6 5 Hz), 1 26 (3H, d,J 6 7 H),
2 48 (1H, hept , J 6 6 Hz), 2 62 (3H, m), 2 36 (1H, m), 3 15 (1H, qumnt,, J 6 7 Hz), 3 75 (2H, AB
system, J 14 8 Hz), 4 08 (1H, d, J 74 Hz), 723 (9H, m, ar ). 8¢ (CDCls, 100 MHz) 12 37 (CHs),
23 09 (CH3), 23 67 (CH3), 29 86 (CHy), 34 12 (CH), 45 75 (CHy), 5228 (CHy), 53 01 (CH),
12527 (CHar), 12561 (CHar), 126 42 (CH ar ), 126 50 (CH ar ), 127 96 (CHar), 128 63 (CH
ar), 128 77 (CH ar), 13505 (C ar), 13573 (C ar), 14268 (CH ar) Exact mass caled for
CaoH2NS 325 18642; found 325 18633 [a]2°p= 113 * (c=1 016, CHCL3)

2-(1 R,2S)-2-[(1,I~Dimethylethyl)thio]-l-methyl-2—phenylethyl-1,2,3,4-
tetrahydroisoquinoline (140):

@i)\l wMe
N ‘\\Me —_— j'
:l . s~ “pn

HO™ “Ph I
t-Bu
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See above Amino alcohol (222 g, 8 31 mmol), triethylamme (3 50 ml, 24 94 mmol, 3 eq),
methanesulfonyl chloride (0 77 ml, 9 98 mmol, 1 2 eq ), tnethylamine {3 50 ml, 24 94 mmol), 2-
methyl-propane-2-thiol (2 81 ml, 24 94 mmol, 3 eq ) to yield | 928 g of the titled compound as a
colourless solid after recrystallisation i methanol (68 %) mp 86-88°C IR vpax cm! 3061,
3022, 2960, 2921, 2798, 1599, 1492, 1450, 1380, 1363, 1159, 1134, 936, 740, 699. & (CDCl,,
250 MHz) 1 18 (9H, s, tBu), 1 25 (3H, d, J 6 8 Hz), 2 67 (3H, m), 3 00 (2H, m), 3 81 (2H, AB
system, J 15 Hz), 4 07 (1H, 4, J 6 3 Hz), 7 20 (9H, m) 3. CDCl;, 62 MHz) 12 28, 30 10, 31 84,
43 88, 4612, 5221, 53.12, 6493, 12547, 12583, 12641, 12665, 12802, 128 77, 128 85,
13529, 136 02, 14506 Exact mass calcd for CpHzgNS 339 20207, found 339 20179 [a]20p=
114 * (c=1 028, CHCl3) Elemental analysis found C, 77 46, H, 8 56, N, 4 08, C2,H29NS requuires
C,7782,H,861,N4.13, 8,9 44,

2-(1R,28)-1-Methyl-2-phenyl-2-[(triphenylmethyl)this]ethyl-1,2,3,4-tetrahydroisoquinoline

(141);
@3*1 aMe
CO. . OO
j., s “ph

HO™ “Ph
Tntyl

See above Amno alcohol (102 g, 3 82 mmol), tniethylamme (1 60 ml, 11 46 mmol, 3 eq),
methanesulfonyl chloride (0 36 ml, 4 58 mmol), triethylamine (1 60 ml, 11 46 mmol), triphenyl
methane mercaptan (3 17 g, 11 46 mmol) to yield 1 15 g of the titled compound as a orange solid
(57 %) mp 84-86°C. IR vpax crr! 3057, 3026, 2924, 2799, 1646, 1598, 1491, 1446, 1382,
1266, 1134, 1034, 739, 699 &y (CDCls, 400 MHz) 0 83 (3H, d, J 6 9 Hz), 2 40 (4H, m), 2 83
(IH, quint, J 6 7 Hz), 321 (1H, d, J 5 8 Hz), 3 55 (2H, s}, 7 12 (24H, m, ar) 8¢ (CDCl;, 100
MHz) 12 20 (CH,), 29 64 (CHy), 46 08 (Cﬂz), 53 85 (CHa), 55 78 (CH), 64 17 (CH), 68 58 (C),
12516, 125 55, 126 07, 126 38, 127 31, 127 52, 127 83, 128 55, 129 23, 130 01, 135 22, 136 04,

192




142 22, 14494 Exact mass calcd for CigH3sNS 52524902, found 525 24832 Elemental
analysis found C, 82 17, H, 6 46, N, 2 37, C33H3sNS requires C, 84 53, H, 6 71, N, 2 66, S, 6 10
[a]20p= 192 ° (c=1 000, CHCI3)

(48,58)-3,4-Dimethyl-5-phenyl-1,3-0xazolane (144):"

Me, Ph Me,  Ph
o
—NH  OH —~N._O

A solution of (1S,2S)-psendoephedrine (2 00 g, 12 12 mmol), paraformaldehyde (0 400 g, 13 32
mmol, 1.1 eq ) and potassium carbonate (1 83 g, 13 24 mmol, I 1 eq) 1n benzene was heated to
reflux for 8 hour The reaction mixture was cooled down and diethyl ¢ther and water were added.
The phases were scparated and the aqueous layer was washed twice with diethyl ether The
combined organtc layers were dried over sodium sulfate, filtered and the solvent was removed to
yield 2 11 g of the titled compound as a colourless o1l (98 %) IR vmax cm! 3087, 3062, 3032,
2970, 2874, 2789, 1604, 1494, 1453, 1378, 1230, 1051, 1001, 753, 700 & (CDCl;, 400 MHz)
118 (3H, d, J 6 3 Hz), 2 38 (3H, s, NMe), 245 (1H, dq, J 6 3, 8 3 Hz), 431 (1H, d, J 3.4 Hz),
448 (1H, d, J 8 3 Hz), 4.76 (1H, d, J 34 Hz), 730 (SH, m, ar) 8¢ (CDCls;, 100 MHz) 14 52,
37.20, 68 25, 86 11, 88 96 (CH3), 126 23 (CH ar), 127.79 (CH ar }, 128 44 (CH ar ), 140 70 (C
ar ) Exact mass caled for CyH;sNO 177.11536, found 177 11551 [a]Py= 38" (c=1 016, CHCl;)
(L1t 50 8%, c=0 56, solvent unspecified)

(4S,55)-3,4-Dimethyl-2,5-diphenyl-1,3-0xazolane (145):'®

193




A equimolar solution of (18,28)-pscudoephedrine (2 00 g, 12.12 mmol) and benzaldehyde (1 23
ml, 1212 mmol) 1n toluene and in presence of 4A molecular sieves was heated to reflux
overnight The reaction mixture was the cooled down and the mixture was filtered The solvent
was removed to yield 2 95 g of the titled compound as a white solid 1n good punty (96 %)
Aqueous washing or column chromatography have been unsuccessfully used to purified the
oxazolidine mp 69-71°C. IR vy cm! (solution 1n dichloromethane) 3089, 3068, 3034, 2974,
2799, 1604, 1493, 1460, 1376, 1306, 1231, 1192, 1042, 1024, 1012 &, (CDCl;, 400 MHz) 1 23
(3H, d, J 6 Hz), 221 (3H, s, NMe), 2 54 (1H, dq, J 6, 8 8 Hz), 4 78 (1H, d, J 8 8 Hz), 4 95 (1H,
s), 739 (10H, m, ar) &; (CDCl;, 62 MHz) 14 32, 3513 68 80, 86 50, 99 58, 126 63 (CH ar),
127 85 (CH ar ), 12797 (CH ar), 128 31 [CH ar}, 12900 (CH ar), 13945 (C ar), 140.3% (C
ar) Exact mass caled for C7HyNO 253 14666, found 253 14609 [a]P,0=49° (c=1 008, CHCl;)
Elemental analysis found C, 8029, H, 7 52, N, 5.46, C;7H;sNO requires C, 80 60, H, 7 56, N,
553,0,632

(48,58)-2,2,3,4-Tetramethyl-5-phenyl-1,3-oxazolane (146):*°

Me Ph

Me Ph ) &
) \‘ N. O
—NH OH - x

A solution of pseudoephedrine (4 00 g, 24 24 mmol) 1n acetone with a catalytic amount of para-
toluene sulfonic acid and 4A molecular sieves was heated to reflux overmght The reaction
mixture¢ was then cooled down The solvent was removed and the crude mixture was taken in
diethyl ether. The organic layer was washed with a solution of potassium carbonate, dried over
sodium sulfate, filtered and the solvent was removed to yield 4 93 g of the titled compound (99
%) as a colourless o1l IR v,y cm-t 3087, 3063, 3030, 2974, 2869, 2795, 1604, 1495, 1452, 1375,
1257, 1214, 1043, 943, 856, 755, 699 8y (CDCls, 400 MHz) 1 09 (3H, d, J 6 Hz), 1 34 (3H, s),
143 (3H, s), 229 (3H, s, NMe), 2 56 (1H, dq, J 6, 8 8 Hz), 446 (1H, d, J 8 8 Hz), 7 32 (5H, m,
ar) d¢ (CDCL;, 100 MHz) 14 53, 21 61, 27 69, 32 82, 65 12, 8495, 9528, 126 66 (CH ar),
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127 81 (CH ar}, 12829 (CH ar), 13991 (C ar) Exact mass caled for C;3H;7NO 205 14666,
found 205 14656 {ct]Py = 36" (c=1 022, CHCI;)

General procedure for the nng opening reaction with TMSCI and NaBH3CN,

To a solution of oxazohdine (1 eq } mn acetonitrile at 0°C was added sodium cyanoborohydnde (5
eq ) and trimethyl silyl chloride (5 eq ) was slowly added to the reaction mixture After complete
addition, the reaction was allowed to reach room temperature and left under stiming for 2 hours
The solvent was removed and the crude mixture was taken 1n methanol and potassium carbonate
was added The reaction was left at room temperature under stirring overmight Water was added
and the aqueous layer was extracted wit1 dichloromethane (4 times) The combined organic
layers were dried over sodium sulfate, filt-red and the solvent was removed to yield the ammno

alcohol

(18,28)-2-(Dimethylamino)-1-phenylpropan-1-ol (147):*°

Me JFh Me: :.\F’h

/N\/O —N OH

See above, Oxazohdine (1 855 g, 10 48 mmol), sodium cyanoborohydrnide (3 30 g, 52 41 mmol, §
€q ), tnmethyl silyl chloride (6 65 ml, 52 41 mmol, 5 eq ) to yield 1 82 g of the titled compound
(97 %) IR vimax cmr! 3322, 3064, 3032, 2974, 2944, 2876, 2835, 1456, 1104, 1037, 1025, 702 8y
(CDCl3, 250 MHz) 0 89 (3H, d, /6 7 Hz), 2 55 (6H, 5), 3 00 (1H, dq, J 6 7, 10 Hz), 4 33 (1H, d, J
10 Hz), 576 (1H, br, OH), 743 (5H, m, Ph) 6¢ (CDCl;, 62 MHz) 6 58, 40 16, 66 13, 75 13,
127 57, 127 88, 128 40, 142 23 Exact mass caled for C;;H;;NO 179 13101, found 179 13104
[c]P2 =40° (c= 1 088, CHCl;)
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(18,25)-2-[Methyl(phenylmethyl)amino]-1-phenylpropan-1-ol (148):*"

Me \\Ph Me Fh
Ph Ph>

See above Oxazolidine (1 00 g, 3 95 mmol), sodium cyanoborohydnde (0 50 g, 791 mmol, 2
€q ) and trimethyl stlyl chlonde (1 ml, 791 mmol, 2 eq) to yield 0 95 g of the titled compound
(95 %) as a white solid mp 42-44°C IR v,y cm! 3356, 3085, 3062, 3029, 2970, 2801, 1602,
1494, 1453, 1401, 1373, 1343, 1321, 1206, 1131, 1090, 1026, 947, 757, 737, 700 &y (CDCl;, 400
MHz) 0 79 (3H, d, J 6 4 Hz), 222 (3H, s, NMe), 2 74 (1H, dq, J 6 4, 96 Hz), 348 (1H, d, J 13
Hz), 3.73 (1H, d, J 13 Hz), 430 (1H, d, 7 9 6 Hz), 520 (1H, br, OH), 7 30 (10H, m, ar) &¢c
(CDCl3, 100 MHz) 7 31, 3572, 58 28 (Cy), 64 87, 74 81, 127.31 (CH ar), 127 39 (CH ar),
127.71 (CH ar), 128 22 (CH ar ), 12848 {CH ar), 12894 (CH ar), 13869 (C ar), 14202 (C
ar) {a]Py = 124° (c= 1004, CHCly), Elemental analysis found C, 79 85, H, 8 16, N, 542,
C17H2NO requires C, 79 96, H, 8 29, N, 549, O, 6 27.

General procedure for the nng opening reaction with a Grignard reagent.

To a solution of oxazolidine (1 eq) in diethyl ether at 0°C was slowly added a solution of
Grnignard reagent (3 eq ) 1n diethyl ether, the reaction was then heated to reflux for 30 minutes To
the cooled solution was carefully added water (30 ml) The phases were separated and the
aqueous layer was washed twice with dietbyl ether The combined orgamc layers were dried over

sodium sulfate, filtered and the solvent was removed to yield the amino alcohol
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(18,25)-2-[(Diphenylmethyl)(methyl)amino]-1-phenylpropan-1-ol (150):

Me \\Ph Me \\\Ph
_-N 0 > —N CH
>'—Ph
Ph Ph

See above Oxazohdine (1 50 g, 5 93 mmol), phenyl magnesium bromide (593 ml, C30 M, 3
eq ) to yield 1 94 g of the titled compound (99 %) as a white sohid mp 25-27 °C IR vipay cm!
3341, 3084, 3062, 3028, 2970, 1596, 1492, 1452, 1217, 1021, 756, 702 &, (CDCl,, 250 MHz)
070 (3H, d, J 6 6 Hz}, 220 (3H, s, NMe), 2 93 (1H, dq, J 6 6,9 7 Hz), 433 (1H, d, /9 7 Hz),
4 59 (1H, s), 5.3% (IH, br, OH), 7.35 (15H, m, ar) &; (CDCl;, 250 MHz) 7.29, 33 07, 60 11,
7394, 7540, 127 52, 127 64, 127 67, 127 88, 127 94, 128 18, 128 45, 12903, 129 11, 142 27,
14232, 143 17 Exact mass calcd for Cp3sHasNO 331 19360, found 331 19372 [a]Pg = 111° (c=

1114, CHCl;) Elemental analysis. found C, 8093, H, 748, N, 3 90, C;3H;;NO requires C,
8335 H,760,N,423, 0,483

(18,28)-2-[{1,1-Dimethylethyl)(methyl)amino]-1-phenylpropan-1-ol (149):

Me ph Me \\Ph
— N7<O [ —N OH

See above Oxazolidmne (1 00 g, 4 88 mmol), methyl magnesium bromide (4 90 ml, C30 M, 3
eq ) to yield 1 01 g of the titled compound (95 %) as a colourless solid mp 47 °C IR vpax cm!
3267, 3086, 3063, 3029, 2974, 2874, 16C4, 1454, 1392, 1214, 1140, 1049, 923, 758, 700 &4
(CDCl3, 400 MHz) 0 85 (3H, d, J6 8 Hz), 1 17 (9H, s, tBu), 2 24 (3H, 5, NMe), 2 98 (1H, dq, J
68,92 Hz), 404 (1H, d, J92 Hz), 535 (1H, br, OH), 730 (5H, m, ar) 3¢ (CDCl;, 100 MHz)
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1216,27 75, 27 82 (1Bu), 54 92, 58 21,7441, 12741 (CH ar ), 127 46 (CH ar ), 128 16 (CH ar.),
143 13 (C ar) [a]P = 74" (c= 1028, CHCIl;) Elemental analysis found C, 75 64, H, 10 57, N,
6 37, Ci4sHzsNO requires C, 75 97, H, 1047, N, 6 33,0, 7 23
(18,25)-2-[Methyl(1-methyl-1-phenylethyl)amino]-1-phenylpropan-1-o0l (151):

Me, Ph Me Ph

0 : —N OH

/N>< )vp;

See above Oxazoldine {1 00 g, 4 88 mmol), phenyl magnesium bromide (490 ml, C30 M, 3
eq ) to yield 1 36 g of the titled compound (98 %} as a thick o1l IR vy co! 3285, 3086, 3060,
3031, 2977, 2876, 1605, 1594, 1494, 1474, 1448, 1375, 1269, 1134, 764, 700 &, (CDCl, 250
MHz) 0 78 (3H, d, J 6 6 Hz), 1 54 (3H, s), 1 55 (3H, s), 2 17 (3H, 5, NMe), 2 95 (1H, dq, J 6 6,
92 Hz), 406 (1H, d, J 92 Hz), 730 (10H, m, ar) 8¢ (CDCly, 62 MHz) 12 21, 25 76, 26 03,
28 14,5813, 6044, 7481, 12632 (CH ar ), 126 74 (CH ar ), 127 37 (CH ar ), 127 46 (CH ar),
12809 (CH ar), 128.26 (CHar.), 14273 (Car}, 14722 (Car) [ct]P,=186" (c= 0 998, CHCl;)

N,N-Dimethyl-N-(18,25)-1-[(1-methylethy])thic]-2-phenylethylamine:

Me,  Ph Mg, ~ Ph
~—~N  OH —N s
\

See general procedure for the conversion of amino alcohols into amino sulfides Amino alcohol
(0592 g, 3 31 mmol), tniethylamine (1 38 ml, 9 92 mmol, 3 eq ), methanesulfonyl chlorde (0 31
ml, 3 97 mmol, 12 eq), tnethylammne (1 38 ml, 9.92 mmol), propane-2-thiol (0 92 ml, 992
mmol, 3 eq ) to yield 0 390 g of the titled compound as a orange o1l (50 %) IR vpax cm-! 3082,
3060, 3025, 2965, 2863, 2820, 2777, 1598, 1452, 1363, 1126, 739, 700 &y (CDCl;, 400 MHz)
068 (3H,d,J64Hz), 105(3H,d,J64 Hz), 1 16 (3H, d, J 6 4 Hz), 2 22 (1H, hept , J 6 4 Hz),

198




230 (6H, s, NMe2), 296 (1H, dq, J 6 4, 10 4 Hz), 3 86 (1H, d, J 10 4 Hz), 7.30 (5§H, m, ar.} 8¢
(CDCls, 100 MHz) 8 51, 2259, 23 59, 32 50, 39 97 (NMe;), 54 05, 63 89, 126 98 (CH ar.),
128 37 (CH ar), 128 81 (CH ar), 141 66 (C ar) Exact mass caled for C4H»NS 237 15512,
found 237 15539 [a]P,, = 254" (c=1 054, CHCl;)

N-(18,28)-2-[(1,1-Dimethylethyl)thio]-1-methyl-2-phenylethyl-N,N-dimethylamine (152):

Me,  Ph Me, Ph

—N>_\OH — —-N>—\S~é

See above Amino alcohol (0 908 g, 507 mmol), tricthylamme (2 10 ml, 15 22 mmol, 3 eq),
methanesulfony! chlonde (0 47 ml, 6 09 mmol, 1 2 eq), tricthylamne (2 10 ml, 15 22 mmol), 2-
methyl-propane-2-thiol (1 72 ml, 15 22 mmol, 3 eq ) to yield 0 482 g of the titled compound as a
yellow solid (38 %) mp 44 °C. IR vy, cm! 3082, 3061, 3025, 2966, 2822, 2778, 1599, 1453,
1363, 1161, 1118, 912 &y (CDCl;, 400 MHz) 0 71 (3H, d, /6 8 Hz), 1 10 (9H, s, tBu), 2 28 (6H,
s, NMe,), 290 (1H, dq, J 6 8,9 6 Hz), 392 (1H, d, J 9 6 Hz), 7.30 (5H, m, ar ) 8¢ (CDCls, 100
MHz) 8 83, 31 45 (tBu), 40 32, 43 03 (C tBu), 52 73, 6424, 126 73 (CH ar ), 128 10 (CH ar.),
129 14 (CH ar), 143 81 (C ar) Exact mass caled for CysHysNS 251 17077, found 251 17111
[a]Py = 154" (c= 0 996, CHCl3) Elementa” analysis found C, 70 33, H, 9 99, N, 6 30, C,5HsNS
requires C, 71 66, H, 1002, N, 5 57, 8,12 %5

N-Methyl-N-(1S,2S)-1-methyl-2-[(1-methylethyl)thio]-2-phenylethyl-N-phenylmethylamine

199




See above Amino alcohol (0726 g, 2 85 mmol), tnethylamme (1 20 ml, 8 54 mmol, 3 eq),
methanesulfonyl chlonde (026 ml, 3 42 mmol, 12 eq), trnethylamme (1 20 ml, 8 54 mmol),
propane-2-thiol (0 80 ml, 8.54 mmol} to yield 0 550 g of the titled compound as a orange o1l (62
%) IR vmax cm? 3083, 3061, 3025, 2965, 2791, 1599, 1493, 1451, 1365, 1154, 1127, 735, 699.
84 (CDCls, 250 MHz) 077 (3H, d, J 6 4 Hz), 1 07 (3H, d, J6 4 Hz), 1 15 (3H, d, J 6 4 Hz), 2 22
(3H, s, NMe), 2 21 (1H, hept, J 6 4 Hz), 3 10 (1H, dq, J 6 4, 104 Hz), 349 (1H, d, J 13 2 Hz),
376 (1H, d,J 132 Hz), 399 (1H, d, J 104 Hz), 7 30 (10H, m, ar) 8¢ (CDCl;, 100 MHz) 9 85,
2263, 23 61, 32 64, 3596, 54 50, 58 21, 62 90, 126 74 (CH ar ), 126 94 (CH ar ), 128 17 (CH
ar), 128 34 (CHar), 128 78 (CHar ), 128 94 (CH ar.), 139 95 (C ar ), 141 85 (C ar ) Exact mass
caled for CaoHz7NS 313 18642, found 313 18649 [0]Py =218 (c= 1 02, CHCl,)

N-(18,28)-2-[(},1-Dimethylethyl)thio]-1-methyl-2-phenylethyl-N-methyl-N-
phenylmethylamine (153):

h

Me \\P
—N OH —_— —N> S‘<—
Ph

See above Amino alcohol (144 g, 565 mmol), triethylamine (2 36 ml, 16 94 mmol, 3 ¢q),
methanesulfonyl chlonde (0 52 ml, 6 78 mmol, 1 2 eq), triethylamine (2 36 ml, 16 94 mmol), 2-
methyl-propane-2-thiol (1 91 ml, 16 94 mirol, 3 eq ) to yield 0 942 g of the titled compound as a
whate sohd (51 %) mp 43 °C. IR vmax cm! 3061, 3026, 2963, 2939, 1598, 1488, 1453, 1371,
1197, 1171, 1147, 865, 737, 700 &, (CDCls, 400 MHz) 0 83 (3H, d, J 6 4 Hz), 1.11 (9H, s, tBu),
218 (3H, s, NMe), 3 06 (1H, dq, /9 2, 6 4 Hz), 3 44 (1H, d,J 13 6 Hz), 3 74 (1H, d, J 13 6 Hz),
402 (IH, d, J 92 Hz), 735 (10H, m, Ar) 3¢ (CDCl;, 100 MHz) 10 31, 31 45, 36 99, 37 29,
5323, 58 14, 63 06, 126 68, 128 06, 128 13, 128 83, 129 20, 140 19, 144 00 Exact mass calcd
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for Cz HzgNS 327 20207, found 327 20241 [0]P5 = 119" (c= 099, CHCI3) Elemental analysis
found C, 77 03, H, 8 78, N, 4 18, Cy;H35NS requires C, 77 01, H, 8 92, N, 4 28, S, 9 79

N-(l,l-Dimethylethyl)-N-(lS,ZS)-Z-[(I,l—r‘.imethylethyl)thio]-l-methyl—2-phenylethyl-N-
methylamine (154):

See above Amino alcohol (400 mg, 1 81 mmol), triethylamine {076 ml, 543 mmol, 3 eq),
methanesulfonyl chloride (0 17 ml, 2 17 mmol, 1 2 eq), triethylammne (076 mi, 543 mmol), 2-
methyl-propane-2-thiol (0 61 ml, 543 mmnl, 3 eq ) to yield 0 3766 g of the titled compound as a
orange o1l (71 %) IR vmax cm 3081, 3059, 3026, 2968, 2788, 1599, 1492, 1472, 1450, 1363,
1154,700 8, (CDCls, 400 MHz) 092 (3H, d, J 6 8 Hz), 1 06 (9H, s, tBu), 1 14 (9H, s, tBu), 1 76
(3H, s, NMe), 343 (1H, dq, /6 4, 6 8 Hz), 3 82 (1H, d, J 6 4 Hz), 730 (5H, m, ar ) & (CDCl,,
100 MHz) 13 67, 27 27 (tBu), 29 37, 31 46 (tBu), 43 07, 54 60 (C tBu), 55.10, 56 59, 84 52 C
tBu), 126 20 (CH ar), 12745 (CH ar), 129 73 (CH ar), 155 45 (C ar) Exact mass calcd for
CisH31NS 293 21772, found 293 21784 [a]Py = 119 (c= 1 006, CHCls)

N—(lS,ZS)-Z-[(1,l-Dimethylethyl)thio]-l-methyl-Z—phenylethyl-N—methyI-N-(l-methyl-l-

phenylethyl)amine (156):




See above Amino alcohol (123 g, 4 35 mmol), tricthylamine (1 82 ml, 13 04 mmol, 3 eq),
methanesulfonyl chloride (0 40 ml, 5 22 mmol, 1 2 eq ), triethylamne (1 82 ml, 13 04 mmol), 2-
methyl-propane-2-thiol (1 47 ml, 13 04 mmol, 3 eq) to yield 0 7236 g of the titled compound as
a yellow solid (47 %) mp 57-59°C IR vmpax cm! 3082, 3059, 2971, 2896, 2787, 1600, 1492,
1449, 1376, 1364, 1267, 1161, 1135, 1075, 1030, 1008, 950, 763, 703 &y (CDCls;, 400 MHz)
096 (3H, d, J 6 8 Hz), 0 96 (9H, s, tBu), 133 (3H, s}, 1 38 (3H, 5), 1 62 (3H, 5, NMe), 3 28 (1H,
dq,J 56,68 Hz),372 (1H,d, J56 Hz), 719 (2H, m, ar ), 726 (2H, m, ar ), 7 33 (2H, m, ar.),
744 (2H, m, ar), 766 (2H, m, ar} &¢ (CDCls, 100 MHz) 12 96, 23 15, 27 34, 29 66, 31 24
(tBu), 43 29 (C tBu), 5371, 5739, 6107, 126 13 (CH ar ), 12628 (CH ar), 126 75 (CH ar),
12755 (CH ar), 12790 (CH ar ), 12971 (CH ar), 143 18 (C ar), 15001 (C ar) Exact mass
caled for Cy;3Hp;NS 35523337, found 355 23289 [a]Py = 24" (c= 0 994, CHCI;), Elemental
analysis found C, 77 88, H, 9 40, N, 3 89, C53H,7NS requires C, 77 69, H, 935, N, 3 94, S, 9 02

N-(18,25)-2-[(1,1-Dimethylethyl)thio]-1-methyl-2-phenylethyl-N-diphenylmethyl-N-
methylamine (155):

Me,  Ph Me,  Ph
—N OH ———= —N s—tBu
>—Ph Ph
PH PH

See above. Amino alcohol (1 00 g, 302 mmol), triethylamine (1 26 ml, 9 06 mmol, 3 eq),
methanesulfonyl chlonide (028 ml, 3 63 mmol, 12 eq ), triethylamine (1 26 ml, 9 06 mmol), 2-
methyl-propane-2-thiol (1 02 ml, 9 06 mmol, 3 eq ) to yield 0 8235 g of the titled compound as a
yellow solid (68 %) mp 93-95° IR vpax cm-! 3081, 3060, 3025, 2961, 1598, 1491, 1452, 1363,
1160, 1025, 739, 700 &y (CDCls, 400 MHz) 0 73 (3H, d, J 6 4 Hz), 1 10 (9H, s, tBu), 2 09 (3H,
s, NMe), 3 18 (1H, dq, J 6 4, 8 8 Hz), 3 9¢ (1H, d, J 8 8 Hz), 4 59 (1H, s}, 730 (15H, m, ar ) 3¢
(CDCls, 100 MHz) 9 73, 31 48 (tBu), 33 05,42 79, 54 22, 58 47, 74 17, 126 50 (CH ar ), 126 61
(CH ar.), 126 78 (CH ar.), 12794 (CH ar), 128 00 (CH ar), 128 33 (CH ar ), 128 38 (CH ar),

202




128 42 (CH ar), 12920 (CH ar ), 14329 (C ar ), 14448 (C ar }, 144.54 (C ar ) Exact mass calcd
for Cy7H33NS 403 23337, found 403 23292 [a]Py = 148° (¢= 0982, CHCI;) Elemental analys:s.
found C, 79 08, H, 797, N, 3 24, CysH;3NS requires C, 8035, H, 8 24, N, 347, 5,794

(4S,5R)-3,4-Dimethyl-5-phenyl-1,3-oxazolane:'’

Me,  Ph Me‘, ;S

—NH ©OH —~N P

A solution of ephedrine (2 00 g, 12 12 mmol}, paraformaldehyde (0400 g, 13 32 mmol, 1 1 eq)
and potassium carbonate (1 83 g, 13 24 mmol, 1 1 eq) 1n benzene was heated to reflux for §
hour The reaction mixture was cooled down and diethyl ether and water were added The phases
were scparated and the aqueous layer was washed twice with diethyl ether The combined
organic layers were dried over sodium sulfate, filtered and the solvent was removed to yreld 1 96
g of the titled compound (92 %) as a colourless o1l IR v, cmt 3087, 3063, 3030, 2976, 2786,
1604, 1455, 1377, 1228, 1065, 753, 700 8y (CDCls, 400 MHz) 0 67 (3H, d, J 6 6 Hz), 2.37 (3H,
s, NMe), 2 88 (1H, dq, /6 6,72 Hz),4 06 (1H, d,J3 2 Hz), 4 86 (1H, d, /3.2 Hz), 5 09 (IH, d,
J 72 Hz), 730 (5H, m, ar) 3¢ (CDCl;, 100 MHz) 14 34, 37 80, 63 49, 82 01, 88 30 (CH,),
126 96 (CH ar), 12735 (CH ar), 12797 (CH ar), 13998 (C ar) Exact mass calcd for
CyH;zNO 177 11536, found 177 11534 [a]Py = 18° (c=1 07, CHCL) (Lit 5 6°, ¢=0 36, solvent

unspecified)

(48,5R)-2,2,3,4-Tetramethyl-5-phenyl-1,3-oxazolane (160):"?

Me Ph
Me Ph H
>_< > N. O

—
—NH  OH X
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A solution of ephednine (4 00 g, 24 24 mmol) 1 acetone with a catalytic amount of camphor
sulfonyl acid and 4A molecular sieves was heated to reflux overnight The reaction mixture was
then cooled down The solvent was removed and the crude muixture was taken 1 diethyl ether.
The organic layer was washed with a solution of potassium carbonate, dried over sodium sulfate,
filtered and the solvent was removed to yield 4 90 g of the titled compound (98 %) as a white
solid mp 47-48°C IR vy cor! 3064, 3027, 2976, 2895, 2843, 2796, 1496, 1458, 1364, 1322,
1267, 1223, 1208, 1170, 1083, 1046, 1031, 1026, 699 &, (CDCl;, 400 MHz) 063 (3H, d, J 6 4
Hz), 1 21 3H, s), 1 51 (3H, s), 2 26 (3H, 5, NMe), 3 14 (1H, dq, J 6 4, 8 Hz), 5 02 (1H, d, J 8Hz),
728 (5H, m, ar) &¢ (CDCls, 100 MHz) 15 44, 18 27, 26 63, 33 49, 60 51, 80 80, 95 08, 127.35
(CH ar), 12764 (CH ar), 127.79 (CH er), 14042 (C ar) Exact mass calcd for Cy3H;oNO
205 14666, found 205.14656 [a]Py = 43" (c= 1098, CHCl;) Elemental analysis: found C,
76,17, H,9 21, N, 6 74, C13HoNO requires C, 76 06, H, 9 33, N, 6 82, 0, 779

(1R,25)-2-[(1,1-Dimethylethyl}(methyl)amino]-1-phenylpropan-1-ol (161):

Me Ph Me Ph

o —
X N

To a solution of oxazolidine (2 00 g, 9 75 mmol) i diethyl ether at 0°C was slowly added a

OH

solution of methyl magnesium bromide (9 30 ml, C 3 M, 3 eq ) n diethyl ether, the reaction was
then heated to reflux for 30 minutes To the cooled solution was carefully added water (30 ml)
The phases were scparated and the aqueous layer was washed twice with diethyl ether The
combined organic layers were dried over sodium sulfate, filtered and the solvent was removed to
yield 2 07 g the titled compound (96 %) as an o1l IR vmay cmr! 3426, 3085, 3061, 3027, 2973,
1493, 1472, 1451, 1390, 1364, 1222, 1039, 1027, 748, 701 &4 (CDCl;, 250 MHz) 095 (3H, d, J
6 9 Hz), 108 (9H, s), 1 96 (3H, s, NMe), 339 (1H, dq, J 6 9, 5 8 Hz), 429 (1H, br, OH), 4 48
(1H, d, J 58 Hz), 729 (SH, m, ar) 8¢ (CDCls;, 100 MHz) 13 21, 27,27 (tBu), 30 99, 54 95,
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5532,7497,126 79 (CHar ), 126 88 (CH ar ), 127 54 (CH ar ), 14283 (C ar) [a]P5 =0 8° (c=
099, CHCl;)

N-(l,1—Dimethylethyl)-N-(lS,2R)-2-[(1,l-dimethylethyl)thio]-l-methyl—Z-phenylethyl-N—
methylamine (159):

Me Ph Me Ph
—N OH -_— > —N S—t-Bu

To a solution of amino alcohol (1 828 g, 8 27 mmol) 1n dichloromethane (20 ml) was added at
0"C tniethylamine (3 50 ml, 24 82 mmol, 3 eq ) After 10 minutes, methanesulfony! chloride (0 70
ml, 993 mmol, 12 eq) was added and the reaction mixture was left under stimng for 1 hour.
Trethylamine (3 50 ml, 24 82 mmol) was ~dded followed by 2-methyl-propane-2-thiol (2 80 ml,
24 82 mmol, 3 eq). The 1ce bath was removed and the reaction was left under stumng at room
temperature overmght A solution of potassum carbonate was added and the phases were
separated The aqueous layer was washed with dichloromethane. The combimned organic layer
were dried over sodium sulfate and the solvent was removed The crude mixture was purified by
recrystallisation with methanol to yreld 1 29 g of the titled compound as a orange sohd (53 %)
mp 39-41°C IR vpax cm? 3060, 3024, 2970, 1450, 1388, 1364, 1231, 1160, 1132, 744, 698 &y
(CDCls, 400 MHz) 0 82 (9H, s, tBu), 1 17 (9H, s, tBu), 1 20 (3H, d, J 6 8 Hz), 2 18 (3H, s, NMe),
323 (1H, dq,J 6 8, 8 Hz), 373 (1H, d, J 8 Hz), 723 (5H, m, ar) & (CDCl;, 100 MHz) 15.30,
2736 (tBu), 28 75, 31 48 (tBu), 43 34, 54 21, 5505, 56 43, 12572 (CH ar), 127 19 (CH ar),
128 89 {(CH ar ), 14586 (C ar) [a]Py =-126" (c= 1 012, CHCl;) Elemental analysis found C,
7345, H,10.70, N, 4 73, CysHy;NS requires C, 73 66, H, 10 65, N, 4.77, S, 10.92

General procedure for Grignard reagent addition to the immnium salt

To a suspension of the imimum salt (1 eq ) 1n diethyl ether at room temperature was added drop

wise a solution of Gngnard reagent (3 eq) When the precipitate has disappeared the reaction
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muxture was heated to reflux for 30 minutes To the cooled reaction was carefully added water to
quench the excess of Grignard reagent The phases were separated and the aqueous layer was
washed twice with diethyl ether The combined organic layers were dned over sodium sulfate,

filtered and the solvent was removed to yie'd the amino alcohol as a mixture of diastereoisomers

(18,2R)-2-(1-Methyl-1,2,3,4-tetrahydroisoquinolin-2-yl)-1-phenylpropan-1-ol (169):

Bre
- NGj.\\Me N._aMe
” Me j o

HO™ “ph HO™ “Ph

See above Iminmum salt (1 50 g, 4 34 mmol), methyl magnesium bromide (C= 3 0 M, 4 34 m],
130 mmol, 3 eq) to yield 121 g of the titled compound (99 %) as an o1l in 10-1 mixture of
drastereotsomer IR s cm™' 3417, 306C, 3024, 2971, 2913, 2832, 1603, 1492, 1450, 1383,
1370, 1194, 1138, 1097, 1073, 1038, 756, “02 &y (CDCls, 400 MHz)

Major diastereoisomer’ 094 (3H, d, J 6 9 Hz), 136 (3H, d, J 6 7 Hz), 2 80 (4H, m), 3 22 (1H,
dq,/44,69Hz),406(1H,q,J 6 7Hz),471 (1H,d,J44 Hz), 7 25 (SH, m, ar ),

Minor diasteremsomer 096 (3H, d, J 69 Hz), 138 (3H, d, J 6 6 Hz), 2 80 (4H, m), 3 28 (1H,
m), 4 17 (1H, m), 499 (1H, d,J4 1 Hz), 7 25 (9H, m, ar,}

&¢ (CDCls, 100 MHz)

Major diastereoisomer 13 41, 19 78, 28 36, 39 54, 56 82, 60 70, 66 23, 12599, 126 45, 126 55,
127 37, 127 51, 128 20, 129 36, 134 57, 141 20, 142 23,

Minor diastereoisomer not detectable

[&]P50 = 21° (c=0 986, CHCl5)
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(IS,2R)-2-(I-Ethyl-l,2,3,4-tetrahydroisoquinolin-2-y])—l-phenylpropan-l-ol (170):

Bre
- NG-])‘\\MG . N ‘\\Me
‘e Et j »
HO™ “Pn HO™ “/Ph

See above Imimum salt (3 00 g, 8 67 mmol) and a solution of cthyl magnesium bromide (C=3 0
M, 870 ml, 26 0 mmol, 3 eq) to yield after careful column chromatography two separated
diastereoisomers, 0500 g and 103 g of the titled compound (60 %) as orange oils

diastereorsomerically pur

First diastercoisomer (20% yield) A.

IR vinex cm™ 3427, 3062, 3025, 2963, 2932, 2871, 1492, 1451, 1383, 909, 735, 701 &y (CDCl;,
250 MHz) 090 (3H, d, J 6 7 Hz), 093 (3H, t, J 74 Hz), 1 77 (2H, m), 2 57 (IH,dt,J42,166
Hz), 279 (1H, m), 3 25 (3H, m), 3.73 (1H, br, OH), 3 93 (1H, t, /6 5 Hz), 4 97 (1H, d, 73 9 Hz),
721 (9H, m, Ar) 8¢ (CDCls, 62 MHz) 11 04, 26 06, 29 70, 40 15, 60 22, 60 61, 72 52, 12582,
126 00, 126 18, 126 94, 128 17, 128 21, 129 01, 142 12 [a]Py=-32" (c=1 024, CHCl3)

Second diastereoisomer (40%) B

IR vmax cm”' 3425, 3061, 3024, 2965, 2930, 2870, 1491, 1450, 1382, 1244, 1196, 910, 735, 701
&u (CDCls, 250 MHz) 074 (3H, d,J 7 Hz), 105 (3H, t, J 7 4 Hz), 176 (2H, m), 2 59 (1H, m),
319 (5H, m), 374 (1H, m), 502 (1H, d, / 3 5 Hz) 8¢ (CDCL, 62 MHz) 1208, 12 26, 24 (9,
2990, 3957, 58 96, 59 88, 7234, 12578, 12599, 126 36, 126 96, 127 65, 12820, 129.32,
134 28, 139 62, 142 08 [at]P5 =-1 " (c= 0 986, CHCl3)
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(18,2R)-1-Phenyl-2-(1-phenyl-1,2,3,4-tetrahydroisoquinolin-2-yl)propan-1-ol (168):

Br
~ N%‘\\ME ) N ‘\\Me
. Ph j
HO™ “ph HO™ “Ph

See above Immum salt (3 05 g, 8 82 mmel) and phenyl magnesium bromide (c=3 0 M, 8 80 ml,
264 mmol, 3 eq ) to yield 2 96 g of the fitled compound (99 %) as an o1l 1n 10 1 mixture of
diastereoisomer IR via, cm?' 3423, 3060, 3024, 2980, 2923, 2830, 1601, 1492, 1451, 1382,
1038, 744, 701 3y (CDCls, 250 MHz)

Major diastereoisomer 0 70 (3H, d, J 6 9 Hz), 2 95 (5H, m), 3 45 (1H, br, OH), 496 (1H,d,J3 7
Hz), 5 09 (1H, s), 7 10 (14H, m, Ar),

Minor diastereoisomer 1 09 (3H, d, J 6 9 Hz), 2 95 (SH, m), 3 45 (1H, br, OH), 460 (IH, d, J
39 Hz),484(1H,s), 7 10 (14H, m, Ar)

8¢ (CDCls, 62 MHz)

Major diastereoisomer 12 01, 28 26, 40 25, 59 58, 65 35, 72 65, 125 94,126 09, 126 53, 127.17,
127 40, 128 20, 128 39, 129 00, 129 06, 129 64, 135 19, 137.74, 142 67, 143 76,

Minor diastereorsomer not detectable

Exact mass calcd for CyaHysNO 343 19361, found 343 19290 [a]Py =+ 44" (c= 1 012, CHCI;).

1-Methyl-2-[( lR,ZS)-1-methyl-2-(methylthio)-Z-phenylethyl]-1,2,3,4-tetrahydroisoquinoline
(172):

‘\\Me - N .‘\Me
e ] Me j

M ‘ )
HO ‘Ph S “’ph
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See general procedure for the conversion of amino alcohols into amino sulfides Amino alcohol
(0 6522 g, 2 32 mmol), tricthylamine (0 97 ml, 6 96 mmol, 3 eq ), methanesulfonyl chloride (0 22
ml, 279 mmol, 12 eq), tnethylamine (0 97 ml, 6 96 mmol, 3 eq ), sodium methanethrolate
(0490 g, 6 96 mmol, 3 eq ) to yreld 02122 g of the titled compound (30 %) as an orange o1l 1n a
10 | mixture of diastereoisomer IR vy e’ 3059, 3022, 2968, 2913, 2826, 1599, 1490, 1450,
1380, 1367, 1138, 756, 733, 700 8y (CDCl;, 250 MHz)

Major diastereoisomer 122 (3H, d, J 6 8 Hz), 1 24 (3H, d, J 6 6 Hz), 181, (3H, s, SMe), 2 73
(4H, m), 3 34 (1H, m), 3 79 (1H, d, J 6 5 Hz), 3 90 (1H, q,/67Hz),7 12 (9H, m, Ar );

Minor diastereoisomer 107 (3H, d, J 6 5 Hz), 126 (3H, J 6 Hz), 185 (3H, s, SMe), 2.73 (4H,
m), 3 31 (1H, m), 382 (1H,d,J5 1 Hz), 387 (1H, q,J 6 7 Hz), 712 (9H, m, Ar)

3¢ (CDCly, 62 MHz)

Major diasterecisomer 15 13, 16 44, 20 33, 29 44, 39 90, 56 48, 59 07, 61 30, 12558, 12579,
126 96, 127 17, 128 13, 129 04, 129 16, 135 17, 141 62, 14] 83,

Minor diastereoisomer 12 10, 15 30, 23 35, 30 40, 41 39, 5524, 57.50, 58 90, 125 45, 125 85,
126 70, 127 35, 127 95, 128 50, 129 90, 136 05, 141 20, 142 15;

Exact mass calcd for C30HasNS 311 17077, found 311 17008 [&]P29 =+ 150" (c= 0 98, CHCI;)

1-Methyl-2-(1 R,ZS)-1-methyl—2—[(l-methylethyl)thio]-Z-phenylethyl-l,2,3,4-
tetrahydroisoquinoline (173):

@ “\Me — . @ _‘\Me
Me j M j
HO ® S
1
Pr

“ph “iph

See above Ammo alcohol (0 7265 g, 2 59 mmol), tnethylamine (1.08 ml, 7 76 mmol, 3 eq),
methanesulfonyl chlornide (025 ml, 3 10 mmol, 12 eq ), tnethylamine (1 08 ml, 7 76 mmol), 2-
propanethiol (0 72 ml, 7 76 mmol, 3 eq) to yield 0713 g of the titled compound (81 %) as an
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orange o1l 1n a 10 | mixture of diasterecisomers IR v cm! 3060, 3022, 2967, 2923, 2865,
2910, 1600, 1491, 1450, 1380, 1365, 1154, 1137, 756, 734, 700 &y (CDCl;, 250 MHz)

Major diastereoisomer 0 86 (3H,d, J65Hz), 1 07 3H, d, J 69 Hz), 122 (6H, 2d,J 67,69
Hz),2 52 (3H, m), 2 87 (2H, m), 3 32 (1H, hept , J 6 9 Hz), 3 91 (2H, m), 7 15 (9H, m, Ar),
Minor diastereoisomer (only detectable) 1 03 (3H, d, /6 8 Hz), 3 99 (1H, d, /9 5 Hz)

8¢ (CDCl;, 62 MHz)

Major diastereoisomer: 16 34, 19.99, 23.47, 23.96, 34 43, 3971, 5579, 56 54, 61 63, 125 41,
125 65, 126 74, 127 12, 12792, 128 93, 129 10, 135 15, 141 84, 142.33,

Minor diastercoisomer not detectable

Exact mass calcd for Co;H,9NS 339 20207, found 339 20311, [a]Pyp =+ 165" (c=1 012, CHCl;)

2-(1R,28S)-2-[(1,1-Dimethylethyl)thio]-1-methyl-2-phenylethyl-1-methyl-1,2,3,4-
tetrahydroisoquineline (174):

m aMe m \WMe
Me j M j
HO es
]

“Ph “/Ph
t-Bu

See above. Amino alcohol (0728 g, 2 59 mmol), triethylamine (1 08 ml, 7.77 mmol, 3 eq),
methanesulfony! chlonide (0 25 ml, 3 11 mmol, I 2 eq), trtethylamine (1 08 ml, 7 77 mmol), 2-
methyl-2-propanethiol (0 88 ml, 7 77 mmol, 3 eq ) to yield 0 502 g the titled compound (55 %) as
an orange o1l 1n a 20 1 mixture of diastercoisomers IR v cm™' 3059, 3020, 2966, 2921, 1600,
1490, 1449, 1380, 1364, 1162, 1136, 11'4, 1074, 1038, 909, 756, 733, 701 &y (CDCl,, 250
MHz)
Major diastereoisomer [ 14 (SH, s, tBu), 1 16 (3H,d,J6 5 Hz), 1 25 (3H, d,J 6 7 Hz), 2 50 (2H,
m), 2 87 (2H, m), 332 (1H, dq,J 49, 7 Hz), 386 (1H,d, J49 Hz), 402 (1H, q,J 6 7 Hz), 735
{SH, m, Ar)),
Minor diastereoisomer {only detectable) 4 12 (1H, q, J 6 9 Hz).
8¢ (CDCly, 62 MHz)
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Major diastereoisomer 16 07, 19 41, 29 34, 31 82, 3948, 43 41, 5505, 57 12, 62 60, 125 35,
125 65, 126 51, 127 15, 127 72, 128 96, 129 31,135 16, 141 98, 144 00,
Minor diastereoisomer: not detectable

Exact mass calcd for Co3H3 NS 353 21772, found 353 21686 [a]Py =+ 166° {c= 0984, CHCl3)

2-(1R,28)-2-[( I,I-Dimethylethyl)thio]-l-methyl-Z-ph enylethyl-1-ethyl-1,2,3 4-
tetrahydroisoquinoline (178):

@\1 ~wMe —_—— @\I “\Me
) ]
HO™ “ph Et

3 “Ph

t-Bu
See above
Diastereoisomer A Amino alcohol (0492 g, 1 67 mmol), triethylamine (0 70 ml, 5 00 mmol, 3
eq ), methanesulfony! chlornde (0 16 ml, 2 00 mmol, 1 2 eq ), triethylamine (0 70 mi, 5 00 mmol),
2-methyl-2-propanethiol (0 56 ml, 5 00 mmol, 3 ¢q ) to yeld 0 212 g of the titled compound (35
%) as an orange o1l IR vy, cm™ 3060, 3624, 2961, 2927, 1648, 1492, 1451, 1364, 1158, 742,
700 6u (CDCls, 250 MHz) -0 07 (3H, t, J 7 2 Hz), 1 20 (%9H, s, tBu), 1 29 (3H, d,J 6 5 Hz), 1 41
(IH, m), 1 59 (1H, m), 2 53 (3H, m), 3 09 (24, m), 3 85 (1H, t,J3 7Hz),394 (1H, d, J 9 5 Hz),
720 (9H, m, Ar) 3¢ (CDCls, 62 MHz) 709, 12 63, 28 52, 30 21, 3179, 40 86, 43 95, 53 07,
60 66, 60 77, 125 21, 125 73, 126 17, 127 06, 127 89, 128 56, 13769, 139 20, 145 77 [a]Py =

120° (c=1 03, CHCly)

Diastereoisomer B+ Amino alcohol (1 02 g, 3 46 mmol), triethylamine (1 50 ml, 10 37 mmol, 3
eq ), methanesulfonyl chlonde (033 ml, 4 15 mmol, 12 eq), triethylamme (1 50 ml, 10 37
mmol), 2-methyl-2-propanethiol (1 18 ml, 1037 mmol, 3 eq) to yield 0645 g of the titled
compound (51 %) as an orange o1l IR v, cm™ 3060, 3022, 2961, 2928, 1599, 1491, 1450,
1364, 1162, 739, 701 8y (CDCly, 250 MHz) 0 81 (3H,t, /7 2 Hz}, 1 12 (9H, s, tBu), 1 16 (3H, d,
J 70 Hz), 169 (2H, m), 2 56 (1H, m), 2 85 (2H, m), 3 24 (2H, m), 375 (1H, ¢, J 5 8 Hz), 4 04

211




(1H, d, J 46 Hz), 720 (9H, m, Ar) 8¢ (CDCls, 62 MHz) 1097, 15 95, 28 41, 28 91, 3183,
4187, 4357, 5301, 6081, 6217, 12529, 125 64, 126 41, 12726, 12799, 128 77, 129 04,
136 14, 140 47, 145 07 [a]Py =+ 83* (c=1 016, CHCly)

2-[(1R,ZS)-1-Methyl-z-(methylthio)-Z-phenylethyl]-l-pheny]-l,2,3,4-tetrahydr0isoquinoline

(175):
m ‘\\Me —_—_— @\l .\\Me
Ph j j
ho Ph S
]

“ph “'bh
Me

See above Ammo (0512 g 149 mmol), triethylamme (063 ml, 448 mmol, 3 eq),
methanesulfony! chlonde (0 14 ml, 179 mmol, 12 eq), triethylamne (0 63 ml, 448 mmol),
sodium methanethiolate (0 314 g, 4 48 mmol, 3 eq ) to yield 0 338 g of the titled compound (61
%) as an orange o1l 1n a 10 | mixture of diastercoisomers IR vy, cm’! 3060, 3024, 2969, 2915,
2827, 1599, 1491, 1451, 1377, 1154, 1132, 1033, 909, 741, 700 8y (CDCl;, 400 MHz)

Major 1somer' 1 04 (3H, d, J 6 8 Hz), 1 75 3H, s, SMe), 2 85 (3H,m), 328 (2H, m), 3 95 (1H, d,
774 Hz), 4 62 (1H, 5), 7 00 (14H, m, Ar ),

Minor 1somer (only detectable) 127 (3H, d, J 6 6 Hz), 1 73 (3H, s, SMe), 375 (1H, d, J 10 4
Hz), 4 72 (1H, s)

8¢ (CDCl;, 100 MHz)

Major diastereoisomer 14 86, 16 69, 30 90, 41 22, 55 54, 59 32, 6598, 125 65, 125 69, 127 09,
12719, 128 35, 128 38, 128 63, 128 88, 129 08, 129 42, 13525, 139 41, 142 31, 145 06,

Minor diastereoisomer not detectable

Exact mass calcd for C;sH,;NS 373.18642, found 373 18562 [a]P =+ 160" (c=1 042, CHCly)
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2-(1R,2S)-1-Methyl-2-[( l-methylethyl)thio]-Z-phenylethyl-l-phenyl—1,2,3,4-
tetrahydroisoquinoline (176):

m “\Me _— @\[ ‘\\Me
L) )
HO

"’Ph ? ",Ph
1IPr

See above. Amino alcohol (0490 g, 143 mmol), triethylamme (0 60 ml, 4 29 mmol, 3 eq ),
methanesulfonyl chlonide (0 13 ml, 1 71 rmol, 12 eq), triethylamine (0 60 ml, 4 29 mmol), 2-
propanethiol (0 40 ml, 4 29 mmol, 3 eq) ‘o yield 0332 g of the titled compound (56 %) as an
orange o1l n a 10 1 mixture of diastereoisomers IR Venax €’ 3060, 3023, 2967, 2923, 2865,
1599, 1491, 1451, 1379, 1154, 910, 736, 701 &, (CDCls, 250 MHz)

Major diastereoisomer 101 (3H,d, J67 Hz), 104 3H, d, 7695 Hz), 1 19 (3H, d, J 6 7 Hz),
2 38 (1H, hept, J 6 7 Hz), 2 80 (2H, m), 3 24 (2H, m), 415 (1H, d, 7 6 5 Hz), 4 66 (1H, s), 7 10
(14H, m, Ar ),

Minor drastereoisomer (only detectable) 1 00 (3H,d,J6 9 Hz), 125 (3H, d, J 6 5 Hz), 2 69 (2H,
m), 391 (1H, d,J 10 4 Hz), 4 71 (1H, s)

8¢ (CDCly, 62 MHz)

Major diastereoisomer: 16 42, 23 32, 23 93, 3094, 3420, 41 37, 52 12, 59 65, 66 12, 125 60,
125 66, 126 89, 127 17, 128 27, 128 33, 128 62, 128 88, 128 96, 12943, 135 32, 139 48, 143 06,
144 97,

Minor diastereoisomer (only detectable) 23 20, 30 25, 34 30, 42 05, 53 90, 57 70, 66 40 Exact
mass caled for Cy;H; NS 401 21772, found 401 21636 [a]Pag =+ 2357 (c= 0 986, CHCl3y)
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2-(1R,ZS)-2-[(1,1-Dimethylethyl)thio]-1-methyl-2-phenylethyl-l-phenyl-l,2,3,4-
tetrahydroisoquinoline (177):

@;\l ‘\\ME —_— @\I ‘\\Me
[ ] )
ho Ph

“Ph s “pn
;-Bu

See above Ammo alcohol (0500 g, 146 mmol), triethylamme (061 ml, 437 mmol, 3 eq),
methanesulfony! chloride (0 14 ml, 1 75 mmol, 1 2 €q), triethylamine (0 61 ml, 4 37 mmol), 2-
methyl-2-propanethiol (0 50 ml, 4 37 mmol, 3 eq ) to yeld 0 366 g of the titled compound (60 %)
as an orange o1l 1 a 20 1 mixture of diastereoisomers IR Vinax €m0’ 3060, 3023, 2966, 2922,
2828, 1599, 1491, 1451, 1363, 1216, 1160, 1130, 1029, 745, 701. &y (CDCls, 250 MHz).
Major diastereorsomer 0 94 (3H, d, J 6 9 Hz), 1 15 (9H, s, tBu), 2 82 (3H, m),323 (2H, m), 4 12
(1H, d,J 5 5 Hz),4 87 (1H, s), 7 10 (14H, m, Ar ),
Minor diastercoisomer (only detectable) 1 14 (9H, s, tBu), 3 81 (1H, d,J9.7 Hz), 4 70 (1H, s)
8c (CDCl3, 62 MHz)
Major dastereoisomer 15 58, 30 86, 31 88, 41 31, 43 90, 51 15, 60 36, 66 38, 125 54, 125 69,
126 48,127 17,127 98, 128 31, 128 63, 128 91, 129 46, 135 49, 139 49, 144 76, 145 13,
Minor diasterecisomer not detectable

Exact mass caled for CosH33NS 415 23337, found 415 23303 [0]P20 = + 182° (c= 0 968, CHCl)
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