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A highly regio- and enantioselective allylic alkylation of sodium thiophenoxide has been realized by [Ir(COD)CI],/phosphoramidite along with
CsF as an additive, producing highly enantioenriched allyl phenyl sulfide compounds with up to 99% ee.

Iridium-catalyzed enantioselective alylic substitutions have
been devel oped as a powerful and general method to synthesize
chird dlylic compounds with both high regiosdectivity and
high enantiosdlectivity. A wide range of carbo-* and heteroa-
toms” (e.g., N, O, and SO,) nucleophiles has been studied during
the past decade, but neither aiphatic nor aromatic thiol
nucleophiles have yet been reported. It iswell-known that thiols
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can poison transition-metal catalysts,® which imposes a con-
siderable chalenge to the study of metal-catalyzed enantiose-
lective dlylation substitution reactions. Although the transition-
metal-catayzed alylations of sulfur nucleophilesto form achira
alyl sulfides and sulfones have been extensively investigated,”
only a few enantioselective dlylations of sulfur nucleophiles
have been reported; these use Pd catalysis,® and the enantiose-
lectivities and product yields varied from poor to excellent
depending on reaction conditions and substrates.> Furthermore,
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only sulfinates and more acidic aromatic thiols such as 4-chlo-
rothiophenol, 2-mercaptopyridine, and 2-mercaptropyrimidine
were effective in these palladium-catalyzed enantioselective
systems,®¢ and no reactions took place for more basic
aliphatic thiols and thiophenoal, probably due to competitive
coordination to the palladium catalysts between these thiol
substrates and chiral ligands.>®

Herein, we report the formation of chiral alylic phenyl
sulfides viairidium-catalyzed enantiosel ective alylations of
sodium thiophenoxide 3. This represents the first example
of the use of transition-metal-catalyzed enantioselective
allylations of thiophenol to form alyl phenyl sulfidesin good
yields and with excellent enantioselectivities. Important
potential uses of such products are discussed below.

We first aimed at optimizing reaction conditions for the
enantiosd ective iridium-catayzed alylations of sodium thiophe-
noxide 3 to form alyl phenyl sulfides. We initially found that
the reaction of (E)-cinnamyl methyl carbonate 2a with 3 in the
presence of [Ir(COD)CI], and the chiral ligand 1a®° in CH,Cl,
furnished a mixture of 4a and 5a in poor yield and regioselec-
tivity, but excellent enantiosdlectivity for the branched isomer
4a (entry 1, Table 1). Many additives such as Cs,COs, CsF,*©

Table 1. Optimizing Reaction Conditions for Ir-Catalyzed
Allylations of NaSPh 3%

e 1 mol % [Ir(COD)Cl], f/ e
P " NocoMe —2ml% o N py S gpy
2a NaSPh 3 4a 5a
additive, solvent, ¢
yield® ee®
entry additive® solvent 2a/3 temp, °C (%) 4a/5a® (%)
1 none CH,Cl, 1.2/1 25 25 25/75 90
none CH3;CN 1.2/1 25 28 9/91
3 CsyCO3  CHCl, 1.2/1 25 67 67/33
4 CsF CH,Cl, 1.2/1 25 82 89/11 97
5 TBAF CH,Cl, 1.2/1 25 f
6 AgBr CH.Cl, 1.2/1 25 16 94/6
7 CsCl CH.Cl, 1.2/1 25 38 67/33
8 LiCl CH,Cl, 1.2/1 25 18 85/15
9 CsF CHCl; 1.2/1 25 56 93/7
10 CsF CCly 1.2/1 25 NR#
11 CsF CICH,CH,Cl 1.2/1 25 78 92/8
12 CsF THF 1.2/1 25 NR#
13 CsF CH.Cl, 2/1 25 72 94/6 97
14 CsF CH.Cl, 3/1 25 75 90/10
15 CsF CH,Cl, 1/2 25 40 80/20
16 CsF CH.Cl, 2/1 0 20 93/7
17 CsF CH,Cl, 2/1 —25 trace

@ Reaction conditions: 1 mol % of [Ir(COD)Cl],, 2 mol % of 1a, 120
mol % of 2a, and 100 mol % of 3 (0 1 M) at 25 °C. ® 300 mol % of additive
for entries 3—17. © Isolated yields. ¢ Determined by H NMR of the crude
reaction mlxture ¢ Determined by chiral HPLC analysis (Phenomenex
Celluolose-1). f Complex products were observed. 9 NR = no reaction.

TBAF, CsCl, AgBr, and LiCl were screened (entries 3—8), and
only CsF led to a substantia increase in both efficiency and
regiosdectivity (entry 4 versusentry 1). The use of CICH,CH,CI
as a solvent gave very similar results to those in CH,Cl, but a
better yield than CHClI3 (entries 4, 9, and 11). The reactions
completely failed when THF and CCl, were employed as
solvents (entries 10 and 12). The use of a 2-fold amount of 3
led to a significant decrease in yield (entry 15), but a 2-fold
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amount of 2a gave the best regiosdectivity (94/6) for the
branched isomer 4a without significantly influencing either
efficiency or enantiosdlectivity (entry 13 versus entry 4).
Conducting the reaction below ambient temperature proved
deleterious to both yields and sdlectivity (entries 16 and 17).

A variety of chirdl ligands 1a,2° 1b,° 1¢,® and 1d*° (Figure
1) was evaluated using the optimized conditions listed in
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Figure 1. Chiral ligandsla—e.

entry 13 of Table 1, and 1a gave the best yield and regio-
and enantiosdectivity (Table 2). It should be noted that reactions
completdy failed when 1d was employed (entry 4).

Table 2. Screening Chiral Ligands®

entry ligand  time (h)  yield® (%) 4a/5a°  ee? (%)
1 la 10 72 94/6 97
2 1b 22 62 93/7 95
3 1c 12 52 92/8 97
4 1d 48 NR*

@ Reaction conditions: as listed in entry 13, Table 1. ° Isolated yields.
¢ Determined by 'H NMR of the crude reaction mixture. ¢ ee of 4a was
determined by chiral HPLC analysis (Phenomenex Celluolose-1). *NR =
no reaction.
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Having established the optimized reaction conditions,
we turned to a survey of the scope and generality of
iridium-catalyzed enantioselective allylations of sodium
thiophenoxide. As shown in Table 3, all aromatic and

Table 3. Enantioselective Ir-Catalyzed Allylations of NaSPh
with Allyl Methyl Carbonates®

1 mol %
[icobycl,  $Ph
R/\/\OCOZMe 2 mol % 1a R Z . R/\/\SPh
2 CsF,NaSPh3 ™ 4 5
DCM, rt
entry R time (h) 4% (%) 4/5°¢ ee (%)

1¢ Ph 2 a, 72 94/6 97
2 3-MeOCgHy 4 b, 68 92/8 99
3 4-MeOCgH, 4 c, 79 93/7° 95
4 4-MeCgH, 3 d, 70 94/6 90
5 4-CIC¢H,y 4 e, 67 91/9 98
6 4-BrCgHy 3 f, 73 90/10 96
7 3-CF;3CeH4 4 g, 69 98/2° 97
8 2-thienyl 3 i, 72 90/10 99
9 2-C1CgH, 10 h, 60 90/10 47
10 n-Pr 5 3, 70 87/13 91
11 Me 5 k, 60 91/9° 98

2 Reaction conditions: 1 mol % of [Ir(COD)CI],, 2 mol % of 1a, 300
mol % of CsF, 200 mol % of 2, and 100 mol % 3 (0.1 M) in CH,Cl, at 25
°C. P Isolated yields. © Determined by *H NMR of the crude reaction mixture.
dee of 4 was determined by chiral HPLC analysis; see the Supporting
Information for details. © Determined by GC—MS.

heteroaromatic allyl methyl carbonates 2a—i with either
electron-donating groups (e.g., 4-OMe, 3-OMe, and 4-Me)
or electron-withdrawing groups (e.g., 4-Cl, 4-Br, and
3-CF3) on the phenyl ring gave the branched allylic
sulfides 4a—i in good yields (67—79%) and with excellent
enantiosel ectivities (90—99% ee, entries 1—8). The reac-
tion also worked well with the aromatic substrate 2h with
an o-Cl group on the phenyl ring but with lower
enantioselectivity (47% ee, entry 9). The unfavorable ortho
substituent effect isin accord with the previously reported
iridium-catalyzed asymmetric  allylic  substitution
reactions.”y When the same reaction with 2h was per-
formed using the ligand (R,Ra)-1e'"*" rather than 1a, the
result was far inferior; the yield of 4 + 5 was only 5% even
after twice the time used in the experiment with ligand 1a.
The aliphatic alylic carbonates 2j*? and 2k are effective
substrates as well (entries 10 and 11).

The single-crystal structure (Figure 2) (see the Sup-
porting Information for details) of compound 4f in
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R.; Feringa, B. L. Tetrahedron 2000, 56, 2865-2878.

(10) (a) Matt, P. v.; Pfatz, A. Angew. Chem., Int. Ed 1993, 32, 566—
568. (b) Sprinz, J.; Helmchen, G. Tetrahedron Lett. 1995, 34, 1769-1772.

(11) Theligand (R Ra)-1e was effective in improving the enantioselec-
tivity of the branched product in the Ir-catalyzed o-chlorophenylallylation
of indole as indicated in reference 1h.

(12) Compound 4j has been prepared in racemic form from 2j by Pd-
catalyzed alylation of thiophenol; the yield was very low due to the
unfavorable regioselectivity. Goux, C.; Lhoste, P.; Sinou, D. Tetrahedron
1994, 50, 10321-10330.

4456

Figure 2. Structure of (9-4f (thermal ellipsoids are set at 30%
probability).

enantiopure form (4f was obtained by recrystallization
from isopropyl alcohol) has been determined by X-ray
diffraction analysis, which reveals its absolute configu-
ration as S. Recently, the origin of enantioselectivity in
iridium-catalyzed enantioselective allylic substitutions was
described by the Hartwig group based on the single-crystal
structure of an elegantly designed allyliridium intermediate
complex.'® The stereochemistry of iridium-catalyzed al-
lylation of sodium thiophenoxide with the chiral phos-
phoramidite ligand (S,S,S.)-1a completely supports their
explanation.

We envision very significant synthetic uses of highly
enantioenriched allyl phenyl sulfides 4 generated in this
way. In order to demonstrate some of these, we have
converted the terminally unsubstituted enantioenriched
3-phenylthio-1-butene 4k into enantioenriched trans-4-
phenylthio-2-pentene-1-ol 6a using the metathesis devel-
oped by Davis** that works particularly well for alyl
phenyl sulfides; this representative example is demon-
strated in eq 1. Compound 6a is an apt example since it
has been prepared™® by a considerably longer route from
lactic acid and has been converted to trans-2-phenythio-
3-pentene, demonstrating its potential for conversion to
other enantioenriched substrates.

SPh
SPh
)\% P~ OH Hoveda—Grubbs(II)/'\/\/OH o)
H,0, t-BuOH ca
4k

0
S0t 56% yield, 95% ee

In summary, we report the formation of a variety of allyl
phenyl sulfides via the enantioselective iridium-catalyzed
alylation of sodium thiophenoxide. To the best of our
knowledge, thisisthe first example in which both good yields
and excellent enantioselectivities are simultaneously achieved
in the enantiosel ective transition-metal -catalyzed allylations

(13) Madrahimov, S. T.; Markovic, D.; Hartwig, J. F. J. Am. Chem.
Soc. 2009, 131, 7228-7229.

(14) Lin, Y. A.; Chaker, J. M.; Floyd, N.; Bernardes, G. J. L.; Davis,
B. G. J. Am. Chem. Soc. 2008, 130, 9642-9643.

(15) Bach, T.; Korber, C. J. Org. Chem. 2000, 65, 2358-2367.
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of thiophenol. Some possible important uses of the products
are discussed.
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