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Rhodium-catalyzed regio- and enantioselective hydrothiolation of
terminal allenes with thioacids is reported for the atom-economic
synthesis of chiral branched allylic thioesters. By using a rhodium(i)
catalyst system, diversities of terminal allenes and thioacids
afforded the corresponding branched thioesters in excellent
regioselectivity, high yield, and good enantioselectivity. This
method was also explored for Fmoc-protected aminothioacids for
diastereoselective synthesis of the corresponding thioesters.

Rhodium-catalyzed regio- and stereoselective coupling of
allenes with pronucleophiles is a powerful method for atom-
economic synthesis of branched allylic products.* In this con-
text, recently, we reported an enantioselective synthesis of
allylic thioethers and sulfones via intermolecular hydrothiola-
tion reaction of terminal allenes with thiols.> Due to the
difficulties associated to the direct synthesis of chiral thiols
from simple starting materials and also the cleavage of C-S
bonds in thioethers to furnish the corresponding thiols, thioe-
sters are introduced as efficient precursors for the synthesis of
free thiols.®> Chiral thioesters and related thiols are widely
present in nature” and biological systems,” and found extensive
applications as valuable intermediates in organic synthesis.®
The catalytic synthesis of chiral thioesters, thiols and generally
the thiolation chemistry has been an active area of research in
synthetic organic chemistry and is a challenging task and
remains largely unexplored. Although considerable progress
in the synthesis of thioesters and thiols via C-S bond formation
has been made in recent years,” there are limited strategies for
the synthesis of allylic thioesters, especially chiral branched
allylic thioesters. Sinou et al. reported palladium(0)-catalyzed
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allylic substitution of various allylic acetates and carbonates
with potassium thioacetate to furnish the corresponding linear
allylic thioacetates as major product (Scheme 1a).® An asym-
metric version of this reaction for symmetrical allylic carbo-
nates was developed by Gais et al. employing the Trost ligand,
affording branched allylic esters in good yield and
enantioselectivities.” In 2012, Lee et al. has shown that the
addition of thioacids to 3,3-disubstituted cyclopropenes cata-
lyzed by PPh;AuNTf, afforded the corresponding linear allylic
thioesters as the major regioisomer (Scheme 1b).'® According
to our knowledge, the only report for the synthesis of chiral
branched allylic thioesters has been published by Zhao et al. via
a direct iridium-catalyzed asymmetric allylation of KSAc with
active allylic carbonates in the presence of KOAc (Scheme 1c).'*
This method suffers from some drawbacks such as low
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Scheme 1 Published and proposed routes for the synthesis of allylic
thioesters.
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regioselectivity and yield for unactivated allylic carbonates and
a lack of diversity in thioacid salts. Based on our previous
experience on the Rh-catalyzed regioselective and stereo-
selective allylation reaction using N,O,S,C-nucleophiles/pro-
nucleophiles,'” herein, we report the first enantioselective
intermolecular hydrothiolation reaction of allenes with thioa-
cids using a rhodium catalyst system to provide chiral branched
allylic thioesters (Scheme 1d).

We began by investigating the reaction of hexa-4,5-dien-1-
ylbenzene (1a) with thiobenzoic acid (2a). No reaction occurred
under catalyst-free conditions (Table 1, entry 1). Further experi-
ments were designed to find a suitable ligand for regio- and
enantioselective synthesis of branched thioester 3a using
4 mol% of [Rh(COD)Cl],, 10 mol% of a ligand, and 20 mol%
of TFA as additive in 1,2-dichloroethane (DCE). After ligand
screening, we were delighted to identify that (+)-Binap and
(+)-DIOP were the most promising ligands, providing 3a in

Table 1 Optimization of enantioselective hydrothiolation

i omanigms s o s j\
R TFA (20 mol %) N §” "Ph
/\\\ v solvent (0.15 M), T, time R}\/ ’ \[0]/ * R\)\cm
1a 2a

1.5 equiv 1 equiv 3a(B) 3a(l) 3a (M)

R= PhCH,CH,CH,
Entry Ligand Solvent 7 (°C)/t (h) Yield” [%] 3a (B:L:M)’ ee’[%]
1 — DCE rt/24 Trace — —
2 L1 DCE  rt/16 20 5:70:25 —
3 L2 DCE  rt/16 5 — —
4 L3 DCE  rt/16 10 0:85:15 —
5 L4 DCE  40/3 82 85:1:14 21
6 L5 DCE  40/3 80 83:0:17 —69
7 L4 CH,CN rt/16 80 86:2:12 10
38 L5 CH;CN rt/16 85 97:1:2 -85
9¢ L5 CH,CN rt/16 85 97:1:2 —-87
10¢° 16 CH,CN rt/16 45 93:4:3 85
11% 15 CH;CN rt/16 63 97:1:2 —-83
124 15 CH,CN rt/16 55 95:2:3 —87
13% 15 CH,CN rt/16 10 70:30:0 —
14" L5 CH,CN rt/16 62 96:2:2 -85
154 L5 CH,CN rt/16 70 88:8:4 —85
16Y L5 CH,CN rt/16 62 80:20:0 —82
17% 15 CH;CN rt/16 52 94:2:4 —86
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“ Isolated yield of branched thioester. > Determined by crude NMR.
¢ Determined by HPLC analysis on a chiral stationary phase. ¢ 8 mol%
of ligand was used. ¢ 30 mol% of TFA was used.” 10 mol% of TFA was
used. ¢ [{Rh(cod)OAc},] was used as rhodium source. ” Solvent (0.1 M)
was used. ' Solvent 0.2 M was used.”’ Allene/thioacid ratio was 1:1.5.
¥ Starting materials and catalyst were added at the same time.
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high yield, good regioselectivity and moderate enantioselectiv-
ity (Table 1, entries 2-6). Solvent screening at room temperature
revealed that (+)-DIOP afforded excellent regioselectivity and
high ee (85%) in acetonitrile (Table 1, entry 8). By using 8 mol%
of ligand, the ee was improved to 87% with similar regioselec-
tivity and yield (Table 1, entry 9). No improvement was observed
using other DIOP ligands such as (R,R)-DTBM-DIOP (DTBM =
(3,5-di-tert-butyl-4-methoxy) and (R,R)-Cp-DIOP (Cp = cyclopen-
tyl) (Table 1, entry 10). Varying other parameters in the model
reaction such as the amount of TFA, the type of additive,
rhodium source, concentration of the reaction, and substrates
equivalents didn’t improve the reaction significantly (Table 1,
entries 11-16). It is notable that premixing of the ligand with
[Rh(COD)CI], in acetonitrile for 10 minutes is crucial to get the
optimal yield and enantioselectivity (Table 1, entry 17).

With the optimized reaction conditions in hand, we inves-
tigated the scope of allenes in the regio- and enantioselective
synthesis of branched allylic thioesters (Scheme 2). A variety of
aliphatic allenes were used successfully in this protocol to give
the corresponding thioesters in high yields, excellent regios-
electivity (>96%) and high ee. Beside simple linear alkyl-
substituted allenes (3a-d), allenes with various functional
groups such as nitrile (3e), ether (3f), protected alcohols
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Scheme 2 Scope of allenes with thiobenzoic acid. [a] Isolated yield for
branched product. [b] Regioselectivity was determined by *H NMR analysis
of crude reaction mixture. [c] Determined by HPLC analysis on a chiral
stationary phase. [d] Attempt to measure the ee of the product was not
successful. [e] The reaction was carried out with (R)-Xyl-Binap instead of
(+)-DIOP. PMB = p-methoxybenzyl, TBS=tert-butyldimethylsilyl, TIPS =
triisopropylsilyl.
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(3j, 31, 30) (TBS-, TIPS-, and PMB-protected), phthalimide (3k),
ester (3m), halide (3g-h), and xanthate (3n) were tolerated well
in this protocol. For 1,1’-disubstituted allene, the corres-
ponding thioester (30) was obtained in high yield and excellent
regioselectivity, but with poor enantioselectivity. Cyclohexylal-
lene and cyclopentylallene afforded the corresponding thioe-
sters (3p, 3q) in high yield and enantioselectivity, albeit with
lower regioselectivity. It is notable that internal allenes are not
suitable substrates for this reaction. In addition, unfortunately,
aryl-substituted allenes were not compatible in this coupling
reaction. The absolute configurations of products were deter-
mined as S by chemical correlation with known compounds
(see ESIf).

Next, the generality of this protocol was examined using aliphatic
and aromatic thioacids as coupling partner (Scheme 3). Thioacids
were prepared in one or two steps from the corresponding car-
boxylic acid or acyl halides (see ESIt)."> Both aromatic and aliphatic
thioacids are suitable substrates for this reaction, affording the
corresponding thioesters 4a—f in high yields, regioselectivity and
enantioselectivity. Adamantane-1-carbothioic S-acid as a bulky thio-
acid afforded the corresponding thioester 4b in 92% ee (Scheme 3).

Due to the importance of Fmoc-protected thioester peptide
precursors in chemical ligation,** finally, the scope of this
reaction was further explored by the use of Fmoc-protected-
aminothioacid 5 as coupling partner in the reaction with allene
1a under optimized reaction conditions (Scheme 4). By using
t-alanine-based thioacid the corresponding branched thioester
6a was obtained in excellent diastereoselectivity with moderate
yield (Scheme 4, path A). It is notable that by using Fmoc-p-
alanine thioacid and (—)-DIOP, the opposite enantiomer of 6a
was obtained. It means that the catalyst has complete control
on the diastereoselectivity of the reaction. In addition, similar
diastereoselectivity was observed using Fmoc-r-alanine thioacid
and (—)-DIOP (Scheme 4, path B).

o

o KRA(COD)CI};] (4 mol%) L
oh (+)-DIOP (8 mol%) R s
R” sH + \/\/\ Ph B
CHLCN (0.15M)
TFA (20 mol%) |
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Scheme 3 Scope of thioacids with allene 1a. [a] Isolated yield for
Branched product. [b] Regioselectivity was determined by *H NMR analysis
of crude reaction mixture. [c] Attempt to measure the ee of the product
was not successful. [d] Determined by HPLC analysis on a chiral stationary
phase.
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Scheme 4 Aminothioacid in hydrothiolation reaction of terminal allene.

In conclusion, we have developed the first method for the
regio- and enantioselective intermolecular hydrothiolation of
terminal allenes with thioacids for the preparation of chiral
branched thioesters in good to excellent yields. The method is
broadly applicable for a wide range of terminal allenes with
various functional groups and aromatic and aliphatic thioacids.
In addition, this method was explored for Fmoc-protected
aminothioacids for diastereoselective synthesis of the corres-
ponding thioesters under complete control of catalyst. This
method provides an efficient access to chiral thioesters, which
are suitable substrates for the synthesis of chiral thiols after
deprotection, and are efficient intermediates in further organic
synthesis.
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