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Abstract We report an asymmetric sulfa-Michael reaction of o,B-un-
saturated amides and esters using a chiral N-heterocyclic carbene as
the HOMO-raising organocatalyst. We discovered an interesting cor-
relation between *C NMR shifts of substrates and ee of their products.
More electron-deficient Michael acceptors afforded higher enantiose-
lectivity.
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Unlike other organocatalysts, N-heterocyclic carbenes
(NHC) possess several unique chemical properties that en-
able them to unlock multiple generic modes of substrate
activation for catalysis.! More recently, focus in the field of
NHC catalysis has diverted away from the classical aldehyde
umpolung chemistry.? Many acyl anion free reactions, espe-
cially those involving less reactive substrates, were report-
ed that have substantially increased the ‘market share’ of
NHC among other organocatalysts. Nevertheless, nearly all
NHC-mediated transformations start from a nucleophilic
attack of NHC to a carbonyl functionality. The newly formed
carbon-carbon bond secures a robust relay of chiral infor-
mation from the catalyst to the substrate. On the other
hand, the well-known Brgnsted basicity of NHC received
little success as a potential HOMO-raising activation strate-
gy.3 Recently, we reported the first enantioselective C-C, C-
S, and C-N bond synthesis using NHC as a noncovalent chi-
ral template. One key to high asymmetric induction in
these reactions is the use of very reactive Michael accep-
tors, such CF;-containing nitroolefins. The more challeng-
ing o,B-unsaturated esters and amides were not studied.
Enantioselective sulfa-Michael addition reactions of «o,f-
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unsaturated esters are not very common and only thiophe-
nols and thioacids were used as the nucleophile.’ Reactions
involving simple alkyl mercaptans are rare.>® As for o,-un-
saturated amides, only oxazolidinone-derived imides were
successful substrates.® Herein, we disclose our recent find-
ing of asymmetric sulfa-Michael reactions involving these
less reactive, yet underexplored a,B-unsaturated esters and
amides (Scheme 1).

We initially evaluated the reactivity of benzyl mercap-
tan against various crotonic esters. Simple methyl crotonate
failed to react with BnSH at -78 °C. The more reactive hexa-
fluoroisopropyl ester reacted in high yield (89%) with poor
selectivity (23% ee). In sharp contrast, the corresponding
phenyl ester afforded the sulfa-Michael adduct in good
yield and decent ee. Our previous reports showed that an
acidic proton shuttle (hexafluoroisopropanol) is often re-
quired for noncovalent catalysis by NHC. However, we
found the reaction performed better in the absence of such
a proton shuttle. We reason that ester enolates are quite ba-
sic and BnSH serves as an effective additive by itself. We
next optimized the structure of the catalyst (Table 1). The
Ar group of the aminoindanol-derived triazolium scaffold
was modified. It was very interesting that only those con-
taining a bulky 2,6-disubstituted aryl (4a,b, Table 1, entries
1 and 2) yielded both good reactivity and selectivity. Simple
phenyl or pentafluorophenyl analogues (4c,d, Table 1, en-
tries 3 and 4) failed to promote this reaction. When N-aryl
was changed to N-benzyl (4f, Table 1, entry 6), the product
was obtained with the opposite enantiomer enriched. Oth-
er chiral triazolium and imidazolium NHC precursors were
examined as well. Several commonly used chiral scaffolds
(4g-i, Table 1, entries 7-9) for covalent catalysis returned
very poor selectivity. Solvent was briefly examined. Nonpo-
lar solvents, toluene and diethyl ether in particular, gave
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Scheme 1 NHC are powerful organocatalysts

the highest selectivity, 67% ee and 72% ee, respectively. Due
to the noticeably fast reaction in toluene, it was chosen for
subsequent substrate-scope survey (Scheme 2).

Various aryl esters of crotonic acid were examined for
the sulfa-Michael addition with BnSH. ortho Substitution
has a negative impact on the selectivity, regardless of the
electronic property of the substituent (3aj,al,an,aq). The
meta and para substituents, on the other hand, have little
effect. However, the electronic nature of the para substitu-
ent does influence the ee of its product. For example, a sub-
strate bearing a strong electron-donating p-methoxy react-
ed with 56% ee, while the corresponding p-nitro analogue
gave 77% ee (3ak vs. 3ac). Interestingly, although Chi and
co-workers reported the activation of p-nitrophenyl esters
(3ac, to the corresponding acyl azolium intermediate) using
similar NHC,2"! no such reaction was observed due to the
low reaction temperature. No methyl ester was formed
when methanol, a well-known acyl azolium scavenger, was
introduced to the reaction. It is noteworthy that heteroaryls
are well tolerated for this reaction. Those containing a basic
nitrogen - pyridine, and quinoline, for example - did not
interfere with the catalyst (3a0-aq). Decreased selectivity
was observed for large B-alkyl groups (3ar). Due to dimin-
ished reactivity, no sulfa-Michael addition occurred for cin-
namates even at room temperature. Benzyl mercaptan is
the best sulfur source for this reaction. Aromatic substitu-
tion is well tolerated for the benzyl group (3da-ga).

Our previous studies using B-aryl-B-trifluoromethylni-
troolefins showed that the electronic density of the B-aryl
group directly correlates to the ee of the product. We won-
dered whether we could affect the electronic density of the

B-carbon similarly by tuning the electronics of the aryloxy
group. We plotted the 13C NMR shift of the B-carbon against
the log (er) of the product (Figure 1). Interestingly, for -
carbons with 3C NMR ranging from 8 = 146.80-148.87
ppm, the selectivity of the sulfa-Michael reaction steadily
increased and plateaued (Table 2). These data clearly show
that more reactive substrates give higher ee, which is in
sharp contrast to nitroolefins. Linear free-energy relation-
ship (LFER) study using substrates in Table 2 revealed a sim-
ilar correlation between Hammett ¢ and ¢* values of R and
the ee of the product.” Although we cannot provide an un-
ambiguous answer for this behavior, a weak interaction be-
tween the catalyst and the conjugate system of the Michael
acceptor might be operative.

Amides were examined as well. Although simple alkyl
amides did not react with thiols under the standard reac-
tion conditions, more reactive imides were good substrates.
Both pyrrolidinone- and oxazolidinone-derived imides
were good substrates for asymmetric sulfa-Michael reac-

Figure 1
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tion with benzyl mercaptan. For the reaction using 4a, 89%
yield and 87% ee were obtained. Slightly lower ee was ob-
tained for substrate 4b. Again, more reactive substrate af-
forded higher enantioselectivity (Scheme 3).

We propose the following transition state that explains
the observed absolute stereochemistry (Scheme 4). Up on
hydrogen bonding to the NHC catalyst, the thiol is pushed
above the flat NHC heterocycle due to severe crowding in
the lower space. The Michael acceptor approaches from the
top, with the large aryl ester oriented away from the bulky
mesyl group. The a-carbon of the ester is in close proximity
to the thiol hydrogen for intramolecular proton transfer.4b<
The newly formed chiral center was determined to be S

Table 1 Optimization of Conditions?

SBn O

/\)]\ NHC precursor 4 (10 mol%) /\)]\
+
BnSH N - oPh

OPh | iHMDS (10 mol%), 4 A MS, 78 °C
1a 2a 3aa

4a: R = 2,4,6-Me3CgH>

e CO > OO

4b: R = 2,6-Et,CgH3

4d: R = C¢Fs NVE‘) ?
te g leracn ARt
Entry NHC precursor4  Solvent Yield (%)° ee (%)°
1 4a toluene 96 67
2 4b toluene 78 65
3 4c toluene <5 ~d
4 4d toluene <5 -d
5 de toluene <5 -d
6 af toluene 56 -20
7 4g toluene 84 -36
8 4h toluene 63 -4
9 4i toluene 92 -1
10 4a CH,Cl, 42 54
11 4a MeCN 65 23
12 4a THF 50 42
13 4a Et,0 48 72

? Reaction conditions: 1a (0.2 mmol), 2¢ (0.1 mmol), NHC precursor (10
mol%), LIHMDS (10 mol%), 4 A MS (100 mg), solvent (1.2 mL), =78 °C, 36 h.
b Isolated yield.

¢ Determined by chiral HPLC.

9 Not determined.
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Scheme 3 Asymmetric sulfa-Michael addition reactions of imides
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Table 2 Correlation of Electron Density of the B-Carbon with the Se-

lectivity
$Bn O /@/

4a 10 mol%)
/\)]\ LIHMDS (10 mol%)
BnSH +

4AMS toluene, 78 °C

Entry R 13C NMR 6 of the B-carbon er log (er)
(ppm)
1 2k OMe 146.80 78:22 0.550
2 2aH 147.04 85.5:14.5 0.771
3 2eF 147.36 84:16 0.720
4 2fCl 147.62 86.5:13.5 0.807
5 2h Br 147.65 87.5:12.5 0.841
6 2d CO,Et 147.83 86:14 0.792
7 2b CF, 148.10 89.5:10.5 0.931
8 2cNO, 148.87 88.5:11.5 0.886
AFOZC
H 4
R2
/®l Me
pa
0 N&—N
Me
Qe
SR' O

/EQ)J\
R2 OAr

Scheme 4 Proposed transition state

configuration by comparing to literature reported optical
rotation values.%>4

In summary, the recently unlocked noncovalent cataly-
sis mode for chiral NHC was investigated in asymmetric sul-
fa-Michael addition reactions using less reactive o,B-unsat-
urated esters and amides.® B-Benzylthio esters were syn-
thesized in good yield and moderate to good
enantioselectivity. In contrast to nitroolefins, more reactive
ester/amide substrates yielded higher selectivity and no ex-
ternal proton shuttle is required for catalyst turnover. We
expect NHC will be more intensively studied as a powerful
noncovalent organocatalysts in the near future.
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