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Highly enantioselective sulfa-Michael addition
reactions using N-heterocyclic carbene as a non-
covalent organocatalystT

Jiean Chen,i Sixuan Meng,i Leming Wang, Hongmei Tang and Yong Huang*

We report the first asymmetric sulfa-Michael addition (SMA) reactions using a chiral N-heterocyclic carbene
(NHC) as a non-covalent organocatalyst. We demonstrate that a triazolium salt derived NHC functions as an
excellent Brgnsted base to promote enantioselective carbon—sulfur bond formation. The reaction is
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applicable to a wide range of thiols and electrophilic olefins. Notably, quaternary chiral centers bearing

both an S atom and a CFs group were synthesized with excellent asymmetric control. Mechanistic

DOI: 10.1039/c55c00878f

www.rsc.org/chemicalscience

Introduction

Chiral NHCs are arguably the most effective nucleophilic
organocatalysts for asymmetric synthesis." Since the seminal
proposal of the Breslow intermediate in the thiamine bio-
catalysis machinery,> chiral NHCs have been extended to
numerous enantioselective processes via Lewis base catalysis.
Typically, substrate activation for these reactions is accom-
plished through a reversible carbon-carbon bond formation
between the NHC catalyst and a carbonyl group, e.g. aldehyde,
acyl halide/anhydride, ketene, activated ester, etc.>* This rapid
equilibrium generates a chiral intermediate that can react with
a wide spectrum of nucleophiles, electrophiles or dipolar-
ophiles to form carbon-carbon and carbon-heteroatom bonds
enantioselectively. In sharp contrast, asymmetric catalysis via
non-covalent interactions is little known for NHCs, despite their
strong intrinsic Brensted basicity. There are ample racemic
examples where NHCs might serve as a non-covalent Brgnsted
base catalyst.* However, attempts to affect facial differentiation
have been largely unsuccessful.*** Recently, we reported the
first enantioselective carbon-carbon forming reaction using
NHCs as non-covalent organocatalysts (Scheme 1).° However,
asymmetric carbon-heteroatom bond formation remains
elusive.

The asymmetric hetero-Michael reaction is an indispensable
method for the synthesis of 1,2-difunctionalized two-carbon
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studies suggest that the facial discrimination is likely to be guided by non-covalent interactions:
hydrogen bonding and m—m stacking.

units that are privileged motifs in natural products and drug
molecules.® HOMO raising Brgnsted base catalysis offers a very
attractive strategy for 1,4-addition reactions of acidic hetero-
atom nucleophiles. So far, such activation has been predomi-
nantly limited to tertiary amines.®>**%7 A distinct class of non-
covalent catalysts, NHCs for example, would offer complemen-
tary reaction scopes and significantly broaden the capabilities
of this general activation mode.

The asymmetric sulfa-Michael addition (SMA) reaction is
among the most prevalent strategies to access sulfur containing
chiral centers.® SMA reactions have been extensively studied
using either metal or amine catalysts.” However, the substrate
scope for these reactions is often very narrow, limited to special
thiols and electron-deficient olefins. Reactions involving
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Scheme 1 NHCs as non-covalent chiral catalysts for asymmetric
reactions.
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B,B-disubstituted olefins are particularly challenging. So far,
NHCs have not been successfully used as chiral Brensted base
catalysts for SMA reactions.' Herein, we extend the generic non-
covalent activation of NHCs to asymmetric SMA reactions. A
wide range of sulfur containing 1,2-difunctionalized ethylene
synthons can be prepared with excellent optical purity. Impor-
tantly, the NHC acts as a unique non-covalent glue to link both
reaction partners in a highly facial discriminating manner.

Result and discussion

We are particularly interested in the synthesis of quaternary
chiral centers containing two bio-friendly functional groups:
CF; and sulfur. Access to such chirality remains a considerable
challenge.”™ We initiated our investigation using 2-phenyl-
ethanethiol 1a and (E)-1-phenyl-1-trifluoromethyl-2-nitroethene
2a. Although asymmetric SMA reactions involving nitroolefins
are well documented,’> the use of B-CF;-B-disubstituted
substrates, such as 2a, has not been successful. A recent paper
reported up to 16% ee for the addition of thiophenols to B-CF,-
B-phenyl nitroolefins using a tertiary amine/thiourea catalyst.*?
SMA reactions are often reversible under strong base catalysis.
Hexafluoroisopropanol (HFIP) was chosen to facilitate facile
protonation of the primary adduct anion. Gratifyingly, we found
that chiral triazolium salts were excellent NHC precatalysts for
this transformation.” The desired SMA product was obtained in
high yield and excellent enantioselectivity. 4 A molecular sieves
were found to have a small beneficial effect on the selectivity
and toluene appeared to be the most selective media for this
C-S bond formation reaction.

With the optimized reaction conditions in hand, we sought
to systematically examine the scopes of thiols and B-substitu-
ents of nitroolefins (Table 1). Simple aliphatic mercaptans were
particularly effective. High yields and ee were observed for both
primary and secondary thiols (products 3aa-3ia). Sterically
demanding tertiary mercaptans were not tolerated. When more
acidic benzyl mercaptans and thiophenol were used, the ee of
the product decreased slightly (products 3ka-30a). Crossover
experiments were carried out and the C-S bond formation was
not reversible under the reaction conditions.

An interesting electronic effect of the B-aryl substituent was
noticed. The enantioselectivity of the reaction was sensitive to
the electron density of the B-aryl group. Aryls bearing an elec-
tron-donating group afforded particularly high ee. For example,
electron-rich B-p-methoxyphenyl nitroolefin afforded higher ee
(96%, 3ad) than the electron-poor p-CF; phenyl analogue (86%,
3ae). This selectivity discrepancy suggests a possible weak -7
stacking between the B-aryl and the catalyst (vide infra).

The role of the B-CF; substituent was also investigated.
When this group was removed, the reaction proceeded in high
yield and poor ee (Table 1, 5ak). Both the reactivity and selec-
tivity were attenuated when the CF; was replaced by a methyl
group. The corresponding product was obtained in 22% yield
with 16% ee (5al). Notably, when this methyl group was changed
to CF,H, both the reactivity and selectivity were restored (5am).
This interesting fluorine effect might be a result of hydrogen
bonding or enhanced lipophilic interactions.
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Table 1 The scope of the SMA reaction involving B-CFs-B-aryl
nitroalkenes®

cat* (10 mol%)

F3C, LiHMDS (10 mol%) FiCo R?

SH + - - .
1 — NO.
R R2  NO, HFIP (20 mol%), 4A MS R*S>\/ 2
toluene, -40°C
1 2 3
FaC Ph FiC Ph FiC_ Ph FaC Ph FaC Ph
S A SN0, A~ S NO; CsHH/\S>‘\/NOZ CMASX/NOZ
3aa, 98% (92% ee)  3ba, 98% (90% ee)  3ca, 92% (99% ce)  3da, 98% (90% ee)  3ea, 97% (98% ee)
FsC Ph 1FsC_ Ph FiC,_ Ph |F3C_ Ph |FsC_ Ph
wﬂs)\/woz QS)\/NOZ SN0, LU N ONo, S no,

3fa, 96% (92% ee) 3ga,’ 90% (92% ee)  3ha 89% (96% ee)  3ia, 80% (88% ee) 3ja,NR. ()

FsC_ Ph
FsC_ Ph
A\ M _No,
s g N N0
/0
3ka, 95% (80% ee)

Cl

_NO, _NO
oIS 2 s 2
3cb, 91% (92% ee)

;
e O

FoC_ Ph FoC_ Ph FiC_ Ph

ASX/NO7 ;»To\/\s)\/'\“)2 4—C]rPh/\S>\\/ NO,

3la, 93% (85% ee)  3ma, 95% (92% ee)

3-F-Ph

3na, 96% (85% ee)  30a, 96% (84% ee)
Me OMe CFs ci

FsC @ FoC @ F4C., @
LA UNo, [ ~ X N0, o~ X _No,

3hc,1 85% (91% ee) 3hd,!) 86% (96% ee) 3ab, 95% (88% ee)

Me OMe ©
BHAS>\/NOZ BHAS>\/N02 Bn/\s>\/N02 EHAS>\/NO2 BHAS>\/NOZ

3af, 94% (91% ee)  3ac, 98% (92% ee)  3ad, 95% (96% ee)

’ sﬁ
FsC, FiC_ =
e N0 A NO,

3ai, 98% (94% ee)

3ae, 95% (86% ee)

3ag, 96% (92% ee) 3ah, 95% (86% ee)

Zn, TMSCI
FiC_ Ph EtéH 700(': F3C_ Ph
s NG = X NH,
3aa /
3aj, 98% (80% ee) //

H_ Ph Me_ Ph HF,C_ Ph ok 7 v
{_NO. &L — .
s N0z g A N0, g g PN, 4 TN

5ak, 98% (10% ee) 5al, 22% (16% ee) 5am, 95% (90% ee)

¢ Conditions: 1 (0.3 mmol), 2 (0.1 mmol), precatalyst (10 mol%), HFIP
(20 mol%), and 4 A MS (100 mg) in toluene (1.2 mL) at —40 °C for 6 h
under an Ar atmosphere (balloon), unless otherwise noted. Isolated
yield. ee was determined by chiral HPLC. ® The reaction time was 12 h.

Compared to nitroolefins, enones are noticeably less
common thiol acceptors. So far, there is only one report on an
enantioselective SMA reaction involving B-CF,-B-disubstituted
enones, in which a special class of thiols, mercaptoaldehydes,
were used as the sulfur source.”* Reactions using simple thiols
remained unknown. To our delight, the NHC catalyzed SMA
reaction could be extended to B-CF;-B-aryl enones using benzyl
mercaptans. Interestingly, HFIP had a stronger impact on the
reactions of enones than olefins. In the absence of this catalytic
proton shuttle, the reaction was very slow at —40 °C (43% yield,
12 h) and the product was nearly racemic (10% ee). Upon
addition of a catalytic amount of HFIP (20 mol%), the reaction
proceeded smoothly, even at —78 °C.

A broad scope of B-aryl groups were well tolerated (Table 2).
Benzyl mercaptans showed the highest reactivity and selectivity.
Aliphatic benzeneethanethiol reacted with B-CF;-B-anisolyl
vinyl ketone in 84% yield and 87% ee (product 6ae). The reac-
tion did not proceed for sterically demanding alkyl mercaptans.
Interestingly, the stereochemical properties of the ketone
moiety had a strong influence on the selectivity. Small alkyl
ketones afforded the highest conversion and ee. When a ¢-Bu
ketone (vs. methyl ketone) was used, very little product was
obtained. The reactivity of the enone was restored when a
phenyl ketone was used. In this case, due to the lowered pK, of

Chem. Sci,, 2015, 6, 4184-4189 | 4185
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Table 2 The substrate scope for B-CFs-B-aryl enones®

Me

Ar O cat* (10 mol%) o —l\{

LiHMDS (10 mol%) Fsc Rz “N. _N
H
R1S )\/U\ g —MM M \7@) M
F3C R R1 e
HFIP (20 mol%), 4A MS o
toluene, -78°C BF, Me
1 5

OMe

FsC, @
/\S>>\
O

6le 90% (93% ee)

FsC_ Ph
P s FaC,

Cl
S
5 Ph s>>\ Ph
[0}

6la, 56% (90% ee)

el

s>j\
o

6lb, 83% (93% ee)  6lc, 80% (86% ee)

FaC, .O FaC, Q X

\s>‘j/\ phAs>j/\ Ph/\Sﬁ\
g o 07 ph

6lh, 99% (70% ee)

el
.

6ld, 56% (90% ee)

6ae, 84% (87% ee)  6ke, 99% (84% ee)  6If, 95% (83% ee)  6lg, 69% (88% ee)

FsC_ Ph

P, S>\/COMe

6la, 56% (90% ee)

HF,C_ Ph

PhAS)\/COMe PhAS)\/COMe

6li, 91% (71% ee) 6lj, N.R.

¢ Conditions: 1 (0.3 mmol), 5 (0.1 mmol), precatalyst (10 mol%), HFIP
(20 mol%), and 4 A MS (100 mg) in toluene (1.2 mL) at —78 °C for 48
h under an Ar atmosphere (balloon), unless otherwise noted. Isolated
yield. ee was determined by chiral HPLC.

the product, the proton shuttling was not efficient, and
decreased selectivity was observed (product 6lh).

Similar to nitroolefins, the B-CF; group was essential to
maintain the ee for B,B-disubstituted enones. When the CF;
group was replaced by CF,H, the ee of the product decreased to
71% (Table 2, 6li). A fluorine-free substrate did not react under
the standard reaction conditions. It seemed that a delicate
stereoelectronic balance at the B-carbon was required for enone
substrates. The CF; group not only enhances the reactivity of
the enone through an inductive effect, but also provides steric
bulk for facial differentiation.

Currently, reports on enantioselective SMA reactions
involving enones have a very narrow scope. In most cases, only
chalcones or cyclic enones gave good levels of enantioselecti-
vity.*#* There is only one example involving simple alkyl enones
in a single report using an Fe(u)-Salen Lewis acid catalyst.* In
order to expand the non-covalent NHC catalysis to general
enone substrates, we decided to investigate an SMA reaction
using (E)-pent-3-en-2-one 7a.

Under the standard reaction conditions for B-CF;-B-aryl
enones, no reaction occurred between 7a and benzyl
mercaptan. A small amount of the SMA adduct was observed
when the reaction temperature was raised to —40 °C. The ee for
this product was merely 26%. Interestingly, a higher ee (54%)
was observed when both the proton shuttle (HFIP) and molec-
ular sieves were removed from the reaction. Control experi-
ments showed that HFIP in fact had a deteriorating effect on
both conversion and yield, a sharp contrast to nitroolefins and
disubstituted enones. To our surprising delight, both high yield
and ee were reestablished using 4 A MS as an additive alone.
The corresponding B-thioketone was formed in 92% yield and
85% ee at —78 °C. The reaction was largely affected by the

4186 | Chem. Sci., 2015, 6, 4184-4189
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inorganic base used to generate the free NHC catalyst. Only the
lithium salt gave good levels of enantioselectivity. The reaction
using NaHMDS yielded 20% ee. These combined results suggest
that the SMA adduct anion for simple enones is basic enough to
turn over the NHC catalyst in the absence of an external proton
shuttle. In the case of HFIP, this strong solvating additive might
have disrupted the delicate hydrogen bonded networks in the
transition state. Other chiral triazolium salts were examined
and Bode's scaffold afforded the best selectivity.

With the optimized conditions for simple enones in hand,
we determined the reaction generality for both enones and
thiols (Table 3). A high degree of asymmetric control was
observed for benzyl mercaptans. Substituted benzyl and furfuryl
mercaptans gave a decent to good ee. Simple aliphatic thiols
reacted faster, but with lower selectivity. Various R* groups were
well tolerated at the B-position of the enone. In particular,
sterically demanding R* groups led to excellent ee. Both alkyl
and aryl groups were suitable R® groups for the enone. A modest
electronic effect was observed for aryls. Substrates containing
an electron-rich aryl group gave a higher ee than their electron-
poor counterparts. We propose that -7 stacking between the
NHC and the enone might be responsible for this selectivity
discrepancy.

Intrigued by the electronic effect of the Michael acceptors on
enantioselectivity, we investigated the linear free-energy rela-
tionship (LFER) between para-substituents and the enantio-
meric ratios of their corresponding products (Scheme 2).** A
LFER was obtained for nitroolefins by plotting log(er) vs.
Hammett ¢ para values, with p = —0.6 (R> = 0.799). The negative
slope indicates a positive charge buildup or negative charge
diminishment during the transition state. Additionally, a
Hammett plot was constructed by plotting log(er) vs. ¢" values
with p = —0.4 (R*> = 0.910). The better fit obtained with ¢* than
with ¢ indicates a significant resonance contribution from
electron donating groups.******¢ This result suggests a weak

Table 3 The substrate scope for simple enones”

IS cat* (10 mol%)

LiHMDS (10 mol%)
R1SH + Rz/\)J\Rg _—

HFIP (20 mol%), 4A Ms R

toluene, -78°C

1 7
ISURisS el YesSWerel
8la, 92% (85% ee)  8ka, 91% (81% ee) 8ma, 97% (78% ee) 8na, 99% (90% ee) 8pa, 95% (89% ee)
?Bn o SBn O SBn O §Bn [e] - ?Bn o

O. : 5 2 AN AN
W o Ph i [

AN

Z e
8lb, 96% (89% ee)  Blc, 99% (83% ee)  8Id, 90% (84% ee) Ble, 95% (82% ee)  8If, 99% (88% ee)

SBn O SBn O
5 X /\)k X
\ L
N L
8lh, 90% (91% ee)

SBn O $Bn O
SBn O

8lg, 89% (92% ee) 8li, 9% (94% ee)  8lj, 99% (91% ee) 81k, 99% (87% ee)

¢ Conditions: 1 (0.3 mmol), 5 (0.1 mmol), precatalyst (10 mol%), HFIP
(20 mol%), and 4 A MS (100 mg) in toluene (1.2 mL) at —78 °C for 48
h under an Ar atmosphere (balloon), unless otherwise noted. Isolated
yield. ee was determined by chiral HPLC.

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 LFER between substrate electronics and enantioselectivity

7- stacking between the nitroolefin and the NHC heterocycle.
This non-covalent interaction might bring together an
intriguing sandwich-like structure for the thiol-NHC-olefin
“complex”. Within this trimeric microstructure, one prochiral
face of the double bond is in close proximity to the thiol for
facile “intramolecular” C-S bond formation. A similar elec-
tronic effect was also observed for enones. The more electron-
rich alkenes resulted in higher enantioselectivity by offering a
stronger -1 stacking for the transition state leading to the
major enantiomer.

Based on the aforementioned data, a simplified model for
the asymmetric induction is proposed (Scheme 3). The NHC
catalyst acts as a chiral Brgnsted base and activates the acidic
mercaptan by forming a hydrogen bonded complex. The double
bond of the thiol acceptor forms a - stacking interaction with
the catalyst. The large CF; group points away from the bulky aryl
group of the catalyst. This thiol-NHC-olefin 3D alignment
orients the Si-face of the Michael acceptor in close proximity to
the hydrogen bonded thiol for an “intramolecular” delivery.
This model predicts the chiral center of the product as having
an R configuration for nitroolefins, in agreement with the X-ray
data. HFIP might serve as a proton shuttle to facilitate proton
transfer from the thiol to the primary Michael adduct
anion. The function of the NHC and HFIP resembles a
protein-ligand interaction that creates a highly sophisticated

B,p-disubstituted substrates simple enones
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Scheme 3 Proposed model for asymmetric induction.
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microenvironment for both substrate activation and asym-
metric recognition. An analogous analysis can be applied to
B,B-disubstituted enones. For simple enones, the bulky R”
group is positioned away from the large aryl group of the NHC.
In this case, direct proton transfer from the thiol to the product
is more likely, due to the strong basicity of the ketone enolate.
The absolute stereochemistry of the products from enones were
determined by comparing the signs of optical rotation data to
that of literature known compounds.®#%'%

Conclusions

In summary, we have developed a general enantioselective SMA
reaction of mercaptans with various electron deficient alkenes
using chiral NHCs a new class of non-covalent organocatalysts.
This method is not only effective for synthesizing CF; and S
containing quaternary chiral centers, but is also applicable to
simple enone substrates. Mechanistic studies suggested that
the NHC might serve as a dual functional catalyst through non-
covalent interactions: hydrogen bonding and m— stacking. We
expect that the use of NHCs as a new class of non-covalent
organocatalysts will find broad application in asymmetric
carbon-heteroatom bond formation reactions.

Acknowledgements

This work is financially supported by the National Natural
Science Foundation of China (21372013) and the Shenzhen
Peacock Program (KQTD201103). Y. H. thanks the MOE for the
Program for New Century Excellent Talents in University.

Notes and references

1 For comprehensive overviews on NHC-catalyzed reactions,
see: (@) D. Enders, O. Niemeier and A. Henseler, Chem.
Rev., 2007, 107, 5606; (b) V. Nair, R. S. Menon, A. T. Biju,
C. R. Sinu, R. R. Paul, A. Jose and V. Sreekumar, Chem. Soc.
Rev., 2011, 40, 5336; (¢) X. Bugaut and F. Glorius, Chem.
Soc. Rev., 2012, 41, 3511; (d) A. Grossmann and D. Enders,
Angew. Chem., Int. Ed., 2012, 51, 314; (e) J. Izquierdo,
G. E. Hutson, D. T. Cohen and K. A. Scheidt, Angew. Chem.,
Int. Ed., 2012, 51, 11686; (f) H. U. Vora, P. Wheeler and
T. Rovis, Adv. Synth. Catal., 2012, 354, 1617; (g) S. De
Sarkar, A. Biswas, R. C. Samanta and A. Studer, Chem.-Eur.
J, 2013, 19, 4664; (h) S. ]J. Ryan, L. Candish and
D. W. Lupton, Chem. Soc. Rev., 2013, 42, 4906.

2 R. Breslow, J. Am. Chem. Soc., 1958, 80, 3719.

3 For mechanism studies on aldehyde substates, see: (a)
R. Kluger and K. Tittmann, Chem. Rev., 2008, 108, 1797.
For the activation of acyl halides, see selected examples: (b)
S. J. Ryan, L. Candish and D. W. Lupton, J. Am. Chem. Soc.,
2011, 133, 4694; (¢) S. J. Ryan, A. Stasch, M. N. Paddon-Row
and D. W. Lupton, J. Org. Chem., 2012, 77, 1113; (d)
L. Candish and D. W. Lupton, J. Am. Chem. Soc., 2013, 135,
58. For the activation of anhydrides, see: (e) X. Sun, S. Ye
and J. Wu, Eur. J. Org. Chem., 2006, 4787. For the activation
of ketenes, see selected examples: (f) Y.-R. Zhang, L. He,

Chem. Sci,, 2015, 6, 4184-4189 | 4187


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc00878f

Open Access Article. Published on 23 April 2015. Downloaded on 1/21/2026 1:59:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

S

[e) B9 ]

~

[e]

el

X. Wu, P.-L. Shao and S. Ye, Org. Lett., 2008, 10, 277; (g)
X.-L. Huang, L. He, P.-L. Shao and S. Ye, Angew. Chem., Int.
Ed., 2009, 48, 192; (k) H.-M. Zhang, Z.-H. Gao and S. Ye,
Org. Lett., 2014, 16, 3079. For the activation of esters, see
selected examples: (i) L. Hao, Y. Du, H. Lv, X. Chen,
H. Jiang, Y. Shao and Y. R. Chi, Org. Lett., 2012, 14, 2154;
() Z. Fu, J. Xu, T. Zhu, W. W. Y. Leong and Y. R. Chi, Nat.
Chem., 2013, 5, 835; (k) P. Chauhan and D. Enders, Angew.
Chem., Int. Ed., 2014, 53, 1485.

(@) E. F. Connor, G. W. Nyce, M. Myers, A. Mock and
J. L. Hedrick, J. Am. Chem. Soc., 2002, 124, 914; (b)
G. W. Nyce, J. A. Lamboy, E. F. Connor, R. M. Waymouth
and J. L. Hedrick, Org. Lett., 2002, 4, 3587; (¢) G. A. Grasa,
R. M. Kissling and S. P. Nolan, Org. Lett., 2002, 4, 3583; (d)
M. Movassaghi and M. A. Schmidt, Org. Lett., 2005, 7, 2453;
(e) T. Kano, K. Sasaki and K. Maruoka, Org. Lett., 2005, 7,
1347; (f) Q. Kang and Y. Zhang, Org. Biomol. Chem., 2011,
9, 6715; (g) S. Matsuoka, S. Namera and M. Suzuki, Polym.
Chem., 2015, 6, 294. For unsuccessful attempts using chiral
NHCs as chiral non-covalent catalysts, see: (k)
E. M. Phillips, M. Riedrich and K. A. Scheidt, J. Am. Chem.
Soc., 2010, 132, 13179; (i) T. Boddaert, Y. Coquerel and
J. Rodriguez, Chem.-Eur. J., 2011, 17, 2266.

J. Chen and Y. Huang, Nat. Commun., 2014, 5, 3437.

For comprehensive reviews on the aza-Michael reaction, see:
(@) D. Enders, C. Wang and J. X. Liebich, Chem.-Eur. J., 2009,
15, 11058; (b) M. Sanchez-Roselld, J. L. Acefia, A. Simon-
Fuentes and C. del Pozo, Chem. Soc. Rev., 2014, 43, 7430.
For selected reviews on the oxa-Michael reaction, see: (¢)
C. F. Nising and S. Brése, Chem. Soc. Rev., 2008, 37, 1218;
(d) C. F. Nising and S. Brise, Chem. Soc. Rev., 2012, 41, 988;
(e) D. Enders, A. Saint-Dizier, M.-I. Lannou and A. Lenzen,
Eur. J. Org. Chem., 2006, 29; (f) J. Vicario, D. Badia and
L. Carrillo, Synthesis, 2007, 2065.

For selected reviews of the asymmetric hetero-Michael
reaction based on tertiary amine catalysts, see: (a)
C. Palomo, M. Oiarbide and R. Lopez, Chem. Soc. Rev.,
2009, 38, 632; (b) J. Vicario, D. Badia and L. Carrillo,
Synthesis, 2007, 2065.

For comprehensive reviews on the sulfa-Michael reaction,
see: (a) D. Enders, K. Liittgen and A. Narine, Synthesis,
2007, 959; (b) P. Chauhan, S. Mahajan and D. Enders,
Chem. Rev., 2014, 114, 8807.

For selected examples on the asymmetric SMA reaction
mediated by metal catalysts, see: (@) K. Nishimura, M. Ono,
Y. Nagaoka and K. Tomioka, J. Am. Chem. Soc., 1997, 119,
12974; (b) E. Emori, T. Arai, H. Sasai and M. Shibasaki,
J. Am. Chem. Soc., 1998, 120, 4043; (c) E. Emori, T. Iida and
M. Shibasaki, J. Org. Chem., 1999, 64, 5318; (d)
S. Kanemasa, Y. Oderaotoshi and E. Wada, J. Am. Chem.
Soc., 1999, 121, 8675; (e) A. M. M. Abe, S. ]J. K. Sauerland
and A. M. P. Koskinen, J. Org. Chem., 2007, 72, 5411; (f)
Y. Hui, J. Jiang, W. Wang, W. Chen, Y. Cai, L. Lin, X. Liu
and X. Feng, Angew. Chem., Int. Ed., 2010, 49, 4290; (g)
J. D. White and S. Shaw, Chem. Sci., 2014, 5, 2200. For
selected examples on the asymmetric SMA reaction
mediated by organocatalysts, see: (k) M. Marigo, T. Schulte,

4188 | Chem. Sci., 2015, 6, 4184-4189

View Article Online

Edge Article

J. Franzén and K. A. Jorgensen, J. Am. Chem. Soc., 2005,
127, 15710; (i) S. Brandau, E. Maerten and K. A. Jergensen,
J. Am. Chem. Soc., 2006, 128, 14986; (j) L. Zu, ]J. Wang,
H. Li, H. Xie, W. Jiang and W. Wang, J. Am. Chem. Soc.,
2007, 129, 1036; (k) D. Leow, S. Lin, S. K. Chittimalla, X. Fu
and C. H. Tan, Angew. Chem., Int. Ed., 2008, 47, 5641; (I)
D. Enders and K. Hoffman, Eur. J. Org. Chem., 2009, 1665;
(m) Y. Liu, B. Sun, B. Wang, M. Wakem and L. Deng, J. Am.
Chem. Soc., 2009, 131, 418; (n) J. Sun and G. C. Fu, J. Am.
Chem. Soc., 2010, 132, 4568; (o) X.-F. Wang, Q.-L. Hua,
Y. Cheng, X.-L. An, Q.-Q. Yang, J.-R. Chen and W.-J. Xiao,
Angew. Chem., Int. Ed., 2010, 49, 8379; (p) L. Yao, K. Liu,
H.-Y. Tao, G.-F. Qiu, X. Zhou and C.]J. Wang, Chem.
Commun., 2013, 49, 6078; (g) W. Chen, Z. Jing, K. F. Chin,
B. Qiao, Y. Zhao, L. Yan, C.-H. Tan and Z. Jiang, Adv. Synth.
Catal., 2014, 356, 1292; (r) R. Wang, J. Liu and J. Xu, Adv.
Synth. Catal., 2015, 357, 159.

10 (a) M. Hans, L. Delaude, J. Rodriguez and Y. Coquerel, J. Org.

Chem., 2014, 79, 2758; (b) Y.-Z. Li, Y. Wang, G.-F. Du,
H.-Y. Zhang, H.-L. Yang and L. He, Asian J. Org. Chem.,
2015, 4, 327; (¢) Z. Jin, J. Xu, S. Yang, B. A. Song and
Y. R. Chi, Angew. Chem., Int. Ed., 2013, 52, 12354.

11 (@) Y. Su, J.-B. Ling, S. Zhang and P.-F. Xu, J. Org. Chem., 2013,

78, 11053; (b) F.-L. Liu, J.-R. Chen, B. Feng, X.-Q. Hu,
L.-H. Ye, L.-Q. Lu and W.-]. Xiao, Org. Biomol. Chem., 2014,
12, 1057.

12 (a) J. Wang, H. Xie, H. Li, L. Zu and W. Wang, Angew. Chem.,

Int. Ed., 2008, 47, 4177; (b) K. L. Kimmel, M. T. Robak and
J. A. Ellman, J. Am. Chem. Soc., 2009, 131, 8754; (c)
H.-H. Lu, F.-G. Zhang, X.-G. Meng, S.-W. Duan and
W.J. Xiao, Org. Lett., 2009, 11, 3946; (d) K. L. Kimmel,
M. T. Robak, S. Thomas, M. Lee and J. A. Ellman,
Tetrahedron, 2012, 68, 2704; (e) C. Palacio and
S. J. Connon, Chem. Commun., 2012, 48, 2849; (f)
D. Uraguchi, N. Kinoshita, D. Nakashima and T. Ooi,
Chem. Sci., 2012, 3, 3161; (g) W. Yang and D.-M. Du, Org.
Biomol. Chem., 2012, 10, 6876; (h) R. Kowalczyk,
A. E. Nowak and ]. Skarzewski, Tetrahedron: Asymmetry,
2013, 24, 505.

13 (@) Y.-J. Kim and A. Streitwieser, J. Am. Chem. Soc., 2002, 124,

5757; (b) T. L. Amyes, S. T. Diver, J. P. Richard, F. M. Rivas
and K. Toth, J. Am. Chem. Soc., 2004, 126, 4366; (c)
R. S. Massey, C. J. Collett, A. G. Lindsay, A. D. Smith and
A. C. O'Donoghue, J. Am. Chem. Soc., 2012, 134, 20421.

14 For selected examples on the asymmetric SMA reaction for

enones mediated by metal catalysts, see: (a) S. Bonollo,
D. Lanari, F. Pizzo and L. Vaccaro, Org. Lett., 2011, 13,
2150; (b) T. Kitanosono, M. Sakai, M. Ueno and
S. Kobayashi, Org. Biomol. Chem., 2012, 10, 7134. For
selected examples on the asymmetric SMA reaction for
enones mediated by organocatalysts, see: (c)
J. Z.-B. Skarzewski and M. Turowska-Tyrk, Tetrahedron:
Asymmetry, 2001, 12, 1923; (d) P. McDaid, Y. Chen and
L. Deng, Angew. Chem., Int. Ed., 2002, 41, 338; (e¢) H. Li,
L. Zu, J. Wang and W. Wang, Tetrahedron Lett., 2006, 47,
3145; (f) P. Suresh and K. Pitchumani, Tetrahedron:
Asymmetry, 2008, 19, 2037; (g) P. Ricci, A. Carlone,

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc00878f

Open Access Article. Published on 23 April 2015. Downloaded on 1/21/2026 1:59:57 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

15

G. Bartoli, M. Bosco, L. Sambri and P. Melchiorre, Adv. Synth.
Catal., 2008, 350, 49; (h) N. K. Rana, S. Selvakumar and
V. K. Singh, J. Org. Chem., 2010, 75, 2089; (i) L. Dai,
S.-X. Wang and F.-E. Chen, Adv. Synth. Catal., 2010, 352,
2137.

For tutorial reviews on the linear free-energy relationship
(LFER), see: (a) L. P. Hammett, J. Am. Chem. Soc., 1937, 59,
96; (b) C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991,
91, 165. For selected examples: (c) M. A. Weiss,
M. A. Markus, S. Biancalana, C. E. Dahl, H. T. Keutmann
and D. Hudson, J. Am. Chem. Soc., 1991, 113, 6704; (d)
M. Palucki, N. S. Finney, P. ]J. Pospisil, M. L. Giiler,
T. Ishida and E. N. Jacobsen, J. Am. Chem. Soc., 1998, 120,
948; (e) K. H. Jensen and M. S. Sigman, Angew. Chem., Int.
Ed., 2007, 46, 4748; (f) J. J. Miller and M. S. Sigman, Angew.
Chem., Int. Ed., 2008, 47, 771; (g) M. S. Sigman and
J. J. Miller, J. Org. Chem., 2009, 74, 7633; (h)
J. L. Gustafson, M. S. Sigman and S. J. Miller, Org. Lett.,
2010, 12, 2794; (i) K. H. Jensen and M. S. Sigman, J. Org.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Chemical Science

Chem., 2010, 75, 7194; (j) K. H. Jensen, J. D. Webb and
M. S. Sigman, J. Am. Chem. Soc., 2010, 132, 17471; (k)
K. C. Harper and M. S. Sigman, Science, 2011, 333, 1875; (I)
B. W. Michel, L. D. Steffens and M. S. Sigman, J. Am.
Chem. Soc., 2011, 133, 8317; (m) K. C. Harper, E. N. Bess
and M. S. Sigman, Nat. Chem., 2012, 4, 366; (n)
K. C. Harper and M. S. Sigman, J. Org. Chem., 2013, 78,
2813; (o) K. C. Harper, S. C. Vilardi and M. S. Sigman,
J. Am. Chem. Soc., 2013, 135, 2482; (p) T. S. Mei,
E. W. Werner, A. J. Burckle and M. S. Sigman, J. Am. Chem.
Soc., 2013, 135, 6830.

16 For comprehensive reviews, see: (a) H. C. Brown and

Y. Okamoto, J. Am. Chem. Soc., 1958, 80, 4979; (b)
T. M. Krygowski and B. T. Stepien, Chem. Rev., 2005, 105,
3482, TFor selected examples, see: (¢) E. N. Bess,
R. J. DeLuca, D. ]J. Tindall, M. S. Oderinde, J. L. Roizen,
J. Du Bois and M. S. Sigman, J. Am. Chem. Soc., 2014, 136,
5783.

Chem. Sci,, 2015, 6, 4184-4189 | 4189


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc00878f

	Highly enantioselective sulfa-Michael addition reactions using N-heterocyclic carbene as a non-covalent organocatalystElectronic supplementary...
	Highly enantioselective sulfa-Michael addition reactions using N-heterocyclic carbene as a non-covalent organocatalystElectronic supplementary...
	Highly enantioselective sulfa-Michael addition reactions using N-heterocyclic carbene as a non-covalent organocatalystElectronic supplementary...
	Highly enantioselective sulfa-Michael addition reactions using N-heterocyclic carbene as a non-covalent organocatalystElectronic supplementary...
	Highly enantioselective sulfa-Michael addition reactions using N-heterocyclic carbene as a non-covalent organocatalystElectronic supplementary...


