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a b s t r a c t

Highly enantioselective sulfa-Michael additions (SMA) between 2-alkenyl quinoxalines and aromatic thiols

are accomplished using a low loading of chiral phosphoric acid catalyst (1 mol%). It was confirmed by an

investigation of a lot of azaarenes that the two C=N units of quinoxalines are indispensable for controlling

the reaction enantioselectivities. A series of non-terminal 2-alkenes substituted with aryls or alkyls, even

other electro-withdrawing groups such as ketones, esters, or amides, selectively reacted and afforded the

desired SMA products (48 examples) in good regioselectivities with high yields (up to 99%) and good ee

values (up to 97%).

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrogen-containing heteroarenes are privileged units in phar-

maceutical molecules, advanced materials, chiral ligands, and nat-

ural products [1–9]. For example, quinoxalines are frequently in-

corporated in commercially available drugs such as chloroquinox-

aline sulfonamide and brimonidine. Meanwhile, they are also con-

tained in many biologically active compounds with antitumor ac-

tivity, anti-glaucoma activity, and anti-inflammatory activity [10–

15]. Therefore, significant efforts have been made in developing

methods for the functionalization of azaarenes and their deriva-

tives [16]. Among these useful methods, the direct exploitation of

azaarenes bearing embedded C=N imine units as the analogs of

weakened carbonyls to trigger the reaction, thus furnishing the

enantioselective functionalization of prochiral azaarenes, has be-

come an attractive method due to its potential advantages of us-

ing simple and readily accessible feedstocks and avoiding tedious

operations in the late-stage modifications of products.

For instance, there are a variety of catalytic asymmetric meth-

ods using 2-alkylazaarenes as pronucleophiles via an enamine

mechanism with respect to imine-containing azaarenes that fea-

ture an electron-withdrawing ability [17–20]. On the other hand,

alkenyls adjacent to electron-deficient aromatic azaarenes have

been extensively used as electrophiles in transition metal-catalyzed

asymmetric C-C [21–24], C-B [25], C-Si bond formations [26,27],

and organo-catalyzed asymmetric C-C [28], C-N [29,30], C-P [31],
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C-S bond formations [32]. In these elegant methods, the azaarene

fragment plays an important role in activating the adjacent alkenyl

to ensure the occurrence of the reactions. Moreover, one C=N unit

in the aryl ring is associated with the generating of the enantiose-

lectivity, while the other C=N unit seems needless to the reaction

(Scheme 1a).

Asymmetric sulfa-Michael additions (SMA) play an important

role in obtaining optically active thioethers, which are widely con-

tained in pharmaceutics [33–35]. During the past decades, many

elegant examples have been reported with electrophilic alkenyls

adjacent to all sorts of electron-withdrawing groups including ke-

tone [36–41], aldehyde [42–44], ester [45,46], amide [47,48] and

nitro groups [49–52]. The bi-functional chiral base was proven to

be the optimal catalyst for catalyzing these SMA reactions by de-

protonating the –SH with the chiral base (Scheme 1b). On the

other hand, Chiral phosphoric acid (CPA) has been widely used

in activating alkenyl via LUMO-lowering protonation of the ad-

jacent azaarenes. Therefore, N- and P-centered nucleophiles, and

C-centered radicals have been applied in these enantioselective

transformations, whereas the S-centered nucleophiles are seldom

seen. To the best of our knowledge, there is only one enantioselec-

tive SMA reaction with alkenyl benzimidazoles as electrophiles and

alkyl thiols as nucleophiles under bifunctional iminophosphorane

catalysis [32]. Here, we found an interesting CPA-catalyzed SMA

reaction, in which two C=N units are indispensable for controlling

both the regioselectivity and enantioselectivity (Scheme 1c).

Our investigation begins with aromatic thiol 2a as a nucleophile

and different alkenyl azaarenes 1 as electrophiles under the CPA
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Scheme 1. Proposal of the reaction.

Table 1

Optimization of the reaction conditions. a

Entry CPA Sol. Load (%) T (°C) Yield (%) ee (%)

1 C1 DCM 5 25 86 80

2 C2 DCM 5 25 65 9

3 C3 DCM 5 25 95 80

4 C4 DCM 5 25 60 41

5 C5 DCM 5 25 60 29

6 C6 DCM 5 25 91 82

7 C6 DCM 1 25 55 84

8 C6 DCM 0.5 25 50 80

9 C6 CHCl3 1 25 58 85

10 C6 PhMe 1 25 60 87

11b C6 PhMe 1 30 95 90

12b,c C6 PhMe 1 30 95 93

13b,c ,d C6 PhMe 1 30 95 95

a General procedural: 0.1mmol 1e, CPA catalyst were dissolved in 1mL solvent,

then 0.12mmol 2a was added, and the resulting mixture was allowed to react under

a nitrogen atmosphere for 24h. Then the reaction was directly purified via silica gel

columns and analyzed with HPLC with a chiral column.
b 0.2mmol 2a and 0.5mL toluene were used.
c 3 Å molecular sieves were added.
d Reaction stopped at 8h.

catalyst (Scheme 2). According to the results, most of the alkenyl

adjacent to different azaarenes such as quinoline, isoquinoline,

benzeimidazole, and benzethiazoles could afford the corresponding

products. However, negligible ee values were found in these prod-

ucts. In contrast, alkenyl adjacent to quinoxaline afforded product

7 in 86% yield and 80% ee.

Based on this interesting discovery, we continued to optimize

the reaction condition for obtaining chiral 7 (Table 1). Initially, a

series of CPA catalysts were screened which proved that (S)-C6 was

optimal for obtaining 7 in 91% yield and 82% ee (entries 1–6). Then

the catalyst loading was investigated, which demonstrated that the

reaction could catalyze with 1% catalyst with higher ee (entries 7

and 8). Next, the reaction solvent was screened and toluene was

optimal for both increasing the yield and ee (entries 9 and 10). Fi-

nally, the ratio of the substrates, the concentration, temperature,

additives, and reaction time were screened (Table S1 in Support-

ing information), which help us obtain the optimal reaction condi-

tions: 0.1mmol 1e, 0.2mmol 2a, 1 mol% (S)-C6, 40mg 3 Å molec-

ular sieves as additives in 0.5mL toluene at 30 °C under nitrogen

for 8h (entries 11–13). 7 could be obtained in 95% yield and 95%

ee (entry 13).

Under the optimal reaction condition, the scope of the reac-

tion was investigated (Scheme 3). The scopes of aromatic thi-

ols were broad including different substituents at p-, m-, and o-

positions (10–16). Meanwhile, high yields (85%−95%) and excel-

lent ee (94%−96%) were found with these substrates. Meanwhile,

2-naphthalenethiol with big steric hindrance was used as substrate

and the corresponding product 17 was obtained in 90% yield and

94% ee. Next, the alkenyls were investigated, which demonstrated

alkenyls adjacent to aryls with electron-donating groups (18–20),

halogens (21–23), and electron-withdrawing groups (24 and 25)

were compatible under the optimal condition. The corresponding

products were obtained in good yields (70%−95%) and high ee

(94%−96%). Meanwhile, alkenyl substituted with 2-naphthyl could

afford the desired product 26 in 90% yield and 93% ee. Moreover,

alkene with alkyl substituent was investigated, which revealed that

small alkyl substituents such as methyl could afford the desired

product 27 in 89% yield and 26% ee, while big substituents such

as tert–butyl afford the desired product 28 in 48% yield and 95%

ee. Meanwhile, cyclic alkyls such as cyclopropyl and cyclohexyl,

and long alkyl chains such as n-hexane, afforded the desired prod-

ucts 29–31 in good yields and ee values. Finally, the substituents of

quinoxaline were investigated. The results demonstrated that sub-

stituents on the phenyl ring (32–35) and substituents on the het-

ero ring (36 and 37) are compatible with the reactions. The desired

products were obtained in moderate to good yields (47%−99%) and

good ee values (84%−94%).

The above results indicated that quinoxaline was an efficient

activation structure for LUMO lowering activating the adjacent

alkenyl substituted with aryl or alkyl, for which the alkene was

analogous to α,β-unsaturated ketones. Therefore, we wondered

about the selectivity of the SMA reaction if the alkene was sub-

stituted with both quinoxaline and ketone. To our delight, the

SMA reaction selectively occurred at the β position of quinox-

aline and α position of carbonyl. This was both interesting and

meaningful due to the fact that there were no efficient methods

for obtaining the chiral α-tertiary sulfa ketones [53–57]. Therefore,

we decided to optimize the reaction conditions (Table S2 in Sup-

porting information). The desired product 38 could be obtained

in 95% yield and 86% ee (Scheme 4). Then the reaction scopes

of substrates were investigated and the results were displayed in

Scheme 4. Firstly, the aromatic thiols were evaluated, which indi-

cated that the phenyls with electron-donating groups afforded the

desired products in higher ee (39 and 40). Then the substituents

of aryl ketones were investigated. According to the results, phenyls

with different substituents (42–47), sterically hindered α-naphthyl

(48), thiophenyls (49 and 50), were compatible in delivering the

corresponding products in good yields (85%−95%) and ee values

(83%−92%). Then alkenes substituted with esters were evaluated,

and the reaction selectively occurred at the β position of quinox-

aline and α position of ester. The corresponding products 51–53

were obtained in good yields (87%−95%) and high ee (87%−96%).

Finally, alkenes substituted with amides were investigated as well

(54–56), and the reaction selectively occurred at the β position

of quinoxaline and α position of amides. Meanwhile, good yields

(80%−90%) and high ee values (87%−97%) were found in these sub-

strates.

Then some preliminary control experiments were done so as to

probe the plausible reaction mechanism (Scheme 5). Firstly, the cis-
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Scheme 2. Initial investigation of the reaction.

Scheme 3. Investigation of the reaction scope with one electron-withdrawing

group. Reaction conditions: 0.1mmol 1, (S)-C6 (1 mol%) were dissolved in 0.5mL

toluene, then 0.2mmol 2 and 40mg 3 Å MS were added, and the resulting mixture

was allowed to react under a nitrogen atmosphere at 30 °C for 8h. Then the re-

action was directly purified via silica gel columns and analyzed with HPLC with a

chiral column.

Scheme 4. Investigation of the reaction scope with two electron-withdrawing

groups. Reaction conditions: 0.1mmol 1, (S)-C1 (5 mol%) were dissolved in 1mL

mix-solvent (fluorobenzene/n-hexane, 1:3), then 0.2mmol 2 and 40mg 3 Å MS were

added, and the resulting mixture was allowed to react under a nitrogen atmosphere

at 30 °C for 1h. Then the reaction was directly purified via silica gel columns and

analyzed with HPLC with a chiral column.

isomer of 1p’ was investigated under the standard reaction condi-

tion, which revealed that the opposite isomer (S)−56 was obtained

in 90% yield and 18% ee (Scheme 5a). This indicated that the re-

activity of the olefin was not affected while the enantioselectivity

was completely changed. Next, alkyl thiol was used as a substrate,

while the desired product was not obtained which demonstrated

that the C=N base was not sufficient to deprotonate the alkyl S-

H (Scheme 5b). Meanwhile, alkene with quinoxaline and pyridine

was used as substrate, and the desired product 57 was obtained
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Scheme 5. Investigation of the reaction mechanism.

as racemic, which might be ascribed to the formation of pyridine

salts rather than quinoxaline salts because of the stronger alka-

linity of pyridine (Scheme 5c). Next, a series of alkenes tethered

with different azaarenes with two C=N units such as quinazoline,

1,8-naphthyridine, and 2-quinoxalinone, were investigated under

the standard reaction conditions. The corresponding products (58–

61) were obtained in moderate to high yields (45%−91%). Interest-

ingly, low to moderate enantioselectivity was found in these sub-

strates. This indicated that two C=N units were indispensable for

controlling the reaction enantioselectivity. Meanwhile, the position

of the C=N unit and the alkene was also important for the reac-

tion stereoselectivity. Only the two C=N units located such as the

quinoxaline could afford the product in higher enantioselectivity

(61). On the hand, the electrophilic alkenyls adjacent to electron-

withdrawing groups including ketone, aldehyde, ester, amide, and

nitro groups were also studied under the standard conditions. We

found the electrophilic alkenyls adjacent to amide 62 and ester

63 were not obtained under standard conditions. However, elec-

trophilic alkenyls adjacent to aldehyde and nitro reacted under

standard conditions and afforded the corresponding products 65

and 66 in pleasant yield and no ee. Interestingly, the electrophilic

alkenyls adjacent to ketone reacted under standard conditions and

Scheme 6. Application of the reaction.

afforded 64 with 63% yield and 73% ee. Furthermore, a linear rela-

tionship between the enantiopurity of the catalyst and product was

found, which could suggest the involvement of one molecule of

chiral phosphate in the enantioselective SMA reaction step. Based

on the above results and previous work [30], we proposed a plau-

sible reaction mechanism. Chiral ion pair (TS1) is formed from CPA

and the N-4 of quinoxaline, and the aryl thiol is fastened by the

N-1 of quinoxaline so as to form a six-ring transition state in the

SMA reaction step. The aryl thiol adds to alkene from Si-face due

to the steric hindrance of the 3,3′ substituent of C6 to afford the

plausible intermediate Int I, which transforms to the desired prod-

uct via re-aromatization.

Next, we turned our attention to the application of the method.

Firstly, the reaction could easily run on a gram scale for the prepa-

ration of the desired product in high efficiency with low cata-

lyst loading (Scheme 6a). Then the transformations of the obtained

products were investigated (Scheme 6b). The ketone could be con-

verted to tertiary and secondary alcohol (67 and 68) via Grig-

nard or a reducing reagent. The desired products were obtained

in moderate to good yields (50%−85%), good ee (94%), and good

dr (>10:1). Meanwhile, the reduction of the quinoxaline ring was

investigated. The desired product 69 could be obtained in 90%

yield and 98% ee. To our delight, the lactam 70 could be obtained

when 53 was used as substrate. The reaction may proceed via in-

tramolecular amine ester exchange.

In summary, we have developed an interesting sulfa-Michael re-

action that effectively proceeded under the low loading of the CPA

catalyst. A series of azaarenes substituted non-terminal alkenes

were investigated, which demonstrated that quinoxaline with two

nitrogen atoms was a unique structure motif, for that only 2-

alkenyl quinoxaline could afford the desired product in good

enantioselectivity. Moreover, for non-terminal alkenes with both

quinoxaline and other electro-withdrawing groups such as ketones,

esters, or amides, the desired SMA reaction selectively occurred

at the β-position of the quinoxaline. The reaction scope was very

broad which allowed for the preparation of 48 new products in

good yields (55%−99%) and ee (83%−97%). Meanwhile, the reaction

could enlarge to a gram scale and allow for the transformation of

other related compounds in high efficiency.
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