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Abstract: Bifunctional chiral organocatalysts comprising thiourea
and tertiary amine groups were synthesized. They act as efficient
catalysts for asymmetric Michael addition of arylthiols to a,3-un-
saturated carbonyl compounds. Enantioselectivity up to 85% has
been achieved. Asymmetric a-protonation reaction (up to 60% ee)
can be obtained in the presence of the bifunctional catalyst.

Key words: bifunctional organocatalyst, thiourea, hydrogen bond-
ing, asymmetric Michael addition, asymmetric protonation

Hydrogen bonding as a force for promoting chemical re-
actions has attracted i ncreasing attention, and the devel op-
ment of hydrogen bonding activated asymmetric catalysis
has been a rapidly growing area in synthetic organic
chemistry over the past few years.! Apart from proline and
proline-derived organocatalysts-catalyzed direct aldol,
Mannich, amination and aminoxylation reactions,> more
and more organocata ystsin connect with hydrogen bond-
ing activation have been reported.® In the domain of urea
and thiourea catalysts,* remarkable advances were made
by Jacobsen in aserials of asymmetric reactions promoted
by urea or thiourea containing Schiff base catalysts.®
More recently, Takemoto developed an excellent bifunc-
tional organocatalyst comprising tertiary amine and thio-
urea moiety for the enantioselective 1,4- or 1,2-addition
reactions through hydrogen bonding interaction with nitro
group.® However, the asymmetric catalysis involving hy-
drogen bonding between carbonyl compounds and thio-
urea (urea) has largely been left unexplored.” Here we
would like to report the synthesis of thiourea and tertiary
amine-based chiral organocatalysts and the application in
the asymmetric Michael addition of arylthiols to o,3-un-
saturated carbonyl compounds.®

Natural cinchona alkaloids and their derivatives have
been widely used in the asymmetric organocatalysis.® The
bulky tertiary amine unit plays a very important role by
activating nucleophilic agent. Therefore, a thiourea moi-
ety bearing a 3,5-bis(trifluoromethyl)phenyl group was
introduced in the 9-position'® of cinchonidine 2a or cin-
chonine 2b to give the novel bifunctional catalysts 1a or
1b in two steps, respectively, in over 60% vyields
(Scheme 1). Their catalytic activities in the asymmetric
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Michael addition of phenylthiol to o,B-unsaturated imide
7al! were tested. We envisage that the thiourea would ac-
tivate the carbonyl electrophile through double hydrogen
bonding,'? in connect with tertiary amine activating the
nucleophile. High catalytic activity was observed at 10
mol% catalyst loading in CH,Cl,. Unfortunately, only
poor enantioselectivity was obtained for both catalysts
with almost quantitative yields (Table 1, entries 1 and 2),
probably owing to the improper positions of two function-
a groups. On the other hand, bifunctional catalyst 1c,
prepared®!3 smoothly from (R,R)-1,2-diphenylethylenedi-
amine in 45% overall yield (Scheme 1), showed better
enantioselectivity (entry 3). More satisfactory results
were achieved by (S 9)-1,2-cyclohexanediamine-derived
1d (Scheme 1, Takemoto's catalyst,® entry 4, 60% ee). It
seems that the more rigid skeleton of chiral 1,2-cyclohex-
anediamine is vital to give better enantioselectivity, the
Takemoto's catalyst 1d was further modified in consider-
ation of the electronic and steric reasons.** It was found
that both catalytic activity and enantioselectivity were de-
creased when 1e was used probably dueto the lower elec-
tron-withdrawing ability of 4-trifluomethylphenyl group
(entry 5). In addition, lower enantioselectivity was aso
observed when bulky catalyst 1f was applied (entries 6).
Nevertheless, slightly better ee was obtained using cata-
lyst 1g with a strong electron-withdrawing group, while
reactivity was decreased probably owing to the bulky
structure (entry 7, 62% ee). It should be noted that better
and more reproducible results could be achieved in the
presence of freshly dried 4A MS. Furthermore, almost ra-
cemic product was obtained when 10% (v/v) methanol
was added to the CH,CI, solution (entry 8). The findings
indicated that the hydrogen-bonding activation of carbon-
yl group by thioureamoiety was significant for the control
of enantioselectivity since trace water or proton solvent
would affect the weak interaction.

While screened out the best bifunctional organocatalyst
1d for the Michael addition, more reaction conditions
wereinvestigated in order to improve the enantiosel ectiv-
ity. Solvent was found to have dramatic effects on the
catalytic performance. Similar results were obtained using
toluene as the solvent (Table 1, entry 9). However, very
poor enantiosel ectivity was observed when THF was used
(entry 10). Product with reversed configuration was ob-
tained in MeOH solution while with low enantiosel ectivi-
ty (entry 11). No beneficial effect in enantioselectivity
was observed when 20 mol % catalyst |oading was applied
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A’ (5,9)-1g: R = R = C4Hg, Ar = 3,5-[3',5'-(CF3)2CeHs]2CeH3

Scheme 1l Conditions: (i) phthalic anhydride, TsOH, toluene;
(i) HCOOH, HCHO,; (iii) N,H,4-H,0, EtOH; (iv) ArNCS, toluene.

Tablel Optimization of Reaction Conditionsfor Michael Addition
of Phenylthiol to Unsaturated Imide 7a?

o 0 cat. (0.1 equiv) Ph\s o)
+ phsy U o
Ph/\)J\N)J\Ph /\)K R

N 4A MS Phi N

7a 8a

Ph

Entry Catalyst Solvent Temp Time  Yield ee

(°C) (h) %)° (%)
1 1la CH,Cl, 20 2 9 7
2 1b CH,Cl, 20 2 99 17
3 1Ic CH,Cl, 20 2 99 39
4 1d CH,Cl, 20 4 %8 60
5 e CH,Cl, 20 5 98 56
6 1g CH,Cl, 20 12 97 53
7 1h CH,Cl, 20 10 97 62
g 1d CH,Cl, 20 12 % 6
9 1d Toluene 20 4 98 59
10 1d THF 20 12 98 4
11 1d MeOH 20 12 97 25
129 1d CH,Cl, 20 3 98 60
13 1d CH,Cl, 0 12 %8 67
14 1d CH,Cl,  —40 72 9% 75

2 Reactions were carried out at 0.1 mmol scalein 0.5 mL solvent and
20 mg 4A MS were added.

b |solated yield.

¢ The ee was determined by HPL C analysis on chiral column.

4 The absolute configuration was determined to be R by the rotation
after conversion to ethyl ester.®

€10% (v/v) MeOH was added.

f S-configuration was obtained.

920 mol% catalyst was used.
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(entry 12). On the other hand, better enantioselectivity
could be achieved when the reaction was conducted at
lower temperature (entry 13, 0 °C, 67% ee), and up to 75%
ee was obtained at —40 °C while the reaction time should
be extended (entry 14). However, aimost no reaction
happened when the temperature was further decreased to
—78°C.

With the optimized reaction conditions in hand, the scope
and limitations of the bifunctional thiourea-tertiary amine
catalyst 1d promoted Michael addition were investigat-
ed.® A series of a,B-unsaturated imides 7 were reacted
with phenylthiol catalyzed by 10 mol% 1d at —40 °C. The
results were summarized in Table 2. It was found that the
reactions were not very sensitive to substitution patterns
of acceptors. Similar enantioselectivity was obtained in
the reactions of phenylthiol with a,B-unsaturated imides
bearing various aryl or alkyl substitutions. In general over
70% ee was obtained except a t-butyl group was sub-
stituted at B-position (Table 2, entry 5, 55% e€). The best
result was achieved when a linear alkyl substitution was
introduced (entry 6, 77% ee). However, lower enantio-
selectivity was observed while 2-naphthylthiol was used
(entry 7).

Table2 Michael Addition of Thiol to Unsaturated Imide Catalyzed
by 1d2

o o 1d (0.1 equiv) SPh O o
phsH o -meduv) =
R/\)‘LHJJ\Ph * /\)]\ )]\

4A MS R N Ph
8 H

Entry R Time (h) Yield (%) ee (%)°
1 CeHs 72 98 75
2 p-MeO-CH, 72 97 70
3 Cyclohexyl 72 9% 73
4 CH(CH2), 84 92 72
5 C(CHa), 84 % 55
6 (CH,),CHs 72 95 77
7d (CH,),CH, 72 % 67

@ Reactions were carried out at 0.1 mmol scalein 0.5 mL CH,CI,
at —40 °C and 20 mg 4A M'S were added.

b Isolated yield.

€ The ee was determined by HPL C analysis on chiral column.

4 2-Naphthylthiol as the Michael addition donor.

Since the single carbonyl group of ketone or aldehyde can
also form double hydrogen bonding to thiourea moiety,*6
the asymmetric Michael additions between cyclic enones
and thiols were aso investigated in the presence of cata-
lyst 1d. The results were summarized in Table 3. In the
model reaction of phenylthiol and cyclohenxen-2-one,
better enantiosel ectivity (80% ee) was obtained compared
with the above reactions of acyclic unsaturated imides
(Table 3, entry 1). The enantioselectivity could be raised
to 85% at 0 °C (entry 2). But the ee lowered down when
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Table 3 Michael Addition of Arylthiol to Enone Catalyzed by 1d@

[e) (0]
1d (0.1 equiv) ij\
+ ASH —————

[ n] 4A MS “ S,Ar

9 10
Entry ArSH Enone Temp Time Yield ee

0 (M ) (%

1 PhSH 20 4 99 8o
2 © 0 12 97 85
3 35 40 95 81d
4 0 8 98 71

co
5 MeO\©/SH

0 8 99 7

o

00 O

6 PhSH ><;>: 0 12 95 76
O
7 PhSH 0 10 97 68
o
8 12 96 63

son
9 Meo\©/SH

@ Reactions were carried out at 0.1 mmol scalein 0.5 mL CH,Cl, and
20 mg 4A MS were added.

b |solated yield.

¢ The ee was determined by HPL C analysis on chiral column.

4 The absolute configuration was determined to be Sby the rotation.®

0 12 98 74

s¥a¥e

o

the reaction temperature was further decreased (entry 3).
Thus, the reaction scope was studied at 0 °C. In general,
dlightly lower enantioselectivity was observed for other
substrates. Over 70% ee was obtained for the Michael ad-
dition of arylthiolsto six-membered cyclic enones (entries
4-6). On the other hand, moderate enantiosel ectivity (63—
74% ee) was gained when cyclopenten-2-one was used as
the substrate (entries 7-9).

Likethe catalytic model of malonates with nitroolefins®in
the presence of bifunctional catalyst 1d, the plausible
mechanism for the Michael addition of arylthiols to a,f3-
unsaturated carbonyl compounds is proposed (Scheme 2,
complexes A and B). The formation of double hydrogen
bonding between thiourea moiety and imide,** in addition
to the concerted activation of thiol by the tertiary amine,
is essential for the enantiosel ective discrimination. On the
basis of the configuration of 8a, the reaction would pro-
ceed through complex B to give the R-product. We also
found that the asymmetric protonation could be achieved
in the reaction of phenylthiol and a-prochiral imide 11
(Scheme 2).Y” Up to 60% ee was obtained on a-carbon
center of 12 with S-configuration®® when the reaction was
conducted at —78 °C. We speculate that the ammonium
group may act as the proton source after the conjugate
addition of thiol anion to the B-carbon, while the thiourea
moiety stabilizes the more stable Z-enolate through hy-

S CF3 jj\ CF3
."N)J\N "/N N
Ny | — L !

|
NI Ho H NS HG CHG
(- H 0T To CFs o IO IO CF3
AS ol ArS )
PN
N~ “Ph
Ph N~ “Ph \}
H | H
A Ph l B
. )J\ Ph O 0
‘N N )\)J\
| |
ONTHCLHL S H)J\Ph
g H'\ O) JO\ CF3 F|>h
Pz R)-8a
Ph—g N Ph (R)
H
) \
o o _ SPh O ¢
+ PhsH 1d (0.1 equiv) |//, )]\
N~ “ph DCM, 78 °C - N~ Ph
H 4AMS, 72 h
97% yield
11 (S)-12 60 % ee

Scheme 2

drogen bonding interaction (complex C). Further protona-
tion study isin progressin our group.

In conclusion, we report that chiral organocatalysts bear-
ing tertiary amine and thiourea moiety can efficiently cat-
alyze the asymmetric Michael addition of thiols to a,B-
unsaturated carbonyl compounds in a concerted double
activation way. The reactions showed good substrate
scope and up to 85% ee was obtained. Moreover, we dem-
onstrated for the first time that this type of bifunctional
organocatalysts® could serve as chiral proton catalysts and
asymmetric a-protonation (up to 60% ee) has been ob-
tained. Further study in asymmetric protonation reaction
and application of the bifunctional catalysts in other
asymmetric reactions are actively under investigation.
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