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Synthesis of trifunctional thiourea catalysts tethered with a variety of functional group is described. 1,5-
Triazole tether in the catalysts was constructed by ruthenium-catalyzed Huisgen cycloaddition. We dem-
onstrate the utility of the synthetic thioureas as an asymmetric catalyst for Michal addition of nitrosty-
rene with cyclohexanone.

� 2010 Elsevier Ltd. All rights reserved.
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A variety of enzymes act as efficient asymmetric catalysts in
biotransformations in living cells as well as chemical reactions.
An enzyme pocket, in which reaction substrates are activated giv-
ing a desired product efficiently and selectively, is built as a well-
organized chiral space in a secondary/tertiary structure of proteins.
In many cases, the combination of several functional groups within
a chiral space of the enzyme leads to synergistic effects on the acti-
vation of substrates, providing high stereoselectivity and/or accel-
eration of the reaction rate. Since this past decade, organocatalysts
have emerged as promising chiral catalysts because of their ready
accessibility and high efficiency in various asymmetric transforma-
tions.1 Taking lessons in a catalyst design from natural enzymes, a
class of bifunctional catalysts has been developed as organocata-
lytic system as well as transition and typical metallic systems.2–4

The bifunctional catalysts possess two functional groups which
can activate both reacting substrates (moieties) synergistically.
For example, thiourea-based bifunctional catalyst 1,3a which was
developed by our group, has isolated acidic and basic functional
groups in the same molecule (Fig. 1). In the case, two functional
moieties are placed at neighboring position so as to entropically
activate the bimolecular reaction. Thioureas bearing another acti-
vating site at a comparably remote position have been less explor-
ed.4d,5 One of the important and challenging tasks would be
adequate design of the tether, which must display conformational
flexibility/rigidity appropriately to afford an organized reaction
space. With the interest in developing new organocatalysts for
asymmetric reactions, an easily tunable design of the catalyst can-
didates and synthetic accessibility to them would be valuable.

1,3-Dipolar cycloaddition of alkynes with alkyl- or arylazides,
which is called as Huisgen cycloaddition,6 affords substituted
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1,2,3-triazole compounds. Cu(I)-catalyzed Huisgen cycloaddition
giving 1,4-disubstituted triazoles has been paid much attention
as ‘click chemistry’7 on account of several synthetic advantages,
such as wide tolerance for various functional groups, high chemical
yield, simple reaction operation, and easy purification. Ruthe-
nium(II) catalysts are also known to activate Huisugen cycloaddi-
tion, but the catalysts result in the formation of 1,5-disubstituted
triazoles exclusively.8 Both the substituents of 1,5-triazoles direct
at the same side, whereas those of 1,4-triazoles orient at the oppo-
site sides. We envisioned that 1,5-triazole core would be suitable
for the tether of our catalyst candidates on account of the following
reasons; (1) conformational rigidity of aromatic ring, (2) both
substituents of 1,5-traizoles directing to the same side, and (3) syn-
thetic convenience. Herein we wish to report the synthesis of chiral
thioureas bearing acidic or basic functional group at a remote posi-
tion by using Ru-catalyzed Huisgen cycloaddition.

At the out of our study, we examined compatibility of a variety
of functional groups with ruthenium catalysts (Cp*Ru(PPh3)2Cl and
[RuCp*Cl]4), which have been reported as highly active ones. As the
result, it was found that various functionalities, such as phenol,
amine, amide, carbamate, imide, and ester groups, are tolerant in
Ru-catalyzed Huisgen cycloaddition. On the other hand, almost
no formation of triazole was observed in the reaction of substrates
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Figure 1. Design of a trifunctional thiourea catalyst.
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Scheme 1. Preparation of propargyl amine 4.
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Scheme 3. Synthesis of thioureas bearing a 1,5-disubstituted triazole tether 13.
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having a thiourea moiety. Ruthenium catalyst would be inactivated
by undesired ligation with the sulfur atom of thiourea. As the
result, we planned a synthetic route toward desired thioureas as
follows: (i) Ru-catalyzed Huisgen cycloaddition of alkynyl sub-
strates and azide partners and (ii) installation of thiourea moiety.

Alkyne 4 and azides 6, 8, and 10 for the substrates of Huisgen
cycloaddition were prepared (Schemes 1 and 2). Starting from
mono-Boc 1,2-diaminocyclohexane (2), alkylation with propargyl
bromide afforded secondary amine 3. N-Methylation of 3 was
accomplished by reductive amination with formaldehyde to give
4. Azide bearing phenolic function 6 was synthesized from alcohol
5 according to the reported procedure.9 Precursor of carboxylic
acid 8 was prepared from bromide 7. Both enantiomers of proline
derivative 10 were obtained from the corresponding enantiomeric
alcohols 9.

With both substrates in hand, Ru-catalyzed Huisgen cycloaddi-
tion and further transformation into desired functionalized thio-
ureas were accomplished (Scheme 3). Cycloaddition of 4 with
benzylazide (11) was smoothly activated by [Cp*RuCl]4 in THF at
ambient temperature giving 1,5-disubstituted triazole 12a in good
yield (71%). On the contrary, reaction with phenol 6 under the
same conditions resulted in poor conversion into desired triazole
12b. It was found that microwave irradiation in DMF (110 �C)
was effective for the cycloaddition giving 12b in 42% yield. Huisgen
cycloaddition of 4 with 8, (R)-10, and (S)-10 under the same condi-
tions afforded 12c–e, respectively, in moderate yield. The regiose-
lectivity in the cycloaddition was completely controlled to furnish
1,5-disubstituted 1,2,3-triazoles exclusively. Deprotection of Boc
group of 12, followed by treatment with 3,5-bis(trifluoromethyl)-
isothiocyanate and hydrolysis (only for 12c–e), furnished thiourea
13a–e in fair yield.10 The synthetic sequence involving Huisgen
cycloaddition would be a facile and new methodology to prepare
new classes of functional thiourea catalysts. Although thiourea
moiety is intolerant of ruthenium catalysts, trifunctional thiourea
catalysts having a triazole tether would be readily accessible in
short steps.

Thiourea catalysts having regioisomeric 1,4-disubstituted tria-
zole tether were also synthesized by using Cu(I)-catalyzed cycload-
dition (Scheme 4). 1,3-Dipolar cycloaddition of alkyne 4 with 6 and
(R)-10 in the presence of a catalytic amount of Cu(II) salt with a
eductant11 furnished 1,4-disubstituted 1,2,3-triazole 14b and
14d, respectively. According to the same method as mentioned
above, thioureas 15b and 15d were obtained in good overall yield.

We next examined the effect of the remote functional group in
synthetic thiourea catalysts. Asymmetric Michael addition is one of
the representative C–C bond formation reactions in organocataly-
sis. In particular, extensive efforts for enantioselective Michael
reaction of ketones to nitroalkenes have been devoted,12 since



Table 1
Enantioselective addition of cyclohexanone to trans-b-nitrostyrene catalyzed by
trifunctional thioureaa

O

Ph
NO2+

O
NO2

Phcatalyst (10 mol%)
AcOH-H2O

toluene, rt, 5 h
16

Entry Catalyst % Yield of 16b dr (syn/anti)c % ee of syn-16d

1 13d 91 91: 9 92
2 13e 93 91: 9 82 (ent)
3 15d 32 93: 7 87
4e 17 10f 91: 9 93 (ent)

a The reaction was conducted with nitrostyrene (0.34 mmol) and cyclohexanone
(3.4 mmol, 10 equiv) in the presence of catalyst (10 mol %), AcOH (15 mol %), and
H2O (1.0 equiv) in toluene (0.5 mL) at ambient temperature.

b Isolated yield as a mixture of syn/anti isomers.
c Determined by HPLC analysis and 1H NMR.
d Determined by HPLC analysis (Daicel Chiralpak AS-H, hexane–iPrOH = 90:10).
e The reaction result was cited from Kilburn’s study (Ref. 4d).
f Conversion yield after the reaction was carried out for 720 h.
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Figure 2. Proposed transition state for asymmetric Michael addition by trifunc-
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the producible nitroalkanes bearing contiguous stereogenic centers
would be versatile synthetic intermediates. Several pyrrolidine-
based derivatives have been reported to catalyze the reaction with
good to high diastereo- and enantioselectivities. Chiral thiourea-
pyrrolidine-based bifunctional catalysts have also been found to
give excellent enantioselectivities.4 However, some problems such
as the slow reaction rate still remain in most of the pyrrolidine-
based organocatalysts. During the course of our study, Kilburn
et al reported thiourea-pyrrolidine-based bifunctional catalysts,4d

in which both functions are placed at considerably distant posi-
tions tethering with simple alkyl chain. Some of the bifunctional
catalysts demonstrated excellent rate acceleration with good stere-
oselectivity in the reaction of cyclohexanone with trans-b-nitrosty-
rene. They made clear that the tether length between thiourea and
pyrrolidine of the optimized catalyst is 5 atoms.

Under the same conditions as Kilburn’s study, catalytic activity
of thiourea-pyrrolidine catalyst 13d, 13e, and 15d was evaluated
(Table 1). The tether lengths between thiourea and pyrrolidine of
13 and 15 are 7 and 8 atoms, respectively. Catalysts 13d and 13e
having 1,5-disubstituted triazole tether gave nitroalkane 16 in high
chemical yield with good diastereo- and enantioselectivities. The
stereochemistry of the major isomer 16 was determined as syn iso-
mer by comparison with reported ones. Chirality of 16 from 13d
was opposite to one from 13e. Thus, the enantioselection in the
reaction would be mainly dominated by the chirality of pyrrolidi-
nyl moiety. Although the difference of a value of enantiomeric ex-
cess is not so significant, it was observed that the chirality of 1,2-
diaminocyclohexyl moiety somewhat effects on the selectivity (en-
tries 1 and 2). In contrast, the rate of reaction with 15d having 1,4-
disubstituted triazole tether was much slower than that with 13d,
e although the enantioselectivity was comparable (entry 3). The re-
sults clearly indicated that relative position of the thiourea and
pyrrolidine moieties would be a critical factor for the rate acceler-
ation in the reaction of the Michael addition. As Kilburn reported
that the reaction rate drastically decreased in the reaction with
monofunctional pyrrolidine catalyst 17 (entry 4), it made clear that
the thiourea function of the catalyst system would positively par-
ticipate in the activation of the substrate.

The absolute configuration of the major enantiomer syn-16 in
the reaction with 13d was determined to be (2R,10S) by comparison
of HPLC data with the reported ones. The configuration is consis-
tent with a synclinal transition state for pyrrolidine-based chiral
organocatalysis. A suggested transition state model is shown in
Figure 2. Hydrogen bond network among the thiourea moiety, ter-
tiary ammonium, and nitro group would direct the nitrostyrene to
attack the si-face of the enamine.

In conclusion, we have described the synthesis of several tri-
functional thiourea catalysts bearing a 1,2,3-triazole tether in
which one of the functional group is placed at a considerable dis-
tant position from the thiourea moiety. Regioisomeric catalysts
having 1,5- and 1,4-disubstituted triazole were readily prepared
by using ruthenium- and copper-catalyzed Huisgen cycloaddition,
respectively. To the best of our knowledge, it is the first case for the
preparation of asymmetric catalysts by Ru-catalyzed azide–alkyne
click chemistry.13 Moreover, we demonstrated the catalytic activ-
ity of synthesized thiourea-pyrrolidine-based catalysts in the
enantioselective Michael addition. It was found that thiourea and
pyrrolidine functions would synergistically activate substrates
although they are placed at a sequentially remote position (7
atoms’ tether length) to achieve acceleration of the reaction rate.
Further application of synthetic catalysts and synthesis of a new
class of trifunctional thioureas are currently under investigation
and will be reported in due course.
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