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Introduction

Catalytic asymmetric synthesis provides potentially atom-
economical[1] and environmentally benign processes to gen-
erate optically active compounds from prochiral substrates.[2]

The development of asymmetric bifunctional catalysts,
which can activate both nucleophilic and electrophilic sub-
strates, has received much attention, because the synergistic
effect of the two active sites in the bifunctional catalyst is
believed to activate the reaction substrates and to control
the relative positions of the reacting components. Since the
general design concept of bifunctional catalysts was pro-

posed by Shibasaki and co-workers,[3] various metal-based
bifunctional catalysts have been explored.[4] By tuning the
combination of metals and/or chiral ligands, these catalysts
can be applied to a wide range of asymmetric reactions. On
the other hand, metal-free bifunctional organocatalysts,
which have two active sites linked by a covalent bond
through a chiral backbone, have recently been developed.[5]

Their inertness to moisture and oxygen makes the reaction
simple and practical. Despite rapid progress in this field,
most bifunctional organocatalysts have “privileged” struc-
tures,[6] such as proline,[7] cinchona alkaloid,[8] 1,1’-bi-2,2’-
naphthol (BINOL),[9] and tartaric acid.[10] The rational struc-
ture development of organocatalysts remains a challenging
issue.
During our studies to develop new classes of organocata-

lysts,[11] we focused on specific molecular recognition involv-
ing guanidine[12] and thiourea[13–16] functional groups. These
selective molecular recognitions,[17] that is, guanidinium
cation/nucleophilic anions and thiourea group/carbonyl com-
pounds, led us to develop a new class of asymmetric hetero-
bifunctional organocatalysts that contain both guanidine and
thiourea groups. Our concept for the design of these cata-
lysts is shown in Scheme 1. We hypothesized that 1) catalysts
that bear guanidinium and thiourea functional groups linked
by a suitable chiral spacer might simultaneously activate a
nucleophile and an electrophile in asymmetric proximity,
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and 2) the introduction of a long alkyl chain on the guanidi-
nium group of the catalyst might regulate self-aggregation
of the catalyst in water-containing biphasic systems to form
a chiral surfactant, thereby controlling the reactivity and se-
lectivity of the catalytic reaction.
To evaluate this concept, we investigated catalytic asym-

metric nitroaldol reactions by utilizing a guanidine–thiourea
heterobifunctional organocatalyst. The nitroaldol reaction is
a fundamental carbon–carbon bond-forming reaction that
proceeds under mild basic conditions.[18,19] Despite the versa-
tility of the substrates and ease of transformation into syn-
thetically useful chiral building blocks, only a few highly se-
lective asymmetric versions of this reaction with organocata-
lysts have been reported.[20–22] Furthermore, only one suc-
cessful approach for a highly diastereo- and enantioselective
nitroaldol reaction with prochiral nitroalkanes has been re-
ported.[21] Herein we present details of our guanidine–thio-
urea heterobifunctional organocatalyst for a series of asym-
metric nitroaldol reactions. The mechanism of the bifunc-
tional catalytic reaction and the synthetic utility of this cata-
lyst for stereoselective synthesis of biologically active com-
pounds are also described.

Results and Discussion

Asymmetric Nitroaldol Reactions with Prochiral
Aldehydes: Development of a Practical Process Free from

the Retro-Nitroaldol Reaction[23]

On the basis of our concept, we designed and synthesized
C2-symmetric guanidine–thiourea catalysts 1 (Scheme 2) as a

new class of bifunctional organocatalysts.[11f] These catalysts
can be easily synthesized from optically active amino acids,
one of the cheapest and most plentiful chiral sources, to give
various chiral spacers (R3), and the substituents on the gua-
nidine group (R1, R2) can be easily modified as required.
In the catalytic asymmetric Henry reaction, retroreaction

should be suppressed to obtain high asymmetric induc-
tion.[24] Considering the highly hydrophobic nature of 1 with
a long alkyl chain in R1, we planned to use 1 under biphasic
conditions[25] to inhibit the retro-nitroaldol reaction.[26] We
anticipated that if the C�C bond-forming process takes
place at the interfacial layer through the expected dual-acti-
vation mode, the nitroaldol product should be transferred to
the organic layer after hydrolysis of the initially formed ni-
troalcohol–catalyst complex, thus resulting in inhibition of
the retro mode of the reaction. Based on this hypothesis, the
enantioselective nitroaldol reaction of 2a was examined in
the presence of 1 (5 mol%) under toluene/aqueous potassi-
um hydroxide biphasic conditions at 0 8C (Table 1). Our ini-
tial catalyst screening revealed that 1a, which has an octa-
decyl substituent at R1 and a benzyl group at R3 as a chiral
spacer, was the most effective catalyst in terms of both reac-
tivity and enantioselectivity (Table 1, entry 1).[27]

To clarify the occurrence of the retro-nitroaldol process
under these reaction conditions, time-course studies were
done with the catalyst 1a (Table 2). As shown in Table 2,
entry 1, the enantiomeric excess of the nitroaldol product
4aa gradually decreased under the biphasic conditions as
the reaction time was prolonged, which indicates that the
retro-nitroaldol process occurred. After various conditions,
such as the organic solvent used, the ratio of organic solvent
to water, and the amount of KOH and additives used, were
screened, we found that the addition of inorganic salts was
effective for inhibiting the retro-mode reaction and for im-
proving the enantioselectivity. Addition of a harder counter-
anion did not give good results, although it was reported to
improve the selectivity in the case of chiral quaternary am-
monium catalysts (Table 2, entries 2 and 3).[28] On the other
hand, the addition of a softer anionic species improved the

Abstract in Japanese:

Scheme 1. Concept for the design of guanidine–thiourea heterobifunc-
tional organocatalysts.

Scheme 2. Structure of guanidine–thiourea bifunctional organocatalyst
(S,S)-1.
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initial enantioselection (Table 2, entries 4–7, 1 h). We were
delighted to find that KI inhibited the retro-mode reaction,
and the nitroaldol product 4aa was obtained in 88% yield
and with 74% ee after 24 h without loss of the initial enan-
tiomeric excess (Table 2, entry 8). The catalyst 1a, when its
counteranion was changed to iodide,[29] also catalyzed the re-
action to give 4aa in 85% yield and with 72% ee. This
result indicates that the chloride counteranion of 1a may be
changed to iodide in situ under these reaction conditions in
the presence of KI.
As suitable conditions for suppressing the retro-nitroaldol

reaction were established, we next focused on improving the
enantiomeric excess of the nitroaldol product 4aa (Table 3).
The toluene/H2O ratio affected the enantioselectivity of 4aa
(Table 3, entries 1–6), and the best result (99% yield, 69%

ee) was obtained with a tolu-
ene/H2O ratio of 1:1 (Table 3,
entry 4). Decreasing the
amount of KOH improved the
ee values (Table 3, entries 7–
9).[30,31] We found that the se-
lectivity was improved to as
much as 95% ee when 5 mol%
of KOH was used as a base
(Table 3, entry 10). As shown
in Table 3, entry 11, the reac-
tion also proceeded with as
little as 3 mol% of 1a to give
4aa in good yield and with
good ee.
Next, to gain insight into the

inhibition mechanism of the
retro-nitroaldol reaction in this
catalytic system, enantioen-
riched (R)-4aa (92% ee) was

subjected to various reaction conditions.[32] Nitromethane
(3a) and KI were found to be indispensable for inhibiting
the retro-nitroaldol reaction in the presence of (S,S)-1a
(Table 4). As shown in Table 4, entry 1, in the absence of
catalyst, the ee value did not change even under basic condi-
tions with 30 mol% KOH as an external base. The observa-
tion that the ee value was decreased only when (S,S)-1a was
added in the absence of 3a indicates that interactions of
(S,S)-1a and (R)-nitroalcohol 4aa promote the retro-mode
reaction at the interfacial layer between toluene and basic
aqueous solution (Table 4, entries 1–3). The retro reaction
process was suppressed by the addition of 3a (Table 4,
entry 5 vs. 3).[24] Moreover, it was inhibited almost complete-
ly in the presence of 3a and KI (Table 4, entries 6 and 7).
Thus, we speculate that KI and nitronate, generated in situ,

Table 1. Enantioselective nitroaldol reaction with (S,S)-1a[a]

Entry Cat. R1 R2 R3 Yield
[%][b]

ee
[%][c]

Config.[d]

1 1a C18H37 H Bn 91 43 R
2 1b C8H17 H Bn 34 8 R
3 1c C4H9 H Bn 37 33 R
4 1d C4H9 C4H9 Bn 24 18 S
5 1e C18H37 H Me 80 14 R
6 1 f C18H37 H iPr 89 36 R
7 1g C18H37 H tBu 55 9 S

[a] Reactions were carried out on the 0.1-mmol scale in 0.2 mL toluene
and 1.0 mL H2O. [b] Yield of isolated product. [c] Determined by chiral
HPLC analysis. [d] The absolute stereochemistry of 4aa was determined
based on the retention time reported by Trost and Yeh[20b] and Evans
et al.[20c] Bn=benzyl.

Table 2. Time-course studies in the presence of various inorganic salts (screening conditions).

Time 1 h 3 h 12 h 24 h
Entry Additive Yield

[%]
ee
[%]

Yield
[%]

ee
[%]

Yield
[%]

ee
[%]

Yield
[%]

ee
[%]

1 – 52 52 71 50 90 47 91 43
2 KBF4 55 61 60 59 75 47 77 47
3 NaBF4 60 53 63 48 67 42 64 38
4 KBr 58 72 62 70 63 63 76 57
5 NaBr 57 70 60 68 65 60 65 60
6 LiI 60 72 62 70 65 68 65 66
7 NaI 46 75 57 76 64 68 64 67
8 KI 66 75 74 75 88 74 88 74

Table 3. Optimization of catalytic enantioselective nitroaldol reaction of
2a with 3a.[a]

Entry Cat.
ACHTUNGTRENNUNG[mol%]

Toluene/H2O KOH
ACHTUNGTRENNUNG[mol%]

Yield
[%][b]

ee
[%][c]

1 10 0:1 50 99 32
2 10 0.2:1 50 99 52
3 10 0.5:1 50 99 67
4 10 1:1 50 99 69
5 10 2:1 50 99 68
6 10 1:2 50 99 52
7 10 1:1 30 99 87
8 10 1:1 10 94 90
9 10 1:1 5 91 92
10 5 1:1 5 99 95
11 3 1:1 5 80 89

[a] All reactions were carried out on the 0.1-mmol scale in 1.0 mL H2O.
[b] Yield of isolated product. [c] Determined by chiral HPLC analysis.
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cooperatively cause 4aa to dissociate from the catalyst,
thereby achieving kinetic stereocontrol under these biphasic
reaction conditions.
With the optimized conditions in hand, the scope of the

1a-catalyzed enantioselective nitroaldol reaction was ex-
plored by using a variety of aldehydes and nitroalkanes
(Table 5). For convenience, all reactions were performed

with 10 mol% of 1a. In the case of the cyclic aldehyde, the
corresponding nitroalcohol 4ba was obtained in good yield
with good ee (Table 5, entry 1). Linear aliphatic aldehydes
also served as substrates (Table 5, entries 2–5). a-Branched
aldehydes afforded the nitroaldol products with high stereo-
selectivity (Table 5, entries 2–4), although the unbranched
aldehyde gave only moderate ee (Table 5, entry 5).[33] These
results stimulated us to apply 1a to catalytic diastereo- and
enantioselective nitroaldol reactions with prochiral nitroal-
kanes to examine the generality and synthetic utility of the
substrate. Since Shibasaki and co-workers first reported cat-
alytic direct diastereo- and enantioselective nitroaldol reac-
tions in 1995,[21] no alternative methodology has been avail-
able to control 1) the retro-mode reaction, 2) epimerization
at the a position of the nitro group, and 3) the facial selec-
tivity of prochiral nitroalkanes,[34] until our method was de-
veloped.[11h] Thus, our reaction system was applied to the di-
astereo- and enantioselective nitroaldol reaction with pro-
chiral nitroalkanes (Table 5, entries 6–21). In all cases exam-
ined, the syn-nitroaldol products 5 were obtained with high
diastereo- and enantioselectivity.[35] Cyclic, a-branched, and
b-branched aldehydes afforded the corresponding syn ad-
ducts with excellent diastereoselectivity and high enantiose-
lectivity (Table 5, entries 6–9; syn/anti 93:7–99:1, 91–99%

ee). Unbranched and hetero-
ACHTUNGTRENNUNGatom-substituted aldehydes
also served as substrates and
gave comparable results
(Table 5, entries 10–13; syn/
anti 86:14–90:10, 83–98% ee).
Other alkyl-substituted nitroal-
kanes were also applicable in
1a-catalyzed nitroaldol reac-
tions (Table 5, entries 14–21).
Notably, the reactions of 2a
with 3c–g gave excellent dia-
stereo- and enantioselectivities
(Table 5, entries 14–17; syn/
anti>99:1, 90–95% ee).[36]

The crucial roles of the gua-
nidine and thiourea functional
groups in 1a for dual activa-
tion of substrates are evident
from a comparison of the reac-
tivity of 1a and its structural
variants 7 and 8 under the op-
timized conditions (Scheme 3).
Replacement of the guanidini-
um moiety with a thiourea
group (7) to prevent activation
of nitronate or removal of the
thiourea group (8) to block ac-
tivation of aldehyde drastically
suppressed the catalytic activi-
ty. These results strongly sup-
port the role of cooperative ef-
fects of the guanidine and thio-

Table 4. Retro-nitroaldol reaction of 4aa.[a]

Entry Cat. Additive MeNO2 KOH Starting Recovered
ACHTUNGTRENNUNG(5 mol%) ACHTUNGTRENNUNG(50 mol%) 3a

[equiv]
ACHTUNGTRENNUNG[mol%] 4aa : ee

[%]
4aa : ee
[%]

1 – – – 30 92 92
2 ACHTUNGTRENNUNG(R,R)-1a – – 30 92 88
3 ACHTUNGTRENNUNG(S,S)-1a – – 30 92 47
4 ACHTUNGTRENNUNG(S,S)-1a – 5 30 92 60
5 ACHTUNGTRENNUNG(S,S)-1a – 10 30 92 80
6 ACHTUNGTRENNUNG(S,S)-1a KI 10 30 92 92
7 ACHTUNGTRENNUNG(S,S)-1a KI 10 5 92 91

[a] All reactions were carried out on the 0.1-mmol scale in 1.0 mL
ACHTUNGTRENNUNGtoluene and 1.0 mL H2O.

Table 5. Catalytic asymmetric nitroaldol reaction of various aldehydes 2 and nitroalkanes 3.[a]

Entry Aldehyde Nitroalkane KOH t Product Yield ee syn/anti[c,d]

2 3 ACHTUNGTRENNUNG[mol%] [h] [%][b] [%][c]

1 c-C5H9CHO (2b) 3a 40 5 4ba 76 82 –
2[e] ACHTUNGTRENNUNG(CH3)3CHO (2c) 3a 5 45 4ca 85 88 –
3[e] ACHTUNGTRENNUNG(CH3)2CHCHO (2d) 3a 10 19 4da 88 83 –
4 Et2CHCHO (2e) 3a 10 36 4ea 70 88 –
5 PhCH2CH2CHO (2 f) 3a 5 18 4 fa 79 55 –
6[e] 2a EtNO2 (3b) 8 24 5ab 77 93 99:1
7[e] 2d 3b 8 24 5db 50 90 97:3
8[e] 2e 3b 20 24 5eb 52 91 99:1
9[e] ACHTUNGTRENNUNG(CH3)2CHCH2CHO (2g) 3b 5 24 5gb 58 99 97:3
10[e] 2 f 3b 10 24 5 fb 76 83 90:10
11[e] CH3CH2CH2CHO (2h) 3b 20 24 5hb 91 84 87:13
12[e] TBSOCH2CHO (2 i) 3b 6 48 5 ib 63 98 86:14
13[e] TBSOCH2CH2CHO (2j) 3b 8 24 5 jb 50 92 90:10
14[e] 2a n-PrNO2 (3c) 5 40 5ac 61 95 99:1
15 2a TBSOCH2CH2NO2 (3d) 7 48 5ad 63 90 99:1
16 2a TIPSOCH2CH2NO2 (3 f) 6 48 5af 60 90 99:1
17 2a PhCH2NO2 (3g) 7 48 5ag 67 95 99:1
18[e] 2h 3c 5 48 5hc 63 85 99:1
19 2h 3d 3 48 5hd 51 87 93:7
20 2h 3 f 3 24 5hf 58 87 92:8
21 2h 3g 10 24 5hg 70 87 91:9

[a] All reactions were carried out on the 0.1-mmol scale in toluene/H2O=1:1 (both 1.0 mL). [b] Yield of isolat-
ed product. [c] Determined by chiral HPLC analysis. [d] The relative stereochemistry was determined from
the 1H NMR chemical shifts. [e] Determined by chiral HPLC analysis. [e] 10 equivalents of 3 was used. TBS=
tert-butyldimethylsilyl, TIPS= triisopropylsilyl.
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urea functional groups in 1a in the asymmetric catalytic ni-
troaldol reaction.
We assumed that chemoselective coordination of the cata-

lysts and the substrates[17] would lead to a stereodiscrimina-
tion process. The transition state proposed in Scheme 4 pro-
vides an explanation for the stereoselectivity of the reaction
catalyzed by 1a. In this model, the guanidinium cation and
thiourea group selectively coordinate to nitronate and the
carbonyl group of the aldehyde, respectively, and substitu-
ents in both aldehyde (R1) and nitroalkane (R2) favor an
anti relationship to avoid steric repulsion (TS-I: anti,anti
conformation). Thus, the nitroaldol reactions of prochiral al-
dehydes proceed in a highly enantio- and syn-selective
manner. The observation that the ee values of the products
with prochiral nitroalkanes are much higher than those with
nitromethane (3a, R2=H) (e.g., Table 5, entry 6 vs. 11) is
consistent with this proposed transition state (TS-I) of the
reaction, in which the facial selectivity of aldehydes is con-
sidered to be strictly controlled by the R2 group in prochiral
nitroalkanes.
We applied this efficient catalytic process to the asymmet-

ric synthesis of 4-epi-cytoxazone (9a) and cytoxazone (9b),

a type-2 cytokine-selective modulator (Scheme 5).[37] Nitro-
aldol reaction of 2 i with 3h in the presence of 1a afforded
the corresponding nitroaldol 5 ih with high diastereo- and
enantioselectivity ((R,R)-1a : syn/anti 90:10, 95% ee ; (S,S)-
1a : syn/anti 88:12, 96% ee). 4-epi-Cytoxazone (9a) was con-

Scheme 3. Structures of 1a, 7, and 8. Reaction of 2a with 3a was carried
out in the presence of 1a, 7, and 8 under the conditions for Table 3,
entry 10. Boc= tert-butoxycarbonyl.

Scheme 4. Plausible transition-state model of enantioselective nitroaldol
reaction in the presence of 1a. TS-I: anti,anti conformation; TS-II:
gauche-anti conformation; TS-III: gauche-anti conformation.

Scheme 5. Synthesis of 4-epi-cytoxazone (9a) and cytoxazone (9b). Reagents and conditions: a) 2 j, (R,R)-1a (10 mol%), toluene/H2O=1:1, 0 8C, 76%.
b) 1) NiCl2, NaBH4, MeOH, 0 8C; 2) CDI, CH3CN, 80 8C. c) HF·py, CH3CN, 0 8C, 43% (3 steps). d) 2 j, (S,S)-1a (10 mol%), toluene/H2O=1:1, 0 8C,
78%. e) 1) NiCl2, NaBH4, MeOH, 0 8C; 2) CbzCl, K2CO3, CHCl3/H2O, room temperature, 83% (2 steps); 3) DMP, CH2Cl2, 0 8C; 4) NaBH4, EtOH,
�78 8C, 85% (2 steps), 93% ee, d.r.=96:4. f) 1) H2, Pd/C (1 atm); 2) CDI, CH3CN, 80 8C, 84% (2 steps); 3) recrystallization from hexane/methanol,
70%, 96% ee, d.r.>99:1. g) HF·py, CH3CN, 0 8C, 93%. Cbz=benzyloxycarbonyl, CDI=N,N-carbonyldiimidazole, DMP=Dess–Martin periodinane,
py=pyridine.
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cisely synthesized by reduction of (4S,5R)-5 ih with NiCl2/
NaBH4, followed by cyclization with CDI[38] and deprotec-
tion of the TBS ether with HF/pyridine.[11h] (�)-Cytoxazone
(9b) was similarly synthesized from (4R,5S)-5 ih. After con-
version of the nitro group of (4R,5S)-5 ih to Cbz carbamate,
the stereochemistry of the alcohol at C5 was inverted by ox-
idation–reduction, that is, Dess–Martin oxidation of the sec-
ondary alcohol and reduction of the resulting ketone with
NaBH4, to afford 11 with high diastereoselectivity (d.r.=
96:4).[39,40] Deprotection of the Cbz group and oxazolidinone
formation with CDI gave 10b. After a single recrystalliza-
tion of 10b (96% ee), removal of the TBS group gave 9b.
Further structural development of cytoxazones based on this
diversity-oriented catalytic process, aimed at exploring struc-
turally analogous molecular probes, is in progress.

Diastereoselective Nitroaldol Reaction with a-Chiral
Aldehydes[41]

a-Branched aldehydes appeared to give rather higher asym-
metric induction in the 1a-catalyzed enantioselective nitro-
aldol reaction. This prompted us to extend this strategy to a
diastereoselective version of the reaction by using a-chiral
aldehydes,[22] and the results are summarized in Table 6.
After a study to optimize the reaction conditions,[11g] we

found that excellent anti selectivity was obtained by utilizing
(R,R)-1a with N,N’-dibenzyl-protected S amino aldehydes
12 (Table 6, entries 1 and 3–7; anti/syn 99:1).[42,43] Silyl ether
substituted aldehydes also served as substrates and gave
comparable results (Table 6, entries 8 and 9). Epimerization
of chiral aldehydes was not observed in most cases exam-
ined. The reactivity and diastereoselectivity in the case of
(S,S)-1a were greatly reduced, which indicates that the
matched combination of (R,R)-1a and S aldehydes is crucial
for the diastereoselective reactions (Table 6, entry 2).

The match/mismatch relationships between catalyst 1a
and substrate 12 can be explained in terms of the Cram rule
(Scheme 6). In our proposed transition-state model, the sub-
stituent on aldehyde would be located in an anti relationship
to nitronate. As the largest substituent (RL) should be in an
anti position to the carbonyl group in 12, the combination of
(R,R)-1a and (S)-12 (TS-I) is favored rather than that of
(S,S)-1a and (S)-12 (TS-II) due to the steric repulsion be-
tween RS (the smallest substituent) and nitronate.

A New Aspect of the Guanidine–Thiourea Bifunctional
Catalyst as a Chiral Surfactant

We have developed efficient direct asymmetric nitroaldol re-
actions with high enantio- and/or diastereocontrol by utiliz-
ing the catalyst 1a, which contains a long alkyl chain on the
guanidine group and a flexible-chain chiral spacer. Attracted

by the unique structural char-
acteristics, we reevaluated the
substituent effects (R1–R3) of 1
to gain insight into the hypo-
thetical functionality of these
molecules as chiral surfac-
tants.[44] To clarify the substitu-
ent and catalytic-activity rela-
tionships under optimized con-
ditions,[45] we investigated the
enantioselective nitroaldol re-
actions of 2a with 3a by utiliz-
ing guanidine/thiourea com-
pounds 1 with various substitu-
ents (Table 7).[46]

The substituent on the gua-
nidine moiety was found to
have a major influence on the
catalytic reactivity (Table 7, en-
tries 1–5).[47] In the case of
alkyl chains shorter than 12
carbon atoms, the reaction rate

Table 6. Diastereoselecive nitroaldol reaction with a-chiral aldehydes 12.

Entry RS RL 1a KOH
ACHTUNGTRENNUNG[mol%]

Product Yield
[%][a]

anti/syn[b] ee
[%][c]

1 Bn NBn2 (12a) ACHTUNGTRENNUNG(R,R) 8 13a 75 95:5 99
2 Bn NBn2 (12a) ACHTUNGTRENNUNG(S,S) 8 13a 8 64:36 80
3 CH3 NBn2 (12b) ACHTUNGTRENNUNG(R,R) 20 13b 70 99:1 99
4 ACHTUNGTRENNUNG(CH3)2CHCH2 NBn2 (12c) ACHTUNGTRENNUNG(R,R) 6 13c 70 99:1 95
5 ACHTUNGTRENNUNG(CH3)2CH NBn2 (12d) ACHTUNGTRENNUNG(R,R) 10 13d 33 99:1 99
6 TBSO ACHTUNGTRENNUNG(CH2)2 NBn2 (12e) ACHTUNGTRENNUNG(R,R) 10 13e 70 99:1 95
7 Bn2N ACHTUNGTRENNUNG(CH2)4 NBn2 (12 f) ACHTUNGTRENNUNG(R,R) 10 13 f 62 99:1 99
8 Ph NBn2 (12g) ACHTUNGTRENNUNG(R,R) 5 13g 82 86:14 99
9 Me NBn2 (12h) ACHTUNGTRENNUNG(R,R) 2 13h 80 84:16 99

[a] Yield of isolated product. [b] The relative stereochemistry was determined from the 1H NMR chemical
shift. [c] Determined by chiral HPLC analysis.

Scheme 6. Plausible transition state in the diastereoselective nitroaldol
reaction.
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was remarkably suppressed, regardless of solubility in tolu-
ene (Table 7, entries 3–5).[48] When disubstituted 1d was
used as a catalyst, a reversal in the sense of asymmetric in-
duction was observed (Table 7, entry 6). Notably, the intro-
duction of an aromatic group at the end of a short alkyl
chain led to a significant enhancement in reaction rate
(Table 7, entries 7–10). The electronic effect of this aromatic
moiety, which is far from the catalytic active site, affects the
enantioselectivity (Table 7, entry 7 vs. 8). The benzyl group
at R3 on the chiral spacer was found to be critical for both
reactivity and selectivity. The ee values decreased as the
bulk of the R3 group was increased (Table 7, entries 11–13).
Catalytic activity was drastically decreased by addition of
various surfactants (20 mol%; Table 7, entries 14–18). SDS
(anionic), AOT (anionic), and Triton X-100 (nonionic) com-
pletely inhibited the 1a-catalyzed nitroaldol reaction
(Table 7, entries 14–16).[49] On the other hand, when
20 mol% of CTAB (cationic surfactant) was added, the cat-
alytic activity of 1a was lowered to give the corresponding
product 4aa in 53% yield with 80% ee (Table 7, entry 17).

The 1a-catalyzed nitroaldol reaction was suppressed by in-
creasing the amount of CTAB to 50 mol% (Table 7,
entry 18). As the cationic surface properties under biphasic
conditions are important for the both reactivity and selectiv-
ity of the nitroaldol reaction, the catalytic activity of 1a is
suggested to be controlled by the mode of self-organized as-
sembly.[50] Thus, the alkyl chain on the guanidine moiety
would contribute to reactivity by controlling the proximity
of the reactants based on hydrophobic interactions, and the
benzyl group on the chiral spacer would fix the high-order
asymmetric structure through its intermolecular p–p stack-
ing interactions.
A positive nonlinear effect was observed between the en-

antiomeric excess of 1a and that of the product 4aa, which
supports the hypothetical self-aggregation of 1a
(Figure 1).[51]

Conclusions

In summary, we have developed general and highly stereose-
lective organocatalyzed nitroaldol reactions by utilizing the
newly designed guanidine–thiourea organocatalyst 1a. Addi-
tion of KI is crucial for inhibiting the retro-nitroaldol reac-
tion and achieving high asymmetric induction in toluene/
water biphasic conditions. Evidence for the hypothetical
guanidine–thiourea cooperative reaction mode was obtained
by using structural variants of 1a. Drastic substituent effects
on the guanidinium and chiral spacer moiety suggest a role
of 1a as a chiral surfactant. Notably, highly stereoselective
nitroaldol reactions proceeded with multiple functionalities
in 1a, including chemoselective activation sites for sub-
strates through noncovalent bonding and hydrophobic inter-
action for self-aggregation of 1a. Further mechanistic stud-
ies based on spectroscopic analysis are in progress.

Table 7. Substitutent effects of guanidine–thiourea catalyst 1 under
ACHTUNGTRENNUNGoptimized reaction conditions.[a]

Entry Cat. R1 R2 R3 Yield
[%][b]

ee
[%][c]

0 1a C18H37 H Bn 91 92
1 1h C22H45 H Bn 98 89
2 1 i C15H31 H Bn 91 90
3 1 j C12H25 H Bn 9 87
4 1b C8H17 H Bn 8 86
5 1c C4H9 H Bn 8 87
6[d] 1d C4H9 C4H9 Bn 28 33
7 1k ACHTUNGTRENNUNG(4-OMe)-Ph-C3H6 H Bn 82 97
8 1 l ACHTUNGTRENNUNG(4-CF3)-Ph-C3H6 H Bn 88 82
9 1m ACHTUNGTRENNUNG(1-Naph)-C3H6 H Bn 67 88
10 1n ACHTUNGTRENNUNG(2-Naph)-C3H6 H Bn 47 89
11 1e C18H37 H Me 3 76
12 1 f C18H37 H iPr 1 32
13 1g C18H37 H tBu 6 6
14[e] 1a C18H37 H Bn 0 –
15[f] 1a C18H37 H Bn 0 –
16[g] 1a C18H37 H Bn 1 56
17[d,h] 1a C18H37 H Bn 53 80
18[i] 1a C18H37 H Bn 0 –

[a] Reactions were carried out on the 0.1-mmol scale in 1.0 mL toluene
and 1.0 mL H2O. [b] Yield of isolated product. [c] Determined by chiral
HPLC analysis. [d] (S)-4aa was obtained. [e] 0.2 equivalents of SDS was
added. [f] 0.2 equivalents of AOT was added. [g] 0.2 equivalents of Triton
X-100 was added. [h] 0.2 equivalents of CTAB was added. [i] 0.5 equiva-
lents of CTAB was added. AOT= sodium di-(2-ethylhexyl) sulfosucci-
nate, CTAB=cetyltrimethylammonium bromide, Naph=naphthyl,
SDS= sodium dodecyl sulfate. Figure 1. (+)-Nonlinear effects in enantioselective nitroaldol reactions

with (S,S)-1a.
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Experimental Section

General

Flash chromatography was performed by using silica gel 60 (spherical,
particle size 0.040–0.100 mm; Kanto Co., Inc., Japan). Optical rotations
were measured on a JASCO DIP 370 polarimeter. 1H and 13C NMR spec-
tra were recorded on JEOL EX300, ECA/ECX400, and ALPHA500 in-
struments. Mass spectra were recorded on JEOL JMS-T100LC and
JMA-HX110 spectrometers. NMR chemical shifts for protons are report-
ed in parts per million downfield from tetramethylsilane and are refer-
enced to the residual protons in the solvent.

Syntheses

Typical procedure for asymmetric nitroaldol reaction (Table 5, entry 6):
Cyclohexanecarboxaldehyde (2a ; 12.1 mL, 0.1 mmol) was added to a mix-
ture of (S,S)-1a (11.6 mg, 0.01 mmol), KI (8.3 mg, 0.05 mmol), and nitro-
ethane (3b ; 71.5 mL, 1.0 mmol) in toluene (1.0 mL)/aqueous KOH (8 mm,

1.0 mL) at 0 8C. The resulting mixture was stirred vigorously at 0 8C for
24 h. Saturated aqueous NH4Cl was then added, and the organic layer
was extracted with ethyl acetate. The extracts were dried over MgSO4,
filtered, and concentrated in vacuo, and the residue was purified by
column chromatography on silica gel (n-hexane/ethyl acetate=20:1, 10:1,
0:1) to give 5ab (14.4 mg, 77%). (S,S)-1a was recovered (11.5 mg, 99%).
The relative stereochemistry and diastereoselectivity (syn/anti 99:1) of
5ab were determined based on the reported 1H NMR spectral data.
1H NMR (400 MHz, CDCl3): d=4.72 (dq, J=6.8, 6.8 Hz, 1H), 3.65 (dd,
J=6.8, 4.9 Hz, 1H), 2.13 (br s, 1H), 1.78–1.65 (m, 4H), 1.53 (d, J=
6.7 Hz, 3H), 1.48–0.94 ppm (m, 7H); 13C NMR (100 MHz, CDCl3): d=
85.5, 77.2, 39.9, 30.0, 26.3, 26.2, 26.1, 25.9, 16.6 ppm. The enantiomeric
excess of 5ab (93% ee) was determined by means of chiral HPLC analy-
sis (Chiralcel AD-H, 0.46 cm (f)O25 cm (L), n-hexane/2-propanol=97:3,
1.0 mLmin�1, minor: 16.8 min, major: 25.3 min).

Typical procedure for diastereoselective nitroaldol reaction (Table 6,
entry 1): Aqueous KOH (8 mm, 1.0 mL) was added to a mixture of
(R,R)-1a (11.6 mg, 0.01 mmol), KI (8.3 mg, 0.05 mmol), 12a (32.9 mg,
0.1 mmol), and 3a (54.0 mL, 1.0 mmol) in toluene (1.0 mL) at 0 8C. The
resulting mixture was stirred vigorously at 0 8C for 24 h. Saturated aque-
ous NH4Cl was then added, and the organic later was extracted with
ethyl acetate. The extracts were dried over MgSO4, filtered, and concen-
trated in vacuo, and the residue was purified by column chromatography
on silica gel (n-hexane/ethyl acetate=20:1, 10:1, 5:1, 0:1) to give 13a
(28.9 mg, 75%). (R,R)-1a was recovered (11.5 mg, 99%). The relative
stereochemistry and diastereoselectivity of 13a (95:5) was determined
based on the 1H NMR spectra reported by Corey and Zhang.[22b] The en-
antiomeric excess of 13a (99% ee) was determined by means of chiral
HPLC analysis (Chiralcel OJ-H, 0.46 cm (f)O25 cm (L), n-hexane/2-
propanol=90:10, 1.0 mLmin�1, minor: 28.8 min, major: 31.3 min).

Spectral Data

13b : [a]28D =++18.08 (c=1.1m, CHCl3); IR (neat): ñ=3537, 3086, 3062,
3028, 2966, 2926, 1602, 1550, 1495, 1453, 1382, 1262 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.35–7.26 (m, 10H), 4.97 (dd, J=13.7, 2.2 Hz,
1H), 4.28–4.23 (m, 1H), 4.02 (dd, J=13.7, 9.5 Hz, 1H), 3.76 (d, J=
13.4 Hz, 2H), 3.39 (d, J=13.4 Hz, 2H), 2.76–2.68 (m, 1H), 2.49 (br s,
1H), 1.23 ppm (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=

138.8, 128.8, 128.5, 127.3, 79.6 (br), 71.0, 55.3, 54.5, 29.8, 8.4 ppm; HRMS
(FAB): m/z calcd for C18H23N2O3: 315.1709 [M+H]+ ; found: 315.1751.
The enantiomeric excess of 13b (99% ee) was determined by means of
chiral HPLC analysis (Chiralcel OJ-H, 0.46 cm (f)O25 cm (L), n-hexane/
2-propanol=95:5, 1.0 mLmin�1, minor: 28.5 min, major: 34.7 min).

13c : [a]28D =�2.28 (c=1.0m, CHCl3); IR (neat): ñ=3470, 3061, 3028,
2954, 2926, 2867, 1603, 1551, 1494, 1453, 1382 cm�1; 1H NMR (400 MHz,
CDCl3): d=7.36–7.25 (m, 10H), 4.71 (dd, J=13.2, 2.2 Hz, 1H), 4.42–4.39
(m, 1H), 4.15 (dd, J=13.2, 9.8 Hz, 1H), 3.68 (d, J=13.4 Hz, 2H), 3.57 (d,
J=13.7 Hz, 2H), 2.75–2.70 (m, 1H), 2.67 (br s, 1H), 1.93–1.83 (m, 1H),
1.73–1.66 (m, 1H), 1.41–1.36 (m, 1H), 0.95 (d, J=6.6 Hz, 3H), 0.88 ppm
(d, J=6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=139.0, 128.9, 128.5,
127.3, 79.9, 70.2, 57.1, 54.8, 35.8, 25.7, 23.2, 22.9 ppm; HRMS (FAB): m/z

calcd for C21H29N2O3: 357.2178 [M+H]+ ; found: 357.2176. The enantio-
meric excess of 13c (95% ee) was determined by means of chiral HPLC
analysis (Chiralcel OJ-H, 0.46 cm (f)O25 cm (L), n-hexane/2-propanol=
95:5, 1.0 mLmin�1, minor: 28.5 min, major: 34.7 min).

13d : [a]25D =�3.78 (c=0.4m, CHCl3); IR (neat): ñ=3584, 2922, 2850,
1670, 1551, 1495, 1455, 1380, 1260 cm�1; 1H NMR (400 MHz, CDCl3): d=
7.36–7.23 (m, 10H), 4.71 (dd, J=12.9, 2.1 Hz, 1H), 4.57–4.51 (m, 1H),
4.20 (dd, J=12.9, 10.0 Hz, 1H), 3.74 (d, J=13.6 Hz, 2H), 3.61 (d, J=
13.4 Hz, 2H),2.80 (br s, 1H), 2.60 (dd, J=7.2, 6.1 Hz, 1H), 2.30–2.17 (m,
1H), 1.17 (d, J=6.8 Hz, 3H), 1.10 ppm (d, J=6.6 Hz, 3H); 13C NMR
(100 MHz, CDCl3): d=138.7, 128.9, 127.5, 80.0, 68.3, 64.2, 55.3, 26.4, 23.7,
19.8 ppm; HRMS (FAB): m/z calcd for C20H27N2O3: 343.2022 [M+H]+ ;
found: 343.2014. The enantiomeric excess of 13d (99% ee) was deter-
mined by means of chiral HPLC analysis (Chiralcel OJ-H, 0.46 cm (f)O
25 cm (L), n-hexane/2-propanol=95:5, 1.0 mLmin�1, minor: 15.6 min,
major: 26.5 min).

13e : [a]23D =++4.18 (c=0.5m, CHCl3); IR (neat): ñ=3354, 3028, 2959,
2927, 2855, 1552, 1495, 1454, 1379, 1259 cm�1; 1H NMR (400 MHz,
CDCl3): d=7.34–7.25 (m, 10H), 4.87 (dd, J=12.5, 2.4 Hz, 1H), 4.42–4.38
(m, 1H), 4.02 (dd, J=12.5, 9.5 Hz, 1H), 3.95–3.91 (m, 1H), 3.80 (d, J=
13.4 Hz, 2H), 3.59 (ddd, J=10.1, 3.1 Hz, 2H), 3.37 (d, J=13.4, 2H),
2.68–2.64 (m, 1H), 2.17–2.13 (m, 1H), 1.92–1.85 (m, 1H), 0.86 (s, 9H),
0.07 (s, 7H), 0.05 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d=138.6,
128.9, 128.6, 127.5, 80.6, 70.3, 62.8, 59.3, 54.6, 28.0, 25.8, 18.2, �5.5,
�5.6 ppm; HRMS (FAB): m/z calcd for C25H39N2O4Si: 459.2679 [M+

H]+ ; found: 459.2725. The enantiomeric excess of 13e (95% ee) was de-
termined by means of chiral HPLC analysis (Chiralcel OD-H, 0.46 cm
(f)O25 cm (L), n-hexane/2-propanol=97:3, 1.0 mLmin�1, minor:
8.7 min, major: 9.2 min).

13 f : [a]25D =++7.208 (c=1.2m, CHCl3); IR (neat): ñ=3436, 3084, 3061,
3027, 2925, 2852, 2799, 1656, 1602, 1550, 1494, 1453, 1378 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.39–7.19 (m, 20H), 4.68 (dd, J=13.0, 2.2 Hz,
1H), 4.30 (ddd, J=9.8, 7.8, 2.2 Hz, 1H), 4.01 (dd, J=13.0, 9.8 Hz, 1H),
3.65 (d, J=10.7 Hz, 2H), 3.62 (d, J=10.7 Hz, 2H), 3.50 (d, J=5.4 Hz,
2H), 3.47 (d, J=5.4 Hz, 2H), 2.57–2.48 (m, 1H), 2.45–2.39 (m, 1H),
1.71–1.27 ppm (m, 6H); 13C NMR (100 MHz, CDCl3): d=139.5, 139.0,
128.9, 128.5, 128.1, 127.3, 126.8, 79.9 (br), 70.2, 59.2 (br), 58.5, 54.8, 52.3,
27.1, 25.7, 25.6 ppm; HRMS (FAB): m/z calcd for C35H42N3O3: 552.3226
[M+H]+ ; found: 552.3221. The enantiomeric excess of 13 f (99% ee) was
determined by means of chiral HPLC analysis (Chiralcel AD-H, 0.46 cm
(f)O25 cm (L), n-hexane/2-propanol=90:10, 1.0 mLmin�1, minor:
7.7 min, major: 9.4 min).

13g : [a]28D =++51.88 (c=1.3m, CHCl3); IR (neat): ñ=3584, 3064, 3022,
2955, 2929, 2857, 1556, 1471, 1383, 1258 cm�1; 1H NMR (400 MHz,
CDCl3): d=7.41–7.30 (m, 5H), 4.50–4.26 (m, 3H), 2.47 (d, J=5.9 Hz,
1H), 0.91 (s, 9H), 0.07 (s, 3H), �0.14 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d=139.7, 128.7, 126.4, 77.1, 76.2, 73.6, 25.7, 18.1, �4.7,
�5.2 ppm; HRMS (FAB): m/z calcd for C15H26NO4Si: 312.1631 [M+H]+;
found: 312.1663. The enantiomeric excess of 13g (99% ee) was deter-
mined by means of chiral HPLC analysis (Chiralcel AD-H, 0.46 cm (f)O
25 cm (L), n-hexane/2-propanol=99:1, 1.0 mLmin�1, minor: 17.7 min,
major: 22.4 min).

13h : [a]28D =++25.88 (c=1.4m, CHCl3); IR (neat): ñ=3466, 2957, 2929,
2857, 1556, 1464, 1423, 1381, 1258 cm�1; 1H NMR (400 MHz, CDCl3): d=
4.56 (dd, J=13.1, 2.7 Hz, 1H), 4.46 (dd, J=13.1, 8.8 Hz, 1H), 4.16–4.10
(m, 1H), 3.93–3.87 (m, 1H), 2.65 (d, J=6.3 Hz, 1H), 1.21 (d, J=6.3 Hz,
3H), 0.89 (s, 9H), 0.09 (s, 2H), 0.09 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d =77.5, 73.1, 69.7, 25.8, 19.7, 18.0, �4.2, �4.9 ppm; HRMS
(FAB): m/z calcd for C10H24NO4Si: 250.1475 [M+H]+ ; found: 250.1507.
The enantiomeric excess of 13h (99% ee) was determined by means of
chiral HPLC analysis (Chiralcel AD-H, 0.46 cm (f)O25 cm (L), n-
hexane/2-propanol=99.9:0.1, 1.0 mLmin�1, minor: 29.1 min, major:
36.1 min).
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