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The direct aldol reaction between cyclic ketones and 4-nitrobenzaldehyde catalyzed by chiral Zn2+

complexes of aminoacyl 1,4,7,10-tetraazacyclododecane is reported. The anti-aldol products were mainly
formed in cyclohexanone/N-methylpyrrolidone(NMP)/MeOH with good diastereo- and enantioselectivi-
ty, while syn-aldol adducts were obtained as major products with good enantioselectivity in cyclohexa-
none/H2O and cyclohexanone/NMP/H2O. The fact that the UV/vis spectra of 2,6-diphenyl-4-(2,4,
6-triphenyl-1-pyridinio)phenolate (Reichardt’s dye) were nearly identical in these solvent systems
suggests that the switch in the relative configuration of the aldol products is induced by a large excess
of H2O rather than the polarity of the solvent system. Furthermore, the addition of a small amount of
TFA improved the enantioselectivity of the syn-aldol adducts produced in cyclohexanone/H2O with up
to 92% ee (anti/syn ratio = 30:70).

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Optically active b-hydroxy carbonyl compounds are versatile
intermediates in the synthesis of natural products, pharmaceuti-
cally active compounds, and related materials.1 The aldol reaction
is one of the most important C–C bond forming reactions for pro-
ducing b-hydroxy carbonyl compounds bearing two new stereo-
genic centers at the a- and b-positions of the carbonyl groups.2

To date, a number of methods for controlling the stereochemistry
of the aldol products have been reported, most of which involve
the use of stoichiometric amounts of chiral auxiliaries.3–5 In addi-
tion, direct catalytic aldol reactions using metallocatalysts,6,7

organocatalysts,8,9 and bio-catalysts10 have recently been reported.
Asymmetric aldol reactions of cyclic ketones with aldehydes are
particularly attractive and valuable strategies for the synthesis of
b-hydroxy carbonyl derivatives. Although some asymmetric aldol
reactions of cyclic ketones have been reported, only a few studies
on direct catalytic asymmetric aldol reactions of cyclohexanone
with aldehydes to afford syn-aldol products have been
reported.11,12 Besides, the development of methods for changing
the diastereo- and enantioselectivity of the reaction products
produced using the same chiral catalysts would be very useful
from a practical point of view.13,14

In a previous study, we reported on the direct aldol reactions of
acetone and benzaldehydes in aqueous solution, catalyzed by chiral
Zn complexes of aminoacyl 1,4,7,10-tetraazacyclododecane
([12]aneN4 or cyclen) derivatives such as 1–4 (L-ZnL1–L-ZnL4).15 A
mechanistic study suggested that the Zn2+-bound OH� of the ZnL
complexes 5 (ZnL(OH�)) acts as a base to deprotonate the a-proton
of the acetone to generate the ZnL–(enolate)� complex 6 in these
aldol reactions (Scheme 1).15b We also reported on the one-pot
synthesis of optically active 1,3-diols 9a–c by a combination of
enantioselective aldol reactions catalyzed by ZnL complexes to give
aldol adducts 8a–c with the successive reduction of 8a–c by the re-
combinant oxidoreductase system ‘Chiralscreen� OH’ (Scheme 1).16

These results prompted us to investigate the diastereo- and
enantioselective aldol reaction of cyclic ketones such as cyclohexa-
none 10 and cyclopentanone 11 with 4-nitrobenzaldehyde 7c in the
presence of the above chiral ZnL catalysts (Scheme 2). An inversion
of the stereoselectivities of the aldol products was observed by sim-
ply changing the solvent system and the additive used in the reac-
tion. The mechanism of these phenomena is discussed based on
the UV/vis spectra measurements of solvent systems using 2,6-di-
phenyl-4-(2,4,6-triphenyl-1-pyridinio)phenolate (Reichardt’s dye),
which has been reported as an indicator of solvent polarity.17 The
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Scheme 1. Asymmetric aldol reactions of acetone catalyzed by chiral ZnL complexes combined with the reduction of the aldol products 8a–c by an oxidoreductase using a
cofactor (NADH) regenerating system to give 1,3-diols 9a–c.
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Scheme 2. Aldol reactions between 10 and 11 with 7c catalyzed by chiral ZnL complexes.
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effect of additives, such as Zn2+ salts and trifluoroacetic acid (TFA),
was also investigated.

2. Results and discussion

The aldol reaction of cyclohexanone 10 and 4-nitrobenzalde-
hyde 7c was carried out using L-ZnL1 (5 mol %, 25 mM) in different
solvent systems, as listed in entries 1–12 of Table 1. Although only
trace amounts of aldol product 12 were obtained under neat
conditions (entry 1), the reaction was accelerated in the case of
10/H2O (50:50) to give 12 in 36% yield with 77% ee (2R, 10R) (entry
2). The chemical yield and ee value of 12 were further improved
upon when a 95:5 mixture of 10/H2O was used (79% yield and
89% ee (2R, 10R)), while the anti/syn ratio was almost 1:1 (entry
3). Among the alcohol solvents tested (MeOH, EtOH, and i-PrOH),
MeOH gave anti-12 in 72% ee (2S, 10R) with an anti/syn ratio of
82:18 (entries 4–6). The use of aprotic polar solvents, such as
NMP (N-methylpyrrolidone) or DMF, gave anti-12 as the major iso-
mer (anti/syn = 90:10) with good enantioselectivity, although the
chemical yields were rather low (entries 7 and 8). Mixtures of
H2O, MeOH, and NMP were also tested as co-solvents. When a
10/NMP/H2O mixture was used, the reaction proceeded smoothly
to afford 12 in 85% yield with 83% ee (2R,10R) with an anti/syn ratio
of ca. 1:1 (entry 9). On the other hand, anti-12 was obtained as the
major isomer with good diastereo- and enantioselectivity
[anti/syn = 88:12, 84% ee (2R,10R)] when 10/NMP/MeOH was used
as the solvent (entry 10). The use of 10/NMP/MeOH/H2O and 10/
MeOH/H2O gave syn-12 with an enantioselectivity similar to that
obtained for 10/H2O and 10/NMP/H2O (entries 11 and 12), thus
implying that the inversion of the stereoselectivity of 12 was
induced by the presence of H2O. A similar dependency of the
stereochemistry of the aldol products on the solvent system used
was observed when ZnL complexes 2–4 (L-ZnL2–L-ZnL4) were used
(entries 13–18). In entries 19–24, in which cyclopentanone 11 was
used as the substrate, syn-13 was obtained as the major isomer in a
11/H2O system in high yield and with good enantioselectivities
(entries 19–21), while the yield and stereoselectivities of 13 were
low in 11/NMP/MeOH (entries 22–24). It should be noted that
the reaction mixtures in 10/H2O and 11/H2O (entries 2, 3, 13–15,
and 19–21) are heterogeneous and we assume that the aldol reac-
tion in these cases proceeds mainly in the organic layer or at the
interface of the organic and aqueous layers.

To the best of our knowledge, the absolute stereochemistry of
the aforementioned syn-12 has not been determined, while that
for anti-12 has been reported.11d,12c,14h,18,19 The absolute configu-
ration of the major enantiomer of syn-12 was determined as fol-
lows. A 5:95 mixture of anti- and syn-12 was prepared by silica
gel column chromatography (Hexane/AcOEt) of the aldol products
of entry 3 in Table 1 (anti/syn = 49:51), and was then reacted with
4-bromobenzoyl chloride to give syn-14 as a single stereoisomer
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Figure 1. The ORTEP drawing (50% probability ellipsoids) of (2R,10R)-14.

Table 1
The results of the asymmetric aldol reactions between cyclic ketones 10 and 11 and 4-nitrobenzaldehyde 7c catalyzed by 1–4 (L-ZnL1–L-ZnL4)

n

O

H+

OHO

10 (n = 2)
11 (n = 1)

anti-12 (n = 2)
anti-13 (n = 1)

catalyst
(5 mol%)

solvent
24 h, 25°C

7c

NO2

+(1'R)
(2S)

NO2

syn-12 (n = 2)
syn-13 (n = 1)

O

n

OHO

(1'R)
(2R)

NO2n

Entry Catalysta Solvent Product Yieldb

(%)
CTNc d.r.d

(anti/syn)
eee (%)
(anti/syn)

1 1 (L-ZnL1) 10f 12 4 1 99:1 28 (2S,10R)/19 (2R,10R)
2 1 (L-ZnL1) 10/H2O (50:50)g 12 36 7 54:46 6 (2R,10S)/77 (2R,10R)
3 1 (L-ZnL1) 10/H2O (95:5)g 12 79 16 49:51 11 (2S,10R)/89 (2R,10R)
4 1 (L-ZnL1) 10/MeOH (50:50)f 12 81 16 82:18 72 (2S,10R)/61 (2R,10R)
5 1 (L-ZnL1) 10/EtOH (50:50)f 12 61 12 67:33 68 (2S,10R)/86 (2R,10R)
6 1 (L-ZnL1) 10/i-PrOH (50:50)f 12 13 3 80:20 68 (2S,10R)/54 (2R,10R)

7 1 (L-ZnL1) 10/DMF (50:50)f 12 4 1 91:9 84 (2S,10R)/52 (2R,10R)
8 1 (L-ZnL1) 10/NMP (50:50)f 12 19 4 90:10 88 (2S,10R)/17 (2R,10R)
9 1 (L-ZnL1) 10/NMP/H2O (40:50:10)f 12 85 17 49:51 7 (2R,10S)/83 (2R,10R)
10 1 (L-ZnL1) 10/NMP/MeOH (40:50:10)f 12 96 19 88:12 84 (2S,10R)/46 (2R,10R)
11 1 (L-ZnL1) 10/NMP/MeOH/H2O (40:50:5:5)f 12 83 17 59:41 16 (2S,10R)/80 (2R,10R)
12 1 (L-ZnL1) 10/MeOH/H2O (50:25:25)f 12 70 14 47:53 1 (2R,10S)/78 (2R,10R)
13 2 (L-ZnL2) 10/H2O (95:5)g 12 1 — 50:50 24 (2R,10S)/85 (2R,10R)
14 3 (L-ZnL3) 10/H2O (95:5)g 12 41 8 61:39 5 (2R,10S)/76 (2R,10R)
15 4 (L-ZnL4) 10/H2O (95:5)g 12 62 12 51:49 6 (2S,10R)/90 (2R,10R)
16 2 (L-ZnL2) 10/NMP/MeOH (40:50:10)f 12 52 10 85:15 85 (2S,10R)/64 (2R,10R)
17 3 (L-ZnL3) 10/NMP/MeOH (40:50:10)f 12 26 5 93:7 90 (2S,10R)/11 (2S,10S)
18 4 (L-ZnL4) 10/NMP/MeOH (40:50:10)f 12 89 18 87:13 83 (2S,10R)/51 (2R,10R)
19 1 (L-ZnL1) 11/H2O (95:5)g 13 92 18 33:67 14 (2R,10S)/85 (2R,10R)
20 3 (L-ZnL3) 11/H2O (95:5)g 13 85 17 44:56 7 (2R,10S)/81 (2R,10R)
21 4 (L-ZnL4) 11/H2O (95:5)g 13 90 18 31:69 23 (2R,10S)/87 (2R,10R)
22 1 (L-ZnL1) 11/NMP/MeOH (40:50:10)f 13 21 4 51:49 39 (2S,10R)/3 (2R,10R)
23 3 (L-ZnL3) 11/NMP/MeOH (40:50:10)f 13 2 — 46:54 27 (2R,10S)/9 (2S,10S)
24 4 (L-ZnL4) 11/NMP/MeOH (40:50:10)f 13 6 1 55:45 37 (2R,10S)/7 (2R,10R)

a Concentrations of the catalysts in the solvent were 25 mM. ZnL complexes were formed in situ. The L-forms of ZnL complexes were used in all entries.
b Isolated yield.
c Catalytic Turnover Number (= yield/equivalents of catalyst).
d Determined by 1H NMR spectroscopy and HPLC analysis.
e Determined by HPLC analysis using a chiral column (Refs. 14h,18).
f Reaction solution is homogeneous.
g Reaction solution is heterogeneous.
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(Scheme 3). Recrystallization of this material from Hexanes/AcOEt
gave single crystals suitable for X-ray analysis, which was found to
be (2R, 10R)-14, as shown in Figure 1.

As described in Table 1, syn-12 was produced as the major
diastereomer in 10/NMP/H2O (40:50:10) and anti-12 was mainly
obtained in 10/NMP/MeOH (40:50:10).20 The relationship between
the solvent systems including 10, H2O, MeOH, and NMP with the
(10R/10S) and (2R/2S) ratios of the aldol adduct 12 is summarized
in Figure 2. The results listed in Table 1 indicate that the absolute
configuration at the ‘1’ position of anti- and syn-12 is ‘10R’, thus
implying that 7c is attacked by the ZnL-enolate of 10 preferentially
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from the Re-face, as indicated in Figure 2a. In the aldol reaction of
acetone with 2-chlorobenzaldehyde 7a in acetone/H2O (4:1),
acetone/MeOH (4:1), and acetone/NMP (4:1), the use of L-ZnL1

resulted in the formation of (R)-8a in 94% ee, 93% ee, and 89% ee,
respectively (Scheme 4), indicating that the enolate form of
acetone attacks benzaldehyde predominantly from the same face
(Re-face) in both cases.

As shown in Figure 2b, the attack of ZnL-enolate of 10 to 7c
occurs mainly at the Re-face to give the (2R)-stereocenter in 12
in 10/H2O (95:5), 10/NMP/H2O (40:50:10), 10/MeOH/H2O
(50:25:25), and 10/NMP/MeOH/H2O (40:50:5:5) (left half of
Fig. 2b). On the other hand, the Si-facial reaction is favorable in less
polar solvent systems such as 10/MeOH (50:50), 10/NMP/MeOH
(40:50:10), and 10/NMP (50:50) (right half of Fig. 2b).

In order to examine the effect of the polarity of the overall
solvent system on the stereochemistry of the aldol adduct 12 in each
case shown in Figure 2a and b, we obtained UV/vis spectra of 2,6-di-
phenyl-4-(2,4,6-triphenyl-1-pyridinio)phenolate (Reichardt’s dye)
15. It is known that the absorption maximum of 15 is dependent
on the polarity of the solvent: its absorption spectra exhibit a
red-shift in less polar solvents.17 Since it was observed that the
absorption intensity of 15 was reduced in the presence of a large ex-
cess amount of 10, the UV/vis spectra of 15 were measured without
10. The absorption maximum of 15 in MeOH/H2O (1:1) was
observed at 493 nm (Fig. 3a), in which the syn-adduct (2R, 10R)-12
was predominantly obtained, while it was observed at 513 and
675 nm in MeOH and NMP, respectively (Fig. 3b and f), which gave
anti-12 as a major isomer. In addition, the absorption maximum of
15 was observed at the almost identical wavelength (about 590 nm)
in NMP/MeOH (5:1), in NMP/MeOH/H2O (10:1:1), and in NMP/H2O
(5:1), indicating that the polarities of these solvent mixtures are
similar (Fig. 3c–e). These data indicate that the diastereoselectivity
of the aldol products of 12 is affected by the presence of a large
excess of H2O rather than the polarity of the solvent used in the
reaction, thus suggesting the important role of H2O in the transition
state of the aldol reactions.21

The effect of some additives on the aldol reaction was
examined using 1 (L-ZnL1) and 4 (L-ZnL4) in Table 2. The addition
of Zn(NO3)2�6H2O and Zn-cyclen�H2O 16 (ZnL5) gave 12 in almost
the same yield and enantioselectivity as those obtained in the ab-
sence of an additive (entry 1 vs entries 2 and 3). When 5 mol %
trifluoroacetic acid (TFA) was added, the diastereo- and enantiose-
lectivity of syn-12 were improved, while 10 mol % TFA gave worse
results (entry 1 vs entries 4 and 5) (it was confirmed by 1H NMR
that L-ZnL1 did not decompose under these conditions). In entries
6 and 7 where 4 (L-ZnL4) was used as a catalyst, the diastereoselec-
tivity of syn-12 was also improved upon by the addition of TFA
(5 mol %). In 10/NMP/MeOH, the addition of Zn2+ salt and TFA im-
proved the diastereo- and enantioselectivity of syn-12, while the
enantioselectivity of anti-12 was lowered (entry 8 vs entries
9–11). It has been reported that acidic additives function as hydro-
gen-bonding donors in the transition states of aldol reactions cat-
alyzed by chiral organocatalysts and switch the diastereo- or
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Table 2
Effect of additives on asymmetric aldol reactions between cyclohexanone 10 and 4-nitrob

O O

H
+

O

10

catalyst (5 mol%)
additive

solvent
24 h, 25°C

7c

NO2

Entry Catalysta Solvent Additive

1f 1 (L-ZnL1) 10/H2O (95:5)i None

2 1 (L-ZnL1) 10/H2O (95:5)i Zn(NO3)2�6H2O (5 mol %)

3 1 (L-ZnL1) 10/H2O (95:5)i 16 (ZnL5) (5 mol %)

4 1 (L-ZnL1) 10/H2O (95:5)i TFA (5 mol %)

5 1 (L-ZnL1) 10/H2O (95:5)i TFA (10 mol %)

6g 4 (L-ZnL4) 10/H2O (95:5)i None

7 4 (L-ZnL4) 10/H2O (95:5)i TFA (5 mol %)

8h 1 (L-ZnL1) 10/NMP/MeOH
(40:50:10)j

None

9 1 (L-ZnL1) 10/NMP/MeOH
(40:50:10)j

Zn(NO3)2�6H2O (5 mol %)

10 1 (L-ZnL1) 10/NMP/MeOH
(40:50:10)j

16 (ZnL5) (5 mol %)

11 1 (L-ZnL1) 10/NMP/MeOH
(40:50:10)j

TFA (5 mol %)

a Concentrations of catalysts in the solvent were 25 mM. ZnL complexes were formed
b Isolated yield.
c Catalytic Turnover Number (= yield/equivalents of catalyst).
d Determined by 1H NMR spectroscopy and HPLC analysis.
e Determined by HPLC analysis using a chiral column.14h,18

f Taken from entry 3 in Table 1.
g Taken from entry 15 in Table 1.
h Taken from entry 10 in Table 1.
i Reaction solution is heterogeneous.
j Reaction solution is homogeneous.
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enantioselectivity of the aldol products.12c,14g In our case, TFA may
exhibit a similar effect, while Zn2+-bound H2O (pKa value is
7.8)15a,22 of 16 has a negligible effect.

N

NN

N

H

H H

H2O

H

16
(ZnL5)

Based on the information obtained herein, the transition states
of the ZnL-catalyzed aldol reaction between 10 and 7c are pro-

posed as shown in Scheme 5. It is likely that the change in the ste-
reoselectivity of 12 is dependent on the transition states, which
may have chair- or boat-like structure, as described by Denmark
et al.23 We assumed that a chair-like transition state structure 17
was preferred in the solvent systems without H2O, such as 10/
NMP/MeOH, and afforded anti-12 as the major diastereomer. On
the other hand, a boat-like transition state structure 18 is preferred
in the presence of H2O (and TFA) to give syn-12 with good enanti-
oselectivities. Our hypothesis is that H2O and TFA may play impor-
tant roles in the hydrogen-bonding network including substrates
and catalysts, as reported by Yang et al.12c and Maruoka et al.14g
3. Conclusion

The findings reported herein show that the direct aldol reaction
between cyclic ketones such as cyclohexanone or cyclopentanone
and benzaldehyde catalyzed by ZnL complexes can result in the
formation of the corresponding aldol adducts in high chemical
yields and enantiomeric excess. The choice of an appropriate
solvent system and additive allows the preparation of either
enzaldehyde 7c catalyzed by 1 (L-ZnL1) and 4 (L-ZnL4)

OH

anti -12

+

syn-12

(1'R)
(2S)

OHO

(1'R)
(2R)

NO2 NO2

Yieldb

(%)
CTNc d.r.d

(anti/syn)
eee (%)
(anti/syn)

79 16 49:51 11 (2S,10R)/89 (2R,10R)
78 16 44:56 5 (2S,10R)/89 (2R,10R)
77 15 38:62 18 (2S,10R)/89 (2R,10R)
67 13 30:70 2 (2R,10S)/92 (2R,10R)
61 12 28:72 5 (2R,10S)/86 (2R,10R)
62 12 51:49 6 (2S,10R)/90 (2R,10R)
57 11 34:66 14 (2R,10S)/88 (2R,10R)
96 19 88:12 84 (2S,10R)/46 (2R,10R)

63 13 78:22 75 (2S,10R)/70 (2R,10R)

90 18 75:25 73 (2S,10R)/73 (2R,10R)

39 8 63:37 60 (2S,10R)/71 (2R,10R)

in situ. The L-forms of ZnL complexes were used in all entries.
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anti- or syn-aldol adducts with good diastereo- and enantioselec-
tivity. We assume that the development of methods for controlling
the diastereo- and enantioselectivity of the aldol products using
the same chiral catalysts, and in different solvent systems, would
be very useful from a practical point of view. These results should
afford useful information for controlling the stereoselectivity of the
products in aldol reactions of cyclic ketones and related substrates.
Attempts at improving the aldol reactions of other substrates such
as 2,2-dimethyl-1,3-dioxan-5-one (protected dihydroxyacetone)
with benzaldehydes and glyceraldehyde derivatives and more de-
tailed mechanistic studies are currently underway.

4. Experimental

4.1. General

All reagents and solvents were of the highest commercial qual-
ity and used without further purification. Zn(NO3)2�6H2O was
purchased from Wako Chemical Co. All aqueous solutions were
prepared using deionized and distilled water. HPLC was carried
out using a HITACHI AS-2000 Autosampler, an L-4000 UV Detec-
tor, an L-5025 Column oven, and an L-6200 Intelligent pump.
Optical rotations were determined using a JASCO P-1030 digital
polarimeter in 50-mm cells using the D line of sodium
(589 nm). UV spectra were recorded on a HITACHI U-3310 UV/
vis spectrophotometer at 25 ± 0.1 �C. 1H (500 MHz) and 13C
(125 MHz) NMR spectra were recorded on a JNM-A500 spectrom-
eter, respectively. The chemical shifts (d) in CDCl3 were deter-
mined relative to an internal reference of tetramethylsilane
(TMS) (for 1H NMR) and CDCl3 (for 13C NMR). IR spectra were re-
corded on a Perkin–Elmer Frontier FT-IR/FIR spectrometer at
room temperature. MS measurements were performed on a JEOL
JMS-SX102A and a Varian 910-MS. Elemental analyses were per-
formed on a Perkin–Elmer CHN 2400 series II CHNS/O analyzer at
the Research Institute for Science and Technology, Tokyo Univer-
sity of Science. Melting points were measured on an ASONE ATM-
02 apparatus and are uncorrected. Thin-layer (TLC) and silica gel
column chromatographies were performed using a Merck silica
gel 60 F254 plate and Kanto Chemical Co. Inc. silica gel 60N
(spherical, neutral, 40–100 lm), respectively.
4.2. Representative procedure for the catalytic aldol reactions

Chiral ligands (L-L1–L-L4) (0.0125 mmol) were extracted from a
0.2 M NaOH aqueous solution (0.5 mL) with CHCl3. After drying
the combined organic layers over anhydrous Na2SO4, the solution
was filtered and concentrated under reduced pressure. The result-
ing residue was added to a solution of a mixture of Zn(NO3)2�6H2O
(0.0188 mmol) in a solvent (0.25 mL), and the mixture was stirred
for 10 min. The substrate aldehyde (0.25 mmol) was then added
and the resulting reaction mixture was stirred for 24 h at 25 �C.
The reaction mixture was purified by silica gel column chromatog-
raphy (Hexanes/AcOEt) to provide the pure aldol product. The
enantiomeric purities of the aldol products were determined by
HPLC using a chiral HPLC column, as described below.14d,18

4.2.1. 2-(Hydroxy(4-nitrophenyl)methyl)cyclohexan-1-one 12
1H NMR (500 MHz, CDCl3/TMS) anti isomer: d = 1.37–2.61 (m,

9H), 4.07 (d, J = 3.0 Hz, 1H), 4.90 (d, J = 8.5 Hz, 1H), 7.51 (d,
J = 8.5 Hz, 2H; ArH), 8.21 ppm (d, J = 8.5 Hz, 2H; ArH); syn isomer:
d = 1.37–2.61 (m, 9H), 3.17 (d, J = 3.0 Hz, 1H), 5.49 (s, 1H), 7.51 (d,
J = 8.5 Hz, 2H; ArH), 8.21 ppm (d, J = 8.5 Hz, 2H; ArH); HPLC (Daicel
Chiralpak AD-H column (0.46u � 25 cm), Hexanes/i-PrOH = 93:7,
flow rate: 0.8 mL/min, k = 254 nm, 25 �C): tR(syn) (2R,10R) =
30.2 min, tR(syn) (2S,10S) = 40.2 min, tR(anti) (2R,10S) = 43.1 min,
tR(anti) (2S,10R) = 57.6 min.

4.2.2. 2-(Hydroxy(4-nitrophenyl)methyl)cyclopentan-1-one 13
1H NMR (500 MHz, CDCl3/TMS) anti isomer: d = 1.59–2.57 (m,

7H), 4.76 (s, 1H), 4.85 (d, J = 9.5 Hz, 1H), 7.54 (d, J = 9.0 Hz, 2H;
ArH), 8.22 ppm (d, J = 9.0 Hz, 2H; ArH); syn isomer: d = 1.59–
2.57 (m, 7H), 5.43 (s, 1H), 7.52 (d, J = 8.5 Hz, 2H; ArH),
8.22 ppm (d, J = 8.5 Hz, 2H; ArH); HPLC (Daicel Chiralpak AD-H
column (0.46u � 25 cm), Hexanes/i-PrOH = 95:5, flow rate:
1.0 mL/min, k = 254 nm, 25 �C): tR(syn) (2R,10R) = 24.5 min, tR(syn)
(2S,10S) = 34.6 min, tR(anti) (2R,10S) = 42.6 min, tR(anti) (2S,10R) =
45.8 min.

4.3. Determination of the absolute configuration of the syn-
aldol products 12

4.3.1. Preparation of (�)-(2R,10R)-2-((bromobenzoyl)oxy-(4-
nitrophenyl)methyl)cyclohexan-1-one 14

At first, DMAP (39 mg, 0.32 mmol) was added to a solution of
syn-12 [anti/syn = 5:95, 89% ee (syn-form), 50 mg, 0.20 mmol]
[the major enantiomer was determined to be (2R,10R)-form based
on the X-ray crystal structure analysis of 14], and 4-bromobenzoyl
chloride (66 mg, 0.30 mmol) in CH2Cl2 (8.0 mL). The mixture was
then stirred at room temperature for 31 h, and the solvent was
removed by concentration under reduced pressure. The resulting
residue was purified by silica gel column chromatography
(Hexanes/AcOEt = 4:1) to provide 14 as a colorless solid, which
was crystallized from Hexanes/AcOEt (20:1) (10.5 mL) to give 14
as a colorless crystal (39 mg, 45% yield): mp = 124–126 �C;
½a�25

D ¼ �75:6 (c 0.50, CHCl3); 1H NMR (500 MHz, CDCl3/TMS):
d = 1.65–1.85 (m, 3H), 1.99–2.47 (m, 5H), 2.90 (ddd, J = 12.0, 9.0,
6.0 Hz, 1H), 6.52 (d, J = 6.0 Hz, 1H), 7.56 (d, J = 8.5 Hz, 1H; ArH),
7.61 (d, J = 9.0 Hz, 1H; ArH), 7.89 (d, J = 8.5 Hz, 1H; ArH),
8.20 ppm (d, J = 9.0 Hz, 1H; ArH); 13C NMR (125 MHz, CDCl3/
TMS): d = 24.8, 27.5, 28.6, 42.3, 55.7, 73.1, 123.4, 124.0, 127.3,
127.8, 128.5, 128.6, 130.8, 130.9, 131.4, 131.7, 132.2, 146.9,
164.5, 208.4 ppm; IR (ATR): m = 2940, 2876, 1706, 1591, 1514,
1351, 1267, 1175, 1123, 1110, 1098, 1081, 1071, 1011, 844, 752,
700 cm�1; HRMS (FAB+): calcd for [M+H]+, 432.0447; found,
432.0443; elemental analysis calcd (%) for C20H18BrNO5 (432.27):
C, 55.57; H, 4.20; N, 3.24; found: C, 55.17; H, 3.81; N, 3.13.



S. Itoh et al. / Tetrahedron: Asymmetry 24 (2013) 1583–1590 1589
4.3.2. Crystallographic study of 14
All measurements were made on a Bruker APEX CCD area detec-

tor using Mo-Ka radiation at 103 K. The structure was solved by di-
rect methods.24 All calculations were performed using the
CrystalStructure crystallographic software package except for
refinements, which were performed using SHELXL-97. C20H18Br1N1-

O5, Mr = 432.26, a colorless prism, crystal size 0.50 � 0.11 �
0.10 mm, monoclinic, space group P2(1), a = 8.1256(8) Å,
b = 5.5047(5) Å, c = 20.910(2) Å, b = 90.6570(10)�, V = 935.23(15) Å3,
Z = 2, Dcalc = 1.535 g cm�3, 5216 measured reflections, 3078 unique
reflections (Rint = 0.0176), 2hmax = 52.8, R1 (wR2) = 0.0240 (0.0588),
GOF = 1.148. CCDC 955434 contains the supplementary crystallo-
graphic data for this paper. These data are available free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.
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