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a b s t r a c t

Novel diastereoselective photo-induced pinacol coupling reactions of acetophenones by using triethyl-
amine and chiral tertiary amines as electron donating co-sensitizers were studied. Various influence fac-
tors including solvents, substituents, and chiral amines on both the diastereoselectivity and yield were
examined. The diastereoselectivities were enhanced in supramolecular systems of cyclodextrins and zeo-
lites. The best result of dl/meso up to 82:18 was obtained in combination use of chiral tertiary amine and
b-CD.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

While thermal asymmetric synthesis has been successfully uti-
lized for decades, the photochemical counterpart is still in its early
stages. In recent years enormous efforts have been made to develop
versatile methods in photo-induced asymmetric synthesis.1,2 Such
asymmetric photochemical reactions exhibit unique superiority in
high energy, simplicity, and green chemistry as compared with
conventional synthesis.1a,9 The latest study has also shown that
supramolecular systems such as modified cyclodextrins and
zeolites have been employed in asymmetric photoreactions, which
act as ‘microreactors’ and provide chiral space for interactions
between the host and the guest.1a,3–8 In addition, applications of
chiral photosensitizers, chiral memory effect and absolute asym-
metric photochemistry have also attracted considerable atten-
tion.10–13

1,2-Diols are important structural motifs found in many natural
products and drugs such as taxol�, protease inhibitor, inositols,
etc.14 They have also been widely utilized in organic chemistry
as chiral ligands and auxiliaries. Pinacol coupling of aldehydes or
ketones is a well known method for synthesis of 1,2-diols.15–17

However, asymmetric pinacol coupling reaction has remained a
significant synthetic challenge. So far the major efforts have been
focused on catalysis of chiral low-valent titanium and chromium
complexes to achieve stereoselectivity. Good to excellent enantio-
and diastereoselectivities have been reported by different groups.
ll rights reserved.
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The photo-induced pinacol coupling reaction has also been
studied as a reliable and convenient method since 1900.14 How-
ever, there have been only few reports regarding the stereoselec-
tivity and limited progress has been made. Seebach and Daum18

made early attempts to use a chiral amino ether to initiate
photo-pinacol coupling of aromatic ketones, but the dl/meso ratio
remained at a unsatisfactory level (�50:50). Therefore, there is still
a great need to explore novel approaches for stereoselective photo-
induced pinacol coupling reaction.

In this Letter an effective and diastereoselective photo-induced
pinacol coupling of substituted acetophenones via electron transfer
photosensitization using tertiary amines as electron donating co-
sensitizers. The presence of cyclodextrins and zeolites also has
influenced diastereoselectivity. Of these, the b-CD–acetophenone
inclusion complex along with combination use of tertiary amine
9 gave the best result of dl/meso up to 82:18.

2. Photo-pinacol coupling reaction in solution

Upon irradiation of UV light and in the presence of triethyl-
amine as electron donating co-sensitizer, acetophenone 1 under-
went the pinacol coupling reaction in methanol to give pinacol 10

in high yield (92%), but the diastereoselectivity was not satisfac-
tory (dl/meso = 53:47). To improve the diastereoselectivity, optimi-
zation of the reaction conditions was studied including the solvent
and substituent effects on the yield and diastereoselectivity. The
reactions were carried out in nine solvents. The results showed
that high yields remained in �90% for most solvents used except
moderate yields in THF and DMF. The product diastereoselectivity
by measuring the ratio of dl/meso in various solvents showed a
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little change around 50:50. However, the para-substituents of ben-
zene ring in acetophenones (1–7, see Scheme 1) had considerable
influence on both the yield and ratio of dl/meso. It can be seen from
Table 1 that high yields (>90%) remained for entries 1 and 3. The
yield is extremely low (30%) for the methoxy substituent (entry
4). Surprisingly, almost no reaction was observed in the case of
the hydroxy-substituent (entry 5). This is probably attributed to
the strong inhibition effect of free radical scavengers like phenol
on the formed ketyl radical anion of acetophenone, therefore, the
coupling of the ketyl radical anion is totally suppressed.

An electron transfer (ET) mechanism for the title reaction with
tertiary amine as shown in Scheme 2 is proposed. It is well estab-
lished that photoreduction of ketones in the presence of amines led
to ketyl radicals through photo-induced ET.19 Excitation of aceto-
phenone leads to its predominated triplet state, which is much
stronger electron-accepting than its ground state. ET from the
ground state of tertiary amine to the triplet of acetophenone gen-
erates the radical ion pair. The coupling and protonation of the ke-
tyl radical anion lead to the pinacol formation, whereas tertiary
amine radical cation undergoes deprotonization and coupling to
give the diamine 8. Evidence supporting the above ET mechanism
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Scheme 1. Photo-induced pinacol coupling reaction of substituted acetophenones
(1–7) with Et3N.

Table 1
The substituent effect of acetophenones on photo-induced pinacol coupling with Et3N
in methanola.20

Entry Ar R Yields (%) dl/meso

1 C6H5 CH3 92 53:47
2 C6H5 CH2Br 75 52:48
3 4-CH3C6H5 CH3 99 65:35
4 4-CH3OC6H5 CH3 30 66:34
5 4-HOC6H5 CH3 �0 —
6 4-ClC6H5 CH3 58 63:37
7 4-NO2C6H5 CH3 50 67:33

a Molar ratio of substrate and Et3N = 1:1.
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Scheme 2. Proposed mechanism of the pinacol coupling reaction induced by
tertiary amine.
showed that the coupling product of diamine 8 was detected by
GC–MS. Besides, the experiments indicated that the yield drasti-
cally deceased to 10% with addition of equivalent amount of 1,4-
dimethoxylbenzene (DMB), which was employed as an typical
trapping agent of radical cation.

3. Chiral tertiary amines as co-sensitizers

It is established that chiral amines were often used for chiral
induction in asymmetric synthesis.1a For this purpose, five chiral
tertiary amines (9–13) shown in Figure 1 were employed in this
work.

The data in Table 2 indicate that only chiral N,N-dimethyl phe-
nylethylamines 9, 10 gave better results in both yields and ratios of
dl/meso, whereas very low yields (<5%) were found with induction
of 11, 12, and 13. It is likely that large space of the chiral tertiary
amines could not facilitate the coupling reaction because the
amine donates an electron to acetophenone upon excitation to
form the radical ion pair, where the amine radical cation should
be close to the ketyl radical anion, hence the larger chiral amine
might prohibit the coupling of the ketyl radical anion.

4. The coupling reaction of acetophenones in supramolecular
systems

Cyclodextrins and zeolites were widely used as unique microre-
actors in many reactions due to their special cavities.1a,3–8 Our
experiments also demonstrated that those supramolecular systems
apparently improved the diastereoselectivity.

The results showed that the cavity sizes of cyclodextrins had
profound influence on both the reaction diastereoselectivity and
the product yield. The photo-induced pinacol coupling of the inclu-
sion complexes of a- and c-CD with acetophenone displayed very
low diastereoselectivity (dl/meso = 49.5–55) with moderate yields
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Figure 1. Chiral tertiary amines 9–13.

Table 2
The photo-pinacol coupling of 1 induced by chiral tertiary amines in methanol

Co-sensitizera Yields (%) dl/meso

Et3N 92 53:47
(R)-(+)-N,N-Dimethyl-1-phenylethylamine 9 89 60:40
(S)-(�)-N,N-Dimethyl-1-phenylethylamine 10 85 56:44
N-Benzyl-L-proline methyl ester 11 5 —
N-Benzyl-L-nipecotic methyl ester 12 5 —
Quinine 13 3 —

a Molar ratio of amine and 1 = 1:1.



Table 3
Combination influence of chiral amine and b-CD to the photoreaction in H2O

Molar ratio of inclusion complex Yields (%) dl/meso

b-CD Chiral amine 9 Acetophenone

1 0 1 79 68:32
1 0.5 1 81 71:29
1 1 1 85 82:18
2 1 1 80 79:21

Table 4
Enfluence of loading NaY zeolites on the reactions

Entry The ratio of loaded compounds Yields (%) dl/meso

Chiral amine 9 Acetophenone

1 0.5 1.0 69 67:33
2 1.0 1.0 70 69:31
3 2.0 1.0 77 69:31
4 5.0 1.0 80 70:30
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(60–78%), whereas b-CD gave much better results. As shown in Ta-
ble 3, dl/meso ratio increased to 68:32 with the molar ratio of b-CD
and acetophenone as 1:1. Hence, the data indicate that the main
function of b-CD is its special confined spaces, where the move-
ment (rotation, vibration, etc.) of substrate (excited state, reactive
intermediate) is restricted, causing diastereoselectivity.

Interestingly, irradiation of the b-CD–acetophenone inclusion
complex in the presence of chiral tertiary amine 9 provided the
best result. The dl/meso ratio was improved up to 82:18 when
the molar ratio of b-CD, chiral amine, and acetophenone was
1:1:1. The coupling product mixture was further analyzed by HPLC
by a chiral column chromatography (CHIRALCEL AD-H) and 30% ee
was obtained. To the best of our knowledge, this result has not
been reported in the photo-induced pinacol coupling reaction up
to date.

The supramolecular channels and windows of zeolites are an-
other powerful tool in asymmetric photochemical reactions by
their recognition ability. The NaY zeolites were known to induce
diastereoselectivity.1a The photo-induced pinacol coupling reac-
tion of acetophenone loaded on NaY zeolites was studied, and
the results were shown in Table 4. It showed that increasing the
molar ratio of chiral amine 9, slightly improved the dl/meso ratio
from 65:35 to 70:30 while the yields remained in 70–80%.

In summary, a novel and facile electron transfer photo-induced
pinacol coupling reaction of acetophenones in various systems was
developed. We have demonstrated that the substituents of ace-
tophenones and chiral tertiary amines had considerable influence
on both the yield and the ratio of dl/meso. The reactions in b-CD
and NaY zeolites improved the diastereoselectivity as well. The
best result of dl/meso (82:18) was obtained when the title reaction
was carried out in b-CD with combination of the chiral tertiary
amine 9. Further study on the reaction scope and stereoselectivity
is under way.
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20. Typical experimental procedure: (a) Procedure of the coupling reactions of
acetophenone in solvent: Triethylamine (0.1 g, 1 mmol) was added to a
solution of acetophenone (0.12 g, 1 mmol) in methanol (50 mL) in a sealed
Pyrex-glass tube. The solution was purged with nitrogen bubbling for 30 min.
The solution was irradiated under a 500 W medium pressure mercury lamp for
6 h. The reaction was monitored by TLC. After removal of solvent, 30 mL of
ethyl acetate was added to the residue, washed with 5 mL of 10% HCl, saturated
aqueous solutions of NaHCO3 and NaCl for three times, respectively. The
organic layer of solution was dried with anhydrous sodium sulfate and the
solvent was evaporated. The sample mixture was isolated on silica gel column
with elution of petroleum ether–ethyl acetate (4:1) to give of the coupling
product 10 (0.11 g, 92%). The ratios of dl/meso of the product were determined
to be 53:47 by HPLC. 1H NMR d = 1.49 (s, 6H, CH3, dl), 1.58 (s, 6H, CH3, meso),
2.36 (s, 2H, OH, meso), 2.67 (s, 2H, OH, dl), 7.18–7.16 (m, 10H, PhH); ESIMS: m/
z 265 [M+Na]+ (100%).
(b) Procedure of the coupling reactions of acetophenone in b-CD: Preparation
of the inclusion complex of substrates in b-CD: 1.13 g (1 mmol) of b-CD was
dissolved in 50 mL of water with stirring. When 0.12 g of acetophenone
(1 mmol) and 0.15 g of 9 (1 mmol) were added to the solution, white
precipitate appeared immediately. The mixture was heated until the solution
became clear, the heating was maintained for 6 h. The solution was cooled and
the formed white solid was filtrated, washed with n-hexane, and dried. The
suspended solution of the above inclusion complex in 100 mL of water was
transferred to a sealed Pyrex-glass tube. The solution was purged with nitrogen
bubbling for 30 min and irradiated under a 500 W medium pressure mercury
lamp for 6 h. After completion of the reaction, the solution was extracted with
20 mL of ethyl acetate. The organic layer was washed with saturated aqueous
solutions of NaHCO3 and NaCl for three times, respectively, and dried with
anhydrous sodium sulfate. After removal of solvent, the residue was purified
on a silica gel column with elution of petroleum ether–ethyl acetate (4:1) to
give the coupling product 10 (0.106 g, 85%). The ratios of dl/meso of the product
were determined to be 82:18 by HPLC. Compound 10 was further analyzed by
HPLC on a chiral column (CHIRALCEL AD-H) and 30% ee was obtained.
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