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Optically active 1,1,1-trichloro-2-alkanol groups are versatile
tools in the preparation of compounds with various functional
groups[1] including a-hydroxy- and a-amino acids. Obviously a
suitable approach to access such pivotal fragments would be
the asymmetric aldol reaction.[2–4] Unfortunately, however,
both reactive aldehydes, including chloral, that have a high
affinity to water resulting in the corresponding hydrates, and
water-soluble aldehydes have been considered unsuitable for
asymmetric syntheses to date.[3h] In this report, the proline-
derived tetrazole catalyst 1[5,6] displayed even greater catalytic
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activity and efficiency, which widened the substrate scope in
the water-assisted direct aldol reaction.

Spectacular improvement has been made recently in the
asymmetric direct aldol reaction with proline as a catalyst
described by List, Barbas III, and Lerner.[3] During our
continuous research on chiral diamine/protonic acid cata-
lysts,[7] we discovered that the acidity of protonic acids plays a
critical role in enhancing reactivity, catalyst efficiency, and to
an even great extent, enantioselectivity. A solution of chloral
in MeCN (� 10 ppm water) at room temperature was treated
with cyclopentanone (2), and then the tetrazole catalyst 1
(5 mol%) and water (100 mol%) were added (Scheme 1).

The mixture was stirred at 30 8C for 50 h under air to give the
aldol product 4 in 85% yield with 84% ee and 80% de
(remarkably, the major product was the syn isomer). In
marked contrast, without water, the reaction was far from
complete (< 1% conversion) even after 60 h. More interest-
ing is the fact that the addition of more than 100 mol% of
water led to similar acceleration effects. The greater the
amount of water (200 and 500 mol%), the greater the
enantioselectivity of the reaction (92% ee and 94% ee,
respectively), and the less the diastereoselectivity (67% de
and 52% de, respectively, syn major). The ee of the anti
product was also exceedingly high (> 98% ee). In contrast,
catalytic amounts of water (20 or 50 mol%) uniformly
disabled the catalytic cycle (� 5% conversion). When chloral
was replaced by its monohydrate, the reaction proceeded
smoothly without water with a similar level of productivity
(83%) and selectivity (82% ee ; 76% de, syn major). When
proline (5 mol%) was used instead of 1 with either chloral or
its monohydrate in CHCl3 or MeCN, the reactions were
sluggish (4 : � 10% after 46 h). In general, lower catalyst and
ketone loading is possible with 1.[8]

For the purpose of better understanding these findings, we
determined the kinetic profile of each reaction course
(Figure 1). The reaction was obviously initiated and accel-
erated at the point where water participated. The yield
gradually increased after the addition of water at a rate
comparable to that exhibited in the reaction with chloral
monohydrate. Although moderate, rate acceleration was also
seen in the reaction of cyclohexanone (3) with the mono-
hydrate in MeCN in the presence of 1 (5 mol%) to give (2S,
1’R)-5 in 78% yield with 98% ee and 92% de (anti major).
The result is superior in all respects to that with anhydrous
chloral (72% yield; 79% ee; 76% de (anti major)).

Although water effects that shift the aldehyde–iminium
ion equilibrium to the formation of aldehydes by decom-
position of iminium ions might be possible, we were unable to
identify any 1H NMR peaks corresponding to the formation

of the iminium ion during the reaction. We also could not
exclude the following additional role of water. The generation
of the hydrate form might prevent the formation of the
iminium ion from 1 and chloral. In fact, a catalytic amount of
water (20 or 50 mol%) totally disabled the catalytic cycle,
indicating that the remaining chloral poisoned the catalyst
activity.[10] In contrast, addition of 100 mol% of water
markedly improved the catalysis, as mentioned above. In
addition, the following and other[9a] investigations support the
involvement of the monohydrate in the catalysis: N-(1-
cyclopentenyl)pyrrolidine was subjected to the reaction with
either chloral or its monohydrate at 30 8C for approximately
50 h. With chloral almost no reaction took place, but with the
monohydrate the product was obtained in � 36% yield,
which indicates the importance of the hydrogen bonding
between the nitrogen and the hydroxy group. In any event,
the identical 1’R configuration[11] at the chloral moiety
predominated owing to a tight conformation in the transition
structure through hydrogen-bond networks. It should be
emphasized that a simple Zimmerman–Traxler model cannot
explain the present diasterochemical reversal, because in this
model, syn and anti selectivities arise from the Z and E
enolates, respectively.[12]

Other ketones were tested to expand the substrate scope
of this reaction; for operational simplicity the monohydrates
were used (Table 1). In the reaction of 6 (entries 1 and 2) no
regioisomers nor dehydration products were detected by
1H NMR analysis, indicating 7 to be the sole product
(97% ee). Other examples are listed in (Table 1), which
shows the characteristic nature of the reaction. 1) Methyl and
aromatic ketones, which showed scant reactivity in aldol
reactions with with catalytic amounts of proline,[3c,d] exhibited
sufficient reactivity and gave high enantioselectivities
(82–97% ee). 2) In general, reactions of aliphatic ketones
are better with chloral than with its monohydrate in terms of
both reactivity and selectivity (entries 1–6). By contrast, the
reactions of aromatic ketones showed higher selectivity and
reactivity in reactions with the monohydrate (entries 9–12).
3) Although prone to self-dimerization[4f] the pyruvate
afforded the crossed-aldol product in 86% ee (entries 7 and 8).

Scheme 1. Direct aldol reaction of cyclic ketones catalyzed by 1.

Figure 1. Reaction of 2 (2 equiv) in the presence of catalyst 1
(5 mol%) in MeCN. ^: chloral monohydrate; &: anhydrous chloral,
then water (100 mol%) was added after 24 h; ~: anhydrous chloral.
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This method was further extended to other aldehydes
having a high affinity to water. The monohydrate and ethanol
hemiacetal of trifluoroacetaldehyde[9b] were both subjected to
the catalytic cycle to give the identical product 14 in � 65%

yields (with 5 mol% 1) and with high enantio-
(94% and 92% ee, respectively) and diaster-
eoselectivities (> 95% de, syn major). Even
more striking is the level of enantioselectivity
(99% ee) obtained in the reaction of aqueous

formaldehyde, though the turnover number is still modest
(Scheme 2).[13] The absolute configuration of product 16a is
consistent with that of the a-carbon of 5, suggestive of the
favorable creation of the two stereogenic centers by doubling
the effects of enantio- and diastereofacial control.

In summary, we have demonstrated that the tetrazole
catalyst 1 functions as a highly efficient catalyst when the
overall reaction conditions are precisely adjusted. The present
experimental results strongly suggest that other ketones may
have potential to participate in the asymmetric intermolec-
ular direct aldol reaction occurring by means of a keto–
enamine mechanism.[10] The exploitation of more efficient
catalysts, which in the transition state make better positioned
hydrogen bonds, is now in progress in our laboratory.

Experimental Section
The reaction with cyclopentanone in the presence of tetrazole catalyst
1 is representative: To amixture of tetrazole 1 (3.5 mg, 0.025 mmol) in
MeCN (1.0 mL) was added cyclopentanone (2) (88.5 mL, 1.0 mmol)
and chloral monohydrate (82.7 mg, 0.5 mmol) at 23 8C under air in a
closed system. The reaction mixture was stirred at 30 8C for 48 h. The
reaction mixture was quenched with aq NaCl. The organic layer was
extracted with EtOAc, dried over Na2SO4, and concentrated. The
residue was purified by column chromatography on silica gel (hexane/
Et2O, 4:1) to give product 4 in 83% yield. (2R,1’R)-2-(1’-Hydroxy-
2’,2’,2’-trichloroethyl) cyclopentan-1-one ((2R,1’R)-syn-4): IR (KBr):
ñ= 3372, 2974, 2895, 2689, 1728, 1423, 1329, 1259, 1145, 1041, 925,
808 cm�1; 1H NMR(300 MHz, CDCl3): d= 4.75 (1H, dd, J= 5.4,
1.2 Hz, CHO), 3.22 (1H, br s), 2.85 (1H, t, J= 9.9 Hz), 2.44–2.06
(5H, m), 1.88–1.72 ppm (1H, m); typical chemical shifts of the anti
product: d= 5.55 (1H, d, J= 5.7 Hz, -OH), 4.23 (1H, t, J= 5.7 Hz,
CH-O), 2.75–1.80 ppm (7H, m); 13C NMR (75 MHz, CDCl3): d=
217.9, 103.0, 80.6, 50.9, 37.6, 23.1, 20.7 ppm; Elemental analysis
calcd (%) for C7H9Cl3O2: C 36.32, H 3.92; found: C 36.25, H 3.94.
[a]20D =++ 69.9 (c= 1.01, CHCl3, for the syn product of 99% ee), The
chiral HPLC analytical data (column AD-H): retention times: tR=
24.98 min ((2S,1’S): syn, minor enantiomer) and tR= 34.90 min
((2R,1’R): syn, major enantiomer) using iPrOH/hexane (1/50) as
eluent at a flow rate of 1.0 mLmin�1; tR= 22.86 (anti, major
enantiomer) and tR= 30.05 (anti, minor enantiomer).
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Method[d]

1[e] 40, 24 7 79 97 A
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3[e] 30, 24 8 93 82 B
4 30, 26 8 73 67 B

5[e,f ] 30, 36 9 91 82 B
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Scheme 2. Asymmetric direct aldol reaction with aqueous formaldehyde.
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