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Abstract—A new chiral benzoimidazole—pyrrolidine ligand (BIP) was shown to catalyze an aldol process in the presence of an equi-
molar amount of a Bronsted acid, leading to the aldol adduct in high yield and enantioselectivity. Remarkably, the aldol reaction
was still effectively catalyzed when starting from equimolar amounts of aldehyde and ketone in THF.

© 2004 Elsevier Ltd. All rights reserved.

Organocatalyzed reactions have recently enjoyed a re-
newed interest, and spectacular progress has been made
in new catalytic methods based on the use of metal-free
chiral organic molecules.! Amongst the most efficient
inducers, proline occupies a prominent place, and was
shown to act as a bifunctional acid-base catalyst in a
large array of organic transformations including aldol
and Michael reactions, leading to products with gener-
ally high levels of diastereo- and enantiocontrol.? How-
ever, there remain transformations in which the use of
proline gives unsatisfactory results, suggesting the need
for more efficient organocatalysts having a tunable
structure. In this context, we recently started an investi-
gation on a new class of ligand, which may be useful for
both metal and metal-free catalyzed organic processes.>
We thus report on the design and the utilization of a
simple bifunctional benzoimidazole—pyrrolidine 1 (BIP)
(Scheme 1), which can be considered as a nitrogenated
proline analogue,* providing, under acid catalysis, aldol
adducts in high yields and stereoselectivities. Such a cat-
alyst was found to mediate at 5mol% loading, the aldol
reaction using an equimolar amount of aldehyde and
ketone, thus circumventing the limitation of the proline
catalyzed process where a large excess of the ketone is
required.
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Scheme 1. Aldol reaction catalyzed by BIP 1.

Such catalysts are easily available by simply heating L-
proline and a substituted 1,2-diaminobenzene under
acidic conditions.’> Under these conditions, 1 is obtained
in 60% yield without racemization. Interestingly, the
X-ray crystal structure of 1 incorporates a water mole-
cule, which binds two BIP ligands through a four hydro-
gen bond network (Fig. 1). The oxygen atom of water is
ligated to the two N-H’s of 1 with O-HN(3) and
O-HN(2) bond lengths of 2.71 and 1.87 A, respectively.
The two hydrogen atoms of the water molecule are also
ligated to the electron lone pairs of the two nitrogen
atoms of a second BIP molecule.

Preliminary investigations on the aldol reaction starting
from acetone 2 and p-nitrobenzaldehyde 3 in DMSO
using 1 as a catalyst (30mol%) led to the aldol adduct
4 with moderate yield and 44% ee (Table 1, entry 1).
Under similar conditions, proline was shown to provide
4 in 64% yield and 76% ee.® We found that addition of a
Bronsted acid into the reaction medium led to a signifi-
cant improvement in terms of reaction rate and yield
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Figure 1. X-ray crystal structure of 1-0.5H,0.

(entries 2 and 3 vs 1).7% The reaction conditions were
then systematically varied using 20mol% of catalyst.
The rate of the aldol process was shown to be solvent
dependent, in the order: THF > CH,Cl, > DMF (en-
tries 4-7). Better yields but lower ee’s were observed in
CH,Cl, (entry 7). Varying the temperature led to the
observation that the reaction was still efficient and gen-
erally more enantioselective at —20°C. But the most
remarkable improvement of the process was observed
by varying the nature of the proton source. Using the
stronger CF;CO,H (TFA) instead of AcOH led to both
an enhancement of the yield and the enantioselectivity
(entry 9 vs 8). The use of even stronger triflic acid did
not bring any further change (entry 12). It was observed
that only 2mol% of the ligand/TFA system, in neat ace-
tone, was sufficient to lead to 5 with a high yield and an
optimal 82% ee (entry 11).°

More importantly, we found that the aldol process was
still efficiently catalyzed when starting from equimolar
amounts of 2 and 3, using THF as a solvent (entry
13). The aldol 4 was thus obtained in 67% yield and
82% ee in THF at —5°C in the presence of 1
(20mol%) and TFA (20mol%) (entry 13). Noteworthy,

proline was found to be inactive under such conditions.
Finally, when the reaction was carried out under the
same conditions but with only 5mol% of 1 aldol 4
was obtained in good yield and enantioselectivity, albeit
at a slower rate (entry 14).

BIP-TFA appears to be much more reactive than pro-
line for this reaction, which requires the use of a large
excess of acetone (~25equiv) with respect to the alde-
hyde and 20-30mol % of catalyst loading. It is also note-
worthy that aldol experiments have been repeatedly
carried out on 10 mmol scale, demonstrating the practi-
cal value of this protocol. As a comparison, we showed
that the combination of 1 and a Lewis acid such as
Zn(OTf), may also efficiently catalyze the aldol process,
suggesting that these ligands also have the potential as
bidendate ligands for metal-catalyzed asymmetric proc-
esses (entry 15).

In contrast to proline,® BIP 1 has two potential nucleo-
philic sites. When adding an acid, protonation occurs on
the more basic site, that is, the pyrrolidine nitrogen cen-
ter (pK, ~ 9-10 at N3 vs pK, ~ 5-6 at N1). Formation
of the enamine may still occur on the pyrrolidine moiety
as rate enhancements have been observed during acid-
mediated aldol processes using pyrrolidine-based
catalysts.” However, the occurrence of an alternative
intermediate with the enamine located on the
benzoimidazole ring could not be ruled out. To test this
hypothesis, a reductive amination reaction was carried
out on 1 in the presence of acetone using NaBH;CN
as a reducing agent (Scheme 2).!° Whether TFA was
added in the reaction mixture or not, only the BIP deriva-
tive 5 with the isopropyl group on the pyrrolidine moiety
was obtained. A BIP derivative with an isopropyl on
the benzoimidazole ring or the bis-isopropyl compound
were not detected. Clearly, under these reaction condi-
tions, the benzoimidazole is not nucleophilic enough to
generate the enamine function. Accordingly, when the
aldol process was performed using 5,'" from which the

Table 1. BIP 1-catalyzed asymmetric aldol process between acetone 2 and aldehyde 3

Entry 1 (mol%) Acid (mol%) T (°C) Solvent Time (h) %Yield* ee®
1 30 — 20 DMSO¢ 8 40 44
2 20 AcOH (100) 20 DMSO*¢ 0.5 65 50
3 20 AcOH (30) 20 DMSO¢ 1 65 46
4 20 AcOH (20) -20 DMSO* 4 65 54
5 20 AcOH (20) =20 DMF* 24 61 75
6 20 AcOH (20) -20 THF® 8 70 64
7 20 AcOH (20) =20 CH,CL* 18 92 36
8 20 AcOH (20) =20 Acetone 4 78 62
9 20 TFA (20) =20 Acetone 18 86 82
10 10 TFA (10) -20 Acetone 24 95 80
11 2 TFA (2) -5 Acetone 24 87 82
12 20 TfOH (20) -20 Acetone 24 84 80
13 20 TFA (20) -5 THF® 24 67 82
14 5 TFA (5) =5 THF® 48 69 80
15 20 Zn(OTY), (20) 20 Acetone 17 87 74

#Tsolated yield after purification.

®ee Determined by '"H NMR spectroscopy of the corresponding Mosher’s ester.

¢ Acetone (25equiv).
4 DMSO/acetone 1:2.5.
¢ Acetone (1.1equiv).
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Scheme 2. Reductive amination on BIP 1.

reaction may only take place with an enamine function
located on the benzoimidazole ring, no reaction occurs.

In all studied cases, aldol adduct 4 was shown to possess
the same (R)-absolute configuration as that obtained
with L-proline.® The stereochemistry of the process
may be rationalized invoking transition state as in Fig-
ure 2, with the aldehyde binding to one of the protons
on the benzoimidazolium ring.'> Based on estimated
pK, values (enamonium pK, ~4 vs benzoimidazole
pK, ~ 5-6) protonation is likely to occur on the benzo-
imidazole ring. Within this arrangement, the aldehyde
thus approaches the Si-face of the enamine, to provide
the (R)-aldol. Increased acidity of the benzoimidazole
N-H proton would thus allow a better activation of
the aldehyde. This would explain the higher enantiose-
lectivity observed with TFA (pK, ~ —1) where complete
protonation should occur in comparison with AcOH
(pK, ~ 4.7) in which the protonation is only partial.

Me H

Figure 2. TS model for BIP 1-mediated aldol reaction.

In an attempt to further extend the methodology, we
submitted cyclopentanone 6 (l.1equiv) to the aldol
process with 3 in the presence of BIP 1 (20mol%). Ald-
ols 7a,b were thus obtained in a satisfying 67% yield and
more importantly with 88% and 86% ee for anti- and
syn-diastereomers, respectively (Scheme 3).' This com-
pares favorably with the results previously reported for
the related proline catalyzed aldol reaction.®714

o
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% OoN (1 equiv.) &/l\ % 1
—_— Y Ar  + Ar
1 (20 mol%) H

6 TFA (20 mol%) 7a:7b
THF, 24h d.r. 47 : 53 (67% yield)

88% e.e. 86% e.e.

Scheme 3. BIP 1-mediated aldol reaction of cyclopentanone.

In summary, we described here a highly efficient asym-
metric aldol process catalyzed by a new benzoimidaz-
ole—pyrrolidine ligand 1 (BIP) in the presence of an
equimolar amount of Bronsted acid. The efficiency of

the process is noteworthy as equimolar amounts of ace-
tone and aldehyde may be employed, thus opening new
perspectives for such aldol reactions. Moreover, the
presence on the ligand of several nucleophilic and basic
sites acting synergistically, as well as various functional-
izable sites, suggest that 1 is a potentially attractive tem-
plate. Further refinement of the ligand structure and
extension of the utility of this new organocatalyst class
to synthetically relevant organic processes are under
active investigation and will be reported in due course.
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