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ABSTRACT
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Direct catalytic aldol reactions of o, o.-dialkylaldehyde donors and arylaldehyde acceptors have been performed using pyrrolidine—acetic acid
bifunctional catalysts. This general and practical amine—acid combination was identified by screening catalysts using a new fluorescent
detection system for carbon—carbon bond formation. Using 0.05 equiv of pyrrolidine and 0.25 equiv of acetic acid as catalyst, we obtained
o,o-dialkylaldol product in 96% yield after 2 h at ambient temperature. Proline was a poor catalyst of this reaction.

The direct aldol reaction is one of the most powerful and carbon atom. Here, we report the intermolecular direct aldol
efficient methods for carbencarbon bond formation. Within ~ reaction of a,a-dialkylaldehydesl to provide the aldol
the aldol reaction manifold, the development of standard products3 (Scheme 1).

syntheses of aldol products possessing a quaternary carbon

has proven to be one of the more challenging topics. _

Recently, Shibasaki et al. reported direct aldol reactions of Scheme 1. Direct Aldol Reaction To Form a Quaternary

o-hydroxyketones and aldehyde_s using a@_ZE)tIinked-_ Carbon Atom via an Enamine Intermediate

BINOL complex for the asymmetric construction of a chiral

guaternary carbon stereocenmteResults using organo- o} R‘Q’\NfRs o  OH
: : 2 R%NH RACHO

catalysts such as-proline and small amines have been R 2 )\rRz HJB(kR“

published®* however, there has been no report of a direct R H e R!” "R2

catalytic aldol reaction that generates a tetra-substituted 1 9 3

T Present address: Department of Molecular Science, Faculty of Engi-
neering, S_hizuoka University, 3-5-1 Johoku, Hamamatsu 432-8561, Japan.
(1) Review: Corey, E. J.; Guzman-Perez, A&ngew. Chem., Int. Ed. First, we examined whetherproline was a useful catalyst
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the yield was unacceptably low (3 d, 34% yield). Therefore,
we decided to search for efficient conditions for this
challenging reaction. Since an amine-catalyzed aldol reaction
proceeds via an enamine intermediatecceleration of the
formation of2 may be a key to enhancing the construction
of the o,a-dialkylaldol product3. Recently, we have
developed a fluorescent detection system to monitor the
progress of C—C bond formation using the fluorogenic
maleimide4.> The acetone enamine generated in situ reacts
with 4 to give 6, which exhibits a high fluorescence
compared to that oft. Thus, this assay system should be
useful in ranking catalysts of enamine formation. Catalysts
that efficiently form an enamine with acetone should also
be efficient in forming enamines with other carbonyl
compound, in particular aldehydes. Since it is well-known
that pyrrolidine can be used in enamine synthesis and that
this process is catalyzed by acfdsye have screened
pyrrolidine—acid combinations. The screening was initially
performed by using various acid additives, such as Lewis,
Bragnsted, and organic acids on the reactior efith 5 in

the presence of pyrrolidine. Reactions were performed with
pyrrolidine (3 mM), acid (3 mM), andt (6 uM) in 20%
acetone/80% DMSO, and the initial reaction velocities were
determined by monitoring the fluorescenée@15 nm,Aem

365 nm) over 20 min. Results are shown in Figure 1. Eight
acids, including Zn(OT§ Y(OTf)s, and carboxylic acids,

increased the fluorescence intensity compared to the reactiorF

without acid. Acetic acid provided a 2.2-fold greater initial
velocity compared to the same reaction without acid, while
strong acids, such as,80,, CRSO;H, p-TsOH,b-(+)-10-
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Figure 1. Initial velocities of reactions of pyrrolidineacid
combinations using fluorogenic substrdteConditions: see text.
RFU = Relative fluorescence unit. Acid additives:;, none;2,
Sc(OTfy; 3, Cu(OTfy; 4, Zn(OTfy; 5, Y(OTf)s; 6, La(OTfy; 7,
u(OTf); 8, Yb(OTf); 9, H:SOy; 10, CRSOsH; 11, p-TSOH; 12,
D-(+)-10-camphorsulfonic acidl3, HNG;; 14, CRCOH; 15,
CH3;CO:H; 16, Ph(CH),COH; 17, CH3(CH,)sCO-H; 18, oleic acid;
19, linoleic acid;20, 4-CHCsH4sCOH.

camphorsulfonic acid, and HNOshowed slower velocities.
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These pyrrolidine—acid combinations were also screened in
the same way but using a series of different solvents, such
as DMSO, DMF, 1,4-dioxane, acetone, MeCN, THF, PhMe,
i-PrOH, and MeOH. This study revealed DMSO to be the
most effective solvent. We also evaluated different molar
ratios of pyrrolidine to acetic acid and found that 1 or more
equiv of acetic acid was more efficient than combinations
involving less than 1 equiv of acetic acid.

To determine the utility of these reaction conditions to
intermolecular aldol reactions involvingo-dialkylaldehyde
donors, the syntheses of a variety of quaternary carbon
containing aldols were evaluated (Table & Without acetic
acid, the reaction of isobutyraldehyd@&a] and p-nitro-
benzaldehyde (8a) provided aldol prod@etin 74% yield
after 2 days (entry 1). In contrast, addition of 1 equiv of
acetic acid to pyrrolidine improved the yield to 89% after
only 4 h (entry 2). With 5 equiv of acetic acid with respect
to pyrrolidine,9a was obtained in 95% yield after only 15

(7) Pyrrolidine-AcOH has been studied in intramolecular aldol reactions;
see ref 6b-d. See also: (a) Desmaele, D.; d’Angelo;Tétrahedron Lett.
1989,30, 345—348. (b) Snider, B. B.; Yang, K. Org. Chem1990,55,
4392—-4399. (c) Barros, M. T.; Santos, A. G.; Godinho, L. S.; Maycock,
C. D.Tetrahedron Lett1994,35, 3999-4002. (d) Greco, M. N.; Maryanoff,

B. E. Tetrahedron Lett1992,33, 5009—5012.

(8) The fluorescent screening results were roughly correlated to the aldol
reaction results. For example, compared to pyrroliciaeetic acid Y =
138.8 RFU/s in Figure 1), the pyrrolidime{+)-10-camphorsulfonic acid
combination (V= 13.5) did not catalyze the aldol reaction after 24 h.
Pyrrolidine-Yb(OTf); (V = 46.2) and pyrrolidine p-toluic acid {/ = 131.8)
gave the aldol product in 82% (15 h) and 91% (5 h) yield, respectively.
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Table 1. Pyrrolidine—Acetic Acid Catalyzed Direct Aldol Reactions for the Synthesis of Quaternary Carbon Bearing Aldols
o 0 O OH

Pyrrolidine
HJ\/R2 . HJ\©\ AcOH Ho><
R “ DMSO, 1t "
7 8 9
entry 7 R R’ X pyrrolidine (eq) AcOH (eq) time(h)  yield (%)° product
1 Ta Me Me NO, 03 none 48 74 9a
2 Ta Me Me NO, 0.3 0.3 4 89 9a
3 7a Me Me NO, 0.3 1.5 15 min 95 9a
4 Ta Me Me NO, 0.05 0.25 2 96 9a
5 7b (CH,),- NO, 03 15 4 86 9b
6 Te (CH,),~ NO, 03 1.5 48 75 9¢
7 7d Et Me NO, 0.3 1.5 3 89 9d

8 e Y Me NO, 03 15 4 84 9e

9 7f \/\©\( Me NO, 03 1.5 3 87 of

10 7a Me Me CN 0.3 1.5 24 92 9g

a|solated yields of pure product after column chromatograpiy equivalent of cyclopropanecarboxaldehyde) (was used. Typical procedure: To a
solution of arylaldehyd® (0.5 mmol) andx,a-dialkylaldehyde7 (0.6 mmol) in DMSO (0.5 mL) were added acetic acid and pyrrolidine, in the molar ratios
indicated. The reaction mixture was stirred at room temperature for the indicated time and then purified by flash silica gel column chromatography without
workup to give the aldol produd@.

min (entry 3). When both acetic acid and pyrrolidine were a solution of pyrrolidine (1Qtmol) in DMSO-d; (500 uL)
decreased (entry 4) the yield after 2 h was 96%. All of the was added acetic acid (10nol). The chemical shift at 2-H
o,a-dialkylaldehydes excepfa required longer reaction  of pyrrolidine was shifted from 2.65 to 2.83 ppm, indicating
times for their reactions to complete; therefore, we used 0.3the formation of the salil. To this solution was added
equiv of amine-acid catalyst in the reactions af,o- isobutyraldehyde (1Qtmol, —CHO 9.55 ppm), and the
dialkylaldehydes’b—f with 8a. Except in the case of cyclo-  formation of enaminé3 (—N—CH=C(CHs), 5.56 ppm) was
propanecarboxaldehyderq), reactions of cyclohexane-

carboxaldehyde (7b) and/or tlealkyl-o-methylaldehydes, _
such as 2-methylbutyraldehydadj, 2,6-dimethyl-5-heptenal Scheme 2. Proposed Mechanism of the Pyrrolidinacetic
(76), and 3-(4-isopropylphenyl)isobutyraldehyd@)( yielded Acid Catalyzed Direct Aldol Reaction

at least 80% of the expected product within 4 h (entrie86 AcO”
The reaction of 4-cyanobenzaldehyde (8b) with also D AcOH AcO” R'R?CHO @
afforded the aldol produ@g in 92% yield (entry 10). Ni ® - [N
These reaction conditions were readily scaled. To study a | a- Ny R
multigram-scale synthesis, acetic acid (0.25 equiv) and 4, - H g2 12

pyrrolidine (0.05 equiv) were added to a solution of

p-nitrobenzaldehyde (10.0 g) and isobutyraldehyde (1.2 ‘
equiv) in THF (66 mL) at room temperature. The reaction
mixture was stirred for 2 h and then concentrated to give o OH O

the crude product, which was purified by flash silica gel /[gg\ R3CHO ) N

column chromatography to afford aldol prod@et (14.0 g, H a1 R2R3 D R%

95%). R2
We confirmed the formation of the presumed enamine 14 13

intermediate byH NMR for the reaction in Scheme 2. To
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observed within 5 min. In the absence of acetic acid, enaminecan be carried out under simple and mild reaction conditions,
formation was observed after 1 h when the same enamineand can be applied to multigram reactions. Further studies
chemical shift became predominant. These NMR studies focusing on the full scope of this catalyst system are currently
suggest that acceleration of enamine formation is key to under investigation and will be reported in due course.
increasing the rate of this reaction and is therefore at least
partially rate-determining. Acknowledgment. This study was supported in part by
In summary, we have used a rapid fluorescence assay tdhe NIH (CA27489) and the Skaggs Institute for Chemical
determine optimal reaction conditions for intermolecular Biology.
direct aldol reactions oft,o-dialkylaldehydes? with aryl-
aldehydeB. The reaction proceeds via an enamine intermedi-
ate as shown byH NMR. The pyrrolidine—acetic acid
bifunctional catalyst system utilizes inexpensive chemicals,
does not require preactivation of the donor and/or acceptor,0L035651P

Supporting Information Available: Complete analytical
data for all new compounds. This material is available free
of charge via the Internet at http://pubs.acs.org.
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