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Seebach’s proline-derived oxazolidinone 2d overcomes (S)-proline and is at least as efficient as (S)-5-
(pyrrolidin-2-yl)tetrazole in several organocatalytic aldol reactions examined. A quick exchange takes
place between 2d and carbonyl compounds that gives new bicyclic oxazolidinones, in equilibrium with
the very minor active species (enamines). Maximum yields of the aldols (b-hydroxy ketones) were
achieved after 1–4 h when, with proline, they are attained after 30–48 h.

� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1.
Organocatalysis is a subject of widespread interest.1 Although
great advances have been made,2 many organocatalytic reactions,
especially proline-catalyzed aldol-like reactions, are very slow.
This is due to the existence of pre-equilibria before the key reaction
of the enamine (of one carbonyl compound) with the second
carbonyl compound takes place. Indeed, in these aldol reactions
several species may coexist such as the hemiaminal from L-proline
(Pro, 1) and acetone (see 1a, Scheme 1) and its dehydration prod-
ucts, enamine 1b, zwitterion 1c and bicyclic aminal 1d.1 Even
when one of the CO groups has no a-H, that is, when its enamine(s)
cannot be formed, the overall number of species in the reaction
medium is still high (see, e.g., 2a/2c/2d, from 1 and tBuCHO, and
3a/3c/3d, from 1 and ArCHO). Any ‘trick’ for the rapid appearance
in the equilibria of the active forms (e.g., of the appropriate con-
former of enamine 1b) would be welcome.

In this context, Blackmond et al. reported that 4d (the aminal
from 1 and iPrCHO) accelerated the reactions of EtCHO with
PhN = O and of EtCHO with DEAD, but not aldol reactions,3 whilst
Seebach et al. showed that 5d (the aminal from 1 and cyclohexa-
none) reacted with electrophiles affording 5d derivatives.4 In
agreement with these exciting results and going farther, we report
here that the aminal from 1 and tBuCHO, Seebach’s bicyclic oxazo-
lidinone 2d,5 which in sharp contrast to 1 is very soluble in all sol-
vents—we call it SolPro—,6 is a good catalyst or pre-catalyst for
aldol reactions. This was quite surprising bearing in mind the
relative stability of this cis,exo-bicyclic oxazolidinone.

Since (S)-2-(5-tetrazolyl)pyrrolidine, or (S)-5-(pyrrolidin-2-yl)-
tetrazole (PTet, 6, see Scheme 1 for a simplified representation),
ll rights reserved.

+34 933397878.
is also very soluble in DMSO and can be advantageously used in
many reactions,7 we compared 1 and 6 in some experiments. As
above, several species may be formed in the aldol reactions of
acetone in the presence of 6, namely, hemiaminal 6a, the tautom-
ers and conformers represented by 6b, zwitterion 6c and the tricy-
clic compound (not drawn, which is not expected to be the major
species7e in the corresponding equilibria, by contrast to 1d–5d). In
principle, the practical advantage of 2d with regard to 6 is that the
preparation of stock solutions of 2d in DMSO, DMSO-d6, CDCl3 or
CH2Cl2 is quite easy,8 whereas 6 requires five synthetic steps to
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Figure 1. Appearance of 7 (% vs time) in the presence of 0.3 equiv of 2d, 6 or 1, in DMSO-d6.
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be obtained from 1.9 In this regard, Gong et al. have just shown that
some prolinamide derivatives may perform fantastically even in
water,10 but a few steps are necessary to prepare these catalysts
(with several stereocentres). We did not plan to compete with
sophisticated prolinamide derivatives (in many cases much better
than 11,2 and even perhaps than 2d) or to argue in favour of one or
the other catalyst depending on each reaction, but planned to show
that a cheap and practical proline derivative permits to reach the
equilibria very rapidly.

The first reaction examined by us was a standard, that of
4-nitrobenzaldehyde with 20 equiv of acetone (propan-2-one),1

in the presence of 0.3 equiv of SolPro (2d), 0.3 equiv of Pro (1) or
Table 1
Comparison of the effect of 2d, 1 and 6, under identical conditions (0.3 equiv of
catalyst, rt, identical concentrations),a on the yield of 7 and 8

O

Ar

O

Ar

OHO N O

Ar Ar7
(±)-8

+ +

Ar = 4-NO2Ph

organocatalyst

Entry Solvent Yield (ee) of 7, in %,b time (h) Yield of 8

With 2d With 1 With 6 2d 1 6
1 DMSO 88 (73), 1 69 (73), 30 80 (78), 2 4 14 0
2 Me2CO 83 (62), 2 71 (63), 48 3 12
3 CH2Cl2 55 (45),c 4 32 (45), 48 3 12

a From 0.60 mmol of 4-nitrobenzaldehyde in 3.7 mL of solvent, plus 20 equiv of
acetone (880 lL). Anhydrous 1 was added as a finely powdered solid. SolPro (2d,
300 lL, 0.6 M in DMSO) was added with a syringe. Pyrrolidinyltetrazole 6 (25 mg,
0.18 mmol, in 300 lL of DMSO) was added via syringe. Results in DMF (slightly
lower yields and ee values of 7 than in DMSO) are not included to save space.

b Yields and enantioexcesses, ±2%, as mean values of 2–3 experiments.
c In this case 2d was added from a stock solution in CH2Cl2 (not in DMSO). Results

in CH2Cl2–hexane are worst than in CH2Cl2.

Figure 2. Formation of 9 (% vs time) in the pres
0.3 equiv of PTet (6), under identical conditions. The appearance
of the hydroxy ketone (7) in DMSO-d6 (Fig. 1) was followed by
1H NMR spectroscopy. With 2d, after 30 min the percentage of 7
was already over 80% (twice that one with 1). After 1 h, no further
appearance of 7 was noted (the equilibrium position had been
reached).

Compound 6 turned out to be ‘less quick’ than 2d (Fig. 1); with-
in 2 h, ‘only’ 80% of 7 was formed. However, after 12 h, the reaction
catalyzed by 6 attained the same conversion as that by 2b. After
24 h, 6 slightly overcame 2d.

The main products were isolated (Table 1): scalemic aldol
(b-hydroxy ketone 7), its dehydration product (the enone, not
indicated to save space, below 4% in all cases) and the decarboxyl-
ation–cycloaddition product 8.11

That the reaction catalyzed by 2d could be more rapid because
of its solubility was envisaged, but to our delight also the yield of 7
increased. Eventually (see Table 1, entry 1), the isolated yield of 7,
with 2d for 1 h, was 88%. This is ca. 20% above that with 1 for 24 h
or for 30 h (maximum yield reached under our conditions). On the
other hand, with 2d, the amount of 8 decreased. Thus, the rate
increase showed an additional advantage, unexpected at first sight:
the probability of the formation of by-products arising from the
concomitant reaction of Pro with ArCHO (Ar = 4-nitrophenyl)
diminished.11d Since the decarboxylation cannot take place, obvi-
ously, with 6, it is understandable that with this catalyst the yield
of 7 in DMSO still grew after several hours. This is not the case with
1 (it stops within 30 h under our conditions) and 2d (it stops with-
in 1 h), as part of ArCHO disappeared by its direct reaction with 1
followed by decomposition and by reaction with 2d (by a process
explained below).

Either standard DMSO with 1–2% of water (as detected by 1H
NMR at d 3.30) or anhydrous DMSO gave rise to the same outcome
(Table 1, entry 1). Thus, 2d is efficient with any source of commer-
cially available DMSO, which is very practical.
ence of 0.3 equiv of 2c, 6 or 1, in DMSO-d6.



Table 2
Comparison of the effect of 2d and 1 on the yields of 9–11a

O

NO2
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2d vs. 1
+
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NO2

OH

11

OH

O O
2d vs. 1

+
OH

O OH

9

DMSO, rt

DMSO, rt

O
O

2d vs. 1
+

O OH

10
DMSO, rt

Entry Catalyst
(equiv)

Time
(h)

Yield%b (ee%)
of 9

Yield% (ee%) of
10

Yield%c (ee%)
of 11

1 2d (0.3) 4 72 (>99) 72 (66) 80 (88)
2 2d (1.0) 2 72 (>99) 73 (67) 82 (89)
3 1 (0.3) 48 61 (>99) 60 (67) 65 (89)

a Aldehydes (1.0 mmol) and ketones (20 mmol) in DMSO (5 mL) at rt.
b Only the anti isomer was detected.
c 2:1 anti/syn ratio; ee of the anti isomer.
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In other solvents (see entries 2 and 3 of Table 1 and footnotes),
known to be less favourable than DMSO,1 all the reactions were
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Scheme 2. Exchanges examined by 1H NMR.

Figure 3. 1H NMR spectra of relevant methine protons in DMSO-d6: (1) 2d; (2) 2d +
slower, but yields of 7 with 2d after 2–4 h were also 12–23% higher
than with 1 after 48 h.

The ee values of 7 were the expected ones. In fact, we did not
envisage any increase or loss of the er, since the key C–C bond
formation step must be identical with 1 or 2d. The er values
depend on the relative arrangement of the conformers of enamine
1b and ArCHO in the transition state.1

Three additional reactions, not so rapid as the preceding one,
leading to aldols 9–11,12 were reexamined by us in the best sol-
vent. We monitored the effect of 2d, 1 and 6 in DMSO-d6 under
the same conditions of concentration, temperature and ketone/
aldehyde/catalyst ratio (20:1.0:0.3). Again, it was noted by NMR
that the reactions with 2d were slightly more rapid than with 6
and much more rapid than with 1. See Figure 2 for a representative
example.

Repetition of the experiments at a large scale, comparing 2d
(the maximum yields were reached in 4 h) and 1 (in ca. 48 h), gave
the outcome shown in Table 2.

When stoichiometric amounts of 2d were employed,13 the reac-
tions could be quenched within 2 h (see entry 2 of Table 2) to
afford the same results as in entry 1. Again, as the reactions were
more rapid, less by-products were formed. The yields of 9–11 were
improved by 11–17% (although, as already mentioned, it was not
our goal).

Two main questions remained: (i) are the higher reaction rates
with 2d only a consequence of its larger solubility?; (ii) how are
enamines (e.g., 1b) formed from 2d? Solubility is important
always, but there is another factor in the case of 2d. We examined
by 1H NMR whether 2d reacted with ketones or not.14 To our
surprise, exchanges between 2d and acetone and between 2d
and cyclohexanone did occur without any additive (Scheme 2). They
occurred in standard DMSO-d6 (water detected), in anhydrous
DMSO-d6 (no water detected) and even in the presence of activated
4-Å MS in the NMR tube, quite rapidly in all cases. Spectra of the two
exchanges of Scheme 2 are given in Figures 3 and 4.

Saturation of the DMSO-d6 solutions with 1 (Pro) did not
enhance the exchange rates and did not modify the equilibrium
positions either. These exchanges also took place in CDCl3, despite
the fact that free 1 cannot be detected in our solutions of 2d in
20 equiv of acetone,15 after 30 min; (3) 2d + 40 equiv of acetone, after 30 min.



Figure 4. 1H NMR spectra of relevant methine protons in DMSO-d6: (1) 2d; (2) 2d + 20 equiv of cyclohexanone, after 30 min; (3) 2d + 40 equiv of cyclohexanone, after 30 min.
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Scheme 3. Plausible equilibrium between 12d and acetone.
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CDCl3 (too much insoluble, as expected). In short, free 1 may not be
involved in these direct exchanges.

Similar exchanges took place between 2d and iPrCHO (fully
shifted to the right but giving secondary reactions) as well as
between 2d and ArCHO (accompanied by the already mentioned
formation of 8).

These quick exchanges explain why we did not observe bicyclic
adducts (e.g., adduct 12d)16 when the aldol reactions of Figures 1
and 2 were monitored by 1H NMR in DMSO-d6. The excess of
acetone likely shifts the ‘12d + acetone = 7 + 1d’ equilibrium fully
to the right (Scheme 3) as soon as the reaction progresses;17 1d
(and obviously 1b, in equilibrium with it) enters again into the
catalytic cycle.

In summary, 2d is an efficient catalyst for aldol reactions, the
most efficient amongst those of the bicyclic oxazolidinone type
to date.6,18 It affects pre-equilibria, owing to its large solubility
(as 6) and its ready exchange with the other CO groups present
in the medium. The active but very minor species (enamines) seem
to appear much more quickly than using 1 and slightly more
quickly than using 6. Thus, the use of 2d shortens largely the over-
all reaction times (and, as far as the various equilibria and second-
ary reactions permit, increase the yields). Development of other
simple and soluble catalysts or pre-catalysts is under way.
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