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Several organocatalysts were tested in the cross condensation of isobutyraldehyde and acetone. Formation of aldol-type and
Mannich-type (“aldol condensation”) products was assessed, and Aldol/Mannich proportion studied under several reaction
conditions and at different conversions. Organocatalysts able to form Seebach’s oxazolidinones, proline and prolinol, led to high
Aldol/Mannich relationships (60— 10, depending on organocatalyst, reaction conditions, and conversions), whereas organocata-
lysts unable to form such oxazolidinones (pyrrolidine, O-methylprolinol and proline ‘butyl ester) yielded much lower Aldol/
Mannich relationships in all conditions and conversions studied (<2.8). These results suggest that Seebach’s oxazolidinones might
act as “controllers” of the reaction, thus partly avoiding the formation of the Mannich-type adducts, by removing activated forms of

aldehyde from the catalytic cycle.
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1. INTRODUCTION

A significant number of key synthetic strategies such as aldol
reactions, Mannich-type reactions, and Michael additions can be
carried out enantio- and regioselectively by means of proline as
the organocatalyst.' * Although discovered in the 1970s for
intramolecular C—C cyclizations," ® proline catalysis has experi-
enced a tremendous renaissance during the past years, triggered
by the discovery of proline-catalyzed intermolecular aldol reactions.”
These catalytic concepts have been extended to other amine
derivatives, leading to impressive examples of enantioselective
and highly concerted processes.'

The actual mechanism(s) for proline-catalyzed C—C bond
formations have been discussed by several research groups
(Scheme 1).*"'7 For the aldol reaction between acetone (2-pro-
panone, 1) and isobutyraldehyde (2-methylpropanal, 2) the
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enamine-based route (via 11) is followed, whereas the iminium
intermediate 4 can trigger a Mannich-type condensation-elimination
reaction, finally affording 8. Furthermore, the formation of oxaz-
olidinones $ and 13 was reported years ago.'®'® These molecules
have traditionally been considered as “parasitic species”, not
displaying any productive role in the catalysis, but rather remov-
ing catalytic loading from the actual reaction.'’ However, that
statement has been challenged by different groups, suggesting a
more active behavior for these molecules in the proline-catalyzed
reactions, even being actual organocatalysts.”” >* Apart from
the enamine and iminium catalytic routes (Scheme 1), a dual
enamine-iminium 4 and 11 reaction has also been proposed.
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Scheme 1. Proposed Mechanism(s) for Proline-Catalyzed C—C Bond Formation, Involving Enamine, Iminium, and Enamine-

Iminium Pathways”
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@ Acetone 1 and isobutyraldehyde 2 are the substrates studied herein. The direct hydration of Mannich-type product 8 to afford the aldol product 9 is
insignificant, supported by low formation of 9 (0.2—0.3% in 24 h, r.t.) from pure 8 in the presence of organocatalysts and excess of water.

Herein two activated substrates are involved, eventually leading
to the Mannich-type product 8. Interestingly, it was demonstrated
that processes were first-order at low catalyst loadings, and second-
order at higher amounts of catalyst.”>**

For proline-catalyzed type reactions the modulation of the
contributions from enamine (aldol) and iminium (Mannich-type)
may be crucial from a practical viewpoint. In this respect, a recent
example described the control of a (reversible) aldol reaction in
aqueous environments (by combining proline with some poly-
meric supports), to enhance selectivity toward the (irreversible)
Mannich-type product.”® Yet, despite the importance of mod-
ulating these reactivities, to our knowledge there are not many
studies aiming to understand this aldol/Mannich ratio in orga-
nocatalytic C—C bond forming reactions. We report herein
experiments in that direction.

2. RESULTS AND DISCUSSION

We studied with a model reaction (isobutyraldehyde and acetone
as substrates) how the formation of aldol product 9 and Mannich-
type adduct 8 may be (catalytically) influenced by the different
reaction conditions applied. At temperatures >40 °C, a severe
dehydration of 9 to yield 8 was observed (data not shown). At
room temperature, however, aldol product 9 remained stable
during at least 60 h. Therefore, under those very mild reaction
conditions, all Mannich-type adducts are catalytically formed,
and not via dehydration of 9 (aldol condensation) (Scheme 1).
This stability of 9 at room temperature has been reported by
others as well.***’

At first step, the reaction was examined with different orga-
nocatalysts at different catalyst loadings. Results are summarized
in Table 1.
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Organocatalysts able to form oxazolidinones (Proline 3 and
Prolinol 14, entries 1—2) lead to moderate-to-high selectivities
for the aldol performance. Prolinol 14 displayed moderate-to-high
selectivities for aldol reaction as well. Low catalyst loadings initially
led to high aldol selectivities (A/M ca. 60), followed by a decrease in
the selectivity (A/M) with progression of the reaction, albeit a
high aldol bias remained in all cases (until full conversion). This
implies that regardless of the proportion between isobutyralde-
hyde-acetone, which necessarily changes during the reaction, a
high A/M bias (>10) is always observed (Figure 1).

On the other hand, organocatalysts that cannot form oxazo-
lidinones afforded completely different results (Table 1, entries
3—6). Pyrrolidine-catalyzed (17) reactions proceeded extremely
fast (full conversion in ca. 4 h in all cases), with a high preference
toward Mannich-type products. Also in this case, a slightly higher
A/M ratio was observed at low catalyst loadings (Figure 2),
suggesting that kinetically a first-order or a second-order reaction
may proceed depending on the catalyst loading.**** Remarkably,
aldol product was stable for longer reaction times (24 h), leading
to the conclusion that the Mannich-type adduct 8 is only catalytically
produced.

Likewise, these results indicate that for pyrrolidine the aldol
reaction cannot be reversible. Otherwise, since pyrrolidine-catalyzed
reactions proceed fast (~ 4 h for full conversion), at longer reaction
times only Mannich-type adduct 8 (irreversible) should have been
observed. This finding is intriguing, as the proline-catalyzed aldol
reaction has been reported as reversible by several groups.>*>%*”

Final A/M ratios (>4 h, full conversions) are constant, and
slightly dependent on catalyst loading, with a higher aldol bias for
low catalyst loadings (Final A/M ranging from ca. 2.5 at low
catalyst loadings to ca. 0.5 at higher loadings, Figure 3), much less
in all cases than data reported for prolinol 14 (Figure 1).
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Table 1. Aldol/Mannich Ratios in Condensations of Isobutyraldehyde and Acetone Using Different Organocatalysts, At Room

Temperature
Entry Catalyst Parameter AM (-)"
QCOOH .
1 H Catalyst loading (5-30 mol%)”° 20-8
Proline (3)
Q\/OH
2 H Catalyst loading (5-25 mol%)° 60— 10
Prolinol (14)
Q\/O\
3 H Catalyst loading (5-25 mol%)° 0.5-0.4
O-Methylprolinol (15)
4 H o Catalyst loading (5-25 mol%)® 2.8-0.8
Proline ‘butyl ester (16)
5 / \ Catalyst loading (0.1-15 mol%)* 2.5-03
N
H
6 Acetone: Isobutyraldehyde (20:1 to 1:20)¢  2-0.8

Pyrrolidine (17)

“Range of aldol/Mannich ratios, determined by product areas in GC (see Supporting Information) at different conversions and reaction times (see
below). ? In the case of proline, the organocatalyst was not soluble in the reaction media. For the others, a homogeneous solution was obtained.  Catalyst
loading (mol %) is related to isobutyraldehyde. 9 Catalyst loading fixed at S mol %.
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Figure 1. Aldol/Mannich ratios obtained with prolinol 14 as organo-
catalyst. Conditions: Acetone: Isobutyraldehyde (4:1 equiv/equiv),
room temperature. Catalyst loading (mol %): (¢) S%; (M) 10%; (A)
15%; (X) 20%; (*) 25%. Full conversion was reached in all cases at about
30—40 h.

Furthermore, the high stability of compounds, aldol 9 and Mannich-
type 8 rules out the possibility of a base-mediated degradation of
the aldol product to yield aldol-condensation adducts via non-
organocatalytic routes.

The reaction was further studied by fixing the pyrrolidine
loading (S mol %), and assessing different acetone:isobutyraldehyde
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Figure 2. Aldol/Mannich ratio with pyrrolidine 17 as organocatalyst
(loadings from 0.1—15 mol %). Conditions: Acetone/Isobutyraldehyde
(4:1 equiv/equiv), room temperature. Full conversion was reached in all
cases at about 4 h.

proportions. As observed in Figure 4, A/M ratios remained at low
values (A/M < 2.5).

Likewise, analogous low A/M ratios (<3) were obtained for
proline ‘butyl ester 16 (Table 1, entry 4), showing a different
behavior compared to proline or prolinol. The aldol product
remained stable during long reaction times again. Furthermore,
also in this case slightly different A/M profiles were observed

dx.doi.org/10.1021/cs100088m |ACS Catal. 2011, 1, 70-75
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Figure 3. Different A/M ratios observed when pyrrolidine-catalyzed
reactions are finished (>4 h reaction). Conditions: Acetone/Isobutyr-
aldehyde (4:1 equiv/equiv). Pyrrolidine (catalyst loadings from 0.1 to 15
mol %). Room temperature. Magnetic stirring.
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Figure 4. A/M ratios at full conversion (>4 h reaction) in pyrrolidine-
catalyzed reactions (S mol % catalyst loading) with different acetone:
isobutyraldehyde proportions (equiv/equiv). Room temperature. Mag-
netic stirring.

depending on catalyst loadings, again with slightly higher aldol
bias at low catalytic loadings (Figure $).

Taken together, the results suggest that huge differences in
A/M ratios are mainly driven by the possibility of forming Seebach’s
oxazolidinones (A/Ms of 60— 10 in one group, to A/Ms of <2.8 in
the other). Subsequently, the slight variations among the same
organocatalysts may be ascribed to kinetic reasons, as well as
to relative concentrations of reactive intermediates and substrates.
All those parameters may surely influence the kinetic(s), leading
to first-order, or second-order reactions, and to mono- or dual
activations of species.23’24

Pyrrolidine 17 and related secondary amines are known to be
efficient catalysts for the methylenation of aldehydes.*** Pihko
et al. reported a fast and selective (for Mannich-type products)
iminium-based self-condensation of aldehydes (and with for-
maldehyde) by means of pyrrolidine-carboxylic acids as catalysts.***"
Conversely, when Cérdova et al. studied the proline-catalyzed
condensation of ketones and formaldehyde, a highly selective
aldol process was observed, affording (enantiopure) f-hydroxy-
ketones.>* As explanation it may be proposed that, in the case of
proline, almost all aldehyde will be in the form of oxazolidinone
$, as a (non-reactive?) reservoir."® >* A small amount will be in
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Figure S. Aldol/Mannich ratio by using different loadings of proline
*butyl ester 16 as catalyst. Conditions: Acetone/Isobutyraldehyde (4:1
equiv/equiv). Room temperature.
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Figure 6. Evolution of prolinol 14 (#) in neat isobutyraldehyde.
Formation of Seebach’s oxazolidinone 19 (M) and hemiaminal 18
(A) (See Supporting Information).

Scheme 2. Equilibria for Isobutyraldehyde with Prolinol 14,
and with O-methylprolinol 15, Observed by GC and NMR

(see Supporting Information)
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the iminium form 4, and another part is expected to be in the
enamine form 6, as stable intermediate.>> Other enamines of
aldehyde (e.g., from unbranched aliphatic ones) lead rapidly to
further self-condensations and polymerizations.'*'***** An ana-
logous approach has been applied to develop prolinol-based
organocatalysts, able to perform efficient Michael addition reac-
tions (iminium-based) by a smart combination of steric hin-
drance together with the need of having aldehydes mainly in the
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iminium form, and not as oxazolidinone reservoir.>** In this
respect, only when aldehydes are added in the form of (protected)
acetals, good conversions in pyrrolidine-catalyzed aldol reactions
have been reported.’®” Overall, it can be assumed that a
successful organocatalytic process, in terms of no byproduct
formation, is a delicate equilibrium of species and reactivities.

To further explore this possibility, prolinol 14 (10 mol %) was
added to a neat solution of isobutyraldehyde. The organocatalyst
disappeared almost completely very fast (<2 min, GC), and two
new peaks appeared (in a relationship ca. 80:20). NMR studies
revealed that those peaks were the Seebach’s oxazolidinone 19
and hemiaminal 18 (Figure 6, Scheme 2, see also Supporting
Information).

In this case, neither iminium nor enamine form were observed
(total absence of double bonds in NMR spectra). Conversely,
when the same experiment was performed with O-methylproli-
nol 15, equilibrium between the free catalyst 15 and the enamine
form 20 was observed (Scheme 2).

3. CONCLUSIONS

The formation of aldol and Mannich-type adducts via orga-
nocatalytic C—C bond forming reactions is driven by the possibility
of forming Seebach’s oxazolidinones. Organocatalyts able to form
those oxazolidinones yield Aldol/Mannich ratios of 60—10
(depending on conditions, conversions, and reaction times),
whereas the other organocatalysts provide A/M ratios 2.8 —0.5 in
all cases. Subsequently, variations on A/M ratios within both
groups may be related to kinetic aspects of each reaction perfor-
mance, depending on actual acetone:isobutyraldehyde (equiv/
equiv) relationship, level of conversion, catalyst loading, and so
forth. Those findings are also in line with other works, in which
even different reaction orders have been reported, depending on
the catalyst loading. Overall, our results show (part of) an extremely
complex scenario of reactivities, equilibria, and different mecha-
nisms acting at the same time.

4. EXPERIMENTAL SECTION

Chemicals. All reagents and catalysts (proline, pyrrolidine,
prolinol, proline ‘butyl ester, O-methylprolinol, acetone, isobutyr-
aldehyde, decane) were obtained from Sigma-Aldrich, and were
used without further purification.

Products. Aldol-type 9 and Mannich-type 8 compounds were
characterized by NMR and GC, and data are fully consistent with
those reported in previous literature.”®>” Compound 9 (aldol
adduct): 'H NMR (300 MHz, CDCl,): & (ppm) 0.8 (t, 6H), 1.6
(m, 1H), 2.1 (d, 3H), 2.5 (d, 2H), 3.8 (m, 1H, -CH—OH).
Compound 8 (Mannich-type adduct): '"H NMR (300 MHz,
DMSO d6): 6 (ppm) 1.2 (d, 6H), 2.3 (s, 3H), 2.6 (m, 1 H), 6.1
(d, 1H, CO-CH=), 6.9 (dd, 1H, (CH3;),-CH-CH=CH).

Reaction Conditions. Organocatalytic reactions were set by
mixing variable amounts of acetone and isobutyraldehyde under
magnetic stirring, and organocatalysts were subsequently aggre-
gated. Samples (0.2 mL) were taken and analyzed by GC, using
decane as external standard for the calculation of the conversion.
Calibration curves of products (Mannich, aldol) and organoca-
talysts were built (range 0— 150 mM) using ethyl acetate as solvent,
with a fixed concentration of decane (150 mM). A “Response
Factor” [Area Molecule]/[Area 150 mM decane] was calculated,
and plotted in a graphic (Response Factor vs [Molecule]).
For the GC analysis, a stationary phase Ph-Wax column

74

(5m x 100 um x 0.1 um) was used. An initial column temper-
ature of 40 °C was set. This temperature was increased 75 °C/min
until 225 °C. The injector temperature was 250 °C, and a
constant column flow of 1.2 mL/min using Helium as carrier
gas. Detector temperature was 250 °C. Samples of S uL were
analyzed.
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© Supporting Information. GC chromatograms, and NMR
and GC data regarding the formation of enamine and oxazolidi-
none. This material is available free of charge via the Internet at
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