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Enantioselective Michael Addition to a,B-Unsaturated Aldehydes:
Combinatorial Catalyst Preparation and Screening, Reaction Optimization,
and Mechanistic Studies

Ivana Fleischer and Andreas Pfaltz*

Organocatalysis is one of the fastest growing fields of cur-
rent research in organic chemistry.'! Many of the known or-
ganocatalysts are readily prepared and easily modified,
making it possible to synthesize large catalyst libraries with-
out too much effort. Therefore, considerable efforts have
been made to develop efficient screening methods for cata-
lyst development and optimization.”! We have recently re-
ported a new screening method for chiral catalysts, based on
mass-labeled quasi-enantiomeric substrates and electrospray
mass spectrometry (ESI-MS).?! This method allows the de-
termination of the intrinsic enantioselectivity of a catalyst
by mass spectrometric monitoring of catalytic intermediates.
In contrast to conventional screening methods, which are
based on product analysis, simultaneous screening of cata-
lyst mixtures in homogeneous solution is possible. As we
have shown, our method allows rapid screening of chiral or-
ganocatalysts for Diels—Alder reactions.?]

Herein, we report the successful application of our meth-
odology to the organocatalyzed Michael reaction of malo-
nates 2 to o,f-unsaturated aldehydes 1 (Scheme 1).1%1 Based
on the principle of microscopic reversibility, it is possible to
determine the enantioselectivity of a catalyst by screening
the intermediates in the retro-Michael reaction of a pair of
quasienantiomeric Michael adducts 3a and 3b.’) Because
the transition states of the forward and back reaction are
identical, the ratio of the signal intensities of intermediates
6a and 6b with masses M, and M, reflects the enantioselec-
tivity of the catalyst.

Based on the above concept, ESI-MS screening of differ-
ent prolinol-derived organocatalysts 4a—f and 8,°**! and imi-
dazolidinone 7 was conducted (see Table 1). A 1:1 mix-
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ture of Et- and iPr-substituted quasi-enantiomers 3a and 3b
and a catalyst (10 mol%) in a 1:9 CH,CL/EtOH mixture
was stirred for 5 min, then diluted with MeCN and analyzed
by ESI-MS. The signals of the iminium derivatives of the
Michael adducts 5a and 5b and the retro-Michael products
6a and 6b were clearly visible in the spectra (Scheme 1).
Because the reaction is reversible, it is important to take
samples after a short time, as longer reaction times will
result in racemization of the quasi-enantiomeric Michael ad-
ducts. Several very selective catalysts were identified, with
the TBDMS derivative 4d being the catalyst of choice. The
results were validated both by screening of the inversely la-
beled quasi-enantiomers and by comparison with the prepa-
rative forward reaction under the same conditions (Table 1,
column A). Preparative reactions were also carried out at
0°C (Table 1, column B) and under these conditions, enan-
tiomeric ratios of >99:1 were obtained with catalysts 4d
and 4e. As a further control, both enantiomers of catalysts
4a and 4d were tested and, as expected, they gave identical
results within the margin of error."”! No intermediates were
observed in the reaction with catalyst 4 f, possibly due to the
formation of an inactive cyclic species.

This procedure was then extended to multi-catalyst
screening.'!! To demonstrate the potential of our method
for combinatorial catalyst development, we synthesized a
small library of six catalysts in three steps without isolation
of the intermediates and purification of the resulting proline
derivatives 4b, 4d, 4h, 4j, and 4g/4h, which were formed as
mixtures of diastereomers (Scheme 2). Grignard reaction
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Scheme 1. Principle of the mass spectrometric screening.

Table 1. Screening of organocatalysts.
CH(COO0BnN),

Catalyst
AXXg ¢ CH,(COOBn), Ar ~o

1 2a 3

Entry Catalyst ESI-MS screening Enantiomeric ratio

(preparative
reaction)
(R)-3a+(S)-3b  (S)-3a+(R)-3b Al B
1 (S)-4a 90:10 10:90 90:10 95:5
2 (R)-4a 11:89 89:11 nd'® 95:5
3 (S)-4b 937 7:93 93:7 964
4 (S)-4c 94:6 6:94 95:5 96:4
5 (S)-4d 97:3 4:96 97:3 99:1
6 (R)-4d 397 97:3 nde  1:99
7 (S)-4e 96:4 3:97 97:3 99.5:0.5
8 (5)-4f  nrld nrl nrl nd'®!
9 (25,585)-7 66:34!! nd® nd'® nd'®
10 (5)-8 59:41 40:60 62:38 nd'®
[a] Performed with 1a (Ar=4-Et-Ph) and 2a in EtOH/DCM 9:1 at room

temperature, stopped after 2 h. [b] Performed with 1a (Ar=4-Et-Ph) and
2a in EtOH at 0°C. [c] No reaction (nr). [d] No intermediates observed.
[e] Very low intensity. [f] Determined by chiral-stationary-phase HPLC.
[g] Not determined (nd).

with a 1:1 mixture of reagents 10 and 11 led to a mixture of
alcohols, which was subjected to hydrolysis in refluxing
KOH solution to remove the N-protecting group. The result-
ing crude mixture of pyrrolidine derivatives was treated
with a 1:8 mixture of Me;SiOTf and tBuMe,OTTf, which was
used in excess to account for its lower reactivity. After aque-
ous workup, ESI-MS screening was performed directly on
the crude mixture of catalysts (Figure 1).

The intermediates derived from the six catalysts were all
readily identified in the spectrum. Although the accuracy
was somewhat lower than in single catalyst screens due to
signal overlap and interfering signals from impurities, the se-
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Scheme 2. Synthesis of catalyst mixture 4b/4d/4g-j.

lectivity order of the six catalysts could be unambigously es-
tablished. The most selective catalyst in this series was 4d
with an enantiomeric ratio of 97:3, which was identical to
the value determined in single catalyst screening (Table 1).
The results demonstrate that combinatorial library synthesis
combined with ESI-MS screening allows rapid and reliable
structural optimization of a catalyst. By avoiding laborious
isolation and purification steps in the library synthesis, this
strategy can considerably accelerate catalyst development.
After identification of the most selective catalysts, the
preparative reaction with catalyst 4d was then further inves-
tigated. It is well known that additives such as acids, bases,
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Figure 1. Mass spectrometric screening of catalyst mixture 4b/4d/4g-j.

or water can strongly affect the enantioselectivity and rate
of organocatalytic reactions."'>"! In the Michael addition
studied here, acids can accelerate the formation of the imini-
um intermediate from the catalyst and unsaturated aldehyde
as well as the conversion of the product enamine to the cor-
responding iminium salt, which then undergoes hydrolysis to
the final product. Indeed, addition of a catalytic amount of
a weak acid such as PhCO,H (1 equiv with respect to cata-
lyst) resulted in a strong rate enhancement (Table 2 and

Table 2. Effect of additives on the organocatalyzed Michael addition of
malonates to a,B-unsaturated aldehydes.”!

(S)-4d, additives 7 (COOBN:
PN ¢ CHyCO0BN), I e o o
1c 2a ’ (R)-3¢
Entry Additive Time [h] Conversion [%]¥  ee [%]'*
1 none 84 99 99
15 30 99
24 48 99
48 68 99
2 PhCOOH 15 97 99
3 PhCOOH"! 6 95 97
4 PhCOONa 15 63 96
5 4-NO,-(C;H,)-COOH 15 97 99
6 4-OMe-(C¢H,)-COOH 15 98 99
7 CH;COOH 15 93 94
8 CH;COONa 15 77 89
9 CF;COOH 24 0 ndl®
10 p-CHy(CH,)-SO;H 24 0 nd®
11 NaHCO; 24 38 94

[a] Performed with 1¢ (0.19 mmol), 2a (0.13 mmol), 4d (0.0088 mmol, 7
mol %), and additive (0.0088 mmol) in ethanol (0.5mL) at 0°C.
[b] Room temperature. [c] Determined by "H NMR spectroscopy. [d] De-
termined by chiral-stationary-phase HPLC. [e] Not determined (nd).

Figure 2). Stronger acids such as CF;CO,H completely in-
hibited the reaction. Addition of sodium benzoate or hydro-
gencarbonate gave inferior results, in contrast to a recent
report on the beneficial effect of carboxylate salts in this re-
action.[! Stoichiometric experiments showed that benzoic
acid strongly accelerates conversion of the aldehyde to the
iminium ion (in the absence of acid no iminium ion was ob-
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Figure 2. The dependence of product formation on time in the presence
of additives at 0°C.

served after 30 min at 0°C in ethanol). Addition of water
(2 equiv relative to malonate) results in further rate in-
crease, whereas water alone has only a weak effect.

With optimized conditions in hand, we explored the sub-
strate scope (Table 3). The reaction was found to be general

Table 3. Michael addition of malonates to a,B-unsaturated aldehydes.!

2
PN . cooRn, (Sr4d PRCOOH GHCOOR?,
1 ~ + L —
R 0 o 2 Eonmo0cc R ~o
1a-g 2a-c 3a-i
Entry R! R? Product Time Yield eel®
(h] [%] %]
10 4-Et-Ph (1a) Bn (2a) 3a 6 90 >99 (R)
20! 4-iPr-Ph (1b) Bn (2a) 3b 6 89 >99 (R)
3 Ph (1¢) Bn (2a) 3¢ 5 97 99 (R)
4 Ph (1¢) Me (2b) 3d 5 92 >99 (R)
5 Ph (1¢) Et(2¢) 3e 5 95 >99 (R)
6 4-MeO-Ph (1d) Me (2b) 3f 8 95 99 (R)
7 4-NO,Ph (1e) Me (2b) 3g 8 96 99 (R)
8 2-Furyl (1f) Me (2b) 3h 6 92 99 (R)
9lel nBu (1g) Bn (2a) 3i 24 551 96 (R)
104 Ph (1c) Bn (2a) 3¢ 8 90 >99 (R)
[a] Performed with 1le-g (0.19 mmol), 2a-¢ (0.13 mmol), 4d

(0.0088 mmol), PhnCOOH (0.0088 mmol), and water (0.25 mmol) in etha-
nol (0.5mL) at 0°C. [b] Performed with 1a or 1b (1.00 mmol), 3¢
(0.67 mmol), 4d (0.047 mmol), PhCOOH (0.047 mmol), and water
(1.34 mmol) in ethanol (2.5 mL) at 0°C. [c] Compound 1g was added to
4d and 2a during 3h. [d] Performed at room temperature with 2a
(2.50 mmol), 4d (2 mol%) and benzoic acid, in technical EtOH, yield
and ee after one recrystallization. [e] Determined by chiral-stationary-
phase HPLC (see the Supporting Information). [f] Isolated product con-
tained 10 % of 2a.

for the malonates tested, however, Meldrum’s acid gave 1,2-
instead of 1,4-addition (48 % yield). High yields and enan-
tioselectivities were obtained with a range of aromatic unsa-
turated aldehydes. The reaction of the aliphatic unsaturated
aldehyde 1g yielded several unidentified by-products result-
ing from self-condensation of the aldehyde.*'! To suppress
this side-reaction, the aldehyde was added slowly to the mix-
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ture of catalyst and malonate. Under these conditions, prod-
uct 3i was formed in high enantiomeric purity but only mod-
erate yield (Table 3, entry 9). The reaction of dibenzyl malo-
nate and cinnamaldehyde was also conducted on a gram
scale with only 2 mol % of catalyst (Table 3, entry 10) in eth-
anol at room temperature. After 8 h and one recrystalliza-
tion, pure product was obtained in 90 % yield and >99 % ee.

In addition, we examined the reaction for nonlinear ef-
fects.'!!' As shown in Figure 3, experiments with samples of

100 T
80 1

60 T

ee product/%

40 1

20 1

20 40 60 80 100
ee catalyst/%

Figure 3. Nonlinear effect in the Michael addition of malonate 2a to al-
dehyde 1c¢ catalyzed by 4d.

catalyst 4d of varying enantiomeric purity showed a clear
negative nonlinear effect. As a possible explanation we con-
sidered the involvement of two catalyst molecules in the
enantioselective step, one forming the iminium intermediate,
the other forming a chiral nucleophilic species by hydrogen
bonding to the enol form of malonate. To test this hypothe-
sis, iminium salt 11 was prepared according to a known pro-
cedure (Scheme 3)!'” and allowed to react with equimolar

HCIO, (60%) /™ 1. P "0, 5 min " clo,
L) —_ clo, - ¢
N Et,0, 98% N, 2. recryst. from /PrOH ‘
H H, 75%
9 10 1

Scheme 3. Synthesis of iminium perchlorate 11.

amounts of dibenzyl malonate and catalyst (S)-4d. After
24 h at 0°C, the Michael adduct 3¢ was obtained as the S
enantiomer in 87% ee, as opposed to the R enantiomer
formed in the catalytic reaction with (S)-4d (Scheme 4;
Table 3, entry 3).

Ph CH.(CO0BN, |-EIOH. 10min 0°C CH(COO0BN),
+ ny ——— > -, :
N OTEJMS ? > 211,EtOH, 24h,0°C Ph™ "0
(S)-4d 2a (S)-3¢ 10%, 87% ee

Scheme 4. Effect of (S)-4d in the addition of malonate 2a to iminium salt
11
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Thus, there appears to be a mismatch between the chiral
induction by the chiral iminium group and that of the chiral
catalyst-malonate adduct. However, control by the iminium
group strongly dominates such that high enantioselectivities
are still possible. This mismatch between the action of the
two catalyst molecules explains the observed negative non-
linear effect. If a non-enantiopure catalyst is used, four pairs
of activated species are involved in the enantioselective
step: two mismatched and, accordingly, less reactive homo-
chiral combinations and two matched, more reactive hetero-
chiral combinations. The two heterochiral pairs [(R)-imini-
um/(S)-malonate and (S)-iminium/(R)-malonate] are present
in equal amounts and, therefore, produce racemic product.
Because these heterochiral pairs are more reactive, forma-
tion of racemic product will be faster than the correspond-
ing enantioselective process and, as a consequence, the pro-
portion of racemate in the product will be higher compared
to the catalyst.

In conclusion, we have developed an efficient combinato-
rial strategy for the development and structural optimization
of organocatalysts for the Michael addition to o,p-unsaturat-
ed aldehydes. In contrast to conventional parallel screening
methods, simultaneous evaluation of a mixture of catalysts
is possible without the need to isolate and purify the individ-
ual catalysts. Thus, our method should greatly facilitate the
search for more efficient catalysts for substrates, which give
unsatisfactory results with known catalysts. A strong acceler-
ating effect of added carboxylic acid and water was ob-
served, which allows considerably shorter reaction times and
much lower catalyst loadings. In addition, a distinct nonlin-
ear effect was observed that was rationalized by a double
nucleophilic—electrophilic activation mechanism involving
two catalyst molecules.

Experimental Section

Experimental details are included in the Supporting Information.
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