Aqueous Organocatalysis

Angewandﬁe _

Ol:10.1002/anie.200703261

Water-Compatible Iminium Activation: Organocatalytic Michael
Reactions of Carbon-Centered Nucleophiles with Enals**
Claudio Palomo,* Aitor Landa, Antonia Mielgo, Mikel Oiarbide, Angel Puente, and Silvia Vera

Water offers unique characteristics as a solvent. It displays
unparalleled physical properties, is cheap, available in bulk,
and hazardless in handling, and overall it sustains life and
therefore most biosynthetic reactions. In the practice of
chemical synthesis, however, water had been considered a
contaminant for a while. Over the last few decades, chemists
have started to investigate the possibility of using water as
solvent for organic reactions!'! because of potential benefits
with respect to industrial® and biological implications. As for
the field of asymmetric synthesis, the development of water-
compatible catalytic methods still remains challenging, essen-
tially because most metal catalysts are unstable toward
hydrolysis.l”) Water can also interfere with organocatalysis!
given its capacity for disrupting hydrogen bonds and other
polar interactions. Interestingly, however, chiral secondary
amines have been shown to be viable organocatalysts in
varying degrees of an aqueous environment® for several C—C
bond-forming processes known to proceed through activation
of the substrate carbonyl through enamine formation.*” A
second major category of amine catalysis relies on activation
of carbonyl Michael acceptors through formation of iminium
species.’l However, little success has been met in aqueous
systems.”) Experimental data suggest that iminium activation
is less compatible with the presence of water, and to date no
general catalytic system has been reported fully water-
compatible."”! Here, we present evidence of the suitability
of organocatalytic asymmetric iminium activation in water-
containing systems by describing highly selective conjugate
additions of several carbon-centered nucleophiles to a,f3-
unsaturated aldehydes catalyzed by secondary amines using
water as the only solvent.

As candidates for water-compatible iminium catalysis,
compounds 1-8 were prepared starting from proline (or trans-
4-hydroxyproline).""! These molecules were conceived
according to two main design elements: a)the favorable
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role played by hydrophobic alkyl chains in water-compatible
enamine-mediated catalysis,**™! and b) the assumption that
for effective control of iminium geometry and face shielding,
a bulky group should be located near the nitrogen atom of the
catalyst (Figure 1).1%
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Figure 1. Key design elements of a new family of pyrrolidine catalysts
for water-compatible iminium catalysis.

At the outset, the conjugate addition of nitromethane to
enals was selected to study the catalysts.'! Despite the
interest of the resulting adducts as intermediates in syn-
thesis,!'Y enantioselective versions of this reaction have been
hardly developed,!'” presumably because of the undesired
competing 1,2-addition process. In particular, by this
approach an atom-economic route to o-unsubstituted y-
amino acids, which exhibit potent activity on the central
nervous system,' would be made feasible in a concise and
practical fashion.

To evaluate the catalysts, the reaction of nitromethane
and cinnamaldehyde in the presence of 5 mol% of the
corresponding pyrrolidine 1-8 using water as the only solvent
was carried out at room temperature (Scheme 1 and Table 1).
All tested catalysts were able to promote the reaction, but the
performance varied as a function of the length of the alkyl
side chain (Table 1, entries 1-7). Dimethyl and dipropyl
prolynol derivatives 1 and 2 catalyzed the reaction but led
to only moderate yields and insufficient selectivity. The
dihexyl derivative 3 gave satisfactory reactivity and enantio-
selectivity of 91 %. An increase in length of the side chain to
nonyl and dodecyl derivatives 4 and 5, respectively, had a
detrimental effect on both the reaction speed and selectivity
(Table 1, entries 4-7). With the optimal side chain hexyl, the
effect of the silyl group was examined. Thus, the triphenylsilyl
ether 6 gave improved yields and selectivities (Table 1,
entry 8) as compared to the parent trimethylsilyl catalyst.
On the other hand, the trans-4-hydroxypyrrolidine derivative
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Scheme 1. Enantioselective conjugate addition of nitromethane to enals
catalyzed by pyrrolidines 1-7, and elaboration of the adducts to the
corresponding alcohols and carboxylic esters.

Table 1: Catalyst screening for the reaction of nitromethane with enal 9a
to give 10a.”

Entry Cat. t[h] Conv. [%]"! Yield [%]1 ee [%6]
1 1 3 >99 41 50
2 2 6 >99 43 70
3 3 16 >99 65 91
4 4 16 60 - -
5 4 32 >99 65 85
6 5 16 50 - -
7 5 32 80 30 73
8 6 16 >99 70 96
9t 6 32 >99 66 94

10 7 16 >99 59 83

n 8 16 - 40 —40

120 8 16 - 55 —87

[a] Reactions performed on 1 mmol scale at room temperature using
catalyst 1-8 (5 mol %), benzoic acid (5 mol%), nitromethane (2 equiv,
110 uL), and water (1 mL). [b] Measured by 'H NMR spectroscopy on
crude material. [c] Yield of product (after chromatography) after
reduction to alcohol. [d] Determined by HPLC (Daicel-Chiralpak IB;
eluent 90:10 hexane/2-propanol). [e] In the absence of benzoic acid.
[f] Neat reaction using 10 mol % catalyst without benzoic acid.

7 (Table 1, entry 10) exhibited an inferior performance.
Interestingly, the amino alcohol 8, which contains a free
hydroxy group, is also able to catalyze the reaction either in
neat conditions or with water as solvent and gives rise to a
product of reversed configuration. The stereochemical rever-
sal may be rationalized by assuming that hydrogen bonding is
established between the OH group of the catalyst and the
NO, group in the transition state."”? While the above reactions
were generally carried out in the presence of 5 mol% of
benzoic acid, reactions without such an additive were
accompanied with similar levels of enantioselection, although
elapsed reaction times were required (Table 1, compare
entries 8 and 9).
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A representative selection of enals was evaluated
under the best conditions, and the results are summarized
in Table 2. Good yields, corresponding to two or three
synthetic steps to the final alcohol or ester product,™
and regularly high selectivity are attained with neutral,
electron-poor, or electron-rich substituted cinnamalde-
hydes (Table 2, entries 1-6 and 9-12). With crotonalde-
hyde (Table?2, entry7) slightly lower selectivity was
observed, but by running the reaction at 0°C in this case
above 90% ee was attained (Table2, entry8). Of
practical importance, lowering the catalyst loading from
5 mol% to only 2 mol% was well tolerated, while the
reaction starting from 5 mmol of substrate enal displayed
no significant loss in reactivity and stereoselectivity
(Table 2, entry 3).

Adduct 12h, which was produced in very high
enantioselectivity, was subsequently transformed into
the Sisomer of Rolipram (Scheme 2), a type IV phos-
phodiesterase inhibitor.'®! Thus, the configuration of the
product is consistent with the expected preferential
attack of nitromethane across the rear mface of the
activated iminium species depicted in Figure 1. The

Table 2: Reaction of nitromethane with a,fB-unsaturated aldehydes
catalyzed by 6 (see Scheme 1).F

Entry R Product  Yield [%]®  ee [%]"
1 Ph 10a 70 96
20 65 96
30 61 95
4 4-MeOC4H, 10b 71 9
5t 68 94
6!l 4-MeCgH, 10c 66 97
7t Me 10d 60 87
8 42 91leh
9 3-MeOC4H, 12e 57 95

101 4-NO,C¢H, 12f 60 98

1 4-CIC¢H, 12g 69 95

12 3-cPentO-4-MeOC¢H, 12h 62 98

[a] Reactions carried out overnight on a 1 mmol scale using nitro-
methane (2 mmol), 6 (5 mol%), benzoic acid (5 mol%), and H,0
(1 mL) unless otherwise stated. [b] Yield after chromatography of the
corresponding alcohol or ester compound. [c] Determined by HPLC.
[d] Using 1T mL of EtOH/H,O (1:1) as solvent. [e] Reaction carried out on
5 mmol scale using 2 mol% catalyst. [f] Full conversion after 6 h.
[g] 5 mmol of nitromethane was used. [h] Reaction performed at 0°C.

configuration of the remaining adducts was assigned assuming
a uniform reaction mechanism.

Further proof of the capacity of the present catalyst
system can be inferred from its remarkable performance in
the conjugate addition of malonates, a category of Michael
donors previously shown to react poorly in aqueous sys-
tems.'" As the results in Table 3 show, the reaction of
dibenzyl malonate with cinnamaldehyde and p-methoxycin-
namaldehyde under similar catalytic conditions, with water as
the sole solvent, led to the corresponding adducts 13 in good
yields and with up to 99% ee. The triphenylsilyl catalyst 6
afforded again slightly improved results as compared with the
TMS derivative 3, even in reactions run at room temperature.
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Scheme 2. Synthesis of (S)-Rolipram from adduct 12h. [a]? =+26.2
(c=0.6, MeOH) (c.f. [a]5 =+24.7 (c¢=0.23, MeOH)"™)).

Table 3: Reaction of benzyl malonate and enals in water catalyzed by 3 or
6.0

% BnO,C.__CO,Bn
o, oo R,
CO,Bn R H,0
9 25°C/36 h or R 1
0°C/72h
Entry R Product  Cat.  T[°C] Yield [%]®  ee[%]"
1 H 13a 3 25 83 82
2 H 13a 3 0 74 88
3 H 13a 6 25 77 96
4 MeO 13b 3 0 69 92
5 MeO 13b 6 25 74 99

[a] Reaction conditions: enal (1 mmol), 3 or 6 (5 mol %), benzoic acid (5
mol %), dibenzyl malonate (0.8 mmol), and water (1 mL). Bn=benzyl.
[b] Yield of adduct 13 after chromatography. [c] Determined by HPLC
after transformation into the corresponding methyl ester.

Finally, the potential of this family of catalysts in an
aqueous environment was tested for the yet unprecedented
enantioselective amine-catalyzed intermolecular Michael
addition of aldehydes to enals.’”! This reaction bears addi-
tional mechanistical interest, as it likely involves a double
enamine/iminium activation process. As the results in Table 4
show, reactions of propanal and pentanal with cinnamalde-
hyde and 4-methoxycinnamaldehyde took place effectively at

Table 4: Amine-catalyzed Michael additions of aldehydes to enals.F!

(\)\ b e OHO Cat. (20 mol%) NaBH, Hokl/l?\ﬂ
R PhCO,H (20 mol%)  EtOH, 0°C : OH
H,0, RT R 14

Entry 14 R R? Cat. t  Yield d.r.[%] ee (%]
[ [%6]® antijsyn  (anti)

1 14a Me Ph 3¢ 20 50 85:15 74

2 14a Me Ph 6 20 62 81:19 98

3Mf 14a Me Ph 6 20 52 85:15 93

4 14b Pr Ph 3 48 68 >98:2 85

5 14b Pr  Ph 4 72 45 >98:22 73

6 14b Pr  Ph 6 72 55 >98:22 97

7 14c Pr  4-MeOCeH, 6 72 428 >982 98

[a] Reactions performed on 2 mmol scale at room temperature in the
presence of catalyst (20 mol %), benzoic acid (20 mol %), enal (3 equiv),
and water (2 mL). [b] Yield referred to isolated 14. [c] Measured by NMR
spectroscopy and HPLC. [d] Determined by HPLC. [e] 10 mol % catalyst
used. [f] Using 1 mL of 1:1 EtOH/H,O mixture as solvent. [g] Reaction
conversion 85 %.
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room temperature in the presence of 20 mol% of the
corresponding catalyst. In all cases, very high diastereoselec-
tivity in favor of the anti adduct and very high enantioselec-
tivities were obtained with catalyst 6. The resulting adducts
could be oxidized to the corresponding glutarates or alter-
natively reduced to 1,5-diols 14, which in turn may be
transformed into cis-3,4-disubstituted tetrahydropyrans by
standard protocols.”!

The physical appearance of the reaction mixture in the
above developments was in general an easy to stir emulsion.
As a consequence, the yet unanswered question about where
the reaction actually occurs (either in the aqueous or organic
phase, or on the boundary) arises. In this connection, what
seems to be apparent is the tolerance of the present iminium
activation model with a homogeneous aqueous environment
and its robustness, as the same level of catalytic effectiveness
is maintained even in the reactions carried out in water/
ethanol homogeneous solutions (Table 2, entries2 and 5;
Table 4, entry 3).

In summary, a new family of prolinol-based catalysts have
been developed that enable iminium-type catalysis of enals in
aqueous systems to provide high enantioselectivies under
practical conditions. With this addition, the emerging pool of
water-compatible organocatalysts is reinforced and the range
of chemical transformations amenable for asymmetric catal-
ysis in water-containing systems is extended.

Experimental Section

General procedure for the reaction of nitromethane and o,f-
unsaturated aldehydes. Nitromethane (2 mmol, 110 uL) and benzoic
acid (0.05 mmol, 6.1 mg) were added to a mixture of catalyst 3 or 6
(0.05 mmol, 5 mol%) and the corresponding o,f3-unsaturated alde-
hyde 9 (1 mmol) in water (1 mL). The resulting emulsion was stirred
for 18 h at room temperature. The mixture was elaborated according
to two alternative procedures. Method A (derivatization to alcohols):
A solution of the above reaction mixture in EtOH (25 mL) was added
dropwise to a cooled solution (—5°C) of NaBH, (47.25 mg, 2.5 mmol)
in EtOH (50 mL). The reaction was stirred at —5°C for 20 min (TLC,
1:1 EtOAc/hexane) and afterwards quenched with H,O (20 mL) and
extracted with CH,Cl, (3 x 30 mL). The combined organic layers were
washed with brine and dried (MgSO,). The solvent was evaporated,
and the crude product was purified by chromatography (eluent, 1:2
EtOAc/hexane) to obtain 10. Method B (derivatization to carboxylic
acid methyl esters): The crude material was dissolved in a mixture of
MeOH (1.0 mL), CH;CN (1.0 mL), and water (1.0 mL). The resulting
solution was cooled to 0°C, and KH,PO, (63 mg, 0.46 mmol) and
NaClO, (46 mg, 0.43 mmol) were added. After the injection of H,O,
(35% solution, 0.5 mL), the mixture was warmed to room temper-
ature and stirred for an additional 2 h. The pH was adjusted to pH 3
with 1M HCI, and saturated Na,SO; (5 mL) was added. The resulting
mixture was extracted with CH,Cl, (3x10mL), and the combined
organic layers were washed with 10 mL water and dried over MgSO,.
The organic layer was concentrated in vacuum, and the residue was
dissolved in a toluene/methanol mixture (2.0:5.0 mL). Trimethylsilyl
diazomethane (2.0M in n-hexane) was added dropwise, and the
solution was stirred for an additional 10 min and then quenched with
a drop of concentrated AcOH. The solvents were evaporated under
vacuum. The crude product was subjected to flash chromatography on
silica gel (1:9 EtOAc/n-pentane) to give 12.
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