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The asymmetric Michael addition of nitroalkanes to §,p-disubstituted a,p-unsaturated aldehydes is a useful

method for the construction of all-carbon quaternary stereocenters. Nonsilyl bicyclic secondary amine

organocatalysts were employed in reactions involving a wide range of f,-disubstituted a,p-unsaturated
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Introduction

The asymmetric synthesis of molecules bearing all-carbon qua-
ternary stereocenters remains one of the challenging tasks in
synthetic organic chemistry." Interestingly, this methodology
finds potential applications in the total synthesis of natural
products and pharmaceutical drugs.” The Michael addition of
carbon nucleophiles to B,p-disubstituted a,f-unsaturated car-
bonyl compounds is one of the elegant methods to access
molecules with all-carbon quaternary stereocenters.’
Nevertheless, the Michael addition of nitromethane to
B,p-disubstituted a,p-unsaturated aldehydes has been compara-
tively underexplored (Scheme 1a).* Kudo and Akagawa
reported an undecapeptide-catalyzed asymmetric Michael
addition of nitromethane to f,p-disubstituted o,f-unsaturated
aldehydes, affording aldehydes bearing f-quaternary carbon
stereocenters.*® Tu and co-workers developed a spiro-pyrroli-
dine catalyst for the same transformation, followed by
reduction using NaBH,, yielding alcohols with all-carbon qua-
ternary stereocenters.*”? Although the above two methodologies
offer products in moderate to good yields and excellent
enantioselectivities, the synthesis of these catalysts involves
multistep tedious processes. Hayashi and co-workers demon-
strated an asymmetric Michael addition of nitromethane to
B,p-disubstituted  a,pf-unsaturated aldehydes wusing the
Hayashi-Jgrgensen catalyst, providing aldehydes with
p-quaternary carbon stereocenters.*>? Although the trimethyl-
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aldehydes with nitroalkanes to achieve products with all-carbon quaternary stereocenters in up to 69%
yield and 95% ee. The scalability of this methodology was demonstrated at the 5.1 mmol scale. The syn-
thetic utility of this methodology is showcased through the concise asymmetric synthesis of methsuxi-

silyl ether group in Hayashi-Jergensen catalysts plays a crucial
role in achieving high enantioselectivity of products, its stabi-
lity in the presence of acid additives®®” and reagents® is a
concern. Recently, we reported the synthesis of a nonsilyl
bicyclic secondary amine catalyst, derived from 4-hydroxy-r-
proline in four steps, which was utilized for the asymmetric
transfer hydrogenation of f,B-disubstituted «o,f-unsaturated
aldehydes.® Herein, we disclose the nonsilyl bicyclic secondary
amine-catalyzed asymmetric Michael addition of nitromethane

a. Reported catalysts for the asymmetric nitromethane addition to
S Adisubstituted a;funsaturated aldehydes

Q i OH
|
talyst i
o e i + GHo, —Loetant g
O,N R1 R R! i) NaBH,4 O,N R
P! Ph T‘.Z )
N \{ N
Pro—D—Pro-Aib-(Trp)z—(Leu)s—o TBDPSO R%si0  H
10 examples 14 examples 13 examples
64-82% yield 54-87% yield 38-89% yield
95-99% ee 83—>99% ee 72-91% ee
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Scheme 1 Asymmetric Michael addition of nitromethane to

p.p-disubstituted o,p-unsaturated aldehydes.
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to B,B-disubstituted o,p-unsaturated aldehydes. Furthermore,
we demonstrate the synthetic utility of this methodology for
the concise asymmetric synthesis of methsuximide,” an antic-
onvulsant drug (Scheme 1b).

Results and discussion

Initially, f-methyl cinnamaldehyde 1a was treated with nitro-
methane 2a (10 equiv.) in the presence of the nonsilyl bicyclic
secondary amine catalyst 3a (20 mol%) under neat reaction
conditions at rt for 72 h to afford the Michael adduct. For
characterization purposes, the crude product was reduced
in situ using NaBH, in EtOH at —5 to 0 °C, furnishing alcohol
4a in 20% isolated yield with 88% ee (Table 1, entry 1).

Among the solvents screened (Table 1, entries 2-12), protic
solvents were found to be effective, offering shorter reaction
times and improved product yields (Table 1, entries 5-12).
Notably, the reaction carried out in IPA (isopropanol) was com-
pleted in 36 h, affording product 4a in 69% isolated yield with
95% ee (Table 1, entry 7). Attempts to either decrease (Table 1,
entry 13) or increase (Table 1, entry 14) the equivalents of
nitromethane 2a were not fruitful. The addition of benzoic
acid (20 mol%) to the reaction led to a longer reaction time,
which in turn resulted in decreased product yield and enantio-
selectivity (Table 1, entry 15). This decline is attributed to
product decomposition occurring over the prolonged reaction
time. Traces of product 4a were observed upon lowering the
reaction temperature to 0 °C (Table 1, entry 16). The reaction
with 10 mol% of catalyst 3a took a longer time (96 h),
affording product 4a in 53% yield and 93% ee (Table 1, entry
17). When catalyst 3a was replaced with 3b or 3c under the
same reaction conditions, lower product yield and enantio-
selectivity were observed (Table 1, entries 18 and 19).

After the successful reaction optimization for the asym-
metric Michael addition of nitromethane 2a to f-methyl cinna-
maldehyde 1a (Table 1, entry 7), the substrate scope was inves-
tigated, as shown in Scheme 2. The f-aryl a,p-unsaturated alde-
hydes 1b-le containing electron-donating groups (p-OMe,
p-Me, p-Cl and p-F) at the para-position of the aryl ring
smoothly underwent Michael addition with nitromethane 2a
to give the corresponding alcohols 4b-4e in 48-61% yields and
91-95% ees. Similarly, substrates 1f and 1g containing elec-
tron-withdrawing groups (p-NO, and p-CF;, respectively) at the
para-position also participated effectively in the reaction, pro-
viding alcohols 4f and 4g in 61% yield and 91% ee and in 45%
yield and 92% ee, respectively. Substrates 1h and 1k with meta-
substituted aryl groups, including electron donating groups
(m-OMe or m-Me) and electron-withdrawing groups (m-NO, or
m-CF;), also participated in the transformation efficiently
under the optimized reaction conditions to afford the corres-
ponding alcohols 4h and 4k in moderate to good yields and
excellent enantioselectivities. p-Aryl a,f-unsaturated aldehydes
bearing biphenyl (11) and 2-naphthyl (1m) substituents at the
B-position provided alcohols 41 and 4m in 50% yield and 93%
ee and in 52% yield and 94% ee, respectively. Notably, a het-
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Table 1 Optimization of the reaction conditions?
i) 9
Vig
Ar
Ar N OH
j CH3N02 __3(0mol%).t »
i) NaBH4 EtOH O,N
-5-0°C, 1h
4a
3a

Entry Cat. Solvent t (h) Yield” (%) ee (%)
1 3a Neat 72 20 88
2 3a CH,Cl, 120 21 90
3 3a Toluene 72 25 93
4 3a CH;CN 120 16 45
5 3a MeOH 24 30 91
6 3a EtOH 54 59 93
7 3a IPA 36 69 95
8 3a t-BuOH 24 60 95
9 3a (CH,OH), 30 64 94
10 3a Glycerol 48 65 94
11 3a HO(CH,),OH 48 62 91
12 3a TFE 24 60 88
134 3a IPA 30 40 91
14° 3a IPA 48 59 93
15/ 3a IPA 92 40 91
16° 3a IPA 48 Trace nd
17" 3a IPA 9% 53 93
18 3b IPA 48 35 91
19 3c IPA 50 48 91

“Reactions were performed with 1a (29 mg, 0.2 mmol, 1 equiv.),
CH;3NO, 2a (107 pL, 2.0 mmol, 10 equiv.) and catalyst 3 (0.04 mmol,
20 mol%) in solvent (0.2 mL, 1.0 M) at rt followed by reduction to the
corresponding alcohol 4a using NaBH, (76 mg, 2.0 mmol, 10 equiv.) in
EtOH (2.5 mL), unless otherwise noted. ”Isolated yield after column
chromatography ‘ Determined by HPLC ana1y51s on a chiral statlonary
phase. “CH;NO, (53 uL, 1.0 mmol, 5 equiv.) was used. ° CH;NO,
(214 pL, 4.0 mmol, 20 equiv.) was used. /Benzoic acid (5 mg,
0.04 mmol, 20 mol%) was added. ¢ Reaction was performed at 0 °C.
" Catalyst 3a (6 mg, 0.02 mmol, 10 mol%) was used. IPA = isopropanol;
nd = not determined; TFE = trlﬂuoroethanol

eroaromatic substrate bearing a 2-thiophenyl substituent (1n)
was well tolerated, affording alcohol 4n in 47% yield and 95%
ee. When the f-ethyl p-phenyl a,p-unsaturated aldehyde 10 was
studied for the Michael addition of nitromethane 2a, alcohol
40 was obtained in 40% yield and 88% ee. The Michael
addition of nitromethane 2a to the 2-oxoindoline-3-ylidene
acetaldehyde 1p was not effective under the optimized reaction
conditions.? Interestingly, the use of catalyst 3¢ (20 mol%)
facilitated the reaction, affording alcohol 4p in 51% yield and
87% ee.

This methodology was also applied to the f,p-dialkyl
a,p-unsaturated aldehydes 1q-1s to obtain alcohols 4q-4s in
49-61% yields and 58-83% ees. The enantiomeric excesses of
alcohols 4r and 4s were determined after converting them to
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Scheme 2 Substrate scope. ?Reactions were performed with 1
(0.2 mmol, 1 equiv.), nitroalkane 2 (2.0 mmol, 10 equiv.) and catalyst 3a
(11 mg, 0.04 mmol, 20 mol%) in IPA (0.2 mL, 1.0 M) at rt followed by
reduction to the corresponding alcohol 4 using NaBH,; (76 mg,
2.0 mmol, 10 equiv.) in EtOH (2.5 mL), unless otherwise noted. © Catalyst
3c (22 mg, 0.04 mmol, 20 mol%) was used. € Enantiomeric excess was
determined after converting alcohols 4r and 4s to the carbamate deriva-
tives 6r and 6s, respectively, using 4-chlorophenyl isocyanate. ¢ Reaction
was performed in EtOH (1.0 M). € Enantiomeric excess was determined
after converting aldehyde 5t to diester 7t using ethyl(triphenylphosphor-
anylidene)acetate. fReaction was performed under neat conditions.
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Scheme 3 Scale-up synthesis of alcohol 4a.

the corresponding carbamate derivatives 6r (85% yield and
68% ee) and 6s (90% yield and 83% ee), respectively, using
4-chlorophenyl isocyanate and Et;N in CH,Cl, (see the ESIT).
The reaction of nitromethane 2a with substrate 1t containing
an ester group at the B-position proceeded very slowly in IPA.
However, when the reaction was carried out in EtOH, com-
pletion was achieved in 18 h, affording aldehyde 5t in 62%
yield and 93% ee. The enantiomeric excess of aldehyde 5t was
determined after converting it to diester 7t (85% yield and
93% ee) using ethyl(triphenylphosphoranylidene)acetate (see
the ESIT). The reaction of nitropropane 2b with $-methyl cin-
namaldehyde 1a in the presence of catalyst 3a under neat con-
ditions (as the reaction in IPA was very slow) yielded product
4u as an inseparable mixture of diastereomers in 29% yield
with 1.4:1 dr and 83% ee. The absolute configuration of pro-
ducts 4a-4u was assigned based on the comparison of the
optical rotation values of products 4a, 4b, 4f, 4p and 4q with
those reported in the literature.*”

To showcase the scalability of the methodology, 5.1 mmol
of f-methyl cinnamaldehyde 1a was subjected to the optimized
reaction conditions, affording alcohol 4a in 66% yield and
95% ee (Scheme 3).

To demonstrate the application of this methodology, a
concise asymmetric synthesis of methsuximide, an anticonvul-
sant drug, was envisaged starting from f-methyl cinnamalde-
hyde 1a, as shown in Scheme 4. The Michael addition of nitro-
methane 2a to f-methyl cinnamaldehyde 1a catalyzed by 3a in
IPA furnished the corresponding Michael adduct, which was
subsequently oxidized to carboxylic acid 8a via Pinnick oxi-
dation (56% yield over two steps). Furthermore, the nitro
group in compound 8a was converted to a carboxylic acid
using NaNO, and acetic acid in DMSO, yielding the corres-
ponding dicarboxylic acid. Condensation of this intermediate
with methylamine in toluene under reflux conditions afforded
methsuximide 9a in 38% yield over two steps and 93% ee.

Based on the reaction outcomes and the observed stereo-
chemistry of the Michael adducts, a possible reaction mecha-
nism is proposed for the Michael addition of nitromethane 2a
to B,p-disubstituted o,f-unsaturated aldehydes 1 catalyzed by
the nonsilyl bicyclic secondary amine organocatalyst 3a, as
shown in Scheme 5. Accordingly, catalyst 3a condenses with
the p,B-disubstituted o,p-unsaturated aldehyde 1 to form the
corresponding E-iminium ion intermediate A. The nucleophi-
lic nitromethide ion, generated from nitromethane 2a, then

This journal is © The Royal Society of Chemistry 2025
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Scheme 4 Concise asymmetric synthesis of methsuximide 9a.
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Scheme 5 Proposed reaction mechanism for the Michael addition of
nitromethane 2a to B,B-disubstituted o,f-unsaturated aldehydes 1 cata-
lyzed by 3a.

attacks the p-position of the iminium ion B from the face
opposite to the chiral bulky substituent of the catalyst, leading
to the formation of the enamine intermediate C. Upon proto-
nation, the enamine intermediate C forms the iminium inter-
mediate D, which undergoes hydrolysis to yield the Michael
adduct 5 along with the regeneration of catalyst 3a.

Conclusions

In summary, the nonsilyl bicyclic secondary amine organo-
catalysts 3a-3c were investigated for the enantioselective
Michael addition of nitromethane 2a to f-methyl cinnamalde-
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hyde 1a. A broad range of f,p-disubstituted o,f-unsaturated
aldehydes (1a-1s) were evaluated under the optimized reaction
conditions, affording the corresponding products 4a-4s
bearing all-carbon quaternary stereocenters in 40-69% yields
and 58-95% ees. Substrate 1t, bearing an ester group at the
B-position, was successfully converted to the corresponding
Michael adduct 5t in 62% yield and 93% ee. Additionally, the
use of nitropropane 2b as the nucleophile afforded product 4u
in 29% yield with 1.4:1 dr and 83% ee. A scale-up reaction
was successfully performed at the 5.1 mmol scale using
f-methyl cinnamaldehyde 1a, delivering alcohol 4a in 66%
yield and 95% ee. Furthermore, the synthetic utility of this
methodology was exemplified through a concise asymmetric
synthesis of methsuximide, an anticonvulsant drug, starting
from p-methyl cinnamaldehyde 1a. Based on the stereochemi-
cal outcomes of the Michael adducts, a possible reaction
mechanism has been proposed. This study is expected to
stimulate further exploration on the use of nonsilyl bicyclic
secondary amine organocatalysts for enantioselective Michael
addition of various nucleophiles to a,p-unsaturated aldehydes.
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Under the optimized reaction conditions, product 4p was
obtained in 80% yield and 27% ee after 16 h.
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