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bearing a trans-cyclohexane-1,2-diamine scaffold and two
benzimidazoles units 7 has been used in the enantiocatalyzed
Michael addition of 1,3-dicarbonyl compounds to maleimides.21,22

In this case, one 2-aminobenzimidazole acts as a base (pKa �7) and
the other as a hydrogen bonding donor. Organocatalyst 7 also
promotes the enantioselective alkylation of 1,3-dicarbonyl com-

60pounds with benzylic and allylic alcohols.23 Chiral organocatalysts
bearing a primary amine are especially important for the enamine
formation of a,a-disubstituted aldehydes.24

We envisaged that compounds of type 4 bearing a primary
amino group and a benzimidazole unit, such as 8,16 would be effi-
cient bifunctional catalysts for the conjugate addition of aldehydes
to electrophilic alkenes, combining the covalent (enamine) and
non-covalent (hydrogen bonding) activation modes.

2. Results and discussion

2.1. Conjugate addition of aldehydes to nitroalkenes
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1. Introduction

The use of bifunctional organocatalysts bearing an amino grou
and a hydrogen bonding unit has become a very efficient strateg
in many enantioselective transformations.1–5 These two function
alities work in a cooperative manner when they are present in
rigid 1,2-diamine skeleton such as trans-cyclohexane-1,2-diamin
Different hydrogen bonding moieties, such as thiourea 1,6–

sulfinyl urea 2,9,10 squaramides 311–15 and 2-aminobenzimidazole
4–616–18 are privileged structures in asymmetric organocatalys
(Fig. 1). The 2-aminobenzimidazole group is structurally simila
to a rigid guanidine and can act as a base and also as a hydroge
bond donor, especially after protonation.19 Compounds 416 an
5–6,17,18 bearing a tertiary amino group acting as a Brønsted bas
and a 2-aminobenzimidazole group as a hydrogen bonding dono
can efficiently catalyze the enantioselective conjugate addition o
1,3-dicarbonyl compounds to nitroalkenes. Compound 4 (R = M
X = H) has been used in the amination of ethyl 2-oxocyclopen
tanecarboxylate with di-tert-butylazodicarboxylate.20 A system
http://dx.doi.org/10.1016/j.tetasy.2015.12.004
0957-4166/� 2015 Published by Elsevier Ltd.

⇑ Corresponding authors.
E-mail addresses: cnajera@ua.es (C. Nájera), prrcosta2011@gmail.com

(P.R.R. Costa), enrique.gomez@ehu.es (E. Gómez-Bengoa).
y Corresponding author for computational data.

Please cite this article in press as: Fernandes, T. d. A.; et al. Tetrahed
ta b,⇑, Béla Fiser d, Enrique Gómez-Bengoa d,y

uímica Avanzada (ORFEO-CINQA), Universidad de Alicante, Apdo. 99, 03080 Alicante, Sp
Ciencias da Saúde, Universidade Federal do Rio de Janeiro, Cidade Universitária, 21941-59

, Apdo. 1072, E-20018 San Sebastián, Spain

amine 8 containing an (S,S)-trans-cyclohexane-1,2-diamine scaffold and a 2
as a general organocatalyst for the Michael addition of a,a-branched aldehy
aleimides. The reactions take place, with 20 mol % of catalyst in dichloro
nes and with 15 mol % catalyst loading in toluene at 10 �C for maleimide
selectivities. DFT calculations demonstrate the bifunctional character of th
e aldehyde by enamine formation and the Michael acceptor by double hydro
70r
d
-
-
e

Nitroalkenes are one of the most used Michael acceptors fo
different nucleophiles, especially 1,3-dicarbonyl compounds an
aldehydes.25–29 The corresponding adducts namely c-nitrocar
bonyl compounds, can be further transformed into many impor
tant biologically active compounds generally by reduction of th
ron: Asymmetry (2015), http://dx.doi.org/10.1016/j.tetasy.2015.12.004
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Figure 1. Selected chiral bifunctional organocatalysts.
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n of isobutyraldehyde to b-nitrostyrene using organocatalyst
6 (10 mol %). Compound 8 can be easily prepared in one step
reaction of 2-chlorobenzimidazole with (S,S)-trans-cyclohex-

e-1,2-diamine.16 Initially, different solvents were assayed at
om temperature (Scheme 1 and Table 1). In the case of toluene,
% ee and a moderate 40% yield of product 11a after reaction time
4 days were obtained (Table 1, entry 1). However, with more
lar solvents, such as DMF or water, lower enantioselectivities
re observed (Table 1, entries 2 and 3). The best enantioselectiv-
(85% ee) was obtained with dichloromethane (DCM) as the

lvent, but a low 11% yield was obtained (Table 1, entry 4).
creasing the catalyst loading to 20 mol % and the amount of
butyraldehyde to 2 equiv gave the best results, with 87% yield
d 92% ee being obtained after 3 days reaction time (Table 1,
try 5). The presence of 10 or 20 mol % of Et3N as base accelerated
e process while maintaining 90% ee, but the formation of by-
oducts was observed (Table 1, entries 6 and 7). Therefore, the
action conditions of entry 5 were chosen for studying the scope
the reaction.

H

O

+
NO2

Ph
8 (x mol%)

solvent, additive 
25 °C, t

NO2

Ph

H

O

11aa9a 10a

eme 1. Reaction condition studies for the addition of isobutyraldehyde to
itrostyrene.
ease cite this article in press as: Fernandes, T. d. A.; et al. Tetrahedron: A
The scope of the reaction was next studied. Isobutyraldehyde 9a
s allowed to react with several nitroalkenes 10 in DCM at rt for
4 days (Scheme 2 and Table 2). Products 11 were obtained pure
moderate to high yields after adding ether to the reaction mix-
re followed by filtration over a pad of Celite. Only aromatic
troalkenes 10a–10f gave the corresponding adducts in good
lds (52–99%) and enantiomeric excesses (74–92%) (Table 2,
tries 1–6). In the case of heteroaromatic nitroalkenes, the 2-furyl
rivative 10g gave product 11ag in high yield and with 82% ee
able 2, entry 7). However, the reaction with 1-(3-pyridyl)-2-
troethylene was unsuccessful. This process only took place with
butyraldehyde with these types of conjugate additions. The
solute configuration of products13 was assigned according to
e literature data for identical products.31

. Conjugate addition of aldehydes to maleimides

The conjugate addition of aldehydes to maleimides using chiral
ganocatalysts enables the synthesis of enantioenriched succin-
ides, structures that can be found in several natural products
d pharmaceuticals.30 Initial optimization studies for the addition
isobutyraldehyde 9a to N-phenylmaleimide 12a in acetone,
ueous DMF (1:2) or toluene indicated that toluene was the

le 1
timization of the addition of isobutyraldehyde to b-nitrostyrenea

Entry 8 (mol %) Solvent Additive T (h) Yieldb (%) eec (%)

1 10 PhMe — 96 40 60
2 10 DMF — 120 30 37
3 10 H2O — 120 84 26
4 10 DCM — 72 11 85
5d 20 DCM — 72 87 92
6d 20 DCM Et3Ne 30 99 90
7d 20 DCM Et3Nf 20 99 90

Reaction conditions: 9a (1 mmol), 10a (0.5 mmol), 8 (see column), solvent
5 mL).
Crude isolated yield determined by 1H NMR.
Determined by using analytical SFC with a chiral coated column (Phenomenex
5u Cellulose-1).
9a (2 mmol) and 10a (1 mmol) were used.
10 mol %.
20 mol %.

H

O

+
NO2

R 8 (20 mol%)

CH2Cl2, 25 °C
NO2

R

H

O

119a 10

Scheme 2. Michael addition of isobutyraldehyde to nitroalkenes.

le 2
njugate addition of isobutyraldehyde 9a to nitroalkenesa

Entry R No. T (d) Product Yieldb (%) eec (%)

1 Ph 10a 3 11aa 69 92
2 4-MeC6H4 10b 4 11ab 52 81
3 2-BrC6H4 10c 3 11ac 94 74
4 3-BrC6H4 10d 3 11ad 99 76
5 4-BrC6H4 10e 3 11ae 99 88
6 4-FC6H4 10f 3 11af 87 80
7 2-furyl 10g 3 11ag 99 82

Reaction conditions: 9a (1 mmol), 10 (0.5 mmol), 8 (20 mol %), DCM (0.5 mL).
Isolated yield after ether addition followed by filtration over a path of Celite and
poration.
Determined by using analytical SFC with a chiral coated column (Phenomenex
5u Cellulose-1).
symmetry (2015), http://dx.doi.org/10.1016/j.tetasy.2015.12.004

http://dx.doi.org/10.1016/j.tetasy.2015.12.004


solvent of choice using 15 mol % of catalyst 8 at 10 �C. Thus, the
scope of the reaction was performed under the mentioned reaction
conditions using different aldehydes 9 and maleimides 12
(Scheme 3 and Table 3).

120 The reaction of isobutyraldehyde 9a with different N-aryl-
maleimides afforded the corresponding succinimides 13aa–13ad
in good yields and ee (60–89%) (Table 3, entries 1–5). In the case
of N-benzylmaleimide 12e, succinimide 13ae was obtained in
63% yield and 89% ee (Table 3, entry 6). However, maleimide 12f
reacted with isobutyraldehyde in a similar 65% yield, but with a
lower enantioselectivity (55%) (Table 3, entry 7). The addition of
propanal with N-phenylmaleimide took place in a lower 47% yield,
giving succinimide 13ba as a 2:1 mixture of diastereoisomers
with 83%/77% ee (Table 3, entry 8). However, the addition of

130 a-phenylpropanal to N-phenylmaleimide was unsuccessful.
Finally, when cyclohexanecarbaldehyde 9c was allowed to react
with N-phenylmaleimide 12a and N-benzylmaleimide 12e, the cor-
responding succinimides 13ca and 13ce were obtained in good
yields and with 80% and 58% ee, respectively (Table 3, entries 9
and 10). The absolute configuration of products 13 was assigned
according to the data already reported.32

In order to obtain a better understanding of the mechanism of
h
t

140 )
r
t
e
s.
e
e

formation of a reactive nucleophilic enamine between the free
NH2 group of the catalyst 8 and isobutyraldehyde, and calculations
were carried out for an attack of such enamine to the twomost rep-

150resentative electrophiles used herein, nitrostyrene 10a (Scheme 2),
and N-phenylmaleimide 12a. Based on our previous related
work,31–33 we located a number of distinct conformational transi-
tion states involving the two enantiotopic faces of the electrophiles.
Special attention was paid to the inter and intra H-bond networks
that can be formed between the benzimidazole, enamine and either
the nitro group of 10a or the maleimide/carbonyl of 12a.

In light of the computational results, we anticipated that the
most favoured structures computed for both electrophiles were
those possessing the highest possible number of H-bonds within

160those networks, and that the reactivity and enantioselectivity of
both types of electrophiles can be interpreted through a common
mechanistic model.

The reactivity of maleimide 12a was first examined, and we
found that in the approach of the enamine to its Re face (pro-S
transition state, TS1-S, Fig. 2), the two NH units of benzimidazole
were involved in a double H-bond activation of the electrophilic
carbonyl group, showing H-bond distances of 2.0 Å and 2.1 Å.
Furthermore, the NH unit of the enamine is able to form a third
H-bond with the free nitrogen of the benzimidazole with a distance

170of 2.0 Å. The latter interaction is noteworthy since it is responsible
for an extra charge transfer from the benzimidazole to the enamine,
making the enamine more electron-rich (and nucleophilic), while
the benzimidazole becomes slightly more electron-poor and thus
a better H-bond donor. In contrast, the spatial arrangement of the
different groups in TS1-R (maleimide Si-face approach, Fig. 2) is
not well suited for a multiple H-bond formation, and therefore,
the most favoured transition state shows a single H-bond between
the catalyst and the electrophile. Although it is true that this
H-bond is slightly shorter (1.8 Å) than those present in TS1-S, the

180overall result is that TS1-S is energetically favoured over TS1-Rwith
energy differences that range from 4.1 kcal/mol in the gas phase to
2.3 kcal/mol in toluene and 0.7 kcal/mol in dichloromethane. This
decreasing energy trend is logical because H-bonds are known to
be stronger in the gas phase and weaker as the polarity of the
solvent increases. The prevalence of TS1-S in the outcome of the
reaction also follows the same trend.

As already mentioned, a similar reasoning can be applied to the
reaction with nitrostyrene 10a, with a few slight differences
(Fig. 3). For example, the H-bond networks in TS2-type structures

190resemble the previous ones, although in general, the H-bonds
formed with the nitro group are slightly weaker than with the
carbonyl group in their TS1 counterparts. Thus, an increase of an
average of 0.1 Å was computed for both isomeric transition states
TS2-S and TS2-R, compared to TS1 structures. This effect is more
significant in TS2-R, whose unique H-bond has a length of 2.0 Å,
while it was 1.8 Å in TS1-R. This is probably the underlying reason
for the higher energy difference between TS2-R and TS2-S, which
amounts to ca. 7.0 kcal/mol, depending on the computational con-
ditions used. As shown before for N-phenylmaleimide 12a, there is

200a decreasing gradient on the energy gap with the polarity of the
medium, ranging from 7.4 kcal/mol, in the gas phase, to 7.2 kcal/
mol in toluene and 6.9 kcal/mol in CH2Cl2. These results are again
in agreement with the experiments, although it is worth mention-
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Scheme 3. Conjugate addition of aldehydes to maleimides.

Table 3
Organocatalyzed conjugate addition of aldehydes to maleimidesa

Entry R1 R2 R3 Product Yieldb (%) eec (%)

1 Me Me Ph 13aa 59 77
2d Me Me Ph 13aa 79 89
3 Me Me 3-ClC6H4 13ab 99 60
4 Me Me 4-BrC6H4 13ac 67 80
5 Me Me 2-MeOC6H4 13ad 63 78
6 Me Me Bn 13ae 63 89
7e Me Me H 13af 65 55
8 Me H Ph 13baf 47 83g

9 —h —h Ph 13ca 67 80
10 —h —h Bn 13ce 83 58

a Reaction conditions: 9 (1.5 mmol), 12 (0.5 mmol), 8 (15 mol %), toluene (1 mL)
at 10 �C during 4 d.

b Isolated yield after purification.
c Determined by using analytical chiral coated HPLC columns (Chiralcel OD-H

and Chiralpak AS).31
d 3 mmol of 9 and 1 mmol of 12a in 2.3 mL of toluene were used.
e 2 mmol of 12 and 6 mmol of 9were used.32
f A 2:1 mixture of diastereomers was obtained.
g 77% ee for the minor diastereomer.
h Cyclohexanecarbaldehyde (9c) was used.
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these reactions, we carried out DFT theoretical investigations, wit
the aim of proving the bifunctional character of the catalys
(enamine formation and H-bond activation of the electrophile
and clarifying the role of the benzimidazole unit as a single o
double H-bond donor. Structure optimizations were performed a
the B3LYP/6-311+G⁄⁄ level, and refined by reoptimization at th
M06-2X/6-311+G⁄⁄ level in order to determine accurate energie
In both cases, solvent effects were included (CPCM, toluen
and CH2Cl2). We assumed that the reaction was initiated by th
Please cite this article in press as: Fernandes, T. d. A.; et al. Tetrahed
ing that these energy differences are too large to explain the actua
experimental selectivity. In this regard, we have found that TS2-
is not the only transition state that accounts for the formation o
the (R)-adduct in this case. At least two other transition states o
comparable energy (ca. +7 kcal/mol) might participate in th
reaction, and help decrease the energy gap between the (S)- an
(R)-enantiomers. These additional structures show either one o
no H-bonds in their structures, which is in line with the argument
detailed herein. These findings are in full agreement with th
ron: Asymmetry (2015), http://dx.doi.org/10.1016/j.tetasy.2015.12.004

http://dx.doi.org/10.1016/j.tetasy.2015.12.004
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Conclusions

Herein we have demonstrated the efficiency of the chiral
imary amine benzimidazole 8 as a bifunctional organocatalyst
r the enantioselective addition of aldehydes to nitroalkenes and

m
or
an
ex
H-
th
10
th

TS2-R

ΔΔG‡ = +7.4 (gas phase)
+7.2 (toluene)
+6.9 (CH2Cl2)

ure 3. Most favoured transition states for the pro-R and pro-S attack to nitrostyrene. Free
uene and CH2Cl2 models at M06-2X/6-311+G(d,p) level of theory.

ease cite this article in press as: Fernandes, T. d. A.; et al. Tetrahedron: A
2.0 Å

2.1 Å

1.8 Å

2.0 Å

e Gibbs energy values of TS1-R are relative to TS1-S and correspond to gas phase,

2.0 Å

2.3 Å

2.1 Å

2.0 Å
aleimides. These processes took place efficiently in apolar
220ganic solvents without additives. The enantioselection observed

d the bifunctional character of this organocatalyst have been
plained by DFT calculations, which show the significance of the
bond network that the benzimidazole unit is able to form with
e electrophiles. For N-phenyl maleimide 12a and nitrostyrene
a, up to three H-bonds are formed when the reaction takes place
rough their Re face (pro-S transition state), while a maximum of

Gibbs energy values of TS2-R are relative to TS2-S and correspond to gas phase,

symmetry (2015), http://dx.doi.org/10.1016/j.tetasy.2015.12.004
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a single H-bond is observed in the opposite face approach, leading
to the minor experimental (R)-enantiomer. The decreasing enan-
tioselectivity trend with the polarity of the solvent is related to

230 the relative strength of the H-bonds in different polar media.

4. Experimental

4.1. Synthesis of c-nitroaldehydes: general procedure

To a mixture of organocatalyst 8 (23 mg, 0.10 mmol), nitroalk-
ene 10 (0.5 mmol) and isobutyraldehyde (93 lL, 2 mmol) was
added dichloromethane (0.5 mL). The reaction mixture was stirred
at room temperature for the time indicated in Table 2 (completion
of the reaction was checked by TLC). Next, ethyl ether (30 mL) was
added and the resulting suspension was filtered off over a pad of
Celite. After solvent evaporation, the pure products 11 were

240 obtained.31 Enantiomeric excesses were determined by using
analytical SFC with a chiral coated column (Phenomenex Lux 5u
Cellulose-1, 210 nm, at 40 �C oven temperature, CO2/MeOH).

4.2. Synthesis of succinimides; general procedure

A suspension of the organocatalyst 8 (18 mg, 0.075 mmol) and
maleimides 12 (0.5 mmol) in PhMe (1 mL) was cooled for 5 min
at 10 �C. Next, aldehyde 9 (3 mmol) was added and the mixture
was stirred at the same temperature for 4 d (completion of the reac-
tion was checked by TLC). Afterwards, aq 1 M HCl (30 mL) was
added and the mixture was extracted with EtOAc (3 � 30 mL).

250 The combined organic phases were washed with H2O (2 � 15 mL)
and 15 mL of brine, dried (MgSO4), filtered and evaporated. The
resulting crudewas purified by flash chromatography to afford pure
products 13.32 Enantiomeric excesses were determined by using
analytical HPLC with chiral coated columns (Chiralcel OD-H or
Chiralpak AD-H, 210 nm, hexane–isopropanol).33
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