
DOI: 10.1002/cctc.201402373

Asymmetric Hydrocyanation of Nitroolefins Catalyzed by
an Aluminum(III) Salen Complex
Ajay Jakhar,[a, b] Arghya Sadhukhan,[a] Noor-ul H. Khan,*[a, b] S. Saravanan,[a, b]

Rukhsana I. Kureshy,[a, b] Sayed H. R. Abdi,[a, b] and Hari C. Bajaj[a, b]

Introduction

The asymmetric hydrocyanation of nitroolefins (Michael ac-
ceptors) is an important protocol for the synthesis of bifunc-
tional compounds. These bifunctional compounds play a key
role in the synthesis of chiral building blocks such as b-amino
acids,[1] 1,3-amino alcohols,[2] and 1,3-diamines and have
a wider application in the pharmaceutical industry, which
places them among the most versatile intermediates in organic
chemistry.[3] The asymmetric cyanation of activated olefins such
as a,b-unsaturated ketones[4] a,b-unsaturated imides,[5] a,b-un-
saturated N-acylpyrroles,[6] a,b-unsaturated esters,[7] carbohy-
drate-derived nitroolefins,[8] and nitroalkenes are little studied
compared to the asymmetric cyanation of C=O and C=N[9]

bonds. Moreover, b-nitronitriles can also be synthesized from
hydrazone-derived substrates[10] and conjugated nitroal-
kenes.[11] As a result of the strong tendency of nitroalkenes to
polymerize in a basic medium, there are only four examples of
asymmetric cyanide addition to nitroolefins in the literature to
date.[1, 12–14] The chiral hydrocyanation of nitroolefins was intro-
duced for the first time by Ricci et al.[12] who used chiral qua-
ternary ammonium salts, which were obtained from cinchona
alkaloids, as phase-transfer catalysts with acetone cyanohydrin

as a cyanide source to give a yield of b-nitronitrile up to 75 %
and an enantiomeric excess (ee) up to 72 %. Later Lassaletta
and co-workers[13] developed a thiourea-based cinchona qua-
ternary ammonium salt as an organocatalyst with a cyanide
counterion for the asymmetric addition of trimethylsilyl cya-
nide (TMSCN) to nitroolefins with excellent yields up to 98 %
with 86 % ee. The first metal-based catalyst for asymmetric b-
nitronitrile synthesis was reported by Wang et al. in 2012.[1] It
was observed that a Ti salen complex generated in situ cata-
lyzed the asymmetric addition of TMSCN to nitroolefins to give
products with ee values up to 84 % and yields up to 90 %
using 20 mol % of the catalyst at �40 to �15 8C. Recently,
North and Watson[14] reported a vanadium(V) salen complex
(2–3 mol %) for the hydrocyanation of nitroolefins to b-nitroni-
trile using TMSCN as a source of cyanide and obtained up to
89 % ee of b-nitronitrile at 0 8C. The synthetic importance of
the product explains the significant effort required to develop
more catalytic systems for this versatile reaction. In view of our
ongoing interest in the development of catalytic systems for
asymmetric cyanation reactions, we have reported chiral transi-
tion-metal complexes for the cyanation of carbonyl com-
pounds and imines.[15] Herein, we have explored the use of an
AlIII salen complex as an effective catalytic system for the asym-
metric cyanation of activated alkenes using 4-phenylpyridine
N-oxide (4-PPNO) as an additive. Excellent yields (up to 93 %)
with high ee values (up to 90 %) were achieved.

Results and Discussion

In our quest to develop a simple catalytic system to enhance
enantioselectivity, we started searching for different metal
sources and used a salen ligand reported previously by Wang
et al.[1] and North and Watson.[14] To assess the viability, we initi-
ated our systematic study by taking (2-nitrovinyl)cyclohexane
as a model substrate with TMSCN as a source of cyanide. Sub-
sequently, we scanned various metal sources for the hydrocya-
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Chiral AlIII salen complexes were synthesized and used as cata-
lysts for the asymmetric hydrocyanation of nitroolefins using 4-
phenylpyridine N-oxide as an additive and trimethylsilyl cya-
nide (TMSCN) as a source of cyanide. An excellent yield of b-ni-
tronitrile (87 %) and enantioselectivity (90 %) were achieved if
(2-nitrovinyl)cyclohexane was used as a substrate at �15 8C in

16 h. To understand the interaction of the AlIII salen complex
and additive, NMR and IR spectroscopic studies revealed that
4-phenylpyridine N-oxide acts both as an axial ligand and
helps to activate the cyanide source TMSCN, which thereby in-
creases the reactivity. A catalytic cycle was proposed based on
the spectroscopic studies.
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nation of nitroolefins at room temperature in the presence of
pyridine N-oxide (PNO), and the results are given in Figure 1.
We found that no reaction occurred in the presence of FeIII,[16a]

CoIII,[16b] CuII,[16c] PdII,[16d] and InIII [16e] salen complexes (Figure 1).
In the presence of MnIII [16f] and CrIII [16g] salen complexes, race-

mic product was obtained with very low yields of 15 and 20 %,
respectively. In contrast, if we used AlIII as a metal source with
a salen ligand (5 mol %), the reaction gave the corresponding
nitrile of (2-nitrovinyl)cyclohexane with 71 % ee in the presence
of PNO (10 mol %) as an additive. A similar trend was observed

in the asymmetric cyanation of imines reported by Sigman and
Jacobsen.[17] We took Al as our best metal source and screened
various chiral ligands (Figure 2). The results are given in
Figure 3. In our initial screening of AlIII catalysts, we have used
monomer,[17] dimer,[18a] polymer,[18b] salalen (half reduced
salen),[18c] salan (reduced salen),[18d] and amino alcohol based li-
gands.[18e] We observed that the chiral monomeric AlIII salen

complex is an effective catalyst
in terms of reactivity and enan-
tioinduction (Figure 3). Next,
with Al as our best metal source
and by using a simple salen
ligand as the active catalyst (1 h),
we checked the other parame-
ters to optimize the reaction
conditions to improve the re-
sults, particularly enantioselectiv-
ity, using (2-nitrovinyl)cyclohex-
ane as a model substrate and
TMSCN as a cyanide source. The
role of additives in asymmetric
cyanation is well documented.[19]

Therefore, we first explored the
effect of other additives, which
are used widely in cyanation re-
actions, and we kept the other
parameters constant. Initially, we
checked isopropyl alcohol
(10 mol %) and triphenylphos-
phine (10 mol %; Figure 4) as ad-
ditives, but only a trace amount
of product was detected. We
next used triphenylphosphine
oxide as an additive and ob-
served 73 % ee with a moderate
yield of 51 % at room tempera-

Figure 1. Screening of metal sources.

Figure 2. Screening of Al complexes.

Figure 3. Screening of catalysts.
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ture in 12 h. We conducted the hydrocyanation reaction in the
presence of other N-oxides such as 4-PPNO and N-methylmor-
pholine N-oxide as additives, however, a better result in terms
of yield (93 %) and ee (76 %) was achieved with 4-PPNO
(Figure 4). Then we optimized the amount of 4-PPNO. If we
lowered the 4-PPNO loading (5 mol %), there was a decrease in
the product ee (72 %) and yield (85 %), whereas an increased
amount of 4-PPNO (15 mol %) led to a slightly increased reac-
tivity (95 %) but a decreased enantioselectivity[20] (70 %). There-
fore, 10 mol % of additive loading was taken as an optimum
(Figure 4).

Furthermore, the catalyst loading of 5 mol %, which was
used in the preceding experiments was found to be optimum
(Table 1, entry 1) as it was observed that by decreasing the cat-
alyst loading (2 mol %) the product yield (83 %) and ee (70 %)
decreased (Table 1, entry 3). However, an increased catalyst
loading (10 mol %) results in a faster reaction with a marginal
decrease in ee (73 %), and the product yield was increased
slightly (Table 1, entry 2).

For the solvent variation, toluene, CH2Cl2, THF, and acetoni-
trile were used to perform the asymmetric cyanation reaction
under the conditions optimized above (Table 1, entries 1, 4–7).
However, toluene remained the solvent of choice (Table 1,
entry 1). Furthermore, variation in reaction temperature
(Table 1, entries 1, 8–11) revealed that a decreased temperature
of �15 8C had a beneficial effect on the product ee (from 74 %
at room temperature to 90 %) though the reaction took longer
(from 8 h at room temperature to 16 h) to reach completion. A
further decrease of the temperature (�25 8C) did not have
a positive impact on the product ee as the reaction became
very sluggish (24 h). Therefore, �15 8C (Table 1, entry10) was
taken as the optimum for further studies.

After we established the reaction parameters for the use of
catalyst 1 h in the asymmetric cyanation reaction with the sub-
strate (2-nitrovinyl)cyclohexane and TMSCN at �15 8C, we ex-
tended this protocol to various substituents derived from
other aliphatic aldehydes to check the generality of our
system, and the results are summarized in Table 2. The results
of these studies do not suggest a trend to indicate the effect
of the electronic and steric properties of the substrates used.
We found that the catalytic system works well (ee up to 90 %
and yield up to 93 %) with various nitroolefins irrespective of
their structure or chain length.

Figure 4. Effect of additives on the asymmetric hydrocyanation reaction catalyzed by 1 h.

Table 1. Effect of catalyst loading and temperature on the asymmetric
hydrocyanation reaction.[a]

Entry Catalyst
[mol %]

Solvent T
[8C]

t
[h]

Yield[b]

[%]
ee[c]

[%]

1 5 toluene RT 8 93 76
2 10 toluene RT 8 96 73
3 2 toluene RT 12 83 70
4 5 CH2Cl2 RT 6 93 45
5 5 CHCl3 RT 6 85 68
6 5 THF RT 24 70 61
7 5 acetonitrile RT 36 40 38
8 5 toluene 10 8 93 81
9 5 toluene 0 12 90 83
10 5 toluene �15 16 87 90
11 5 toluene �25 24 70 91

[a] The enantioselective hydrocyanation reaction of (2-nitrovinyl)cyclohex-
ane (0.16 mmol) was performed with catalyst 1 h and 4-PPNO (10 mol %)
in toluene using TMSCN (0.25 mmol) as a source of cyanide. [b] Isolated
yield. [c] ee Values were determined by chiral HPLC using an OD-H
column.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 2014, 6, 2656 – 2661 2658

CHEMCATCHEM
FULL PAPERS www.chemcatchem.org

www.chemcatchem.org


Mechanism

To understand the interaction of additives, substrate, and cya-
nide source with complex 1 h and to explain the outcome of

these interactions, a series of experiments were performed.
Based on the experimental results and analysis, a suitable
mechanism is proposed (Scheme 1). It is well known in the lit-
erature that the N-oxide plays a significant dual role in asym-
metric cyanation reactions, it acts as an axial ligand and also
activates the cyanide source (TMSCN).[21] There has been no
mechanistic investigation on the interaction of N-oxide with
1 h in asymmetric cyanation reactions. To address this issue
and to study the effect of this combination in the asymmetric
cyanation of nitroolefins, we have used spectroscopic studies
as an effective tool to correlate the results. In our initial stud-

ies, to confirm the interaction of 4-PPNO with 1 h, both 27Al
and 1H NMR spectra were recorded in CDCl3. The 27Al NMR
spectrum shows a significant upfield shift (d= 68.66 to
66.88 ppm; Figure 5) of Al after interaction with 4-phenylpyri-
dine N-oxide, which is attributed to a five-coordinate Al com-
plex (I ; Scheme 1). This effect is also observed in the 1H NMR
spectrum; the �CH=N� proton of 1 h was shifted slightly
downfield (d= 8.284 to 8.306 ppm; Figure 6). A similar phe-
nomenon was observed by LC–MS, which indicated the molec-
ular ion peak (742) of 4-PPNO coordinated to 1 h clearly. This is
further supported by IR spectroscopy (the C=N->M band
shifts from ñ= 1619 to 1635 cm�1 (Supporting Information).
UV/Vis spectra recorded for 1 h and 4-PPNO in acetonitrile
showed a redshift of the metal-to-ligand charge transfer

Table 2. Substrate scope in the synthesis of b-nitronitriles catalyzed by
1 h.

Entry R t
[h]

Yield
[%][b]

ee
[%][c]

1 cyclohexyl (2 a) 16 87 90 (S)[d,e]

2 CH3CH2CH2� (2 b) 18 85 80
3 CH3(CH2)4� (2 c) 12 87 82
4 CH3(CH2)5� (2 d) 16 85 80
5 (CH3)2CH� (2 e) 14 82 82
6 (CH3)2CHCH2� (2 f) 12 93 68
7 (CH3)3C� (2 g) 16 90 88
8 (CH3CH2)2CH� (2 h) 16 81 86
9 C6H5CH2CH2� (2 i) 20 88 76

[a] The enantioselective hydrocyanation reaction of (2-nitrovinyl)cyclohex-
ane (0.16 mmol) was performed with catalyst 1 h (5 mol %) and 4-PPNO
(10 mol %) in toluene using TMSCN (0.25 mmol) as a source of cyanide.
[b] Isolated yield. [c] ee Values were determined by chiral HPLC using OD-
H, AD-H and IC columns. [d] The absolute configuration was determined
by comparison of the optical rotation values with those in the litera-
ture.[1, 14] [e] Reaction performed on 10 mmol scale.

Scheme 1. Proposed catalytic cycle for the asymmetric cyanation of nitro-
olefins.

Figure 5. 27Al NMR spectra in CDCl3 of a) complex 1 h, b) complex 1 h with 4-
PPNO, c) complex 1 h with 4-PPNO followed by the addition of substrate,
and d) reaction mixture containing complex 1 h, 4-PPNO, substrate, and
TMSCN.

Figure 6. 1H NMR spectra in CDCl3 of a) complex 1 h, b) complex 1 h with 4-
PPNO, and c) complex 1 h with 4-PPNO followed by the addition of sub-
strate.
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(MLCT) band at l= 359 nm with hyperchroism upon the gener-
ation of the five-coordinate complex (Supporting Information).
Subsequently, the nitroolefin was added to the five-coordinate
AlIII salen complex, and we presume that it occupies the
vacant sixth position. This was confirmed by the downfield
shift (d= 66.88 to 70.98 ppm) seen in the 27Al NMR spectra.
Then TMSCN was added, and the presence of excess 4-PPNO
polarizes the cyanide source to generate the cyanide ion that
attacks the stereochemically bound nitroolefin to result in the
enantioenriched product. After the formation of the product,
the upfield shift (d= 70.98 to 69.04 ppm) in the 27Al NMR spec-
trum indicates the generation of the catalyst.

Conclusions

The present protocol was also applied successfully on
a 10 mmol scale. This work has introduced AlIII as an alternative
metal source for the synthesis of chiral b-nitronitriles by the re-
action of nitroolefins and trimethylsilyl cyanide in the presence
of 4-phenylpyridine N-oxide as an additive. The protocol was
used to prepare a series of b-nitronitriles with moderate to
high enantioselectivities up to 90 % and yields up to 93 %. A
probable mechanism was proposed according to spectroscopic
studies.

Experimental Section

Materials and characterization

Different aldehydes and reagents were used as received. All the
solvents used in the present study were dried by known purifica-
tion techniques.[22] NMR spectra were obtained by using a Bruker
F113 V spectrometer (500/200 MHz) and are referenced internally
with Me4Si. Splitting patterns were reported as s, singlet; d, dou-
blet; dd, doublet of doublet; t, triplet ; m, multiplet. Enantiomeric
excess (ee) values were determined by HPLC by using Daicel Chiral-
cel OD-H and AD-H and Daicel Chiralpak IC chiral columns with 2-
propanol/hexane as the eluent. Optical rotations were determined
by using an automatic polarimeter. For product purification, flash
chromatography was performed with silica gel 100–200 mesh. The
AlIII salen complexes was synthesized according to methods report-
ed previously.[17, 18e, 23] Nitroalkenes were prepared according to the
reported literature.[24]

Reaction procedure

To a solution of chiral Al complex (0.008 mmol) in dry toluene
(0.7 mL), 4-PPNO (0.0161 mmol) was added, and the mixture was
stirred under a N2 atmosphere. Subsequently, nitroalkene
(0.161 mmol) was added, and the resulting solution was cooled to
�15 8C. To the cooled solution, TMSCN (0.25 mmol) was added
dropwise over 30 min. The reaction was monitored by TLC. On
completion, NaHCO3 was added to quench the reaction, and the
product was extracted into CH2Cl2 (3 � 10 mL). The organic layer
was dried over anhydrous Na2SO4, filtered, and the solvent was re-
moved by using a rotary evaporator to obtain the desired product,
which was further purified by column chromatography using
hexane/ethyl acetate (90:10). The purified products were character-
ized by NMR spectroscopy, which was in agreement with the re-
ported values.[1, 14]
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