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A hitherto unknown palladium-catalyzed reaction of nitroalkanes with hydroxy allylic acetates is
reported. The reaction led to the formation of c-nitrocarbonyl compounds instead of the usual unsatu-
rated nitroalcohol expected upon displacement of the allylic acetate group.
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Scheme 1. Pd-catalyzed alkylations of nitroalkanes.
Palladium-catalyzed allylic alkylation, also known as Tsuji–
Trost reaction, has been extensively used in organic syntheses.1 A
broad range of nucleophiles, which include, active methylene and
methine compounds, and various heteroatom (N, O, S) nucleo-
philes have been employed in this type of reaction. The survey of
the literature1,2 reveals that in Pd-catalyzed alkylation the new
carbon–carbon bond is formed at the allylic carbon of the electro-
phile, that is, unsaturated compounds are formed and the new car-
bon–carbon bond is formed at the C-2 or C-4 (Scheme 1). Recently,
we reported chemoenzymatic synthesis of furan and isoxazoline
derivatives via Pd-catalyzed allylic alkylation and cyclizations
starting from a meso-diol.3

In our quest for enzyme-coupled Pd(0)-catalyzed reactions, we
have investigated coupling reaction of allylic monoacetate and
nitroalkanes. Surprisingly, nitroalkanes have received little atten-
tion in Pd-catalyzed allylic alkylations as a nucleophile source even
though nitro group can be easily converted to other functional
groups.4 The scarce utilization of nitroalkanes in Pd(0)-catalyzed
allylic alkylations can presumably be attributed to their ambident
nature (C- vs O-alkylation), low reactivity of bulky nitroalkanes,
and formation of side products.5 In this Letter, we report a hitherto
unknown Pd-catalyzed reaction of nitroalkanes with hydroxy
allylic acetates 1–3 (Scheme 1).

The reactions with 1� and 2� nitroalkanes led to the formation of
c-nitro carbonyl compounds instead of the usual unsaturated
nitroalkanes expected upon displacement of the allylic acetate
group. This represents the first example of Pd-catalyzed one-pot
synthesis of c-nitro carbonyl compounds. Another interesting fea-
ture of this reaction was the unusual regioselectivity of the new C–
C bond formation from the expected C-4 to C-3 (Scheme 1) sug-
gesting an isomerization to be involved in the reaction pathway.
This reaction adds a new tool to the arsenal of Pd-mediated C–C
bond-forming methodologies. Our efforts to evaluate the utility
ll rights reserved.
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of this reaction and establish a plausible mechanistic explanation
for the ‘isomerization–alkylation’ are described in this Letter.

To understand the mode of the reaction, various solvents, bases,
catalyst, and ligands were evaluated (Table 1). The reaction was
highly dependent on the nature of the solvent. No reaction was ob-
served in protic solvents (t-BuOH, t-BuOH + THF) or in nonpolar
solvents (toluene, CHCl3) with full recovery of the starting mate-
rial. In polar aprotic solvents (DMF, DMSO, THF), however, the
reaction resulted in the c-nitro carbonyl compound 4c in 10–
12 h. Owing to its relative ease of handling, THF was selected as
the solvent of choice for subsequent investigations. The rate and
outcome of the reaction also depended on the base used. While
KOtBu and DABCO led to the product formation, K2CO3 proved to
be the most effective base for this reaction. We also found that
Pd(OAc)2 and PdCl2 did not catalyze the reaction suggesting that
the reaction was only catalyzed by Pd(0) complexes. In order to
study the substrate scope of the reaction, cyclic and acyclic allylic
acetates as well as primary and secondary nitroalkanes were sub-
jected to the alkylation (Table 2). Allylic cyclic acetates 1 and 2 re-
sulted in the formation of the corresponding c-nitro ketones 4 and
5, respectively. The acyclic acetate 3 led to c-nitro aldehydes 6. 1�
and 2� nitroalkanes reacted with equal ease under these reaction
conditions; even bulky nitroalkanes, such as nitrocyclohexane,
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Table 2
Pd-catalyzed isomerization–alkylation of allylic acetates

Entry Acetate Nitroalkane Product Conv.a

isolatedb

1

OH

OAc
(> 99% ee)

(1)

CH3NO2

O
NO2

4a
88 (65)

2 C2H5NO2

O NO2

4b
85 (59)

3 C3H7NO2

O

NO2
4c

83 (60)

4
NO2 O

NO24d
88 (58)

5
NO2 O NO2

4e
90 (62)

6

OH

OAc

    (±) (2)

NO2 O

NO25a
75b

7

NO2 O
NO2

5b
85b

8
OH

OAc
       (3)

C3H7NO2

H

O

NO2

6a
82 (58)

9
NO2

H
O

NO2

6b

77 (53)

10
NO2

H

O
NO2

6c

76 (60)

a Based on GC analyses of the reaction mixture.
b Isolated yield after column chromatography.

Table 1
Solvent and base effect

HO OAc
NO2

Pd(PPh3)4 (5 mol%)
PPh3, Base

Solvent
O

NO21 4cAc

Entry Base Solvent Yielda drd

1 K2CO3 THF 60 1:1
2 K2CO3 DMF 54 1:1.1
3 K2CO3 DMSO 53 1:1
4 K2CO3 CHCl3 —b —
5 K2CO3 Toluene —b —
6 K2CO3 t-BuOH —b —
7 K2CO3 t-BuOH + THF(1:1) —b —
8 Cs2CO3 THF —c —
9 KOtBu THF 40c 1.7:1

10 DIPA THF —b —
11 DABCO THF 52 1.1:1

a Isolated yields.
b Starting material was recovered.
c meso-Cyclopent-2-en-1,4-diol was also formed (20%).
d Diastereomeric ratio (dr) based on GC analyses.
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reacted successfully with both acyclic and cyclic hydroxyl allylic
substrates. The reaction required 5–8 mol % catalyst loading and
was completed in 10–12 h. The structures of the c-nitro carbonyl
compounds were established unambiguously from the analysis of
the 1H and 13C NMR spectral data and its comparison with the lit-
erature data when available.6 The reaction conversions were deter-
mined using gas chromatography and the products were isolated
by column chromatography over silica gel.

The stereochemical analyses of the products identified these to
be a mixture of diastereomers and enantiomers, for example, start-
ing from the optically pure (1S, 4R)-4-acetoxylcylcopent-2-en-1-ol
(1)7 a racemic mixture of the respective products 4a–e was ob-
tained. Products 4b and 4c were separated into its corresponding
diastereomers by column chromatography and were identified to
be racemic mixture of enantiomers. The loss of optical purity
was somewhat intriguing as the Pd(0)-catalyzed reactions are
known to proceed with stereochemical retention via a double
inversion.1b,1c,3,7 Importantly, the reactions performed in the pres-
ence of chiral ligands such as (R)-BINAP and (S)-TolBINAP did not
lead to optically pure products; only marginal influence on diaste-
reomeric ratio was observed. It was evident that the mechanistic
pathway of the reaction involved loss of stereochemistry possibly
through racemization of the reaction intermediates.

Hegedus et al8 reported the first example of cyclopropanation of
ester enolates and has proposed a mechanism involving a pallada-
cyclobutane for direct nucleophilic attack on the central carbon of
the p-allyl system. We carefully considered the possibility of a di-
rect nucleophilic attack on the C-3 carbon leading to a palladacyc-
lobutane intermediate, followed by b-H elimination to produce the
enol which tautomerizes to give c-nitro carbonyl compound as the
final product (Supplementary data, Scheme S1). However, it has
been reported that only r-donor ligands (e.g., TMEDA, bipy) favor
attack on the central carbon, while phosphorus ligands with dis-
tinct p-acceptor character (PPh3, dppf) favor attack on the terminal
carbon.9 In case of p-acceptor ligands, the Pd-complex has more
cationic character and the positive charge is located on the termi-
nal carbons of the allyl system.9 Also, in the cyclopentane and
cyclohexane monoacetate substrates, low kinetic stability of such
a palladacyclobutane bearing a c-OH substituent is certainly a
cause for concern.10 Furthermore, this mechanism involving a pal-
ladacyclobutane intermediate does not explain the loss of stereo-
chemistry in the final product.

Another possibility involving an initial isomerization of the
allylic acetate to a,b-unsaturated ketone followed by a Michael
addition using nitroalkane as a nucleophile was also considered.
Though formation of a,b-unsaturated carbonyls has been reported
but only in aqueous or AcOH containing solvents and not in anhy-
drous solvents.11 In the absence of the nitroalkane, 3-cyclopente-
none was the only product isolated upon treatment of the
monoacetate 1 with PPh3, Pd(PPh3)4, and K2CO3 at 50 �C, which
was in agreement with the previous reports.12 The reaction was
monitored using NMR (see Supplementary data, Fig. S1) for up to
72 h. New resonances were observed within half an hour at 2.89
and 6.1 ppm which corresponded to H-6 and H-7, respectively, of
the 3-cyclopentenone. Within 16 h all starting monoacetate was
consumed and no significant isomerization was observed even
after 72 h of heating, which is important as the 2-cyclopentenone
is the more thermodynamically stable enone product. The forma-
tion of 3-cyclopentenone, however, can be easily explained from
both p-allyl complexes II and III via a b-hydride elimination and
tautomerization (see Supplementary data, Scheme S2).13 Since
the formation of the a,b-unsaturated ketone was not observed
and no C-3 alkylation took place with other nucleophiles (active
methylene compounds),1b,1c,3,7 a different mechanism is suggested.
Attempts in isolating the intermediate Pd complex were
unsuccessful.



Scheme 4. The competing alkylations: C-3 versus C-4.
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Based on the above-mentioned facts and the following observa-
tions; (i) carbonyl group instead of an allylic alcohol is formed, (ii)
the new C–C bond formation at C-3 instead of C-4 of the allylic sys-
tem, and (iii) the loss of stereochemistry, we herein propose a cat-
alytic cycle for the isomerization–alkylation reaction (Scheme 2).
The catalytic cycle involves oxidative addition of Pd(0) to the allylic
acetate resulting in the formation of the Pd-allyl complex (I) which
upon ligand exchange generates the complex II. Complex II is a key
intermediate as it can isomerize to a more stabilized complex III.
Isomerization of p-allyl palladium complexes has been put forward
to explain the loss of stereospecificity in some Pd-catalyzed allylic
alkylations.14

Complex III is attacked by the nitroalkane carbanion at the ste-
rically favorable C-3 position followed by reductive elimination to
yield IV which produced the enol V and regenerated Pd(0). Enol V
tautomerizes to give the c-nitro carbonyl compound. The isomeri-
zation of II to III is manifested in the formation of the new C–C
bond at the C-3 and not at the carbon bearing the leaving acetoxy
group (C-4). The involvement of III is also supported by stereo-
chemical scrambling observed in 1, an optically pure substrate,
resulting in optically inactive c-nitro carbonyl compounds. Impor-
tantly, the hydroxyl-bearing carbon in III is sp2-hybridized which
makes the complex racemic and explains the loss of optical purity
in the products. The isomerization of complex II can be explained
as shown in Scheme 3. Initially formed p-allyl complex II can un-
dergo p–r interconversion to A which upon syn b-H elimination
will yield dienol complex B. Complex B can be represented as g4

complex C which upon regioselective re-addition (E) and r–p
interconversion can yield complex III.

The formation of III via an isomerization of II is dependent on
two very important factors; (1) The availability of the free hydroxyl
group to stabilize the resulting carbocation through nonbonding
electron pair donation; (2) The slow generation of the carbanion
from the nitroalkane. The large degree of charge buildup on the
carbon atom during deprotonation of the a-hydrogen in nitroalk-
Scheme 2. The proposed catalytic cycle.

Scheme 3. The 2,4- to 1,3-g3 allylic isomerization.
anes along with inductive effects of the alkyl groups makes the
whole process extremely slow.15 This unusual property of the nit-
roalkane combined with the availability of the allylic hydroxyl
group results in this unusual isomerization–alkylation reaction to
c-nitro carbonyl compounds.

A schematic of the competing processes in an allylic alkylation
of the nucleophiles generated from a diester and nitroalkane is de-
picted in Scheme 4.1b,1c,3,7 The coupling with diethyl malonate (fast
deprotonation) results in the formation of the allylic alcohols with
the new C–C bond formed at the C-4, while in nitroalkanes (slow
deprotonation), the new C–C bond is formed at the C-3 resulting
in c-nitro carbonyl compounds.

In conclusion, a hitherto unknown C-3 regioselective Pd-cata-
lyzed coupling of allylic monoacetates and nitroalkanes has been
discovered which provides an easy route to synthetically impor-
tant c-nitro-ketones and aldehydes. The reaction requires easily
obtainable allylic monoacetates and works with a variety of 1�,
2� nitroalkanes. This new Pd(0)-catalyzed alkylation of nitroalk-
anes can be carried out under mild conditions and the outcome
of the reaction is highly dependent on the nature of the solvent.16

Careful optimization of the reaction conditions proved potassium
carbonate and THF to be the best base and solvent, respectively.
The resultant c-nitro carbonyl compounds that can easily be con-
verted to other synthetically important analogs should be valuable
as synthons in natural product synthesis.
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