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δ-nitro dienes were successfully synthesized and converted to
δ-nitro alkenes with complete chemo and regioselectivity. The
enantioselective organocatalytic reduction was also accom-
plished and afforded the product in up to 97% e.e. The chiral

nitro alkene was further elaborated and employed as starting
material in a stereoselective cyclization reaction that led to an
almost enantiomerically pure highly functionalised cyclopen-
tane featuring 5 contiguous stereocenters.

Introduction

The reductions of conjugated nitroolefins represents a powerful
tool to access to nitroalkanes, useful precursors for the
construction of new carbon� carbon bonds.[1] Moreover, nitro
group can be conveniently transformed in a wide range of
other functional group like amines,[2] carboxylic acids,[3]

aldehydes,[4] and nitriles.[5] In the last decades, many efforts
were devoted to the enantioselective reduction of nitroolefins.
The organocatalytic stereoselective reduction of β,β-disubsti-
tuted nitroolefins with Hantzsch ester was firstly disclosed by
List[6] and further explored by Bernardi and coworkers[7] and our
group.[8] Nevertheless, no examples about the enantio, chemo
and regioselective reduction of dienes trisubstituted at the
double bond bearing the nitro group were found in the
literature. Despite the paucity of methods to preparare δ-nitro
alkenes (2E)-1, these compounds have found application in the
synthesis of highly functionalized scaffolds such as poly-
substituted pyrrolidines,[9] spiro-pyrazolones,[10] highly function-
alized cyclopentanes,[11] and five and six-membered
spirooxindoles,[12] that are employed in the APIs synthesis
(Figure 1a). In addition, the (Z) isomer of δ-nitro alkene (2Z)-1
could be exploited as a precursor of Piperlogomine (also called
piplartine), an amide alkaloid derived from Piper longum L. (long
piper). This natural compound exhibited cytotoxic and cyto-
static activities against various cancer cell lines (colon, lung,

breast, pancreatic, renal and prostate) in preclinical studies, and
it is scheduled for Phase I human clinical trials (Figure 1b).[13]

Therefore, the development of novel strategies for the
synthesis of δ-nitro alkenes is highly desirable; here we report a
new reaction to afford enantioenriched δ-nitro alkene ana-
logues and their synthetic manipulation.

Results and Discussion

Synthesis of dienes

At the beginning of our study, the synthesis of starting
materials dienes was designed. After examining various retro-
synthetic approaches, the option of choice involved a Horner-
Wadsworth-Emmon reaction with an α,β-unsaturated aldehyde,
followed by the chemoselective nitration of terminal double
bond. Unfortunately, this approach was not successful in the
synthesis of nitro diene 12, as will be discussed later
(Scheme 1).

Firstly, the 3-methyl-2-methylenebutanale 6 was prepared
via Mannich reaction starting from isovaleraldehyde and
aqueous formaldehyde in presence of diethylammonium
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Figure 1. Application of 1 in the APIs synthesis.
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chloride as reported by Burton.[14] The product was obtained in
65% yield and used in the next step without further purification
(Scheme 2).

The α,β-unsatured aldehyde 6 and commercially available
methacrolein were reacted with methyl
(triphenyl� phosphoranylidene)acetate through a Wittig reac-
tion, to afford the unsaturated esters 4 and 5, respectively, that
were obtained exclusively as E isomer in scarce to moderate
yields (Scheme 3).

Then, the intermediates were subjected to nitration reaction
performed in presence of silver nitrite and TEMPO, as reported
by Maiti.[15] Under those reaction conditions the selective
addition of nitro group on the terminal olefin was achieved.
The compound (2E,4E)-2 was isolated as single isomer, while
the compound 3 was obtained as mixture of isomers which
were separated by column chromatography. Each isomer of
compound 3 was characterized and tested in the catalytic
studies.

The synthesis of the methyl (E)-4-phenylpenta-2,4-dienoate
13 started from the styrene that was converted in the unsatured
hemiacetal through a cyclopropanation/elimination reaction. 2-
phenylacrylaldehyde was obtained by treatment with formic
acid as previously reported[16] and, after crystallization, it was
reacted with methyl (triphenyl� phosphoranylidene)acetate to
give desired product. Unfortunately, the last step of this
synthetic route did not afford target compound but the Methyl

(E)-3-(2,5-diphenyl-3,4-dihydro-2H-pyran-2-yl)acrylate 14 in 30%
yield probably due to a dimerization of aldehyde[17] before
Wittig reaction (Scheme 4).

Catalytic diene reduction studies

Our investigation on the catalytic reduction started with the
assessment of the chemo- and the regioselectivity of the
reduction performed in presence of Hantzsch ester (HE) as
reductive agent and Schreiner’s thiourea as organocatalyst
(Scheme 5).

To our delight, the reaction worked with an excellent yield
and complete regioselectivity, giving compound (2E)-1 as
unique product in 80% yield.

With this information in our hands, we decided to
investigate the enantioselective reduction of dienes using the
well-established system involving HE and chiral thiourea
catalysts. In the preliminary screening, both known bifunctional
thiourea-based Jacobsen[20] Takemoto[21] and List[22] catalysts
(respectively A, E and C) and new bifunctional organocatalysts
(B and D) were tested.

The synthesis of two new bifunctional catalysts with differ-
ent activation mode were designed and completed. Catalyst B
features two basic sites and an extended hydrogen bond
network. As reported in Scheme 6a the catalyst B was obtained
by addition of (1S,2S)-(+)-1,2-diaminocyclohexane and enantio-
pure isothiocyanate previously prepared by literature procedure
.[18] On the other hand the catalyst D is functionalized with a
polyether chain resembling the chiral crown ethers studied by
Williams[19] capable to form a pocket in which reagents may be
activated by not covalent interaction.

The synthesis started from the manipulation of di(ethylene
glycol) methyl ether to obtain the corresponding amine, that
was reacted with Boc-L-α-phenylglycine to afford the coupling
product S-V. After treatment with hydrochloric acid, 3,5-
bis(trifluoromethyl)phenyl isothiocyanate was added to afford

Scheme 1. Retrosynthetic approach to δ-nitro dienes.

Scheme 2. Mannich reaction using isovaleraldehyde to afford adduct 6.

Scheme 3. Synthetic pathway to δ-nitro dienes 2 and 3.

Scheme 4. Synthetic pathway to dihydropyrane 14.

Scheme 5. Regioselective reduction of olefin conjugated to nitro group.

Scheme 6. Synthetic route to catalyst B and D.
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the catalyst D with an overall yield of 40% on six synthetic
steps (Scheme 6b).

Catalyst behavior was first studied in the reaction of methyl
(2E,4E)-4-methyl-5-nitropenta-2,4-dienoate (2E,4E)-2.

As reported in Table 1, the reduction of the compound
(2E,4E)-2 in the presence of catalyst A provided the desired
product in good yield but poor enantiomeric excess (19% e.e.,
entry 1, Table 1). The reaction at lower temperature (� 40 °C,
72 h, entry 2, Table 1) did not afford any product.

The application of the same catalytic system to the methyl
(Z)-5-methyl-4-(nitromethyl)hex-2-enoate (2E,4Z)-3 led to more
promising results; indeed, using catalyst E the desired product
was obtained in higher yield and enantioselectivity (entry 3,
Table 1). With the idea to work in presence of an increased
hydrogen bond network in the transition state, different
organocatalysts were tested. The catalyst B and D were
synthetized for the first time in this work and their preparation
is reported in the supporting information. As reported in
Table 1, with catalysts A, B, C and D enantiomeric excesses
constantly higher than 83% were achieved, probably due to a
rigid transition state. The best results were obtained both in
presence of the catalyst A and C that were able to interact
more efficiently with the reagents and led to the product in up
to 97% e.e. The best performing catalyst was the chiral thiourea
A that promoted the reaction in 87% yield and 97% e.e.

(Table 1, entry 4, Scheme 7a), and that was selected for further
studies. Under the optimized reaction conditions founded for
the formation of compound (2E,4Z)-3, the reaction was
attempted also starting from methyl (2E,4E)-5-methyl-4-
(nitromethylene)hex-2-enoate (2E,4E)-3 that provided the op-
posite enantiomer of (2E)-9 in 67% yield and 63% e.e. (Table 1,
entry 8, Scheme 7b). Unfortunately, the same conditions applied
to the methyl (2E,4Z)-4-chloro-5-nitropenta-2,4-dienoate did not
afford the desired product.

To probe the utility of the reaction further synthetic
manipulations of the compound (2E)-9 were performed. The
metal free conversion of the nitro group to amine was achieved
with trichlorosilane as reducing agent.[5] The methodology,
reported in Scheme 8a, guaranteed the selective deoxygenation
of nitro group in presence of sensitive functional group,
affording the desired product (2E)-10, in 70% isolated yield,
without erosion of enantiomeric excess.

In addition, the nitro alkene (2E)-9 was used as reactant in a
cyclization reaction (Scheme 8b). The addition of enantioen-
riched δ-nitro olefin to trans-cinnamaldehyde, in the presence
of a catalytic amount of Jorgensen-Hayashi prolinol derivative
and 1,4-Diazabicyclo[2.2.2]octane (DABCO) as base, afforded the
highly functionalized cyclopentane 11. The target compound
features five contiguous stereocenters and has never been
reported in literature. It was obtained in very high yield,
excellent diastereoisomeric ratio (d.r. 92 :8) and 99% enantio-
meric excess, evaluated on the major diastereoisomer. The
absolute configuration, determined by X-ray analysis confirmed
the (1R,2S,3S,4S,5R) configuration for compound 11 (Figure 2).

Table 1. Catalyst screening in the asymmetric reduction of δ-nitro dienes.[a]

Entry Compound Catalyst Time [h] Yield [%][b] Ee [%][c]

1 (2E,4E)-2 A 18 48 19

2[d] (2E,4E)-2 A 72 n.d. n.d.

3 (2E,4Z)-3 E 24 65 41

4 (2E,4Z)-3 A 24 87 97

5 (2E,4Z)-3 B 24 82 93

6 (2E,4Z)-3 D 24 99 83

7 (2E,4Z)-3 C 24 75 97

8 (2E,4E)-3 A 24 67 63

[a] Unless otherwise specified, reactions were performed on a 0.1 mmol
scale of nitro diene (2E,4E)-2 or (2E,4Z)-3, using 1.1 equiv. of Hantzsch
ester, 10 mol% of organocatalyst at room temperature in 1.0 mL of
solvent. [b] Isolated yield after chromatography. [c] Determined by HPLC
analysis on chiral stationary phase. n.d.=not determined. [d] T= � 40 °C.

Scheme 7. Application of enantioselective reduction to (2E, 4Z)-3 and (2E,
4E)-3 dienes.

Scheme 8. a) Product manipulation: nitro group reduction to amine; b)
Synthesis of enantioenriched highly functionalized cyclopentane 11.
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Based on crystallographic information, in order to account
for the observed stereochemistry of the reaction the reported
mechanism was proposed (Figure 3). The first step of the
catalytic cascade reaction is the iminium activation of α,β-
unsaturated aldehyde. The Si face of the iminium intermediate
is shielded by the sterically hindered benzydryl� OTMS gorup of
the catalyst, so the attack of the deprotonated nucleophile
occurs on the Re face. It is interesting to underline that the
presence of a stereogenic center on the starting material
contributes to the control in the formation of the polysub-
stituted cyclopentane stereocenters. Indeed, the combination of
the stereogenic center of the reactant and the prolinol catalyst
guarantees the formation of product 11 as unique isomer,
where the isopropyl residue on C-5 of cyclopentane has forced
nitro group in cis position to the phenyl group (Figure 3).

From the established configuration of product 11 it was
possible to assign the absolute configuration of substrate (2E)-9
as (R) configuration. According to the reported mechanism, the

integrity of the stereocenter on C-5 bearing the isopropyl
group, generated in the enantioselective organocatalytic reduc-
tion, is not compromised in the cyclization reaction.

Conclusions

In summary, a convenient approach for the synthesis of γ-alkyl
δ-nitro dienes was disclosed. The adducts were employed in the
chemo- and regioselective reduction to efficiently prepare δ-
nitro alkenes. The enantioselective organocatalytic reduction
performed in presence of a chiral thiourea and Hantzsch ester
as reductive agent afforded the γ-alkyl δ-nitro alkene in up to
97% e.e. The chiral nitro alkene was further elaborated and was
successfully employed as starting material in a stereoselective
cyclization reaction that affords an almost enantiomerically
pure highly functionalised cyclopentane featuring five contig-
uous stereocenters.

Experimental section
General Procedure: In a 3 mL vial, 0.1 mmol of nitro diene ((2E, 4E)-
2 or 3) was dissolved in anhydrous toluene. The catalyst (10 mol%)
and Hantzsch ester (1.1 eq.) were added in this order under inert
atmosphere. The mixture was stirred at room temperature for
24 hours. Then, the solvent was removed and the crude was
purified by column chromatography.

Supporting Information

See the Supporting Information for synthetic procedures of
starting materials and catalysts, experimental details on catalytic
tests, characterization data for products, NMR spectra for all
described compounds, HPLC chromatograms. Additional refer-
ences cited within the Supporting Information.[23–32]
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Figure 2. Representation of the crystal structure of compound 11 with
anisotropic displacement parameters. Color code: O, red; C, grey; N, blue; H,
white.

Figure 3. Proposed reaction mechanism.
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