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Reaction of nitroalkenes or nitrodienes with methyl vinyl ketone (MVK) or acrylate in the presence of
the imidazole-LiCl catalyst system provides Rauhut—Currier (vinylogous Morita—Baylis—Hillman)

adducts in moderate yield. Under similar conditions (imidazole-hydroquinone), nitroalkenes and

nitrodienes undergo self-dimerization to afford the Rauhut—Currier adducts in varying yields. An
alternative self-dimerization—nitro group elimination pathway in the presence tricyclohexylphosphine
was observed with heteroaromatic nitroalkenes. A synthetically useful one-pot two step transformation
of Rauhut-Currier adducts of nitroalkenes with MVK to 2,3-disubstituted cyclopentenones is also

described.

Introduction

The phosphine-catalyzed dimerization of activated alkenes, first
disclosed by Rauhut and Currier in their 1963 patent,! has
set the stage for similar reactions of activated alkenes with
other electrophiles, such as carbonyl compounds and imines, in
the presence of phosphines, amines and analogous nucleophilic
Lewis bases.? While the latter reaction, popularly known as the
Morita—Baylis-Hillman (MBH) reaction, has developed into a
highly efficient methodology of topical interest,** the homo- and
heterodimerization of activated alkenes has not received much
attention, primarily due to the limited substrate scope and poor
selectivity.®

According to McClure,® Baizer and Anderson,” who inves-
tigated the phosphine-catalyzed dimerization of acrylonitrile,
the mechanism of the Rauhut-Currier (RC) reaction involves
reversible conjugate addition of the phosphine to the activated
alkene followed by conjugate addition of the enolate to another
molecule of activated alkene, proton transfer and elimination.
Later on, Morita and Kobayashi® followed by McClure,” Hwu,'
Basavaiah," Miller? and Lee' reported the cross-coupling re-
action of activated alkenes. Subsequently, phosphine/amine-
catalyzed homodimerization of vinyl ketones,'*!* acrylates,’*"’
acrylonitrile,'>'"*® vinyl sulfone and vinyl sulfonate has been
reported by various research groups (Scheme 1). Intramolecular,
including asymmetric versions' and their applications to natural
product synthesis* have also been reported in recent years.®

We have reported the RC-type coupling of aromatic and het-
eroaromatic conjugated nitroalkenes with other activated alkenes
such as vinyl ketone and acrylate for the first time in 2006.*
Our reaction catalyzed by the imidazole-LiCl system provided
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the RC products in moderate yield. Many of our cross-coupled
products exhibited tubulin binding anticancer activity at low
micromolar concentrations. More recently, reports on a proline—
NaN;-mediated addition of B-alkyl nitroethylene to enone* and a
Cinchona alkaloid-catalyzed coupling of B-substituted nitroethy-
lene with cinnamate?® have appeared in the literature. While the
former is a Michael addition that provides a deconjugated RC
product, the latter is a double Michael addition that provides
formal RC products.

This paper, which is the full version of our preliminary results
on the RC reaction we reported earlier,! describes for the first
time our studies on similar reactions of aliphatic nitroalkenes
and nitrodienes with enones and acrylates. Furthermore, the
outcome of our attempts to subject nitroalkenes to self-coupling
or RC dimerization is also presented here. A convenient one-
pot transformation of the heterocoupled products to synthetically
useful o,B-disubstituted cyclopentenones is also reported in this

paper.

Results and discussion

First of all, we considered the cross-coupling of a nitroalkene with
another activated alkene such as vinyl ketone. We envisaged that a
nitroalkene, being a powerful acceptor, would undergo conjugate
addition by the nucleophilic Lewis base and the resulting nitronate
would add in a Michael fashion to the enone. Our extensive
optimization studies using 2-nitrovinyl furan 3a and MVK 4a as
the coupling partners in the presence of various nucleophilic Lewis
bases such as DABCO, DBU, DMAP, imidazole etc. revealed
that the desired product 5a would indeed be isolable (Scheme 2).
Although the superior catalytic activity of imidazole vis-a-vis
other Lewis bases was amply evident from our experiments,
there was further scope for improvement in the yield of the
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coupled product 5a under imidazole-catalyzed conditions. There-
fore, various additives that are capable of activating the enone
via iminium formation, activating the enone and/or nitroalkene
via hydrogen bonding and minimizing the polymerization of these
coupling partners were screened. Since we had only limited success
with hydroquinone as additive, we employed LiCl (0.5 M) in
conjunction with a stoichiometric amount of imidazole in THF for
the cross-coupling of 3a with 4a. This was inspired by the recent
reports on the application of salt to catalyze MBH reactions.**
This catalyst system, which is also reminiscent of the Et;N-LiCl
combination of the Masamune-Roush variant® of the Horner—
Wadsworth—-Emmons reaction, provided the coupled product 5a
in satisfactory (44%) yield in 48 h.*

The above optimized conditions were successfully employed for
the cross-coupling of other heteroaromatic nitroalkenes 3b—3d and
aromatic nitroalkenes 3e-3j with MVK 4a (Table 1, entries 2-10).
It may be noted that although the yields are only moderate in
most cases (28-60%), the reaction was reasonably clean causing
no difficulty whatsoever in the purification and characterization
of the desired products. Since prolonging the reaction time in
many cases caused considerable decomposition of the products,
the reactions were worked up after the specified time, although
some amount of nitroalkene remained.

Having performed the cross-coupling of various aromatic and
heteroaromatic nitroalkenes 3a—j with MVK 4a, we explored the

Table 1 The RC reaction of aromatic nitroalkenes 3 with MVK 4a and
ethyl acrylate 4b in the presence of 100 mol% imidazole, and 0.5 M LiCl
in THF at room temperature*

COX
At = cox Imida zole (100 mol %) _
\/\NOZ + ‘ y >
iCl (0.5 M), THF, RT
Ar_~
3 4a: X = Me 5 NO2
4b: X =OEt

Entry 3, Ar 4 5 Time/h Yield (%)<
1 3a, 2-furyl 4a 5a 48 44
2 3b, 2-thienyl 4a 5b 50 40
3 3¢, 3-furyl 4a 5¢ 80 36
4 3d, 3-thienyl 4a 5d 20 34
5 3e, Ph 4a 5e 72 39
6 3f, 4-OMe-Ph 4a 5f 48 41
7 3g, 4-Cl-Ph 4a 5g 48 42
8 3h, 3,4-OCH,0-Ph 4a 5h 48 47
9 3i, 3,4-(OMe),Ph 4a 5i 56 60
10 3j, 4-CF;-Ph 4a 5§ 6 28
11 3a, 2-furyl 4b 5k 56 21
12 3e, Ph 4b 51 34 18
13 3h, 3,4-(OCH,0)Ph 4b 5m 88 21
14 3i, 3,4-(OMe),Ph 4b 5n 90 24

“3 equiv. of 4 was used. ?Isolated yield after purification by silica gel
column chromatography. ¢ 5-23% of 3 was recovered.

Table 2 The RC reaction of aliphatic nitroalkenes 6 with MVK 4a and
ethyl acrylate 4b in the presence of 100 mol% imidazole, and 0.5 M LiCl
in THF at room temperature®

COoX
CcOoxX Imidazole (100 mol %)
R 0
\/\NOQ + ﬂ >
LiCI (0.5 M), THF, RT
=
N 02
6 4a: X=Me 7
4b: X = OEt
Entry 6, R 4 7 Time/h Yield (%)%
1 6a, i-propyl 4a Ta 10 40
2 6b, n-butyl 4a 7b 16 29
3 6¢, n-hexyl 4a Tc 14 35
4 6d, cyclohexyl 4a 7d 10 44
5 6e, norbornenyl 4a Te 8 494
6 6f, n-butyl 4b i 20 22
7 6g, n-hexyl 4b g 36 27
8 6h, cyclohexyl 4b 7h 24 25

“3 equiv. of 4 was used. ’ Isolated yield after purification by silica gel
column chromatography. < 10-20% of 6 was recovered. *E: Z=1:5.

possibility of reacting selected nitroalkenes 3 with ethyl acrylate
4b in a Rauhut—Currier fashion (Table 1, entries 11-14). Although
these efforts were curtailed by prolonged reaction times and
low yields, we were pleased to isolate and characterize the y-
nitroesters 5k—5n which are immediate precursors to y-keto acids
and biologically relevant y-amino acids.

The E geometry of the nitroalkenyl double bond in the RC
adducts 5a-n was evident from the appearance of the proton
B to the NO, group in the range 6 7.85-8.30 in the '"H NMR
(Table S1, see the ESIt). This was further confirmed by a "H-
'"H 2D-NOESY experiment on a representative compound, Se.
Strong NOEs observed between the CH; groups and one of the
CH, groups with the aromatic protons together with weak NOEs
observed between the former and the benzylic olefinic proton
supported the above assignment. The structure and geometry of
5e were further unambiguously established by single crystal X-ray
analysis.”!

Our subsequent endeavors to introduce aliphatic nitroalkenes
6 for the first time as RC coupling partners with MVK 4a and
acrylate 4b provided similar results (Table 2). Since the aliphatic
nitroalkenes were less amenable for prolonged reactions due to
their propensity to undergo polymerization, the reactions in most
cases were performed for less than 24 h. As in the case of aromatic
nitroalkenes 3, RC coupling of aliphatic ones 6 with MVK 4a
(Table 2, entries 1-5) was more impressive than that with acrylate
4b (entries 6-8).

Analogous to the RC adducts 5 arising from aromatic ni-
troalkenes 3, the RC adducts 7 of aliphatic nitroalkenes 6 also
possessed E geometry with the proton B to the nitro group
resonating in the range of § 6.95-7.19 (Table S2, see the ESIt). A
mixture of isomers (1 : 5) was isolated only in the case of RC adduct
7e. Interestingly, the major isomer in this case was assigned Z
geometry based on the shielding of the proton B to the nitro group
in the major isomer as compared to that in the minor isomer by
~0.4 ppm.

Although nitroalkenes have been extensively employed as sub-
strates in Michael addition, cycloadditions® and other reactions
such as MBH reaction,* conjugated nitrobutadienes have been
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Table3 The RC reaction of nitrodienes 8 with MVK 4a at room
temperature in the presence of imidazole (100 mol%) and 0.5 M LiCl
in THF at room temperature”

Table 4 Dimerization of nitroalkenes 3 at room temperature in the
presence of imidazole (50 mol%) and hydroquinone (10 mol%) in CH,Cl,
at room temperature

M/ NO A NO,
Ar Imi o Ar AN
. midazole (100 mol %)

8
fr— LiCI (0.5 M), THF, RT
‘>:o
(0] Me

Me
4a 9
Entry 8, Ar 9 Time/h Yield (%)°
1 8a, Ph 9a 24 33
2 8b, 2-OMe-Ph 9b 10 44
3 8¢, 2-NO,-Ph 9¢ 20 38
4 8d, 2-furyl 9d 18 40

“3 equiv. of 4a was used. ° Isolated yield after purification by silica gel
column chromatography.

seldom employed in a similar capacity.”” This is despite the fact
that nitrodienes are conveniently accessible via Henry reaction
of a,B-unsaturated aldehydes with nitromethane.”® Therefore, we
decided to investigate the RC cross-coupling of selected nitrodienes
8, under the optimized conditions, with MVK 4a and were pleased
to isolate the products 9 in moderate yield (Table 3). It may be
noted that the nature of the aromatic ring appears to have some
effect on the yield of the RC product, in that nitrodienes with
relatively electron donating aromatic rings furnished the products
in better yield at shorter reaction times (Table 3, entries 2 and 4).

The geometries of the double bonds in 9a—d were assigned E,E
based on detailed NMR analysis. The protons B to the nitro group
in these isomerically pure products resonated in the range § 7.70—
7.81, suggesting that the o,B-double bond has E configuration
(Table S3, see the ESI). These protons coupled with the y-protons
with J values in the range of 9.5-11.6 Hz. J values of 15-16 Hz
for the coupling between y- and d-protons suggested that the v,5-
double bond also has E configuration. These assignments were
confirmed by "H-'"H 2D NOESY analysis of a representative
compound 9a. For instance, there was strong NOE between one
of the CH, groups and the proton 7 to the nitro group.

Our next objective was to investigate the more challenging self-
or homocoupling of nitroalkenes. Although cyclotrimerization of
nitroalkenes is reported in the literature,? there has been no report,
to our knowledge, on the dimerization of nitroalkenes presumably
because the major pathway is either cyclotrimerization or linear
oligomerization or polymerization. Our preliminary screening of
various amine-based catalysts such as imidazole, DMAP, DBU,
DABCO, Et;N, Hiinig’s base and pyridine for the RC dimerization
of nitrovinyl furan 3a revealed that imidazole was still the only
catalyst that provided the dimer in isolable quantities (Table S4,
see the ESIf). Subsequent solvent screening proved useful as
the reaction proceeded well in CH,Cl, affording the dimer 10a
in 58% yield in 24 h (Table S5, see the ESIt). The optimum
amount of imidazole was 50 mol% as the reaction was sluggish
with lower quantities and polymerization of nitroalkene 3a was
observed with higher quantities (Table S6, see the ESIT). Further
attempts to improve the yield by screening co-catalysts had only
marginal effect. However, the reaction was cleaner in the presence
of 10 mol% of hydroquinone (Table S7, see the ESIT).

Ar.
Imida zole (50 mol %) NO,
Ar\/\NOZ N >
Hydroquinone (10 mol %) Ara NO
CH,Clp, RT 2
3 10

Entry 3, Ar 10 Time/h Yield (%)**
1 3a, 2-furyl 10a 24 58
2 3b, 2-thienyl 10b 24 38¢
3 3¢, 3-furyl 10c 72 14¢
4 3f, 4-OMe-Ph 10f 48 7°

“Isolated yield after purification by silica gel column chromatog-
raphy. ?11-32% of 3 was recovered. °Substantial amounts of
trimeric/oligomeric/polymeric materials were also isolated in these cases.

Under the above optimized conditions, i.e. 50 mol% of imi-
dazole and 10 mol% of hydroquinone in CH,Cl,, several other
nitroalkenes 3a—c and 3f were allowed to dimerize and the results
are summarized in Table 4. It may be noted that although the yield
of the dimer was good (58%) when nitroalkene 3a was used as the
substrate (Table 4, entry 1), it dropped substantially with other
heteroaromatic nitroalkenes 3b and 3¢ (Table 4, entries 2 and 3,
respectively). The above optimized conditions were ineffective for
aromatic nitroalkenes such as 3f (Table 4, entry 4).

The E geometry of the double bond in 10a—c and f was evident
from the NMR chemical shift of the '"H B to the nitro group
(Table S8, see the ESIT). The structure and geometry of 10 were
further unambiguously established by single crystal X-ray analysis
of a representative system, 10a (Fig. 1, see also the Experimental
Section).

Fig. 1 Single crystal X-ray structure of dimer 10a.

The RC homocoupling of a representative nitrodiene, 8a,
proceeded satisfactorily to provide the dimer 11a in moderate
yield (46%, Scheme 3). The structure and geometry of 11a were
determined by 'H and “C NMR. The E geometry of the C6-C7

Imidazole N NO,
(50 mol %) Ph N

Hydroquinone OyN =

(10 mol %) 11a Ph
CH,Cly, RT,

48 h, 46% yield

NO.
Ph/w 2

8a

Scheme 3
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double bond was confirmed from the '"H-'"H coupling constant of
15.8 Hz. '"H-'H J values of 11.7 and 11.2 Hz, respectively, were
indicative of the E geometry for the electron deficient conjugated
double bonds C1-C2 and C3-C4 as well.

The proposed mechanism for the RC homocoupling involves
initial conjugate addition of amine to nitroalkene 3 followed by a
second conjugate addition of the nitronate I to another molecule
of 3 to form intermediate II (Scheme 4). Intramolecular proton
transfer and elimination of the amine would provide the RC
product 10.

Z. ® ®
(NRa NR; (NRs

NO NO, -NR
Ar/\/Noz —>R)\®/ 2 A 27708 o 10
N I H‘)
3 \NNOZ Ar @
A\ I NO,
3

Scheme 4 Formation of RC homocoupled adducts 10 from ni-
troalkenes 3.

Since the scope of RC homocoupling of nitroalkenes under
imidazole-catalyzed conditions appeared limited, we screened
various phosphines and an arsine as catalysts, again by taking
nitroalkene 3a as the model substrate (Table S9, see the ESIY).
Interestingly, instead of the RC dimer, we observed the formation
of an unexpected product which was later identified as nitrodiene
12a (vide infra). Among the catalysts screened, tributyl phosphine
(TBP) and tricyclohexyl phosphine (TCHP) provided the nitro-
diene 12a in comparable yields 77% and 78%, respectively) in 12
h. Further solvent screening and optimization of the amount of
catalyst suggested that the reaction works well in THF with 5 mol%
TCHP (Tables S10-S11, see the ESIt). Substantial polymerization
of nitroalkene 3a was observed when larger quantities of TCHP
were used (Table S11, see the ESIT).

Subsequently, we subjected other aromatic and heteroaromatic
nitroalkenes to the above optimized conditions. The results
presented in Table 5 show that while heteroaromatic nitroalkenes,
with the exception of 3d, smoothly undergo the dimerization—
elimination reaction, nitrostyrene 3e and other aromatic ni-
troalkenes are not amenable for such a transformation.

Table 5 Dimerization of nitroalkenes 3 at room temperature in the
presence of tricyclohexyl phosphine (TCHP) (5 mol%) in THF at room
temperature®

Ar N 02
PCy3(5 mol %) —
AI’\/\ NO; —— =
THF, RT
3 Ar 12
Entry 3 Ar Time Yield (%)*
1 3a 2-furyl 12h 79
2 3b 2-thienyl 20 h 69°
3 3c 3-furyl 12h 58°
4 3d 3-thienyl 48 h —
5 3e Ph 48 h —

“Isolated yield after purification by silica gel column chromatography.
® Decomposes slowly on repeated purification. ¢ Inseparable mixture of
12d and 3d. ¢ Complex mixture.

The structure and stereochemistry of nitrodienes 12 were
unambiguously established by extensive NMR studies on a
representative system 12a (Fig. 2). A coupling of J = 16.4 Hz
between the y- and 8-protons confirmed that the v,6 double bond
has E geometry. That the a,3 double bond is also E, as is evident
from the chemical shift of the y-proton, which experiences a
deshielding effect due to the anisotropic effect of the nitro group.
Unfortunately, appreciable NOE is seen only between the vicinal y-
and d-protons, which is expected. HSQC and HMBC experiments
further confirmed the structure through H-C connectivity (see the
ESIY).

c119.3, {7.92(dd, J 16.4,0.6)

e

NO,
s
_
A ~ X £ 131.5, 4743 (d, J 0.6)
c 128.8, | 7.00 (d, J 16.4) Ar
c137.2

Fig. 2 Structure and stereochemistry of 12a (Ar = 2-furyl) by 'H, “C,
APT, '"H-'"H COSY, 'H-'H NOESY, HSQC and HMBC experiments.

It is important to note that while the imidazole-mediated
reaction furnished the homodimers 10 and 11 (Table 4, Schemes 3
and 4), the corresponding reaction mediated by phosphine deliv-
ered the elimination product 12. This dichotomous behavior of
nitroalkenes is explained in terms of an alternative elimination
pathway available for the intermediate IV (Scheme 5) which is
analogous to intermediate Il in Scheme 4. Here, the elimination of
HNO, prior to the elimination of phosphine from the intermediate
IV is key to the formation of nitrodiene 12.

) ® o
(PCyg PCy, ¥a
NO,
A X N0z —> R)VNO2 A
N m e NO;
\» Ar =
3 X __NO
Ar/h_'/ 2 v N/

Scheme 5 Formation of nitrodienes 12 via RC homocoupling and
elimination.

Finally, we investigated some of the possible applications of our
RC adducts. When RC adduct Se was subjected to tandem metal—
acid reduction-hydrolysis,*® the 1,4-diketone 13e was isolated
in 67% vyield (Scheme 6). Much to our delight, basic workup
of the reaction mixture containing 13e led to the formation of
cyclopentenone 14e via intramolecular aldol reaction in 70% yield.

The scope of the above one-pot transformation of RC adduct
5e to substituted cyclopentenone 14e, which involves reduction,
hydrolysis, aldol reaction and dehydration, was subsequently
extended to other RC adducts (Table 6). Thus, selected RC adducts
arising from heteroaromatic and aromatic nitroalkenes Sb, 5f, Sh
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o NO; 1) Fe/HCl
Ph 1) Fe/HCI MeOH/H,0 ph
MeOH/HZO 30 min
30 min 2)10% NaOH
67% yield 70% yield

13

Scheme 6 Formation of 1,4-diketone 13e and cyclopentenone 14e from
the RC adduct of nitroalkene 5e.

Table 6 Synthesis of substituted cyclopentenones 14 from the RC adducts
of nitroalkenes 5

A NO, o)
r

1) Fe/HCI, MeOH/H,O  Ar

30 min =
2) 10% NaOH
(@]
5 14

Entry Ar 14 Yield (%0)*
1 5b, Thienyl 14b 68
2 Se, Phenyl 14e 70
3 5f, 4-OMe-Ph 14f 74
4 5h, 3,4-(OCH,0)-Ph 14h 75
5 5i, 3,4-(OMe),~Ph 14i 72

“Isolated yield after purification by silica gel column chromatography.

and 5i were subjected to the one-pot transformation to afford
cyclopentenones 14b, 14f, 14h and 14i, respectively, in good yield
(Table 6, entries 1, 3-5).

Although such 1,2-disubstituted cyclopentenones possessing a
quaternary benzylic chiral center have been synthesized from 1,4-
diketones,* a one-pot transformation involving generation of 1,4-
diketone and its intramolecular aldol condensations is hitherto
unreported.®® This is also a convenient alternative to various
other existing methods*** for the synthesis of 1,2-disubstituted
cyclopentenones.

Conclusions

B-Substituted nitroethylenes and &-substituted nitrodienes un-
dergo facile coupling at the o-position with methyl vinyl ketone
(MVK) and ethyl acrylate in the presence of the imidazole—
LiCl catalyst system at room temperature. The nitroalkene-M VK
adducts were transformed to 1,2-disubstituted cyclopentenones
through a one-pot three step sequence involving reduction of the
nitro group, hydrolysis of the enamine and aldol condensation of
the 1,4-diketone. Homocoupling of nitroalkenes and nitrodienes
under similar conditions (imidazole-hydroquinone) provides 1,3-
dinitro compounds, the immediate precursors to 1,3-diamines. A
tandem self-dimerization—elimination providing nitrodienes was
observed when heteroaromatic nitroalkenes were treated with
phosphine catalysts.

Experimental section

General procedure for the Rauhut—Currier heterocoupling of
nitroalkenes or dienes with MVK or acrylate (see Tables 1-3)

To a stirred solution of nitroalkene 3, 6 or nitrodiene 8 (1 mmol)
in THF (2 ml) was added imidazole (0.068 mg, 1 mmol) and

lithium chloride (0.042 mg, 1 mmol), followed by MVK 4a or ethyl
acrylate 4b (3 mmol), and the reaction mixture was stirred at room
temperature. After the completion of the reaction (monitored by
TLC), the reaction mixture was diluted with water (10 ml) and
acidified with 5 N HCI (10 ml). The aqueous layer was extracted
with ethyl acetate (3 x 10 ml), the combined organic layers were
washed with brine (20 ml), dried over anhydrous Na,SO, and
concentrated in vacuo. The crude residue was purified by silica
gel column chromatography (10% EtOAc-hexane) to afford pure
product 5,7 or 9.

Representative experimental data.

(E)-7-Methyl-5-nitroocta-5-en-2-one (7a). Yellow oil; Yield 74
mg (40%); Vinax (KBr)/cm™ 2965w, 2918 m, 2850w, 1715s, 1523m,
1363m; 6, (CDCl;, 400 MHz) 1.11 (6H, d, J 6.7), 2.17 (3H, s),
2.70 (1H, dseptet, J 10.7, 6.7), 2.71 2H, t, J 7.6), 2.84 2H, t, J
7.6), 6.95 (1H, d, J 10.7); 6. (CDCl,, 100 MHz) 20.7, 22.1, 28.0,
29.9,41.4,143.9, 148.7, 206.6; m/z (QTOF ES+, Ar) 208 (MNa*,
100), 205 (7), 149 (10), 99 (7); HRMS (QTOF ES+, Ar) calcd for
CoH s NO;Na (MNa*) 208.0950, found 208.0952.

General Procedure for the Rauhut—Currier homocoupling of
nitroalkenes or dienes (see Table 4)

To a stirred solution of nitroalkene 3 or nitrodiene 8 (0.5 mmol)
in CH,Cl, (I ml), imidazole (0.017 g, 0.25 mmol, 50 mol%)
and hydroquinone (5 mg, 0.05 mmol, 10 mol%) were added in
one portion. Stirring was continued at room temperature for the
specified time (see Table 4). The crude product was purified by
silica gel column chromatography (5% EtOAc-hexane) to afford
the pure dimer 10 or 11.

Representative experimental data.

2,2’-(2,4-Dinitrobut-1-ene-1,3-diyl)  difuran  (10a). Yellow
solid; Yield 40 mg (58%); mp 85-86 °C; V. (KBr)/cm™ 2927
m, 2351w, 1647 m, 1559w, 1371w, 1325m, 1023s; 6,; (CDCl;, 400
MHz) 5.10 (1H, dd, J 13.7, 6.9), 5.33 (1H, dd, J 13.7, 7.8), 6.14
(1H, dd collapsed to t, J 6.9), 6.23 (1H, d, J 3.2), 6.32 (1H, d, J
1.8), 6.65 (1H, dd collapsed to t, J 1.6), 7.03 (1H, d, J 3.2), 7.33
(1H, s), 7.74 (1H, s), 7.99 (1H, s); 6. (CDCl;, 100 MHz) 36.6,
75.5,107.2, 110.9, 113.4, 123.0, 124.2, 142.1, 142.3, 146.4, 147.8,
148.6; m/z (QTOF ES+, Ar) 301 (MNa*, 100), 232 (42), 218 (35),
186 (5), 79 (8). HRMS (QTOF ES+, Ar) calcd for C,H,(N,O,Na
(MNa*) 301.0437, found 301.0442; Selected X-ray data (CCDC
7881747) C’)4H20N4O]7 M = 556 44, Triclinic, space group Pla=
9.0724(4) A b=09. 7915(4) A, c=14. 0849(7) A, o = 89. 657(3),
B = 77.662(4), y = 82.933(3)°, U = 2040.2(4) A3, D, = 1.524
Mg/m3, Z = 2, F(000) = 576, A = 0.71073 A, u=0.125 mm™,
Total/Unique Reflections = 10904/4233 [R(int) = 0.0271], T =
150(2) K 6 range = 2.92 to 25.00°, Final R indices [/ > 20(])]
R, =0.0374, wR, =0.0818, R indices (all data) R, =0.0594, wR, =
0.0922 (see also Table S12, ESI¥).

General procedure for the homocoupling—elimination of
nitroalkenes 3 (see Table 5)

To a stirred solution of nitroalkene 3 (I mmol) in THF (2 ml),
tricyclohexylphosphine (14 mg, 5 mol%) was added in one portion.
Stirring was continued at room temperature for the specified time
(Table 4). The reaction mixture was concentrated in vacuo and the
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crude product was purified by silica gel column chromatography
(0-5% EtOAc—hexane) to obtain the nitrodienes 12a—c.

Representative experimental data.

2-((IE,3E )-3-( Furan-2-yl)-4-nitrobuta-1,3-dienyl) furan (12a).
Yellow crystalline solid; Yield 90 mg (79%); mp 52-54 °C; Vi
(KBr)/cm™ 2921s, 1613m, 1586m, 1556w, 1318m, 1092m, 1021s,
804m; oy (CDCl;, 400 MHz) 6.49 (1H, dd, J 3.4, 1.8), 6.58 (2H,
dd, J 3.4, 1.8), 6.86 (1H, d, J 3.4), 7.00 (1H, d, J 16.4), 7.43
(1H, d, J 0.6), 7.54 (1H, d, J 1.5), 7.61 (1H, d, J 1.5), 7.92 (1H,
dd, J 16.4, 0.6); 6 (CDCl;, 100 MHz) 112.6, 112.9, 113.9, 117.4,
119.3, 128.8, 131.5, 137.2, 144.9, 145.9, 148.8, 152.0; m/z (QTOF
ES+, Ar) 232 (MH*, 100%), 187 (44), 185 (38), 158 (10), 129 (3);
HRMS (QTOF ES+) caled for C,H,,\NO, (MH*) 232.0610, found
232.0600. Confirmed by COSY, NOESY, HSQC and HMBC.

General procedure for the synthesis of substituted cyclopentenone
14 (see Table 6)

To a solution of RC adduct 5 (1 mmol) in a mixture of MeOH
(1.7 ml), H,O (0.7 ml) and conc. HCI (0.7 ml), iron dust
(112 mg, 2 mmol) was added in portions and the resulting
reaction mixture was heated over a water bath for 30 min. After
complete disappearance of starting material (monitored by TLC),
the reaction mixture was cooled to room temperature, diluted with
MeOH (10 ml) and filtered through a bed of Celite. The filtrate was
concentrated in vacuo, the residue was diluted with water (10 ml),
basified with 10% NaOH (10 ml) and extracted with ethyl acetate
(3 x 10 ml). The combined organic layers were washed with brine
(10 ml), concentrated in vacuo and the residue was purified by silica
gel column chromatography by eluting with a ethyl acetate—pet.
ether mixture (10-20%) to afford pure cyclopentenone 14. Note:
neutral workup of the reaction mixture, i.e. without using 10%
NaOH (10 ml) provided 1,4-diketone 13 (see Scheme 6).

Representative experimental data.

2-(3,4-Dimethoxyphenyl)-3-methylcyclopent-2-enone (14i).
Red liquid; Yield 167 mg (72%); Vima(film)/cm™ 2964s, 2939s,
2879s, 1725s, 1516w, 1466w, 1376w, 1257s, 1053m, 1017w, 968m;
du (CDCl;, 400 MHz) 2.20 (3H, s), 2.48-2.60 (2H, m), 2.60-2.72
(2H, m), 3.90 (3H, s), 3.92 (3H, s), 6.82-6.95 (3H, m); 8. (CDCl;,
100 MHz) 18.6, 31.9, 35.0, 56.0 (x 2), 111.2, 112.5, 121.9,
124.6, 140.1, 148.7, 148.8, 171.5, 208.2; m/z (QTOF ES+) 233
(MH*, 100); HRMS (QTOF ES+, Ar) caled for C,,H;,O; (MH*)
233.1178, found 233.1174.
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