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From 4-nitrotoluene and 4,4’-dinitrobibenzyl to
E-4,4'dinitrostilbene: An electrochemical approach

lluminada Gallardo,?Ana Belén Gémez,?Gonzalo Guirado,® Adridn Larifio,?Miquel Moreno,? Manuel
Ortigosa,®and Sergio Soler @

The dianions formed by electroreduction of Z-02NCsHsCH=CHCsH4NO, E-O2NCsHsCH=CHCsH4NO>, O2NCsH4CH2-CH2CsHaNO2
or 02NCsHsCMeH-CMeHCsHaNO, as well as the anion radical arising from 4-nitrotoluene are stable, in the time scale of the
cyclic voltammetry (DMF+0.10 M NBu4BFa). However, in the electrolysis time scale (from minutes to hours), only the dianion
02NCsHsCMeH-CMeHCsHaNO2* Z-0,NCsHsCH=CHCsHaNO>?,
02NCsHaCH2-CH2CeHaNO2* or 02NCsHaMe™, evolve to form the E-O.NCsHsCH=CHCeHsNO,?* dianion. This intermediate, is
recovered as the neutral species E-O2NCsHsCH=CHCsHaNO> with concomitant water reduction after the work-up with water,

remains  stable, since the reduced species,

as demonstrated by combined electrolysis, cyclic voltammetry experiments, UV-spectroelectrochochemistry and theoretical
calculations. Bulk electrolysis in optimized conditions (ACN+0.10 M NBusBF4) provides 40% and 67 % isolated yield of
E-4,4'-dinitrostilbene from 4-nitrotoluene and 4,4’-dinitrobibenzyl, respectively.

Introduction

Stilbenes have become of particular interest because of wide
range of different applications ,not only in chemistry but also in
life science and material science, in addition to chemistry.(1-5)
Stilbene derivatives are attractive compounds because they
undergo easy cis-trans isomerization that can be induced both
photochemically, as well as by electrochemical reduction, the
latter via an anion radical intermediate.(6—9) Thereby, although
stilbene syntheses have been reported in the literature for a
long time, this still remains as an area of interest, judging by the
recent years.(10-13) In
particular, nitroderivatives of stilbene are especially appealing
because of its use as textile dyes (i.e.4,4’-dinitrostilbene-2,2’-
disulphonic acid).(14,15) Furthermore, nitrostilbenes are
reduced at less negative potentials than other stilbene
derivatives,(16) thus facilitating their electrochemical cis-trans
isomerization.

Up to now, it is known that, dinitrobibenzyls and the
corresponding dinitrostilbenes are obtained by a reaction
between nitrobenzylchlorides and alkoxides. For example,
4-nitrobenzylchloride yields 4,4’-dinitrostilbene
(O2NCgH4CH=CHCgH4NO;) when reacts with an excess of sodium
ethoxide in ethanol:(17)

number of reports published in

p - O,NC,H,CH,Cl—C#0_, 0 NC.H,CH = CHC,H,NO,

C,HsOH

Moreover, 4,4’-dinitrobibenzyl (O,NCgH4CH,-CH,CsH4NO3) is
also obtained by electrodimerization of corresponding
nitrobenzylhalides,(18-20) via C-X heterolytic cleavage of the
anion radical:

2p — O,NCH,CH,X—? 5 O,NC,H,CH,CH,C,H,NO, + 2X"
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Depending on the reaction conditions, both 4,4’-dinitrobibenzyl
and 4,4-dinitrostilbene can be sequentially prepared by
treating 4-nitrotoluene (O;NCe¢HsMe) with KMeO in MeOH in
the presence of air and with or without other stoichiometric
oxidizing agent:(21-23)

O,NC H,Me —MeOMeOMO, , 5 NC,H,CH = CHC,H,NO,

65°C/10h

Based on kinetic studies, a mechanism for conversion of
nitrotoluene into dinitrobibenzyl was proposed some time ago,
Scheme 1.(24,25) The reaction starts with deprotonation of
nitrotoluene, followed by the formation of a charge transfer
complex between the anion and the neutral molecule. This
complex evolves following two different routes: (a) losing a
proton and two electrons to form dinitrobibenzyl and/or (b)
completing the electron transfer between the donor and the
acceptor moieties to yield the nitrobenzyl radical and the
nitrotoluene anion radical. The nitrobenzyl radical dimerizes to
dinitrobibenzyl. Next, the nitrotoluene anion radical is oxidized
back to nitrotoluene. The presence of radicals and/or anion
radicals of nitrotoluene, dinitrobibenzyl and dinitrostilbene in
these reaction media was evidenced by EPR and UV-visible
spectroscopy.(24—26) However, the formation dinitrostilbene
from dinitrobibenzyl is not described in previous work done.
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Scheme 1.

Electrochemistry is a powerful tool to investigate the reaction
mechanism involving electron transfer processes and,
particularly, to generate anion radical intermediates in a
controlled way. The electrochemical reduction of nitroaromatic
compounds, A, in the absence of the other electroactive
substituents, has been subject of numerous studies.(27,28)
When the reduction is conducted in a protic media, depending
on the pH of the medium, a wide variety of products can be
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obtained (i.e. anilines, hydroxyl amines, nitroso-compounds).
However, in polar aprotic solvents, the sole reduction product
of a mononitroaromatic compounds is the anion radical, A*~
(characterized in different ways), which in many cases is a
persistent species in cyclic voltammetry (CV) time scale. Notice
that in polar aprotic solvents and in the CV time scale, there are
not chemical reactions associated to the anion radical of
mononitroaromatics.

AT A

In the case of dinitroaromatic compounds, a two-step
reduction, corresponding to the formation of anion radical, A*-,
and dianion, A% are generally observed, both usually being
reversible processes:(29—-36)
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The easiest case is when both electron transfer reactions are
fast. The appearance of the voltammogram depends upon the
location of the standard potentials, E;° and E;° and the spacing
between them, AE9=E;%-E;°.(37) When AE®>100 mV, the second
electron transfer step takes place at more positive potentials
than the first one, and a single two-electron transfer Nernstian
wave is observed. However, if 100 mV>AE®>-100 mV, a single
wave occurs, with an increasing voltammetric peak width, AE,,
compared with previous case, and a number of electrons
transferred, z<2. The two waves become resolvable at AE?=-125
mV, where each wave takes on the characteristic of a one-
electron Nernstian electron transfer. Note that in polar aprotic
media and in CV time scale, except for the disproportionation
equilibrium of the anion radical A*” into A and A%, which is
governed by AE?, the two negatively charged species do not
participate in any other chemical reaction.

The CV in polar aprotic solvents of nitrotoluene, dinitrobibenzyl
and dinitrostilbene show reversible waves, corresponding to a
fast one-electron transfer for nitrotoluene and fast
two-electron transfers for the bis-arene compounds.(27—-36)
However, the electrochemical conversion of nitrotoluene and
dinitrobibenzyl to dinitrostilbene has not been investigated up
to now. Hence, the aim of this work is revisited the
electrochemical behavior of cis- and trans-4,4’-dinitrostilbene
(Z-O2NCgH4sCH=CHCgH4NO, and E-O;NCgH4CH=CHCgH4NO3),
4,4’-dinitrobibenzyl (O2NCgH4CH2-CH2CsH4NO3), a,a’-dibromo-
4,4’-dinitrobibenzyl (O2NCgH4CBrH-CBrHCgH4NO>),
a,a’-dimethyl-4,4’-dinitrobibenzyl(O;NC¢H,CMeH-CMeHCgH4N
0), and 4-nitrotoluene (0O>NCe¢HsMe), (Chart 1), and to
demonstrate that is possible to obtain E-
0;NCgH4CH=CHCgH4NO; by the electrochemical reduction of
both OZNC6H4CH2-CH2C5H4NOZand OzNC6H4Me.
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Chart 1.

Results and discussion

CV studies were performed in DMF+0.10 M BusNBF; with a
glassy carbon millimetric cathode in Ar atmosphere. Slow scan
rates were used in CV experiments described in order to prevent
kinetic control by the charge transfer reaction.

Figure 1 shows an overview for all investigated compounds
before and after electrolysis. Before electrolysis (solid line),
most of them exhibit a single reversible two-electron reduction
wave, which becomes a single reversible one-electron reduction
wave in the case of O,NCgHsMe (Table 1). These waves are
concentration and sweep rate independent, corresponding to
the formation of dianions (O>NCgH4CH=CHCgH4NO,?,
OzNC5H4CH2-CH2CsH4N022', OzNC5H4CMeH-CMeHC6H4N022')
and anion-radical (0;NCsHsMe*"), all of them being stable in the
time range of the CV. In the case of O;NCgH4CBrH-CBrHCgH4NO,,
two reduction waves were observed. The first corresponds to a
two-electron irreversible process, while the second is a two-
electron reversible one.

Table 1 include the values of voltammetric peak widths,
AEp=Ep-Ep/2, standard potential, E°, number of electrons, z,
disproportionation equilibrium constant, Kgis, applied potential,
Eapp, @and number of Faraday consumed for the compounds in
DMF+0.10 M BusNBF4 at 20 9C. Electrolyses were carried out at
controlled potential, at more negative potentials than the first
cathodic peak, on a graphite cathode in DMF+0.10 M BusNBF4
and under Ar atmosphere. After the passage of the desired
Faradays (F), solutions were immediately analyzed by CV. The
Z- and E-O;NCgH4CH=CHCgH4NO,, as well as
0,NCegHsCMeH-CMeHCgH4NO, show identical CV as before the
electrolysis, while in the case of O;NCgH4CH,-CH,CgH4NO,, and
O;NC¢HsMe a new wave appears, revealing that the
dianionO;NCgH4CH,-CH,CeHaNO,2-  and  the anion  radical
0,;NCgHsMe*~ are not stables in the time scale of the electrolysis
(Figure 1, Table 1). After electrolysis, solutions were quenched
with water and extracted with toluene. Composition of the
toluene solutions were analyzed by GC-MS and the product
distribution was established by GC.
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Figure 1. CV of nitroaromatic-compounds (10 mM) in DMF+0.10 M BuyNBF, at glassy
carbon electrode. Scan rate, 0.50 V s'; temperature, 20 2C; Ar atmosphere. (—) Before
electrolysis; (----) After electrolysis (1F), (----- ) After exhaustive electrolysis at more
negative potentials than that of first cathodic peak potential

The detailed electrochemical behavior of each one of the
investigated nitroderivatives is described below.

cis- and trans-4,4’-Dinitrostilbene (Z-0,NCgH;,CH=CHCgH;NO; and
E-0;NCgH4CH=CHC¢H4NO,).

Both compounds show a reversible reduction wave,
concentration and sweep rate independent and the height of
the cathodic peaks correspond to two electron transfer
processes. The E° values are -0.89 V and -0.91 V, and the peak
width, AEp, are 53 mV and 48 mV, for the cis- and trans-isomer

respectively:
O,NCH,CH=CHC.H,NO, +2e" éOZNCSH‘tCH = CHC,H,NO,*

The two-electron transfer processes correspond to two
successive one-electron transfer reductions:

O,NC,H,CH = CHC,H,NO, + 6" === 0,NC,H,CH = CHC,H,NO,
O,NC,H,CH = CHC,H,NO, "+&" —==0,NC,H,CH = CHC,H,NO,>

Since AEp is 53 mV and 48 mV for the cis and trans isomers
respectively, the corresponding AE°=E,0-E;% are -27 mV and -15
mV.(38)In summary, the second electron transfer step occurs at
slightly more negative potential than the first one, and the

appearance of the wave is indistinguishable from a single two
electron transfer Nernstian wave, except for the value of AE,
that would be 29 mV in the last case.

From AES, disproportionation equilibrium constant can be
calculated:

20,NC4H,CH = CHCH,NO,? 11 O,NC,H,CH = CHC,H,NO, + O,NC,H,CH = CHC,H,NO,*
(RT/F)InK,, = AE® =E% —E°

disp

being Kgisp=0.34 for Z-O,NCgH4sCH=CHCgH4sNO, and 0.55 for
E-O;NCgH4CH=CHCgH4N O3, indicating that the
comproportionation of 0,;NCgH4CH=CHCgH4NO> and
0,;NCeH4CH=CHCgH4NO,2 prevails over the disproportionation
of O,NCgH4CH=CHCgH4NO,*~. This result was confirmed by
UV-visible spectroelectrochemistry experiments. After
electrolysis at -1.20 V during 90 s on a solution of
E-O;NCgH4CH=CHC¢H4NO;,, the spectrum shows several
absorption bands at 350, 604, 641 and 660 nm. The band at 350
nm is due to neutral E-O;NCgH4CH=CHCgH4NO,,(24-26) while
the others bands are associated to E-O,NCgH4CH=CHCgH4NO>*~
and E-O;NCgH4CH=CHCgH4NO,%.(39)Therefore, in the time
range corresponding to CV, E-O,NCgH4CH=CHC¢H4NO>2 remains
stable, except for the disproportionation equilibrium.

When pale yellow solutions of Z-O,NCgH4CH=CHCgH4NO, and E-
0,NCgH4CH=CHCcH4NO, were electrolyzed at -1.20 V (1.0 F),
they turned dark blue. The CVs of these solutions only show the
wave corresponding to E-O;NCgH4sCH=CHCgH4NO,, Figure 1.
Furthermore, when the electrolyzed solutions (2.0 F) of
E-O;NCgH4CH=CHCgH4N O3, containing the
E-O;NCgH4CH=CHCgH4NO,?- dianion, were quenched with water
and extracted with toluene, the E-O,NCgH4CH=CHCgH4NO, was
obtained with concomitant reduction of water to H..
Furthermore, treatment in the same way the electrolyzed
solutions of Z-O,NCgH,CH=CHCcH4NO; yielded the trans- isomer
exclusively, because the already reported cis- to trans-
isomerization of the O;NCgH4CH=CHCgH4sNO,2 and/or the
0,;NCegH4CH=CHCgH4NO,*" species.(6—9)

Z- OZNCGHACH = CHCGHANoz I)*tf)UH\:C/}Z OF >E — OZNCBHACH — CHCGH4N02
E - O,NC,H,CH = CHC.H,NO,

In the reaction mixture, trace amounts of 4,4’-dinitrostilbine
and bis(4-nitrophenyl)ethanodione, identified by GC-MS
analysis and HINMR, were also detected together with
E-O;NCgH4CH=CHCcH4NO>.

4,4’-Dinitrobibenzyl, 0,NC¢H4CH,-CH,CsH4NO,

In the reduction scan, one two-electron reversible wave
independent of scan rate and concentration was again
obtained. The standard potential, E° the peak width, AE,, and
the number of electrons are -1.15 V, 88 mV and 1.6,
respectively.

O,NC,H,CH, — CH,C,H,NO, + 26~ —=—>0,NCH,CH, — CH,C,H,NO,>



As in the previous case, this reaction is consistent with two
successive one-electron transfer reductions

O,NC,H,CH, — CH,C,H,NO, + &  —=-20,NCH,CH, - CH,C,H,NO,
O,NC,H,CH, -CH,C,H,NO, "+e éOZNCBHACHZ ~CH,CH,NO,”

The values of AE,=88 mV and z=1.6 are in agreement with
AE®=E;%-E,°=-63 mV that correspond to Kgiss=0.08.(37,38)
Therefore, in the time scale CV, O;NCgH4CH,-CH,CgHsNOL2
remains stable, except for the disproportionation equilibrium.
After a potential controlled electrolysis of
0,;NCgH4CH,-CH,CeH4NO, at -1.20 V (1.2 F), the initial pale-
yellow solution becomes dark blue. The CV of the blue solution
(dotted line in Figure 1) shows a significant decrease in the peak
corresponding to O;NCgH4CH,-CH2CsH4NO; and the rise of the
peak corresponding to the electroreduction of
0O,;NCgH4CH=CHCgH4NO,. After treatment of the solution as
described above, E-O,NCgH4CH=CHCgH4NO, was obtained with
76% of yield and 15% of unreacted O;NCgH4CH,-CH2CsHaNOs.
O,NCH,CH, ~ CH,C,H,NO, — 212, _ O NC,H,CH = CHC,H,NO,
UV-visible spectroelectrochemical experiments corroborate the
presence of 0,NCgH4CH=CHCgH4NO,% and
0,NCgH4CH=CHCgH4NO,*~ in the electrolyzed solutions of
0,NCgH4CH,-CH,CsH4NO,. After electrolysis of a solution of this
compound at -1.20 V during 45 s, characteristic bands were
observed at 604, 641 and 660 nm, corresponding to products of
electrolysis of O,NCgH;sCH=CHCgH4sNO, (see above).(39) Both
0,NCgH4CH=CHCgH4NO,*~ and dianion,
0,;NCgH4CH=CHCgH4NO,2 evolve to the neutral molecule,
0,;NCgH4CH=CHCgH4NO,, in the working-up of the electrolyzed
solution as described above.

The formation of the 0;NCgHsCH=CHCgH4sNO>?*
0O;NCgH4CH,-CH,CeH4NO22-  during  the  electrolysis  of
0,;NCgH4CH2-CH,C6H4NO, can be explained by loss of a
hydrogen molecule arising from two acidic benzylic hydrogens
from the dianion, as shown Scheme 2.

A similar process of loss of a hydrogen molecule from a
nitrobenzilyc compound was reported for the anion radical of
4-nitrobenzyl cyanide anion radical that evolves to stable
cyano-4-nitrobenzyl anion in a bimolecular process.(40)

from
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Scheme 2.

Further support for the loss of H, was provided by DFT
calculations. The O2NCgH4CH>-CH,CsHsNO,% dianion is stable
being the singlet state the lowest in energy. These calculations
show that the reaction from O;NCgH4CH,-CH,CsHaNO22 to
E-O;NCgH4CH=CHCgH4NO>2" (both in its lowest energy singlet
state) plus H; is almost thermoneutral. Through single bond
rotation around the C-C central bonds two conformers of the
reactants are obtained (Scheme 3). The anti-Ar conformer is the
most stable one with the gauche-Ar form lying 9.8 kcal mol?
above. By simultaneous enlargement of the two C-H distances
of sp3 carbons the approximate transition state can be located.
The calculated energy barriers are quite high 50.4 kcal mol-! for
the anti-Ar and 95.0 kcal mol? for the gauche-Ar. The C-H
distances at the transition state are ~1.7 A (anti-) and ~1.9 A
(gauche-) where the H-H distances are ~1.8 A in both cases.
Given that the reaction coordinate procedure only provides a
crude estimation to the structure of the transition state (more
so in this case when the two C-H distances are artificially
constrained to enlarge simultaneously) this quite high value
must be considered an upper limit to the actual energy barrier
of the process. The solvent effect, another factor not
considered in the theoretical calculations, is also probably
lowering this value. The reaction coordinates allows also the
elucidation of the products after H, elimination. In the anti-
conformer the final product is obtained in the trans- geometry
whereas the gauche- structure leads to the cis-isomer.
Additionally, the two reactions are almost thermoneutral, and
the products are -0.4 and +0.2 kcal mol?! for the anti- and
gauche-, respectively.

Table 1. Voltammetric Peak Widths, AEp=E,—Ep/2; Standard Potential, EC; Electron’s number, z; Disproportionation Equilibrium Constant, Kais, Applied Potential, Eap,
Number of Faraday consumed (F=96500 C mol!) for the compounds in DMF+0.10 M BusNBF4 at glassy carbon electrode (CV) or graphite electrode (Electrolysis).

20°C.

Cyclic Voltammetry




Compound AE,/ mV E°\Vvs. SCE z Kaisp
Z-02NCeHsCH=CHCeHsNO2 53 -0.89 1.8 0.34
E-O2NCeHsCH=CHCsH4NO2 48 -0.91 2.0 0.55
02NCgH4CH2-CH2CeH4NO2 88 -1.15 1.6 0.08

02NCeHsCMeH-CMeHCsH4NO2 89 -1.15 1.6 0.06
02NCeH4CBrH-CBrHCsHsNO2 77 -0.80M! 1.5 -
PhCBrH-CBrHPh 146 - 1.5501 1.7 -
02NCeHsMe 60 -1.18 1.0 -
Electrolysis

Compound Eqp/Vvs. SCE F conversion reactant/%! E-O,NCgH,CH=CHCHsNO,/%
Z-02NCeH4sCH=CHCeH4NO> -1.20 2.0 100 89l
E- OoNCgH4CH=CHCgHiNO> -1.20 2.0 0 704el
02NCgH4CH2-CH2CeH4NO2 -1.20 1.2 85 7614

02NCeHsCMeH-CMeHCsH4NO2 -1.40 1l 0 0
02NCeH4CBrH-CBrHCsHsNO2 -0.85 1l 100 89l
PhCBrH-CBrHPh® -1.90 1l 100 801!
02NCeHsMe -1.20 1.0 37 13

[a] meso-1,2-dibromo-1,2-diphenylethane.

[b] Value of peak potential of first wave at 0.50 V s1.

[c] By CV just after electrolysis and GC-MS analysis after treatment of electrolyzed solution.

[d] Others products are not identified.

[e] Trace amounts of 4.4’-dinitrostilibine and bis(4-nitrophenyl)ethanodione are identified by GC-MS analysis and H-NMR.

[f] Exhaustive

[g] Stilbene (80%) and 1-bromo,1-phenylethane (5%) are identified by GC-MS analysis after treatment of electrolyzed solution.

H H
H )é: Ar Ar-_I_H
Ar"T™H Ar”TH
H H
anti-Ar  gauche-Ar
Ar =02NCGH4
anti- Ar gauche-Ar
Relative energy of reactants /kcal mol? 0.0 9.8
Transition state energyl/kcal mol? 50.4 104.8
Energy of products/kcal mol?! -0.4 10 10.0

[a] for: 02NCeHaCH2-CH2C6HaNO22—>02NCsHsCH=CHCcHaNO2%+H,.
[b] E-O2NCsHaCH=CHCsH4NO2. [c] Z-O2NCeHaCH=CHCsH4NO>.

Scheme 3.

a,a’-Dimethyl-4,4’-dinitrobibenzyl, 0;NCsH,CMeH-CMeHCsH;NO,

The presence of two methyl groups in a-position does not
change the shape of the CV wave. Thus, in the reduction scan,
one two-electron reversible wave, independent of scan rate and
concentration, is obtained. The standard potential, E, the peak
width, AE,, and the number of electrons are -1.15V, 89 mV and
1.6 respectively:

O,NCH,CMeH —~ CMeHC,H,NO, + 26 e=-—>0,NC,H,CMeH - CMeHCH,NO,>

As in the previous cases of O;NCgHsCH=CHC¢H4sNO, and
0,NCgH4CH,-CH,CgH4NO,, this reaction is consistent with two
successive one-electron transfer reductions:

O,NC,H,CMeH — CMeHCH,NO, + &~ —=—20,NC,H,CMeH —~ CMeHCH,NO,
0O,NC,H,CMeH — CMeHCH,NO, "+e” === 0,NC,H,CMeH — CMeHC,H,NO,”

The values of AE, =89 mV and z=1.6 are in agreement with
AEC=E,0-E,9=-64 mV that correspond to Kgisp=0.06.(37,38) That
is, the comproportionation of O;NCsHsCMeH-CMeHCgH4NO,
and 02NCgHsCMeH-CMeHCgH4NO»? overcomes the
disproportionation of O;NCgH,CMeH-CMeHCgH4NO,* .
20,NCH,CMeH - CMeHCH,NO,”

)

O,NC,H,CMeH - CMeHCH,NO, + O,NC,H,CMeH - CMeHC H,NO,>

A CV after a potential controlled exhaustive electrolysis
at -1.40 V, shows that the dianion is stable. Furthermore, when
the solution is quenched with water the reactant is recovered
and identified by GC-MS analysis. In others words, the
corresponding a,a’-dimethyl-4,4’-dinitrostilbene is not formed
in the electrolysis time scale from the dianion
02NCgH4sCMeH-CMeHCgH4NO, %, contrary to what happens with
the related dianion O;NCgH4CH,-CH,CgHaNO,2. This suggests
that the loss of hydrogen from the dianion
0,NCgH4sCMeH-CMeHCgH4NO,2-  is  prevented

by steric



hindrance of the two methyl groups in a-position. Additionally,
a theoretical study is consistent with previous electrochemical
results. Calculations indicated that the
0,NCeH4sCMeH-CMeHCgH4NO,2- dianion is also stable, with the
singlet state being the lowest in energy. (Scheme 4)

H H H
Ar~_ .Me Me._ _H H. _Ar
Ar” T Me Arm T Me Ar” 7 Me
H Ar Me
anti-H anti-Me anti-Ar
AI'=C6H4N02
anti-H anti-Me anti-Ar
Relative energy of reactants /kcal mol* 0 1.1 7.0
Transition state energyl/kcal mol? --[b] 106.1 75.0

[a] Yfor: O,NCgHsCMeH-CMeHCsHaNO,2— O;NCsHsCMe=CMeCgHaNO,2+H,.

[b] The energy continuously rises as the two H-atoms are separated and the H, product
cannot be formed.

Scheme 4.

The most stable conformation of the two central sp3 carbon
atoms has the two hydrogen atoms in anti-position so that
when enlarging the two C-H bonds the formation of the H;
molecule is unlikely. This point has been verified by performing
a reaction coordinate calculation analogous to the one
previously discussed for the parent 4,4’-dinitrobibenzyl dianion,
0O,NCegH4CH>-CH,CsH4NO>2, and in this case a continuous
increase in energy is found as the two hydrogen atoms remain
unbounded along all the calculated points. However, we have
also calculated the gauche conformers (anti-Me and anti-Ar).
These conformers are just 1.1 and 7.0 kcal mol* above the more
stable anti-conformation, respectively, so that the two forms
are predicted to be in thermal equilibrium at normal
temperatures. A new reaction coordinate calculation from anti-
Me and anti-Ar confirms that now the H, molecule can be
formed at the end of the two simultaneous C-H cleavages but,
surprisingly enough, the energy barriers for the process are
quite high, 106.1 and 75.0 kcal mol, respectively. A careful look
at the full picture of the bond breaking reaction coordinate
reveals that in the more overcrowded gauche conformations
the different skeletal motions (involving both the methyl and
the bulk nitrophenyl groups) that facilitate the formation of the
H, molecule are sterically hindered and so the energy barrier is
higher than the value calculated for the 4,4’-dinitrobibenzyl
dianion, OzNC6H4CH2-CH2C5H4N022_.

a,a’-Dibromo-4,4’-dinitrobibenzyl, 0,NCsH4CBrH-CBrHCgH4sNO,

At 0.50 V s, in a reduction scan, two closely spaced two-
electron waves, with the first irreversible and narrow (Ep=- 0.80
V vs. SCE, AE,=77 mV) and the second reversible (E°=-0.90 V vs.
SCE), are observed. Upon raising the scan rate up to 100 V s,

the first wave remains irreversible, and no change was observed
in the second one. Moreover, after the first irreversible wave,
and regardless of the sweep rate used, the CV shows an anodic
irreversible wave at +0.80 V vs. SCE corresponding to oxidation
of bromide anion.(41-43)After an exhaustive electrolysis at -
0.85 V vs. SCE in Ar atmosphere, CV of the solution only shows
the second reversible wave, while the first one has disappeared.
This second wave corresponds to O;NCgH4sCH=CHCgH4NO,, as
consistently demonstrated by GC-MS analysis of the solution
after quenching with water and extraction with toluene. GC
analysis of the previous solution show 100% conversion of the
dibromo derivative, with 89% yield in
E-O;NCgH4CH=CHCcH4NO3:

O,NCH,C(Br)H~ C(BrHC,H,NO, —1o&Vietmsive g _ 0 NC H,CH = CHC,H,NO,

In the same way, the related
meso-1,2-dibromo-1,2-diphenylethane (PhCBrH-CBrHPh)
(Figure 2 and Table 1) shows a similar electrochemical
behaviour, independently of the scan rate used. As expected, it
is more difficult to reduce (i.e. the Ep of the first wave is ca. 650
mV more negative than in the dinitrophenyl derivative),
because of the lack of the electrowithdrawing NO; groups. In a
reduction scan at 0.50 V s, three waves are observed. The first
is irreversible and wide, and corresponds to two-electron
transfer (E,=-1.55 V vs. SCE, AE,=146 mV); the second is a
reversible one-electron wave (E°=-2.20 V vs. SCE) and the third,
is an irreversible and narrow one-electron wave (E,=-2.62 V vs.
SCE, AE,=70 mV). The latter two waves correspond to stilbene
(cis- or trans-) in accordance with literature.(44—47) Moreover,
after the first irreversible wave, and for all sweep rates used,
the CV shows an anodic irreversible wave at +0.80 V vs SCE,
corresponding to oxidation of bromide anion.(41-43)
Furthermore, after exhaustive electrolysis at -1.90 V, the CV
only shows the presence of the characteristic waves of the
stilbene. Again, GC-MS analysis of the solution quenched with
water show the presence of stilbene, as the only product (100%

conversion of the reagent and 80% yield)
PhC(Br)H - C(Br)HPh —-t&v/ehawstive_, phCH = CHPh

i)H,0



meso-1,2-dibromo-1,2-diphenylethane
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Figure 2. CV of PhCBrH-CBrHPh (6.99 mM) before (—) and after exhaustive
electrolysis (-++-) at more negative potentials that of first cathodic peak potential)
and CV of stilbene (5.97 mM) (= - =). In DMF+0.10 M BusNBF4 at glassy carbon
electrode. Scan rate, 0.50 V s'1; temperature, 20 2C; Ar atmosphere.

In summary, both O;NCgH4sCBrH-CBrHCsH4sNO, and related
PhCBrH-CBrHPh show, after the first cathodic reduction
irreversible wave, an anodic one at +0.80 V vs SCE
corresponding to the oxidation of the bromide anion.
Furthermore, after the first cathodic wave, those corresponding
to the presence of O;NCgH4sCH=CHCsH4NO; and stilbene are
observed, respectively. All these results allow us to conclude
that the first reduction waves correspond to the reductive
cleavage of both dibromo compounds,
0;NCgH4CBrH-CBrHCgH4NO, and PhCBrH-CBrHPh, leading to the
corresponding stilbene derivatives and bromide anion.
Furthermore, from the shapes of the first waves, the nitro-
derivative, O,NCgH4CBrH-CBrHCgH4sNO; evolves to the stilbene
derivative through a stepwise mechanism, with k >4 103 s'1,(48)
while PhCBrH-CBrHPh exhibit a concerted reductive cleavage
mechanism, Scheme 5.(49,50)

R =H, NO, R =H,NO,
O Br +26 -2Br Q
R — > R
O O
Br B
r -

Scheme 5.

Additionally, theoretical results are in good agreement with
electrochemical results. It was not possible to optimize the
0,NCgH4CBrH-CBrHCgH4NO,»2 dianion, because it
spontaneously breaks down to produce
4,4’-dinitrostilbene, E-O;NCgH4CH=CHCgH4sNO,,
bromide anions (the alternative breaking down to Br; is found
to be 76.13 kcal mol! higher in energy at the considered level
of calculation).

neutral

and two

4-Nitrotoluene, O,NCsH;Me

In a reduction scan, one-electron reversible wave independent
of scan rate and concentration is observed. Values of E°, the
peak width, AE,, and the number of electrons are -1.18 V, 60
mV and 1.0 respectively, which are in agreement with
previously reported data in the literature.(29-36) In other
words, the anion radical formed in the reduction scan is stable
along CV time scale.

O,NC.H,Me + e ——>O,NC.H,Me

However, when a constant potential electrolysis at potential
more negative than -1.18 V was carried out, the initial
pale-yellow solution evolves to a blue dark solution. When this
solution was analyzed by CV, a decrease in the wave
corresponding to O,NC¢HsMe was observed, concomitant with
an increase in the wave corresponding to
0O,;NCgH4CH=CHCgH4NO,. Moreover, only 0O;NCsHs;Me and
0,;NCgH4CH=CHCcH4NO, were recovered after the work-up of
the electrolyzed solution. Noticeably O;NCgH4CH;,-CH,C¢H4NO>
was not detected in the reaction mixture. The combined CV and
electrolysis results indicate that the chemical reactions coupled
to an electron transfer process are slow. Thus, conversions and
yields were consistently moderate; at -1.20 V (1F), a 13% yield
of O2NC6H4CH=CHC6H4NO?2, at37% conversion of O,NCsHsMe
was achieved, and at-1.70 V (1F) these increase to 22% and 62%
respectively. In both cases, the remaining material was
recovered as O;NCgHsMe:
O,NCH,Me —2120V12F_,F_ O NC.H,CH=CHC.H,NO,

i)H,0

The previous results confirmed by UV-visible
spectroelectrochemistry experiments. After electrolysis at -1.20
V during 90 s of a solution of O;NCgHsMe (10 mM in DMF + 0.1
M BusNBF,), the spectrum shows bands at 604, 641 and 660 nm,
corresponding to electrolysis products, namely of
OzNC5H4CH=CHC5H4N02, OzNCsH4CH=CHCsH4N022' and
OzNC5H4CH=CHC5H4N02°7.(39)

Several authors have shown that the reaction of O,NCsHsMe
with an excess of potassium tert-butoxide renders
0,;NCegH4CH=CHCgH4NO>, via the nitrobenzyl anion.(21-23) A
similar process was repeated here by adding 10 equivalents of
PhLi and iPr,NH in THF to a solution of O,NCgHsMe in DMF. This
forms the nitrobenzyl anion that again evolves to
0,;NCgH4CH=CHCgH4NO,, as shown by CV analysis. This suggests
that in the electrochemical reduction of O,NC¢HsMe, the anion
radical, O,NCgH4sMe*~ formed evolves to the 4-nitrotoluene
benzyl anion, by a H-atom transfer reaction to a neutral
molecule.

were

O,NC,H,CH, "+O,NC,H,CH, T O,NC,H,CH,” +O,NCH,(H)CH;

A similar process was proposed in the evolution of 4-nitrobenzyl
cyanide anion radical to the corresponding anion.(40)



Although the acidic character of O.NCgHsMe is well established,
theoretical calculations reveal that in the anion radical
0;NCgHsMe*~ the process of losing a H-atom is highly endoergic
by 68.1 kcal mol-l. However, when the H-atom is transferred to
a molecule of O;NCg¢HsMe the endoergicity dramatically
decreases to 36.7 kcal moll. As expected, the difference in the
energy between the unimolecular and bimolecular reactions
arises from the stabilization provided by the delocalization of
the unpaired electron on the O2NCgHa(H)CH3® radical. A value of
ca. 36 kcal mol! for the bimolecular reaction is still high, but the
whole process might be allowed if the effect of the surrounding
media that will probably favor the reaction were taken into
account. Furthermore, the process can be driven by the coupled
reactions involving the products formed. Thus, the radical
formed, O2NCgH4(H)CH3*, is oxidized at the working potential to
0O;NCgHsMe and H*,(51,52) while the 4-nitrobenzylanion
dimerizes to form O,;NCgH4CH»-CH,CeHsNO,2. This, as was
previously demonstrated (see above), evolves by the loss of a
hydrogen molecule to O;NCgH4sCH=CHCcH4NO,% (Scheme 6).
This dianion, O>;NCgH4CH=CHCgH4NO,2- reacts with water
producing H; and O,NCgH4sCH=CHCgH4NO; during the work-up
of the solution.

CH2 C.;Hz o)
—= 112+ N O o
- 2O
o)
No- =N
+0 O/+N\O

o

Scheme 6.

Comparative CV behavior

The (&Y of OzNC6H4|V|e and OzNCeH4CH2-CH2CsH4NOz,
OzNCsH4CM€H-CMEHC5H4NOzand OzNCsH4CH=CHCsH4N02 in
DMF shows a fast two electron transfer reduction for all
compounds, except for O,NCgHsMe that shows a one-electron
transfer one. The standard potential, E°, the peak width, AEp,
the number of electrons, z as well as the shape of waves are not
dependent on scan rates or the concentration used. E° values
for all compounds, except for O;,NCgH4,CH=CHCgH4NO,, differ ca.
30 mV. In the case of dinitrostilbene, because the two negative
charges are more easily delocalized between the two
conjugated aromatic rings the E® is 240 mV more positive than
the rest of above mentioned compounds. When comparing the
AE, and z for the bielectronic processes, the expected
correlation was observed to be in good agreement with the
theory. Finally, the Kgis<1 of the anion radicals indicates the
coexistence of the neutral molecule, the anion radical and the
dianion. In summary, the four nitroaromatics show the
expected reduction mechanism and the reduced species,
dianion for the biaryl species or the anion radical anion for
nitrotoluene are stable in the CV time scale.

However, the dianions O;NCgH4CBrH-CBrHCgH4NO,2 and their
analogue without a nitro group, PhCBrH-CBrHPhZ, are
intrinsically unstable. Both evolve through fast C-Br bond

breaking (k>4x103 s1) forming O3NC¢HsCH=CHCgH4NO>,
PhCH=CHPh and two bromide anions, as shown by the
appearance of the waves corresponding to the reduction of
0,NCgH4CH=CHCgH4NO; and PhCH=CHPh and that of oxidation
of the bromide anion.

Comparative electrolysis behavior

The investigated different
electrolytic behaviors. Identical I-E curves before and after
electrolysis were observed for Z-O;NCgHsCH=CHCgHiNO,,
E-OzNC6H4CH:CHC6H4N02, OzNC5H4CBI’H-CBrHC6H4N02, and
02NCeH4sCMeH-CMeHCgH4NO4. However,
03NCgH4CH;,-CH,CeH4NO,; and O2NCgHsMe show dramatically
different I-E curves before and after electrolysis. This is because,
after the electron transfer, a slow chemical reaction takes place
(slower in the case of 4-nitrotoluene). In both cases the
chemical reaction finally evolves to E-4,4’-dinitrostilbene.

With the aim to improve the yields of the synthetic processes,
bulk electrolysis experiments were conducted, both at constant
potential or current. Best results were achieved using
acetonitrile as solvent and a nitrogen flow through the solution
that contains ca. 0.1% of oxygen. In these conditions, pure
E-4,4’-dinitrostilbene precipitates from the solution as a
microcrystalline yellow solid, Scheme 7. Isolated yields range
from 30 to 40% from 4-nitrotoluene and from 45 to 67% in the
case of 4,4’-dinitrobibenzil. In both cases experiments at
constant current provides higher yields, and they are similar to
those measured by GC.

nitroderivatives show two
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Scheme 7.

Experimental
Chemicals

All reagents, ACN, DMF and NBusBF; were of the highest purity
were commercial origin and used as received.
CV and Electrolysis Experiments

Voltammetry and electrolysis experiments were carried out in a
jacketed five neck conical cell at 20 °C. Three of the necks were
used for the working, counter, and reference electrodes, while
the other two necks were used for the argon inlet and outlet.
For cyclic voltammetry experiments a glassy carbon disk with a
1 mm diameter was used as working electrode, with the counter
electrode being a 1 mm diameter Pt disk. The reference
electrode is a saturated calomel electrode (SCE), separated
from the working electrode compartment by a salt bridge with
a ceramic frit.



The number of electrons transferred in an electron transfer step
is calculated as the quotient between the function current
[loc1v1/2] of the electroactive substance and the function
current, [l, ¢! v¥/2], value of fluorenone (number of electrons
transferred=1) in the same experimental conditions (solution
and working electrode), were I, is the peak current for reduction
wave, c is the concentration of solution, and v the scan rate.
Electrolysis were performed at controlled potential (ca. 100 mV
more negative than peak potential) using a carbon graphite rod
as a working electrode (8.0 cm?2 of surface), a Pt rod as a counter
electrode, and a saturated calomel electrode (SCE) as a
reference electrode. The counter electrode and the SCE were
isolated from the working electrode compartment by a salt
bridge, with a glass frit for the counter electrode, and a ceramic
frit for the reference electrode.

After electrolysis in DMF and at constant potential were
complete after the chosen quantity of coulombs was circulated
or electrolysis were exhaustive (i.e. final current was 5% or less
than the initial current), the reaction mixture was extracted, on
air, with water/toluene. The organic layer was dried with
Na,S0, and evaporated yielding a residue that was analyzed by
GC, GC-MS and HI-NMR.

The electrolysis experiments in ACN+0.10 M NBusBF, were
performed at 10 °C in N2:0; (99.9:0.1) atmosphere in solutions
of reagents with concentration >20mM in the same
electrochemical cell and electrodes described. The exhaustive
electrolysis realized at constant potential and current yields a
yellow solid that is separated by filtration from blue solution.
The solid was recrystallized in hot ethanol. Rendering pure
E-O;NCgH4CH=CHCgH4NO, (40% and 67%yield from
4-nitrotoluene and 4.4’dinitrobibenzyl, respectively).

DFT Calculations

The well-known B3LYP hybrid functional has been chosen with
the split-valence 6-31+G(d,p) basis set that includes polarization
functions on all atoms and diffuse sp functions on all atoms
other than hydrogens. Geometries have been fully optimized
and the transition states have been approximately located by
means of a distinguished coordinate calculation that
simultaneously enlarges the two C-H bonds that must be
cleaved. All calculations have been carried out using the
GAUSSIANO9 suite of programs.(53)

Conclusions

the electroreduction of
Z-03;NCeH4CH=CHCgH4NO,, E-O;NCgH4CH=CHCgH4NO,,
OzNC5H4CH2-CH2C6H4N02 and OzNC6H4CMeH-
CMeHCgH4NOzundergo disproportion into the neutral and
dianionic species with equilibrium constants ranging from 0.06
and 0.55. In the time scale of the CV (6<0.5 s), the corresponding
dianions do not evolve by any chemical reaction, except for the
disproportionation. Also, the anion radical 4-nitrotoluene
remains stable in these conditions. However, in time scale of
electrolysis (from minutes to hours), only the dianion
0O,NCeHsCMeH-CMeHCgH4sNO,2- remains stable, since the
reduced species, Z-0,NCgH4CH=CHCgH4NO»?%,
03NCgH4CH,-CH2CeHANO22 or O2NCgHsMe*, evolve totally or in

The anion radicals from

part to the E-O;NCgH4CH=CHCsH4NO>?- dianion. This dianion,
after the work-up with water, is recovered as the neutral
species E-O;NCgH4CH=CHCgH4NO,, with concomitant water
reduction.

In the case of the Z-O,NCgH4CH=CHCgH4sNO>2 anion, the
negative charge diminishes the bond order of the central C=C
bond, allowing the cis- to trans- isomerization.

On the other hand, the O;NCgH4CH,-CH,CcH4sNO>2- dianion
spontaneously releases H, to produce
E-O;NCgH4CH=CHCgH4NO,?%, as demonstrated by combined
electrolysis cv experiments, spectroelectrochemical
experiments and theoretical calculations.

Therefore, in spite of being in electroreductive conditions, the
oxidized species E-O;NCgHsCH=CHCcH4NO, can be obtained
from O;NCgH4CH,-CH,CsH4NO>. A similar situation takes place in
the electroreduction of 4-nitrotoluene, but with a previous
step. The corresponding anion radical, O,NCgHisMe*  is
converted by intermolecular H-transfer reaction into the
benzylic anion O;NCgH4CH3", which dimerizes to O;NCgH4CH»-
CH>CsH4NO,2- that evolves as previously described. Again, in this
case the oxidized E-O;NCgH4,CH=CHCgH4sNO; can be obtained
from 4-nitrotoluene under electroreductive conditions.

Bulk electrolysis in optimized conditions provides 40% and 67%
isolated yield of E-4,4’-dinitrostilbene from 4-nitrotoluene and
4,4’-dinitrobibenzyl respectively.

In summary, this electrochemical study shown to be a powerful
technique to elucidate the mechanism of, at first sight, puzzling
reactions, and furthermore allows obtaining by electrolysis
E-dinitrostilbene from 4-nitrotoluene or 4,4'-dinitrobibenzyl.
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