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Electrochemical hydrogenation of citrai
4.* Roie of the acid component in electrochemical hydrogenation
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The effect of the nature and concentration of the acid compaonent on the yield and ratio
ot the products of electrocatalytic hydrogenation of citral was studied. The use of weak
organic acids (e.g.. AcOH) in amounts that are stoichiometric for hydrogenation of conju-
gated double bonds was shown to be advantageous.
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The electrocatalytic hyvdrogenation (ECH) of an un-
saturated compound presumes that a potential source of
nydrogen, i.e., an acid component, is present in the
solution. Like other compounds containing a system of
conjugated C=C and C=0 bonds, citral, a model com-
pound that we have used in studies of electrocatalytic
hydrogenation,’=3 can undergo chemical transforma-
tions such as vinyl polymerization, condensation, as well
as 1,2-, 1,3-, and 1,4-addition of H,0 and HC], in the
presence of acids and bases.4

The choice of acids that can be used for electro-
catalytic hydrogenation is quite limited due to the labil-
ity of the organic substrate; in addition, the nature and
concentration of the acid component can considerably
affect the pathway and result of electrocatalytic hydro-
genation,

The present communication considers this problem
in detail.

Experimental

The experimental techniques and procedures for electroly-
sis and quantitative analysis of the products have been reported
elsewhere.?

Polarographic studies were carried out on a PU-1
polarograph using the three-electrode scheme of cell connec-
tion (mercury dropping electrode (m = 1.94 mg-s~™!. ¢t = 0.3
s}, bottom mercury, saturated calomel electrode as the refer-
ence).

Electrolysis of citral in the presence of acids was carried
out on a copper cathode that had been previously annealed in
the flame of a glass-blowing burner and treated with dilute
HNO; (1 : 10). A saturated calomel electrode was used as the
reference, and 40 % aqueous DMF was used as solvent. Tt was
established by GLC and !'H NMR spectroscopy that in all
experiments, the ratio of the vields of nerol and geraniol

-

* For Communication 3 sce Ref. 1.

corresponded to the ratio of their concentrations in the starting
citral.

Resuits and Discussion

Polagrographic studies showed that citral gives one
one-electron wave with £, = —1.91 Vin DMF if 0.1
M tetrabutylammonium iodide (TBAI) is used as the
supporting electrolyte. The addition of water gives rise
to the appearance of two one-electron waves; the £y
value of the first wave is shifted in the positive direction.
In 40 % DMF, £',; = —1.52 Vaand £}, = —2.08 V
(Fig. 1, curve /).

A change in the content of water in an organic
solvent changes the diffusion coefficient of a depolar-
izer, its adsorption on an electrode, and the acid-base
properties of the medium, erc.5 In the case considered.
an increase in water content may lead to an increase in
the solvation energy of the depolarizer, and thus the
addition of an electron to form a radical anion occurs at
a more positive potential. When AcOH is added to this
solution in a less than equimolar amount, £/, of the
first wave is additionally shifted by 70 mV to positive
potentials (Fig. 1, curve 2), and the limiting current j;,
of the wave does not change although its slope increases.
In this case, the i, of the second wave, its slope, and
E,;; remain practically unchanged. ft is noteworthy that
the discharge wave of protons from AcOH is absent. and
that a small wave (£,, = —1.7 V) appears only in the
case when more than an equimolar amount of the acid is
used.

It is known® that carbonyl compounds form associ-
ates with organic acids in aprotic media. Effects ex-
plained by the formation of similar associates have also
been observed in an aqueous medium.” The data ob-
tained by us make it possible to assume the formation of
such associates between citral and acetic acid. The
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Fig. 1. Polarograms of citral (C = 6.6 10™% mol- L") in DMF
(40%) with 0.1 M TBAI as supporting electrolyte in the absence
(H and in the presence of AcOH (2), HCl (3), H,C,04 (9,
H3BO; (5). C/mol- L7 3,3 1074 (2—4); 6.6- 1074 (5).

absence of a hydrogen discharge wave when the amount
of AcOH is less than equimolar implies rather strong
complexation of the acid with citral. Since both the first
and second waves practically do not change, one may
assume that protonation of the radical anion does not
occur. With a twofold excess of AcOH, the second wave
disappears (the £, of the first wave remains unchanged);
this may indicate dimerization of the radical anions (or
their associates with AcOH) that are formed during the
ficst wave in the bulk of the solution.

Another picture is observed in the presence of HCl
in 40% DMF containing citral. When only half of an
equimolar amount of HCI is added, one wave with
£y, = —1.05 V (Fig. 1, curve 3) and a hydrogen dis-
charge wave with £, = —1.45 V can be seen. In the
case of completely dissociated HCI. preceding protona-
tion of citrai (shift of E,,; to the positive region) appar-
ently takes place, which should inevitably cause succes-
sive chemical transformations of the free radical par-
ticles in the butk of the solution.

The polarograms of citral solutions in anhydrous
DMF in the presence of HCl and AcOH are also
different. The addition of an equimolar amount of AcOH
results only in a shift of the one-electron wave of citral
by ~100 mV to the positive region, whereas only a wave
whose potential coincides with that of hvdrogen ion
discharge is observed upon the addition of the same
amount of HCI.

At first glance, a picture similar to that described for
the addition of HCI to citral solution in 40 % DMF

(Fig. 1, curve 4) is observed in the presence of oxalic
acid. However, the height of the hydrogen evolution
wave (£, = —1.51 V) is noticeably lower in the pres-
ence of citral than in its absence. The ambiguous effect
of oxalic acid may result from the presence in its mol-
ecule of two carboxyl groups whose dissociation con-
stants differ by three orders of magnitude. When a small
amount of oxalic acid is added, dissociation of one
carboxy! group probably occurs in solution, resulting in
preceding protonation of citral and its resinification.
The monoanions of oxalic acid that form are bound in
associates with citral, similarly to other organic acids,
leading to a decrease in the height of the hydrogen
discharge wave.

When an equimolar amount of H;BO; is added, the
polarographic curve of citral in 40% DMF changes
insignificantly: £, of the first wave shifts 40 mV to the
positive region and iy, of the second wave (£), =
—2.15 V) increases by a value that approximately corre-
sponds to the height of the hydrogen evolution wave for
H;BO; (Fig. 1, curve 5).

Thus, the polarographic data considered above indi-
cate that citral interacts in diverse ways with the acid
components of the medium both in the near-electrode
layer and in the bulk of the solution.

Although ECH occurs on the electrode surface be-
tween an adsorbed molecule of an organic substrate and
adsorbed hydrogen evolved during an electrochemical
reaction, ECH must inevitably reflect the preceding
chemical reactions of citral in the bulk of the solution.
Taking into account the cheviical features of our object
and the polarographic data, the weak organic acid AcOH
seems to be the most suitable for ECH.

Unlike on a mercury cathode, hydrogen discharge
from AcOH on an annealed copper cathode? occurs at
E = —l1to—1.2V, ie, the potential is more positive
than that of direct reduction of citral, which allows one
to carry out ECH. The potential of maximum adsorp-
tion of organic compounds on a copper cathode in an
aqueous medium is approximately —1.1 V (with respect
to a saturated calomel clectrode),? that is, the adsorp-
tion of aliphatic compounds is high within the —0.9 V to
—1.4 V interval.

Earlier? we showed that the main products of ECH
of citral on an annealed copper cathode in the presence
of AcOH are alcchols. such as citroneilo! (1) and the
isomeric compounds nerof and geraniol.

We carried out a series of electrolyses in the presence
of different amounts of AcOH under optimal condi-
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Fig. 2. Plot of the ratio of the alcohols 1/2 vs. acetic acid
concentration at ECH of citral in 40 % aqueous DMF solu-
tion on an annealed copper cathode (the total vield of alcohols
1 and 2 was 70—90 % within the whole range on the acid
concentration).

tions® (40% DMF). The total yield of the products
appeared to be rather high (75—90 %) in a wide range
of AcOH concentrations (up to a 20-fold excess with
respect to citral). Figure 2 shows the change in the
process selectivity as a function of the amount of AcOH
in solution.

Under these conditions, the evolution of hydrogen
occurs even in the absence of an acid but at a somewhat
more negative potential (—=1.5 to —1.6 V). The total
vield of the products is also high in this case (~90 %),
although the ratio of the alcohels (1/2) is close to one.
On a non-annealed copper cathode? in the absence of
AcOH, direct reduction of citral mainly occurs at £ =
—1.8 to —1.9 V, whereas the addition of AcOH results
in a decrease in the ECH potential to —1 to ~1.2 V and
an increase in the selectivity of the process. The maxi-
mum selectivity is reached when the amount of acid
stoichiometrically necessary for complete hydrogenation
of the system of conjugated bonds C=C—C=0 is present
(CACOH/Ccixr = 4/1)*

AcOH is a depoiarizer, i.e., a source of hydrogen for
hydrogenation in the ECH process. On the other hand,
it follows from the polarographic data that AcOH takes
part in the formation of stable associates with citral. It is
quite probable that adsorption of these associates, which
are simultaneously a source of hydrogen, on the copper
electrode surface leads to an increase in the selectivity of
hydrogenation (owing to the proximity of reaction cen-
ters). However, increasing the AcOH concentration re-
sults in a gradual decrease in the selectivity of ECH (see
Fig. 2), which may be due to the displacement of citral
from the electrode surface by adsorbing AcOH mol-
ecules.!! With a large excess of AcOH, blocking of the
electrode surface becomes possible, decreasing both the
alcohol yields and the selectivity of the process.? (With
the ratio Cacon/Ceiir = 40/1, the total yield of the
alcohols is 53%, while the ratio of alcohols 1/2 is 0.68.)

We carried out ECH in the presence of other organic
acids, namely, formic and propionic acids, using the
optimal ratio of the acid and citral concentrations (4/1)
(Table 1, entries 2 and 3).

Table 1. Total yield and ratio of the products of electrochemi-
cal hydrogenation of citral on an annealed copper cathode
{c = 0.024 mol- L™} 40% aqueous DMF as the solvent)

Entry  Acid E/N  C/ Yieldd  af
1+2(%) 1/2 (%)

I HCOOH ~0.8+—0.9 4 86.0 43 —

2 CHjCH,COOH  —1.0+—1.1 4 845 30 —

3 HCl —-0.6-+—0.7 4 342 03 124

4 HCH ~0.6+~-0.7 10 285 0t 12

6 HOQC—~COOH -0.7+-1.0 4 450 03 64

7 HOOC—~COOH  —0.7+—1.0 2 332 04 32

2 C'is acid concentration, ¢ is citral concentration.
b1 is citronellol, 2 is'a mixture of nerol and geraniol.
© 50 % aqueous DMF.

4 o is the unreacted original compound.

Although the yield of the products and the selectivity
of the process are rather high with all three organic
acids, one can see the tendency of these parameters to
decrease as the size of the organic acid molecule in-
creases, which may be due to an increase in its adsorp-
tion.

According to the results of polarographic studies, one
would hardly expect the efficiency of the ECH of citral
in the presence of HCl to be high. The process is indeed
accompanied by significant resinification, the yield of
alcohols 1 and 2 is low (Table 1, entries 3 and 4), and a
noticeable amount of the original citral remains
unreacted, although the amount of electricity passed (Q)
is almost twice as high as that required theoretically for
the complete hydrogenation of the conjugated system
(Qexp~ 0.2 A-h; Qg = 0.128 A-h). Evolution of
hydrogen occurs in-this case at a more positive potential
than in the presence of AcOH.

Similar results were also obtained in the presence of
oxalic acid (Table 1, entries 6 and 7). However, accord-
ing to the data of a GLC analysis of the reaction mixture
at high column temperatures, significant amounts of side
products were formed along with alcohols 1 and 2.

We tried to isolate and identify some of these prod-
ucts. Separation on a Si0O, column (gradient elution
from hexane to ether) afforded, along with alcohols 1
and 2, three more fractions with smaller Ry (0.17, 0.15,
and 0.07, GLC, ether : hexane = 1 : 1). Each of the
fractions appeared to be a complex mixture of isomers.
The total amount of the fractions isolated was 25 % of
that of the initial citral taken into the. reaction. The
chromatographic behavior and the mass spectra of the
fractions indicate the dimeric character of the products
formed. Although molecular ion peaks corresponding to
dimers were not recorded, signals with m/z 183 and 205
were present. It should be noted that the molecular mass
of citral is 152 and the cleavage of the C—C bond near
the oxygen atom, which is rnost typical of the dimeric



462 Russ. Chem. Bull., Vol. 46, No. 3, March, 1997

Korotayeva et ai.

molecule, results in elimination of an ton with m/z (23.
In addition, all of the spectra contain groups of peaks
with m/z 154, 155, and 1537 in different ratios, and all
signals typical of fragmentation of alcohols 1 and 2 are
simultancously present in the region with m/z <154.

The IR spectra of all three fractions show a broad
intense band at 3330 cm™! corresponding to O—H
stretching vibrations and also a moderately intense band
of the carbonyl group near 1720 cm™!. The spectrum
contains also a medium-intensity band at 1660 cm™!
typical of substituted olefins.

The characteristic feature of the 'H NMR spectra of
the isolated fractions is the presence of a signal of the
proton at the double bond with the OH-group in the
f}-position (5.4 ppm): the signals at 5.1 ppm corre-
sponding to the proton of the terminal double bond are
insignificant.

These data allow one to conclude that the side
products of ECH are dimers in which the monomeric
fragments with different degrees of hydrogenation are
linked "head-to-tail”, i.e., with the participation of the
isolated double bond. It should be noted that the elec-
trochemical reduction of geranial!l on a mercury cath-
ode In an aqueous-alcoholic acetate buffer (pH = 3)
afforded two dimers in 60% yield, a hydroxytetra-
hydrofuran derivative and a glycol, i.e., both "head-to-
head" isomers. However, in the case of ECH, although
such isomers can also be present in the reaction mixture,
"head-to-head"” type dimerization is evidently not the
principal direction.

Earlier we showed that ECH of citral on a copper
cathode in the presence of AcOH does not affect the
isolated double bond.2-3 In the presence of strong acids.
however, the transition of the first electron occurs at a
potential close to that of hydrogen discharge due to the
preceding protonation of citral. Since the potential on
the copper cathode in this case is more positive than the
potential of maximum adsorption of the organic com-
pound, the radical is able to leave the cathode surface
and react with the original citral in the bulk of the
solution, /.e., dimerization can occur. In this case, the
isolated double bond may appear to be more available
for attack by the radical. Such dimerization cannot be
sefective, /ie., stereo- and structural isomers must be
formed. In addition, the process can be accompanied by
cvclization, migration of double bonds, efc. Another
reason for the existence of large amounts of isomers is
the use of a mixture of neral and geranial as the initial
reagent. The formation of only trace amounts of dimers
in the presence of a stronger acid (HC!) can probably be
explained by resinification of citral in the solution dur-
ing the electrolysis. Another possible pathway of the
transformation of the radicals is their subsequent reduc-
tion (transter of the second electron) on the cathode
surface to give an unsaturated alcohol. The direct reduc-

tion of citral takes place in parallel to ECH in the
presence of strong acids. This is probably the reason for
the preferential formation of alcohol 2.

The ECH of citral proceeds worse in the presence of
boric acid (Table 1, entry 5) than in the presence of
organic acids; the total yield of alcohols and the selec-
tivity are substantially lower than with AcOH. A weak
acid that does not dissociate under these conditions may
be adsorbed on to the electrode surface, thus preventing
the effective adsorption of citral.

It should be stressed that in any case changes in the
nature of the acid play a more important role than
changes in acid concentration. In fact, for strong acids,
changing their concentration from the stoichiometri-
cally necessary amount to larger values (for HCi, see
Table 1, entries 3 and 4) or to smailer values (H,C;0;,
Table |, entries 6 and 7) has practically no effect on the
vield and ratio of the products. [n the case of weak
organic acids, the vield of the products and the selectiv-
ity of the process remain high for a wide range of acid
concentrations.

Thus, the nature of the acid plays a decisive role in
the ECH. In general, the use of weak organic acids
(AcOH) in amounts corresponding to stoichiometric for
hydrogenation of conjugated double bonds is advanta-
geous.
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