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It is demonstrated that the reduction of mixtures of two benzaldehydes in acidic
water-methanol in a membrane flow cell with a lead cathode can lead to a
mixture of diols including the unsymmetrical diol, e.g. 4-F-C,H,~CH(OH )
CH(OH)-C.H;. In the conditions employed. the ratio of the three diol products
follows the statistical distribution expected for the coupling of two different
radical intermediates produced in the same ratio as the concentrations of their
precursors. The yield and current efficiency for the diols are excellent when the
pH and potential are selected so that a le” reduction of both benzaldehydes
occurs. The yield of unsymmetrical dimer based on one reactant can be increased
substantially by using the other carbonyl compound as a sacrificial reagent.

It has long been recognised that the cathodic reduction
of benzaldehydes leads to hydrobenzoin and/or benzyl
alcohol via le” and 2e~ reactions, respectively.!™ In a
previous paper? the reduction of benzaldehyde was
investigated in acidic methanol-water, and it was con-
firmed that the mechanism of the reduction at a Pb
electrode in a flow cell was very similar to that at a
dropping mercury electrode.>¢ It appears that the hydro-
benzoin is formed by radical-radical coupling and it was
shown that the yield of radical intermediates were highest
at low negative potentials where only le™ reduction
occurs. It has also been reported that, in acidic solutions,
substituted benzaldehydes also undergo reduction in two
le” steps and that the reduction potential for the first
step is insensitive to the substituent.!®

In this paper, the parallel cathodic reduction of two
benzaldehydes is investigated with a view to the synthesis
of unsymmetrical diols. If the diols are, indeed, formed
by the coupling of two radicals, it is to be expected that
a mixture of three diols will be formed, the two symmet-
rical and one unsymmetrical compounds (Scheme 1).
Moreover, if the radicals are generated at an equal rate,
the ratio of these products will be 1:1:2. In electrosynth-
esis, the best known example of radical-radical coupling
is the Kolbe reaction. The mixed Kolbe reaction

RICOO™ +R2COO™ —2e"
—R!R!+R!-R2+R%R?
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has been used to synthesise several large molecules.”®
Moreover, it has been shown that the yield of R'-R?
based on R*COO~, can be increased beyond 50% by
carrying out the electrolysis in the presence of an excess
of RICOO™.

Experimental

The cells and the instrumentation as well as most of the
experimental procedures were described in Part I of
this series.*



Chemicals. The reactants and several products were
obtained from Aldrich, Fluka or Lancaster Chemicals.
They were used as received although their purity was
checked by HPLC or GC.

Product identification and quantification. In general, the
diols from the reduction of substituted benzaldehydes
and the unsymmetrical diols were not commercially
available. These products were therefore extracted and
identified by proton and carbon NMR. The catholyte
was neutralised with Na, CO; and evaporated in vaccuum
to a small volume (about 100 cm?) in order to eliminate
any trace of methanol. Water (x~250cm®) was then
added to dissolve all the inorganic salt and the solution
was extracted with ether (3 x 50 cm®). The organic phase
was washed with saturated solution of NaCl, dried over
MgSO, and the ether, aldehydes and alcohols removed
by evaporation in vaccuum. The diols were separated on
a flash silica column (Rhone Poulenc, Sorbsil, C60/H
40-60 Mesh) with 50/50 hexane/ether.

Products from other electrolyses were identified and
quantified by comparison of the HPLC retention times
and peak areas with those of standard samples. The diols
were always formed as a mixture of two isomers, and
the pair of peaks for the threo and erythro isomers of
the unsymmetrical diol always occurred between the
pairs of peaks for the meso- and DL-isomers of the two
symmetrical diols. For the unsymmetrical diols, their
response factors were assumed to be the mean of the
response factors for the two symmetrical diols.

Results and discussion

The reduction of substituted benzaldehydes and aceto-
phenones. Figure 1 reports voltammograms for the reduc-
tion of 4-fluorobenzaldehyde (~10 mM) at a rotating
lead disc electrode in methanol-water mixtures with three
different pH values. At low pH, two reduction waves of
equal height are readily identified and the limiting cur-
rents for both waves increase with the square root of
rotation rate. The reductions are therefore mass transfer
controlled in the plateau regions. With increasing pH,
the first reduction wave shifts more negative by ~75 mV
per pH unit and the two waves merge into a single
reduction wave but with the same overall limiting current
density. In all respects, the voltammograms are very
similar to those reported at a rotating lead electrode for
benzaldehyde in Part I of this series, and it is clear that
reduction again occurs in two le~ steps.

Voltammetry was carried out at the rotating lead disc
for a series of benzaldehydes and two acetophenones
using methanol water at pH 3. All gave responses with
two waves of equal height, and data taken from these
current potential curves are reported in Table 1. Most
experiments were carried out with 20% methanol/80%
water, although for two aldehydes it was essential to
increase the methanol content to avoid distortion of the
voltammograms; this distortion was thought to arise
from deposition of an insoluble product on the cathode
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Fig. 1. Voltammograms for the reduction of 4-fluoro-
benzaldehyde in water-methanol media as a function of pH
and rotation rate of the Pb disc electrode. Rotation rates:
(a) 400, (b) 900, (c) 1600 and (d) 2500 r.p.m. The solutions
were: pH 5.0, 4-fluorobenzaldehyde (10 mM) in 50/50 water-
methanol containing  citrate buffer (0.2 M) +LiCl
(1 M)+NaOH. pH 2.3, 4-fluorobenzaldehyde (10 mM) in
80/20 water-methanol containing citrate buffer (0.2 M)+ LiCl
(1 M) +HCI. pH 1.5, 4-fluorobenzaldehyde (8.6 mM) in 50/50
water-methanol containing Li; SO, (0.5 M) +H,S0,.

surface. It can be seen from the table that the aceto-
phenones are slightly more difficult to reduce than the
benzaldehydes, but the half-wave potentials for both the
benzaldehydes and acetophenones are only slightly sensit-
ive to the nature of the substituent. For example, for all
the benzaldehydes studied, E;, varies by <100 mV. It
can be seen that the first reduction wave is steep, and
E,s—E;, is close to the value for a reversible electron-
transfer process and hence, for all compounds studied,
eqns. (1)—(5) in Part I appear to describe the reduction
mechanism satisfactorily.

Voltammograms were also recorded for 4-fluoro-
benzaldehyde and 4-methoxybenzaldehyde in the FMO1
cell with 10 cm? lead cathode using a catholyte with
pH 3. For both aldehydes the voltammograms are very
similar to those at the rotating disc electrode; two waves
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Table 1. Data from the voltammograms for the reduction of benzaldehydes and acetophenones (~ 10 mM) at a rotating Pb
disc electrode in 20% methanol/80% water containing LiCl (1 M) and citrate buffer (0.2 M) at pH 3. Rotation rate 900 r.p.m.?

First reduction wave

Second reduction wave

—Eyj2 vs. SCE/V Eqjs— Ezy/mV —Eq;p vs. SCE/V Eqjs—Ess/mV ji?/mA cm ™2
Benzaldehyde 1.08 70 1.26 90 6.0
4-Fluorobenzaldehyde 1.09 70 1.30 90 5.5
4-Methylbenzaldehyde® 1.10 70 1.30 90 5.9
4-tert-Butylbenzaldehyde® 1.11 80 1.41 90 6.3
4-Methoxybenzaldehyde 1.15 60 1.40 80 5.2
Acetophenone 1.18 50 1.42 80 47
4-Methylacephenone 1.21 50 1.55 80 4.5

aj, is the limiting current density for the sum of the two reduction waves. °50/50 MeOH/H,0. °80/20 MeOH/H,0 with

decreased salt concentration.

of equal height are observed with, for example, E,,=
—1.08V and —1.30V for 4-fluorobenzaldehyde. The
limiting currents show a strong catholyte flow rate
dependence confirming that the reductions are mass
transport controlled.

Controlled potential reduction of the substituted benzal-
dehydes and acetophenones in the FMOI flow cell. A series
of electrolyses were carried out in the FMOI flow cell
with the objective of confirming that the diol could be
formed in good yield. Hence, electrolyses employed a
potential in the first wave of the voltammograms reported
above and, in general, a low pH was preferred.* The
results are reported in Table 2, where it can be seen that,
for all four carbonyl compounds studied, the yield and
current efficiency for the product diol exceeded 70%.
Some alcohol is, however, almost always also isolated,
and if the electrolyses are carried out at a potential in
the plateau of the second wave, the alcohol can be
isolated with yields and current efficiencies >80%. For
the 4-fluorobenzaldehyde, it was further confirmed that
the coupling shows no stereoselectivity: the DL/meso ratio
estimated by NMR was 48/52.

The cross-coupling of two carbonyl compounds to unsym-
metrical diols. The voltammograms for benzaldehyde and
4-fluorobenzaldehyde are very similar, see Table 1, and
hence these aldehydes were selected for the preliminary
experiments. Moreover, voltammograms for a solutions
containing both benzaldehyde (5 mM ) and 4-fluorobenz-
aldehyde (5 mM) at both the rotating Pb disc electrode
and in the flow cell were effectively identical to the
responses for either aldehyde alone (10 mM).

A series of preparative scale electrolyses were carried
out in the flow cell for solutions where the total aldehyde
concentration was 10 mM, but the ratio benzaldehyde/
4-fluorobenzaldehyde was varied. At potentials in the
plateau of the second wave, the only products were
the two benzyl alcohols, and ratio of benzyl alcohol/
4-fluorobenzyl alcohol only reflects the ratio of aldehydes
in the initial solution. The results from electrolyses at a
potential close to the plateaux of the first waves are
reported in Table 3. It is clear that, for all ratios of
benzaldehyde/4-fluorobenzaldehyde, the diols are the
major products and the ratio of total diols to total
alcohols is almost constant. Both threo and erythro
isomers of the unsymmetrical diol are always observed

Table 2. The influence of pH and cathode potential on the products from the reduction of benzaldehyde at several pH. FMO01
cell with 10 cm? Pb cathode and turbulence promoter. Initial benzaldehyde concentration ~7-10 mM. Room temperature.
Mean linear electrolyte flow rate 9.9 cm s~ . Electrolyte compositions: pH 1.5, Li,SO, (0.5 M}+H,S0, in 20/80 MeOH-H,0

and pH 3.0, Li citrate (0.2 M) +LiCl (1 M) in 10/90 MeOH-H,O0.

Product distribution? after 0.6 F (%) Current efficiency (%)

m pH E/V vs. SCE  ji_o/mAcm~2 | ] 1]l 1} 1}
Benzaldehyde 1.5 -1.00 2.0 49 3 39 9 64
—1.05 2.4 45 8 31 28 56

3 —1.15 3.0 60 8 15 28 27

4-Fluorobenzaldehyde 1.5 —-1.10 2.1 47 7 44 23 74
3 -1.15 35 45 8 38 26 63

4-Methoxybenzaldehyde 1.5 —1.15 25 49 1 42 5 70
Acetophenone 1.5 —1.10 1.4 41 0 36 0 72

?Based on 4-X-C¢H4COR present initially. I, 4-X-C¢gH4COR; ll, 4-X-CgH,CHROH; Ill, 4-X-CgH4CR(OH)CR(OH)-4-X-CgH,4 (R=

H or CHz, X=H, F or OCH,3).
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Table 3. Reduction of mixtures of benzaldehyde and 4-fluorobenzaldehyde in 50% methanol/50% water containing Li, SO,
(0.5 M) and adjusted to pH 1.5 with H,SO, in the FMO01 flow cell with 10 cm? Pb cathode.?

Current efficiency (%)

Product distribution® after 0.6 F (%)

Yields of fluorinated
products® (%)

Ratio

la/lb b || zi la Ib Hla llb llla 1[4 Hib lilb b 1154
85/15 10 64 37 7 3 0 26 9 4 0 45 55
52/48 10 67 26 24 2 2 13 18 9 6 39 38
11/89 18 67 6 43 0 5 2 6 33 12 73 6

2Cathode potential —1.10 V vs. SCE. Total initial aldehyde concentration ~ 10 mM. Room temperature. Mean linear electrolyte

flow rate 9.9cms™'.

bBased on 4-X-CgH,CHO present initially. I, 4-X-CgH,CHO; N, 4-X-CgH,CH,OH; lll, 4-

X—-CgHa CH(OH)CH(OH)-4-X-CgHy, a: X =H, b: X=F. III%, 4-F~C4H,CH(OH)CH(OH)CgHs.

in equal amounts, but their maximum total concentration
is obtained when the initial concentration of the two
reactants are equal.

If the le™ reduction of benzaldehydes leads to free
radical intermediates, the relative concentrations of the
radicals are the same as their precursors and the radical-
radical coupling reactions are diffusion controlled, it is
possible to calculate the ratio of the three diols formed
in the electrolyses using an equation based on a standard
statistical argument.® Table 4 compares the calculated
and experimental ratios, and it can be seen that the
agreement is compelling. In view of the similarity of the
current—potential curves for benzaldehyde and 4-fluoro-
benzaldehyde, it is reasonable to postulate that the rate
of conversion of reactant to intermediate will be very
similar for the two compounds. Hence, this comparison
provides good evidence that the diols are formed by the
coupling of free radical intermediates. Indeed, it is per-
haps the clearest evidence yet for free radical inter-
mediates in the reduction of benzaldehydes in acidic
solvent-water mixtures.

When the synthesis of a large organic molecule involves
coupling of one ‘expensive’ and one ‘cheap’ substrate, it
is common to quote yields based on the more expensive
reagent and even to treat the cheaper substrate as a
sacrificial reagent, i.e. consume an excess of the cheaper
substrate in order to maximise the yield of the desired
product based on the more expensive substrate. The
yields of fluorinated products from the electrolyses of
mixtures of benzaldehyde and 4-fluorobenzaldehyde were
therefore recast into yields based on the consumption of
4-fluorobenzaldehyde (considered to be the more expens-
ive substrate), and these data are also reported in Table 3.

It evident that the yield of the desired unsymmetrical
dimer, based on the consumption of 4-fluoro-
benzaldehyde, can be enhanced by the presence of a
large excess of benzaldehyde, although this is wasteful
of both benzaldehyde and electrical energy because the
current efficiency becomes lower.

A further series of electrolyses at —1.10 V vs. SCE
and a pH of 1.5 used a constant concentration of 4-
fluorobenzaldehyde (5 mM ) and a variable concentration
of benzaldehyde (1-20 mM). All the above conclusions
were confirmed. The total yield of diols was always high
while the ratio of three diols, Illa, III? and IIIb, agreed
well with those calculated statistically making the same
assumptions as above. In the electrolysis with 20 mM
benzaldehyde, the yield of the unsymmetrical diol, 4-
fluorohydrobenzoin was 57% based on the consumption
of 4-fluorobenzaldehyde.

The mixed coupling of (a) 4-fluorobenzaldehyde and
4-methoxybenzaldehyde and (b) benzaldehyde and ace-
tophenone were also investigated and the results are
reported in Tables 5 and 6. In the conditions selected,
the total current efficiencies as well as the overall yield
of diols from both reactions are good. Moreover, for all
electrolyses, the ratio of the three diols can be calculated
assuming that the relative concentrations of the radicals
are the same as their precursors, and the radical-radical
coupling reactions are controlled only by statistics. With
equal concentrations of the two reactants, the yield of
the unsymmetrical dimer is ca. 20%. The yield based on
one carbonyl can be increased at the cost of ineff-
icient use of the other carbonyl compound as well as
electrical energy.

Table 4. Comparison of the experimental ratio of diols to the ratios calculated assuming that the 1e~ reduction of
benzaldehydes leads to free radical intermediates, the relative concentrations of the radicals is the same as their precursors
and the radical-radical coupling reactions are controlled only by statistics. For electrolysis conditions and definition of symbols,

see Table 3.

Experimental ratio of diols Calculated ratio of diols
Ratio
la/lb IHa ne b llla ne b
85/15 0.67 0.23 0.09 0.73 0.25 0.02
52/48 0.32 0.45 0.23 0.27 0.50 0.23
11/89 0.04 0.13 0.83 0.01 0.20 0.79
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Table 5. Reduction of mixtures of 4-methoxybenzaldehyde and 4-fluorobenzaldehyde in 50% methanol/50% water containing
Li,SO,4 (0.5 M) and adjusted to pH 1.5 with H,SO, in the FM01 flow cell with 10 cm? Pb cathode.?

Current efficiency (%) Product distribution® after 0.6 F (%)

Ratio

Ib/lc i P 1] b Ic b lic lilb g llic
18/82 3 69 12 37 <1 <1 0 8 34
50/50 2 65 20 24 1 0 7 21 1

89/11 0 84 28 6 0 0 40 10 1

“Cathode potential —1.15 V vs. SCE. Total initial aldehyde concentration =10 mM. Room temperature. Mean linear electrolyte

flow rate 9.9cms”

1. PBased on 4-X-CgH,CHO present initially. 1, 4-X-CgH,CHO; 1l, 4-X-CgH,CH,OH; 1, 4-

X-CgH4CH(OH)CH(OH)-4-X-CgH,4. b: X=F, c: X=0CH3. lll§, 4-F-C¢H,CH(OH)CH(OH)-4-CH3;0CgH,.

Table 6. Reduction of mixtures of benzaldehyde and acetophenone in 50% methanol/50% water containing Li,SO, (0.5 M)
and adjusted to pH 1.5 with H,SO, in the FMO01 flow cell with 10 cm? Pb cathode.?

Initial concentrations Current efficiency (%)

Product distribution® after 0.6 F (%)

[lal/mM [idl/mM ZH ZI la Ib lla lid llla e lid
3 9.5 <1 80 1 32 0 0 2 19 27

11 9.5 2 72 26 17 0 <1 12 22 10

35 9.5 2 99 15 7 0 <1 39 18 3

aCathode potential —1.10 V vs. SCE. Total initial aldehyde concentration =10 mM. Room temperature. Mean linear electrolyte
flow rate 9.9 cm s~ '. ®Based on C4HsCOR present initially. I, CgHsCOR; I, CgHgCH(OH)R; Hll, CgHsCR(OH)CR(OH)-CgHs. a:

R=H, b: R=CHj. I}, C¢HsCH(OH)C(CH3) (OH)CgHs.

Conclusions

The data from the electrolysis of mixtures of two car-
bonyl compounds provide compelling evidence that the
reduction of such molecules in aqueous acidic media
occurs via free radical intermediates. With appropriate
selection of the cathode potential (and also pH), it is
possible to obtain good current efficiencies for the forma-
tion of the le™ products, the diols. With a mixtures of
two carbonyl compounds, three diols are always
observed, and in all experiments reported here their ratio
can be calculated by simple statistics from the relative
concentrations of the two reactants. Hence, the yield of
unsymmetrical diol, of potential interest in synthesis, is
only ca. 20% when the two carbonyl compounds are
present in equal concentration. The yield based on one
carbonyl compound can be increased by using the other
as a sacrificial reagent. The statistical calculations assume
that the relative concentration of radicals is the same as
the carbonyl compounds in the catholyte. This will be
the case if the voltammograms for the two carbonyl
compounds are similar or the potential is selected so that
the reduction of both carbonyl compounds are mass
transport controlled. If, however, the two carbonyl com-
pounds have significantly different current/potential
responses, it should be possible to vary the ratio of diols
by selecting a potential where the two radicals are
produced at significantly different rates. For example, if
the potential is chosen in the foot of the reduction wave
for the more difficult to reduce carbonyl compound, then
the selectivity will be different from that described here.
Again, this should allow a significant increase in the
yield of mixed diol based on the more difficult to reduce
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aldehyde. The other aldehyde would, however, still be a
sacrificial reagent.
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