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Ultrasonic Effects on Electroorganic Processes. Part 9.
Current Efficiency and Product Selectivity in the Electroreduction of
Alkyl Halides to Alkyl Stannanes at a Reactive Tin Cathode
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The ultrasonic effects on the electroreduction of methyl and allyl halides (RX) to the corresponding stannanes
(R3SnSnR; and R4Sn) at a reactive (consumable) tin cathode were examined. The current efficiency and product selectivity
for the reduction were found to be greatly affected by ultrasonic irradiation. For instance, the selectivity for (CH3)3SnSn-
(CHs3)3 to (CH3)4Sn from CH3I was significantly increased under irradiation. This fact is rationalized as being due to
because the intermediate species [(CH3)3Sn-] formed by the primary one-electron reduction of CHsI are activated for their
coupling by mobilization on/from the cathode surface under irradiation. On the other hand, the ultrasonic effects on the
reduction of CH3Br and C3HsBr seemed to be slightly different from those in the reduction of CH3l.

In recent years, the ultrasonic effects on electrochem-
ical processes have received much attention,’™ since
the processes are typical heterogeneous reactions at solid
(electrode)-liquid (electrolytic solution) interfaces, and
should be greatly affected by the mass transport of the
substrate and by intermediate species to and from the in-
terfaces. The mass transport should be promoted by ul-
trasonic cavitation and/or agitation. However, ultrasonic
waves have not been applied to practical electrochemical
processes, except for electroplating."*—'¥ More recently,
some interesting studies on ultrasonic effects in a variety
of electrochemical fields have been reported as follows:
measurements,>* 4 mass-transport phenomena, 52354142
electron- transfer kinetics,>®*? luminescence, " metal-
powder deposition, 47 gas electrodes,'¢'#*® organic
synthesis, 33641424959 polymerization, 20— sacrifi-
cial anodes,%*"%® and metal oxide-film formation.5®

Controls of the current efficiency and product selectivity
are important in synthetic electrochemistry. Walton et al.»*>
and Fry et al.>> reported some influences of ultrasound on
the product selectivity in the electrooxidation (Kolbe elec-
trolysis) of carboxylates and the electroreductive silylation
of dihalogenoalkanes, respectively. In our previous work,
significant ultrasonic effects on the current efficiency and/or
product selectivity were also found in the reduction of alde-
hydes, ketones, olefins, and carboxylic acids; these effects
could be rationalized experimentally and theoretically as be-
ing due to the promotion of the mass transport of these sub-
strate molecules to the electrode surface from the bulk solu-
tion by ultrasonic waves.? 354142585 For all the above-men-
tioned electroreactions, ordinary (unconsumed) electrodes
were used.

On the other hand, in a previous paper*’ we reported a
unique ultrasonic effect on a copper anode dissolving in car-

boxylic acid solutions as Cu’* to give the corresponding
cupric carboxylates. In the present work a consumable tin
cathode, which reacts stoichiometrically with alkyl halides to
form the corresponding hexaalkyldistannanes and tetraalkyl-
stannanes, as shown in Scheme 1, was used under ultrasonic
irradiation. This was an extensive study dealing with ultra-
sonic effects involving a consumable cathode, following our
preliminary short communication.”” In this reduction, the
ultrasonic effect seems to be mechanistically quite different
from that in the anodic dissolution of copper.

Experimental

An H-type divided cell was equipped with a glass frit diaphragm,
a tin-plate cathode (2x2 cm), a platinum anode, an ultrasonic
stepped horn (Titanium alloy rod; diameter, 6 mm), a stirring mag-
net bar, a balloon, and a thermistor, as shown in Fig. 1. The cell
was cooled by circulating cold water in a thermostated bath. Unless
otherwise stated, the electrolysis was carried out according to the
following procedure. A catholyte (DMF, 30 cm®) containing tetra-
butylammonium perchlorate (0.25 M, 1 M=1 mol dm™3) and alkyl
halide (RX, 0.5 M) was kept at 254-2°C during electrolysis, and
was not mechanically stirred. The electrolysis was carried out gal-
vanostatically at 10 mA cm ™2 by passing 0.1 Fmol ™ (1 F=96480
C) based on RX.

An ultrasonic generator (Power Sonic Model 50, YAMATO) with
a PZT oscillator (20 kHz) and a stepped horn was used for ultrasonic
irradiation during a electrolysis. The ultrasound intensity (power
level) is indicated by the input power to the oscillator in this paper.
The output power from the horn was estimated to be more than
95% of the input power, according to a calibration performed by
the manufacturer. Usually, in this work, 17 W of the input power,
which corresponds to ca. 60 W cm ™2 of the output power, was used,
unless stated otherwise.

The reduction products, such as methyl tin and allyl tin com-
pounds, were analyzed by GC (PEG 6000 column at 60—100 °C)
and HPLC (Ultron S-C18 column, H,O:CH3CN =1:3 v/v), re-
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Scheme 1. Electroreduction of alkyl halides to the corresponding alkyl stannanes at a reactive tin cathode.
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Fig. 1.  Electrolytic cell for the electroreduction of alkyl
halides at a reactive tin cathode under ultrasonic irradia-
tion.

spectively. The current efficiency refers to the organotin products.
Hydrocarbons as minor products were qualitatively analyzed.

Results and Discussion

It is known that the electroreduction of methyl and al-
lyl halides (RX) on a reactive (consumable) tin cathode
gives the corresponding stannanes (R4Sn) and/or distannanes
(R3SnSnR3) via absorbed intermediate species (trialkylstan-
nyl radicals: R3Sn- and R3Sn,,-),”®~" as shown in Scheme 1.
In the present work, this reaction was used as a model for
examining ultrasonic effects in the formation of organotin
products from a consumable tin cathode.

Scheme 1 demonstrates a simplified reaction mechanism
for the reduction of RX to R3SnSnR3 and R4Sn on the tin
cathode. However it is likely that the mechanism is actually
more complicated.”*~"® For instance, a plausible explanation
for Path a (Scheme 1) is that free R3Sn- radicals undergo
coupling whilst diffusing toward the bulk of the electrolytic
solution. Ulery’” and Brown el al.”® describe that the radi-
cals can diffuse on the cathode surface. On the other hand,
a detailed explanation for Path b (Scheme 1) has not been
given so far. In any case, though the entire mechanism
has not been completely verified, it can be stated that rad-
icals mobilized from/on the cathode prefer Path a leading
to R3SnSnR3, while those fixed on the cathode undergo a
second electron-transfer, leading to the formation of R4Sn in

Path b (Scheme 1). Ultrasonic irradiation to the cathode may
help to mobilize them.

Fleishmann et al.”” and Ulery’ reported that only methyl
and allyl halides among a variety of halides gave the corre-
sponding organotin products along with small amounts of the
hydrocabons, while the other halides (ethyl, buthyl, and ben-
zyl) gave only hydrocarbons. In fact, these phenomena could
be reproduced in our preliminary investigation. Therefore,
ultrasonic effects on the reduction of methyl and allyl halides
to the organotin products were purposively examined in this
study. Although the above-mentioned difference between
methyl and allyl halides and the others might be explained
on the basis of C—Sn bond formation on the tin cathode
surface,” " the mechanism has not been clarified.

In the reduction of methyl iodide, the current efficiency
was calculated based on the total amount of the organo-
tin products [(CH3)3SnSn(CH3)3+(CH3)4Sn] formed. Any
weight loss of the tin cathode during the electrolysis was
almost equal to the amount of tin contained in the products,
as shown in Table 1. This suggests that ultrasonic erosion of
the tin cathode was insignificant.

When no current was passed under irradiation, no re-
duction products were formed, and only a negligibly small
amount of weight loss of the tin cathode was observed. This
fact suggests that the reduction of methyl iodide to the cor-
responding organotin compounds requires passage the of a
current, and that ultrasonic erosion does not practically take
place.

Figure 2 shows the efficiency and selectivity for the for-
mation of hexamethyldistannane [(CH3)3SnSn(CH3)3] in the
electroreduction of methyl iodide in DMF under ultrasonic
irradiation at different powers (0—17 W). The efficiency
decreased along with an increase in the power. This ultra-
sonic effect is contrary to that observed previously in the
electroreductive dimerization of a variety of organic com-
pounds at ordinary (unconsumable) cathodes.**=%*%59 The
increase in the efficiency at ordinary cathodes under irradia-

Table 1. Amount of Tin in Organotin Products and Weight
Loss of Tin Cathode in the Reduction of Methyl Iodide
(1.0M)

Ultrasonic Amount of tin in Weight loss of
power/W organotin products/mg tin cathode/mg
0 55 58
6 55 58
17 51 53
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Fig. 2. Current efficiency and product selectivity

[(CH3)3SnSn(CH3)3/(CH3)4Sn] in the electroreduction of
methyl iodide (1.0 M) under ultrasonic irradiation with var-
ious powers (0—17 W).

tion was rationalized as being due to a significant promotion
of the mass transport of the reactant molecules to the elec-
trode surface from the bulk solution by ultrasonic agitation.
Hydrocarbons (CH4 and C;Hg) derived from the reduction
of CH31 were detected in the DMF catholyte by GC-MS. On
the other hand, the reductive decomposition of the supporting
salt (BusNClOy4) to BusN was suppressed under irradiation.
Yeager et al.'® reported that the formation of gaseous prod-
ucts is promoted by ultrasounds. Hence, the formation of
hydrocarbons might be more preferably promoted than that
of the organotin products under irradiation. This is plau-
sible explanation for the decrease in the efficiency for the
organotin products with an increase in the ultrasonic power.

On the other hand, the selectivity was increased along
with an increase in the ultrasonic power, as shown in Fig. 2.
This ultrasonic effect is analogous to that observed in the
reduction of carbonyl compounds at an unconsumed lead
cathode.*>">79 The reduction gives the corresponding hydro-
dimeric (HD) and hydromonomeric (HM) products, which
correspond to (CH3);SnSn(CHj); and (CHj3)4Sn, respec-
tively, in the reduction of methyl iodide at the consumable tin
cathode. The selectivity (HD/HM) is increased under ultra-
sonic irradiation, and the increase is rationalized as being due
to the promotion of a coupling reaction (Path a’ in Scheme 2)

of surface radical intermediate species (RR’ éOH), leading
to the formation of HD. The radical species undergo cou-
pling after diffusing into the bulk solution from the elec-

R\ R\.
C=0+¢ +H* ——» | 5, /C—OH
R/ Pb cathode [R/C

Intermediate species
on an electrode surface

Scheme 2. Electroreduction of carbonyl compounds to the corresponding alcoholic compounds at a non-reactive lead cathode.
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trode surface. The mass transfer is promoted by ultrasound,
and, consequently, the selectivity for HD is increased along
with an increase in the ultrasonic power.*** Along the same
line of thinking, the promotion of the formation (Path a in
Scheme 1) of (CH3)3SnSn(CH3);z at the tin cathode under
irradiation may be rationalized. In addition to the diffusion
of R3Sn- radicals from the cathode toward the bulk solution,
as described above, it is considered that the radicals dif-
fused on the cathode surface (Scheme 1) quite differently

from RR'COH radicals on the unconsumed lead cathode
(Scheme 2)."Y Consequently, the R3Sn- radicals were ac-
tivated for coupling in Path a by mobilization from/on the tin
cathode surface under irradiation.

The current efficiency and selectivity obtained with me-
chanical stirring by a small magnet bar without irradiation
were between those at 0 W and 17 W of ultrasonic power
without stirring.

As shown in Fig. 3, over a wide range of concentrations
(0—1.0 M) of methyl iodide the efficiency and selectivity
under irradiaiton were lower and higher, respectively, than
those without irradiation. These facts can be simply ex-
plained as the promotion of mass-transport effects by ultra-
sound. The increases in efficiency and selectivity along with
an increase in the concentration were also observed without
irradiation. Hence, the increase is not uniquely associated
with the irradiation.

The efficiency and selectivity in a current-density range of
5 to 50 mA cm~2 under irradiation were lower and higher,

¥
g
60 06 §
Ultrasonic power OW %
8
R 1w =
3 50 104
2 t a
2 wh
i3 <
=
E 40 402 &
8] oE
L ow g
30 -—0 —O L . 0o £
0 02 04 06 08 1 12 z
Concentration / M
Fig. 3. Current efficiency and product selectivity

[(CH3)3SnSn(CH3)3/(CH3)4Sn] in the electroreduction of
methyl iodide in various concentrations (0.2—1.0 M).
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respectively, than those without the irradiation, as shown in
Fig. 4. Furthermore, the dependence of efficiency upon the
irradiation depended upon the current density. It is noted that
these ultrasonic effects at the consumable tin cathode were
considerably different from those observed in the reduction
of carbonyl compounds at unconsumed cathodes,”’® as in-
dicated related to Fig. 2 and Scheme 2.

The efficiency and selectivity under irradiation were lower
and higher, respectively, than those without irradiation over
the temperature range of —10 to +25 °C, as shown in Fig. 5.
Thus, it is clear that both the efficiency and selectivity in-
crease with temperature. We have reported that the efficiency
and selectivity for HD (See Scheme 2) in the reduction of
carbonyl compounds at an unconsumed cathode without ul-
trasonic irradiation increase with increasing temperature.””
Hence, the increase in the efficiency and selectivity at the tin
cathode either with or without irradiation may be rational-
ized as being due to an increase in the diffusion coefficients
along with temperature elevation.
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Fig. 4. Current efficiency and product selectivity

[(CH3)3SnSn(CH3)3/(CH3)4Sn] in the electroreduction
of methyl iodide at various current densities (5—50

mA cm™2).
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Fig. 5. Current efficiency and product selectivity

[(CH3)3SnSn(CHj3)3/(CH3)4Sn] in the electroreduction of
methyl iodide at various temperatures (—10—+25°C).

Ultrasonic Effect at Reactive Tin Cathode

The reduction of methyl bromide was carried out at 0 °C
because of its low boiling point (4.5 °C). In a DMF solu-
tion, ultrasonic effects on the reduction of methyl bromide
were similar to those in the reduction of the iodide. On the
other hand, in a 0.25 M (C;Hs)4NBr/CH3;CN+H,0 (7:1
vol ratio) solution, the reduction gave results quite different
from those in a DMF solution. The selectivity [(CH3)3SnSn-
(CHs3)3/(CH3)4Sn] was 0.76 without irradiation, while no
distannane was formed under irradiation. Furthermore, a
considerable amount of white precipitate was formed under
irradiation. From an elemental analysis, a chemical formula
of Cy6H7.15n; 003, for the precipitate was obtained. Al-
though the molecular structure has not been determined, the
precipitate seems to consist of mixtures of stannyl compound
complexes having two and three methyl groups per tin atom.

A halogen exchange reaction of methyl iodide with
bromine easily took place in a 0.25 M (C,Hs)4NBr/CH3CN+
H,O (7:1) solution. Therefore, the reduction of methyl io-
dide could not be examined in this solution.

The reduction of allyl bromide at a tin cathode in DMF
and CH3CN +H,O solutions gave only the corresponding
tetraallylstannane [(C3Hs)4Sn] without hexaallyldistannane
[(C3Hs)3SnSn(C3Hs)3].7® Figure 6 shows current efficiency
for (C3Hs)4Sn formed at different current densities. Al-
though the electrolysis at a current density as high as 100
mA cm~2 in DMF could not be performed with and without
ultrasonic irradiation because of the high cell voltage, due to
high electric resistance, it was clearly shown regarding both
solutions that along with an increase in the current density
the efficiency under irradiation increased, while it decreased
without irradiation. The former fact is important from a syn-
thetic aspect for (C3Hs)3Sny, since it is indicated that a high
efficiency can be obtained at a high reaction rate (current den-
sity) by irradiation. White precipitates were also formed in a
CH3;CN+H,O0 solution under irradiation, as in the reduction
of methyl bromide. Elemental analysis of the precipitates
indicated a chemical formula of C; ¢H1;7Sn10005. Based
on this data, the precipitates seem to consist of mixtures of
stannyl compound complexes with one or two allyl groups
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Fig. 6. Current efficiency for (C3Hs)4Sn in the electrore-

duction of allyl bromide at various current densities (5—
100 mAcm™2) in 0.25 M Bu;NCIO4#/DMF and 1.5 M
(C2Hs)4NBr/CH3CN+H,0 (7: 1 vol ratio).
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[Cs.6H12.7Sn1.000.5/(C3Hs)4Sn] in the electroreduction of al-
lyl bromide at various current densities (10—100 mA cm™2)
ina 1.5 M (C2Hs)sNBr/CH3;CN+H;0 (7: 1 vol ratio).

per tin atom.

Figure 7 shows the total current efficiency [C3 ¢Hi2.751; o-
Ops5 + (C3H5)4Sn] and selectivity [C3.6Hi2.7Sn; 00g 5/
(C3Hs5)4Sn] at various current densities with and without
ultrasonic irradiation. The selectivity with irradiation is
always higher than that without irradiation, and decreases
with increasing current density, as does the selectivity of
(CH3)3SnSn(CHj3)3/(CH3)4Sn in the reduction of methyl io-
dide (Fig. 4). However, it is noted that the efficiencies with
and without irradiation depend on the current density in a
manner quite different from that in the reduction of methyl
iodide.

Conclusions

Significant ultrasonic effects on the current efficiency and
product selectivity were found in the electroreduction of
methyl and allyl halides to the corresponding organic di
stannanes and monostannanes at consumable tin cathodes.
The effects seem to be quite different from those generally
observed in reactions at unconsumed elctrodes.
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