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The electrolysis of tertiary phosphines in the presence of aromatic or heteroaromatic compounds made it possible to
carry out the electrochemical synthesis of the respective aryl(heteroaryl)phosphonium salts with good yield. The anodic
oxidation of the esters of phosphorous acids in the presence of aromatic compounds led to the formation of respective

esters of arylphosphonic acid.

INTRODUCTION

The ability of aromatic phosphines and apparently
other phosphorus compounds to be anodically

oxidised,! i.e. to the removal of an electron, and the.

formation of intermediate radical cations is of
interest from various points of view and especially
for the electrochemical synthesis of organophos-
phorus compounds. In the anodic oxidation of
triphenylphosphine in the presence of halogenide
ions we showed? that instead of the expected anodic
substitution reaction with the formation of the
ring-substitution products, by analogy with the
electrochemical oxidation of aromatic amines, the
anodic addition reaction occured at the phos-
phorus atom with the formation of triphenyldi-
halogenphosphorane. Obviously, at the removal of
an electron from a molecule of phosphine the
positive charge becomes localized mainly on the
phosphorus atom. Therefore, it is suggested that the
radical cations have a rather strong electrophilic
ability and it can be expected that the electro-
chemical oxidation of the organophosphorus com-
pounds, in the presence of the suitable substrates,
will lead to the products with the new phosphorus-
carbon bond.

In the present investigation we have studied the
electrochemical oxidation of the tertiary phos-
phines, Ph; P, Bu, P, phosphites, (EtO); P, (BuO), P,

55

and O,O-diethylphenylphosphonite, (EtO),PPh,
in acetonitrile on a platinum electrode with 0.1 M
NaClQ, or 0.02 M NaBF , as supporting electrolyte
in the presence of aromatic (benzene, toluene,
naphthalene)and heteroaromatic (thiophene, furan)
compounds.

EXPERIMENTAL

The methods of voltamperography on stationary and rotating
electrodes were used. The details of the methods have been
described in a previous paper.! The preparative electrolysis was
performed in a divided cell in galvanostatic conditions with a
current density between 1.6 and 3.3 mA/cm?. The working
volume of anolyte was equal to 40 ml. A platinum anode had an
electrode surface of 30 cm?. The area of a platinum cathode was
equal to 5 em®. The potential of the working electrode was
referred to a silver-0.01M silver nitrate electrode in aceto-
nitrile medium. The extraction and the identification of the
products from the reaction mixture were performed by ordinary
ways and methods.

RESULTS AND DISCUSSION

As follows from Table I all the investigated organo-
phosphorus compounds were oxidized on a
platinum electrode in the accessible potential
region, moreover the esters of phosphorous acids are
oxidized less readily as compared to phosphines.
From the data of the cyclic voltamperography and
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TABLE 1

Characteristics of oxidation waves of the organo-
phosphorus compounds in absence or presence

of ArH.
Compound®  E,, V n ArH®
Bu,P 090 0.7 —
0.90 1.0 C,H,S

0.90 10 C,HO

0.90 08  CeH,
Ph,P 0.95 0.7 -

0.95 1.0 C,HS

0.95 09  C,oHs

0.95 10 CHO
(EtO),PPh 1.20 0.66 -

1.22 098  CeHe

1.24 100  C4HsCH,
(EtO);P 1.60 0.66 —

1.60 096  CeHg

1.62 100  C4H,CH,
(BuO),P 1.56 0.66 s

1.60 100  CeHg

1.60 100 C4H,CH,

aC = 5.1073M;

b Concentration of benzene, toluene, naph-
thalene, thiophene and furan are equal to 2-107 1,
21072, 11071, 1-10 %, 1.107*M respectively.

the method of rotating disk electrode with a ring it
follows that the oxidation process is irreversible.
The number of the electrons passing from a mole-
cule to the electrode was estimated by correlation
with the standard (phenothiazine and p-anisyldi-
phenylamine) and amounted to about 0.7 in all
cases. Such a decrease of the limiting oxidation
current of the organophosphorus compounds
could be due to the following chemical and electro-
chemical reactions of the supposed radical cations
with the participation of the initial molecules.
Figure 1 shows the potentiodynamic polariza-
tion curves of the oxidation of triphenylphosphine,
furan and their mixture. The anodic oxidation of
furan proceeds with an appreciable rate at potentials
above 1.5V (E,,, = 1.6 V). Therefore, at the oxida-
tion potentials of Ph;P the anodic oxidation cur-
rent of furan may be neglected. At the same time as
may be seen from Figure 1 the height of the oxida-
tion wave of triphenylphosphine increases ap-
preciably in the presence of furan. Similar results
were obtained for triphenylphosphine in the pre-
sence of thiophene and naphthalene, for tributyl-
phosphine in the presence of thiophene and furan
and also for esters of phosphorous acids in the
presence of benzene and toluene. In all these cases
as well as the case described above aromatic and

{1054
300}
200 3
100 f 2
Ev
; .
0 10 2,0

FIGURE 1 Polarization curves of oxidation at Pt stationary
electrode: (1) triphenylphosphine (C = 5-107*M); (2) furan
(C = 1-1073M): (3) triphenylphosphine (C = 5:107*M) +
furan (C = 1.2:1072M). Scan rate 1.2V m™',

heteroaromatic compounds (HAr) were anodically
oxidized less readily than the investigated organo-
phosphoruscompounds. The increase in the limiting
oxidation current of the organophosphorus com-
pounds in the presence of the less readily oxidized
compounds (HAr) may indicate the interaction of
the primary radical cations with HAr near the
electrode surface. In Figure 2 a typical dependence
of the height of the oxidation wave of phosphine
Ph;P on the concentration of HAr (furan) is given
which clearly shows that as the concentration of
furan is increased, the height of the wave reaches a
limiting value which conforms to the transfer of one
electron on the average. A similar picture was
obtained for the investigated systems (Table I).
The preparative electrolysis of acetonitrile solu-
tions of triphenyl- and tributylphosphine in the
presence of an excess of HAr made it possible to
establish the nature of the products of interaction
between radical cations and HAr. In Table II the
results of some selected preparative electrolysis are

n .
w 7’
£¢, Hy01109Mm
0 s m

FIGURE 2 Dependence of oxidation wave height of tri-
phenylphosphine (in units of number of electrons) on conceritra-
tion of furan [C,H,0]. Concentration of triphenylphosphine is
equal to C = 5-1073M.
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TABLE 11

Results of some selected preparation electrolysis of tertiary phosphines.

R ArH Product

Analysis

found, % caled., % m.p., °C P?, ppm

-
C.H, CH, O [(C Hg),P(C,H;0)]CI04

.
C,H, Ce¢H, [(CaHo)3P(C HL)ICIO,

.
CeHs  CioHg  [(CoHg);P(C,0H)ICIO;

£ .-
CeHs  CHS  [(CoHs)P(C.H;8)BES

+ -
CeHs  C,HS  [(CoHs):P(CsH,S)CI0;

C 52.00 51.95 230 —34
H 8.50 8.45
P 820 8.38
Ci 9.70 9.58
C 57.40 57.24 122 —30
H 8.60 8.48
P 820 8.15
Cl110.08 9.32
C 68.36 68.78 209 -23
H 434 4.50
P 6.11 6.35
C6141 61.14 227 —16
H 4.63 4.17
S 712 7.41
C 59.70 59.38 235 —16
H 4.10 4.05
S 7.22 7.20
P 7.03 6.97

* Phosphorus chemical shifts were measured relative to 859, H;PO, as external standard, the
negative sign indicates the reference resonates to high-frequency of the sample.

given which show that it has been possible to carry
out a synthesis of arylphosphonium cations
R;P®Ar. It has been noticed that during an elec-
trolysis the solution was becoming more acid and
that in the presence of nitrogen bases (pyridine)
the electrolysis made it possible to increase the
yield of a phosphonium salt from 15-20% to
60-70 % by phosphine. Apparently in the formation
of P—Ar bond a proton is cleaved and a part of the
initial phosphine is removed from the area of the
electrode reaction owing to its protonation. The
scheme of electrochemical synthesis of arylphos-
phonium cations neglecting the side reactions may
be represented as the following sequence of steps (1)

R;P —e ———= R,;P*:
R;P*-+ ArH —3— R, PAr + R,;P®H
R;P-Ar —e —— R;P®Ar

2R;P + ArH — 2e  ——— R;P®Ar + R,P®H
(R = CeHs.n — CHg: Ar =
CeHs, CyoH7, C4H30, C,H,8)
(1
It can be supposed that esters of phosphorous
acids which much like tertiary phosphines are

oxidized anodically will give unstable radical
cations as a result of the removal of an electron

from a molecule. One of the probable ways of the
transformation of the primary radical cations can be
an electrophilic attack of a radical cation on a
molecule of the initial ester with the formation of the
corresponding quasi-phosphonium cation and the
products of the following transformation of the

) . N
intermediate free radical /P-O.

/ ./
ROP*'\ + ROP\ R —

RO
\P@/ \P o (2
SNT
R
If the electrophilicity of the intermediate radical

/ AN
cation ROP*-\, the cation/P@O (the product of

N
following oxidation of the free radical /P-O) is

rather strong, their electrophilic attack on an
aromatic ring and the formation of a new P—C,2
bond can be expected.

In Table I the results of preparative oxidation
of the investigated esters in the presence of benzene
and toluene are given which show that in all cases
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TABLE I1I

Results of some selected preparation electrolysis of esters of phosphorus acids.

Analysis

Ester ArH Product found, %,  caled., % b.p., °C n&’ P2, ppm

(EtO),P CeH, (Et0),P(O)CHs P13.65 13.25 37/0.02  1.4870 -7
Torr

(BuO);P CoH, (BuO),P(O)C,H, P11.88 1151 115/0.1 14689  —I8
Torr

(EtO),PPh CeHy (EtO)P(O)Ph, P12.61 12.60 127/0.07 1.5677 -31
Torr

(EtO),P CoH;CH, (EtO),P(O)CH,CH,>  Pl13.43 13.60 92/0.04  1.4942 ~17
Torr

* Phosphorus chemical shifts were measured relative to 859/ H;PO, as external standard, the negative sign indicates

the reference resonates to high-frequency of the sample.

® The mixture of p- and o-tolylphosphonates in the ratio of 2 to 1.

the corresponding esters of the tetracoordinative
phosphorus with a new P—Ar bond were formed.
This means that the process of the electrosynthesis
proceeded in the direction of Arbuzov’s reaction
under the described conditions.

(RO),PR' + ArH —E<9 RO(O)PR'Ar
(R = Et, Bu; R' = OR, Ph: ArH = C,H,, C,H:CH,)
(3)

It should be noted that according to the NMR
data the oxidation of triethylphosphite in the
presence of toluene led to the formation of two
isomers: p- and o-tolylphosphonates as the final
products in the ratio of 2 to 1.
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