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New method of metal�induced oxidative phosphorylation of benzene*
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A new approach to phosphorylation of benzene with diethyl phosphite is suggested, which is
based on the electrocatalytic oxidation of a mixture of benzene and diethyl phosphite (1 : 1)
under mild conditions (room temperature, normal pressure) in the presence of bimetallic
catalytic systems MnII/CoIIL (MnSO4/CoCl2dmphen or MnCl2/CoCl2bipy). This method gives
diethyl phenylphosphonate in high yield (up to 90%) and practically 100% conversion of the
phosphite.
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Dialkyl arylphosphonates are important intermediates
in the synthesis of pesticides and biologically active com�
pounds.1—4 There are several traditional methods for the
synthesis of dialkyl arylphosphonates. Among them, phos�
phorylation of aryl halides5—13 is the most frequently used
reaction. There are known separate examples of radical
phosphorylation of aromatic compounds with diethyl
phosphite, for example, naphthalene in the presence of
tert�butyl peroxide,14 a number of arenes in the presence
of oxidants (NH4)2[Ce(NO3)6] (see Ref. 15) or Na2S2O8
and AgNO3,16 MnII/CoII/O2.17 The most successful phos�
phorylation of benzene with Ishii dialkyl phosphite17 has
a number of disadvantages: an elevated temperature of the
reaction and not very high conversion of the substrates to
the monophosphorylation product, which in the case of
benzene is 6% (25 C) and 69% (60 C). Arylphospho�
nates were obtained18,19 in up to 59% yield by electro�
chemical oxidation of trialkyl phosphites in the presence
of benzene or its derivatives at the 5 : 1 ratio of benz�
ene : diethyl phosphite in acetonitrile in the presence of
a supporting salt NaClO4. An electrochemical oxidative
phosphorylation was suggested20 for benzene nitro deriva�
tives with phosphorus(III) compounds, including diethyl
phosphite. However, this approach cannot be used for un�
substituted benzene, since a key step of the process is
a nucleophilic addition of H�phosphonate to the aromatic
ring (SNAr�mechanism), followed by the oxidation of the
�H�adducts. A method for phosphorylation of benzene
derivatives was also elaborated.21

The synthesis of arylphosphonates by a direct phos�
phorylation of a C—H bond in aromatic substrates re�
mains one of the most important approaches, since it meets
the generally accepted criteria of "green chemistry". In
this connection, a search for the catalytic conditions is
especially promising, since there are only few catalytic
phosphorylation reactions of aromatic compounds. Per�
haps, benzene in this regard is one of the most problematic
objects, since its structure lacks factors facilitating a C—H
substitution, i.e., functional group which activate bonds
or direct functionalization. As a rule, if conditions for
phosphorylation of benzene are selected properly, its de�
rivatives give even higher yields of the target products.17—19

Phosphorylation of benzene by the methods described
above does not give high product yields or conversion. We
suggested that phosphorylation of benzene at room tem�
perature in one step would be feasible using advantages of
electrochemical metal complex catalysis.22,23 As the cata�
lytic systems for electrochemical phosphorylation of ben�
zene, we have chosen metal complexes and salts (M) in
the oxidation state II, which can undergo electrochemical
oxidation to MIII: PdCl2bipy (bipy stands for 2,2´�bi�
pyridyl), manganese citrate Mn3(C6H5O7)2, Mn3(C6H5O7)2/
CoCl2dmphen (dmphen stands for 1,10�dimethylphen�
anthroline), MnCl2, MnCl2/CoCl2dmphen, MnCl2/
CoCl2bipy, MnSO4, MnSO4/Ni(BF4)2bipy, MnCl2bipy,
Ni(BF4)2dmphen, and CoCl2dmphen. The process was
conducted with the equimolar benzene : dialkyl phosphite
ratio (1 : 1) at room temperature, which earlier have never
given good yields of arylphosphonate (Scheme 1, Table 1).
The catalytic systems were tested using commercially
available, relatively stable and inexpensive phosphorylting
agent — diethyl phosphite.

* Based on the materials of the XXVI International Chugaev
Conference on Coordination Chemistry (October 6—10, 2014,
Kazan).
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Table 1. Electrochemical phosphorylation of benzene with diethyl phosphite (taken in the ratio 1 : 1) in the presence of
various catalystsa

Catalytic Content of catalyst MeCN : AcOHb Yield of PhP(O)(OEt)2
system (mol.%) (%)

PdCl2bipy 10 1 : 0 —
Mn3(C6H5O7)2 10 1 : 2 10

1 : 1 22
2 : 1 10

Mn3(C6H5O7)2/CoCl2dmphen 10/0.5 1 : 2 —
1 : 1 15
2 : 1 25

MnCl2 1 1 : 2 —
1 : 1 —
2 : 1 30

MnCl2/CoCl2dmphen 10/0.5 1 : 2 10
1 : 1 50
2 : 1 90

MnCl2/CoCl2bipy 10/0.5 2 : 1 90
MnSO4 1 1 : 2 —

1 : 1 —
2 : 1 Traces

MnSO4/CoCl2dmphen 10/0.5 2 : 1 90
MnSO4/Ni(BF4)2bipy 10/10 2 : 1 30
MnCl2bipy 10 1 : 0 35
Ni(BF4)2dmphen 10 1 : 0 15
CoCl2dmphen 0.5 1 : 0 15
MnCl2/CoCl2 10/1 10
— 1 : 0 15

a Conditions: ~20 C, Q = 2 F per 1 mole of diethyl phosphite, galvanostatic mode.
b Acetic acid was added to increase the solubility of manganese salts.

Scheme 1

The concentration of each component of the catalytic
systems was determined with allowance for its solubility
and activity (manganese compounds are poorly soluble
under these conditions, therefore, they were used in the
maximum attainable concentration).

As it follows from Table 1, the most efficient catalytic
systems are MnSO4/CoCl2dmphen and MnCl2/CoCl2bipy.
The phosphorylation virtually does not occur in the
absence of the catalysts. It is important to point out that in
these syntheses a 100% conversion of diethyl phosphite is
reached after passing 2 F of electricity. In contrast to the
results published earlier17 (according to which no phos�
phorylation takes place at all in the absence of Mn(OAc)2),
under our conditions the phosphonate can be also ob�
tained in the presence of a mono�component catalyst (both
MnII and CoII), though in this case the yield of the target
product is considerably lower. It should be noted that the

earlier undescribed pair MnII/MnIII does catalyze the
phosphorylation of benzene under oxidative conditions,
though with not very high yield of diethyl phenylphospho�
nate (30%, see Table 1). Apart from that, a difficult to
separate mixture of phosphorylation products (mono, di,
tri) is obtained in this case.

To find out the factors influencing efficiency of electro�
catalytic phosphorylation, we used a CVA method to de�
termined electrochemical parameters for all the catalyst
complexes (Table 2).

It should be noted that diethyl phosphite and benzene
under the selected conditions do not form oxidation peaks
on the CVA curves. However, their addition to the solu�
tions of catalyst complexes leads to considerable changes
in the CVA curves. For example, the unsaturated complex
CoCl2bipy undergoes a one�electron oxidation at the
peak potential of 1.34 V, whereas after the addition of
HP(O)(OEt)2 to its solution (Fig. 1), the CVA curve ex�
hibits a new quasi�reversible anode peak at a 0.54 V poten�
tial. The further addition of the increasing amounts of
HP(O)(OEt)2 (1 : 1, 1 : 2, 1 : 3, 1 : 6, 1 : 9, 1 : 27) (see Fig. 1)
influences the voltamperogram little. It can be suggested
that the cobalt complex reacts with diethyl phosphite to
form a new complex, which oxidizes at lower potentials.
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ular, emerges a new quasi�reversible anode peak (Ep = 0.5 V),
which changes little as the content of HP(O)(OEt)2 in the
solution increases (Fig. 3).

The oxidation of the system Ni(BF4)2dmphen in the
presence of HP(O)(OEt)2 and benzene (Fig. 4) occurs at
slightly more positive potential (Ep = 0.75 V), the oxida�
tion peak has a complicated shape. Under identical con�
ditions, a higher catalytic current efffect is observed as
compared to cobalt catalysts: the icat/idif value reaches 4.1
at the ratio [Ni(BF4)2dmphen] : [HP(O)(OEt)2] : C6H6 =
= 1 : 6 : 6.

The oxidation voltamperogram of complex MnCl2bipy
in the presence of increasing amounts of HP(O)(OEt)2
(Fig. 5) somewhat differs from those for CoCl2bipy and
Ni(BF4)2dmphen described above. A one�electron oxida�

Fig. 1. CVA curves of complex CoCl2bipy (5•10–4 mol L–1) in
the presence of increasing amounts of HP(O)(OEt)2 with the
ratio CoCl2bipy : HP(O)(OEt)2 = 1 : 0 (1), 1 : 1 (2), 1 : 2 (3),
1 : 3 (4), 1 : 6 (5), 1 : 9 (6), and 1 : 27 (7) in MeCN; Et4NBF4,
reference electrode Ag/AgCl.

Table 2. The values of potentials (EP) and currents (i)
for the first peaks of oxidation of complexes and
salts (C = 0.5 mmol L–1) used for phosphorylation of
benzenea

Complex/metal salt Ep/V i/A

NiBF4dmphen 0.90 68
CoCl2dmphen 1.51 35
CoCl2bipy 1.34 35
MnCl2bipy 1.14 32
MnCl2 1.27 70
MnSO4

b 1.34 19

a Conditions: working electrode glassy carbon, refer�
ence electrode Ag/AgCl, ~20 C, supporting salt
Bu4NBF4, MeCN.
b Paste electrode: carbon (0.0009 g)/But

3PC12H25BF4
(0.0005 g)/MnSO4 (0.0007 g).

Fig. 2. CVA curves of complex CoCl2bipy (5•10–4 mol L–1) in
the presence of increasing amounts of HP(O)(OEt)2 and benz�
ene with the ratio CoCl2bipy : HP(O)(OEt)2 : C6H6 = 1 : 0 : 0 (1),
1 : 1 : 1 (2), 1 : 2 : 2 (3), 1 : 3 : 3 (4), 1 : 4 : 4 (5), 1 : 5 : 5 (6), and
1 : 6 : 6 (7) in MeCN; Et4NBF4, reference electrode Ag/AgCl.
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Upon addition of benzene to a solution of CoCl2bipy con�
taining HP(O)(OEt)2 (Fig. 2), the anode quasi�reversible
peak is slightly shifted, and the oxidation occurs at a 0.70 V
potential. It should be noted that the addition of a mixture
of substrates (HP(O)(OEt)2 and benzene) to the catalyst
CoCl2bipy leads to a catalytic increase in current (see Fig. 2).
Thus, the complex : phosphite : benzene ratio equal to
1 : 6 : 6 gives icat/idif = 2.

Similar changes in the CVA curves are observed in the
case of the catalyst CoCl2dmphen in the presence of the
substrates. In turn, the CVA curves of CoCl2bipy and
CoCl2dmphen upon addition of increasing amounts of
benzene (in the absence of phosphite) remain unchanged.

In the case of Ni(BF4)2dmphen, the changes in the
CVA curves in the presence of HP(O)(OEt)2 are also sim�
ilar to those observed for CoCl2bipy (see Fig. 1), in partic�
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Fig. 3. CVA curves of complex Ni(BF4)2dmphen (5•10–4 mol L–1)
in the presence of increasing amounts of HP(O)(OEt)2 with the
ratio Ni(BF4)2dmphen : HP(O)(OEt)2 = 1 : 0 (1), 1 : 1 (2), 1 : 2 (3),
1 : 3 (4), 1 : 6 (5), 1 : 9 (6), and 1 : 27 (7) in MeCN; Et4NBF4,
reference electrode Ag/AgCl.
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Fig. 4. CVA curves of complex Ni(BF4)2dmphen (5•10–4 mol L–1)
in the presence of increasing amounts of HP(O)(OEt)2 and benz�
ene with the ratio Ni(BF4)2dmphen : HP(O)(OEt)2 : C6H6 =
= 1 : 0 : 0 (1), 1 : 1 : 1 (2), 1 : 2 : 2 (3), 1 : 3 : 3 (4), 1 : 4 : 4 (5),
1 : 5 : 5 (6), and 1 : 6 : 6 (7) in MeCN; Et4NBF4, reference elec�
trode Ag/AgCl.
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Fig. 5. CVA curves of complex MnCl2bipy (5•10–4 mol L–1) in
the presence of increasing amounts of HP(O)(OEt)2 with the
ratio MnCl2bipy : HP(O)(OEt)2 = 1 : 0 (1), 1 : 1, 1 : 2, 1 : 3 (2),
1 : 6 (3), 1 : 24 (4), 1 : 48 (5), 1 : 72 (6), 1 : 96 (7), 1 : 120 (8),
1 : 144 (9), and 1 : 168 (10) in MeCN; Et4NBF4, reference elec�
trode Ag/AgCl.
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Fig. 6. CVA curves of complex MnCl2bipy (5•10–4 mol L–1) in
the presence of HP(O)(OEt)2 (1 : 168) (1), as well as MnCl2bipy
in the presence of HP(O)(OEt)2 and benzene (1 : 168 : 168) (2)
in MeCN; Et4NBF4, reference electrode Ag/AgCl.
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Fig. 7. CVA curves of complex Ni(BF4)2dmphen (5•10–4 mol L–1)
(1), Ni(BF4)2dmphen in the presence of HP(O)(OEt)2 (1 : 6)
(2), Ni(BF4)2dmphen in the presence of HP(O)(OEt)2 and benz�
ene (1 : 6 : 6) (3), as well as Ni(BF4)2dmphen in the presence of
MnCl2bipy, HP(O)(OEt)2 and benzene (1 : 1 : 6 : 6) (4) in
MeCN; Et4NBF4, reference electrode Ag/AgCl.
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Table 3. The increase in current of the first peaks of oxidation of catalytic systems used for
phosphorylation of benzene at ~20 C

System Ratio icat/idif

CoCl2bipy—HP(O)(OEt)2—С6H6 1 : 6 : 6 2.07
CoCl2dmphen—HP(O)(OEt)2—С6H6 1 : 6 : 6 2.97
MnCl2bipy—HP(O)(OEt)2—С6H6 1 : 6 : 6 2.13
Ni(BF4)2dmphen—HP(O)(OEt)2—С6H6 1 : 6 : 6 4.10
CoCl2dmphen—MnCl2bipy—HP(O)(OEt)2—С6H6 0.05 : 1 : 6 : 6 3.17
CoCl2bipy—MnCl2bipy—HP(O)(OEt)2—С6H6 0.05 : 1 : 6 : 6 2.73
Ni(BF4)2dmphen—MnCl2bipy—HP(O)(OEt)2—С6H6 0.05 : 1 : 6 : 6 6.13
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tion of MnCl2bipy is irreversible at a 1.14 V potential.
Upon addition of phosphonate HP(O)(OEt)2 to the solu�
tion of complex MnCl2bipy, a shift of this peak to the less
anodic potentials (0.99 V) is observed, with its slow growth

upon increase in the content of the phosphonate in the
solution to reach icat/idif = 21 at the ratio of 1 : 168. The
large amounts of diethyl phosphite lead to a quasi�revers�
ibility, as in the case of oxidation of CoCl2bipy and other
complexes. However, the addition of benzene to the solu�
tion of a mixture of complex MnCl2bipy and phosphite
does not lead to the increase in the catalytic current effect
(Fig. 6), in contrast to complexes Ni(BF4)2dmphen,
CoCl2dmphen, and CoCl2bipy.

It is probable that the changes in the redox properties
of metal complexes observed in the presence of diethyl
phosphite are due to the strong coordinating properties of
the latter24,25 and the formation of metal phosphonates,
which undergo oxidation at smaller potential than the
starting complexes. Preparative electrolysis does proceed
at potentials corresponding to the oxidation of phospho�
nate complexes. The current increasing of complexes ob�
served upon addition of benzene indicates a rapid regener�
ation of the catalyst active form in such three� and four�
component systems. To compare catalytic efficiencies of
the systems containing cobalt, nickel, and manganese (or
in their absence), we have chosen identical conditions
(Table 3, Figs 7 and 8). The high icat/idif values (see Table 3)
for complex Ni(BF4)2dmphen in both presence and
absence of manganese indicate its higher catalytic activity
in the phosphorylation reaction as compared to other sys�
tems. This explains the formation of polyphosphorylation

Fig. 8. CVA curves of complex CoCl2bipy (5•10–4 mol L–1) (1),
CoCl2bipy in the presence of HP(O)(OEt)2 (1 : 6) (2), CoCl2bipy
in the presence of HP(O)(OEt)2 and benzene (1 : 6 : 6) (3), as
well as CoCl2bipy in the presence of MnCl2bipy, HP(O)(OEt)2
and benzene (1 : 1 : 6 : 6) (4) in MeCN; Et4NBF4, reference elec�
trode Ag/AgCl.
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products of benzene in the process of electrosynthesis with
the nickel complex.

A generalized scheme for the catalytic cycle can be
suggested (Scheme 2).

A catalytic scheme involving a mono�component cata�
lyst simplifies (Scheme 3).

In conclusion, a suggested method for the electrosyn�
thesis of diethyl phenylphosphonate proceeds under mild
conditions (room temperature, normal pressure) and with
1 : 1 ratio of reagents gives the product in high yield (up
to 90%) and 100% conversion in the presence of bimetal�
lic catalytic systems MnSO4/CoCl2dmphen or MnCl2/
CoCl2bipy. The mechanism of the process requires further
studies, but we suppose that the first step of the cycle is
probably the formation of the metal (or metals) phospho�
nate undergoing oxidation at low anodic potentials with
elimination of the phosphonate radical, which reacts with
benzene.

Experimental

Cyclic voltammetry. Cyclic voltamgrams were recorded using
a BASi Epsilon E2P potentiometer (USA). The instrument is
composed of a measurement unit and a DellOptiplex 320 per�
sonal computer with the Epsilon�EC�USB�V200 program. Tetra�
ethylammonium and tetrabutylammonium tetrafluoroborates
were used as supporting electrolytes. A stationary glassy carbon
disk (surface area 6 mm2) served as a working electrode, a refer�
ence electrode was Ag/AgCl (0.01 mol L–1), platinum wire served
as an auxiliary electrode. CVA curves were recorded at the rates
of potential linear sweep of 100 mV s–1. The measurements were

carried out in a thermostated (25 C) electrochemical cell
(1—5 mL) under inert atmosphere (N2).

Before recording CVA curves and between measurements,
the solution was vigorously stirred on a magnetic stirrer under
inert atmosphere, which was passed first through a drying system
and then through a BI�GAScleaner system (Modern Laboratory
Equipment, Novosibirsk) for purification from the trace amounts
of oxygen.

Preparative electrosynthesis. Preparative electrolysis was car�
ried out using a source of direct current B5�49 in a 40�mL three�
electrode cell. The working electrode potential was measured
using a V7�27 DC voltmeter relative to the reference electrode
Ag/AgCl (0.01 mol L–1) in acetonitrile. The surface of the work�
ing platinum U�shaped electrode was 48.00 cm2. A ceramic plate
with 900�nm pores was used as a diaphragm. During preparative
synthesis, the electrolyte was continuously stirred with a mag�
netic stirrer under a constant current of an inert gas, which
was passed through the purification system from oxygen and
other gases.

NMR spectra were recorded on a Bruker Avance�400 multi�
nuclear spectrometer (400.1 (1H) and 162.0 MHz (31Р)) relative
to a reference, the signal of the deuterated solvent (1H NMR) or
phosphoric acid (31Р NMR).

Mass spectrometric studies (ESI�MS analysis) were carried
out on an AmazonX instrument (Bruker Daltonik GmbH, Ger�
many), electrospray ionization. Nitrogen was used as a drying
gas in the source with temperature 220 C. The source potential
was 4.5 kV. Solutions of the samples were diluted with aceto�
nitrile to the concentration of ~10–3 mg mL–1. The samples
were injected using an autosampler of the Agilent 1260 Infinity
liquid chromatograph (Agilent Technologies, USA).

Reagents and objects of studies. Acetonitrile (Acros Organ�
ics, extra purity grade) was used as a solvent in the syntheses,
which before use was thrice distilled, first distillation was carried

Scheme 3

L = bpy, dmphen
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out over potassium permanganate, second distillation over phos�
phorus pentoxide, and third over calcium hydride under argon.

Diethyl phenylphosphonate was obtained according to the
procedure described earlier.26 Benzene was purified by ordinary
distillation over sodium. The purified solvents were stored under
inert atmosphere in Schlenk systems.

Tetraethylammonium tetrafluoroborate was obtained by mix�
ing a 30—35% aqueous solution of tetraethylammonium hydr�
oxide and HBF4 until neutrality shown by indicator. A white
crystalline precipitate was formed in the course of the reaction,
which was filtered and dried. A resulting powdered salt was re�
crystallized from ethanol and dried 2—3 days in a drying oven
in vacuo at 55 C.

Synthesis of metal complexes (general procedure). A corre�
sponding ligand (1.83•10–2 mol in ethanol (30—50 mL) was
slowly added to a solution of metal salt MX2 (1.83•10–2 mol) in
the same solvent (100 mL) with stirring. The reaction mixture
was stirred at constant temperature (25 C) for 3—24 h until
a crystalline precipitate was formed. the precipitate was filtered
under argon and washed with ice�cold ethanol. The complex
was dried in a drying oven in vacuo for 2—3 days at 25—55 C.
Physicochemical characteristics of the synthesized complexes
CoCl2dmphen,27 CoCl2bipy,28 NiBr2dmphen, and NiBr2bipy
(see Ref. 29) agree with the literature data.

Electrocatalytic phosphorylation of benzene (general proce�
dure). Diethyl phosphite (1.2•10–3 mol), benzene (1.2•10–3 mol),
and a metal complex MX2L (0.12•10–3 mol) in MeCN (40 mL)
were placed into a electrochemical cell. Electrolysis was carried
out in an electrochemical cell with divided anode and cathode
compartments at 23 C under dry argon in galvanostatic mode
with 0.7 V potential on working electrode. The amount of passed
electricity was 2 F per 1 mol of phosphite. After the electrolysis
was complete, the reaction mixture was washed with saturated
aqueous ammonium chloride (3×50 mL) and extracted with
chloroform (3×70 mL). After separation, the organic layer was
dried with magnesium sulfate, the solvent was evaporated, the
residue was purified by passing through a chromatographic
column with silica gel (eluent ethyl acetate—hexane). Physico�
chemical and spectral characteristics of the product (di�
ethyl phenylphosphonate) agree with the literature data.30

When Ni(BF4)2dmphen was used as a catalyst, the phosphoryla�
tion products were benzene polyphosphonates isolated as
a mixture: [M + H]+• = 894.22 (C30H60O18P6); [M + H]+• =
= 758.91 (C26H51O15P5); [M + H]+• = 622.74 (C22H42O12P4);
[M + H]+• = 486.60 (C18H33O9P3); [M + H]+• = 350.53
(C14H24O6P2).

This work was financially supported by the Russian
Science Foundation (Grant 14�23�00016).

References

1. G. M. Kosolapoff, L. Maier, Organic Phosphorus Compounds,
Wiley�Interscience, New York, 1972, V. 1—7.

2. D. E. C. Corbridge, in Phosphorus: Chemistry, Biochemistry
and Technology, 6th ed., CRC Press, London, 2013, 1473 pp.

3. S. Swaminathan, K. V. Narayanan, Chem. Rev., 1971,
71, 429.

4. A. K. Bhattacharya, G. Thyagarajan, Chem. Rev., 1981,
81, 415.

5. R. Engel, J. I. Cohen, Synthesis of Carbon—Phosphorus
Bonds, 2nd ed., CRC Press, Lomdon, 2004, 187 pp.

6. P. Tavs, Chem. Ber., 1970, 103, 2428.
7. J. A. Connor, A. C. Jones, J. Chem. Soc., Chem. Commun.,

1980, 137.
8. N. Hall, R. Proce, J. Chem. Soc., Perkin Trans. 1, 1979, 2634.
9. T. Hirao, T. Masunaga, Y. Oshiro, T. Agawa, Synthesis,

1981, 56.
10. T. Hirao, T. Masunaga, N. Yamada, Y. Oshiro, T. Agawa,

Bull. Chem. Soc. Jpn, 1982, 55, 909.
11. S. Battagia, S. Vyle, Tetrahedron Lett., 2003, 44, 861.
12. R. Obrycki, C. E. Griffin, J. Org. Chem., 1968, 33, 632.
13. J. F.Bunnet, X. Creary, J. Org. Chem., 1974, 39, 3612.
14. E. F. Jason, E. K. Fields, J. Org. Chem., 1962, 27, 1402.
15. H. Kottman, J. Skarzewski, F. Effenberger, Synthesis,

1987, 797.
16. F. Effenberger, H. Kottmann, Tetrahedron, 1985, 41, 4171.
17. T. Kagayama, A. Nakano, S. Sakaguchi, Y. Ishii, Org. Lett.,

2006, 8, 407.
18. H. Ohmori, S. Nakai, M. Masui, J. Chem. Soc., Perkin Trans. 1,

1979, 2023.
19. E. V. Nikitin, A. S. Romakhin, O. V. Parakin, G. V. Ro�

manov, Yu. M. Kargin, A. N. Pudovik, Bull. Acad. Sci. USSR,
Div. Chem. Sci. (Engl. Transl.), 1983, 32, 566 [Izv. Akad.
Nauk SSSR, Ser. Khim., 1983, 626].

20. H. Cruz, I. Gallardo, G. Guirado, Eur. J. Org. Chem., 2011,
36, 7378.

21. X. Mao, X. Ma, S. Zhang, H. Hu, C. Zhu, Y. Cheng, Eur. J.
Org. Chem., 2013, 20, 4245.

22. A. Jutand, Chem. Rev., 2008, 108, 2300.
23. Yu. H. Budnikova, Russ. Chem. Rev., 2002, 71, 111.
24. N. P. Burkovskaya, M. E. Nikiforova, M. A. Kiskin, A. S.

Lermontov, A. S. Bogomyakov, V. S. Mironov, I. L. Ere�
menko, Polyhedron, 2011, 30, 2941.

25. X. R. Lan, F. Wu, D. Y. Ji, J. M. Feng, Z. Y. Liu, M. B.
Yang, Acta Polymer. Sinica, 2013, 8, 002.

26. V. V. Kormachev, M. S. Fedoseev, Preparativnaya khimiya
fosfora [Preparative Phosphorus Chemistry], UrORAN, Perm´,
1992, 69 (in Russian).

27. M. J. Hynes, P. F. Brannick, Inorg. Chim. Acta, 1979, 33, 11.
28. G. Muller, J. Sales, J. Vinaixa, J. Org. Chem., 1984, 273, 255.
29. Y. G. Budnikova, D. I. Tazeev, A. G. Kafiyatullina, D. G.

Yakhvarov, V. I. Morozov, N. K. Gusarova, B. A. Trofimov,
O. G. Sinyashin, Russ. Chem. Bull. (Int. Ed.), 2005, 54, 942
[Izv. Akad. Nauk, Ser. Khim., 2005, 919].

30. M. C. Kohler, J. G. Sokol, Jr., R. A. Stockland, Tetrahedron
Lett., 2009, 50, 457.

Received December 15, 2014;
in revised form April 17, 2015


	New method of metal�induced oxidative phosphorylation of benzene
	Abstract
	Experimental
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 25
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /NewStandardA
    /NewStandardA-Bold
    /NewStandardA-BoldItalic
    /NewStandardA-Italic
    /NewtonC
    /NewtonC-Bold
    /NewtonC-BoldItalic
    /NewtonC-Italic
    /PragmaticaC
    /PragmaticaC-Bold
    /PragmaticaC-BoldOblique
    /PragmaticaC-Oblique
    /Symbol
    /symbol
  ]
  /NeverEmbed [ true
    /CourierA
    /CourierA-Bold
    /CourierA-BoldOblique
    /CourierA-Oblique
    /MathFont1
    /Times-Bold
    /Times-BoldItalic
    /TimesET
    /TimesET-Bold
    /TimesET-BoldItalic
    /TimesET-Italic
    /Times-Roman
    /Webdings
    /Wingdings2
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 202
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 202
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 610
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.48689
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.001 840.999]
>> setpagedevice


