898 BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, voL. 46, 898—901 (1973)

[Vol. 46, No. 3

Oxidation of Diphosphine Dioxides, Disulfides and Phosphinothioite
and Photolysis of Diphosphine Disulfides. Formation of
Phosphinic and Phosphinothioic Anhydrides

Tateki EMoto, Renji Okazaki, and Naoki INaMoTO
Department of Chemisiry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113
(Received July 1, 1972)

Oxidation of tetraphenyldiphosphine dioxide with an equimolar amount of peroxybenzoic acid (III) gave
diphenylphosphinic anhydride in a good yield. Similarly, diphosphine disulfides (II) with 1.5—2.0 mol times
of III, gave the corresponding phosphinothioic anhydrides (V), together with the corresponding phosphinic acid

and sulfur.

II gave V in air in refluxing xylene or o-dichlorobenzene.

The yields of V increased with reaction

temperature and with reaction time, indicating a homolytic fission of the P(S)-P(S) bond. Reaction of tetra-
phenyldiphosphine disulfide with sulfur in refluxing o-dichlorobenzene gave bis(diphenylphosphinothioyl) sulfide.
Photolysis of II with a low pressure mercury lamp gave phosphinic acid and sulfur under oxygen, and gave phos-

phine sulfide and O-methyl phosphinothioate in methanol.
disulfide and diphenylphosphinic acid with silver nitrate.

Diphosphine dioxides (I) and disulfides (II) undergo
heterolytic cleavage of the P-P bond with various
reagents.)) Phosphinic anhydrides are considered to
be the intermediate in the oxidation of diphosphines®
and the corresponding disulfides (II),3-% with oxidizing
reagents such as hydrogen peroxide and mercuric oxide
to the corresponding phosphinic acids.

It has been reported that II inserts ethylene mole-
cules between their phosphorus atoms.® In the course
of unsuccessful attempts to insert heterocumulenes into
the P(S)-P(S) bond of II, it was found that phos-
phinothioic anhydrides were always obtained in small
yields in refluxing benzene or xylene in air.

We thus carried out oxidation of I and II with
peroxybenzoic acid, anticipating the formation of the
corresponding anhydrides through Baeyer-Villiger type
reaction”? and the air oxidation of II. This paper
describes the results, photolysis of IT and also oxidation
of phenyl diphenylphosphinothioite with silver nitrate.

Results and Discussion

Oxidation of Diphosphine Dioxide (1) and Disulfides (1I)
with Peroxybenzoic Acid (III). Tetraphenyldiphos-
phine dioxide (Ia) was chosen as a sample of diphos-
phine dioxide, since tetraalkyldiphosphine dioxides are
scarcely known.

When Ia was allowed to react with an equimolar
amount of peroxybenzoic acid (III) in dichloromethane
for 40 min at room temperature, diphenylphosphinic
anhydride (IVa) was obtained in 839, yield.

Longer reaction time or use of excess amounts of I1I
gave mainly diphenylphosphinic acid. The low yields
of IVa may be attributed to decomposition of IVa by
benzoic acid produced during the reaction or by excess
of III. Anhydride (IVa) could not be purified by

1) A. H. Cowley, Chem. Rev., 65, 617 (1965).

2) W. Kuchen and H. Buchwald, Chem. Ber., 91, 2871 (1958).

3) W. Kuchen and H. Buchwald, Angew. Chem., 71, 162 (1959).

4) L. Maier, ibid., 71, 575 (1959).

5) L. Maier, Chem. Ber., 94, 3051 (1961).

6) G.W. Parshall, J. Inorg. Nucl. Chem., 14,291 (1960).

7) For preliminary report see: N. Inamoto, T. Emoto, and R.
Okazaki, Chem. Ind. (London), 1969, 832,

Phenyl diphenylphosphinothioite gave diphenyl

column chromatography or by recrystallization, because
of easy hydrolysis with moisture.

R,P(=X)-P(=X)R, + PhCO,H ——

I, X=0 III
I, X=8
R,P(=X)-O-P(=X)R, + PhCO,H
IV, X=0
V, X=$

a, R=Ph; b, R=Et

A similar oxidation of diphosphine disulfides (II)
gave phosphinothioic anhydrides (V). Typical results
are listed in Table 1.

V was obtained in poor yield with an equimolar
amount of III, but in fairly good yield with 1.5—2.0
mol times of III. Phosphinic acid and sulfur were
always produced in small yields, indicating that the
oxygen atom insertion into the P(S)-P(S) bond com-
petes with the oxidative desulfurization of the P=S
groups. Therefore, use of the above 3 mol times of
IIT gave no V but the corresponding phosphinic aicd
and sulfur.

In order to clarify the oxidative desulfurization of the
P=S group, triphenylphosphine sulfide was oxidized
with III as a model compound under similar condi-
tions. The reaction products were triphenylphosphine
oxide and sulfur. It is known that triphenylphosphine
sulfide is oxidized to the corresponding oxide with
various oxidizing reagents.®

Recently the oxidation of diethyl aroylphosphonates
with III has been reported to produce aroyl diethyl
phosphates.? The present reactions are also explained
by the Baeyer-Villiger type reaction.

However, the structures VI and VII may be con-
sidered to be the actual structures of so-called “di-
phosphine dioxides and disulfides”, respectively.

R,P(0)-OPR, R,P(S)-SPR,
VI VII
Both samples of Ia prepared by air oxidation of

tetraphenyldiphosphine® and by air oxidation of di-
phenylphosphinous chloride in the presence of f-amine

8) L. Maier, Helv. Chim. Acta, 49, 1258 (1966).
9) M. Sprecher and E. Nativ, Teirahedron Leit., 1968, 4405,



March, 1973}

Oxidation of Diphosphine Dioxides, Disulfides and Phosphinothioite

899

TaBLE 1. OXIDATION OF DIPHOSPHINE DISULFIDES (II) wiTH PEROXYBENZOIC ACID (III) IN DICHLOROMETHANE
- Temp. Time TI1/11 Mol %

G (hr) (mol/mel) g p©),0 R,P(O)OH S

18—35 2 1.2 13 22 11

Ia R=Fh { ca. 2 2 2.0 54 4 3
ca. 7 24 3.8 0 58 46

IIb R=Et { ca. —50 5 1.5 37 25 33
18—31* 14 2.0 40 17 21

a) In benzene.

and water,'® and those of IIa or IIb prepared by
sulfurization of diphosphines? and reaction of ethyl-
magnesium bromide with diphenylphosphinothioyl chlo-
ride!®) or phosphorus thioxychloride,'® were quite the
same as each other with respect to melting point, IR
spectrum, and reactivity toward III. Uncertainty as
to structure was thus eliminated.

Air Oxidation of Diphosphine Disulfides (II). When
diphosphine disulfides (II) were refluxed in toluene,
xylene or o-dichlorobenzene in the air for a longer
time, phosphinothioic anhydrides (V) were obtained
but not under nitrogen. Typical data are summarized
in Table 2.

TaBLE 2. PHOSPHINOTHIOIC ANHYDRIDES (V) FROM
DIPHOSPHINE DISULFIDES (IT)

Temp. Time A%

II R Solvent ((,Cf (hn) )
PhH 80 24 8

IIa Ph {PhMc 110 64 45
Xylene 140 72 98

PhH 80 29 0

IIb Et {Xylcne 140 93 12
0-CLLG,H, 180 33 35

IIc nBu 0-CLCH, 180 42 48

We see that both higher temperature and longer
reaction time favor the formation of V. No V was
formed in benzene at room temperature after a longer
period even under oxygen stream. These observations
suggest the homolytic cleavage of the P(S)-P(S) bond
in II.

4 . O,
R.P(S)-P(S)Ry — 2R,P=S —— R,P(S)-O-P(S)R,
1I A%

a, R=Ph; b, R=Et; ¢, R=n-Bu

IIa reacts at lower temperature because of the for-
mation of more stable Ph,P(S)- radical.

In the cases of aliphatic diphosphine disulfides, espe-
cially IIc, the formation of unidentified decomposition
products was observed by tlc.

Thus, ethylene insertion reaction of II® is considered
to proceed through homolysis of the P(S)-P(S) bond
followed by the addition of R,P(S)+ radicals to ethylene,
since the reaction is carried out at 275°C for 48 hr.

Similarly the reaction of IIa with sulfur gave bis-

10) L. D. Quin and H. G. Anderson, J. Org. Chem., 31, 1206
(1966).

11) N. K. Patel and H. J. Harwood, ibid., 32,2999 (1967).

12) H. Niebergall and B, Langenfeld, Chem. Ber., 95, 64 (1962).

(diphenylphosphinothioyl) sulfide (VIII) in refluxing
o-dichlorobenzene under nitrogen.

. Se
Ph,P(S)-P(S)Ph, — > 2Ph,P=S — Ph,P(S)-S-P(S)Ph,
a VIII

Photolysis of Diphosphine Disulfides (II). It has
been reported that tetraphenyldiphosphine undergoes
homolysis on irradiation of light or on heating at
above 180°C,13:1% but there is no report on the homoly-
tic fission of II, except for the above results.

In the photolysis of II, evidences for the homolytic
fission of the P(S)-P(S) bond were also obtained.

At room temperature, no Vb could be detected on
irradiation of IIb with a high pressure mercury lamp
in carbon disulfide or in methanol for 18—28 hr, even
in the presence of rose bengal as a sensitizer, and IIb
was recovered. On the other hand, irradiation of IIb
in benzene with a low pressure (LP) mercury lamp
for 19 hr under oxygen gave 599%, of sulfur and 189,
of diethylphosphinic acid, along with a trace amount
of Vb.

The result is explained by a homolytic cleavage of
the P(S)-P(S) bond and oxidative desulfurization of the
P=S groups.

LP hy . O,
Et,P(S)-P(S)Et, — 2Et,P=S —— [Et,P(S)-O-P(S)Et,]

ITb Vb
hv H,0
— 148, + [EtsP(0)-O-P(O)Ets] — 2E4P(0)OH

Although IIb did not react with a,a’-azobisisobutyro-
nitrile (AIBN) in refluxing benzene under irradiation
with a high pressure mercury lamp, IIb gave a small
amount of diethyl-1-cyano-2-methylethylphosphine sul-
fide (IX) on irradiation with a low pressure mercury
lamp. Sulfide (IX) could not be isolated in pure
state, but its presence was determined by IR (2240
cm™1) and MS (m/e 189, M™*).

LP h
Et,P-PEt, + (Me20—N=) =2 Et,P-CMe,CN
4y &l

IIb X
When IIa was irradiated in methanol under nitrogen
for 6 hr with a low pressure mercury lamp, 529, of
diphenylphosphine sulfide and 659, of O-methyl di-
phenylphosphinothioate were obtained. This reaction

is also explicable in terms of homolysis as follows.

13) U. Schmidt, K. Kabitzke, K. Markau, and A. Miiller, Chem.
Ber., 99, 1497 (1966).

14) R. S. Davidson, R. A. Sheldon, and S. Trippett, J. Chem.
Soe., C, 1966, 722.
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LP hy .
Ph,P(S)-P(S)Ph, —> 2Ph,P=S

Ph,P=S + McOH —— [thi’—é—Me]
1 I
o

Ph,P=S
~— > Ph,P(S)OMe + Ph,P(S)H

A similar reaction has been reported in photolysis or
thermolysis of tetraphenyldiphosphine in alcohols.1®

The above results indicate that II undegoes homoly-
tic cleavage of the P(S)-P(S) bond on irradiation with
a low pressure mercury lamp, and are reasonable from
the fact that the disulfides (II) in methanol exhibit
absorption maximum at 236—248 nm.

Oxidation of Phenyl Diphenylphosphinothioite (X) with
Stlver Nitrate. When X was allowed to react with
silver nitrate in carbon disulfide at room temperature,
silver metal (709%), diphenyl disulfide (879%,), and
diphenylphosphinic acid (609,) were obtained. The
reaction might be attributed to electron transfer from
X to silver ion.

Ph,P-SPh + AgNO, —— [Ph,P-SPh]** + Ag + NO,"

X XI

[Ph,P-SPh]** —— Ph,P* + PhS.
2PhS. —— PhS-SPh
O,
Ph,P* + NO,~ — [Ph;PONO;] — Ph,P(O)OH
H,|
XII

The formation of diphenylphosphinic acid is ex-
plained by oxidation of an intermediate XII followed
by hydrolysis during isolation.

A similar reaction of trimethylsilyldiphenylphosphine
with silver halides has been reported.® The reaction
is also considered to proceed through a similar mech-
anism.

Ph,P-SiMe, + AgX — [Ph,P-SiMe,]** + Ag + X~
XII1I

[Ph,P-SiMe,]** — [Me,Si*] + Ph,P-

[x
Me,SiX 1/2 Ph,P-PPh,

In the radical cations (XI and XIII), it is shown
that more electronegative group generates the free
radical.

Experimental

Materials. The following compounds were prepared
by the methods given in literature: tetraphenyldiphosphine
dioxide?1?) (mp 164—165°C), tetraethyl-1%18 (mp 76—
76.5°C), tetra-n-butyl-1%10) (mp 71—72°C), tetraphenyldi-
phosphine disulfides'? (mp 170—171.5°C), phenyl diphenyl-
phosphinothioite! (mp 46—48°C) and peroxybenzoic acid.*®

Oxidation with Perbenzoic Acid (III). Only typical
examples are given.

15) E.W., Abel, R. A.N. McLean, and I. H. Sabherwal, /. Ckem.
Soc., A, 1968, 2371.

16) K. A. Pollart and H. J. Harwood, J. Org. Chem., 27, 4444 .

(1962).

17) B. E. Job, R. A. N. McLean, and D. T. Thompson, Chen.
Commun. , 1966, 895.

18) G. Braun, “Organic Syntheses,” Coll. Vol. I, p. 431 (1958).
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a) Tetraphenyldiphosphine Dioxide (Ia): To 10 g (25 mmol)
of Ia in 100 ml of dichloromethane was added dropwise III
(30 mmol) in 150 ml of dichloromethane at room temperature
for 40 min under stirring. The reaction was exothermic.
When addition was completed, III had been almost con-
sumed. After removal of the solvent, the residual solid was
extracted with ether to remove benzoic acid. Crude an-
hydride thus obtained was dissolved in carbon tetrachloride
followed by precipitation with petroleum ether, mp 137—
138°C (lit,19 142—143°C), m/e 418 (M+); yield 9.2 g (83%).

b)  Tetraphenyldiphosphine Disulfide (Ila): To 4.35g (10
mmol) of ITa in 100 ml of dichloromethane was added drop-
wise III (20 mmol) in 100 ml of dichloromethane at room
temperature over a period of 2 hr. The mixture was stirred
for further 30 min and extracted with 59, aqueous sodium
carbonate. The organic layer was washed three times with
400 ml of water and dried with anhydrous sodium sulfate.
After removal of the solvent, the residual tarry material was
dissolved in benzene and the solution was concentrated to
give crude anhydride. After removal of the solvent from
the filtrate, the residue gave 18.5 mg (3%) of sulfur as the
insoluble in dichloromethane. The solution was separated
by preparative tle. In total, 2.4 g (54%) of anhydride (Va),
mp 192—194°C  (1it,»® 196—198°C), mfe 450 (MTt), was
obtained and 0.62g (149%) of Ila was recovered. The
first aqueous layer was acidified with hydrochloric acid to
give 0.187 g (4.3%) of diphenylphosphinic acid, mp 190—
191°C (1it,2® 194—196°C).

¢) Tetraethyldiphosphine Disulfide (IIb): To 4.85g (20
mmol) of IIb in 100 ml of dichloromethane was added drop-
wise IIT (30 mmol) in 100 ml of dichloromethane at about
—50°C over a period of 2 hr under stirring. 5% of III
remained after addition was completed. After standing for
3 hr at this temperature, the reaction mixture was extracted
with 59 aqueous sodium bicarbonate. The organic layer
was dried with anhydrous magnesium sulfate and the solvent
was removed. The oily residue was chromatographed on
alumina to separate sulfur (0.42 g, 33%), unchanged IIb
(1.2 g, 25%) and anhydride (Vb). Crude anhydride thus
obtained was again chromatographed on silica gel, and
recrystallized repeatedly from petroleum ether, mp 34—
36°C (lit,2) 42.5°C), m/e 258 (M) ; yield 1.9 g (37%) (Found:
C, 36.92; H, 8.14%). The aqueous alkaline layer was
acidified with hydrochloric acid, and extracted with dichloro-
methane. After removal of dichloromethane the residue was
extracted with water, and dried to give viscous liquid (1.2 g,
25%,). The IR spectrum was superimposable with that of
diethylphosphinic acid.

d) Triphenylphosphine Sulfide: To 1.47 g (5 mmol) of tri-
phenylphosphine sulfide in 10ml of dichloromethane was
added dropwise III (15 mmol) in 15 ml of dichloromethane
at room temperature under stirring. After standing for
6 days, the solvent was removed. The residue was washed
with ether and then aqueous sodium bicarbonate, and recrys-
tallized from benzene to give triphenylphosphine oxide
(0.98 g, 71%,), mp 154—155°C (1it,?? 156°C). The ethereal
washings were washed with 109, aqueous sodium bicarbonate
to give 98 mg (619) of sulfur.

Air Oxidation of Diphosphine Disulfides (II). a) Tetra-
phenyl Derivative (Ila): A solution of IIa (4.4 g, 10 mmol)

19) N. Kreutzkamp, J. Pluhatsch, H. Schindler, and H. Kayser,
Arch. Pharm., 295, 81 (1962); Chem. Abstr., 57, 11229 (1962).

20) “Inorganic Syntheses,” 8,71 (1966).

21) W. Kuchen, K. Strolenberg, and H. Buchwardt, Ckem. Ber.,
95, 1703 (1962).

22) C.Screttas and A, F. Isbell, J. Org. Chem., 27,2573 (1962).
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in xylene (40 ml) was refluxed for 72 hr. Removal of the
solvent under reduced pressure and washing of the residue,
with ether gave 4.4 g (989%,) of crude anhydride (Va), which
was recrystallized from benzene, mp 198—199°C (1it,»» 197—
198°C), 3.9 g (87%).

b) Tetraethyl Derivative (IIb): A solution of IIb (0.72 g
3.0 mmol) in o-dichlorobenzene (30 ml) was refluxed for
33 hr. After removal of the solvent in wvacuo, the residual
brown oil (0.96 g) was chromatographed on silica gel. Elu-
tion with petroleum ether gave colorless oily material. Re-
crystallization from petroleum ether gave 0.27 g (35%) of
Vb, mp 31—32°C (lit,?") mp 42.5°C). The IR spectrum and
R, value on tlc were in agreement with those of an authentic
sample.

¢) Tetra-n-butyl Derivative (IIc): A solution of IIc(0.60g,
1.7 mmol) in o-dichloromethane (30 ml) was refluxed for
42 hr. After removal of the solvent in wvacuo, the residual
brown tarry material (0.64g) was purified by means of
preparative tlc (silica gel, with petroleum ether-acetone
(8:2)) to obtain pure Vc (0.30 g, 489%), which was oily.
IR (liquid film), v ,, 920 (P-O-P) and 520 cm-! (P=S);
mfe 370 (M+, 419%,), 314 (M+CH,, 28), 257 (M+C,Hg
C,H,, 80), 193 (Bu,P(S)Ot, 77), and 177 (Bu,PS+, 100).

Found: C, 52.02; H, 9.629%,. Calcd for C;sH,,OP,S,: C,
51.85; H, 9.81%.

Reaction of Ila with Sulfur. A mixture of ITa (0.55 g,
1.3 mmol) and sulfur (58 mg, 1.8 mg-atom) in o-dichloro-
benzene (50 ml) was refluxed for 8 hr under nitrogen. After
removal of the solvent in vacuo, the residual brown solid was
purified by preparative tlc (silica gel, with n-hexane-benzene
(1:1)). Crude sulfide (VIII) (0.45g) was recrystallized
twice from 2-propanol, mp 120—121°C (lit,?® 118—121°C),
0.39 g (66%).

Photochemical Oxidation of IIb. The disulfide (IIb)
(0.86 g, 3.55 mmol) in benzene (50 ml) was irradiated with
a low pressure mercury lamp (10 W) under oxygen at room
temperature for 19 hr. After removal of the solvent, a small
amount of benzene was added for the purpose of obtaining
sulfur. The solution was chromatographed on silica gel to

23) T. R. Hopkins and P. W. Vogel, J. Amer. Chem. Soc., 78,
4447 (1956).
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give sulfur (in total, 0.134 g, 59%), a small amount of Vb
and diethylphosphinic acid (0.142 g, 189%,) with petroleum
ether and ether as eluent, respectively. The IR spectrum
of diethylphosphinic acid was superimposable with that of
an authentic sample.?®)

Photolysis of IIb in the Presence of AIBN. A mixture of
1Ib (1.2 g, 5 mmol) and AIBN (5.1 g, 31 mmol) in dichloro-
methane (100 ml) was irradiated for 10 hr with a low pressure
mercury lamp (160 W) under nitrogen. After removal of the
solvent and sublimation of tetramethylsuccinodinitrile in vacuo,
the oily residue containing about ten components was sepa-
rated by silica gel dry column chromatography (with petro-
leum ether—acetone (3:2)). The fraction of R, 0.66 exhibited
a peak at m/e 189, corresponding to the parent peak of diethyl-
l-cyano-1-methylethylphosphine sulfide, and a weak band
at 2240 cm-! (C=N). The fraction was also impure and
further purification was difficult.

Photolysis of Ila in Methanol. A solution of ITa (0.54 g,
1.2 mmol) in absolute methanol (80 ml) and dichloromethane
(40 ml) was irradiated with a low pressure mercury lamp
(10 W) for 5hr with water-cooling under nitrogen. After
removal of the solvent, the residual viscous oil was separated
into two components by silica gel dry column chromatography
(with chloroform). One component was O-methyl diphenyl-
phosphinothioate (0.20 g, 65%,) mp 82—84°C (from n-hexane)
(lit,29 84.5—85.5°C), and the other was diphenylphosphine
sulfide (0.14 g, 52%), mp 93—95°C (lit,25) 95—97°C).

Oxidation of Phenyl Diphenylphosphinothioite (X) with Silver
Nitrate. To a solution of X (0.81 g, 2.76 mmol) in
carbon disulfide (20 ml) was added under nitrogen silver
nitrate (0.48 g, 2.8 mmol), the surface of which turned yellow
at first and then black. After being stirred at room tem-
perature overnight, a black precipitate containing mainly
metallic silver and a small amount of silver diphenylphos-
phinate (by IR), was filtered off and the filtrate was evapo-
rated. The residue was extracted with ether to leave 0.36 g
(60%) of diphenylphosphinic acid, mp 190—191°C. The
extract gave 0.26 g (879%,) of diphenyl disulfide, mp 58—60°C.

24) T. A.Mastryukova, T. A. Melent’eva, and M. I. Kabachnik,
Zh. Obshch. Khim., 35, 1197 (1965); Chem. Abstr., 63, 11605 (1965).
25) G. Peters, J. Amer. Chem. Soc., 82,4751 (1960).






