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bstract

The oxidation of white phosphorus by hydrogen peroxide or different organic peroxides (such as tert-butyl hydroperoxide, dibenzoylperoxide,
-chloroperoxybenzoic acid) has been studied in both aqueous and alcoholic solutions under anaerobic conditions. Depending on the reaction
onditions, P(I) (hypophosphorous acid), P(III) [phosphorous acid, mono- and dialkyl (or diaryl) hydrogen phosphonates] and P(V) [phosphoric
cid or trialkyl (or triaryl) phosphates] derivatives are produced. The catalytic oxidative P–O coupling of P4 to water, aliphatic alcohols and
henol under mild reaction conditions is accomplished by using copper(I), copper(II) and vanadium(IV) complexes. Catalytic conversion of white

hosphorus with complete efficiency and high selectivity for monoalkyl hydrogen phosphonates (>95%) may be achieved using 3-ClC6H4C(O)OOH
s oxidant under optimized conditions. An identical radical mechanism is suggested to account for both the stoichiometric and the catalytic oxidative
ydroxydation, alkoxydation and phenoxydation of white phosphorus promoted by peroxides in both aqueous biphasic conditions and organic
olutions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The search for an ecoefficient catalytic conversion of
lemental phosphorus to organophosphorus compounds and
hosphorus oxyacids has received increasing attention during
he last decade when a large body of research in this area has
een motivated by increased emphasis to the reduction of envi-
onmental pollution originated from chemical industries [1].
ttempts to develop alternative synthetic methods to produce
rganophosphorus compounds which avoid the use of the highly
olluting white phosphorus chlorination process have moved the

rst steps following pathways typical of either homogeneous
atalysis [1a–k] and electrocatalysis [2]. Worth to be mentioned
ere are the pioneristic studies by Dorfman et al. describing
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he catalytic alk(ar)oxydation of white phosphorus (P4) to give
rganophosphorus esters, mainly dialkyl hydrogen phospho-
ates and trialkylphosphates [1b–j] or triphenylphosphite and
riphenylphosphate [1e,h,k]. The oxidative P–O coupling of P4
ith aliphatic alcohols and phenol was successfully carried
ut in aromatic solvents in the presence of Cu(II) [1b–e] and
e(III) [1e–g] salts as well as of mixed catalyst/cocatalyst sys-

ems such as I2/Fe(III) [1h], Pd(II)/NaNO2, Ru(IV)/NaNO2 [1i],
2/NaNO2 [1j,k], using oxygen as cheap and environmentally
enign oxidant. A few patents originating from these processes
ave been recently filed [3].

Much less attention has been addressed to test alternative
xidants such as hydrogen peroxide and organic peroxides in
pite of the apolar character of the tetrahedral white phospho-
us molecule would suggest a strong preference to undergo
omolytic reactions initiated by free radicals and UV light [4].

Peroxides are considered simple and universal sources of rad-

cal species which are easily generated by homolysis of the
–O peroxo bond. A huge variety of oxidative reactions ini-

iated by inorganic and organic peroxides have been reported
5], and several highly efficient and environmentally appealing
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xidative catalytic processes have been developed using hydro-
en peroxide [6] and organic peroxides [7] as ecobenign and
fficient oxidants. Scarce attention has been however focused
o the oxidation of white phosphorus by peroxides. The oxi-
ation of P4 by H2O2 in aqueous solution was mentioned in
n old paper to be accompanied by phosphorus disproportion-
tion to phosphine and phosphoric acid [8], but these result
emains questionable. In a recent paper Trofimov et al. briefly
eported on the copper(II) catalyzed oxidation of P4 by acidic
queous H2O2 in the presence of alcohols (EtOH, n-BuOH)
1a]. The reaction gave dialkyl hydrogen phosphonates and
rialkyl phosphates in moderate yields. The modest produc-
ion of organophosphorus products was tentatively attributed
o competitive reactions of P4 with H2O yielding phosphorus
xyacids. The non-selective oxidation of red phosphorus by
queous H2O2 to yield a mixture of different anions of phospho-
us oxyacids and polyacids has been also reported [9]. Finally,
he reaction of P4 with (tert-BuO)2, in the presence of differ-
nt alkenes, has been reported to proceed at 150–160 ◦C giving
oorly characterized RxP4O2H2 organophosphorus compounds
10].

This article sheds some light in this area giving an account
f our studies on the stoichiometric and catalytic oxidation
f P4 by organic peroxides in water, aliphatic alcohols and
henol. A few comparative experiments describing the simple
xidative hydroxydation of P4 promoted by H2O2 have been
lso performed and are here reported. Oxidative tests in aque-
us/biphasic and alcoholic solutions in the presence of different
rganic solvents have been carried out leading predominantly to
(III) derivatives.

. Experimental

.1. Materials

Peroxides [H2O2, 35% in H2O, 11.3 M); tert-BuOOH, 70%
n H2O, 7.2 M; tert-BuOOH, 5–6 M in decane (an averaged
alue of 5.5 M was taken for stoichiometric calculations);
C6H5CO)2O2 (97%); 3-ClC6H4C(O)OOH (57–86%; an
veraged value of 72% was taken for stoichiometric calcu-
ations), D2O and C6D6 were used as received from Aldrich
r Fluka without further purification. Alcohols (MeOH and
-BuOH), phenol and organic solvents (benzene, toluene,
-hexane, tetrahydrofuran (THF), CCl4) were purified and
ried by the usual methods [11]. The gases (N2 and Ar) were
PP grade and were dried by passing over a CaCl2 column.
he metal catalysts, CuCl2, CuI, Cu(acac)2, Cu(CH3COO)2,
u(CH3CH2CH2COO)2, and VO(acac)2, were dried by pro-

onged heating under vacuum (acac = acetylacetonate). White
hosphorus was mechanically cleaned from oxide layers,
ashed with THF and dried in a stream of nitrogen. It was

hen used as a solid or as a stock solution in arene (benzene or
oluene). In the latter case, P4 was weighted in a beaker under

ater, dipped into three successive beakers containing THF,

nd then dissolved in benzene or toluene at 45–50 ◦C. The
oncentration of P4 in the arene solution was determined by
odometry [12].
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.2. Caution

White phosphorus is highly flammable, extremely poisonous
nd volatile and particular care must be taken in handling it and
roperly dispose its residues.

.3. Typical reaction procedures

.3.1. Homogeneous hydroxydation and alkoxydation of
hite phosphorus
.3.1.1. Method A. The reactions were performed under an
nert atmosphere using Schlenk type techniques and an oil bath
o keep the reaction flask at the desired temperature (40–90 ◦C).
olid P4 (29.7 mg, 0.24 mmol) divided in small portions, was
dded under a stream of argon to a degassed 1:1 mixture
2–4 mL) of the substrate (deuterated water or alcohol) and the
rganic solution of the peroxide in a prepurified solvent (toluene,
-hexane, THF, CCl4). The solution was rapidly heated to the
esired temperature under vigorous magnetic stirring which was
aintained until the reaction was completed (0.5–4 h). After

his time, the crude reaction solution was analyzed by GC/MS,
sing a constant amount of naphthalene as external standard,
nd/or 31P{1H} NMR spectroscopy, using a constant amount of
PPMS-oxide [TPPMS = Na+Ph2P(3-SO3C6H4)−] as internal
tandard to allow for the comparative integration of the 31P sig-
als through the different experiments. To estimate the quantity
f unreacted P4 in the organic layer, a known amount of PPh3O
as added to the reaction solution as internal standard.

.3.1.2. Method B. The reactions of alcohols with dissolved
4 were also carried out under anaerobic conditions in

glass “jacket” reactor equipped with a dropping fun-
el and connected to a burette filled with argon and a
hermostat to control the reaction temperature. The kinetic
eaction regime was reached by shaking the reactor with fre-
uency of about 250–300 swingings/min. The alcohol, the
rganic peroxide and, for selected experiments, the catalyst
ROH:R′OOR′′:Cat = 3500–7300:30–200:1] were added to the
eactor in this order and the resulting solution was thor-
ughly purged with argon during 15 min. Then, an aliquot of
stock arene (toluene or benzene) solution of P4 (1–2 mL,

.14–0.27 mmol) was added into the reactor against a brisk argon
urrent through the dropping funnel. The resulting solution vol-
me was about 10–20 mL. The products accumulation and the P4
onsumption were monitored by periodically withdrawing solu-
ion samples and checking their composition by GC analysis.

.3.1.3. Products analysis. 31P NMR spectra of the reaction
roducts formed during the heterogeneous tests were recorded
n a Bruker ACP200 or a Varian Gemini g300bb spectrometers
t 25 ◦C, using D2O or C6D6 as solvents. All chemical shifts are
eported in ppm (δ) relative to 85% H3PO4 with downfield shifts
aken as positive. Coupling constants (J) are in Hertz. GC/MS

nalyses were performed on a Shimadzu QP 5000 apparatus
quipped with a 30 m (0.25 mm i.d., 0.25 �m film thickness)
PB-1 Supelco fused silica capillary column. The accumulation
f organophosphorus products in the homogeneous tests was
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onitored and quantified with respect to pure samples of each
rganophosphorus product by GC analysis using a Chrompack
002 chromatograph equipped with a flame ionization detector
nd a 25 m (0.25 mm i.d.) CPSIL 19CB capillary column.

. Results and discussion

.1. Oxidation of white phosphorus by peroxides in
queous biphasic conditions

White phosphorus finely suspended under nitrogen or argon
n a vigorously stirred mixture of water and an apolar organic
olvent (toluene, THF, CCl4, n-hexane) is easily oxidized by
ydrogen peroxide or organic peroxides, such as tert-butyl
ydroperoxide and dibenzoyl peroxide, to give mixtures of phos-
horous P(O)H(OH)2 (1a), hypophosphorous P(O)H2(OH) (2a)
nd phosphoric P(O)(OH)3 (3a) acids [13]. Under optimized
eaction conditions, the total yield of 1a, 2a and 3a is close to
00% (see Table 1). Depending on the nature of either the perox-
de and the solvent, the reaction generally completes in 0.5–2 h

t 25–90 ◦C using a 1:10 molar ratio between white phosphorus
nd the peroxide.

Under these experimental biphasic conditions, the oxidative
ydroxydation of P4 occurs with phosphorus dissolved in the

able 1
xidation of white phosphorus by H2O2 and organic peroxides under aqueous
iphasic conditionsa

ntry Oxidant Conversion
% (h)b

% 1ab % 2ab % 3ab

1 H2O2 57 (1) 24 20 13
2c H2O2 8 (2) 3 3 2
3d H2O2 70 (1) 35 12 23
4 tert-BuOOH 100 (0.25) 67 15 18
5c tert-BuOOH 100 (0.5) 71 13 16
6e tert-BuOOH 63 (0.5) 37 12 14
7f tert-BuOOH 100 (0.5) 70 14 16
8g tert-BuOOH 100 (1) 66 22 12
9h tert-BuOOH 100 (4) 76 11 13
0i tert-BuOOH 100 (1) 69 13 18
1j tert-BuOOH 25 (2) 20 1 4
2k (C6H5CO)2O2 10 (0.5) 5 3 2
3 (C6H5CO)2O2 100 (0.5) 51 20 29
4g (C6H5CO)2O2 100 (0.5) 52 15 33
5h (C6H5CO)2O2 93 (0.5) 48 18 27
6i (C6H5CO)2O2 88 (0.5) 54 16 18

a Reaction conditions: solid P4, 29.7 mg, 0.24 mmol. Oxidant: H2O2 (35 wt%
ol, 0.21 mL, 2.4 mmol, 60 ◦C) (entries 1–3). tert-BuOOH 70 wt% sol, 0.33 mL,
.4 mmol; D2O, 1 mL; toluene, 1 mL; 60 ◦C (entries 4–11). (C6H5CO)2O2, 0.6 g,
.4 mmol; D2O, 2 mL; toluene, 2 mL; 90 ◦C (entries 12–16).
b Determined by 31P{1H} NMR spectroscopy. 1a = P(O)H(OH)2,
a = P(O)H2(OH), 3a = P(O)(OH)3.
c At 25 ◦C.
d At 90 ◦C.
e tert-BuOOH, 0.166 mL, 1.2 mmol at 25 ◦C.
f P4 dissolved in toluene at 25 ◦C.
g THF, 1 mL (entry 8) or 2 mL (entry 14).
h C6H14, 1 mL (entry 9) or 2 mL (entry 15).
i CCl4, 1 mL (entry 10) or 2 mL (entry 16).
j D2O, 1 mL at 90 ◦C.
k At 60 ◦C.
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rganic layer and the peroxide distributed in both phases. Dur-
ng the progress of the reaction, the inorganic acids, 1a–3a,
hich form accumulate exclusively in the aqueous layer. 31P
MR spectroscopy of the aqueous phase, with D2O in place
f H2O, represents a reliable and fast method to monitor the
eaction progress showing the expected signals for the three
ully deuterated phosphorus acids due to fast H–D exchange
ith the solvent. Thus, 1a–d3 gives a 1:1:1 triplet centered at
.0 ppm (1JP–D = 102.5), 2a–d3 appears as a lowfield shifted
on-binomial quintet (δ 11.47, 1JP–D = 85.6) and 3a–d3 exhibits
sharp singlet at δ 0.56 in keeping with the lack of any direct P–D
ond. Irrespectively of the organic solvent and of the peroxide
sed as oxidant, phosphorous acid, 1a, is always the major reac-
ion product with yields ranging between 35 and 76%. The molar
atio between the other two oxyacids (2a and 3a) is generally
lose to 1:1.

Remarkably, at 60 ◦C an aqueous solution H2O2 (35%), pro-
uces a mixture of phosphorus oxyacids in moderate yield within
h (57%) with practically no selectivity (Table 1, entry 1).
he undesired thermal decomposition of H2O2 to O2 and H2O
t elevated temperatures is likely responsible for the modest
onversion of P4 [14]. Lowering the temperature to 25 ◦C dra-
atically drops out the efficiency of the P4-oxidation (Table 1,

ntry 2) while increasing the temperature up to 90 ◦C does not
onsiderably grow up the P4 conversion (Table 1, entry 3) due to
he simultaneous raise of the thermal decomposition of H2O2.
n contrast to a previous report, [8] no evidence for phosphorus
isproportionation to PH3 and P(O)(OH)3 with either H2O2 and
rganic peroxides (see below) was found.

When a commercial 70% aqueous solution of tert-BuOOH
s used as oxidizing agent, the complete conversion of P4 in
oluene takes place within 15 min at 60 ◦C (Table 1, entry 4).
ert-BuOOH proves to be an efficient oxidant towards white
hosphorus even at room temperature (Table 1, entry 5). The
electivity in phosphorous acid is significant, but never higher
han 76%. As expected, the P4 conversion considerably reduces
y dropping the white phosphorus to peroxide molar ratio to
:5 (Table 1, entry 6). Similar reaction rates are observed irre-
pectively from introducing P4 as a solid or dissolved in arene
olution (Table 1, entries 5 and 7).

The best solvent to carry out the P4 oxidation by tert-BuOOH
t 60 ◦C is toluene where the conversion completes in 15 min. A
imilar conversion requires about 1 h in THF and CCl4, while in
-hexane the reaction completes only after 4 h (Table 1, entries
and 8–10). Remarkably, the worse results are obtained when

ert-BuOOH is used without any additional organic solvent. As
n example, the production of P-oxyacids is less than 25% even
t 90 ◦C (1a:2a:3a = 20:1:4) in the absence of organic solvents,
.e. when D2O is added instead of toluene (Table 1, entry 11).
n contrast to tert-butyl hydroperoxide, which is active in the
ange 25–60 ◦C, dibenzoyl peroxide carries out effectively the
xidation of P4 only at elevated temperature (90 ◦C), but the
electivity remains poor (Table 1, entries 12–16).
The redox reactions leading to the formation of the phos-
horus oxyacids are accompanied by electron transfer from the
etraphosphorus tetrahedron to the peroxide R′OOR′′ molecule
umming up to 4 [P(I), 2a], 12 [P(III), 1a] and 20 [P(V), 3a]
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lectrons, respectively. The simple stoichiometries accounting
or the P4 oxidation in each of these processes are given below
n Eqs. (1)–(3):

4 + 12H2O + 6R′OOR′′

→ 4P(O)H(OH)2
1a

+ 6R′OH + 6R′′OH (1)

4 + 8H2O + 2R′OOR′′

→ 4P(O)H2(OH)
2a

+ 2R′OH + 2R′′OH (2)

4 + 12H2O + 10R′OOR′′

→ 4P(O)(OH)3
3a

+ 6R′OH + 6R′′OH + 4R′OR′′ (3)

′ = H, R′′ = H. R′ = t-Bu, R′′ = H. R′ = C6H5CO, R′′ = C6H5CO.
The organic species (R′OH, R′′OH and R′OR′′), i.e. tert-

utanol, benzoic acid and alkylbenzoates formed from reactions

1)–(3), respectively, were determined by GC–MS analysis,
hile the quantification of the inorganic phosphorus acids was
one by running 31P{1H} NMR spectra in the presence of an
nternal standard (see Section 2).

e
T
o
b

able 2
xidation of white phosphorus by organic peroxides in aliphatic alcohols or phenola

ntry Alcohol Conversion % (h)b %

1 MeOH 100 (0.5) 18
2c MeOH 100 (1) 19
3d MeOH 64 (1) 21
4e MeOH 90 (1) 20
5f MeOH 100 (1) 19
6g MeOH 100 (1) 15
7h MeOH 100 (1) 8
8i MeOH 90 (2) 10
9j MeOH 100 (2) 16
0c n-BuOH 100 (1) 32
1d n-BuOH 75 (1) 17
2e n-BuOH 97 (1) 44
3f n-BuOH 100 (1) 13
4g n-BuOH 100 (1) 19
5h n-BuOH 100 (1) 17
6 PhOH 92 (2) 84
7c PhOH 14 (2) 11
8f PhOH 90 (2) 75
9g PhOH 87 (2) 86
0h PhOH 89 (2) 81
1k PhOH 89 (2) 74
2l PhOH 79 (4) 32

a Reaction conditions: solid P4, 29.7 mg, 0.24 mmol. tert-BuOOH (5.5 M decane so
entries 10–15), 1 mL, 10.9 mmol; R = Ph (entries 16–21), 1.0 g, 10 mmol; toluene, 1
b Determined by 31P{1H}NMR: 1b = P(O)H(OMe)2, 3b = P(O)(OMe)3, 4b = P(O)H
d = P(O)H(OPh)2, 3d = P(O)(OPh)3; 4d = P(O)H(OH)(OPh); 1a = P(O)H(OH)2.
c At 25 ◦C.
d tert-BuOOH, 0.11 mL, 0.6 mmol at 25 ◦C.
e tert-BuOOH, 0.22 mL, 1.2 mmol at 25 ◦C.
f THF, 1 mL (entries 5 and 13) or 2 mL (entry 18).
g n-hexane, 1 mL (entries 6 and 14) or 2 mL (entry 19).
h CCl4, 1 mL (entries 7 and 15) or 2 mL (entry 20).
i 3-ClC6H4C(O)OOH, 0.58 g, 2.4 mmol.
j 3-ClC6H4C(O)OOH, 0.58 g, 2.4 mmol; THF, 1 mL.
k tert-BuOOH, 0.88 mL, 4.8 mmol; n-hexane, 2 mL.
l 3-ClC6H4C(O)OOH, 0.58 g, 2.4 mmol at 90 ◦C.
talysis A: Chemical 267 (2007) 181–193

In conclusion, under aqueous biphasic conditions, H2O2
nd organic peroxides are able to efficiently oxidize P4
ielding mixtures of hypophosphorous, phosphorous and phos-
horic acids. Hydrogen peroxide is the worse oxidant and
he activity of the tested peroxides follows the order: tert-
uOOH � (C6H5CO)2O2 � H2O2. In simple accordance with

heir ability to dissolve white phosphorus, the rate of P4 con-
ersion depends markedly from the solvent following the order:
oluene > THF ∼= CCl4 > hexane � D2O.

.2. Oxidation of white phosphorus by organic peroxides in
liphatic and aromatic alcohols

Besides of the aqueous biphasic conditions, the oxidation of
olid P4 by organic peroxides has been studied also in aliphatic
nd aromatic alcohols. In order to make the reaction system
omogeneous, the reaction has been accomplished in the pres-

nce of an organic solvent to dissolve white phosphorus (toluene,
HF, CCl4 or n-hexane). The identification and quantification
f the reaction products (phosphorus esters, phosphorous acid,
enzoic and 3-chlorobenzoic acids and their ethers) has been

1b/db % 3b/db % 4b/db % 1ab

6 73 3
7 57 17
6 25 12
4 49 17
8 52 21
3 73 9

14 60 19
8 72 –

20 64 –
7 42 19
5 38 15
5 35 13
2 54 31
4 49 28
3 12 68
– 8 –
– 3 –
– 15 –
– 1 –
– 8 –
5 10 –
– 47 –

l), 0.44 mL, 2.4 mmol; ROH: R = Me (entries 1–9), 1 mL, 24.7 mmol; R = n-Bu
mL (entries 1–15) or 2 mL (entries 16–22); 50 ◦C.
(OH)(OMe); 1c = P(O)H(OBun)2, 3c = P(O)(OBun)3, 4c = P(O)H(OH)(OBun);
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erformed by GC–MS analysis and/or 31P NMR spectroscopy
C6D6). The yield of organophosphorus products during the
inetic studies was monitored and quantified by GC analysis.

.2.1. NMR studies
Table 2 summarizes the results of the P4 oxidation using tert-

utyl hydroperoxide or 3-chloroperoxybenzoic acid in aliphatic
lcohols such as MeOH and n-BuOH or phenol as organic
ubstrates and co-solvents. The major product of the P4 oxi-
ation by organic peroxides in aliphatic alcohols is monoalkyl
ydrogen phosphonate (MAHP) 4b,c (42–72%). Additionally,
ialkyl hydrogen phosphonate (DAHP) 1b,c (8–44%), trialkyl
hosphate 3b,c (3–20%) and, unexpectedly, phosphorous acid,
a, (0–68%) are also detected in the reaction mixture after P4
xidation.

In methanolic solutions, the dimethyl hydrogen phos-
honate (DMHP), P(O)H(OMe)2, 1b, (31P NMR: δ 11.9,
, 1JP–H = 706), trimethyl phosphate, P(O)(OMe)3, 3b, (31P
MR: δ 2.0, s), monomethyl hydrogen phosphonate (MMHP),
(O)H(OH)(OMe), 4b, (31P NMR: δ 7.94, d, 1JP–H = 679)
nd phosphorous acid, P(O)H(OH)2, 1a, (31P NMR: δ 4.1, d,
JP–H = 700) are observed (Table 2, entries 1–9). The reaction
f P4 with MeOH in the presence of tert-butyl hydroperoxide
tert-BuOOH/P4 = 10), results in the complete conversion of P4
fter 0.5 h at 50 ◦C, while at room temperature the transforma-
ion requires ca. 1 h to complete (Table 2, entries 1 and 2).
ecreasing the tert-BuOOH/P4 ratio to 2.5 and 5 gives lower
4 conversions (64 and 90%, respectively) (Table 2, entries 3,
). With tert-butyl hydroperoxide, the complete conversion of
4 is achieved in THF, n-hexane and CCl4 in 1 h, but the higher
ormation of phosphorous acid (1a) is observed in THF (21%)
nd CCl4 (19%) (Table 2, entries 5 and 7). Larger differences
n P4-oxidation are found as a function of the peroxides, with
onversions ranging from excellent for tert-butyl hydroperoxide
Table 2, entries 1 and 5) to modest for 3-chloroperoxybenzoic
cid (Table 2, entries 8 and 9). The highest yield of MMHP 4b
64–72%) is found when 3-chloroperoxybenzoic acid is used as
xidant (Table 2, entries 8 and 9).

The same set of products is obtained after replacing
eOH with n-BuOH:dibutyl hydrogen phosphonate (DBHP),

(O)H(OBu)2, 1c, (31P NMR: δ 8.2, d, 1JP–H = 701), trib-
tyl phosphate, P(O)(OBu)3, 3c, (31P NMR: δ −0.6, s),
onobutyl hydrogen phosphonate (MBHP), P(O)H(OH)(OBu),

c, (31P NMR: δ 5.84, d, 1JP–H = 677) and phosphorous acid,
(O)H(OH)2, 1a. Like for MeOH, tert-butyl hydroperoxide oxi-
izes P4 in n-BuOH even at room temperature (Table 2, entry
0). Decreasing the peroxide/P4 ratio to 2.5 and 5 reduces the
onversion of P4 (75 and 97%, respectively) (Table 2, entries 11
nd 12). The complete P4 conversion was obtained in all organic
olvents used, while the highest formation of phosphorous acid
1a) was found in THF (31%) and CCl4 (68%) (Table 2, entries
3–15).
Replacing aliphatic alcohols with phenol slows down
he reaction. Diphenyl hydrogen phosphonate, P(O)H(OPh)2
DPHP) 1d, (31P NMR: δ 0.5, d, 1JP–H = 749) and monophenyl
ydrogen phosphonate, P(O)H(OH)(OPh) (MPHP) 4d, (31P
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MR: d, δ 2.8, 1JP–H = 717) are produced, with 1d as the
ajor product (Table 2, entries 16–20). Notably, no phos-

horous acid, 1a, is observed irrespectively of the reaction
onditions. The conversion of P4 dramatically decreases from
2 to 14% on lowering the reaction temperature from 50 to
5 ◦C (Table 2, entries 16 and 17). The solvent does neither
ffect the overall P4 conversion nor the products distribution
Table 2, entries 18–20). Increasing the R′OOR′′/P4 ratio up
o 20 causes only a small increase of the organophosphorus
erivatives yield (overall yield 89%), but small amount (5%)
f triphenyl phosphate, P(O)(OPh)3 3d (31P NMR: δ −17, s),
ppears among the products (Table 2, entries 19 and 21). In
ontrast to the experiments described above carried out in both
ater and aliphatic alcohols, unreacted P4 (31P NMR: δ −520.1,

) is present in the reaction mixture even after 4 h at 90 ◦C
Table 2, entry 22). In the latter experiment the highest amount
f 4d (47%) is produced. The incomplete conversion of P4 indi-
ates that phenol is a substrate more recalcitrant than alcohols
o undergo the oxidative coupling with white phosphorus. A
ustification for this behavior may be found in the radical mech-
nism which we propose to account for the present oxidative
hosphorylation of alcohols (see below). In such hypothesis,
henol, at variance with aliphatic alcohols, may retard the
adical chain reactions being a well-known radical scavenger
15].

.2.2. Gas-chromatographic studies
In order to collect mechanistic information about the

resent alkoxydation of P4 promoted by organic peroxides,
e decided to carry out an in-depth investigation of the P4
xidation in the presence of n-BuOH. Just to summarize
ur results, white phosphorus dissolved in toluene (0.135 M)
uickly reacts with organic peroxides (dibenzoyl peroxide or
-chloroperoxybenzoic acid) dissolved in n-butanol in the tem-
erature range between 40 and 80 ◦C to yield a mixture of
rganophosphorus derivatives which was quantitatively ana-
yzed by GC analysis. In keeping with the NMR study illustrated
bove, the compounds formed were: dibutyl hydrogen phospho-
ate (DBHP), P(O)H(OBu)2, 1c, (3–50%) tributylphosphate,
(O)(OBu)3, 3c, (2–12%) and monobutyl hydrogen phospho-
ate (MBHP), P(O)H(OH)(OBu), 4c, (23–79%) [16]. Under
ptimized reaction conditions, the total yield of 1c, 3c and 4c
as 100% (Table 3, entries 1, 3, 5 and 7) with the reaction

ompleting at ca. 60 ◦C within 0.7–1.8 h.
A preliminary test using a stoichiometric R′OOR′′/P4 molar

atio (i.e. equal to 6), does not bring about the complete con-
ersion of P4 (Table 3, entry 2) convincing us to use a higher
′OOR′′/P4 ratio (equal to 10) in the next experiments. Doubling

he amount of peroxide (1:20) doubles the reaction rate (Table 3,
ntries 1 and 3), without practically affecting the product distri-
ution, which suggests a first order dependence of the reaction
ith respect to peroxide concentration. The oxidation of P4 by
ibenzoyl peroxide in n-butanol goes on slowly at 40 ◦C, but

peeds up on increasing the temperature. Rising the temperature
rom 40 to 60 ◦C doubles the total yield of the organophosphorus
roducts (Table 3, entries 1 and 4). The highest reaction rate is
chieved at 80 ◦C (Table 3, entry 5). Using 3-ClC6H4C(O)OOH
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Table 3
White phosphorus oxidation by organic peroxides in n-butanola

Entry % Conversion (h)b % 1cb % 3cb % 4cb

1 100 (1.8) 36 6 58
2c 49 (1.8) 3 4 42
3d 100 (0.9) 34 4 60
4e 51 (2.7) 16 12 23
5f 100 (0.7) 50 2 48
6g 52 (1.2) 18 4 30
7 100 (1.5) 16 5 79

a Reaction conditions: P4 (0.135 M solution in toluene), 2 mL, 0.27 mmol;
(C6H5CO)2O2, 0.67 g, 2.7 mmol (entries 1–5); 3-ClC6H4C(O)OOH, 0.65 g,
2.7 mmol (entries 6 and 7); n-BuOH, 18 mL; toluene, 2 mL, 60 ◦C.

b GC values are based on standardization with pure samples of the organo-
phosphorus compounds: 1c = P(O)H(OBu)2, 3c = P(O)(OBu)3, 4c = P(O)H(OH)
(OBu).

c (C6H5CO)2O2, 0.4 g, 1.62 mmol.
d (C6H5CO)2O2, 1.3 g, 5.4 mmol.
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e At 40 ◦C.
f At 80 ◦C.
g At 50 ◦C.

nstead of (C6H5CO)2O2 gives moderate yields of organophos-
horus products at 50 ◦C, but at 60 ◦C P4 is completely converted
Table 3, entries 6 and 7).

To intercept possible organophosphorus intermediates
ormed during the alkoxydation reaction, most of the experi-
ents listed in Table 3 were repeated with GC monitoring by
ithdrawing aliquots of the reaction solution at regular intervals

5–10 min). Under these conditions, the intermediate formation
f tributyl phosphite P(OBu)3 (5c) was detected. As an exam-
le, the GC monitoring of the reaction carried out under the
onditions of entry 4 is shown in Fig. 1.

In contrast to 1c, 3c and 4c, which, slowly but steadily,

ccumulate in the solution, 5c goes through a maximum
efore disappearing after 50 min due to conversion to other
rganophosphorus products (see the proposed reaction mech-
nism illustrated in Scheme 1). The stoichiometries of the four

ig. 1. GC monitoring of the oxidation of P4 by dibenzoyl peroxide in n-BuOH.
eaction conditions (as for entry 4 of Table 3): P4 (0.135 M in toluene), 2 mL,
.27 mmol; (C6H5CO)2O2, 0.67 g, 2.7 mmol; n-BuOH, 18 mL; toluene, 2 mL,
0 ◦C.
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ifferent processes accounting for the formation of the reaction
roducts resulting from the P4 oxidation in aliphatic alcohols
nd phenol are presented below as Eqs. (4)–(7):

4 + 12ROH + 6R′OOR′′

→ 4P(O)H(OR)2
1b/d

+ 4R′OH + 4R′′OH + 2R′OR + 2R′′OR

(4)

4 + 12ROH + 10R′OOR′′

→ 4P(O)(OR)3
3b/d

+ 6R′OH + 6R′′OH + 4R′OR′′ (5)

4 + 12ROH + 6R′OOR′′

→ 4P(O)H(OH)(OR)
4b/d

+2R′OH+2R′′OH+4R′OR+4R′′OR

(6)

4 + 12ROH + 6R′OOR′′

→ 4P(OR)3
5b/d

+ 6R′OH + 6R′′OH (7)

= Me (b), Bu (c), Ph (d). R′ = t-Bu, R′′ = H. R′ = C6H5CO,
′′ = C6H5CO. R′ = 3-ClC6H4CO, R′′ =H.

From both 31P NMR and GC studies outlined above, we
an safely conclude that organic peroxides are able to effi-
iently oxidize P4 in alcoholic solutions giving a variety of
rganophosphorus compounds such as: 1b/d, 3b/d, 4b/d and
a. The intermediate formation of trialk(ar)yl phosphites 5b/d
s observed during the process (Eq. (7)). Likely, products 1b/d,
b/d, 4b/d and 1a do not form directly from P4 (as indicated
n the formal stoichiometries in Eqs. (1) and (4)–(6)), but are
econdary products resulting from the interaction of 5b/d with
ther solution components. Indeed, in the presence of water
r weak organic acids (R′OH, R′′OH), generated in situ from
he reactions listed above, 5b/d may be rapidly dealkylated to
ive DAHP (1b/d). Dialkyl hydrogen phosphonate may, in turn,
ndergo a two-step acidolysis (or hydrolysis) to give monoalkyl
ydrogen phosphonates, MAHP, 4b/d and phosphorous acid 1a
see the proposed reaction mechanism illustrated in Scheme 1).
t variance with DAHP the preparation of MAHP has been
oorly investigated [17]. The general methods currently used
or the synthesis of MAHP include the esterification of phos-
horous acid [4d] or the alkaline hydrolysis of dialkyl hydrogen
hosphonates [18].

The unexpected formation of P(O)H(OH)2 (1a) in dried
lcoholic solutions may be explained through this dealkylation
rocess. Both acidolysis and hydrolysis of DAHP are indeed
ell documented in the literature [19]. The industrial method

or the production of pure phosphorous acid is based on the
xidative alkoxydation of P4 followed by hydrolysis of P(III)
sters [20]. Since the phenyl P(III) esters are much more resis-
ant to hydrolysis or acidolysis than the alkyl ones [4d], the
henylsubstituted DPHP (1d) is, at variance with DAHP (1b/c),

arely dearylated to phenylsubstituted MPHP (4d) and does not
earylate to phosphorous acid 1a (Table 2, entries 16–22).

The activity of the scrutinized organic peroxides to bring
bout the oxidative P–O coupling of P4 with aliphatic and
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romatic alcohols follows the order: tert-BuOOH > ClC6H4
(O)OOH > (C6H5CO)2O2. As the effect of solvent is con-
erning, the rate of P4 conversion decreases in the order
oluene > THF ∼= CCl4 ∼= n-hexane. The dealkylation of DAHP
1b/d) to MAHP (4b/d) and, then, that of 4b/d to phosphorous
cid (1a) are accelerated on increasing the reaction temperature
nd generally proceed better in THF and CCl4.

Although tributyl phosphite 5c forms always in small
mount and it has been never identified among the final
eaction products, its intermediate formation provides an impor-
ant mechanistic hint supporting the hypothesis that identical
adical mechanisms are responsible for the oxidation of P4
y peroxides in either water and aliphatic/aromatic alcohols
see below).

.3. Mechanistic considerations

From the large body of experimental and analytical data
ollected in our study, it may be argued that the same rad-
cal mechanism is governing the oxidative P–O coupling of
4 to water, aliphatic alcohols and phenol promoted by either
2O2 and organic peroxides, R′OOR′′. It is conceivable that

he molecule of peroxide does not directly interact with P4, but

ather initiates the reaction generating radical species via homol-
sis of the O–O bonds (Eq. (8)) [5]. Once formed, the R′O•(or
′′O•) radicals may easily react with the substrate (ROH; R = H,
e, Bu, Ph) to generate RO•radicals and R′OH (or R′′OH) as

r
a
a
o

.

yproducts (Eqs. (9) and (10)):
′OOR′′ → R′O• + R′′O (8)

OH + R′O• → RO• + R′OH (9)

OH + R′′O• → RO• + R′′OH (10)

RO• radicals are powerful oxidants towards organic and inor-
anic substrates [15a], and it is not unexpected that they can
uccessfully promote the oxidation of elemental phosphorus in
lcohols or water [1a,8,9]. A rationale for the whole process
s hard to be proposed in the absence of detectable interme-
iates during the transformation of P4 in the product mixture
f P(I), P(III) and P(V) species. However, we think reason-
ble, in agreement with previous considerations to explain the
tepwise mechanism of the P4 degradation by radical species
21], to propose the mechanistic picture depicted in Scheme 1
hich combines elementary steps of radical chain oxidations
ith other basic processes. An outline of the process firstly

ncludes the attack of the RO• radical to the P4 tetrahedron which
romotes a first P–P bond homolytic cleavage and results in the
ormation of a (P4OR)• radical. Hydrolysis (or alcoholysis) of
his species would afford a butterfly P4(OR)2 type intermedi-
te (A) [22]. From now on, a cascade of the same elementary

eactions may occur resulting in the progressive disruption of
ll six P–P bonds originally existing in the P4 molecule [23]
nd ending with the generation of the P(I), P(III) and P(V)
xyacids as well as of the P(III) and P(V) organophosphorus
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ompounds which have been detected by both NMR and/or
C methods (1–5). Central to the proposed mechanism is the

etraalk(hydr)oxydiphosphine, P2(OR)4, (B) which, upon attack
f a further RO• radical, generates equivalent amounts of P(OR)3
5) and of P(OR)2

• radical from which P(I) (2) and P(III) (5)
pecies may be produced, respectively. In aqueous/biphasic con-
itions, the tris(hydroxy)phosphine (5a) is unstable [18] and
pontaneously tautomerizes to form a molecule of phospho-
ous acid, P(O)H(OH)2 (1a) [24]. In contrast, in the presence of
lcohol (or phenol), the trisubstituted phosphites (5b/d) may be
ealk(ar)ylated by the R′OH or R′′OH species to afford dialkyl
or diphenyl) hydrogen phosphonates (1b/d). In turn, DAHP
ay be stepwise dealkylated by R′OH or R′′OH to give MAHP

4b/d) and eventually P(O)H(OH)2 (1a). Trialk(phen)yl phos-
hates (3b/d) may be also produced from peroxidic oxidation of
rialk(phen)yl phosphites 5b/d [4c]. The primary esters of phos-
hinic acid P(O)H(OR)R (2b/d) [δ ∼ 32 (Me), ∼30 (Bu), ∼20
Ph)] may be also produced by recombination of P(OR)2

• and
• radicals. However, these products were never detected in the

ase of alcohols from either NMR and GC studies, likely, due to
heir immediate peroxidic oxidation to 1b/d. Finally, it should
e noted that the possible products of 5b/d isomerisation, i.e. the
sters of phosphonic acid P(O)(OR)2R[δ ∼ 32 (Me), ∼31 (Bu),
11 (Ph)], were not found among the reaction products. Likely,

he isomerisation of 5b/d intermediates proceeds much slower
han their dealkylation to 1b/d or their oxidation to 3b/d. The
ossible esterification of 1a to MAHP 4b/d is also shown on the
cheme 1.

From a thermodynamic viewpoint, there are two driving
orces which sum their effects to make feasible the direct phos-
horylation of water and alcohols, i.e. (i) the favorable energy
alance between the formation of P–O, P–H and P O bonds
335, 322, 544 kJ/mol, respectively) and the loss of the P–P
onds of P4 (201 kJ/mol) and (ii) the high standard redox-
otential of peroxides (for example, 1.776 V for H2O2) [25].

.4. Transition metal catalyzed oxidation of P4 by peroxides

The decomposition of peroxides, R′OOR′′, is strongly accel-
rated by a variety of transition metal ions, Mn+, such as
anganese [26], iron [27], cobalt [28], copper [29], etc. [30].
he process results in the Mn+ to Mn+1 oxidation with simul-

aneous decomposition of the R′OOR′′ molecule to the radical

′O• and the anion R′′O−. A secondary reaction of the Mn+1 ion
ecomposes a second peroxide molecule to give one R′OO• rad-
cal and one R′′+ cation (i.e. a proton or a carbocation depending
n the nature of R′′). However, this secondary process is much

f
b
f
i

able 4
ffect of metal salts on the oxidation of white phosphorus by dibenzoyl peroxide in a

ntry Catalyst (mg) % Conversion (h)b

– 10 (0.5)
Cu(CH3CO2)2 (4.4) 50 (0.5)
CuI (4.6) 42 (0.5)
VO(acac)2 (6.4) 47 (0.5)

a Reaction conditions: solid P4, 29.7 mg, 0.24 mmol; catalyst, 2.4 × 10−2 mmol; (C
b Determined by 31P{1H} NMR: 1a = P(O)H(OH)2, 2a = P(O)H2(OH), 3a = P(O)(O
talysis A: Chemical 267 (2007) 181–193

lower than the interaction of the peroxide with the transition
etal ion Mn+.
In order to verify if transition metal ions are effective in accel-

rating the radical peroxidic oxidation of white phosphorus, the
eaction between white phosphorus, the substrate and the organic
eroxide (either dibenzoyl peroxide and 3-chloroperoxybenzoic
cid) has been repeated in the presence of metal salts such as
uI, CuX2 (X = Cl, acac, CH3COO, C3H7COO) and VO(acac)2

usually, 10 mol% with respect to P4).

.4.1. Catalytic oxidation in water (NMR studies)
The oxidation of P4 by dibenzoyl peroxide, the less reac-

ive peroxide among those investigated in the present study,
n aqueous biphasic solutions at 60 ◦C is considerably accel-
rated by the presence of catalytic amounts of copper(II) and
opper(I) salts such as Cu(CH3COO)2 and CuI. Vanadium(IV)
alts, like VO(acac)2, which are also known to catalyze the per-
xidic oxidation of organic substrates [31], show a similar effect
Table 4).

Only 10% P4 conversion was obtained in a blank test of the P4
xidation by dibenzoyl peroxide at 60 ◦C without any metal pro-
oter (see entry 1 in Table 4 which duplicates entry 12 in Table 1)

fter 0.5 h. Addition of Cu(CH3COO)2, CuI or VO(acac)2 (10%
olar ratio with respect to P4) increases the P4 conversion from

our to five times (Table 4, entries 2–4) without significantly
ffecting both the nature and the distribution of the reaction
roducts (compare Tables 1 and 4). Copper acetate dissolves in
he water phase giving a transparent pale-green solution. Upon
dding solid P4, the reaction mixture becomes gradually black
uring 30 min. In contrast, CuI does not dissolve in water but
orms a white-off deposit, which darkens in ca. 20 min after
ddition of solid P4. Also vanadyl acetylacetonate does not dis-
olve in water forming a green deposit which does not change
he color after addition of solid P4.

.4.2. Catalytic oxidation in alcohols (NMR studies)
At 50 ◦C, without adding any metal promoter, the oxidative

oupling between P4 and MeOH promoted by dibenzoyl perox-
de leads in 2 h to 70% conversion of P4 with yields of 1b, 3b,
b and 1a of 22, 8, 35 and 5%, respectively (Table 5, entry 1).

In the presence of copper salts, Cu(CH3COO)2 or CuI, the
omplete conversion of P4 is obtained within 1 h. Remarkably,
lso the selectivity is significantly affected resulting in the

ormation of only 1b and 3b (Table 5, entries 2 and 3). In
oth cases, P(O)H(OMe)2 (1b) is the most abundant product
ormed with a quite good 95% selectivity when copper acetate
s used as catalyst. VO(acac)2 also doubles the reaction rate and

queous biphasic solutionsa

% 1ab % 2ab % 3ab

5 3 2
26 10 14
23 9 10
24 10 13

6H5CO)2O2, 0.6 g, 2.4 mmol; D2O, 2 mL; toluene, 2 mL; 60 ◦C.
H)3.
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Table 5
Oxidation of white phosphorus by dibenzoyl peroxide in aliphatic alcohols or phenol in the presence of a metal salta

Entry Catalyst (mg) % Conversion (h)b % 1b/db % 3b/db % 4b/db % 1ab

1 – 70 (2) 22 8 35 5
2 Cu(CH3COO)2 (4.4) 100 (1) 95 5 – –
3 CuI (4.6) 100 (1) 88 12 – –
4 VO(acac)2 (6.4) 73 (1) 52 21 – –
5 – 67 (2) 24 3 26 14
6 Cu(CH3COO)2 (4.4) 100 (1) 93 7 – –
7 CuI (4.6) 100 (1) 91 9 – –
8 VO(acac)2 (6.4) 64 (1) 17 7 33 7
9 – 20 (2) 14 – 6 –

10 Cu(CH3COO)2 (4.4) 49 (2) 41 – 8 –
11 CuI (4.6) 44 (2) 34 – 10 –
12 VO(acac)2 (6.4) 58 (2) 39 – 19 –

a Reaction conditions: solid P4, 29.7 mg, 0.24 mmol; catalyst, 2.4 × 10−2 mmol; (C6H5CO)2O2, 0.6 g, 2.4 mmol; ROH: R = Me (entries 1–4), 2 mL, 49.4 mmol;
R oluen
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= n-Bu (entries 5–8), 2 mL, 21.8 mmol; R = Ph (entries 9–12), 2 g, 20 mmol; t
b Determined by 31P{1H} NMR: 1b = P(O)H(OMe)2, 3b = P(O)(OMe)3, 4b
d = P(O)H(OPh)2, 3d = P(O)(OPh)3, 4d = P(O)H(OH)(OPh); 1a = P(O)H(OH)

ncreases the selectivity to 1b although it does not accomplish
he complete P4 conversion (Table 5, entry 4). Similar good
atalytic performances in terms of efficiency and selectivity
re also found for the oxidative phosphorylation of n-BuOH in
he presence of copper salts (Table 5, entries 5–7). In contrast,
O(acac)2 does not completely convert P4 and is also less

elective favoring the dealkylation of DBHP (1c) to MBHP (4c)
nd 1a (Table 5, entry 8).

The blank reaction between P4 and PhOH in the presence of
ibenzoyl peroxide leads to a modest 20% conversion of P4 to
d (14%) and 4d (6%) in 2 h (Table 5, entry 9). Both copper and
anadium catalysts raise the P4 conversion up to ca. three times
ith similar 1d and 4d products distribution (Table 5, entries
0–12). Irrespectively of the presence of metal salts, MPHP
4d) does not dearylate to phosphorous acid 1a (Table 5, entries
–12).

Both Cu(CH3COO)2 and VO(acac)2 readily dissolve in alco-
ols to give green transparent solutions. After admitting solid P4
nto the reaction vessel, the solution containing Cu(CH3COO)2
ecomes gradually black. When 100% P4 conversion is achieved
Table 5, entries 2 and 6), the black mixture turns colorless in
a. 20–30 min before restoring the initial light-green color. In
he case of CuI, the white-off deposit initially formed gradu-
lly darkens after adding P4. When P4 is converted completely
Table 5, entries 3 and 7), such black solid slowly disappears
iving a transparent colorless solution, from which a white-
ff deposit of CuI again precipitates at the end of the reaction.
inally, the green solution formed upon dissolving VO(acac)2
atalyst, remains practically unchanged during the reaction with
hite phosphorus. Recycling of the catalyst solution and testing
f its activity through a second catalytic run shows that the solu-
ion maintains practically unaltered its catalytic efficiency (see
elow Section 3.4.3).
.4.3. Catalytic oxidation in alcohols (GC studies)
In the presence of Cu(II) salts, the color of the solution

hanges to light green as described above [32]. After addition
f the P4 arene solution (benzene or toluene) to the alcoholic

(
P
a
e

e, 2 mL; 50 ◦C.
)H(OH)(OMe); 1c = P(O)H(OBu)2, 3c = P(O)(OBu)3, 4c = P(O)H(OH)(OBu);

olution of CuX2 and R′OOR′′, the initial color becomes imme-
iately pale brown, before turning colorless in 30–40 min. Then,
ithin further 20–40 min stirring the light-green (or yellow)

olor restores. These neat color changes observed during both
MR and GC studies of the catalytic oxidation of P4 by organic
eroxides are typical of the copper(II) catalyzed oxidation of
hite phosphorus by dioxygen in alcohols [1b–e] and, therefore,

ndirectly support the occurrence of a fast reduction of Cu(II) to
u(0) by P4, followed by the comproportionation of Cu(0) and
u(II) to yield Cu(I) which eventually is oxidized back to Cu(II)
y the peroxide after consumption of P4. Table 6 reports the
esults of the catalytic oxidation of white phosphorus in MeOH
entries 1–3) and n-BuOH (entries 4–13) with GC analysis of
he organophosphorus derivatives formed by P4 alkoxydation
sing dibenzoyl peroxide and 3-chloroperoxybenzoic acid as
xidants. Three different copper(II) salts (chloride, acetylacet-
nate and butyrate) and vanadyl acetylacetonate were tested as
atalysts. They all show positive effects for the oxidation of P4 by
rganic peroxides. Inspection of the experimental results listed
n Table 6 shows that both the nature and the distribution of the
rganophosphorus products 1b/c, 3b/c, 4b/c do not significantly
epend on the Cu(II) catalyst, but rather on the peroxide used.

The stoichiometric oxidation of P4 by (C6H5CO)2O2 in
eOH at 50 ◦C leads after 1 h to 27% conversion of P4 into
MHP (1b) (Table 6, entry 1). In the presence of CuCl2

10 mol% with respect to P4) under identical conditions, the
onversion of P4 increases to 94% giving 1b, 3b and 4b with
ields of 64, 21 and 9%, respectively (Table 6, entry 2). Reduc-
ng the catalyst/P4 (5 mol%) ratio and keeping unchanged the
′OOR′′/P4 ratio, to 6, slightly affects the overall yield, but not

he product distribution (Table 6, entry 3).
In the presence of copper(II) salts (10 mol%), the complete

lkoxydation of white phosphorus may be accomplished also
t 40 ◦C providing that a R′OOR′′/P4 ratio, equal to 10 is used

Table 6, entries 4 and 9). The Cu(acac)2 catalyzed oxidation of
4 by (C6H5CO)2O2 at 40 ◦C in n-BuOH completes after 1.3 h
nd gives 1c, 3c and 4c (68, 7 and 25%, respectively) (Table 6,
ntry 4). Without any copper salt, only 51% P4 conversion was
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Table 6
Oxidation of white phosphorus by organic peroxides in methanol and n-butanol in the presence of a metal salta

Entry Catalyst (mg) % Conversion (h)b % 1b,cb % 3b,cb % 4b,cb

1 – 27 (1) 27 – –
2 CuCl2 (2.2) 94 (1) 64 21 9
3c CuCl2 (2.2) 89 (1) 57 17 15
4d Cu(acac)2 (7.1) 100 (1.3) 68 7 25
5.1e Cu(acac)2 (7.1) 100 (0.7) 61 15 24
5.2f – 100 (1.2)g 53 17 30
5.3f – 100 (2.0)g 41 18 41
5.4f – 100 (3.0)g 36 20 44
6 CuCl2 (3.6) 100 (1) 38 5 57

7h CuCl2 (1.9) 98 (1) 48 9 41
8 Cu(C3H7COO)2 (6.4) 100 (1) 52 8 40
9d Cu(C3H7COO)2 (6.4) 98 (1.3) 66 6 26

10i Cu(C3H7COO)2 (1.3) 100 (1.7) 41 4 55
11d VO(acac)2 (7.2) 73 (2) 41 8 24
12j Cu(acac)2 (7.1) 100 (0.7) – – 100
13k Cu(acac)2 (7.1) 100 (1) 23 1 76

a Reaction conditions: P4 (0.16 M solution in benzene), 1 mL, 0.16 mmol; catalyst, 1.6 × 10−2 mmol; (C6H5CO)2O2, 0.24 g, 0.96 mmol; MeOH, 9 mL; benzene,
1 mL, 50 ◦C (entries 1–3). P4 (as 0.135 M solution in toluene), 2 mL, 0.27 mmol; catalyst, 2.7 × 10−2 mmol; (C6H5CO)2O2, 0.67 g, 2.7 mmol; n-BuOH, 18 mL;
toluene, 2 mL, 60 ◦C (entries 4–13).

b GC values are based on standardization with pure samples of the organophosphorus compounds: 1b = P(O)H(OMe)2, 3b = (O)(OMe)3, 4b = P(O)H(OH)(OMe);
1c = P(O)H(OBu)2, 3c = P(O)(OBu)3, 4c = P(O)H(OH)(OBu).

c P4 (0.16 M in benzene), 2 mL, 0.32 mmol; (C6H5CO)2O2, 0.48 g, 1.92 mmol; benzene, 2 mL.
d At 40 ◦C.
e At 50 ◦C.
f Recycling experiment: P4 (0.135 M in toluene), 2 mL, 0.27 mmol; (C6H5CO)2O2, 0.67 g, 2.7 mmol.
g Reaction time for achieving the total conversion of P4.
h P4 (0.14 M in toluene), 0.14 mmol; CuCl2, 1.4 × 10−2 mmol; (C6H5CO)2O2, 0.21 g, 0.84 mmol; n-BuOH, 9 mL; toluene, 1 mL, 70 ◦C.
i Cu(C H COO) , 5.4 × 10−3 mmol.
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j 3-ClC6H4C(O)OOH, 0.65 g, 2.7 mmol at 50 ◦C.
k 3-ClC6H4C(O)OOH, 0.65 g, 2.7 mmol at 40 ◦C.

chieved after 2.7 h under similar reaction conditions (Table 3,
ntry 4). Increasing the temperature to 50 ◦C does not apprecia-
ly affect the distribution of the organophosphorus products but
oubles the reaction rate (Table 6, entry 5.1). In an attempt to
erify the possibility to recycle the catalyst, at the end of the first
atalytic cycle, as indirectly showed by the renovation of the ini-
ial light-green color due to regeneration of Cu(II) ion, a second
atch of P4 and (C6H5CO)2O2 were added to the same catalytic
olution which maintained unchanged its activity with P4 con-
ersion in 0.5 h (Table 6, entry 5.2). Then, two further tests with
urther addition of both P4 and (C6H5CO)2O2 were run show-
ng complete conversion in 0.8 and 1 h, respectively (Table 6,
ntries 5.3 and 5.4). Inspection of these entries in Table 6 shows
hat the yield of 1c gradually decreases while the amount of 4c
lightly increases on going from the first to the fourth catalytic
ycle.

In summary, four portions of P4 were completely oxidized
y the initial catalytic solution within 3 h without practically
hange the reaction rate. In other words, the catalyst completely
aintains unaltered its activity after four cycles and remains still

ble to convert more aliquots of white phosphorus.
Cu(II) chloride and butyrate (10 mol%) are also efficient
n catalyzing the oxidative P–O coupling of P4 with n-BuOH
Table 6, entries 6–9). Rising the temperature to 70 ◦C allows
o convert white phosphorus completely even when the sto-
chiometric R′OOR′′/P4 ratio (6) is used (Table 6, entry 7).

C
o
3
c

ecreasing the catalyst loading to 2 mol% causes the separa-
ion of a brownish-black precipitate of Cu(0) and the complete
onversion of P4 requests much longer time (see Table 6, entries
0 and 8).

VO(acac)2 accelerates the peroxidic oxidation of P4 in n-
uOH at 40 ◦C (see Table 6, entry 11 and Table 3, entry
) but shows a lower activity than copper(II) salts. The rate
f P4 oxidation by 3-chloroperoxybenzoic acid in n-BuOH is
onsiderably increased in the presence of Cu(acac)2 (compare
able 6, entries 12 and 13 with Table 3, entries 6 and 7). In
ontrast to dibenzoyl peroxide, the 3-chloroperoxybenzoic acid
avors the formation of MAHP 4b/c. Thus, the ratio (1c/4c)
s usually >1 when (C6H5CO)2O2 is used, but is <1 with 3-
lC6H4C(O)OOH. Selective formation of monobutyl hydrogen
hosphonate, P(O)H(OH)(OBu) (4c), is achieved under mild
eaction conditions (entry 12 in Table 6). Obviously, this means
hat the acidolysis of tributyl phosphite (5c) to dibutyl hydrogen
hosphonate (1c) and its further acidolysis to monobutyl hydro-
en phosphonate (4c) by 3-chloroperoxybenzoic acid (generated
n situ) proceeds faster than the direct oxidation of 5c by 3-
lC6H4C(O)OOH to tributyl phosphate (3c) under the working

eaction conditions (see Scheme 1). The high capability of 3-

lC6H4C(O)OH to promote the acidolysis matches the results
f entries 8 and 9 in Table 2. According to our experimental data,
-chloroperoxybenzoic acid is a stronger dealkylating agent as
ompared with benzoic acid or water.
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Fig. 2. GC monitoring of the oxidation of P4 by dibenzoyl peroxide in n-BuOH
in the presence of copper(II) acetylacetonate. Reaction conditions (as for entry
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in Table 6): P4 (0.135 M in toluene), 2 mL, 0.27 mmol; Cu(acac)2, 7.1 mg,
.7 × 10−2 mmol; (C6H5CO)2O2, 0.67 g, 2.7 mmol; n-BuOH, 18 mL; toluene,
mL, 40 ◦C.

Like in the stoichiometric tests described above, GC
onitoring of most of the catalytic reactions listed in
able 6 (ROH = n-BuOH) were carried out at regular intervals
5–10 min) confirming the ubiquitous formation of small amount
f tributyl phosphite (5c). As an example, the conversion curves
esulting from GC monitoring of the reaction under the condi-
ions of entry 4 are shown in Fig. 2.

Although the conversion curves of both the stoichiomet-
ic and catalytic reactions have a similar appearance (compare
igs. 1 and 2), the rates of accumulation of the organophosphorus
roducts 1c, 3c and 4c and the conversion of the intermedi-
te species 5c are considerably accelerated by the presence of
u(acac)2 reflecting the catalytic activity of the metal ion. As a
atter of fact, a total conversion of 51% is achieved in 160 min
ithout any metal promoter (see Fig. 1), whereas in the cat-

lyzed reaction a similar conversion is reached already in 20 min
Fig. 2), demonstrating a strong speeding up of the P4-oxidation
f about eight times in the presence of Cu(acac)2. In general,
epending on both the temperature and the nature of the cata-
yst, the rates of the P4 alkoxydation increase between two and
ight times.

A sketch of the catalytic copper oxidation of white phospho-
us promoted by peroxides in alcohol (or water) is presented in
cheme 2.
It should be emphasized that the active catalytic species
hich accelerate the decomposition of peroxides are Cu(I)

omplexes rather than the initial Cu(II) species, The former
ndeed are generated in situ via the fast reduction of Cu(II)

Scheme 2.

1
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t
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o Cu(0) by white phosphorus followed by oxidation of Cu(0)
o Cu(I) by Cu(II) salts. Therefore, Scheme 2 well accounts
lso for the catalytic activity of commercial copper(I) salts (like
uI), which effectively catalyze the oxidation of P4 by organic
eroxides in both aqueous and alcoholic solutions. A simi-
ar mechanism is likely responsible for the catalytic activity
xhibited by VO(acac)2, which favors the peroxides decom-
osition being readily oxidized to V(V) species. The further
wo-electron reduction of vanadium(V) by elemental phospho-
us generates a V(III) species, which similarly to V(IV) ion
peeds up the decomposition of the peroxide and then accel-
rates the alk(hydr)oxydation reaction. In this case, the color of
he solution remains practically unchanged because both V(V)
nd V(III) species are green colored. The minor catalytic activ-
ty of VO(acac)2 may probably be explained with the slower
egeneration of the catalytically active V(III) species, i.e. with
he slower oxidation of P4 by V(V) formed which, in contrast to
u(II), behaves as a strong oxidant only in strong acidic solutions

25].
In the case of copper salts, the active Cu(I) catalytic species is

enerated from the comproportionation of two catalytically inac-
ive forms like Cu(0) and Cu(II) (Scheme 2). However, when a
ower loading of CuX2 (ca. 2 mol%) is used, the metal is com-
letely reduced by P4 to Cu(0) and no CuX2 remains to reoxidize
etallic copper to the catalytically active Cu(I) species. In this

ase, there is no catalytic boosting of the reaction which does
ot practically differ from the not catalyzed process (see Table 6,
ntry 10 and Table 3, entry 1).

The reduction of Cu(II) by P4 in alcohol (water), shown in
cheme 2, agrees with a heterolytic reaction pathway involving

he coordination of both ROH (H2O) and P4 to Cu(II), followed
y the building of the organophosphorus product (or of the phos-
horus oxyacid) while the copper ion is reduced to Cu(0) [1b–e].
q. (11) accounts for this chemistry and takes into considera-

ion the capability of P4 to separate out metallic copper from the
olution of its salts [33]:

4 + 12ROH + 6CuX2

→ 4P(O)H(OR)2
1a/d

+ 6Cu + 4RX + 8HX (11)

However, taking into account the stoichiometry of this het-
rolytic reaction and the substoichiometric amount of CuX2 used
5–10% molar ratio), one can envisage that the contribution of
his alternative reaction to the synthesis of organophosphorus
ompounds or phosphorus oxyacids should be very low (ca.
%). Our experimental results therefore show that the oxidation
f white phosphorus by organic peroxides in water or alcohols
n the presence of catalytic amount of metal ions is almost com-
letely accomplished via the radical pathway (Scheme 1) where
he production of RO• radicals is boosted by the low-valent metal
ons as highlighted in Scheme 2.
. Conclusions

The oxidation of white phosphorus by H2O2 and organic
eroxides in aqueous and alcoholic solutions has been studied
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nder anaerobic conditions. The reaction results in the formation
f a mixture of P(I) (hypophosphorous acid), P(III) (phospho-
ous acid, mono- and dialkyl hydrogen phosphonates) and P(V)
phosphoric acid or trialkyl phosphates) derivatives which form
ia oxidative phosphorylation of the substrate (H2O and alcohol)
y P4.

Depending on both the reaction conditions and the nature
f the alcohol, up to three organophosphorus compounds,
(O)H(OR)2, P(O)H(OH)(OR) and P(O)(OR)3, and one phos-
horus oxyacid, P(O)H(OH)2, are produced in variable amounts.
enerally, the P(III) species are the major products of the reac-

ion whereas the phosphate derivatives are usually produced
n limited amount. In the presence of catalytic amounts of
u(I), Cu(II) or V(IV) complexes, the oxidative alkoxydation
nd hydroxydation of P4 promoted by organic peroxides is sig-
ificantly enhanced with increasing of the reaction rate up to
ight times. Noticeably, under optimized reaction conditions,
00% conversion of white phosphorus to organophosphorus
roducts is achieved with high selectivity in P(III) esters (ca.
5%). A perusal of the oxidative experiments, carried out with
nd without a metal catalyst, suggests the following order for
he activity of the peroxides, substrates, solvents and catalysts
ested in this work: tert-BuOOH � 3-ClC6H4 CO3H > (C6H5
O)2O2 � H2O2; H2O > MeOH > BuOH � PhOH; toluene >
HF ∼= CCl4 > n-hexane � D2O; Cu(acac)2 ∼= Cu(CH3COO)2
Cu(C3H7COO)2 ∼= CuI > CuCl2 > VO(acac)2.
An identical stepwise radical mechanism has been proposed

or enlightening the oxidation of white phosphorus by peroxides
n both aqueous biphasic and alcoholic solutions. The catalytic
xidation of P4 by organic peroxides in alcohols is proposed to
roceed with the same mechanism, the only difference being
n the preliminary step of peroxide homolysis which is now
eplaced by the metal assisted reduction of the peroxide to yield
he radical initiator. Based on the reaction herein described, a
ethod for the selective catalytic synthesis of monoalkyl hydro-

en phosphonates, P(O)H(OH)(OR), may be elaborated. Further
tudies in our laboratories are in progress to better evaluate the
cope of the reaction and to verify whether this process may
epresent a credible replacement to the known methods for the
ynthesis of different monoalkyl hydrogen phosphonates based
n the hydrolysis of DAHP or esterification of phosphorous
cid.
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