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Abstract

The oxidation of alkyl and aryl phosphines, tryphenylphosphite and triphenylarsine was achieved using oxygen or air as
the oxidant in the presence of excess 3-methylbutanal and catalytic amount Co(acac),. Tests carried out with a
heterogeneous analogue of Co(acac), revealed that the supported cobalt polymer acts as an active and reusable catalyst in
the oxidation of triphenylphosphine. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phosphine oxides preparation and synthetic
applications are of utmost importance in organic
chemistry. They are important synthones for a
number of organic reactions, such as the
Horner—Wittig reaction [1] or severa coupling
[2,3], akylation [4], acylation [5—8] or addition
[9-11] reactions, all of them triggered by an
a-phosphinoyl carbanion.

Noteworthy among the most recent examples
of catalytic oxidation of phosphorus compounds
are those based on FeCl,/H,0, [12], CH,-
ReO,/0, [13] and Ru-porphyrine/O, [14].

* Corresponding author. Tel.: + 39-80-546-0608; Fax: + 39-80-
546-0604

Pursuing our studies on the aerobic oxidation
of organic substrates using the catalytic system
based on a meta acetylacetonate, a sacrificia
aldehyde and oxygen or air [15-20], we re-
cently became interested in the oxyfunctional-
ization of trivalent phosphorus and arsenic com-
pounds leading to pentavalent species.

2. Experimental

2.1. Materials and apparatus

The metal acetylacetonates, the substrates,
the standards and 3-methylbutanal were pur-
chased by Aldrich. Chromatographic analyses
were carried out on a Hewlett Packard 6890
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Table 1

Oxidation of triphenylphosphine (2.42 mmol) with dioxygen (p =
1 atm), 3-methylbutanal (1.85x4 mmol added at times=0, 3, 6
and 9 h), t-butylhydroperoxide (5% respect to the substrate) in 1,
2-dichloroethane (2.0 ml) at room temperature

Entry Catalyst Time (h) Yield (%)
1 none 48 46
2 Cu(acac), 48 88
3 Ni(acac), 24 92
4 Pd(acac), 48 94
5 Fe(acac), 24 100
6 Co(acac), 12 100
7 supported cobalt 12 100
82 supported cobalt 13 100

Catalyst /substrate =1 /60 mol /mal.
#Recycle of the previous run.

instrument using a capillary 30 m HP-5 (5%
phenyl methyl siloxane) column or a capillary
30 m SPB-1 column. GCMS data were acquired
on a HP 5973 instrument. HPLC analyses were
carried out by a LC-10AD Shimadzu instrument
using a 25 cm Spherisorb 5-C8 column and
CH,CN /H,O mixtures as eluent. The oxidised
products were identified by comparison of their
MS spectra and retention times in GC (HPLC)
analyses with those of authentic samples.

Conversions and yields were calculated by
GLC or HPLC anayses as moles of oxidised
product per mole of starting substrate by using
the internal standard method.

2.2. Catalytic runs
2.2.1. Homogeneous phase
A Schlenk tube wrapped with aluminium foil

was charged with the substrate, the metal acety-
lacetonate (when present), 3-methylbutanal (ad-

Table 2

ded as specified in the captions of the tables)
and t-butylhydroperoxide (5% respect to the
substrate) in 1,2-dichloroethane (2 ml) and vig-
oroudly stirred under dioxygen or air (p=1
atm) at room temperature (21°C), and monitored
by GLC or HPLC and GCMS.

2.2.2. Heterogeneous phase

A Schlenk tube wrapped with aluminium foil
was charged with triphenylphosphine (2.42
mmol), the supported cobalt catalyst (50.1 mg,
4.47% of Co), 3-methylbutanal (added as speci-
fied in the caption of Table 1) and t-butylhy-
droperoxide (5% respect to triphenylphosphine)
in 1,2-dichloroethane (2 ml) and vigorously
stirred under dioxygen (p=1 am) at room
temperature until completion of the reaction as
monitored by GLC. The supported catalyst was
recovered after duty by addition of petroleum
ether to the suspension and subsequent centrifu-
gation. The recovered resin was washed with
acetone and diethyl ether, dried under vacuum
and recycled.

3. Results and discussion

3.1. Oxidation of triphenylphosphine

Triphenylphosphine was submitted to oxida-
tive conditions in the presence of severa differ-
ent metal catalysts. The relevant results are
summarised in Table 1. It is apparent that the
non-catalysed reaction was significantly slower
than al the catalysed ones. Among the metal

Oxidation of P(OPh),; and AsPh; (2.42 mmol) with dioxygen ( p = 1 atm), 3-methylbutanal (1.85 X 4 mmol added at times =0, 3, 6, 9 h),
t-butylhydroperoxide (5% respect to the substrate) in 1,2-dichloroethane (2.0 ml) at room temperature

Entry Substrate Catalyst Time (h) Conversion (%) Selectivity (%) Product
1 P(OPh)4 none 32 59 32 OP(OPh),
2 P(OPh), Co(acac), 32 62 60 OP(OPh),
3 AsPh, none 24 9 100 OAsPh,
4 AsPh, Colacac), 24 % 100 OAsPh,

Col(acac), /substrate = 1,/60 mol /mol.



P. Mastrorilli et al. / Journal of Molecular Catalysis A: Chemical 148 (1999) 17-21 19

Table 3

Oxidation of air sensitive phosphines (0.6 mmol) with dry air ( p = 1 atm), 3-methylbutanal (0.46 X 3 mmol added at times= 0, 15, 30 min
for methods b and c), t-butylhydroperoxide (5% respect to the substrate) in 1,2-dichloroethane (2.0 ml) at room temperature

Entry Substrate Oxidative conditions Time (min) Conversion (%) Selectivity(%) Product
1 PPh,H a 2 94 92 OPPh,H
2 PPh,H b 20 95 100 OPPh,H
3 PPh,H c 60 57 88 OPPh,H
4 PCy, a 45 98 63 OPCy,
5 PCy, b 15 98 85 OPCy,
6 PCy, c 80 99 %5 OPCy,

Co(acac), /substrate = 1 /60 mol /mol.

Conditions: (a) dry air without aldehyde; (b) dry air with aldehyde; (c) dry air, aldehyde, Co(acac),.

acetylacetonates tested, the Co(ll) one was
shown to be the most active catalyst, affording
guantitative conversion in 12 h.

The insoluble resin containing supported
Co(AAEMA), [AAEMA ~ = deprotonated form
of 2-(acetoacetoxy)ethyl methacrylate] was
tested as heterogeneous catalyst in the oxidation
of triphenylphosphine. This resin is easily syn-
thesised [21] from Co(AAEMA),, meth-
ylenebisacrylamide and dimethylacrylamide in
dimethylformamide, and resulted active and re-
cyclable in the agrobic oxidation of sulfides [22]
and of hydroxyketones [23].

The results obtained in the oxidation of tri-
phenylphosphine in the heterogeneous phase
(entries 7 and 8 of Table 1) show that the
heterogeneous catalyst exhibited comparable ac-
tivity respect with its homogeneous analogue
and is recyclable with negligible loss of activity.

3.2. Oxidation of triphenylphosphite and triph-
enylarsine

Triphenylphosphite was oxidised to triph-
enylphosphate in the presence of Co(acac), as
metal catalyst. Results summarised in Table 2
(entries 1 and 2) show that non-catalysed and
catalysed processes afford comparable conver-
sions but significantly different selectivities. The
main side product found in the reaction solution
is phenol, probably deriving from homolytic
cleavage of the P—OPh bond.

As to triphenylarsine, the reaction carried out
in the presence of the metal catalyst (Table 2,

entry 4) gave excellent selectivity and almost
complete conversion. The non-catalysed reac-
tion, on the contrary, was exceedingly slow
(entry 3).

3.3. Oxidation of tricyclohexylphosphine and
diphenyl phosphine

The oxidation of these two air sensitive phos-
phines was carried out under three different
oxidative conditions, namely: (a) stirring under
dry air (p=1 atm), (b) stirring in the presence
of excess sacrificial aldehyde under dry air (p
=1 atm), (c) stirring in the presence of excess
sacrificial aldehyde and Co(acac), under dry air
(p=1 am). All reactions were triggered by
t-butylhydroperoxide (5% respect to the sub-

time course of the oxidation of dppm
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Fig. 1. Oxidation of diphenylphosphinomethane (0.25 mmol) with
air (p= 1 atm), 3-methylbutanal (0.37 X 4 mmol added at times =
0, 3, 6, 9 h), t-butylhydroperoxide (5% respect to the substrate) in
1, 2-dichloroethane (2.0 ml) at room temperature; catalyst,/sub-
strate=1,/30 mol /moal.
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Table 4

Aerobic oxidation of dppm and dppe (0.25 mmol) in the presence of 3-methylbutanal, t-butylhydroperoxide (5% respect to the substrate) in
1,2-dichloroethane (2.0 ml) at room temperature and atmospheric pressure

Entry Substrate Oxidant Catalyst Time (h) Conversion (%) % monoxide % dioxide
1@ dppm ar none 9 18 70 30
2b dppm air Colacac), 3 88 65 35
3¢ dppm 0, Co(acac), 6 100 - 100
4d dppe air none 5 8 100 -
5¢ dppe air Co(acac), 22 100 55 45
6f dppe 0, Colacac), 2 100 - 100

Co(acac), /substrate = 1 /30 mol /mol.

#0.37 X 3 mmol adehyde added at times= 0, 3 and 6 h.

®0.37 mmol adehyde present at the beginning of the reaction.
€0.37 X 2 mmol adehyde added at times=0and 3 h.

90.19 x 4 mmol aldehyde added at times= 0, 0.67, 3 and 4 h.
€0.19 X 4 mmol aldehyde added at times= 0, 40, 60 and 90 min.
"0.74 x 2 mmol aldehyde added at times=0 and 1 h.

strate). The results summarised in Table 3 show
that in the case of PPh,H the simple exposition
to air transforms most of the substrate into the
corresponding P-oxide, the reaction being accel-
erated by the presence of the sacrificial ade-
hyde (entries 1 and 2). The metal catalysed
reaction gave the worst result in terms of both
conversion and selectivity. The oxidation of tri-
cyclohexylphosphine with method (a) was quite
fast but rather unselective (entries 4 and 5),
main side products being OP(OCy)Cy, and
OP(OCy),Cy. Metal catalysed oxidation
(method c) gave the best result in terms of yield
in tricyclohexylphosphineoxide (94% after 80
min, entry 6). The slowing down of the reaction
caused by the presence of Co(acac), can be
tentatively ascribed to the formation of an in
situ complex between the basic PPh,H or PCy,
phosphines and the cobalt, that could act as an
inhibitor towards the formation of the radical
species responsible for the oxidation.

3.4. Oxidation of diphenylphosphinomethane
(dppm) and 1,2-bis(diphenyl phosphino)ethane
(dppe)

The time course of the oxidation of dppm
carried out using air as the oxidant is depicted
in Fig. 1. It is apparent that after 9 h the
reaction affords selectively the dioxide. After

3 h reaction the solution contains 57% of
diphenylphosphinomethanemonoxide. Quantita-
tive conversion of the diphosphine into dioxide
could also be abtained under dioxygen after 6 h
reaction (entry 3 of Table 4).

When dppe was submitted to oxidative condi-
tions, quantitative yield of the corresponding
dioxide was obtained after 2 h reaction under a
pure dioxygen atmosphere. Using air instead of
O, it was possible to stop the oxidation when
the reaction mixture contained 55% monoxide
and 45% dioxide (entry 5 of Table 4). Remark-
ably, both diphosphines reacted sluggishly in
the absence of cobalt catalyst (entries 1 and 4).
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