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The reduction of a number of phosphoryl- and thiophosphoryl formates, monothioformates and dithioformates has
been studied by means of cyclic voltammetry and EPR spectroscopy. The reduction potentials of all dithioformates
are close to �1 V vs. SCE, and increase for S-alkyl monothioformates and even more for O-alkyl monothioformates.
The radical anions of the compounds bearing the thiocarbonyl function have been characterised by means of EPR
spectroscopy, whereas those of the compounds having the carbonyl function underwent decomposition before
detection. Reduction at higher potentials led in most cases to the detection of paramagnetic dianions derived from
fragmentation of the initially formed radical anions.

Introduction
In previous studies on phosphoryl- and thiophosphoryl-
dithioformates having the general structure (RO)2P(X)C(S)SR�
(with X = O, S) we have shown that these compounds are very
efficient spin trapping agents towards a large variety of free
radicals in organic media.1–3 We have also shown that although
the spin trapping ability is independent of the nature of the R
and R� substituents, paramagnetic adducts characterised by a
greater persistence are formed in the trapping process when
phosphoryl dithioformates bearing bulky R groups are used,
and, in view of this, methyl bis(2-menthyloxy)phosphoryldithio-
formate was identified as the best spin trapping agent among
the investigated compounds.3 A water-soluble member of this
family has also been synthesised with the aim of using it in
biological systems, but when it was exploited as a spin trap in
aqueous media it failed to afford detectable radical adducts.2

The remarkable efficiency of trapping organic radicals of any
sort typical of thiocarbonyl compounds,4–7 combined with the
unusually high persistence of the resulting spin adducts, sug-
gested that the title compounds could be used in the polymer
industry as inhibitors of auto-oxidative processes. On this basis,
some members of the family were tested as stabilisers in the
processing of polypropylene and were indeed found to exert a
strong protective action against polymer degradation, although
there were some drawbacks mainly related to their rather
malevolent smell.3

Although phosphoryl- and thiophosphoryl-dithioformates
proved to be very efficient spin trapping agents, it should be
pointed out that the detection of EPR signals in the course
of a reaction does not necessarily imply the actual trapping
of a free radical (homolytic thiophilic attack of the thio-
carbonyl function by a radical X�), but may reflect the occur-

† For Part III, see ref. 3.
‡ Cyclic voltammograms and EPR spectra are available as supplemen-
tary data. For direct electronic access see http://www.rsc.org/suppdata/
p2/b0/b002986f/

rence of other processes, such as thiophilic attack by a nucleo-
phile followed by oxidation,8 oxidation of the dithioformate
and subsequent attack of the radical cation by a nucleophile
(the so called inverted spin trapping 9), or a single electron
transfer (SET) reaction between the phosphoryldithio-
formate and readily oxidisable compounds present in the
system. In particular, it has recently been shown that thio-
carbonyl compounds are readily reduced to the corresponding
radical anions by Grignard reagents through such SET
processes.2,10

It is therefore obvious that a knowledge of the reduction
potentials of these compounds and of the EPR spectral proper-
ties of the corresponding radical anions is a necessary pre-
requisite to their correct use as spin trapping agents. Although
thiocarbonyl compounds are characterised by rather low
reduction potentials (certainly lower than those of their oxygen
analogues), comparatively few studies have been carried out on
their radical anions. EPR spectroscopists first took an interest
in thiocarbonyls in the late sixties, when the reduction of
thiobenzophenone 11,12 and a number of thiobenzamides 13 was
investigated. Studies were carried on in the seventies and early
eighties, which may be regarded as the “golden age” of thiocar-
bonyls from the EPR point of view: again thiobenzophenone
derivatives were studied 14 and the radical anion from an ali-
phatic thioketone, namely hexafluorothioacetone, was first
observed.15 During this period the most conspicuous contri-
bution came from Voss and co-workers, who investigated the
radical anions from thio- and dithioesters, thiobenzamides, and
di-tert-butyl thioketone.16–18 The studies on aliphatic thio-
ketones published in 1980 19 were followed by a marked decline
of interest which has persisted until recent years. All in all, from
the available body of information it appears that in aromatic
thioketones delocalisation of the unpaired electron onto the
aromatic rings is less efficient than in the anion of the corre-
sponding ketones, and that alkyl thioketyls are more similar to
alkyl than to thiyl radicals. It is also evident that in all cases the
spin density on sulfur is small, and that the radical anions from
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aromatic thiocarbonyl compounds are relatively more persist-
ent than those from aliphatic thiocarbonyls.

We report here the results of a combined electrochemical and
EPR investigation into the reduction of phosphoryl- and thio-
phosphoryldithioformates 1 and 2, phosphoryl- and thiophos-
phorylmonothioformates 3, 4, 7 and 8, and of phosphoryl- and
thiophosphorylformates 5 and 6.

The reduction of these compounds, which can be considered
as aliphatic esters and mono- or dithioesters, is expected to lead
to rather unstable radical anions; on the other hand, the pres-
ence of the phosphoryl or thiophosphoryl group directly bound
to the carbonylic or thiocarbonylic carbon might enhance
stability and make possible EPR detection of the radical
anions.

Results and discussion
The reduction of compounds 1–8 was studied through cyclic
voltammetry. Electrochemical reduction was also carried out
inside the cavity of an EPR spectrometer and the resulting
paramagnetic species were characterised and their spectral
parameters determined.

Cyclic voltammetry

The electrochemical reduction of the different compounds has
been studied in acetonitrile spanning a potential interval
ranging from �0.8 to �2.8 V vs. SCE using a glassy carbon
electrode. Di- and mono-thioesters of general structure 1–4
exhibited a well defined reduction wave (see Table 1) followed
by a second irreversible wave at a potential some 800–1000 mV
more negative than that of the first reduction. Actually, in some
cases the second wave was too close to the background dis-
charge to be properly defined. In most instances the first waves
were reversible at relatively low scan rates (dV/dt ≤ 0.2 V s�1,
lifetimes of a few seconds), exceptions being provided by com-
pounds 1b, 1c and 1e, whose voltammograms were reversible
only at higher scan rates (lifetime around 10�2 s). Under the
conditions of reversibility of the first wave, the second wave
can be ascribed to the further reduction of the radical anion.
Different behaviour was exhibited by trityl dithioformate 1f
that also showed two reduction waves; however, the irreversi-
bility of the first wave (even for dV/dt > 100 V s�1) did not allow
a clear identification of the second. Moreover, the pattern of
the voltammogram of 1f differed from that of the other dithio-
formates, being characterised by a broad first reduction wave at
a more positive reduction potential, thus suggesting a different
decay of radical anion 1f��. Changing the nature of the R and
R� groups in compounds 1a–e, h–k induced small variations
(±100 mV) in the reduction potential, 1f again being an excep-
tion. On the other hand, replacement of the thiocarbonyl group
by a carbonyl resulted in significantly more negative reduction

potentials (1a→7 �0.68 V, 2→8 �0.73 V, 3→5b �1.15 V, and
4→6 �1.04 V) and in a dramatic shortening of the lifetime of
the reduced species, the voltammograms of compounds 5–8
being either irreversible or reversible at scan rates >20 V s�1.
Remarkable but less substantial variations of the reduction
potentials were also observed when replacing the –SR� moiety
with an –OR� group (1a→3 �0.4 V, 2→4 �0.39 V, 7→5b �0.56
V, and 8→6 �0.70 V), the variation being larger for the
carbonyl than for the thiocarbonyl derivatives. These trends
are consistent with those previously reported for a number of
dithio- and monothio-benzoates as well as for some alkoxy-
carbonyl-substituted dithio- and monothio-formates.20–23

The values collected in Table 1 also indicate that changing
from the phosphoryl to the thiophosphoryl group did not
significantly affect either the reduction potentials of the dithio-
formates or the lifetime of their radical anions; similar substitu-
tion in both types of monothioesters, while not leading to large
variations in the reduction potentials, resulted in a remarkable
enhancement of the stability of the reduced species. The present
results indicate that the phosphoryl and thiophosphoryl groups
exert a substantially similar electron-withdrawing effect, which,
from the data in Table 2, is estimated to be between those of the
phenyl and of the methoxycarbonyl groups.

EPR

Although the electrochemical reduction of compounds 1–8,
carried out in acetonitrile at room temperature inside the cavity

Table 1 Reduction potentials (vs. SCE) of compounds 1–8 and
reversibility a of the voltammograms

Compound E�/V Reversibility 

(EtO)2P(O)C(S)SMe, 1a
(EtO)2P(O)C(S)SAllyl, 1b
(EtO)2P(O)C(S)S(But-2-enyl), 1c
(EtO)2P(O)C(S)S(But-3-enyl), 1d
(EtO)2P(O)C(S)SBenzyl, 1e
(EtO)2P(O)C(S)SCPh3, 1f
(iPrO)2P(O)C(S)SMe, 1h
(2-MenthylO)2P(O)C(S)SMe, 1i
(LaurylO)2P(O)C(S)SMe, 1j
(PhO)2P(O)C(S)SMe, 1k
(EtO)2P(S)C(S)SMe, 2
(EtO)2P(O)C(S)OMe, 3
(EtO)2P(S)C(S)OEt, 4
(EtO)2P(O)C(O)OMe, 5a
(EtO)2P(O)C(O)OEt, 5b
(EtO)2P(O)C(O)OPh, 5c
(EtO)2P(S)C(O)OEt, 6
(EtO)2P(O)C(O)SEt, 7
(EtO)2P(S)C(O)SEt, 8

�1.10
�1.05
�1.05
�1.11
�1.03
�0.84 b

�1.13
�1.15
�1.10
�0.94
�1.04
�1.47 b

�1.43
Not measured

�2.64 b

Not measured
�2.47 b

�1.88 b

�1.77

0.1–0.2
5–10
5–10
0.1–0.2
2–5

>100
<0.1
<0.1

0.1–0.2
0.1–0.2
0.1
0.1
0.1

Not measured
Irreversible c

Not measured
Irreversible c

>100
20–50

a Scan rate (V s�1) allowing the observation of the reverse oxidation
peak (ca. 10%). b Ep measured at 0.2 V s�1. c The reduction was too close
to the background discharge to allow the measurement of reversibility.

Table 2 Reduction potentials a of compounds 1a, 2, 3, 4, and of some
reference compounds

Compound E�/V Reference

MeC(S)SMe
PhC(S)SMe
(EtO)2P(O)C(S)SMe, 1a
(EtO)2P(S)C(S)SMe, 2
MeO(O)CC(S)SMe
MeC(S)OMe
PhC(S)OMe
(EtO)2P(O)C(S)OMe, 3
(EtO)2P(S)C(S)OEt, 4
MeO(O)CC(S)OMe

~�1.65
�1.32
�1.10
�1.04
�0.88

~�1.80
�1.60
�1.49
�1.43
�1.16

37 b

20, 22
This work
This work
20, 22
37 b

20, 22
This work
This work
20, 22

a In ACN vs. SCE. b Estimated from the value in 40% propan-2-ol–
phosphate buffer.
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Table 3 Room temperature EPR hyperfine spectral parameters a of the radicals observed upon electrochemical reduction of 1–8 in ACN

Compound Radical a(31P) a(R�) a(13Cα) g Radical a(31P) a(13Cα) g 

1a 1a�� 2.040 0.103 (3H) 2.324 2.01045 9a2�� 2.268 2.470 2.01000

1b No signal observed 9a2�� 2.270 2.01000

1c No signal observed 9a2�� 2.269 2.00999

1d
1e

1d��

1e��
2.054
1.980

n.r.
n.r.

2.303
—

2.01049

2.01051 9a2�� 2.250 2.478 2.01000

1f Triphenylmethyl radical observed
1h
1i
1j
1k
2
3
4

1h��

1i��

1j��

1k��

2��

3��

4��

2.032
1.980
2.041
1.808
1.581
2.341
1.818

0.110 (3H)
0.096 (3H)
0.098 (3H)
0.086 (3H)
0.123 (3H)
0.084 (2H)
0.040 (2H)

—
2.375
2.339
—
2.292
2.731
2.557

2.01031

2.01038

2.01043

2.01129

2.01332

2.00708

2.00657

9i2��

9k2��

122��

2.159

1.933

1.705

2.419 2.01000

2.01070

2.01052

5a Signals (two singlets) not assigned
5b Signals (two singlets) not assigned
5c 15�� 2.456 (2 nuclei with spin I = 1

–
2
) 2.00560

6 6�� 1.819 0.045 (2H) 2.559 2.00717

7 15�� 2.450 (2 nuclei with spin I = 1
–
2
) 2.00564

8 16�� 2.140 (2 nuclei with spin I = 1
–
2
) 2.00419 122�� 1.696 2.01105

a Coupling constants in mT.

of an EPR spectrometer at potentials close to those reported in
Table 1 led in all cases to the detection of EPR spectra, in a few
instances the observed signals could not be attributed to the
corresponding radical anions. The spectral parameters of all
the detected radicals are collected in Table 3. For all the radical
anions 1a–e, h–k�� the spectra consisted of a doublet due to the
31P nucleus, each line of the doublet exhibiting in most cases
further hyperfine structure due to hydrogen atoms of the R�
groups. At high amplification satellite lines due to the α-13C
nucleus could also be detected. Comparison of the spectral
parameters of radical anions 1a–e, h–k�� with those of the
radical adducts (RO)2P(O)C(�)(SX)SR� A resulting from
addition of X� radicals to the parent compounds 1–3 shows a
lower spin density on the central carbon atom in the former
species. This is evidenced by the a(13Cα) values which are only
ca. 63% of that measured for the methyl radical as compared to
the ~32 G value found for adducts A, i.e. ca. 15% less than in
the methyl radical. Variations in geometry have recently been
shown to be a less important factor than the electronegativity
of the substituents in determining hfs constants at a radical
centre,24 and the lower a(13Cα) values exhibited by the radical
anions can be more simply attributed to the fact that in these
species delocalisation on sulfur is more important than in the
adducts A (see mesomeric structures B and C). The delocalis-
ation onto the sulfur atom is also reflected by the higher
g-factor values exhibited by 1a–e, h–k��, i.e. g ≥ 2.0100, com-
pared with those of adducts A, i.e. g ≈ 2.0065. As a con-
sequence of the lower spin density on the α-carbon, slightly
lower a(31P) couplings are observed for the radical anions than
for the adducts.

The series of dithioformates 1a–f, h–k allows investigation of
the effect exerted by different substituents in different positions.
Although substitution of the R� group in the dithioester func-
tion does not seem to significantly affect the spin density distri-
bution, it does influence the persistence of the radical anions
which in three instances, namely R = allyl, but-2-enyl, and
triphenylmethyl, are not detected at all. In particular, when
starting from 1f the well known spectrum of the triphenyl-
methyl radical is observed, and it would seem that immediately
after having been formed, the radical anion undergoes a frag-

mentation to Ph3C� and the diamagnetic dithioformate anion.
A similar rapid cleavage of the radical anions 1b�� and 1c��

might explain their elusiveness. In this respect, although one
might suggest that the fragmentation of the radical anions 1b,
c, f�� is made easier by the fact that triphenylmethyl as well as
allyl and but-2-enyl are stabilised radicals, it is worth noting
that the radical anion of the benzylic dithioformate 1e�� was
actually observed.

Substitution of the R groups in the alkoxy substituents of the
phosphoryl moieties has little effect on the spectral parameters
of the radical anions, with the exception of R = phenyl.
Actually, radical anion 1k�� exhibited an a(31P) splitting
slightly over 18 G, i.e. ca. 10% lower than the radical anions
from 1a–e, h–j. The phosphorus atom is directly linked to the
radical centre and assuming free rotation about the P–Cα

bond, the a(31P) value results from two different contribu-
tions: a negative one originating from spin polarisation of the
P–C bond, and a positive one due to hyperconjugative inter-
actions between the orbitals of the P��O double bond and
the SOMO (singly occupied molecular orbital). Contradictory
data concerning the sign of the hfs constant of a phosphorus
atom bound to a carbon radical centre can be found in the
literature. Thus the phosphorus splitting has been said to be
positive in (C6H5)3P

�CH2
�,25 Cl2P(O)CH2

�,26 and (HO)2-
P(O)CH2

�,27 but negative in (C6H5)2P(O)CH2
�.28 We do not

know the sign of the phosphorus splitting in the radicals
observed in the present study, and it is not possible to establish
which of the two mechanisms causes the lower value of a(31P)
exhibited by 1k��.

Prolonged electrolysis resulted in the disappearance of the
spectra of the radical anions, which were replaced by simple
doublets showing couplings with a single phosphorus atom.
Interestingly, the doublet spectrum was also observed in the
cases of compounds 1b and 1c for which the corresponding
radical anions had not been detected. Actually, the same spec-
trum was observed (see Table 3) with compounds 1a–e bearing
the same R substituents (R = ethyl), while somewhat smaller
doublets were observed with compounds 1i (R = 2-menthyl)
and 1k (R = phenyl), bearing different R substituents. As out-
lined in Scheme 1, three different kinds of radicals might in
principle be considered as responsible for these doublet spectra.
Thus, loss of an �R� fragment from the initially formed radical
anions would leave the phosphoryldithioformate anions that
by further monoelectronic reduction would lead to radical
dianions 9a, i, k2��, for which EPR spectra consistent with the
observed doublets are expected.
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Loss of a R�� carbanion from radical anions 1a–e, h–k��

would instead lead to radicals 11a, h–k�, which again might
account for the hyperfine parameters of the observed spectra.
On the other hand, the loss of such carbanions from the –SR�
group is not an obvious process, most of all when it involves
such groups as methyl or but-3-enyl where conjugative stabilis-
ation is not possible. Loss of a thiolate anion, certainly a much
easier process, would lead to thioacyls 10a, h–k�; however, these
species cannot be responsible for the detected spectra, because
they are σ radicals that should be characterised by a(13C) values
larger than 100 G and by g-factors much smaller (~2.001) than
those actually measured.29 Indeed the structure of the second-
ary radicals observed after prolonged electrolysis should not
differ significantly from that of the radical anions 1a–e, h–k��

in view of the similarity of their a(31P), a(13C) splittings and
g-factors. It should also be stressed that the secondary radicals,
likewise 1k�� as compared to 1a��, exhibit a noticeable decrease
in the phosphorus coupling when replacing the ethyl with a
phenyl group in the OR moieties. In view of the above con-
siderations it seems sensible to identify the secondary radicals
as the dianions 92��, and in order to verify whether these species
were indeed responsible for the adventitious spectra, we carried
out the electroreduction of sodium diethoxyphosphoryldithio-
formate 1g and sodium diphenoxyphosphoryldithioformate 1m
in acetonitrile solutions inside the cavity of the EPR spec-
trometer. Under conditions similar to those used for the reduc-
tion of dithioformates 1a–e, i, k the EPR spectra observed
exhibited in each case an intense doublet which had the same
spectral parameters as the secondary radicals already detected
in the reduction of 1a–e, k, namely a(31P) = 22.7 G, g = 2.01001

and a(31P) = 19.4 G, g = 2.01051, respectively. We can therefore
be confident that the identification of the secondary radicals as
radical dianions 9a, i, k2�� is correct.

As far as the persistence of the radical anions 1a–e, h–k�� is
concerned, the strongest effect is exerted by the 2-menthyl
groups, as previously found for the radical adducts of similarly
substituted dithioformates,3 the stabilising action being pos-
sibly due to the steric hindrance exerted by the menthyloxy
groups.

The radical anion from compound 2, where a sulfur atom has
been substituted for the oxygen atom of the phosphoryl moiety,
exhibits a decrease in the phosphorus splitting, negligible vari-
ations in the α-13C and the R� (methyl) splitting, and an increase
of the g-factor. These data suggest a greater delocalisation on
the sulfur of the thiophosphoryl than on the oxygen of the
phosphoryl group. The radical anion 3�� showed the largest 31P
and α-13C splittings within the investigated series along with a
g-factor much smaller than those exhibited by the radical
anions 1a–e, h–k��, thus indicating that in this radical the OR�
moiety is less efficient than the SR� moiety in delocalising the
unpaired electron. Analogously to what was observed when
going from 1a�� to 2��, switching from 3�� to 4�� resulted in a
significant decrease in the phosphorus splitting and in relatively
small variations of the other spectral parameters. Also, in the
case of 4 prolonged electrolysis resulted in the spectrum of the

Scheme 1

radical anion being replaced by a new signal consisting of a
simple doublet (ca. 17 G) with a g-factor close to 2.01 and by
analogy with the reduction of compounds 1, we tentatively
identify this species as the radical dianion 122�� that would be
formed as outlined in Scheme 1 for radicals 92��.

The decay of the EPR signal upon interrupting electrolysis
was monitored at room temperature for the radical anions 1a��

[k = (3.4 ± 0.1) × 10�1 s�1], 2�� [k = (1.9 ± 0.1) × 10�1 s�1)], 3��

[k = (7.9 ± 0.8) × 10�2 s�1] and 4�� (k = 5.3 ± 0.1) × 10�2 s�1].
Consistent with the mechanism proposed in Scheme 1, the
decay followed first order kinetics in all cases, the rate constants
being similar for the phosphoryl and thiophosphoryl deriv-
atives. The lower values of the decay rate constants (ca. one
order of magnitude) measured for the radical anions from thio-
formates than for those from dithioesters may reflect the lower
strength of the thioethereal as compared to the ethereal bond.
The decrease in the EPR signal from 92�� was also found to
follow first order kinetics, the decay rate being k = (6.3 ± 0.1) ×
10�2 s�1.

At variance with dithioformates and thioformates 1–4, and
as might have been foreseen in the light of the electrochemical
results reported in the preceding section, the reduction of
formates and thioformates 5–8 inside the cavity of the EPR
spectrometer proved difficult. Actually, only in the case of 6
could a spectrum consistent with the corresponding radical
anion be detected, whereas electroreduction of 5a and 5b
resulted in each case in the observation of two single lines
apparently not correlated with each other. Upon reduction of
5c, 7 and 8 1 : 2 :1 triplets were observed due to radicals where
two equivalent phosphorus atoms interact with the unpaired
electron (Table 3). In addition, prolonged electrolysis of 8 at
higher potentials led to the detection of a 1 :1 doublet with
spectral parameters very close to those of the signal observed
by prolonged reduction of 4 and we again assign this doublet to
radical dianion 122��, as loss of �R� from 4�� and 8�� (not

observed) leads to the same monothioformate anion. The trip-
let spectra exhibited by 5c, 7 and 8 require that two molecules
of the starting compounds or their fragments combine together
to give either a symmetric radical or a symmetric product that
undergoes reduction in the reaction medium.

Among the possible species that meet these conditions, we
favour radical anions 15�� and 16��, and outline in Scheme 2 a
simple reaction sequence leading to their formation. We have
already mentioned the possibility that the radical anions 1��

undergo the loss of a thiolate anion. In the present case such a
process for 7�� and 8��, or the loss of a phenolate anion for
5c��, would produce the acyl radicals 13� and 14� whose dimer-
isation would give the diones 15 and 16 containing two equiv-
alent phosphorus atoms. As soon as they were formed, these
diones would undergo reduction to the corresponding radical
anions, the species we believe to be responsible for the observed
triplet spectra.

Before concluding, it may be worth noting that by combining
the electrochemical results (Table 1) with the EPR observations
(Table 3) it seems that the limit of voltammetric reversibility
allowing the observation of the first electrogenerated radical
anions is in the range 1 to 2 V s�1, corresponding to a lifetime of
100 ms or more.

Experimental
The NMR spectra were recorded using a Varian Mercury 400
and a Varian VXR 200 spectrometer.
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Scheme 2

Materials

Compounds 1a, b, d–f, i–k, 2,1 1h,30 3, 7,31 and 5a,32 were syn-
thesised according to described procedures. Compound 5b was
a commercial product (Aldrich) as were tetrabutylammonium
perchlorate and tetrabutylammonium tetrafluoroborate
(Fluka). Acetonitrile (UVASOL, Merck) was purified as previ-
ously described.33 The sodium salts 1g and 1m were not isolated
but their reduction was carried out on the crude product from
the reaction of the sodium salt of the appropriate phosphite
with carbon disulfide.30

But-2-enyl diethoxyphosphoryldithioformate, 1c. This com-
pound was prepared by reaction of diethyl phosphite with 4-
bromobut-2-ene as already described.34 It was purified by
chromatography on silica gel using ethyl acetate–petroleum
ether 1 :4 as eluant. Deep red liquid, yield 18%. 1H-NMR, 200
MHz, CDCl3—δ in ppm from TMS: 1.36 (t, 6H, JHH = 7 Hz,
CH3CH2O), 1.67 (d, 3H, JHH = 6 Hz, CH2CH��CHCH3), 3.83
(d, 2H, JHH = 6 Hz, CH2CH��CHCH3), 4.22 (dq, 4H, JHH =
JHP = 7 Hz, CH3CH2O), 5.78 (dt, 1H, JHHtrans

= 15 Hz, JHH =
6 Hz, CH2CH��CHCH3), 5.97 (dq, 1H, JHHtrans

= 15 Hz, JHH = 6
Hz, CH2CH��CHCH3). 

13C-NMR, 50.3 MHz, CDCl3—δ in
ppm from TMS: 16.18 (d, JCP = 5.9 Hz, CH3CH2O), 17.67 (s,
CH2CH��CHCH3), 37.98 (d, JCP = 2.7 Hz, CH2CH��CHCH3),
64.50 (d, JCP = 7.0 Hz, CH3CH2O), 121.79 (s, CH2CH��
CHCH3), 132.29 (s, CH2CH��CHCH3), 228.66 (d, JCP = 175.4
Hz, PC(S)S). 31P-NMR, 161.9 MHz, CDCl3—δ in ppm from
H3PO4 (30% in H2O): �2.74 (s).

Thiophosphoryl derivatives 4, 6, and 8 were all similarly pre-
pared by heating the parent phosphoryl compounds (3, 5b, and
7, respectively) and an equimolar amount of Lawesson’s
reagent in toluene at 100 �C for 2 hours in a nitrogen atmos-
phere. The reaction mixtures were then cooled, filtered, and the
solvent was removed in a rotating evaporator. The residues were
distilled in a Kugelrohr apparatus under reduced pressure or
chromatographed to afford the desired products.

O-Ethyl diethoxythiophosphorylthioformate, 4. Purified by
chromatography on silica gel with hexane–ethyl ether 8 :2
as eluant. Yellow liquid, yield, 85%. 1H-NMR, 400 MHz,
CDCl3—δ in ppm from TMS: 1.39 (td, 6H, JHH = 6.96 Hz,
JHP = 0.74 Hz, CH3CH2O), 1.49 (td, 3H, JHH = 6.95 Hz,
JHP = 1.46 Hz, OCH2CH3), 4.31 (dq, 4H, JHH = 6.96 Hz,
JHP = 10.24 Hz, CH3CH2O), 4.65 (qd, 2H, JHH = 6.95 Hz,
JHP = 1.46 Hz, OCH2CH3). 

13C-NMR, 100.6 MHz, CDCl3—
δ in ppm from TMS: 13.55 (s, OCH2CH3), 16.31 (d, JCP = 6.94
Hz, CH3CH2O), 65.10 (d, JCP = 6.84 Hz, CH3CH2O), 69.33 (d,
JCP = 6.13 Hz, OCH2CH3), 214.77 (d, JCP = 177.86 Hz, PC(S)S).
31P-NMR, 161.9 MHz, CDCl3—δ in ppm from H3PO4 (30% in
H2O): 61.39 (s).

Ethyl diethoxythiophosphorylformate, 6. Purified by distil-
lation. Yellow liquid, yield 90%. 1H-NMR, 400 MHz, CDCl3—

δ in ppm from TMS: 1.34 (td, 3H, JHH = 6.96 Hz, JHP = 1.83 Hz,
OCH2CH3), 1.38 (td, 6H, JHH = 6.95 Hz, JHP = 0.73 Hz, CH3-
CH2O), 4.28 (dq, 4H, JHH = 6.95 Hz, JHP = 9.88 Hz, CH3-
CH2O), 4.31 (qd, 2H, JHH = 6.96 Hz, JHP = 1.1 Hz, OCH2CH3).
13C-NMR, 50.3 MHz, CDCl3—δ in ppm from TMS: 14.00 (s,
OCH2CH3), 16.10 (d, JCP = 6.83 Hz, CH3CH2O), 62.45 (d,
JCP = 4.15 Hz, OCH2CH3), 64.61 (d, JCP = 6.59 Hz, CH3CH2O),
167.64 (d, JCP = 225.54 Hz, PC(O)O). 31P-NMR, 161.9 MHz,
CDCl3—δ in ppm from H3PO4 (30% in H2O): 58.99 (s).

S-Ethyl diethoxythiophosphorylthioformate, 8. Purified by
distillation. Colourless liquid, yield 92%. 1H-NMR, 400 MHz,
CDCl3—δ in ppm from TMS: 1.30 (td, 3H, JHH 7.6 Hz,
JHP = 1.2 Hz, SCH2CH3), 1.37 (t, 6H, JHH = 6.8 Hz, CH3CH2O),
2.99 (td, 2H, JHH = 7.6 Hz, JHP = 1.6 Hz, SCH2CH3), 4.23 (dt,
4H, JHH = 6.8 Hz, JHP = 10.0 Hz, CH3CH2O). 13C-NMR, 100.6
MHz, CDCl3—δ in ppm from TMS: 14.16 (s, SCH2CH3), 16.26
(d, JCP = 6.8 Hz, CH3CH2O), 23.74 (s, SCH2CH3), 64.67 (d,
JCP = 6.8 Hz, CH3CH2O), 198.43 (d, JCP = 161.8 Hz, PC(O)S).
31P-NMR, 161.9 MHz, CDCl3—δ in ppm from H3PO4 (30% in
H2O): 61.66 (s).

Phenyl diethoxyphosphorylformate, 5c. Phenyl chloroformate
(3.13 g, 0.02 mol) was added dropwise to diethyl phosphite
(3.32 g, 0.02 mol) heated at 120 �C under stirring. The mixture
was kept at this temperature for 1.5 h after the addition was ter-
minated, then was cooled at room temperature and left stand-
ing overnight. The mixture was distilled under reduced pressure
(109 �C at 7 × 10�3 mmHg) and 5c was obtained as a colourless
liquid in a quantitative yield. 1H-NMR, 400 MHz, CDCl3—δ in
ppm from TMS: 1.45 (td, 6H, JHH = 6.95 Hz, JHP = 0.73 Hz,
CH3CH2O), 4.40 (dq, 4H, JHH = 6.95 Hz, JHP = 8.06 Hz,
CH3CH2O), 7.15 (m, 2Hortho), 7.28 (m, 1Hpara), 7.41 (m, 2Hmeta).
13C-NMR, 50.3 MHz, CDCl3—δ in ppm from TMS: 15.91 (d,
JCP = 11.8 Hz, CH3CH2O), 64.56 (d, JCP = 12.9 Hz, CH3CH2O),
120.81 (s, Cortho), 126.31 (s, Cpara), 129.29 (s, Cmeta), 149.43
(d, JCP = 17.1 Hz, Cquater), 165.07 (d, JCP = 545.4 Hz, PC(O)O).
31P-NMR, 161.9 MHz, CDCl3—δ in ppm from H3PO4 (30% in
H2O): �7.15 (s).

Electrochemistry

Cyclic voltammetric experiments were performed with a three-
electrode set-up using a glassy carbon working electrode (�
0.8–1.0 mm, Tokai Corp.), a platinum counter-electrode, and
an aqueous saturated calomel electrode with a salt bridge con-
taining the supporting electrolyte as reference electrode. The
working electrode was carefully polished before each set of
voltammograms with 1 µm diamond paste and cleansed in an
ultrasonic bath with dichloromethane. The electrochemical
instrumentation consisted of a PAR Model 175 Universal
programmer and of a home-built potentiostat equipped with
a positive feedback compensation device.35 All the cyclic volt-
ammetric experiments were carried out in acetonitrile (ACN)
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using tetrabutylammonium tetrafluoroborate (0.1 M) as sup-
porting electrolyte in a cell thermostatted at 20 �C. Oxygen was
removed from the solutions by bubbling argon. The data were
acquired with a 310 Nicolet oscilloscope. The potential values
were internally calibrated against the ferrocene/ferricinium
couple (E� = 0.405 V vs. SCE) for each experiment.

EPR spectroscopy

EPR spectra were recorded at room temperature using an
upgraded Bruker ER200D/ESP 300 spectrometer equipped
with a dedicated data acquisition system, a NMR gaussmeter
for the calibration of the magnetic field and a frequency coun-
ter for the determination of g-factors that were corrected
against that of the perylene radical cation in conc. sulfuric acid
(g = 2.002583).

36 The electrochemical cell was home-made and
consisted of an EPR flat cell (Wilmad WG-810) equipped with
a 25 × 5 × 0.2 mm platinum gauze (cathode), a platinum wire
(anode), and a silver wire as reference. The current was supplied
and controlled by an AMEL 2051 general-purpose potentio-
stat. In a typical experiment, the cell was filled with an ACN
solution of the appropriate substrate (ca. 1 × 10�3 M) contain-
ing tetrabutylammonium perchlorate (ca. 0.1 M) as supporting
electrolyte. After thoroughly purging the solution with argon,
spectra were recorded at different potential settings in the range
0 to �5.0 V.
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