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Introduction

Phosphoranyl radicals were first observed more than 35
years ago,[1,2] and since then their structures and reactivities
have been extensively studied.[3—10] Most studies on these
radicals have dealt with their application in synthesis.[11]

However, in recent years, their physical properties have in-
duced a keen interest among polymer chemists[12,13] and in
the magnetic resonance community with regard to their ap-
plication in dynamic nuclear polarization (DNP).[14,15] Basi-
cally, DNP is the amplification of NMR signals of nuclei in
solvent molecules.[16] This amplification is obtained through
coupling of the nuclear spin system of the solvent with the
electronic spin system of a highly persistent (or stable) free

radical present as a solute. The intensity of the DNP is di-
rectly proportional to the amplitude of the hyperfine cou-
pling constant a, and also depends on several other factors
such as the temperature T, the magnitude of the electron
paramagnetic resonance line width DHEPR, the radical con-
centration, and the efficiency factor f, which gives a measure
of the influence of the unpaired electronic spin on the longi-
tudinal relaxation time of the solvent nuclei.[17]

Thus, because of the strong phosphorus hyperfine cou-
pling constant aP, most free radicals centred on phosphorus
are potentially of great interest for DNP. Among the various
structural types of known phosphorus-centred free radicals,
phosphoranyl radicals show the highest potential for appli-
cation in DNP because of their large aP values (aP >

80 mT)—due to their trigonal-bipyramidal (TBP) geometry,
involving high s character in the SOMO, and of their rela-
tively narrow DHEPR (DHEPR � 0.15 mT), and of their good
efficiency factor f (f = 0.7).[18] However, application of
phosphoranyl radicals in DNP is impeded by their short
half-life times (typically, t1/2 < 1 s at room tempera-
ture).[14,15, 18] Phosphoranyl radicals are generally considered
as transient species and their main decay processes occur
through two pathways: a-scission yielding a phosphite
(Scheme 1a) or b-scission yielding a phosphate (Sche-
me 1b).[3–11]

The persistence of phosphoranyl radicals is significantly
increased when the phosphorus atom is incorporated into a
ring (Scheme 2), but still not sufficiently to permit DNP ap-
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plications.[7–10,14] Assuming that
the occurrence of decay pro-
cesses is mainly related to the
strength of the bonds involved
in the fragmentation processes
in terms of BDE (bond dissoci-
ation energy), strengthening of
the P�Z and O�G bonds
should considerably increase
the lifetime of the phosphoran-
yl radicals. Thus, we present
herein the generation of persi-
lylated phosphoranyl radicals
1–6 (Scheme 3) and an EPR
analysis of their structures and
reactivities. These compounds
exhibit a sequence of two con-
tiguous strong bonds: O�Si (BDE � 513 kJ mol�1)[19] and
O�P (BDE = 336 kJ mol�1).[4]

Results and Discussion

Generation of the phosphoranyl radicals : The phosphoranyl
radicals were generated by UV-irradiation (high-pressure
1000 W Xe-Hg arc lamp) of a solution containing the requi-
site silyl peroxide and silyl phosphite. The bis(trialkylsilyl)
peroxides Me3SiOOSiMe3 (7) and Et3SiOOSiEt3 (8) were
prepared as reported in the literature.[20] However, purifica-
tion of 8 proved tedious due to the presence of various side
products, such as the corresponding triethylsilanol, hexae-
thyldisiloxane, and triethylsilyl hydroperoxide, which have
very close boiling points.[21, 22] The preparation of the phos-
phites 11 and 12 was carried out in two steps (Scheme 4) by
an adaptation of the procedure of Sekine et al.[23] In the first
step, phosphonates 9 and 10 were prepared by silylation of
phosphorous acid. In the second step, phosphonates 9 and
10 were reduced with sodium metal to afford the phosphites
11 and 12, respectively. Care must be taken during the han-
dling of 11 because of its high sensitivity to hydrolysis (hy-
drolysis was observed at temperatures above 18 8C).[24]

The phosphoranyl radicals 1–6 were generated in the
EPR cavity by UV-irradiation of a mixture of the appropri-
ate peroxide, 7 or 8, with the appropriate phosphite, 11 or
12, or with tris(trimethylsilyl) phosphite (Scheme 5).

Structure of the phosphoranyl radicals : The EPR spectra of
all of the studied radicals (Table 1) featured a two-line
signal with very large aP (around 100 mT) and g factors of
around 2.002, which are typical of phosphorus-centred radi-
cals belonging to the phosphoranyl family (Figure 1).[25–27]

The values of aP and g were not significantly influenced by
the nature of the solvent (variations of only a few mT). The
EPR spectra of the radicals bearing one odd ligand, 2–4 and

Abstract in French: Des radicaux phosphoranyle noncycli-
ques persistants ont été détectés pour la première fois par ré-
sonance paramagnétique electronique (RPE). Ils sont prépa-
rés, in situ dans la cavité du spectromètre, par irradiation UV
d’une solution contenant un peroxyde de bis(trialkylsilyl) (R
= Me, Et) et un phosphite de tris(trialkylsilyl) (R = Me, Et,
iPr). Les paramètres de RPE (aP � 0.1 T) sont caractéristi-
ques d’un radical présentant une structure bipyramidale à
base trigonale. L’étude cinétique montre que les radicaux
phosphoranyle disparaissent par réaction de substitution ho-
molytique du second ordre (SH2) sur le peroxyde de bis(trial-
kylsilyl) et par perte d’un radical trialkylsilyloxyl (a-scission).
Ces réactions sont d’autant plus lentes que le groupement
alkyl est volumineux.

Scheme 1. Fragmentation processes.

Scheme 2. Structures of typical cyclic phosphoranyl radicals.

Scheme 3. Structures of phosphoranyl radicals 1–6.

Scheme 4. Preparation of tris(trialkylsilyl) phosphites 11 and 12.
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6, revealed the presence of a minor species (Figure 2) that
also exhibited the features of a phosphoranyl radical. This
results from an equilibrium between isomers having the odd

ligand in either an apical or an equatorial position (vide
infra).[4,7,9] The ratios of spin densities in the 3p and 3s orbi-
tals, 13p/13s, calculated from the anisotropic EPR spectra[18]

for 5 (1.97) and 6 (1.75) are typical of phosphoranyl radicals
exhibiting TBP geometries.[30,31] Therefore, as all of the ob-
served radicals exhibit very large and close aP values and
similar g factors, TBP geometries with varying degrees of
distortion can be assumed for both the major and minor spe-
cies of the phosphoranyl radicals 1–6 (Scheme 3).

Assignment of the minor species observed for 2–4 and 6
to either an impurity or to the decay of the major species
was ruled out for various reasons. The peroxides 7 and 8
and the phosphites 11 and 12 were carefully purified to
attain a high level of purity (see Experimental Section). In
the EPR experiments, the intensities of the signals of the
minor and major species grew simultaneously when the light
was switched on, whatever the experimental conditions
(temperature, concentrations of the phosphites and perox-
ides, solvent, light intensity). Moreover, the minor signal ap-
peared only in the case of those phosphoranyl radicals bear-
ing one distinct ligand, and the minor and major species in-
creased and decayed in a parallel fashion. On the other
hand, the reversible evolution of the signal (vide infra) is a
characteristic feature of a chemical exchange between li-
gands in apical and equatorial positions.[32,33] Roberts et al.
showed that the bulkiest substituents are located in the
apical positions (apical bonds are longer than equatorial
bonds and therefore the strain relief is greater), that the less
strained isomer exhibits the largest aP, and that the more
electronegative ligands occupy the apical positions.[7,34,35] In
our series, we can assume that iPr3SiO, Et3SiO, and Me3SiO
groups have essentially the same electron-withdrawing ca-
pacity[36] and that the steric bulk decreases in the sequence
iPr3SiO > Et3SiO > Me3SiO. In the case of radicals 3 and
6, the isomer exhibiting the largest aP, that is, the major spe-
cies (equatorial isomer E), has two iPr3SiO groups in the
apical positions and the Me3SiO or Et3SiO group, respec-
tively, in an equatorial position. These isomers are in chemi-
cal exchange with the isomer having the Me3SiO or Et3SiO
group in an apical position (apical isomer A) as shown in

Scheme 5. Generation of phosphoranyl radicals 1–6.

Table 1. 31P hyperfine coupling constants, aP, and Landé factors, g, for
phosphoranyl radicals 1–6 in various solvents at 273 K.

Radicals Solvents aP
[a,b] [mT] g[a,b]

1 n-hexane 98.80 2.0018
toluene 98.40 2.0017

2 n-hexane 99.70 2.0023
ACHTUNGTRENNUNG(97.90) ACHTUNGTRENNUNG(2.0034)

3 n-hexane 100.1 2.0032
ACHTUNGTRENNUNG(99.00) ACHTUNGTRENNUNG(2.0033)

cyclopropane 99.90 2.0025
ACHTUNGTRENNUNG(99.20) ACHTUNGTRENNUNG(2.0025)

4 n-hexane[c] 99.70 2.0012
toluene 99.60 2.0010
cyclopropane 99.60 2.0010

5 n-hexane 104.5 2.0025
ACHTUNGTRENNUNG(102.6) ACHTUNGTRENNUNG(2.0026)

toluene 104.7 2.0015
ACHTUNGTRENNUNG(102.3) ACHTUNGTRENNUNG(2.0008)

cyclopropane 104.5 2.0020
ACHTUNGTRENNUNG(102.8) ACHTUNGTRENNUNG(2.0020)

6 n-hexane[c] 105.0 2.000
ACHTUNGTRENNUNG(103.7) ACHTUNGTRENNUNG(2.0038)

toluene 105.4 2.0024
ACHTUNGTRENNUNG(103.9) ACHTUNGTRENNUNG(2.0027)

benzene 105.4 2.0024
ACHTUNGTRENNUNG(103.9) ACHTUNGTRENNUNG(2.0024)

cyclopropane 104.8 2.0037
ACHTUNGTRENNUNG(103.5) ACHTUNGTRENNUNG(2.0037)

[a] aP and g were obtained by applying the simulation program of A.
Rockenbauer[28] with the Breit–Rabi correction[29] included. [b] Values for
the minor species in parentheses. [c] Given in reference [18].

Figure 1. EPR spectrum of 5 in n-hexane at 273 K.

Figure 2. EPR spectrum of 3 in n-hexane at 273 K, showing signals due to
the major species (equatorial isomer) (*) and the minor species (apical
isomer) (*).
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Scheme 6. The same behaviour should be observed for radi-
cals 2 and 4, as also shown in Scheme 6.

Temperature dependence of the EPR spectra of 3 and 6 :
Because of the high persistency of 3 and 6 (vide infra), the
temperature dependence of their EPR spectra was easy to
determine. A reversible change in the EPR lines with tem-
perature (Figure 3) is a characteristic feature of a chemical
exchange between two conformers.[32, 33] For phosphoranyl
radicals 3 and 6, the exchange occurs between ligands in
equatorial (major species) and apical positions (minor spe-
cies) (Scheme 6).

The Van’t Hoff (Figure 4a) and Arrhenius (Figure 4b) pa-
rameters were determined by using Equation (1) and Equa-
tion (2), respectively (Table 2). Both the equilibrium con-
stants, K, and the rate constants, kexc, for the exchange were
determined by applying the program of A. Rockenbauer.[28]

,

lnKexc ¼ ln
½E�
½A� ¼ �DHexc

R
� 1
T
þ DSexc

R
ð1Þ

k ¼ A � expð�Ea=RTÞ ð2Þ

The thermodynamic parameters for the exchange (DHexc

and DSexc) are small, indicating that the stability difference
between the respective isomers is small, and they are close
to the values reported in the literature for cyclic[37] and acy-
clic[33] phosphoranyl radicals. As expected, DHexc is negative
for the conversion from the apical isomer to the less hin-
dered equatorial isomer. Furthermore, the equatorial isomer
of 6 is slightly enthalpically favored over the equatorial
isomer of 3 : DHexc(6) < DHexc(3) (Table 2). On the other
hand, the negative values of DSexc for 3 and 6 indicate that
the equatorial isomer has a lower motion freedom than the
apical isomer because of the steric congestion due to the
presence of a bulky iPr3SiO group in an equatorial position.
Furthermore, the negative DDSexc [DSexc(6) < DSexc(3)] sug-
gests that the equatorial isomer of 6 has a lower motion
freedom than the equatorial isomer of 3, probably because
of the larger internal strain due to the greater bulk of the
Et3SiO group compared to the Me3SiO group. This entropic
effect makes the stability difference between the apical and
equatorial isomers smaller for 6 than for 3 [K(6) < K(3)].
Bentrude[38] and Roberts[39, 40] have independently shown
that the stereopermutation between ligands in apical and
equatorial positions occurs by the M4 mode[41,42] through in-
termediates of s* geometry.[43] The A factor, being lower
than 1013 s�1, is indicative of strong steric hindrance in the
transition state along the pathway to the intermediate of s*
geometry (Scheme 7). In fact, the radical goes from a TBP
geometry, in which the bond angle between the bulky apical
groups is close to 1808 and the steric interaction is weak, to
the more hindered tetrahedral s* geometry, in which all of
the bond angles are close to 1098. The Ea,exc values are close
to those reported for other phosphoranyl radicals.[33,37]

Reactivity of 3, 5, and 6

General comments : The reactivities of phosphoranyl radi-
cals have frequently been reviewed during the last three
decades.[2–11] It appears that the main decay processes are a-
and b-fragmentations (Scheme 1a and b, respectively),
which depend on the polarity of the system, the steric bulk
of the attached groups, and the stability of the released radi-
cals.[2–11] Other decay processes involve additions to unsatu-
rated substrates such as alkenes[32] or nitroso groups,[32] or
electron transfer;[44] the only example of a second-order ho-
molytic SH2 substitution has been reported in the case of a
dialkyl disulfide (Scheme 8).[45–47] This SH2 reaction involves
mono- or bicyclic persistent phosphoranyl radicals. The reac-
tion is slow and depends on the steric bulk of both the phos-
phoranyl radical and the dialkyl disulfide.[45–47]

When a solution of 8 and 12 is irradiated, homolysis of 8
gives the trialkylsilyloxyl radical [Eq. (3)], which is scav-
enged by phosphite 12 [Eq. (4)] to yield the phosphoranyl
radical 6. Since the expected fragmentation decay reactions
are operational [Eqs. (5)–(9)] the concentration of the radi-
cal 6 does not increase indefinitely but reaches a stationary
state. Then, when the light is switched off, the decay of 6
[Eq. (5)] is observed. As expected for fragmentation reac-

Scheme 6. Chemical exchange processes for phosphoranyl radicals 2, 3, 4,
and 6.
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tions,[4–9] a first-order decay is observed (t1/2 = 270 s for an
irradiation time of 20 min; T = 293 K). However, when the
same solution is irradiated for several hours, an unexpected
increase in the half-life time is observed (t1/2 = 759 s; T =

293 K). This is a characteristic feature of a pseudo-first-
order decay. Due to the high purity of the reactants and the
solvent, n-hexane being assumed inert to H-abstraction by
phosphoranyl radicals, reactions with impurities could be
ruled out. The reaction of 6 with an excess of 12 [Eq. (6)]
could also be disregarded because no significant change in
the apparent decay rate constant kd was observed when the
concentration of 12 was varied from 0.05m to 0.6m ([8] =

0.1m).[48] The self-termination reaction of 6 [Eq. (7)] was
also disregarded because such a reaction is generally only
observed at low temperatures due to the formation of a very
weak P�P bond.[49, 50]

R3SiOOSiR3
hn�!R3SiOC ð3Þ

R3SiOC þ ðR3
0SiOÞ3P ! ðR3

0SiOÞ3
_PðOSiR3Þ ð4Þ

ðR3
0SiOÞ3

_PðOSiR3Þ kf�!fragmentation products ð5Þ

ðR3
0SiOÞ3P þ ðR3

0SiOÞ3
_PðOSiR3Þ kP�!

ðR3
0SiOÞ3ðR3SiOÞP� _PðOSiR3

0Þ
ð6Þ

2ðR3
0SiOÞ3

_PðOSiR3Þ kdim��!
�
ðR3

0SiOÞ3PðOSiR3Þ
�

2
ð7Þ

ðR3
0SiOÞ3

_PðOSiR3Þ þ ðR3SiOÞ2
kSH2��!ðR3

0SiOÞ3PðOSiR3Þ2

þ R3SiOC

ð8Þ

ðR3
0SiOÞ3

_PðOSiR3Þ þ ðR3SiOÞ2
kSET��!ðR3

0SiOÞ3PþðOSiR3Þ
þ ½R3SiOOSiR3�C�

ð9Þ

For 3 : R = Me, R’ = iPr; for 5 : R = R’ = Et; for 6 :
R = Et, R’ = iPr.

SH2 homolytic substitution : Extensive studies of the evolu-
tion of the pseudo-first-order decay rate constant kd for 3, 5,
and 6 in the presence of 7 or 8 have revealed a linear in-
crease of kd with increasing concentration of the peroxides 7
and 8 (Figure 5). The same behaviour was observed when

the study was carried out in the
temperature range 273–313 K
(Table 3).

When the light was switched
off, only the decay reactions oc-
curred [Eqs. (5) and (8), Eq. (9)
being disregarded, vide infra].
Thus, if [per] denotes the con-
centration of peroxides 7 and 8,
and [PC] denotes the concentra-
tion of phosphoranyl radicals 3,
5, and 6, the evolution of PC is
given by Equations (10) and
(11). The pseudo-first-order
decay rate constant, kd

[Eq. (12)], is composed of the
first-order decay rate constants,
kf, for the fragmentation reac-
tions [Eq. (5)] and the second-
order rate constant, kSH2, for
the homolytic substitution reac-
tion [Eq. (8)].

� d½PC�
dt

¼ kf � ½PC� þ kSH2 � ½per� � ½PC�

ð10Þ

� d½PC�
dt

¼ ðkf þ kSH2 � ½per�Þ � ½PC�

ð11Þ

kd ¼ kf þ kSH2 � ½per� ð12Þ

In Figure 5 and Table 3, the
non-zero y-intercepts may be

Figure 3. Temperature dependence of the low-field line (a) of 3 and (b) of 6. The bold lines represent the ex-
perimental spectra and the thin lines the calculated spectra; field in gauss (G).
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ascribed to first-order processes (vide infra) with the rate
constants kf, and the slopes may be ascribed to the second-
order process with the rate constant kSH2. As expected, kSH2

increases with decreasing bulkiness of the phosphoranyl rad-
icals : the less hindered the radical centre (steric hindrance is
expected to decrease in the series iPr3SiO > Et3SiO >

Me2SiO, that is, 6 > 3 > 5), the less hampered the ap-
proach of the peroxide to the reactive centre.

The frequency factors, ASH2, and the activation energies,
Ea,SH2, were determined for 3, 5, and 6 (Figure 6a) and are
reported in Table 4. Because of the small number of temper-
atures, and the A–Ea compensation error effect,[51] the Ar-
rhenius parameters are not sufficiently accurate and reliable
to allow a quantitative discussion; an increase of ASH2 with

decreasing steric hindrance in the series 5 < 3 < 6 would
be expected (Table 4). However, the values of ASH2 are nota-
bly low (DS¼6 � �130 J mol�1 K�1), which is typical of reac-
tions for which the approach of the reactant is hampered by
the presence of bulky groups around the reactive centre.[52]

As mentioned above, such an SH2 reaction has only been
reported in the case of a dialkyl disulfide (Scheme 8).[45,46] In
these papers, Bentrude briefly mentioned the very fast reac-
tions between persistent phosphoranyl radicals and dialkyl
peroxides, which were suggested to occur by single-electron
transfer (SET).[45,46] At this stage, SET [Eq. (9)] cannot be
rigorously excluded, even if its occurrence is unlikely.
Outer-sphere SET should not be favored by a solvent such
as n-hexane. Inner-sphere SET would be expected to be
very fast and insensitive to steric hindrance, whereas kSH2 in-
creases by a factor of six on going from 6 to 5.[44,53]

a-Fragmentation reactions of 3, 5, and 6 : In most cases, frag-
mentation reactions, namely a-scission (Scheme 1a) and b-
scission (Scheme 1b), are regioselective (occurring at apical
and equatorial positions, respectively) and chemoselec-
tive.[4,7–9] Thus, the values of kf (non-zero y-intercept) strong-
ly depend on the nature of the groups involved in the frag-
mentation: kf(6) < kf(3) < kf(5). Therefore, a kinetic treat-
ment of the data should differentiate between the two possi-
bilities. Thus, the decay of 6 was used as a model
(Scheme 9) with the apical A and equatorial E isomers in
equilibrium (K), k’i and k’e as rate constants for the a-scis-
sion of iPr3SiO and Et3SiO groups, respectively, in apical po-
sitions, and ki and ke as rate constants for the b-scission of
iPr3SiO and Et3SiO groups, respectively, in equatorial posi-
tions.

For fragmentations, the time evolution of [PC] is given by
Equation (13), which is expressed in rearranged form in
Equation (14), and using the relationships [PC] = [A] + [E],
K = [E]/[A] yields Equation (15).

� d½PC�
dt

¼ � d½A�
dt

� d½E�
dt

¼ kf � ½PC� ð13Þ

� d½P��
dt

¼ 2ki � ½A� þ ki
0 � ½A� þ ke

0 � ½A� þ 2ki
0 � ½E�

þ ki � ½E� þ ke � ½E� ¼ kf½PC�
ð14Þ

� d½PC�
dt

¼ 1
1 þK

ð2ki þ ki
0 þ ke

0 þ 2ki
0K þ kiK þ keKÞ

�½PC� ¼ kf � ½PC�
ð15Þ

1
1 þK

ð2ki þ ki
0 þ ke

0

þ 2ki
0K þ kiK þ keKÞ ¼ kf

ð16Þ

Thus, kf depends on k’i, k’e,
ki, ke, and K and is given by
Equation (16). As ki and k’i are

Figure 4. a) Van’t Hoff plots for 3 (&) and 6 (*). b) Arrhenius plots for 3
(&) and 6 (*).

Table 2. Van’t Hoff (free enthalpy DGexc, enthalpy DHexc, and entropy DSexc for exchange) and Arrhenius (ex-
change frequency factor Aexc and activation energy Ea,exc) parameters for phosphoranyl radicals 3 and 6.

Radicals DGexc
[a] DHexc DSexc K[a] Aexc Ea,exc

[a]

ACHTUNGTRENNUNG[kJ mol�1] ACHTUNGTRENNUNG[kJ mol�1] [J K�1 mol�1] ACHTUNGTRENNUNG[s�1] ACHTUNGTRENNUNG[kJ mol�1]

3[b] �2.9 �3.0 (
0.1) �0.5 (
0.4) 3.29 ACHTUNGTRENNUNG(4.1
3.3)× 1011 22.1 (
2.1)
6[c] �1.9 �3.7 (
0.2) �6.0 (
0.6) 2.22 ACHTUNGTRENNUNG(3.6
1.4)× 1011 21.3 (
1.0)

[a] At 293 K. [b] For Equation (1): R2 = 0.986, s = 0.014, n = 13. For Equation (2): R2 = 0.94. [c] For Equa-
tion (1): R2 = 0.968, s = 0.03, n = 18. For Equation (2): R2 = 0.98.
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unknown [K values have been
determined above and (ke, k’e)
values are given by kf(5)], they
exist only if the inequality
Equation (17) holds, which is
only fulfilled for positive equili-
brium constants K [Eq. (18)].
This condition is only met if
kf�ke>0, which involves only

Table 3. Fragmentation rate constants kf and second-order homolytic
substitution rate constants kSH2 between 273 K and 313 K for phosphor-
anyl radicals 3, 5, and 6 in the concentration range 0.025–0.6m.

Radical T [K] kf [10�5 s�1] kSH2 [10�4 Lmol�1 s�1] n[a] R2 [b,c] s[d]

3 273 6.3
3.8 21.4
1.1 8 0.98 6× 10�5

283 41.6
9.2 31.8
3.7 5 0.96 10�4

293 34.4
7.1 74.9
1.9 13 0.99 10�4

303 47.1
22.6 113.3
8.0 7 0.97 4× 10�4

5 273 38.0
1.7 12.8
1.0 4 0.99 8× 10�5

283 66.1
7.2 48.5
3.8 4 0.99 8× 10�5

293 92.8
15.3 216.7
14.5 8 0.97 2× 10�4

303 230.0
60.4 285.7
43.6 5 0.94 6× 10�5

313 420
55.2 422.0
29.4 4 0.99 6× 10�4

6 273 3.1
3.0 8.9
1.3 7 0.90 6× 10�5

293 14.8
4.3 37.0
1.4 18 0.97 10�4

303 21.0
1.1 55.9
3.7 8 0.97 2× 10�4

313 36.0
0.5 111.3
1.5 5 0.99 6× 10�5

[a] Number of data. [b] Square of the linear regression coefficient. [c] All
of the data give a Student t-test value in excess of 99.28 % and in seven
cases above 99.99 %. [d] Standard deviation.

Scheme 7. Chemical exchange between the apical A and equatorial E conformers of phosphoranyl radicals 3
and 6.

Scheme 8. Homolytic SH2 radical substitution of a dialkyl disulfide with a
phosphoranyl radical.

Figure 5. Evolution of kd with the concentration of 7 and 8 for phosphor-
anyl radicals (0.3m): 3 (&), 5 (~), and 6 (*) at 293 K.

Figure 6. Arrhenius plots of: a) the second-order homolytic substitution
rate constants kSH2 and b) the fragmentation rate constants kf for phos-
phoranyl radicals 3 (&), 5 (~), and 6 (*) in the temperature range 273–
313 K.

Table 4. Arrhenius parameters for the fragmentation reaction (Af, Ea,f)
and for the second-order homolytic substitution reaction (ASH2, Ea,SH2)
for phosphoranyl radicals 3, 5, and 6.

Radicals kf
[a] kSH2

[b]

Af [s�1] Ea,f [kJ mol�1] ASH2 [Lmol�1 s�1] Ea,SH2 [kJ mol�1]

3 106
106 35.9
12.4 ACHTUNGTRENNUNG(9.2
9) × 104 37.9
8.5
5 103
103 49.9
4.1 ACHTUNGTRENNUNG(6.8
6.0) × 104 39.3
5.3
6 800
800 38.0
4.0 ACHTUNGTRENNUNG(5.6
5.0) × 105 46.2
5.0

[a] For kf, R2 = 0.957, 0.992, and 0.991 for 3, 5, and 6, respectively.
[b] For kSH2, R

2 = 0.939, 0.981, and 0.991 for 3, 5, and 6, respectively.
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the rate constant ke related to the b-scission.

ð2 þKÞki þ ð2K þ 1Þki
0 ¼ ð1 þKÞkf�keK�ke

0 > 0 ð17Þ

K ¼ ke0�kf

kf�ke
> 0 ð18Þ

K � ke0�kf

kf
ð19Þ

Assuming that a- and b-scissions occur simultaneously
with the same rate constants, that is, ke = k’e = 23.2 s�1

(18.8 s�1 when errors are taken into account; Table 3),
kf�ke>0 does not hold.[54] However, the inequality kf�ke>0
holds when the a-scission is assumed to be the only frag-
mentation that occurs, and k’e is given as kf(5)/2. It was then
checked that Equation (18) held for K, kf, and k’e values at
various temperatures (Table 3); the K values given by Equa-
tion (18) are 3.8, 2.2, 2.1, 2.0, and 4.9, as compared with ex-
perimental K values of 2.4, 2.4, 2.2, 2.1, and 1.9 at 273 K,
283 K, 293 K, 303 K, and 313 K, respectively. The same ap-
proach and assumptions were then applied in the case of 3,
and the values of the a-scission rate constant km for the
Me3SiO group were obtained as (58
23)× 10�5 s�1, (175

51)× 10�5 s�1, (134
30)× 10�5 s�1, and (145
106)× 10�5 s�1

at 273 K, 283 K, 293 K, and 303 K, respectively. It is interest-
ing to note that the a-scission pathway is chemoselective
[Eq. (19)], with release of the Me3SiO group. This is contra-
ry [Eq. (20)] to the expected process, in which release of the
bulkier iPr3SiO group should be faster than release of the
less sterically demanding Me3SiO group because of the
larger relief of steric strain.

iPr3SiO � Et3SiO < Me3SiO ð20Þ

Stabilizing pd–p interactions are known in phosphoranyl
chemistry,[32] and they have been invoked to rationalize the
observed reactivities of phosphites[55] and phosphoranes.[32]

Thus, the steric hindrance of a bulky group can force the
oxygen lone pairs to adopt a specific conformation in which
there are pd–p interactions between the p-type lone pair and
the dxy or dx2�y2 orbitals of the phosphorus atom. Such stabi-
lizing interactions overcome the steric hindrance of the

bulky groups. Thus, they confer
a double-bond character to the
P�O bond (Scheme 10).

The frequency factors, Af,
and the activation energies, Ea,f,
were determined for 3, 5, and 6
(Figure 6a) and are reported in
Table 4. For the same reasons
as above, the Arrhenius param-
eters are not sufficiently accu-
rate and reliable to allow a
quantitative discussion. In gen-
eral, A values for fragmentation
reactions[52] are clearly above
1013 s�1, that is, DS¼6 >

0 J mol�1 K�1, because of the
strain relief and the increased
motion on going from one to
two molecules. In spite of the
large errors, the Af values (DS¼6

< �130 J mol�1 K�1) are well
below 1013 s�1, which is indica-
tive of very restricted confor-
mational changes or strong
steric strain in reaching the
transition state. This trend is contrary to expectation: Af(6)
< Af(3) < Af(5). Furthermore, the Ea,f values are lower
than expected considering the BDE of the P�O bond. The
Ea,f is lowered because the trialkylsilyloxyl radical released
by a-scission is probably strongly stabilized by a p-interac-
tion between the SOMO and the available d orbitals on the
silicon atom.[56–58] Such an a-scission of P�O, releasing a sta-
bilized radical, has been reported for the release of phenox-
yl radical from the phosphoranyl radical (tBuO)-
ACHTUNGTRENNUNG(PhO)3PC.[7,59–61]

Roberts and Singh reported that a-scission occurs through
an intermediate of s* geometry with the odd electron local-
ized in the antibonding orbital of the P�O bond.[37] There-
fore, the a-scission should occur through an intermediate of
s* geometry with the odd electron localized in the P�O
bond of the P�OSiEt3 moiety. As noted above, the conver-
sion from a TBP to a s* geometry for the chemical ex-
change is entropically disfavored (DS¼6 = �30 J mol�1 K�1).
Thus, the conversion from isomer A to intermediate s*1

(Scheme 11) is probably more disfavored, that is, Af is small
because of strong steric hindrance between the three
iPr3SiO groups and because of the double-bond character of
the P�O bond (pd–p interaction; Scheme 10), which is ex-
pected to hamper the conformational change.

Reactivity of 1: It was not possible to carry out extensive
studies on the influence of the concentration of 7 on 1 be-
cause a very fast oxidation of P ACHTUNGTRENNUNG(OSiMe3)3 to O=P ACHTUNGTRENNUNG(OSiMe3)3

occurs by reaction with 7.[62] Kinetic experiments performed
at 253 K with concentrations of 7 of 0.2m, 0.3m, and 0.4m af-
forded kd values of 0.06 s�1, 0.17 s�1, and 0.48 s�1, respective-
ly, showing the same trend as reported above. Hence, it was

Scheme 9. a-Scission versus b-scission.

Scheme 10. Possible pd-p inter-
actions.
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possible to determine a rough value of 2.1 L mol�1 s�1 for
kSH2, which is three orders of magnitude larger than the kSH2

measured in the range 273–293 K for 3, 5, and 6.[63] Signifi-
cantly, the kd values for 1 at 253 K are as large as those for 5
at 313 K, indicating very easy access of 7 to the reactive
centre, and probably also a very easy a-scission of the
Me3SiO group as expected. Hence, assuming a twofold in-
crease of kd by an increment of 10 K, kd at 293 K is roughly
1 s�1 and hence t1/2 < 1 s. Therefore, 5, 3, and 6 are roughly
140, 340, and 770 times more persistent than 1.

Conclusion

We have developed the first persistent noncyclic phosphor-
anyl radicals. The main decay pathway has been identified
as an SH2 reaction between the phosphoranyl radical and a
peroxide. The t1/2 of 35 min at 293 K is at least 106 times
longer than those observed for noncyclic phosphoranyl radi-
cals, and around 103 times longer than those reported for
the most persistent phosphoranyl radical hitherto ever ob-
served.[4,7,8] If the SH2 reaction were to be suppressed, a t1/2

of around 77 min should be observed for radical 6. Further-
more, the spectroscopic properties of these radicals are well
suited for the observation of enhanced DNP effects.[18]

Hence, although the preparation of a persistent phosphoran-
yl radical remains a very difficult objective to achieve, it is
no longer an inaccessible one.[14]

Experimental Section

The reagents diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane (DABCO), chlorotrimethylsilane,
chlorotriethylsilane, chlorotriisopropylsilane, tris(trimethylsilyl) phos-
phite, and sodium were purchased from Aldrich and used as received.
Pyridine, triethylamine, hexane, toluene, benzene, and phosphorous acid
were purchased from Aldrich and were purified by conventional proce-
dures.[64] Cyclopropane was purchased from Messer Griesheim GmbH.
DABCO-hydrogen peroxide complex (DABCO·2H2O2) was prepared as
described by Ricci et al.[65] Bis(trimethylsilyl) peroxide (7) and bis(tri-
ACHTUNGTRENNUNGethylsilyl) peroxide (8) were prepared as reported in the literature.[20, 65]

NMR spectra were recorded on Bruker AC-100 (31P 40.3 MHz), Bruker
AC-200 (1H 200.13 MHz and 13C 50.36 MHz), and Bruker AMX-400
spectrometers (29Si 79.8 MHz) at the “Spectropole” in Marseille. Chemi-
cal shifts are referenced to TMS (internal reference) for 1H and 29Si
NMR spectra, to the carbon of the deuterated solvent (internal refer-
ence) for 13C NMR spectra, and to 85% H3PO4 (external reference) for
31P NMR spectra. Elemental analyses were also performed at the “Spec-
tropole” in Marseille.

Bis(trimethylsilyl) peroxide (7): Yield: 30 %, b.p.: 38–42 8C/20 mbar.[20] 1H
NMR (CDCl3): d = 0.18 ppm;[65] 13C NMR (CDCl3): d = �1.24 ppm;
29Si NMR (CDCl3): d = 27.60 ppm;[66] elemental analysis calcd (%) for
C6H18O2Si2 (178.08): C 40.40, H 10.17; found: C 40.35, H 10.49.

Bis(triethylsilyl) peroxide (8): Yield: 60%, b.p.: 65 8C/1 mbar.[20] 1H NMR
(C6D6): d = 0.73 (q, 3J = 8.0 Hz, 12H; CH2), 1.04 (t, 3J = 8.0 Hz, 18 H;
CH3); 13C NMR (C6D6): d = 4.31 (CH2), 7.07 ppm (CH3); 13C NMR
(CDCl3): d = 3.98 (CH2), 6.60 ppm (CH3); 29Si NMR (CDCl3): d =

28.22 ppm; elemental analysis calcd (%) for C12H30O2Si2 (262.18): C
54.90, H 11.52; found: C 54.88, H 11.55.[67]

Bis(triethylsilyl)phosphonate (9) and bis(triisopropylsilyl)phosphonate
(10) were prepared by an adaptation of the procedure of Sekine et al.[23]

At 0 8C, under a nitrogen atmosphere, dry triethylamine (2 equiv) was
added dropwise to a solution of the requisite chlorotrialkylsilane
(2 equiv) and dry phosphorous acid (1 equiv) in dry pyridine. The solu-
tion was stirred for 24 h at room temperature, in the course of which it
became light orange in color. A white precipitate formed, which was fil-
tered off. The pyridine was distilled off under reduced pressure to leave a
dark orange oil, which was distilled under reduced pressure to yield a col-
orless oil.

Bis(triethylsilyl) phosphonate (9): B.p. 90–130 8C/0.03 mbar, yield 48%.[68]

13C NMR (CDCl3): d = 5.36 (3J ACHTUNGTRENNUNG(P,C) = 1.3 Hz; CH2), 6.27 ppm (CH3);
31P NMR (CDCl3): d = �15.3 ppm (1J ACHTUNGTRENNUNG(P,H) = 693.0 Hz);[69] 29Si NMR
(CDCl3): d = 24.8 ppm (2J ACHTUNGTRENNUNG(P, Si) = 8.6 Hz).

Bis(triisopropylsilyl) phosphonate (10): B.p. 135–155 8C/0.03 mbar, yield
86%. 13C NMR (CDCl3): d = 12.43 (3J ACHTUNGTRENNUNG(P,C) = 1.5 Hz; CH), 17.46 ppm
(CH3); 31P NMR (CDCl3): d = �7.1 ppm (1J ACHTUNGTRENNUNG(P,H) = 694.0 Hz); 29Si
NMR (CDCl3): d = 21.0 ppm (2J ACHTUNGTRENNUNG(P,Si) = 12.0 Hz); elemental analysis
calcd (%) for C18H43O3PSi2 (394.25): C 54.78, H 11.98; found: C 54.72, H
11.98.

Tris(triethylsilyl) phosphite (11) and tris(triisopropylsilyl) phosphite (12)
were prepared by an adaptation of the procedure of Sekine et al.[23]

Under a nitrogen atmosphere, sodium (0.3 equiv) was added to the neat
bis(trialkylsilyl) phosphonate (1 equiv). The mixture was heated for 24 h
at 150 8C for 11 and at 210 8C for 12. The grey-brown-green mixture was
purified first by kugelrohr distillation to afford a colorless oil, which was
then distilled under reduced pressure.

Tris(triethylsilyl) phosphite (11): Kugelrohr distillation, T = 160 8C/
0.03 mbar, b.p. 130–134 8C/1 mbar,[69] yield 33%.[70, 71] 1H NMR (C6D6): d
= 0.75 (poorly resolved q, 3J ACHTUNGTRENNUNG(H,H) = 8.0 Hz, 18H; CH2), 1.06 ppm
(poorly resolved t, 3J ACHTUNGTRENNUNG(H,H) = 7.0 Hz, 27H; CH3);[69] 13C NMR (C6D6): d
= 6.53 (3J ACHTUNGTRENNUNG(P-C) = 1.8 Hz; CH2), 7.04 ppm (4J ACHTUNGTRENNUNG(P,C) = 1.5 Hz; CH3); 31P
NMR (C6D6): d = 111.0 ppm; 29Si NMR (C6D6): d = 15.75 ppm (2J ACHTUNGTRENNUNG(P,Si)
= 8.6 Hz); elemental analysis calcd (%) for C18H45O3PSi3 (424.78): C
50.89, H 10.67; found: C 50.78, H 10.87. Note: This compound is highly
sensitive to hydrolysis.[68–71]

Tris(triisopropylsilyl) phosphite (12): Kugelrohr distillation, T = 200 8C/
0.03 mbar, b.p. 160–180 8C/0.03 mbar, yield 42%. 13C NMR (CDCl3): d =

13.30 (CH), 18.00 ppm (4J ACHTUNGTRENNUNG(P,C) = 2.3 Hz; CH3); 31P NMR (CDCl3): d =

107.9 ppm; 29Si NMR (CDCl3): d = 12.4 ppm (2J ACHTUNGTRENNUNG(P,Si) = 14.0 Hz); ele-
mental analysis calcd (%) for C27H63O3PSi3 (550.38): C 58.85, H 11.52;
found: C 58.86, H 11.51.

EPR experiments : EPR spectra were recorded on a Bruker ESP 300
spectrometer, equipped with an HP 5350 B frequency meter and an NMR

Scheme 11. Intermediates involved in the a-scission/chemical exchange processes.
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gaussmeter. The sample temperature was controlled with an ER4111 VT
temperature controller unit. UV-irradiation was provided by a high-pres-
sure 1000 W Xe-Hg arc lamp with the beam focused through Suprasil
lenses. The experiments were performed in n-hexane, toluene, benzene,
and cyclopropane as solvents. The EPR probes were degassed by repeat-
ed freeze–pump–thaw cycles on a high vacuum line (10�5 mbar). The
EPR probes were made of Suprasil

®

quartz with o.d. 5 mm and were
filled with 0.5 mL of the sample solution and irradiated with the light
power set at 600 W.

Kinetic experiments : Evolution of the growth (light on) and the decay
(light off) of the phosphoranyl radicals was monitored on the EPR spec-
trometer either by the profile method (the field is set at the top of the
EPR line; suitable for t1/2 decay in the range 5 s to 15 min) or by the
double-integrals method (the line is recorded at even times and doubly
integrated). The latter method is the most suitable for t1/2 > 15 min. Ap-
parent absolute rate constants, k, for the decay were obtained by process-
ing the data with an in-house nonlinear square regression Domino pro-
gram. The values of kexc were determined with the fitting program of
Prof. A. Rockenbauer.[28] EPR spectra were fitted one at a time at differ-
ent temperatures using as fitting parameters for both isomers aP, DHEPR

for each line, isomer population, and the rate constants k1 and k�1 for
each elementary reaction of the equilibrium. The values of kexc were then
given as kexc = k1 + k�1.
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