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High-level ab initio quantum chemical methods have been used to calculate the radical stabilization energies
(RSEs) of phosphonyl radicals XYP(dO)‚ bearing a range of substituents X and Y. The main influences on
these radicals’ stabilities areσ-effects. Due to the high positive charge on phosphorus,σ-withdrawal is
destabilizing, andσ-donation is stabilizing. The pyramidal geometry at phosphorus minimizes the effect of
stabilization byπ-delocalization, while the potentially stabilizing effect of lone-pair donation is outweighed
by concomitantσ-withdrawal. Thus, the calculated RSEs of phosphonyl radicals XHP(dO)‚ increase in the
order X ) F < Me3N+ < MeO < CF3 < tBu < Me2N < NC < H < Ph < MeS < Me3Si. The tautomeric
hydroxyphosphinyl radicals X(OH)P‚ exhibit a different set of substituent effects, with RSEs increasing in
the order X) CF3 < Me2N < Me3N+ < MeO < tBu < H < MeS < Me3Si < F < NC < Ph. In these
radicals, both theσ- andπ-properties of the X substituent influence stability, in tandem with those of the OH
group. A comparison of the absolute enthalpies of isomeric phosphonyl and hydroxyphosphinyl radicals
indicates that the hydroxyphosphinyl radicals X(OH)P‚ are more stable than the phosphonyl radicals
XYP(dO)‚. This is not a common situation in phosphorus chemistry. It is primarily attributed to the greater
phosphorus p character of the singly occupied molecular orbital (SOMO) in the hydroxyphosphinyl radicals
compared with the phosphonyl tautomers. As in closed-shell phosphorus species, the magnitude of the effect
is modulated by the electronegativity of the substituent X.

Introduction

Phosphorus-based radicals encompass a range of structural
classes, of which the most well-known are the phosphoranyl
radicals R4P‚, phosphinyl radicals R2P‚, and phosphonyl radicals
R2P(dO)‚. These have been extensively studied over many
decades, both by experimental1 and computational2 means. Of
the various classes of phosphorus-based radicals, phosphonyl
radicals are of particular interest in organic synthesis, where
their applications include both the formation of phosphorus-
carbon bonds (taking advantage of their facile addition reactions
with alkenes) and the mediation of radical chain reactions as
an alternative to tin- or silicon-based approaches.3,4 Phosphonyl
radicals are often generated by abstraction of hydrogen from
the parent phosphorus hydrides, the most popular examples in
current use being the dialkylphosphine oxide Et2P(dO)H and
hypophosphite salts such as (1-ethylpiperidinium)H2PO2.

Electron spin resonance measurements5,6 have shown that
phosphonyl radicals have a pyramidal structure (1), in which
the singly occupied orbital possesses significant phosphorus
3s character. Kinetic measurements7 have indicated that phos-
phonyl radicals of the type Ar2P(dO)‚, where Ar is phenyl,o-
or p-tolyl, or o-anisyl, add to CdC double bonds with rate
constants on the order of 106 to 107 M-1 s-1 (room temperature),
the rate constants increasing in the order CH2dCH(CN) <
CH2dC(CH3)(CN) < CH2dCH(Ph). This rapid addition to
double bonds has on rare occasion been problematic when
phosphonyl radicals have been used as chain carriers. Thus,
Barton et al. found8,9 that the radical anion HPO2‚- (derived

from hypophosphite anion) added rapidly to the CdC bond of
alkene3, necessitating the use of a sacrificial alkene in the
conversion2 f 3 (Scheme 1). On the other hand, however,
Gonzalez Martin et al.10 found that the use of hypophosphite-
mediated methodology gave good yields of cyclized products
in intramolecular additions of aryl radicals (e.g., Scheme 2).
Moreover, Jang et al.11 successfully used hypophosphite meth-
odology for intermolecular additions of alkyl radicals onto
electron-poor terminal alkenes.

In this paper, we wish to consider the effects of substituents
on the properties of phosphonyl radicals. This work builds on
the results of a number of previous theoretical studies in various
laboratories, which have provided information on the structures
and stabilities of a range of phosphorus-based radicals and the
ways in which they may be modulated by substituents.2 We
report here the results of high-level quantum chemical calcula-
tions on the electronic structures and radical stabilization
energies (RSEs) of radicals XYP(dO)‚.

It is also well-known in phosphorus chemistry that species
of the type XYP(dO)H exist in tautomeric equilibrium with
species XYP-OH.12 In principle, a similar tautomerism could
operate for phosphonyl radicals, if one of the substituents on
phosphorus is a hydrogen atom: XHP(dO)‚. The corresponding
tautomeric radicals are the hydroxyphosphinyl radicals X(OH)P‚.
To our knowledge, a systematic computational study of the
effects of substituents in hydroxyphosphinyl radicals has not
previously appeared in the literature. Therefore, in order to probe
the significance of the tautomerism, we have also calculated
the stabilities of various hydroxyphosphinyl radicals.* Corresponding author. E-mail: mcoote@rsc.anu.edu.au.
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Computational Procedures

Standard ab initio molecular orbital theory13 and density
functional theory14 calculations were carried out using
GAUSSIAN 0315 and MolPro 2006.1.16 Geometries were
optimized at the B3LYP/6-31+G(d) level of theory, with use
of extensive conformational searching to identify the global
minimum-energy conformer (as opposed to merely a local
minimum) of each species. Vibrational frequencies were
calculated at the same level and used to confirm the nature of
the stationary points. Because scale factors for the B3LYP/6-
31+G(d) frequencies were not available, those for the B3LYP/
6-31G(d) level were used instead when calculating the zero-
point vibrational energy corrections.17

Improved energies for all species were obtained at a level of
theory related to the G3(MP2)-RAD procedure, which we have
denoted18 as G3(MP2)-RAD(+). G3(MP2)-RAD is a high-level
composite procedure that attempts to reproduce coupled-cluster
[CCSD(T)] energies with a large triple-ú basis set by using
additivity corrections carried out at the RMP2 level. The
G3(MP2)-RAD(+) method differs from G3(MP2)-RAD in that
the geometries, frequencies, U(R)CCSD(T) single-point energy,
and R(O)MP2 single-point energy are calculated at the B3LYP/
6-31+G(d) level rather than at the B3LYP/6-31G(d) level. The
G3(MP2)-RAD method has previously been demonstrated to
provide accurate absolute values of the heats of formation for
a large test set of radical and nonradical species (MAD 4.7 kJ
mol-1).19 Moreover, it has previously been shown to provide
accurate values for the RSEs of carbon-centered radicals20,21

and nitrogen-centered radicals,22 as well as for the kinetics and
thermodynamics of a variety of radical reactions.23-27 We
here test the performance of G3(MP2)-RAD and G3(MP2)-
RAD(+), as well as various other methods, for calculating the
RSEs of a range of phosphorus radicals, with use of the W1
procedure as a benchmarking level. As described below, this
led us to carry out our examination of substituent effects at the
G3(MP2)-RAD(+) level. The incorporation of diffuse functions
was deemed advantageous, because it provides results that will
be directly comparable with those on anionic species to be
reported elsewhere28 in our closely related work on phosphorus-
based radical chain carriers.

The RSE of a radical R‚ is here defined in the usual manner,
that is, the value of∆H at 0 K (including zero-point energy
correction) for the hydrogen-transfer reaction R‚ + CH4 f R-H
+ CH3‚.29 In a previous study of phosphoranyl radicals of the
type Me3XP‚,2j it was previously noted that the use of a
hydrogen-transfer reaction to measure radical stability gave
results that were inconsistent with the expected substituent
effects in the radicals and instead reflected the stabilities of the
closed-shell parent hydrides. A better measure of the radicals’
stabilities in that case was gained through use of a P-Me
transfer reaction. In the current work, however, we have adhered
to the use of a hydrogen-transfer reaction. Although the RSEs
defined in this way will be a function of several factorss(1)
the difference between the stabilities of the phosphorus-centered
radical and the carbon-centered radical CH3‚, and (2) the
difference between the stabilities of the P-H parent compound
and CH4swe nevertheless find that its use is appropriate here.
First, it provides a constant point of reference for comparing
the differences in P-H bond strengths of both the three- and
four-coordinate phosphorus parent species considered in this
work. Second, as will be seen below, we find that it provides
meaningful insights into substituent effects for both the two-
and three-coordinate phosphorus-based radicals, without being
confounded by effects on the closed-shell parent hydrides.
Finally, because our main aim in this work is to gain information
that will help to predict how well different phosphorus-based
radicals will perform as mediators in radical chain processes, a
definition based on P-H bond strengths is valuable.

To assist in the qualitative rationalization of results, natural
charges and spin densities were calculated at the B3LYP/6-
311+G(3df,2p) level of theory using the geometries obtained
at the B3LYP/6-31+G(d) level, with the aid of the natural bond
orbital (NBO) analysis program30 in conjunction with Gaussian.
An analysis of solvent effects was also carried out using the
polarizable continuum model as implemented in Gaussian.

Optimized geometries for all radicals and closed-shell hy-
drides are provided in the form of Gaussian archive entries in
the Supporting Information.

Results and Discussion

Choice of Computational Method. Earlier studies of
phosphorus-containing radicals2f,2h have indicated that calculated
geometries are sensitive to the level of theory used for geo-
metrical optimization. This has a follow-on effect in the calcu-
lation of experimentally determinable parameters such as elec-
tron paramagnetic resonance (EPR) hyperfine coupling con-
stants. For example, Cramer and Lim2f found that the hyperfine
coupling constants calculated for a wide range of phosphorus
radicals at the MP2-fu/6-311G(d,p) level were in good agree-
ment with experiment when HF/6-31G(d,p) geometries were
used but in poor agreement when MP2-fu/6-31G(d,p) geom-
etries were used. In Table 1, therefore, we provide the per-
tinent geometrical parameters for two prototypical radicals of
relevance to the present study, H2P(dO)‚ and H2P‚, as cal-
culated at a variety of levels of theory. Experimental gas-
phase geometrical data are available for both of these radi-
cals.31,32

For the radical H2P(dO)‚, gas-phase structural data are
available from microwave spectroscopy measurements31 and are
included in Table 1. Of the levels of theory included in Table
1, the only level giving geometrical parameters that are markedly
different from experiment is HF/6-31G(d). This overestimates
the PdO bond length by 0.1 Å and underestimates the O-P-H
angle by 12°. The best match with experimental data is provided

SCHEME 1

SCHEME 2
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by the B3LYP/cc-pVTZ+1 geometry, which is the basis geom-
etry for the W1 method used as our benchmark level of theory
below. In general, though, all of the other listed methodss
including MP2sprovide geometries for the H2P(dO)‚ radical
that are comparable to experiment, with bond lengths within
2.5% and bond angles within 2.6% of experimental values.
Similar qualitative observations are found for the parent
phosphinyl radical H2P‚.

Moving to substituted systems, greater structural variations
are found when comparing different levels of theory. For
example, following from the earlier work of Cramer and Lim,2f

who benchmarked geometries according to the hyperfine
coupling constants calculated at the MP2-fu/6-311G(d,p) level,
we now find that for the radical Me2P(dO)‚, the use of the
B3LYP/6-31+G(d) geometry leads to a marked overestimation
of the phosphorus hyperfine coupling constant (462 G compared
with an experimental33 value of 375 G). In this radical, the
PdO and P-C bond lengths at the B3LYP/6-31+G(d) level
are 0.03-0.04 Å longer than at HF/6-31G(d).

In the present study, we are interested in the relationships
between these geometrical variations and the RSEs of phos-
phorus radicals. Because the calculation of an RSE involves
both the radical and its corresponding closed-shell hydride on
opposite sides of the equation, it is plausible that geometrical
effects will be reduced through cancellation of errors. In Table
2 are provided the RSEs of four prototypical radicals, namely,
H2P(dO)‚, H2P‚, H4P‚, and H(HO)P‚, calculated at a variety
of levels of theory.

To our knowledge, experimental data are not available for
the RSEs or bond dissociation energies (BDEs) of most of these
parent radicals (with the exception of the H2P‚ radicalssee
below). We have therefore made recourse to W1 theory34,35 as
our benchmark level of theory. W1 theory has been demon-
strated to provide “kJ accuracy” when assessed against a large
test set of gas-phase experimental data and has also proven
reliable for a variety of radical reactions such as hydrogen-
abstraction36 and additions to CdC37 and CdS38 bonds. The
first point to note from Table 2 is that none of the lower levels
of theory (entries 1-5) provide reliable RSEs for the four
radicals. This includes the QCISD/6-31G(d) level. However,
the geometries obtained at the lower levels of theory are in most
cases adequate starting points from which reliable improved

energies may be obtained through use of G3(MP2)-RAD-based
procedures. Entries 6-12 show that when improved ener-
gies are calculated on these geometries using the G3(MP2)-
RAD(+) method (incorporating scaled17 B3LYP/6-31+G(d)
zero-point energies), there is good agreement with the W1 RSEs
(within 4 kJ mol-1) and notably little variation stemming from
the use of different levels for geometry optimization. One
exception to this is found when using HF/6-31G(d) geometries
to calculate the RSE of the H2P(dO)‚ radical. The deficiencies
of HF/6-31G(d) for this radical, including the overestimation
of the PdO bond length, were noted above; the PdO bond in
the closed-shell hydride H3PdO does not display the same
excessive lengthening.

We therefore conclude that for calculating the RSEs of
phosphonyl and phosphinyl radicals, the G3(MP2)-RAD-related
procedures offer a reliable approach. Entries 13 and 14 in Table
2 show the difference between the standard G3(MP2)-RAD
RSEs and those obtained using our modification G3(MP2)-
RAD(+). Both methods provide good approximations of the
W1 energies, the difference between them ranging from 0.8 to
2.1 kJ mol-1. Because our present study of substituent effects
forms a component of a wider program studying anionic radical
chain-transfer agents, we have chosen to use the G3(MP2)-
RAD(+) procedure, so as to allow for direct comparisons with
future calculations requiring treatment of anions.

A small measure of the accuracy of the G3(MP2)-RAD(+)
method for the stabilities of phosphorus-based radicals is
provided by comparison of the calculated and experimental
RSEs for PH2‚. At the G3(MP2)-RAD(+) level of theory the
calculated value is 95.4 kJ mol-1. An experimental value of
87.2( 2.1 kJ mol-1 may be calculated using the experimental39

C-H BDE of CH4 (432.2( 0.2 kJ mol-1) and the experimen-
tal39,40P-H BDE of PH3 (345.0( 1.9 kJ mol-1) (both at 0 K).
However, the validity of this result is somewhat questionable,
for calculation of the RSE using the 0 K heats of formation
listed in the NIST database41 leads to a value of 106.3 kJ mol-1.

The potential for solvent effects on the radicals’ structures
and stabilities was assessed by means of polarizable continuum
model calculations using various solvents in which phosphonyl
radicals are commonly generated. A compilation of data showing
the calculated charges, spin densities, and RSEs for the radicals
H2P(dO)‚ and H(HO)P‚ in various solvent media is given in

TABLE 1: Geometrical Parameters Calculated at Various Levels of Theory for the Radicals H2P(dO)‚ and H(OH)P‚

a Refs 31 and 32.
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Table 3. At the B3LYP/6-31+G(d) level, the geometries of both
radicals vary little on going from the gas phase to a solvent

medium. For example, the PdO bond length of H2P(dO)‚
increases from 1.524 Å in the gas phase, to 1.525 Å in benzene

TABLE 2: RSEs Calculated at Various Levels of Theory for the Radicals H2P(dO)‚, H2P‚, H4P‚, and H(OH)P‚

a Standard procedure using B3LYP/6-31G(d) geometry.b Standard procedure using B3LYP/6-31+G(d) geometry.c Refs 39 and 40.d Ref 41.

TABLE 3: Effect of Solvent on the Calculated Electronic Structures and Stabilities of Radicals H2P(dO)‚ and H(OH)P‚a

a Solvent effects calculated using the polarizable continuum model.
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or cyclohexane, and to 1.528 Å in ethanol or water. In all four
solvents, the radical H(HO)P‚ preferentially adopts the same
s-trans conformation.

Charge densities exhibit the expected changes on traversing
the series of media. Of the bonds present in the two radicals,
the most polar is the PdO bond of H2P(dO)‚. The charge
polarization across this bond increases from 1.941 charge units
in the gas phase to 2.015 charge units in water. However, the
spin polarization varies in the opposite manner: spin density
on phosphorus is 0.04 units greater in water than in the gas
phase. The effects observed for the H(HO)P‚ radical are similar,
but of a much smaller magnitude.

The RSE of the H2P(dO)‚ radical is greatest in the gas phase,
at 79.8 kJ mol-1, and decreases to 78.3 kJ mol-1 in water.
Conversely, the RSE of the H(HO)P‚ is highest in the two most
polar media. Nevertheless, these effects are slight. To a good
approximation, gas-phase calculations provide a reliable measure
of the radicals’ structural and energetic features.

Effect of Bonding Mode on the Stabilities of Phosphorus
Radicals. To gain an initial indication of how the intrinsic
stabilities of phosphonyl radicals compare with those of other
classes of phosphorus-based radicals, we have calculated the
RSEs of a range of radicals representing common phosphorus
bonding modes. These are shown in Figure 1. In addition to
the phosphonyl radical PH2(dO)‚, we have considered the
phosphinyl radical PH2‚, its protonated derivative PH3‚+, its
BH3 and AlCl3 adducts, the amide and sulfide derivatives
PH2(dNH)‚ and PH2(dS)‚, and the phosphoranyl radical
PH4‚. The RSEs for these species are given in Table 4. Also
listed in the table are the calculated natural charges and spin
densities on phosphorus, as calculated at the B3LYP/6-311+
G(3df,2p)//B3LYP/6-31+G(d) level.

Most of the species listed in Table 4 may be regarded as
derivatives of the phosphinyl radical H2P‚. The RSE of H2P‚ is
calculated to be 95.4 kJ mol-1, indicating that it possesses a
much higher intrinsic stability, relative to its closed-shell parent
species, than the methyl radical possesses relative to methane.
Experimental measurements of BDEs have previously demon-
strated this.39,40

The H2P‚ radical is aπ-type radical. Its unpaired electron
resides in an orbital that is primarily phosphorus 3p in character,
perpendicular to the H-P-H framework, while the phosphorus
lone pair lies in the plane of the radical. Protonation at
phosphorus decreases the radical’s stability by some 78 kJ
mol-1, consistent with the greater positive charge at the radical
center and the greater phosphorus s character in the singly

occupied molecular orbital (SOMO). The natural charge on
phosphorus is+0.75 in the H3P‚+ radical, compared with only
+0.11 in the unprotonated radical. The complexes of the H2P‚
radical with the Lewis acids AlCl3 and BH3 are also destabilized
for similar reasons, although to a smaller degree. In this
connection, it is noteworthy that the phosphinyl radical displays
similar features to those of aminyl radicals (R2N‚). The latter
are found to be rather unreactive in the unprotonated state, but
their reactivity markedly increases upon protonation or coor-
dination to a metal center.42

On going from the phosphinyl radical H2P‚ to the phosphonyl
radical H2P(dO)‚, there is a net destabilization of 15 kJ mol-1.
This again reflects a withdrawal of electron density away from
phosphorus (the calculated natural charge on phosphorus in
H2P(dO)‚ is +1.04) and an increase in the s character of the
SOMO. It is somewhat surprising, therefore, that the sulfide
and amide analogues H2P(dS)‚ and H2P(dNH)‚ should enjoy
a marked increase in stabilization relative to the H2P‚ radical.
Their RSEs are, respectively, 27 and 34 kJ mol-1 greater than
that of H2P‚.

The calculated charges andR spin densities on the hetero-
atoms in these radicals are shown in Table 5. In all three radicals
H2P(dX)‚, unlike in the protonated or Lewis acid adduct
radicals, there is the capacity for electron delocalization as
shown in Scheme 3. From the data in Table 5, it is evident that
the radicals’ stabilities depend on two factors. First, the
electronegativity of X is a destabilizing influence, increasing
(along with charge on phosphorus) in the order S< NH < O.
Second, there is the stabilizing influence of spin delocalization,
which increases in the order O< S < NH. That the radical
H2P(dNH)‚ displays the greatest spin delocalization indicates
the latter effect to be the dominant influence on stability. One
may note that, according to theR spin densities, the radicals
H2P(dNH)‚ and H2P(dS)‚ would better be described as
nitrogen-based and sulfur-based radicals, respectively, rather
than as phosphorus-based radicals. The phosphonyl radical
H2P(dO)‚ has greater phosphorus radical character.

The phosphoranyl radical H4P‚ has a much greater RSE than
the phosphinyl radical H2P‚. We have previously drawn atten-
tion to the dangers of using hydrogen transfer as the type of
reaction used to measure radical stability in phosphoranyl
radicals2j and therefore cannot say with certainty that the
phosphoranyl radical is inherently more stable than the phos-
phinyl radical. However, the RSEs do imply that the five-
coordinate phosphorane PH5 is a better hydrogen donor than
the three-coordinate phosphine PH3.

Figure 1. Optimized geometries of radicals having different phosphorus bonding modes (obtained at the B3LYP/6-31+G(d) level).

Stabilities of Substituted Phosphonyl Radicals J. Phys. Chem. A, Vol. 111, No. 33, 20078233



Effects of Substituents on the Stabilities of Phosphonyl
Radicals XYP(dO)‚. In order to examine substituent effects
in phosphonyl radicals, we have examined a range of radicals
of the type XYP(dO)‚. The radicals’ structures are shown in
Figure 2, and their calculated RSEs are given in Table 6. Also
listed in Table 6 are the calculatedR spin densities and charges

on phosphorus in the radicals, as well as the charges on phos-
phorus in the corresponding closed-shell hydrides HXYP(dO).

Of initial note is the small impact ofπ-withdrawal. For
example, the phenyl group provides an additional stabilization
of only 3.1 kJ mol-1 compared with X) H. In comparison,
the RSE of the benzyl radical (relative to methyl) at the same
level of theory is 58.9 kJ mol-1. For one thing, it is true that
third-row elements have in general a reduced tendency to engage
in π-bonding compared with their lighter congeners. In phos-
phonyl radicals, however, another important factor hampering
π-withdrawal is the radicals’ geometries. The benzyl radical

TABLE 4: Radical Stabilization Energies of Phosphorus Radicals Having Different Phosphorus Bonding Modesa

a RSEs were calculated at the G3(MP2)-RAD(+) level of theory and include scaled zero-point energy corrections. Natural charges andR spin
densities were calculated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31+G(d) level of theory.

TABLE 5: Natural Charges and r Spin Densities on the Heteroatoms in the Radicals H2P(dO)‚, H2P(dNH)‚, and H2P(dS)‚a

a Calculated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31+G(d) level of theory.

SCHEME 3

8234 J. Phys. Chem. A, Vol. 111, No. 33, 2007 Krenske and Coote



has a planar geometry which enables maximal overlap between
the 2p orbital on the radical carbon and theπ* orbitals of the
phenyl ring.20,43 In contrast, the phosphonyl radicals listed in
Table 6 are pyramidal at phosphorus. For example, the average
of the three angles at phosphorus in the radical H(Ph)P(dO)‚
is 110.9°. Although the dihedral angle between the phenyl ring
and the phosphorus component of the SOMO is approximately
90°, the pyramidal geometry enforces a reduction in overlap
between the SOMO and the phenylπ* orbitals. The total spin
density on the Ph group in the radical H(Ph)P(dO)‚ is only
11%. As a result, the stabilizing effect of the phenyl group is
low. Likewise, the CN group is unable to provide significant
π-stabilization in the H(NC)P(dO)‚ radical (accepting only 8%
of the total spin density); indeed, competingσ-withdrawal results
in a destabilization of 0.5 kJ mol-1.

The influence of steric effects is demonstrated by the two
tBu-substituted radicals. The monosubstituted radical
H(tBu)P(dO)‚enjoys greater stabilization (RSE 75.7 kJ mol-1)
than the radicaltBu(tBu)P(dO)‚ (RSE 71.8 kJ mol-1). Although
the H(tBu)P(dO)‚ radical is more crowded at phosphorus (sum
of bond angles 109.8° compared with 112.1°), the unfavorable
nonbonded (e.g., H‚‚‚H) interactions between thetBu groups
in the disubstituted radicaltBu(tBu)P(dO)‚ lead to a lower RSE.

Having already considered the inefficiency ofπ-withdrawal
as a mode of stabilization, it is noteworthy thatπ-donation also
provides little stabilization. This is surprising, because in alkyl
radicals pyramidalization of the radical center favors stabilization

by lone-pair donors.20,43NBO analysis indicates that theπ-donor
effects are quite large; for example, donation from the OMe
lone pair into the antibonding PdO orbital of the H(MeO)P(dO)‚
radical is worth 54 kJ mol-1, while the corresponding interaction
involving the NMe2 lone pair in the H(Me2N)P(dO)‚ radical is
worth 44 kJ mol-1. However, we believe that the lack of
evidence forπ-donation as a stabilizing mechanism in phos-
phonyl radicals stems from the high positive charge at phos-
phorus: the substituents that are potentially the best lone-pair
donors are also those with the greatestσ-withdrawing effects.

There is a negative correlation (R2 ) 0.71) between phos-
phonyl radical stability and the positive charge on phosphorus.
The importance of this influence on radical stability stems from
the highly polar nature of the PdO bond. These radicals are
well described as zwiterionic: XYP+-O-. For example, in the
H2P(dO)‚ radical, the calculated charge on phosphorus is+1.04.
Further withdrawal of electron density from the already electron-
deficient phosphorus center is inherently destabilizing. Con-
versely, the SiMe3 substituent, which is electron-releasing (Si
less electronegative than P), is the only group found to exert
significant stabilization.

This strong inverse relationship between stability and charge
on phosphorus speaks for the critical importance ofσ-effects
in these highly polar radicals. Spin delocalization, by contrast,
is only a minor concern. The delocalization ofR spin density
onto the group X never exceeds a value of 21%: this upper

Figure 2. Optimized geometries of phosphonyl radicals XHP(dO)‚ (various X), and of two dialkylphosphonyl radicals (obtained at the B3LYP/
6-31+G(d) level).
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value is found for X) NMe2, while X ) SMe is the next
highest (17%).

We also find a strong positive correlation (R2 ) 0.99) between
the charge on phosphorus in the phosphonyl radicals and that
in their corresponding closed-shell hydrides. This suggests that
the substituent effects in the radicals mirror those in the parent
hydrides, and as a result, our choice of using hydrogen-transfer
reactions as the means to measure phosphonyl radicals’ stability
appears to be a valid one. A different situation was previously
observed in our study of the phosphoranyl radicals X(CH3)3P‚:
we argued in that case that the standard hydrogen-transfer
reaction was inadequate as a measure of phosphoranyl radical
stability and a better measure was a P-CH3 dissociation
reaction.2j

It is worthwhile to compare the substituent effects in
phosphonyl radicals with those previously determined for
phosphoranyl radicals. In our previous study2j of the phosphor-
anyl radicals X(CH3)3P‚, which adopt a structure based on a
trigonal bipyramid at phosphorus (with the unpaired electron
occupying the vacant equatorial position), we noted that the
SOMO has components that could be described as theσ-anti-
bonding orbitals of the axial P-X or P-CH3 bonds. Substituents
X that were eitherσ-withdrawing or π-donating provided
stabilization to these phosphoranyl radicals. Phosphonyl radicals,
like phosphoranyl radicals, also possess someσ-character.
However, their resistance to withdrawal of electron density from
the positively charged radical center through either theσ- or
theπ-framework means that a different set of substituent effects
are observed: notably,σ-withdrawing substituents are desta-
bilizing.

Effects of Substituents on the Stabilities of Hydroxyphos-
phinyl Radicals X(OH)P‚. We turn now to investigating the
possibility of a tautomeric equilibrium involving phosphonyl
radicals XHP(dO)‚ and hydroxyphosphinyl radicals X(HO)P‚.
The geometries of hydroxyphosphinyl radicals bearing a range
of X substituents are shown in Figure 3. In Table 7 are listed
their RSEs, along with the natural charges andR spin densities
on phosphorus.

The ordering of stabilities for the hydroxyphosphinyl radicals
is different from that of their isomeric phosphonyl radicals.
Electronegativity effects again play a significant role, but now
substituents that can interact with the radical center through a
π-mechanism exert a greater effect.

When X is aπ-acceptor group such as CN or Ph, the radicals
assume a planar geometry, as appropriate for maximizing the
delocalization of spin density into the X substituent’sπ* orbitals.
The total spin density borne by these two X groups in their
respective hydroxyphosphinyl radicals are accordingly somewhat
greater than in the corresponding phosphonyl radicals: the CN
group in the (NC)(HO)P‚ radical bears 13% of the total spin
density [compared with 8% in the radical H(NC)P(dO)‚], while
the Ph group in the (Ph)(HO)P‚ radical bears 16% of the total
spin density [compared with 11% in the radical H(Ph)P(dO)‚].

To assess whether two substituents on phosphorus can
interact, we have examined the specific case of (NC)(HO)P‚.
The RSE of this radical is 123.9 kJ mol-1. By contrast, the RSE
of the radical H(NC)P‚ is 108.1 kJ mol-1, while that of the
H(HO)P‚ radical is 115.0 kJ mol-1. When these latter values
are compared with the RSE of the radical H2P‚ (95.4 kJ mol-1),
it is seen that the combined effect of the hydroxy and cyano

TABLE 6: Radical Stabilization Energies of the Phosphonyl Radicals XYO(dO)‚, Together with the Natural Charges andr
Spin Densities on Phosphorus in the Radicals and Natural Charges on Phosphorus in the Closed-Shell Hydrides HXYP(dO)a

a RSEs were calculated at the G3(MP2)-RAD(+) level of theory and include scaled zero-point energy corrections. Natural charges andR spin
densities were calculated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31+G(d) level of theory.
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substituents together does not exceed the sum of their individual
stabilization effects. Thus, the radical (NC)(HO)P‚ is not an
example of a captodatively stabilized radical. Nevertheless, the
presence of the two stabilizing groups CN and OH makes the
(NC)(HO)P‚ radical one of the most stabilized of the hydroxy-
phosphinyl radicals listed in Table 7.

The range of substituent effects in the hydroxyphosphinyl
radicals is quite small. The RSEs span a range of only 26 kJ
mol-1, compared with 38 kJ mol-1 for the phosphonyl radicals.
This appears due in part to the stabilizing effect of the OH group
on phosphorus. By replacing one of the hydrogens of the H2P‚
radical with hydroxy group to give the H(HO)P‚ radical, the

RSE increases substantially, from 95.4 to 115.0 kJ mol-1.
Thereafter, the effects of replacing the second hydrogen with
another substituent X are minor.

The σ- and π-characteristics of both the X substituent and
the OH group must be considered together in the hydroxyphos-
phinyl radicals. For example, unlike theπ-acceptor groups CN
and Ph, the pseudo-π-acceptor groups CF3 and NMe3+ are found
to destabilize the hydroxyphosphinyl radicals. Here, destabiliza-
tion by σ-withdrawal appears to negate the modest pseudo-π-
acceptor stabilization. By contrast, thetBu group, which provides
some capacity for pseudo-π-acceptance but has lessσ-with-
drawing character, is less destabilizing.

A notable observation may be made for the radical
(Me3Si)(HO)P‚. Here theσ-donor/π-acceptor properties of the
silyl group provide a modest 2.5 kJ mol-1 of stabilization
relative to the radical H(HO)P‚. This unremarkable stabilization
is clearly different from that found for the Me3Si-substituted
phosphonyl radical, which reinforces the important role played
by electronegativity effects in the stabilities of phosphonyl
radicals.

For the subset ofπ-donor substituents NMe2, OMe, SMe,
and F, the calculated stability trends are not straightforward. It
has previously been shown for carbon-centered radicals that
when a radical center interacts with oneπ-donor substituent,
the mixing of the SOMO and the substituent’sπ-orbital lowers
the energy of theπ-orbital while raising the energy of the
SOMO.20,43This is stabilizing, but because the unpaired electron
now lies at higher energy, it has less capacity to interact with
a secondπ-donor substituent. Therefore, in the hydroxyphos-
phinyl radicals, which all bear aπ-donor OH group, one would
expect to see significant further stabilization only if X is a
strongerπ-donor than OH.

Figure 3. Optimized geometries of hydroxyphosphinyl radicals X(OH)P‚ (obtained at the B3LYP/6-31+G(d) level).

TABLE 7: Radical Stabilization Energies of the
Hydroxyphosphinyl Radicals X(HO)P‚, Together with the
Natural Charges and r Spin Densities on Phosphorus in the
Radicals and Natural Charges on Phosphorus in the
Closed-Shell Hydrides X(HO)PHa

no. X
electronic

state
RSE

(kJ mol-1)
charge on P
in X(HO)P‚

R spin
densityon P

charge on P
in X(HO)PH

21 CF3
2A 107.0 0.818 0.863 0.862

22 Me2N 2A 109.3 0.893 0.793 1.026
23 Me3N+ 2A′′ 109.6 1.080 0.884 1.125
24 MeO 2A 110.6 1.030 0.850 1.135
25 tBu 2A′′ 113.3 0.814 0.898 0.876
26 H 2A′′ 115.0 0.565 0.912 0.624
27 MeS 2A 115.5 0.704 0.855 0.754
28 Me3Si 2A′′ 117.5 0.410 0.867 0.426
29 F 2A 118.4 1.106 0.898 1.225
30 NC 2A′′ 123.9 0.914 0.769 0.925
31 Ph 2A′′ 133.0 0.851 0.767 0.875

a RSEs were calculated at the G3(MP2)-RAD(+) level of theory and
include scaled zero-point energy corrections. Natural charges andR
spin densities were calculated at the B3LYP/6-311+G(3df,2p)//B3LYP/
6-31+G(d) level of theory.
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For X ) SMe, there is a very small stabilization and for X
) NMe2 or OMe there is a net destabilization. This does not fit
well with the order normally assumed for the groups’π-donor
abilities. Here, the radicals’ geometries provide some clues.
When X) OMe, the radical X(HO)P‚ takes an approximately
planar structure, in which the dihedral angles C-O-P-O and
H-O-P-O are-175.6° and 12.5°, respectively. When X)
NMe2, there is slightly more deviation from planarity (the
dihedral angles C-N-P-O and H-O-P-N being 159.4° and
152.6°, respectively). For X) SMe, the radical is distinctly
nonplanar. Here, the OH group lies roughly in the same plane
as the O-P-S unit (dihedral H-O-P-S-16.9°), but the SMe
group is tilted out of the O-P-S plane to an angle of-79.3°.
Considering that efficient overlap between the singly occupied
orbital and the lone pair on X involves a planar P-X unit, it
follows that π-donation from the X lone pair into the singly
occupied orbital varies in the order OMe> NMe2 > SMe.

These geometries are suggestive of homoanomeric interac-
tions, which can occur when multiple lone-pair donor substit-
uents are bound to a radical center. For example, we have
previously noted21 that in carbon-centered radicals of the type
(YCH2S)(MeS)(Me)C‚, the presence of an electron-withdrawing
group such as CN in the Y position led the two SR groups to
assume different orientations. The SMe group lay in the plane
of the radical center, acting as aπ-donor, while the SCH2CN
group lay with its S-C bond roughly perpendicular to the plane,
acting as a pseudo-π-acceptor. Other homoanomeric effects like
these have been well documented.44

The operation of homoanomeric interactions in the hydroxy-
phosphinyl radicals is supported by NBO analysis. First, in the
(MeO)(HO)P‚ radical, the donor-acceptor interactions involving
the oxygen lone pairs and the SOMO are nearly equi-energetic,
at 80 (OMe group) and 81 kJ mol-1 (OH group). By contrast,
donation from the SOMO into the O-C antibonding orbital is
worth only 1 kJ mol-1. In the (Me2N)(HO)P‚ radical, the only
significant lone-pair-SOMO is that involving the OH group,
at 44 kJ mol-1, while donation from the SOMO into one of the
N-C antibonding orbitals is worth 12 kJ mol-1. Finally, the
(MeS)(HO)P‚ radical displays an O(lone-pair)-P(SOMO) in-
teraction of 6 kJ mol-1, compared with an interaction of 15 kJ
mol-1 from the SOMO into the S-C antibonding orbital. These
figures support the notion that in hydroxyphosphinyl radicals
(i) the OMe and NMe2 groups behave primarily as lone-pair
donors (preferring a nearly planar P-X unit), whereas (ii) the
SMe group behaves as a pseudo-π-acceptor using its S-C σ*
orbital (preferring a nonplanar P-X unit). Because the extra
stabilizing effect of a second lone-pair donor is reduced by the
presence of the first, the change in RSEs on going from the
parent hydroxyphosphinyl radical to the OMe- and NMe2-
substituted derivatives is minor and, in fact, is outweighed by
these groups’σ-acceptor properties. On the other hand, for the
SMe group, the electron delocalization into the S-C σ* orbital
adds significant further stabilization to the lone-pair donation
already coming from OH.

The relative stability of the F(HO)P‚ is noteworthy. The
origins of this stability are not obvious. We note, however, that
in this radical, the two lone-pair-SOMO interactions are almost
equi-energetic, at 50 (F) and 54 kJ mol-1 (OH). Nevertheless,
the dihedral angle H-O-P-F is -50.3°, and there is an 8 kJ
mol-1 interaction between the SOMO and the O-H antibonding
orbital. The possibility of stabilization through hydrogen bonding
can also not be discounted: in contrast to the parent hydroxy-
phosphinyl radical, which adopts ans-trans conformation, the
F(HO)P‚ radical adopts ans-cis conformation with a H‚‚‚F

distance of 2.7 Å. A similar situation is found for the
(MeO)(HO)P‚ and (MeS)(HO)P‚ radicals but not for the
(Me2N)(HO)P‚radical.

Phosphonyl-Hydroxyphosphinyl Tautomerism. In every
case considered in Table 7, the RSE of a given hydroxyphos-
phinyl radical is greater than the RSE of the tautomeric
phosphonyl radical appearing in Table 6. The differences range
from 15.3 (for X) Me3Si) to 54.3 kJ mol-1 (for X ) F). As
well as comparing the differences in RSEs within each tauto-
meric pair, it is also possible to compare directly the absolute
stabilities. The differences between the enthalpies of the
X(HO)P‚ radicals and those of the corresponding XYP(dO)‚
radicals are listed in Table 8.

For X ) H, the two-coordinate radical X(HO)P‚ is 36 kJ
mol-1 more stable than the three-coordinate radical
H(X)P(dO)‚. The same trend is found for every other X
substituent in Table 8. This behavior is noteworthy. Earlier
theoretical calculations have suggested that for the closed-shell
parent species having X) H, the-P(OH) form is more stable;45

however, the relative stabilities have been called into question
more recently on the basis of complete basis set extrapolations
employing the coupled-cluster series.46 Experimental observa-
tions in this case are equivocal.47 Otherwise, it is normally only
in the presence of strongly electron-withdrawing X groups [e.g.,
(CF3)2POH] that the-P(OH) form is found experimentally to
dominate.48 The presence of electron-withdrawing groups
disfavors the>P(dO)H form due to the polar nature of the
PdO bond (which is more accurately described as P+-O-).
For the radical species considered in Table 8, similar consid-
erations must also play a role, as there is indeed an increased
preference for the-P(OH) isomer of the radical when the X
substituent is highly electron-withdrawing. [Such an effect
cannot be solely due to increased stabilization of the-P(OH)
form, since eitherσ- or π-withdrawing X groups yield this
result.] However, the two-coordinate radical is preferred even
for the relatively electron-rich substituent, Me3Si. It is likely
that the tautomeric preference arises from the greater p character
of the SOMO in the two-coordinate radical.

Concluding Remarks

Although hydroxyphosphinyl radicals X(HO)P‚ are calculated
to be more thermodynamically stable than their phosphonyl
tautomers, it is questionable how this enhanced stability impacts
on the radicals’ chemistry. In synthetic scenarios, the P-H
parent compound that would give rise to a phosphonyl radi-
cal X(H)P(dO)‚ will in most cases exist preferentially as
the XYP(dO)H tautomer. The isomerization of the initially
formed phosphonyl radical to the hydroxyphosphinyl radical

TABLE 8: Values of ∆H0 for the Reaction XHP(dO)‚ f
(HO)XP‚ (Various X)a

X ∆H0 (kJ mol-1)

NMe2 -11.0
OMe -12.6
tBu -17.9
SiMe3 -19.2
F -26.3
SMe -30.1
Ph -32.7
H -36.0
CF3 -45.9
NC -60.6
NMe3

+ -75.0

a Energies were calculated at the G3(MP2)-RAD(+) level of theory
and include scaled zero-point energy corrections.
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X(HO)P‚ may not be fast enough to compete with alternative
modes of reaction. An intramolecular tautomerization via a 1,2-
hydrogen shift is unlikely; we calculate that the isomerization
of the H(HO)P(dO)‚ radical to the (HO)(HO)P‚ radical via this
mechanism should have a prohibitively high barrier of∆H0

q )
143 kJ mol-1. Earlier calculations of high barriers to the
corresponding isomerization in the closed-shell system have
been reported: ∆Eq 290 kJ mol-1 at the MP2/6-31G(d)
level45a and 284 kJ mol-1 at the ACCD/TZP+ level.45b A very
recent report49 has suggested that under air initiation, sec-
ondary phosphine oxides RH2P(dO) add to alkenes CH2dCHR′
via a radical mechanism to give products of the type
R′CH2CH2P(H)(R)(dO). However, it is not possible to discount
the intermediacy of radicals R(OH)P‚ in that case, because any
initially formed hydroxyphosphine R′CH2CH2P(R)(OH) would
be spontaneously converted to the four-coordinate product. We
are currently investigating further the importance of the tauto-
meric radicals in the mechanistic chemistry of phosphorus-based
chain carriers, with a view to designing efficient chain-carrier
reagents.
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