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High-level ab initio quantum chemical methods have been used to calculate the radical stabilization energies
(RSEs) of phosphonyl radicals XY£Q)- bearing a range of substituents X and Y. The main influences on
these radicals’ stabilities are-effects. Due to the high positive charge on phosphosugijthdrawal is
destabilizing, andr-donation is stabilizing. The pyramidal geometry at phosphorus minimizes the effect of
stabilization byn-delocalization, while the potentially stabilizing effect of lone-pair donation is outweighed

by concomitantr-withdrawal. Thus, the calculated RSEs of phosphonyl radicals XdB{ increase in the

order X=F < MesN* < MeO < CF; < 'Bu < Me;N < NC < H < Ph < MeS < Me;Si. The tautomeric
hydroxyphosphinyl radicals X(OH)Rexhibit a different set of substituent effects, with RSEs increasing in

the order X= CR < Me;N < MesNt < MeO < 'Bu < H < MeS < MesSi < F < NC < Ph. In these
radicals, both the- andz-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)}de more stable than the phosphonyl radicals
XYP(=O0)-. 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 from hypophosphite anion) added rapidly to thre=C bond of
aqlkeneS, necessitating the use of a sacrificial alkene in the
conversion2 — 3 (Scheme 1). On the other hand, however,
Gonzalez Martin et al° found that the use of hypophosphite-
R.P(=O)-. These have been extensively studied over many Mediated methodology gave good yields of cyclized products
decades, both by experimeritahd computationdimeans. Of in intramolecular additions of aryl radicals (e.qg., Sgheme 2).
the various classes of phosphorus-based radicals, phosphonyMoreover, Jang et &f: successfully used hypophosphite meth-
radicals are of particular interest in organic synthesis, where 0dology for intermolecular additions of alkyl radicals onto
their applications include both the formation of phospherus ~ €lectron-poor terminal alkenes.
carbon bonds (taking advantage of their facile addition reactions  In this paper, we wish to consider the effects of substituents
with alkenes) and the mediation of radical chain reactions as on the properties of phosphonyl radicals. This work builds on
an alternative to tin- or silicon-based approach®Bhosphonyl  the results of a number of previous theoretical studies in various
radicals are often generated by abstraction of hydrogen from |ahoratories, which have provided information on the structures
the parent phosphorus hydrides, the most popular examples inand stabilities of a range of phosphorus-based radicals and the
current use being the dialkylphosphine oxideFft=O)H and  ways in which they may be modulated by substituérge
hypophosphite salts such as (1-ethylpiperidiniuph. report here the results of high-level quantum chemical calcula-
Electron spin resonance measuremehtsave shown that  tions on the electronic structures and radical stabilization
phosphonyl radicals have a pyramidal structutg {n which energies (RSEs) of radicals XYRQ)-.
the singly occupied orbital possesses significant phosphorus It is also well-known in bhosphorus chemistry that species
3s charactgr. Kinetic measuremértiave indicat_ed that phos- of the type XYPEO)H exigt i E[)automeric equiI)i/brium vF\)/ith
phonyl radicals of the type AP(-O)-, where Ar is phenyl species XYP-OH.22 In principle, a similar tautomerism could

or p-tolyl, or o-anisyl, add to &C double bonds with rate ¢ ; .
operate for phosphonyl radicals, if one of the substituents on

constants on the order of 4@ 10 M~1 s~1 (room temperature), } :
the rate constants increasing in the order€BH(CN) < phosphorus is a hydrogen atom: XHfQ)-. The corresponding

CH;=C(CHs)(CN) < CH,=CH(Ph). This rapid addition to tautomeric radicals are the hydroxyphosphinyl radicals X(GH)P
double bonds has on rare occasion been problematic when©O our knowledge, a systematic computational study of the
phosphony! radicals have been used as chain carriers. Thuséffects of substituents in hydroxyphosphinyl radicals has not

Phosphorus-based radicals encompass a range of structur
classes, of which the most well-known are the phosphoranyl
radicals RP-, phosphinyl radicals #°-, and phosphonyl radicals

Barton et al. foun®l® that the radical anion HP® (derived previously appeared in the literature. Therefore, in order to probe
the significance of the tautomerism, we have also calculated
* Corresponding author. E-mail: mcoote@rsc.anu.edu.au. the stabilities of various hydroxyphosphinyl radicals.
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SCHEME 1 The RSE of a radical Rs here defined in the usual manner,
o that is, the value ofAH at 0 K (including zero-point energy
JL' correction) for the hydrogen-transfer reactiotHRCH; — R—H
H7 O + CHz-.2° In a previous study of phosphoranyl radicals of the
H type MeXP-2 it was previously noted that the use of a
1 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’

S
O OJJ\SMe 2 Ciofter ><° stabilities in that case was gained through use of-aVié
><o 0, _ (sacrficia) o]\/\[0>< transfer reaction. In the current work, however, we have adhered
' X
eS.__O Io] o]
T

EtsNH® H,POS,
AIBN

to the use of a hydrogen-transfer reaction. Although the RSEs

defined in this way will be a function of several facterd)

the difference between the stabilities of the phosphorus-centered
2 3 radical and the carbon-centered radical ;GHand (2) the

SCHEME 2 difference between the stabilities of the-R parent compound

and CH—we nevertheless find that its use is appropriate here.

First, it provides a constant point of reference for comparing

dioxane, 80 °C

A HePO | the differences in PH bond strengths of both the three- and

I AIBN four-coordinate phosphorus parent species considered in this
©: /@ ©\—/D work. Second, as will be seen below, we find that it provides
N CeHe, A, 0.5h NH meaningful insights into substituent effects for both the two-

Ms Ms 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
Standard ab initio molecular orbital thedfyand density  radicals will perform as mediators in radical chain processes, a
functional theory* calculations were carried out using definition based on PH bond strengths is valuable.
GAUSSIAN 03° and MolPro 2006.1° Geometries were To assist in the qualitative rationalization of results, natural
optimized at the B3LYP/6-3tG(d) level of theory, with use  charges and spin densities were calculated at the B3LYP/6-
of extensive conformational searching to identify the global 311+G(3df,2p) level of theory using the geometries obtained
minimum-energy conformer (as opposed to merely a local at the B3LYP/6-33G(d) level, with the aid of the natural bond
minimum) of each species. Vibrational frequencies were orbital (NBO) analysis progra#fin conjunction with Gaussian.
calculated at the same level and used to confirm the nature of An analysis of solvent effects was also carried out using the
the stationary points. Because scale factors for the B3LYP/6- polarizable continuum model as implemented in Gaussian.
31+G(d) frequencies were not available, those for_ the B3LYP/ Optimized geometries for all radicals and closed-shell hy-
6-31G(d) level were used instead when calculating the zero- griges are provided in the form of Gaussian archive entries in

point vibrational energy correctionts. the Supporting Information.
Improved energies for all species were obtained at a level of

theory related to the G3(MP2)-RAD procedurt_e, whi_ch we have pasults and Discussion

denoted® as G3(MP2)-RAD{). G3(MP2)-RAD is a high-level

composite procedure that attempts to reproduce coupled-cluster Choice of Computational Method. Earlier studies of
[CCSD(T)] energies with a large triple-basis set by using  phosphorus-containing radic#f have indicated that calculated
additivity corrections carried out at the RMP2 level. The geometries are sensitive to the level of theory used for geo-
G3(MP2)-RAD{) method differs from G3(MP2)-RAD in that ~ metrical optimization. This has a follow-on effect in the calcu-
the geometries, frequencies, U(R)CCSD(T) single-point energy, lation of experimentally determinable parameters such as elec-
and R(O)MP2 single-point energy are calculated at the B3LYP/ tron paramagnetic resonance (EPR) hyperfine coupling con-
6-31+G(d) level rather than at the B3LYP/6-31G(d) level. The stants. For example, Cramer and Eifiound that the hyperfine
G3(MP2)-RAD method has previously been demonstrated to coupling constants calculated for a wide range of phosphorus
provide accurate absolute values of the heats of formation for radicals at the MP2-fu/6-311G(d,p) level were in good agree-
a large test set of radical and nonradical species (MAD 4.7 kJ ment with experiment when HF/6-31G(d,p) geometries were
mol~1).1® Moreover, it has previously been shown to provide used but in poor agreement when MP2-fu/6-31G(d,p) geom-
accurate values for the RSEs of carbon-centered radicals  etries were used. In Table 1, therefore, we provide the per-
and nitrogen-centered radic@fsas well as for the kinetics and  tinent geometrical parameters for two prototypical radicals of
thermodynamics of a variety of radical reacti@f?’” We relevance to the present study,R¢=0)- and HP-, as cal-
here test the performance of G3(MP2)-RAD and G3(MP2)- culated at a variety of levels of theory. Experimental gas-
RAD(+), as well as various other methods, for calculating the phase geometrical data are available for both of these radi-
RSEs of a range of phosphorus radicals, with use of the W1 cals3%:32

procedure as a benchmarking level. As described below, this For the radical HP(=O)-, gas-phase structural data are
led us to carry out our examination of substituent effects at the available from microwave spectroscopy measurenikatsl are
G3(MP2)-RAD(t) level. The incorporation of diffuse functions  included in Table 1. Of the levels of theory included in Table
was deemed advantageous, because it provides results that will, the only level giving geometrical parameters that are markedly
be directly comparable with those on anionic species to be different from experiment is HF/6-31G(d). This overestimates
reported elsewhet@in our closely related work on phosphorus- the P=0O bond length by 0.1 A and underestimates thePFo-H
based radical chain carriers. angle by 12. The best match with experimental data is provided

78%
Computational Procedures
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TABLE 1: Geometrical Parameters Calculated at Various Levels of Theory for the Radicals HP(=0)- and H(OH)P-

0

H//PI. H/ls\H
Level of Theory H (*By)

CA)

P=0 (&) P-H(A) OP-H() HPHEC | P-HA) HP-H(C

HF/6-31G(d) 1.589 1.399 103.7 98.2 1.407 93.5
B3LYP/6-31G(d) 1.523 1.427 113.6 100.6 1.430 91.6
B3LYP/6-31+G(d) 1.524 1.426 113.0 101.8 1.430 91.8
B3LYP/6-311G(d,p) 1.517 1.427 113.6 101.0 1.428 91.7
B3PW91/6-311G(d,p) 1.517 1.427 114.0 101.0 1.428 91.5
MP2/6-31G(d) 1.497 1.415 118.5 101.6 1.419 92.6
MP2/6-31G(d,p) 1.496 1.407 118.6 101.4 1.410 92.4
QCISD/6-31G(d) 1.522 1.422 114.4 101.5 1.430 92.1
B3LYP/cc-pVTZ+1 1.497 1.421 114.0 101.9 1.422 91.7
Experiment” 1.488 1.429 115.5 102.6 1.428 91.5

aRefs 31 and 32.

by the B3LYP/cc-pVTZ-1 geometry, which is the basis geom- energies may be obtained through use of G3(MP2)-RAD-based
etry for the W1 method used as our benchmark level of theory procedures. Entries-612 show that when improved ener-
below. In general, though, all of the other listed metheds gies are calculated on these geometries using the G3(MP2)-
including MP2—provide geometries for the JR(=0O)- radical RAD(+) method (incorporating scal€dB3LYP/6-31H+G(d)
that are comparable to experiment, with bond lengths within zero-point energies), there is good agreement with the W1 RSEs
2.5% and bond angles within 2.6% of experimental values. (within 4 kJ molt) and notably little variation stemming from
Similar qualitative observations are found for the parent the use of different levels for geometry optimization. One
phosphinyl radical kKP-. exception to this is found when using HF/6-31G(d) geometries
Moving to substituted systems, greater structural variations to calculate the RSE of the,R(=0)- radical. The deficiencies
are found when comparing different levels of theory. For of HF/6-31G(d) for this radical, including the overestimation
example, following from the earlier work of Cramer and L4,  of the P=O bond length, were noted above; the® bond in
who benchmarked geometries according to the hyperfine the closed-shell hydride J#=0O does not display the same
coupling constants calculated at the MP2-fu/6-311G(d,p) level, excessive lengthening.
we now find that for the radical M@(=0)-, the use of the We therefore conclude that for calculating the RSEs of
B3LYP/6-31+G(d) geometry leads to a marked overestimation phosphonyl and phosphinyl radicals, the G3(MP2)-RAD-related
of the phosphorus hyperfine coupling constant (462 G comparedprocedures offer a reliable approach. Entries 13 and 14 in Table
with an experiment&? value of 375 G). In this radical, the 2 show the difference between the standard G3(MP2)-RAD
P=0 and P-C bond lengths at the B3LYP/6-315(d) level RSEs and those obtained using our modification G3(MP2)-
are 0.03-0.04 A longer than at HF/6-31G(d). RAD(+). Both methods provide good approximations of the
In the present study, we are interested in the relationships W1 energies, the difference between them ranging from 0.8 to
between these geometrical variations and the RSEs of phos-2.1 kJ mofl. Because our present study of substituent effects
phorus radicals. Because the calculation of an RSE involvesforms a component of a wider program studying anionic radical
both the radical and its corresponding closed-shell hydride on chain-transfer agents, we have chosen to use the G3(MP2)-
opposite sides of the equation, it is plausible that geometrical RAD(+) procedure, so as to allow for direct comparisons with
effects will be reduced through cancellation of errors. In Table future calculations requiring treatment of anions.
2 are provided the RSEs of four prototypical radicals, namely, A small measure of the accuracy of the G3(MP2)-RAID(
H.PE=O0)-, HoP-, HyP-, and H(HO)P, calculated at a variety method for the stabilities of phosphorus-based radicals is
of levels of theory. provided by comparison of the calculated and experimental
To our knowledge, experimental data are not available for RSEs for PH-. At the G3(MP2)-RAD{) level of theory the
the RSEs or bond dissociation energies (BDEs) of most of thesecalculated value is 95.4 kJ mdl An experimental value of
parent radicals (with the exception of theR9 radical-see 87.2+ 2.1 kJ mof! may be calculated using the experimetftal
below). We have therefore made recourse to W1 thédhas C—H BDE of CH; (432.24+ 0.2 kJ mof ') and the experimen-
our benchmark level of theory. W1 theory has been demon- talf®4°P—H BDE of PH; (345.0+ 1.9 kJ mot?) (both at 0 K).
strated to provide “kJ accuracy” when assessed against a largeHowever, the validity of this result is somewhat questionable,
test set of gas-phase experimental data and has also proveffor calculation of the RSE using ¢h0 K heats of formation
reliable for a variety of radical reactions such as hydrogen- listed in the NIST databa$deads to a value of 106.3 kJ mdél
abstractioff and additions to &C3” and G=S® bonds. The The potential for solvent effects on the radicals’ structures
first point to note from Table 2 is that none of the lower levels and stabilities was assessed by means of polarizable continuum
of theory (entries +5) provide reliable RSEs for the four model calculations using various solvents in which phosphonyl
radicals. This includes the QCISD/6-31G(d) level. However, radicals are commonly generated. A compilation of data showing
the geometries obtained at the lower levels of theory are in mostthe calculated charges, spin densities, and RSEs for the radicals
cases adequate starting points from which reliable improved H,P(=0)- and H(HO)P in various solvent media is given in
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TABLE 2: RSEs Calculated at Various Levels of Theory for the Radicals HP(=O)-, H,P-, H4P-, and H(OH)P-

Entry Level of Theory O| ) ! T )
N H- P> H>T' H= "o
H H
1 HF/6-31G(d) 71.2 86.7 185.4 97.6
2 B3LYP/6-31G(d) 114.9 103.7 222.0 131.4
3 B3LYP/6-31+G(d) 109.3 98.5 220.8 125.8
4 MP2/6-31G(d) 92.2 112.2 228.5 132.7
5 QCISD/6-31G(d) 102.4 107.2 2253 128.5
G3(MP2)-RAD(+)//*
6 HF/6-31G(d) 55.1 95.7 206.8 116.8
7 B3LYP/6-31G(d) 80.7 95.3 206.3 115.1
8 B3LYP/6-311G(d,p) 81.2 95.1 206.3 114.0
9 B3PW91/6-311G(d,p) 81.9 95.0 206.1 114.1
10 MP2/6-31G(d) 82.2 95.5 206.2 115.5
11 MP2/6-31G(d,p) 81.9 95.4 204.9 114.5
12 QCISD/6-31G(d) 81.6 95.5 206.8 115.2
13 G3(MP2)-RAD* 79.2 94.3 205.0 114.2
14 G3(MP2)-RAD(+)" 80.6 95.4 206.7 115.0
15 W1 84.6 93.2 203.8 114.7
16 Experimental 87.2+2.1°
106.37

a Standard procedure using B3LYP/6-31G(d) geomeéttandard procedure using B3LYP/6-8G(d) geometry® Refs 39 and 40¢ Ref 41.

TABLE 3: Effect of Solvent on the Calculated Electronic Structures and Stabilities of Radicals HP(=0)- and H(OH)P-2

Property Gas-Phase Cyclohexane Benzene Ethanol Water
o}
[l
H
H
Charge on P 1.043 1.051 1.052 1.062 1.063
Charge on O —0.898 -0.919 -0.921 —0.950 -0.952
a Spin density on P 0.512 0.527 0.529 0.550 0.552
a Spin density on O 0.389 0.376 0.374 0.355 0.354
RSE 79.8 79.3 79.2 78.4 78.3
H/’.:\OH
Charge on P 0.565 0.562 0.562 0.559 0.559
Charge on O —0.959 —0.965 —0.965 —0.974 —0.975
o Spin density on P 0.912 0.911 0.911 0.909 0.908
a Spin density on O 0.106 0.107 0.108 0.110 0.110
RSE 115.0 1154 115.5 116.1 116.0

a Solvent effects calculated using the polarizable continuum model.

Table 3. At the B3LYP/6-3:G(d) level, the geometries of both medium. For example, the=FO bond length of HPEO)-
radicals vary little on going from the gas phase to a solvent increases from 1.524 A in the gas phase, to 1.525 A in benzene
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Figure 1. Optimized geometries of radicals having different phosphorus bonding modes (obtained at the B3LY¥B(@)3level).

or cyclohexane, and to 1.528 A in ethanol or water. In all four occupied molecular orbital (SOMO). The natural charge on
solvents, the radical H(HO)Ppreferentially adopts the same  phosphorus is-0.75 in the HP-* radical, compared with only
s-trans conformation. +0.11 in the unprotonated radical. The complexes of thie- H
Charge densities exhibit the expected changes on traversingadical with the Lewis acids AlGland BH; are also destabilized
the series of media. Of the bonds present in the two radicals,for similar reasons, although to a smaller degree. In this
the most polar is the O bond of BPE=O)-. The charge connection, it is noteworthy that the phosphinyl radical displays
polarization across this bond increases from 1.941 charge unitssimilar features to those of aminyl radicals,{R). The latter
in the gas phase to 2.015 charge units in water. However, theare found to be rather unreactive in the unprotonated state, but
spin polarization varies in the opposite manner: spin density their reactivity markedly increases upon protonation or coor-
on phosphorus is 0.04 units greater in water than in the gasdination to a metal centé?.

phase. The effects observed for the H(HO}Rlical are similar, On going from the phosphinyl radicabP+ to the phosphonyl
but of a much smaller magnitude. radical HP(=0)-, there is a net destabilization of 15 kJ mbl

The RSE of the LP(E=O0)- radical is greatest in the gas phase, This again reflects a withdrawal of electron density away from
at 79.8 kJ mot!, and decreases to 78.3 kJ mbin water. phosphorus (the calculated natural charge on phosphorus in

Conversely, the RSE of the HHO)R highest in the two most ~ H,P(=O0): is +1.04) and an increase in the s character of the
polar media. Nevertheless, these effects are slight. To a goodSOMO. It is somewhat surprising, therefore, that the sulfide
approximation, gas-phase calculations provide a reliable measureand amide analogues,P(=S)- and HP(=NH)- should enjoy
of the radicals’ structural and energetic features. a marked increase in stabilization relative to thg>Hradical.
Effect of Bonding Mode on the Stabilities of Phosphorus Their RSEs are, respectively, 27 and 34 kJ mhgreater than
Radicals. To gain an initial indication of how the intrinsic  that of HP-.
stabilities of phosphonyl radicals compare with those of other  The calculated charges andspin densities on the hetero-
classes of phosphorus-based radicals, we have calculated thatoms in these radicals are shown in Table 5. In all three radicals
RSEs of a range of radicals representing common phosphorusH,P(=X)-, unlike in the protonated or Lewis acid adduct
bonding modes. These are shown in Figure 1. In addition to radicals, there is the capacity for electron delocalization as
the phosphonyl radical P#=0)-, we have considered the shown in Scheme 3. From the data in Table 5, it is evident that
phosphinyl radical PH, its protonated derivative PH', its the radicals’ stabilities depend on two factors. First, the
BH3; and AICkL adducts, the amide and sulfide derivatives electronegativity of X is a destabilizing influence, increasing
PHx(=NH)- and PH(=S), and the phosphoranyl radical (along with charge on phosphorus) in the order 8iH < O.
PH,-. The RSEs for these species are given in Table 4. Also Second, there is the stabilizing influence of spin delocalization,
listed in the table are the calculated natural charges and spinwhich increases in the order ® S < NH. That the radical
densities on phosphorus, as calculated at the B3LYP/6-311 H,P(E=NH)- displays the greatest spin delocalization indicates
G(3df,2p)//B3LYP/6-31%+G(d) level. the latter effect to be the dominant influence on stability. One
Most of the species listed in Table 4 may be regarded as may note that, according to the spin densities, the radicals
derivatives of the phosphinyl radicabPt. The RSE of HP- is H,PENH). and HPES) would better be described as
calculated to be 95.4 kJ md| indicating that it possesses a nitrogen-based and sulfur-based radicals, respectively, rather
much higher intrinsic stability, relative to its closed-shell parent than as phosphorus-based radicals. The phosphony!l radical
species, than the methyl radical possesses relative to methaned,P(0)- has greater phosphorus radical character.
Experimental measurements of BDEs have previously demon- The phosphoranyl radicalR- has a much greater RSE than
strated thig?40 the phosphinyl radical {P-. We have previously drawn atten-
The HP- radical is an-type radical. Its unpaired electron tion to the dangers of using hydrogen transfer as the type of
resides in an orbital that is primarily phosphorus 3p in character, reaction used to measure radical stability in phosphoranyl
perpendicular to the HP—H framework, while the phosphorus  radicald and therefore cannot say with certainty that the
lone pair lies in the plane of the radical. Protonation at phosphoranyl radical is inherently more stable than the phos-
phosphorus decreases the radical’'s stability by some 78 kJphinyl radical. However, the RSEs do imply that the five-
mol~2, consistent with the greater positive charge at the radical coordinate phosphorane Pli$ a better hydrogen donor than
center and the greater phosphorus s character in the singlythe three-coordinate phosphine £H
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TABLE 4: Radical Stabilization Energies of Phosphorus Radicals Having Different Phosphorus Bonding Modés

. a Spin
Electronic RSE Charge on g
Number  Structure state (kJ mol™) P Densll)ty on
1 ﬂ A 80.6 1.043 0.512
W
H
2 B ‘B 95.4 0.113 1.036
H™/
H
3 2 A 17.4 0.747 0.995
H7/ Ny
H
4 . vy 66.7 0.516 0.764
H/
H/ \BH3
5 5 vy 64.3 0.242 0.925
H/
H/ \AICI3
6 HH A 129.8 0.649 0.235
W
H
7 ﬁ A 1222 0.295 0.275
e
H
8 H A, 206.7 0.134 0.346
H\é
H™ |
H

a2 RSEs were calculated at the G3(MP2)-RAD(level of theory and include scaled zero-point energy corrections. Natural chargessgminl
densities were calculated at the B3LYP/6-313(3df,2p)//B3LYP/6-3%+G(d) level of theory.

TABLE 5: Natural Charges and o Spin Densities on the Heteroatoms in the Radicals #(=0)-, H,P(=NH)-, and H,P(=S)-2

o) S

i j i
H ) .
H

Atom Charge o Spin | Atom Charge o Spin | Atom Charge o Spin
Density Density Density

P +1.043  0.512 P +0.649  0.235 P +0.295 0275

o —0.898  0.389 N -0.913  0.695 S —0.275  0.663

a Calculated at the B3LYP/6-3#1G(3df,2p)//B3LYP/6-3%#G(d) level of theory.

SCHEME 3 on phosphorus in the radicals, as well as the charges on phos-
xD) % phorus in the corresponding closed-shell hydrides HX¥®J.
|Fb - JL: Of initial note is the small impact ofr-withdrawal. For
H;/ H‘r}/ example, the phenyl group provides an additional stabilization

of only 3.1 kJ mot! compared with X= H. In comparison,
Effects of Substituents on the Stabilities of Phosphonyl ~ the RSE of the benzyl radical (relative to methyl) at the same
Radicals XYP(=0)-. In order to examine substituent effects level of theory is 58.9 kJ mot. For one thing, it is true that
in phosphony! radicals, we have examined a range of radicalsthird-row elements have in general a reduced tendency to engage
of the type XYPEO)-. The radicals’ structures are shown in in z-bonding compared with their lighter congeners. In phos-
Figure 2, and their calculated RSEs are given in Table 6. Also phonyl radicals, however, another important factor hampering
listed in Table 6 are the calculatedspin densities and charges s-withdrawal is the radicals’ geometries. The benzyl radical
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X =MeS
17

X= Me3Si
18

tBu,P(=0)-
19
20

Figure 2. Optimized geometries of phosphonyl radicals XH#®Y)- (various X), and of two dialkylphosphonyl radicals (obtained at the B3LYP/

6-31+G(d) level).

has a planar geometry which enables maximal overlap betweenby lone-pair donorg®43NBO analysis indicates that taedonor

the 2p orbital on the radical carbon and tieorbitals of the
phenyl ring?®43In contrast, the phosphonyl radicals listed in

effects are quite large; for example, donation from the OMe
lone pair into the antibonding=FO orbital of the H(MeO)RE0)-

Table 6 are pyramidal at phosphorus. For example, the averageadical is worth 54 kJ mok, while the corresponding interaction

of the three angles at phosphorus in the radical H(PR{H{
is 110.9. Although the dihedral angle between the phenyl ring

involving the NMe lone pair in the H(Mg\N)P(=O)- radical is
worth 44 kJ mot!. However, we believe that the lack of

and the phosphorus component of the SOMO is approximately evidence forz-donation as a stabilizing mechanism in phos-

90°, the pyramidal geometry enforces a reduction in overlap
between the SOMO and the phemsfl orbitals. The total spin
density on the Ph group in the radical H(PR{eY)- is only
11%. As a result, the stabilizing effect of the phenyl group is
low. Likewise, the CN group is unable to provide significant
mr-stabilization in the H(NC)P€O)- radical (accepting only 8%
of the total spin density); indeed, competimgvithdrawal results

in a destabilization of 0.5 kJ mol.

The influence of steric effects is demonstrated by the two
‘Bu-substituted radicals. The monosubstituted radical
H(‘Bu)PE0)-enjoys greater stabilization (RSE 75.7 kJ mipl
than the radicdBu(Bu)PE&O)- (RSE 71.8 kJ moth). Although
the H(Bu)P&O)- radical is more crowded at phosphorus (sum
of bond angles 109?8compared with 112°), the unfavorable
nonbonded (e.g., ++H) interactions between th8u groups
in the disubstituted radic&u('Bu)PEO)- lead to a lower RSE.

Having already considered the inefficiencysofwithdrawal
as a mode of stabilization, it is noteworthy thatlonation also
provides little stabilization. This is surprising, because in alkyl

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 greatestithdrawing effects.

There is a negative correlatioR{ = 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=PO bond. These radicals are
well described as zwiterionic: XYP-O~. For example, in the
H.PEO)- radical, the calculated charge on phosphorusli4.
Further withdrawal of electron density from the already electron-
deficient phosphorus center is inherently destabilizing. Con-
versely, the SiMg 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 importancer-@ffects
in these highly polar radicals. Spin delocalization, by contrast,
is only a minor concern. The delocalization @fspin density

radicals pyramidalization of the radical center favors stabilization onto the group X never exceeds a value of 21%: this upper
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TABLE 6: Radical Stabilization Energies of the Phosphonyl Radicals XYO&0)-, Together with the Natural Charges anda
Spin Densities on Phosphorus in the Radicals and Natural Charges on Phosphorus in the Closed-Shell Hydrides HX¥4Y)?2

a Spin
. RSE Charge on . Charge on
Number X, Y Flectronic kI Pin Eﬁ";‘g Pin
mol™") XYP(=0)+ XYP(=0)° HXYP(=0)
1 H,H A 80.6 1.043 0.512 1.309
9 F,H ’A 64.1 1.565 0.515 1.807
10 Me;N", A 65.6 1.434 0.445 1.651
H
11 MeO, H A 70.3 1.526 0.530 1.774
12 CFs, H A 74.1 1.181 0.479 1.421
13 ‘Bu, H A 75.7 1.303 0.536 1.549
14 Me;N, H A 79.1 1.434 0.477 1.679
15 NC, H A 80.1 1.260 0.475 1.469
16 Ph, H A 83.7 1.324 0.529 1.542
17 MeS, H A 90.7 1.114 0.481 1.334
18 MesSi, H A 102.2 0.856 0.521 1.097
19 ‘Bu, ‘Bu A 71.8 1.549 0.549 1.778
vy 70.3 1.491 0.551 1.738

i
20 CF“

a RSEs were calculated at the G3(MP2)-RAD(level of theory and include scaled zero-point energy corrections. Natural chargessgminl
densities were calculated at the B3LYP/6-313(3df,2p)//B3LYP/6-3%G(d) level of theory.

value is found for X= NMe,, while X = SMe is the next Effects of Substituents on the Stabilities of Hydroxyphos-
highest (17%). phinyl Radicals X(OH)P-. We turn now to investigating the
We also find a strong positive correlatid®?(= 0.99) between possibility of a tautomeric equilibrium involving phosphonyl
the charge on phosphorus in the phosphonyl radicals and thatradicals XHP{0)- and hydroxyphosphiny! radicals X(HO)P
in their corresponding closed-shell hydrides. This suggests thatThe geometries of hydroxyphosphinyl radicals bearing a range
the substituent effects in the radicals mirror those in the parentof X substituents are shown in Figure 3. In Table 7 are listed
hydrides, and as a result, our choice of using hydrogen-transfertheir RSEs, along with the natural charges anspin densities
reactions as the means to measure phosphonyl radicals’ stabilityon phosphorus.
appears to be a valid one. A different situation was previously  The ordering of stabilities for the hydroxyphosphinyl radicals
observed in our study of the phosphorany! radicals X{g: is different from that of their isomeric phosphonyl radicals.
we argued in that case that the standard hydrogen-transferElectronegativity effects again play a significant role, but now
reaction was inadequate as a measure of phosphoranyl radicasubstituents that can interact with the radical center through a
stability and a better measure was a @Hsz dissociation m-mechanism exert a greater effect.
reaction? When X is arr-acceptor group such as CN or Ph, the radicals
It is worthwhile to compare the substituent effects in assume a planar geometry, as appropriate for maximizing the
phosphonyl radicals with those previously determined for delocalization of spin density into the X substituent*sorbitals.
phosphoranyl radicals. In our previous stéiayf the phosphor- The total spin density borne by these two X groups in their
anyl radicals X(CH)sP-, which adopt a structure based on a respective hydroxyphosphinyl radicals are accordingly somewhat
trigonal bipyramid at phosphorus (with the unpaired electron greater than in the corresponding phosphonyl radicals: the CN
occupying the vacant equatorial position), we noted that the group in the (NC)(HO)Pradical bears 13% of the total spin
SOMO has components that could be described as-iuati- density [compared with 8% in the radical H(NCHRQ)-], while
bonding orbitals of the axial+PX or P—CHz bonds. Substituents ~ the Ph group in the (Ph)(HOjRadical bears 16% of the total
X that were eithero-withdrawing or z-donating provided spin density [compared with 11% in the radical H(Pky&)-].
stabilization to these phosphoranyl radicals. Phosphonyl radicals, To assess whether two substituents on phosphorus can
like phosphoranyl radicals, also possess sawaeharacter. interact, we have examined the specific case of (NC)(HO)P
However, their resistance to withdrawal of electron density from The RSE of this radical is 123.9 kJ mél By contrast, the RSE
the positively charged radical center through either dher of the radical H(NC)Pis 108.1 kJ mot?!, while that of the
thez-framework means that a different set of substituent effects H(HO)P- radical is 115.0 kJ mol. When these latter values
are observed: notably;-withdrawing substituents are desta- are compared with the RSE of the radicaP+(95.4 kJ mot?),
bilizing. it is seen that the combined effect of the hydroxy and cyano
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Figure 3. Optimized geometries of hydroxyphosphinyl radicals X(OH(fbtained at the B3LYP/6-32G(d) level).

TABLE 7: Radical Stabilization Energies of the RSE increases substantially, from 95.4 to 115.0 kJ ol

Hydroxyphosphinyl Radicals X(HO)P-, Together with the Thereafter, the effects of replacing the second hydrogen with
Natural Charges and o Spin Densities on Phosphorus in the another substituent X are minor

Radicals and Natural Charges on Phosphorus in the

Closed-Shell Hydrides X(HO)PH The o- and z-characteristics of both the X substituent and
electronic RSE  chargeonP aspin  charge on P the OH group must be considered together in the hydroxyphos-

no. X state  (kJ mol?) in X(HO)P- densityon Pin X(HO)PH phinyl radicals. For example, unlike theacceptor groups CN

21 CFs 2p 107.0 0.818 0.863 0.862 and Ph, the pseude-acceptor groups Gfand NMe* are found

22 MexN 27 109.3 0.893 0.793 1.026 to destabilize the hydroxyphosphinyl radicals. Here, destabiliza-

23 MesN* zA” 109.6 1.080 0.884 1.125 tion by o-withdrawal appears to negate the modest psetdo-

24 tMeo ZA,, 1106 1.030 0.850 1.135 acceptor stabilization. By contrast, B group, which provides

25 'Bu A 113.3 0.814 0.898 0.876 . X

26 H 27 115.0 0.565 0.912 0.624 some capacity for pseude-acceptance but has lesswith-

27 MeS 2A 115.5 0.704 0.855 0.754 drawing character, is less destabilizing.

28 MesSi - A" 117.5 0.410 0.867 0.426 A notable observation may be made for the radical

29 F A 118.4 1.106 0.898 1.225 Me-Si\(HO)P. Here theo-d i i i fth

30 NC N 1239 0.914 0.769 0.925 (_ esSi)(HO)P. lere theo-donorfz-acceptor properties of the

31 Ph 2p" 133.0 0.851 0.767 0.875 silyl group provide a modest 2.5 kJ mélof stabilization

2 RSEs were calculated at the G3(MP2)-RAD(evel of theory and relatlve to the radical HHO)PThis unremarkablg stabllllzatlon
include scaled zero-point energy c(orrec%ion?&atural charg)jlesxand is clearly dlﬁergnt from that.found for th.e Bi-substituted
spin densities were calculated at the B3LYP/6-8GI(3df,2p)//B3LYP/ phosphonyl radical, which reinforces the important role played
6-314+G(d) level of theory. by electronegativity effects in the stabilities of phosphonyl

radicals.
substituents together does not exceed the sum of their individual For the subset of--donor substituents NMe OMe, SMe,
stabilization effects. Thus, the radical (NC)(HO)B not an  and F, the calculated stability trends are not straightforward. It
example of a captodatively stabilized radical. Nevertheless, the has previously been shown for carbon-centered radicals that
presence of the two stabilizing groups CN and OH makes the when a radical center interacts with onedonor substituent,
(NC)(HO)P radical one of the most stabilized of the hydroxy-  the mixing of the SOMO and the substituentsorbital lowers
phosphinyl radicals listed in Table 7. the energy of ther-orbital while raising the energy of the

The range of substituent effects in the hydroxyphosphinyl SOMO?2%43This is stabilizing, but because the unpaired electron
radicals is quite small. The RSEs span a range of only 26 kJ now lies at higher energy, it has less capacity to interact with
mol~2, compared with 38 kJ mot for the phosphonyl radicals.  a secondr-donor substituent. Therefore, in the hydroxyphos-
This appears due in part to the stabilizing effect of the OH group phinyl radicals, which all beara-donor OH group, one would
on phosphorus. By replacing one of the hydrogens of tffe H  expect to see significant further stabilization only if X is a
radical with hydroxy group to give the H(HO)Radical, the strongerz-donor than OH.
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For X = SMe, there is a very small stabilization and for X TABLE 8: Values of AH, for the Reaction XHP(=0)- —
= NMe, or OMe there is a net destabilization. This does not fit (HO)XP- (Various X)®

well with the order normally assumed for the grougstionor X AHo (kJ mol)

abilities. Here, the radicals’ geometries provide some clues. NMe, ~11.0

When X= OMe, the radical X(HO)Ptakes an approximately OMe ~12.6

planar structure, in which the dihedral angles@-P—0 and Bu -17.9

H—O—P—0 are—175.6 and 12.5, respectively. When %= SiMes —19.2

NMe,, there is slightly more deviation from planarity (the gMe :gg'i

dihedral angles EN—P—0 and H-O—P—N being 159.4 and Ph 327

152.6, respectively). For X= SMe, the radical is distinctly H ~36.0

nonplanar. Here, the OH group lies roughly in the same plane CR —45.9

as the G-P—S unit (dihedral HHO—P—S —16.9), but the SMe NC —60.6

group is tilted out of the ©P—S plane to an angle 6£79.3. NMes* —75.0

Considering that efficient overlap between the singly occupied  2Energies were calculated at the G3(MP2)-RAI(evel of theory
orbital and the lone pair on X involves a plana+R unit, it and include scaled zero-point energy corrections.

follows that-donation from the X lone pair into the singly

occupied orbital varies in the order OMe NMe, > SMe. distance of 2.7 A. A similar situation is found for the

These geometries are suggestive of homoanomeric interac{MeO)(HO)P ‘and (MeS)(HO)P radicals but not for the
tions, which can occur when multiple lone-pair donor substit- (Me2N)(HO)P-radical.
uents are bound to a radical center. For example, we have PhosphonyHydroxyphosphinyl Tautomerism. In every
previously noted that in carbon-centered radicals of the type case considered in Table 7, the RSE of a given hydroxyphos-
(YCH.S)(MeS)(Me)G, the presence of an electron-withdrawing Phinyl radical is greater than the RSE of the tautomeric
group such as CN in the Y position led the two SR groups to Phosphonyl radical appearing in Table 6. The differences range
assume different orientations. The SMe group lay in the plane from 15.3 (for X= MesSi) to 54.3 kJ mot! (for X = F). As
of the radical center, acting asradonor, while the SCHCN well as comparing the differences in RSEs within each tauto-
group lay with its S-C bond roughly perpendicular to the plane, meric pair, it is also possible to compare directly the absolute
acting asapseudm_acceptor_ Other homoanomeric effects like stabilities. The differences between the enthalpies of the
these have been well documentféd. X(HO)P- radicals and those of the corresponding X¥&)-

The operation of homoanomeric interactions in the hydroxy- radicals are listed in Table 8: )
phosphinyl radicals is supported by NBO analysis. First, in the F?{ X = H, the two-coordinate radical X(HO)Hs 36 kJ.
(MeO)(HO)P radical, the donoracceptor interactions involving Mol ™ more stable than the three-coordinate radical
the oxygen lone pairs and the SOMO are nearly equi-energetic, 1{X)P(=0)-. The same trend is found for every other X

at 80 (OMe group) and 81 kJ mdl (OH group). By contrast substituent in Table 8. This behavior is noteworthy. Earlier
donation from the SOMO into the-€C antibonding orbital is, theoretical calculations have suggested that for the closed-shell

worth only 1 kJ mot™. In the (MeN)(HO)P- radical, the only ~ Parent species having H, the—P(OH) form is more stabl®,
significant lone-pair SOMO is that involving the OH group however, the relative stabilities have been called into question
at 44 kJ mot®. while donation from the SOMO into one of th,e more recently on the basis of complete basis set extrapolations
N—C antibonding orbitals is worth 12 kJ mdl Finally, the employing the coupled-cluster serfé<Experimental observa-
(MeS)(HO)P radical displays an O(lone-paifP(SOMO) in- tions in this case are equivocd@lOtherwise, it is normally only
teraction of 6 kJ molt, compared with an interaction of 15 kJ N the presence of strongly electron-withdrawing X groups [e.g.,
mol~1 from the SOMO into the SC antibonding orbital. These (CF3)2POI-4] that the—P(OH) form is found ?Xpe““?e“‘a"y to
figures support the notion that in hydroxyphosphinyl radicals d_ommate‘! The presence of electron-withdrawing groups
(i) the OMe and NMe groups behave primarily as lone-pair disfavors the> F.)(=Q)H form due to the polqr nature Oj the
donors (preferring a nearly planarX unit), whereas (ii) the P=0 bond _(Wh'Ch IS more a_ccurate_ly descrlbed_&s—B )- .
SMe group behaves as a pseudacceptor using its SC o* For _the radical species considered in Ta_lbl_e 8, S|m|lar_ consid-
orbital (preferring a nonplanar-PX unit). Because the extra erations must aiso play a role, as there is |r_1deed an increased
stabilizing effect of a second lone-pair donor is reduced by the preference fpr th&P(OH) Isomer of the.radlcal when the X
presence of the first, the change in RSEs on going from the substituent is_highly elgctron-wnhdravx_n_ng._ [Such an effect
parent hydroxyphosphinyl radical to the OMe- and NMe cannot _be 50'?'y due to mcr_eased §tab|llzat|on OfﬂR(OH).
substituted derivatives is minor and, in fact, is outweighed by form, since eithero- or 7-withdrawing X groups yield this

these groupss-acceptor properties. On the other hand, for the resut] Howgver, the two-c.oordinate' radical i$ prgfer.red even
SMe group, the electron delocalization into theGo* orbital for the relatively electron-rich substituent, b&. It is likely

adds significant further stabilization to the lone-pair donation tf}atththest(i;:/tloon}ﬁr[[% prte\z,:‘Ier_encerdeilrr:S(tas Ir%T tTe greater p character
already coming from OH. orthe € two-coordinate radical.

The relative stability of the F(HO)Pis noteworthy. The
origins of this stability are not obvious. We note, however, that
in this radical, the two lone-pairtSOMO interactions are almost Although hydroxyphosphinyl radicals X(HO)Bre calculated
equi-energetic, at 50 (F) and 54 kJ mb(OH). Nevertheless,  to be more thermodynamically stable than their phosphonyl
the dihedral angle HO—P—F is —50.3, and there is an 8 kJ  tautomers, it is questionable how this enhanced stability impacts
mol~! interaction between the SOMO and the-B antibonding on the radicals’ chemistry. In synthetic scenarios, theHP
orbital. The possibility of stabilization through hydrogen bonding parent compound that would give rise to a phosphonyl radi-
can also not be discounted: in contrast to the parent hydroxy- cal X(H)PEO)- will in most cases exist preferentially as
phosphinyl radical, which adopts atrans conformation, the  the XYPEO)H tautomer. The isomerization of the initially
F(HO)P radical adopts ars-cis conformation with a H-F formed phosphonyl radical to the hydroxyphosphinyl radical

Concluding Remarks
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X(HO)P- may not be fast enough to compete with alternative  (14) Koch, W.; Holthausen, M. CA Chemist's Guide to Density

modes of reaction. An intramolecular tautomerization via a 1,2- Fu?féi)onpfi'sme&rij"ﬁﬁ;\ﬁ?é w?iggﬁi?ée?imgﬁgcﬁgggé G E- Robh
hydrogen shift is unlikely; we calculate that the isomerization \ "a™- cheeseman. J. R.: Montgomery, J. A., Jr.: Vreven, T.; Kudin, K.

of the H(HO)P&O)- radical to the (HO)(HO)Pradical via this N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
mechanism should have a prohibitively high barrienéf," = ,’ll/'ei?ntUCQ'vHB-?HCgSS;\h ME-?h Sca"’\};aq', Gt-; 'f(egg kN(.]; Psteﬁso": G. AJ-?
1 : . : . akatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
143 kJ mO,T : Ear“er,cal.cmajtlons of high barriers to the Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
corresponding isomerization in the closed-shell system havex.: knox, J. E.: Hratchian, H. P.; Cross, J. B.; Bakken, V.: Adamo, C.:
been reported:AEﬂF 290 kJ mot?! at the MP2/6-31G(d) Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;

5a 1 45h Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
levet'2and 284 kJ mot" at the ACCD/TZP Ie.ve.l' . A. very Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
recent repoff has suggested that under air initiation, sec- s paniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

ondary phosphine oxides RP(=0) add to alkenes Ci+CHR D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

via a radical mechanism to give products of the type G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
, o . . Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
R'CH.CHZP(H)(R)&0). However, it is not possible to discount "5 Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.:

the intermediacy of radicals R(OH)# that case, because any  Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Baussian
initially formed hydroxyphosphine ®H,CH,P(R)(OH) would 03,(5%\)/!8\;\(/)n C.OZQG?uslflan,llnC-ipV\J/all:_r]g:‘johrdhCTM2084- -

_ H erner, A.-J.; Knowles, F. J.; LIndn, R.; Manby, F. R.; 3Znhu
be spontaneo_usly C.Onv.erted to the fou.r coordinate product. WeM.; Celani, P.; Korona, T.; Rauhut, G.; Amos, R. D.; Bernhardsson, A,
are purrently investigating fu_rther the importance of the tauto- Berning, A.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.;
meric radicals in the mechanistic chemistry of phosphorus-basedHampel, C.; Hetzer, G.; Lloyd, A. W.; McNicholas, S. J.; Meyer, W. Mura,

chain carriers, with a view to designing efficient chain-carrier M- E-; Nicklass, A.; Palmieri, P.; Pitzer, R, Schumann, U.; Stoll, H.; Stone,
reagents ' gning A. J.; Tarroni, R.; Thorsteinsson, T. MOLPRO, version 2006.1, a package

of ab initio programs; see http://www.molpro.net.
(17) Scott, A. P.; Radom, L1. Phys. Cheml996 100, 16502-16513.
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