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Calculation of the barriers for addition of the H,P(=O) and HC(=O0)" radicals to alkenes, at the
CCSD(T)/aug-cc-pVDZ//BHandHLYP/6-311G** level, indicates that both radicals display
ambiphilic behaviour. For the HC(=O0)" radical this behaviour occurs because a secondary orbital
interaction of the type n*._o <~ HOMO acts in conjunction with the primary SOMO<«+HOMO
interaction to balance the SOMO— LUMO interaction. For the H,P(=0)" radical, on the other hand,
the much higher-lying LUMO (the 6*;_, orbital) allows for only minimal secondary interaction, and
this radical’s ambiphilic behaviour is therefore reflective of a balance between SOMO—LUMO and

SOMO<«HOMO interactions.

Introduction

Acyl radicals RC(=0)" and their phosphorus analogues, phos-
phonyl radicals R,P(=0)'§, are two synthetically valuable classes
of reactive intermediates. Acyl radicals, for example, are key
components of efficient methods for the construction of carbon-
carbon and carbon-nitrogen bonds.! While phosphonyl radicals
are also employed for direct bond formation, the majority of their
current synthetic value lies in their use as alternatives to tin-based
reagents for mediating radical chain reactions.?

Acyl radicals had previously been described as nucleophilic
in their additions to C=C bonds,® but it was then found that
their additions to C=N bonds proceeded selectively via attack
at the electron-rich nitrogen atom.* This surprising selectivity was
explored by computational analysis, and was found to result from a
strong secondary orbital interaction between the nitrogen lone pair
and the acyl n* orbital.® It is now understood that a combination
of orbital interactions—a-SOMO— LUMO, B-SOMO<«+HOMO,
and *<«HOMO—contributes to the selectivities of these and
related radicals.®
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§ The correct ITUPAC designation for radicals of the type R,P(=O)
is “phosphinoyl”, as they are formally derived from phosphinic acid
H,P(=0)(OH). For example, (CH;),P(=0)" is the “dimethylphosphinoyl”
radical. In this article, however, we have adopted the common practice of
referring to the radicals as “phosphonyl” radicals.

The additions of phosphonyl radicals to C=C bonds, by
contrast, appear to show no obvious selectivity. For example, the
following order of rate constants has been reported’ for addition
of the Ph,P(=0)" radical to alkenes: vinyl acetate < vinyl butyl
ether < acrylonitrile < methyl acrylate < methacrylonitrile <
styrene < methyl methacrylate. The rate constants in the above
series vary only from 1.6 x 10° to 8.0 x 10’7 L mol™' s™' (room
temperature).

We wondered whether the minimal substrate preferences ob-
served for phosphonyl radicals could be described through simple
frontier-orbital considerations (the a-SOMO—LUMO and f-
SOMO<«HOMO interactions), or if they are instead a reflection
of multi-component orbital interactions like those discovered
for their acyl counterparts (LUMO<«HOMO). To answer this
question, we here examine the additions of the parent radicals
H,P(=0)" and HC(=O)" to various unsaturated derivatives, and
undertake an examination of the key orbital interactions taking
place in each case.

Results and discussion
Choice of computational methods

In order to identify an appropriate computational approach, we
first compared the performance of various theoretical methods by
calculating the barriers for addition to ethylene (Scheme 1). Data
from this assessment are portrayed schematically in Fig. 1.
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Fig. 1 Energy barriers (AE*) calculated at various levels of theory for
addition of the H,P(=0)" (1) and HC(=O)" (2) radicals to ethylene.
Barriers are calculated with respect to the separated reactants. Calculations
use an unrestricted representation for open-shell species unless otherwise
indicated.

Amongst the various low-cost procedures investigated, the
MP2/cc-pVDZ method is noteworthy in providing high estimates
of the barriers. B3LYP-based approaches give low estimates,
even when a small basis set is employed. These deficiencies have
previously been observed for similar reactions of the CH;C(=0)-
radical.’ By contrast, calculations using the BHandHLYP func-
tional provide pleasing agreement with the highest levels of theory
tested. When improved energies are calculated from BHandHLYP
structures by means of single-point calculations, there is the
expected progression towards lower barriers as better treatments
of correlation and a larger basis set are introduced (i.e. from
entries 12-13 to entries 14-15 to entries 16-17). The choice of
basis set (cc-pVDZ or 6-311G**) used for the initial optimisation
appears to make little difference to the barriers obtained via
QCISD or CCSD(T) single-point calculations. However, the
barriers obtained at the BHandHLYP/6-311G** level show
much better agreement with the higher-level data than do those
obtained at the BHandHLYP/cc-pVDZ level. It would appear that
the BHandHLYP/6-31G* and BHandHLYP/6-311G** levels of
theory provide reasonable approximations to the higher-level
barriers.

For our analysis, we have chosen to employ the CCSD(T)/aug-
cc-pVDZ//BHandHLYP/6-311G** level of theory. For one of the
test reactions—reaction (2)—the performance of this level of the-
ory can be compared with previously-reported experimental gas-
phase kinetic data:® from the reported value for E, of 23 kI mol~" at
298 K, one obtains a value for AH?,, 0of 21 kI mol~". The calculated
value of AH*,4 at the CCSD(T)/aug-cc-pVDZ//BHandHLYP/6-

311G** level, ignoring the effect of any pre-complexation, is
25 kJ mol™".

Kinetics and thermodynamics of additions to unsaturated
substrates

To compare the reactivities of the H,P(=0)* and HC(=O)' radicals
towards C=C bonds, we examined the additions depicted in
Scheme 2. Most of these additions proceed through an initial van
der Waals complex prior to formation of the transition state. The
geometries of the transition states are shown in Fig. 2, and the
calculated thermodynamic and kinetic parameters are presented
in Table 1.
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Fig. 2 Transition structures for addition of the H,P(=0)" and HC(=0O)
radicals to the alkenes CH,=CH(CN), CH,=CH,, CH,=CH(OMe), and
CH,=CH(NH,). The forming bond lengths and the dihedral angles about
the forming bond are shown.

For both radicals, addition to the alkenes is exothermic. The
values of AE largely mirror the abilities of the substituent X to
stabilise the product radical. In keeping with the normal strengths
of P-C and C-C bonds, addition of the H,P(=0)" radical to a
given alkene is ca. 30 kJ mol™" less exothermic than addition of
the HC(=O) radical.

Despite their lower thermodynamic driving force, the additions
of the H,P(=0)" radical have lower barriers than those of the
HC(=O0)" radical. This is true whether the barriers are calculated
with respect to the van der Waals complexes or to the separated
reactants. The higher reactivity of the phosphonyl radical is
consistent with experimental precedent: for example, while the
Ph,P(=0)’ radical reacts with acrylonitrile with a rate constant of
2.0 x 10’ L mol!' s7! (room temperature),” the ‘BuC(=0)" radical
adds to the same substrate with a rate constant of 5 x 10° L
mol~" s7' (300 K)* and the "PrC(=0)" radical adds to ethylene
with a rate constant of 1.4 x 10° L mol™' s™' (453 K).°
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Table 1 Kinetic and thermodynamic parameters for additions of the H,P(=0)" and HC(=O)" radicals to alkenes”

AE Complex AE* From AE* From
formation reactants complex AE Overall
H,P(=0)" plus
CH,=CH(CN) —11.1 8.4 19.5 —76.3
CH,=CH, —14.5 10.4 24.9 —58.0
CH,=CH(OMe) —10.9 6.5 17.4 —62.2
CH,=CH(NH,) (H-bonded TS) —24.7 —8.7 15.9 —81.1
CH,=CH(NH,) (no H-bond in TS) -22.5 =31 19.3 —81.1
HC(=0) plus
CH,=CH(CN) e 12.6 e —1124
CH,=CH, -82 21.1 29.3 —87.1
CH,=CH(OMe) —13.7 15.5 293 —91.1
CH,=CH(NH,) -16.8 0.3 17.1 —105.0

“Values (kJ mol™") calculated at the CCSD(T)/aug-cc-pVDZ//BHandHLYP/6-311G** level of theory. ® Alternative conformation of transition state in
which H,P(=0) unit was rotated so as to prevent O - - - H-N interaction. ¢ No complex found.

Taking addition to ethylene as a reference system, one finds
that both radicals experience lower barriers if either an electron-
donating substituent (OMe, NH,) or an electron-withdrawing
substituent (CN) is attached to the double bond. That is, both
radicals display ambiphilic behaviour, with the changeover point
from apparently nucleophilic behaviour to apparently electrophilic
behaviour occurring roughly at the parent system (within the
sample of alkenes examined).

The ambiphilic behaviour of the HC(=O) radical is sur-
prising in view of the reported nucleophilic tendencies of acyl
radicals towards alkenes.* Conventionally, a nucleophilic rad-
ical may be defined” as one for which (with a given sub-
strate) the 0-SOMO—LUMO interaction is stronger than the
B-SOMO<«HOMO interaction. For an electrophilic radical the
reverse is true. An ambiphilic radical is then one in which the two
interactions are of similar magnitude. However, for a radical such
as HC(=O0)", secondary back-donation into the C=0 7* orbital
can act together with the B-SOMO<«-HOMO interaction to yield a
more facile reaction when the substrate is sufficiently electron-rich.

The generally lower barriers for the H,P(=0O)" radical allow for
less absolute variation in barrier heights as the electronic properties
of the alkene are altered. However, in a relative sense, when
comparing the substrates ethylene and acrylonitrile, the H,P(=O)’
radical appears to respond less dramatically to the decrease in
alkene electron density than does the HC(=O)" radical. That is,
on going from ethylene to acrylonitrile, the barrier for H,P(=0)’
decreases from 10.4 to 8.4 kJ mol~!, compared with a decrease from
21.1 to 12.6 kJ mol™! for HC(=0)". By contrast, on going from
ethylene to the more electron-rich alkenes, the radicals’ relative
responses are not so markedly divergent.

Orbital interactions

In order to ascertain whether the ambiphilic behaviour of the
H,P(=0)" radical reflects a contribution from secondary back-
donation, we have sought recourse to a variety of theoretical
models.

Frontier orbital analysis. Simple frontier orbital considera-
tions suggest that both the H,P(=0)" and HC(=O)" radicals
should be somewhat ambiphilic towards alkenes. A diagram

showing the frontier orbital energies of the two radicals and their
four substrates is given in Fig. 3. From the figure it appears that the
filled a-SOMO and unfilled B-SOMO of both radicals are roughly
equally matched with their partner orbitals in the alkene (the
LUMO and HOMO, respectively), with a slight leaning towards
the electrophilic -SOMO-HOMO pairing. While this prediction
is only approximate, one may note that the lower a-SOMO energy
of H,P(=0)" would suggest a lower nucleophilicity for this radical.
This would lead to a smaller variation in interaction when the
alkene LUMO energy is lowered, which agrees with the finding that
the H,P(=0)" radical responds less dramatically to the decrease
in alkene electron-density on going from ethylene to acrylonitrile
than does the HC(=O0)" radical.
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Fig. 3 Orbital energies for the H,P(=0) and HC(=O)" radicals
and the alkenes CH,=CH(CN), CH,=CH,, CH,=CH(OMe), and
CH,=CH(NH,), calculated at the HF/6-31G(d) level of theory.

Transition state geometries. It has previously been noted that
the secondary m*._o<«-HOMO interaction for acyl radicals is
reflected in unusual transition state geometries.”* As shown in
Fig. 4(a), the SOMO and n* orbital of the HC(=O) radical are
perpendicular to each other; therefore, to accommodate both the
primary and the secondary interactions, the HCO plane must tilt
towards the alkene and the C=0 unit must rotate towards the C=C
bond. These features are evident in the transition state geometries
that were shown in Fig. 2.
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SOMO

LUMO

Fig. 4 Orbitals of the H,P(=0)" and HC(=O0)" radicals, calculated at the
UBHandHLYP/6-311G** level of theory (a orbitals shown). Surfaces are
drawn at an isodensity value of 0.06.

For the H,P(=0) radical, by contrast, geometrical features do
not reveal whether a secondary orbital interaction is significant.
Because the LUMO of the H,P(=O)" radical is cylindrically
symmetrical about the P-O axis and occupies the same plane
as the SOMO [Fig. 4(b)], it can (in principle) interact with the
substrate HOMO without requiring a substantial reorientation of
radical and substrate.

We should point out that the transition structure for addition
of the H,P(=0)" radical to CH,=CH(NH,) does not resemble
the others. Here, a hydrogen-bonding interaction between the
phosphoryl oxygen and the amine hydrogen results in a different
orientation of the radical with respect to the substrate. This
hydrogen-bonding interaction is partly responsible for the low
barrier seen in this reaction. If the phosphonyl radical is rotated so
that the P=0 and C=C bonds are staggered, the barrier increases
by approximately 4 kJ mol™' (although still remaining the lowest
of the series when calculated with respect to the reactants).

Theoretical reactivity predictors. Two quantities that influence
potential orbital interactions are the radicals’ vertical ionisation
potentials and electron affinities. Calculated values for these
quantities are shown in Table 2.

Taken together, the data in Table 2 indicate the H,P(=0O)
radical to have substantially greater oxidising power than the
HC(=O0) radical. One may calculate that it has both a higher
electronegativity [defined as (IP + EA)/2] and a lower chemical

Table 2 Vertical ionisation potentials and electron affinities of the
H,P(=0)" and HC(=O0)' radicals”

(0]
I i
H™/ ¢ Ce
H H”
1P 9.5 9.0
EA 1.2 —-0.4

“ Values (eV) calculated at the CCSD(T)/aug-cc-pVDZ/BHandHLYP/6-
311G** level.

hardness [defined as (IP — EA)/2]; these features favour electron-
transfer to the SOMO and suggest enhanced electrophilic-radical
character.

Natural bond orbital analysis. Natural bond orbital (NBO)
analysis has previously proven useful for uncovering the impor-
tance of the n* .o, < HOMO secondary orbital interaction relative
to the primary a-SOMO— LUMO interaction during the addition
reactions of acyl radicals."® We have likewise calculated the NBO
donor—acceptor interaction energies in the transition states for
addition of the H,P(=0)" and HC(=O)" radicals to the four
alkenes. The relevant data are shown in Table 3. In this table,
only interactions within the o spin set are shown. That is, the
interactions being shown are the a (nucleophilic) component of
the “primary interaction” (i.e. e-SOMO—LUMO) and the o
component of the “secondary interaction” (a.-LUMO<«+-HOMO
back-donation). The B-SOMO<«+HOMO interaction, which is the
electrophilic component of the ’primary interaction”, could not
be measured."

Asexpected, the HC(=O)" radical undergoes a strong secondary
orbital interaction during addition to the electron-rich alkenes
CH,=CH(NH,) and CH,=CH(OMe). In its most pronounced
case, the secondary interaction (74 kJ mol™') has a value al-
most equal to that of the primary SOMO— LUMO interaction
(81 kJ mol™"). This is a considerably greater secondary contribu-
tion than was previously found for the addition of the CH;C(=0)"
radical to CH,=CH(NH,): the corresponding values in that case
were 14 and 144 kJ mol~', respectively.'

Contrastingly, the H,P(=O)" radical is much less prone than
either the HC(=0)" or the CH,C(=0)" radical to back-donation.
The secondary interaction seen for this radical with any of the
alkenes only amounts to a few kJ mol™".

This dissimilarity is a result of the different electronic structures
of the P=0 and C=O bonds. It is well known' that the P=0
bond in phosphorus(V) species is most appropriately denoted
not by a traditional ¢ + m structure but by a ¢ bond and an
additional electrostatic attraction, i.e. P*—O~. Accordingly, the
LUMO of the H,P(=0O)" radical is a P-O o* orbital. Because
the energy gap between the SOMO and the P-O o* orbital of
the H,P(=0)" radical is some 1.5 eV wider than the gap between
the SOMO and the C=0 =n* orbital of the HC(=0O)" radical (at
the BHandHLYP/6-311G** level), the ability of the H,P(=0)
radical to accept electron density via secondary back-donation is
much lower.

The alkenes in Table 3 are relatively weak donors, and to
gain an indication of the possible magnitude of a 6%, o« HOMO
interaction we therefore also considered addition to the electron-
rich nitrogen atom of CH,=NH. The NBO data for these reactions
are included in Table 3. Thus, with CH,=NH, the o*, o <—lone-
pair interaction provides a contribution of 16 kJ mol~'. While
not insignificant, this value is modest in comparison to the
n*c—o<lone-pair interaction for the HC(=O0)" radical, which
amounts to 205 kJ mol™".

Concluding remarks

Our calculations demonstrate the H,P(=0O)° and HC(=O)" rad-
icals to have similar overall reactivity trends towards alkenes,
but these trends stem from different orbital contributions. The

This journal is © The Royal Society of Chemistry 2008
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“ Interaction energies (kJ mol™") calculated at the BHandHLYP/6-311G** level from the a donor—acceptor interactions calculated by second-order perturbation theory analysis on the calculated NBOs,

using a constrained Lewis structure, as described in the text. * No hydrogen

O) radical.

P(=

-bond in the transition state for the H,

limited capacity for back-donation of the type ¢*p o<~ HOMO
(revealed by NBO analysis) and the enhanced capacity for charge-
transfer to the f-SOMO (calculated from IP and EA data) indicate
the H,P(=0O)" radical to rely predominantly on conventional a-
SOMO—LUMO and -SOMO<«HOMO interactions. Although
this radical displays a much higher reactivity towards C=C bonds
than does its carbon counterpart, such reactivity appears not to
be problematic in synthetic contexts: that is, unwanted addition of
phosphonyl radicals to double bonds has only rarely been reported
to affect their synthetic use as chain carriers,” and they serve as
valuable agents for mediating radical transformations.

Computational details

Standard ab initio molecular orbital theory* and density func-
tional theory (DFT)" calculations were carried out using GAUS-
STAN 03.1 Unless otherwise indicated, calculations on open-shell
species were performed with an unrestricted wavefunction.

The performance of various ab initio and DFT methods was
assessed through calculation of the barriers for addition of
the H,P(=0)" and HC(=O) radicals to ethylene. During this
assessment, full conformational searching was performed for each
level of theory at which geometrical optimisation was conducted.
Total energies and the resulting barriers are provided in the ESIF.

Subsequently, the geometries of all reactants, complexes, tran-
sition states, and products were optimised at the BHandHLYP/6-
311G** level of theory. Thorough conformational searching
was again performed so as to identify the global minimum-
energy conformer of each species. The BHandHLYP/6-311G**
vibrational frequencies were used to confirm the nature of each
stationary point, and to calculate (unscaled) zero-point energies
and temperature corrections to the enthalpies, where appropriate.
For each transition structure, an intrinsic reaction coordinate
(IRC) calculation'” was carried out at the BHandHLYP/6-311G**
level, in order to verify that the geometry represented the correct
first-order saddle point on the surface connecting reactants to
product. Improved energies for all species were then obtained
via single-point calculations at the CCSD(T)/aug-cc-pVDZ level.
Optimised geometries at the BHandHLYP/6-311G** level, in the
form of Gaussian archive entries, are provided in the ESIf.

Natural bond orbital (NBO) analyses'® were performed at the
BHandHLYP/6-311G** level. So as to avoid the treatment of
the transition states as bound units, the Lewis structures were
explicitly constrained to a two-unit structure using the most
chemically reasonable representation of each attacking radical,
as shown in Scheme 3. This provided a qualitatively acceptable
representation of the orbitals corresponding to the radical a-
SOMO and the alkene m and n* orbitals. Due to the non-
correspondence of the B orbitals,* only the o spin set was used
to derive interaction data.

:Elj': 0%
P, =\ or C =\
HH/ Q X H/ Q X
X = CN, H, OMe, NH,

Scheme 3
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