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A general description of phosphorus containing functional groups
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Abstract

Phosphorus containing functional groups induce an important stabilizing effect on adjacent carbanions. Such an interaction
is, however, not observed for the neutral compounds. Using computational methods, we clarify the fundamental properties of these
functional groups that lead to these differences. By doing so, a general description of phosphorus containing functional groups of the
–PY2 and –POY2 type is obtained. These groups should be seen as highly ionic groups having a r donor/p acceptor character.
� 2008 Elsevier Ltd. All rights reserved.
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Phosphorus compounds are important species in
modern chemistry. They intervene in many medicinal and
biochemical processes. These compounds are often synthe-
sized using reactants carrying phosphorus containing func-
tional groups. The influence of the latter on reactivity
strongly depends on the nature of the reactants. Phospho-
rus containing functional groups of the –PY2 and –POY2

type have been known for many years to be highly effective
at stabilizing adjacent carbanion centers.1 This has been
widely exploited in organic synthesis2 to the extent that
P-stabilized carbanions now rank amongst some of the
most useful reagents for a wide range of important organic
transformations, such as the Horner or Horner–Wads-
worth–Emmons reactions.3 In contrast to the important
influence these groups have on reactions involving carba-
nions, little to no effect is observed on the reactivity of reac-
tions involving neutral compounds, such as the Diels–
Alder reaction.4

Recently, we have shown by theoretical means that this
difference can be explained by considering the bonding
interactions between the phosphorus containing functional
group and the organic backbone for the neutral as well as
anionic compounds. –PY2 and –POY2 functional groups
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act as weak r donors, polarizing the adjacent r C–H, r
C–C and p C–C bonds of neutral compounds toward the
functionalized carbon atom,5 mainly due to the high elec-
tropositive character of these groups,6 as well as the pre-
sence of a strongly positively polarized central phosphorus
atom. Similar bonding interactions are observed for the
anionic organophosphorus compounds. The strong stabili-
zation observed for the latter comes from a supplementary
p back-bonding interaction from the carbanion lone pair
toward the empty r* P–Y and P–O orbitals.7 We report
herein, why such a stabilizing back-bonding interaction is
not observed for the neutral compounds and propose a
general description of the bonding interaction with phos-
phorus containing functional groups.

To understand the difference between the anionic and
neutral organophosphorus compounds, we consider the
anionic and radical CH2POF2 compounds as well as the
unsaturated C2H3POF2 molecule. The POF2 group was
chosen to represent –PY2 and –POY2 functional groups,
as the studied interactions are most pronounced for the
former.5,7 Similar trends can nevertheless be obtained for
other –PY2 and –POY2 groups and the final conclusion
can, therefore, be considered as general for this type of
substituent.

In a previous application on metal–ligand bonding
toward phosphine complexes,8 we have shown how
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Isodesmic Reaction ΔE

CH3POF2  +  CH3
- → CH2POF2

-  + CH4      -60.30 / -61.08  

CH3POF2   +  CH3º  → CH2POF2º  + CH4      -1.80  /    0.21 

CH3POF2   +  C2H4 → C2H3POF2   + CH4 -1.11  /   -1.41
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back-bonding can be investigated using a tool from con-
ceptual chemistry, namely the electronic Fukui function.9

This function was introduced in the context of density
functional theory by Parr and Yang in 1984, and
corresponds to the derivative of the electron density with
respect to the number of electrons. In practice, this func-
tion usually needs to be approximated as a finite-difference
term corresponding to removing (f�) or adding (f+, not
considered here) a whole electron.
Fig. 1. B
CH2POF2
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Scheme 1. Isodesmic reactions and reaction energies (B3LYP/MP2) (kcal/
mol).
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Figure 1 shows the Fukui function for the anionic
CH2POF2

� as well as neutral CH2POF2 and C2H3POF2

molecules. As expected, red zones corresponding to a loss
in electron density predominate. These zones indicate that
ionization formally occurs out of the carbon lone pair, the
carbon singly occupied orbital, and the p orbital for the
CH2POF2

�, CH2POF2, and C2H3POF2 compounds,
respectively. The regions of increased electron density,
shown in blue, are mostly located along the inter-nuclear
axis and can be attributed to the polarization along the r
bonds.

Of most interest in the present context are the losses in
electron density due to a decrease in back-bonding. These
losses can be clearly observed for the anionic compound
in the region corresponding to the p-accepting r* P–F orbi-
tals. The Fukui function of the radical CH2POF2 species
shows less important back-donation from the singly occu-
pied carbon orbital, whereas this interaction seems to be
undetectable for the unsaturated C2H3POF2 compound.

The impact these differences in back-bonding interaction
have on the energetic stabilization by the phosphorus con-
taining functional groups can be evaluated using isodesmic
3LYP Fukui function of the anionic CH2 POF2
�, radical

, and neutral C2H3POF2 molecules (taken at isodensity value
bohr�3).
reaction energies as presented in Scheme 1. These reactions
show little to no stabilization for the a radical carbon as
well as the p C–C bond by the –POF2 functional group.
The high stabilization observed for the anionic compounds
clearly requires the presence of a pair of electrons on the a
carbon atom. Based on the data from the Fukui functions,
this difference is expected to be linked to the importance of
the back-bonding interaction.

This hypothesis is confirmed by a NBO second-order
perturbative energy analysis, allowing to quantify the effect
of a specific perturbative bonding interaction. NBO analy-
sis is based on a method for optimally expressing a given
wavefunction into a Lewis-like form. The overall density
matrix is transformed to give localized natural bonding
orbitals (or NBOs), that are either centered on one atom
(‘core’ or ‘lone pair’), two atoms (‘bond’ orbitals), or three
atoms (‘delocalised bond over three centres’ orbitals). The
density matrix is first used to define a minimum basis of
atomic orbitals, the natural atomic orbitals (or NAOs),
and the NBOs are expressed as an expansion of these orbi-
tals. The NBO orbitals are chosen in such a way as to max-
imize occupancy, so that delocalization effects appear as
weak departures from the idealized localized Lewis struc-
ture in which all NBOs have occupancies of exactly 2, 1
or 0. The Natural Bond Orbital (NBO)10 method devel-
oped by Weinhold and co-workers provides an estimate
of the energy impact of secondary bonding interactions
which act as small perturbations to the total bonding.
The energy contribution is derived from interactions
between donor and acceptor orbitals.11 Back-bonding
energy contributions are obtained from the NBO estimates
of the stabilization interactions associated with partial elec-
tron donation from the localized NBOs (carbanion lone
pair) of the idealized Lewis structure into the empty non-
Lewis orbitals (r* P–Y and P–O orbitals), that is, with
partial departure from the idealized Lewis structure
description. As these interactions are only small departures
from the idealized Lewis structure they can be estimated
within the NBO method using perturbation theory. The
stabilization energy E(2) associated with delocalization
from a donor orbital i to an acceptor orbital j is given as
E(2) = DEij = qi � F(i, j)2/(ej � ei). In this expression, qi is
the donor orbital occupancy, ei and ej are the respective



Table 1
Total second-order perturbative interaction DEbb between the two
acceptor r* P–F and donor lone pair, singly occupied orbital, and p
C–C orbital for CH2 POF2

�, CH2POF2, and C2H3POF2 molecules,
respectively

DEbb De F

CH2 POF2
� 47.48 194.4 47.0

CH2POF2 11.21 263.3 40.1
C2H3POF2 8.14 294.7 25.7

Energy gap (De) between the donor/acceptor orbitals, as well as the
corresponding Fock matrix element F (kcal/mol/B3LYP).
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orbital energies and F(i, j) is the off-diagonal Fock matrix
element expressed in the NBO basis.

This approach has been applied to a number of chemical
problems, yielding chemically satisfying models accounting
for effects such as the small energy difference between cis
and trans difluoroethene,12 the torsional barrier to rotation
in ethane,13 the relative stability of the isomers of the HOI–
H2O complexes,14 the properties of X–H bonds in
X–H. . .Y hydrogen bonds15 for a wide range of X and Y
groups, as well as the impact of negative hyperconjugation
on the reactivity of complex heterocyclic systems.16

Table 1 shows the total second-order perturbative inter-
action between the two r* P–F orbitals and the lone pair,
singly occupied carbon orbital and p C–C orbital for the
CH2POF2

�, CH2POF2, and C2H3POF2 molecules, respec-
tively, as well as the two factors affecting the magnitude of
the back-bonding interaction, namely, the energy difference
between the donor and acceptor orbitals, and the off-
diagonal Fock matrix element F(i, j). This latter is a reso-
nance integral, measuring how much energy is gained by
sharing electrons between orbitals i and j. In practice, this
term can be interpreted as measuring the extent of overlap
between these orbitals in physically important regions.

As can be seen from this table, the back-bonding inter-
action from the carbanion lone pair toward the r* orbitals
explains the large stabilization observed for the anionic
compounds. Although present, the back-bonding interac-
tion from the p C–C orbital to the r* P–F orbitals is too
small to be observed, smaller even than the interaction of
the singly occupied orbital of the CH2POF2 radical with
the r* orbitals. The decrease in back-bonding interaction
observed for the neutral compounds is not only due to
the larger energy gap between interacting orbitals but also
to a less favorable overlap as shown by the decreasing F

values. The p acceptor capabilities of the phosphorus con-
taining functional group therefore remain present, but the
neutral compounds lack the presence of an effective donat-
ing orbital.

In conclusion, the phosphorus containing functional
groups of the –PY2 and –POY2 type can be characterized
as highly ionic groups having a r donor/p acceptor charac-
ter. The importance of the acceptor interaction will never-
theless depend on the availability of an appropriate
acceptor orbital, in other words on the nature of the
organic molecule the functional group is linked to.
Computational details: All structures were optimized at
B3LYP and MP2 level of theory using a 6-31++G(d,p)
basis set and the Gaussian series of programs.17 All possible
conformations have been investigated and the most stable
conformer is retained. Second-order perturbative NBO
analysis is used to estimate the back-bonding interaction
energy (DEbb).
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