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Abstract: Various optimized geometries are calculated for the PH, radical using the unrestricted Hartree-Fock method within
an 4-31G basis set. The effect of d ofbitals was also investigated. The C, form resembling a trigonal bipyramidal structure
with missing equatorial substituent (TBP-e) was taken as the PH, structure of minimum energy. The form of the orbitals and
their energy variation with geometry are explored with a correlation diagram using the tetrahedral geometry as a starting
point. The lower energy of the TBP-e geometry is attributed to a second-order Jahn-Teller type mixing. The relationship of the
9 valence electron PH, radical to 8 electron PH4% and 10 electron SHy systems is discussed. Physical mechanistic pathways
for ligand scrambling are found to have higher energy barriers (>15 kcal/mol) than for phosphoranes (2 kcal/mol). A poten-
tial surface for PH3 + H — PH, indicates a preferred attack where the incoming H enters an axial position. Optimized struc-
tures for the PH, F4_, radicals appear qualitatively similar to PHy4. Calculated spin densities are correlated with experimental

data.

The study?-2? of the pentacovalent phosphorus, PXs, sys-
tems (phosphoranes) has included bonding, molecular geom-
etry, and ligand scrambling from physical mechanistic and
permutational points of view. Both theoretical calculations!5-2!
and experiments2? indicate that the ligands in these PXs
compounds are mobile with activation barriers on the order
of 5 kcal/mol or less for the permutational processes. All these
studies leave no doubt that the geometry of most five coordi-
nate phosphorus is that of a trigonal bipyramid (TBP).

When one moves from the pentavalent phosphoranes to the
tetravalent phosphoranyl radicals (-PY ) the picture of bonding
and permutational isomerization becomes somewhat clouded.
Phosphoranyl radicals have been identifiéd>* by ESR spec-
troscopy as intermediates in the reactions of certain radicals
with trivalent P compounds, viz., X- + PY3; — XPY3, and also
from P-X homolysis or abstractions involving phosphoranes,
R4PX — R4P- + X. (where X = H or halogen). Most ESR
studies agree that the -PH, species can be thought of as being
similar to pentacovalent phosphoranes with the odd electron
acting as a sort of phantom ligand. Further, these studies
suggest that the geometry of the -PY, species can be viewed
as distorted TBP with two distinct types of ligand sites, axial
and equatorial.?*-2% Several chemical studies also support the
intermediacy of -PY, radicals.?>30 Recent ESR studies on the
simplest phosphorany! radical -PH4 have presented conflicting
ideas concerning the structure of the radical.?!-32 In addition
to the conflicts associated with the structure of -PH, there is
uncertainty of a chemical?%d3? and theoretical®435 nature
concerning the permutational stability of the phosphoranyl
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system. For example, the ESR work of Krusic?’ is interpreted
as indicating a rapid interchange of ligand sites. On the other
hand Bentrude’s competitive experiments*C involving 8 scission
indicate slow interchange. Finally, chemical evidence?® has
demonstrated that the X. radical in the reaction X- + PY; does
not enter into the TBP in a configurationally random way but
rather it has been presumed to enter axially.?%-28:2°

The objectives of the present study then aré first to shed
some light on the electronic structure of -PH, and its preferred
geometry. We also examine the energetic cost of excursions
from the minimum energy geometry, i.e., the energetics of
different mechanistic possibilities for site interchange in -PHy.
We explore the potential energy surface for the reaction be-
tween PH3 and H.- in the hope of answering the question on the
preferred direction of attack by radical species. The calcula-
tions were performed both with and without d functions on
phosphorus so that the importance of d orbitals in the bonding
of these compounds can be evaluated.?” Last, we look at the
effects of fluorine substitution in the PH, F4—, radicals.

Quantum Chemical Methods

The calculations reported here were carried out at two levels
of approximation. On the one hand, we have used the split-
valence 4-31G basis set of the GAUSSIAN 70 program system-®
for the full optimization of each -PH,4 and -PH,, F4_, structure.
This involves the variation of all bond lengths and bond angles,
subject to assumed symmetry constraints, until variation of
0.01 A and 1° lead to no further lowering of the total energy.
The 4-31G geometry is then used as the basis for a single cal-
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Table I, Optimized Geometric Parameters for the Species PH4, SH4, PF4, PH-F>, and SH>F,
Bond length, A Bond angle, deg
Molecule rac ref of B¢ Method Ref
PH,4 1.42¢4 1.424 198 97 CNDO 31
1.58 1.51 180% 120% CNDO 42
1.53 1.45 210 98 INDO 43
1.64 1.42 187.5 97.0 4-31G Present work
SH, 1.70 1.35 168.2 105.6 Ab initio 44
1.374 1.374 163.7 163.7 Ab initio 45
PF, 1.89 1.80 202 96 INDO 43
1.71 1.61 193 101 4-31G Present work
PH;F (Fapicar) 1.74 1.40 195 107 4-31G Present work
SHFs (Fapiea) 1.73 1.33 167 101 Ab initio 45

« Assumed bond lengths. » Assumed bond angles. ¢ r, and r, are the apical and equatorial ligand central atom bond distances and « and

8 are the corresponding angles defined in Figure 1.

culation on -PHj, at the second level of approximation where
d functions were allowed for the phosphorus basis set. For PH,4
the full basis set consisted of 58 primitive Gaussian functions
with a d exponent on phosphorus of 0.36, contracted to 27 basis
functions.?®® The SCF calculations with d functions were
carried out with the POLYATOM program.“C Since the calcu-
lations reported here are concerned with odd electron species,
the open-shell states were computed using the unrestricted
Hartree-Fock procedure.*!

Geometry Study of PH,

As a starting point in our discussion of geometry we refer
to the optimized D3, (1) and C4, (2) geometries of PHs. The
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D3y, structure has an energy of —343.025 24 hartrees in our
4-31G calculations (without d) while the energy of 2 (the oft
studied transition state geometry of the Berry pseudorotation)
is only 1.8 kcal/mol higher. (This value is typical!*-20 of the
calculated barriers for site interchange in PXs phosphoranes.)
From these two structures we may generate four radicals by
removing a single hydrogen from one of the four distinct sites
in1or2.

The energies (relative to 2b at —342.491 42 hartrees) of the
four different radicals are given below where, for example, le
is the radical produced by removing an equatorial hydrogen
from 1: 1e 1.6 kcal/mol, 1a 21.9, 2a 46.2, 2b (0.0).

Fragments 2b, with a missing basal hydrogen, and le are
very close in energy and further geometry optimization is
necessary. Structures 3-6 give the optimized geometries for

from TBP from SP
H 1
3 a ! Ha
. i 118. a.{lg
-
=~He Z
PSH: HomPH, B Hidsk
I ! b HH, ™ bb
Relative Hl _
Energies 9.2 20 .3 34 .4 5.2
kcal/mol  (7.7) (18 . O (33. 1) (3.0)
3 4 5 6

the fragment radicals just discussed. We have optimized those
geometric parameters indicated and the energies are reported

relative to the Cy, geometry (vide infra) of minimum energy.
(Values in parentheses refer to relative energies where d or-
bitals are included in the basis set.) We also show in 7and 8

H
7" |
H. B 70
7P H—P¥Dy
H \ |
H H
Relative
Energies 47 .7 61.5
kcal/mol 57. 5) (34.7)
7 8

the optimized structures and energies for optimized tetrahedral
and square-planar -PH,.

Structure 6, derived from the square pyramid, may be re-
garded as a deformed trigonal-bipyramid fragment where the
*“equatorial’ ligands are H, and the leftmost Hy,. The com-
pletely optimized C,. structure is given in 9 (energy =

Relative H

Energies 0.0
kcal/mol (0 .0)
9

—342.504 76 hartrees without d and —342.562 97 with d).
Table I compares our optimized geometry with the conclusions
of other investigations. We use TBP-¢ as a notation for a tri-
gonal bipyramid radical with a missing equatorial ligand such
as le, 3, or 9. The meaning of TBP-a, SP-b, or SP-a is similarly
defined. In summary we find that the TBP-e form is substan-
tially lower in energy than the TBP-a geometry. Further the
SP-a geometry is high in energy while the SP-b is low and re-
sembles the TBP-e. We take the Ca, structure, 9, as our ref-
erence structure. The inclusion of the set of 3d orbitals led to
an optimized axial bond length of 1.566 A for the TBP-e
structure (—342.565 6 hartrees),

As may be seen from the energies reported above and also
those of Table II the primary role of the d orbitals is to lower
the total energy by a relatively constant amount. The orbital
energies and their ordering agree well with those computed
without d functions. The glaring exception being the square-
planar structure where d orbitals are expected to participate
to the greatest extent since the nodal structure of the singly
occupied 1b,, orbital allows for large 3d participation. The
without-d 4-31G calculations yielded a 2B g ground electronic
state whereas the with-d calculation yielded an electronic
configuration with the 1b,, molecular orbital doubly occupied
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Table II. Total and Valence Orbital Energies (Hartrees) for the Optimized PH4 Fragments (3-9)
TBP-e C5, (9) TBP-¢ (. (3) SP-b C, (6)
. a-MO’s B-MO’s a-MO’s B-MO’s a-MO’s B3-MO’s
Sym- Sym-
metry Nod GTF dGTF NodGTF dGTF NodGTF dGTF NodGTF dGTF metry NodGTF NodGTF
4a, -0.893 ~0.868 -0.879 ~0.848 -0.893 -0.872 -0.873 -0.843  sa’ -0.896 -0.874
2b, ~0.581 ~0.563 —-0.487 -0.478 —0.587 -0.568 —0.494 -0487 2a” -0.603 -0.512
2b ~0.541 -0.534 -0.539 -0.533 -0.575 -0.567 ~0.568 ~0.564  6a’ -0.528 -0.520
5a) -0.490 -0.487 -0.433 -0.433 —0.449 —0.448 -0.391 -0.392  7a’ —-0.486 -0.437
6a, -0.303 -0.312 -0.312 -0.319 8a’ -0.289
Total energy = —342.504 76 (~342.562 97) —342.490 08 (—342.550 78) —342.496 48
TBP-a C3,. (4) SP-a Cy (5) Ty (7)
-MO" MO’ MO’ -MO' -MO? -MO’
Sym- a-MO's B8-MO’s Sym- a-MOQO’s 8-MQO’s Sym- o s B-MQO’s
metry Nod GTF d GTF NodGTF dGTF metry Nod GTF dGTF NodGTF dGTF metry Nod GTF Nod GTF
4a, -0.856 —0.864 —0.878 —0.845 4a, -0.833 -0.857 -0877 -—0.838 3a, -0.869 -0.857
2e’ -0.557 —0.546 —0.495 —0.494 2¢ -0.588 —0.575 —0494 —0480 2t -0.540 -0.492
Say -0.525 =052t -0481 —0475 5a, -0.383  -0.381 -=0.394 -0.370 4a, -0.175
6ay’ -0.239 —=0.244 6ay -0.366  —0.356
Total energy = —342.472 24 (~342.534 27) ~342.449 97 (~342.506 99) —342.428 73
Day (8)
a-MO’'s B-MOQO’s
Symmetry Nod GTF d GTF Nod GTF d GTF
KEI -0.867 -0.900 —-0.848 -0.823
2e, -0.612 -0.577 -0.519 ~0.568
by, -0.386 -0.328 -0.341
2a3, -0.289 -0.398 -0.307

Total energy = —342.406 86 (—342.507 75)

-O

for an overall 2A-, symmetry. In addition, the relative energy
of this fragment is substantially lowered by the presence of d
functions, lower in fact than the C4, geometry (SP-a). We will
return to these energetic considerations below. Suffice it to say
that for the most part d orbitals have mathematical but not
stereochemical significance.’’

Electronic Structure of PH4

In the structures 3-8 we have shown several of the geometric
possibilities for an AH, species. In this section we attempt to
rationalize the energy differences between the TBP-¢, TBP-a,
and SP-a geometries of -PH and then to provide a relationship
to other systems such as PH3* or SiH, with one less electron
and SH,4 or PH,~ with an additional electron. Figure 1 shows
two correlation diagrams relating the calculated*® orbital
energies of the tetrahedral -PH, in the center to those of the
TBP-a (C3,-) geometry on the left and the SP-a (C4,) geometry
on the right which is reached via the TBP-e (C»,) form. The
geometric variable for the deformation toward a square pyr-
amid is the H-P-H angle «. As it is decreased from its initial
tetrahedral value of 250.53 to 180° the C», geometry resembles

that of the TBP-e structures 3 and 9 finally reaching 109.47°
and the C4, SP-a structure similar to 5.

The forms of the orbitals for tetrahedral -PH, are the same
as those of other well known valence shell isoelectronic systems
such as CHy. The lowest lying valence shell orbital, 3a,, is
derived from the P 3s orbital bonding with the four hydrogen
Is orbitals. The next set is the triply degenerate 2t set, the
bonding combination of the P 3p orbitals, and the symmetry
adapted combinations of the H 1s orbitals. In our calculations
on the tetrahedral -PHj, the radical or singly occupied orbital
is the 4a, orbital wherein the P 3s is antibonding to all of the
H 1s orbitals.

As « is decreased the symmetry is reduced from T, to C»,
and then finally reaches Cs,. The symmetry of the orbitals
matches up as follows

Td CZL C4L

a4,

t2<b1>e
b,

The energies of the valence shell molecular orbitals behave as
expected from overlap considerations. In C>, symmetry the
4a, orbital is relatively insensitive to changes in «. With the
threefold degeneracy of the t- set split the lowest orbital, 2b,,
derived from P 3p, orbital passes through a shallow minimum
as the hydrogen 1s orbitals pass through the x axis. On the
other hand the 2b, orbital derived from the P 3p, orbital
maintains an unchanging overlap with the H 1s orbitals and
its energy is nearly constant. The 5a;, derived from the P 3p.,

Howell, Olsen [ Structure of Hypervalent Phosphorany! Radicals
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Figure 1. A correlation diagram for deformations of the PH4 radical cal-
culated holding all P-H at 1.558 A. In the center are the orbital energies
in the tetrahedral geometry. The angle « is decreased in moving to the right
until finally the Cy, geometry of the square pyramid is reached. In moving
from the center toward the left the angle £ is decreased and the geometry
is Car.

orbital moves strongly upward as the overlap with the moving
H Is orbitals drops to zero at & = 180° and becomes anti-
bonding at « less than 180°. An avoided crossing occurs with
the 6a; which is dropping in energy. Since the behavior of the
singly occupied 6a; orbital is critical to the geometry and en-
ergetics of the molecule we will examine the make-up of the
orbital in some detail.

The 3t, set of virtual orbitals is triply degenerate allowing
us to take whatever linear combination is convenient in dis-
cussing distortions to the TBP-e or TBP-a geometries. Scheme
| shows the mixing of the z oriented member of the tetrahedral
3t, set of orbitals into the 4a, orbital that occurs when « is
decreased and C,, symmetry prevails. In the resultant orbital
there is a buildup of density at the axial position and a decrease
at the equatorial. Overall charges are H, = —0.062 and H, =
~-0.014 for structure 9. As expected this leads to the preference
of an electronegative substituent for the axial site in the TBP-¢
geometry (vide infra). The same sort of considerations hold
for the distortion leading to the C;, TBP-a as shown in Scheme
11 where we are making use of an alternative linear combina-
tion of the 3tz orbitals. There is a pronounced weakening of the
P-H, bonds in the TBP-e form and of the P-H, bonds in
TBP-a. The bond lengths are shown in 2 and 3.

As the symmetry is reduced from 7, to Ca, (or C3,) the 4a,
orbital was stabilized by mixing with the appropriate 3t, virtual
orbital of higher energy (7, notation). We estimate the extent
of stabilization by a simple perturbation calculation. We regard
the coefficients of the 4a; and the appropriate 3t» orbital of 7
geometry as being frozen while we deform the molecule to the
TBP-e or TBP-a geometry. The stabilization is then estimated
as being related to the overlap of the frozen molecular orbitals.

Scheme [
1
v
- Cles
431 3t2 631

Scheme 11

1

Ed ,_{Iy,..

2 4

4a, 3t, 6a,

The 4a, orbital (T notation) is represented by
¢>(4a|) =8 + Cz(h| + hz + h3 + h4)/2

and the appropriate member of the 3t, set shown in Scheme
I for the C5, motion is

¢(3ty) =d\p + do(h + hy — hs— hy)/2
and for the Cs,
&' (3ty) =dip + ds(ha + ha + hy — 3h))/V12

where s and p refer to phosphorus 3s and 3p orbitals and %,
etc., are the hydrogen Is orbitals appearing in normalized
symmetry adapted combinations (assuming zero overlap). The
overlap integrals are readily calculated for the TBP-e struc-
ture:

S.= f ¢(4a)p(3t2) dV = c2d; S cos (8/2)
and for the TBP-a structure
S.= f ¢(4a))¢'(3ty) dV = ¢2d>S/2

where S is the overlap between a H 1s orbital and a P 3p orbital
directed along the internuclear P-H axis. 8 is the angle defined
in Figure 1. Using 8 = 109.47° S turns out to be 15% greater
than S,. (In our optimized structure, 9, 8 is 97° and S some
33% larger than S,.) Clearly, the mixing and resultant stabi-
lization should be greater for the TBP-e form than the TBP-a.
We find that within our calculations the coefficient of the
diffuse component of the phosphorus 3p orbital is 0.444 for the
singly occupied orbital of TBP-e structure, 9, and 0.405 for the
corresponding 6a; orbital of the TBP-a form, 4. Pearson*’ and
Bartell and Gavin*® have given similar *“second-order Jahn-
Teller” arguments for SF,. Bartell has also presented pictorial
arguments®® concerning such distortions.

SHa, possessing one more electron than -PHa, has been
calculated ab initio and the results are presented in Table I,
The optimized C», structure of SH4 computed by Schwenzer
and Schaefer4? is found to be a TBP-e except that it is distorted
toward a square-pyramidal geometry in contrast to the dis-
tortion toward D,y in PH4 (o = 168.2°, 8 = 105.6°).

Gleiter and Veillard#’ using a basis set of similar quality to
that of Schwenzer and Schaefer find the optimum structure
for SHy to be a square pyramid (« = 8 = 163.7°). Since a
relatively small change in basis set causes the optimum form
to change from Ca, to C,, the energy difference between the
two geometries must be small for SHy whereas for -PHg4 it is
found to be substantial in our calculations. The situation is

Journal of the American Chemical Society | 98:23 | November 10, 1976



easily rationalized however by means of the correlation di-
agram in Figure 1.

An eight valence electron problem such as SiH, or PH4*
with 5a; (C5, notation) as the highest occupied orbital should
clearly prefer the tetrahederal geometry whereas the hyper-
valent 10 electron problem should prefer geometries with « less
than 180° due to the rapidly falling 6a; orbital. Thus we might
expect the Cy,. form as being the optimum geometry or at least
a C,, form with « less than 180°,

The maximum that occurs in the 5a; curve when « is about
135° suggests that the Cy, structure might represent a meta-
stable geometry for 9 valence electron systems. This would
make the C4, geometry an intermediate rather than a transi-
tion state for the Berry process, However, the total energy of
our calculations monotonically increases as o goes from 180
to 110° in Figure 1. The valence molecular orbital energies of
the optimized geometries are given in Table II.

Mechanisms of Ligand Scrambling

As mentioned in the introductory section there is some un-
certainty about the size of the energy barrier to the ligand
scrambling processes of phosphoranyl radicals. For phospho-
ranes, PXs, where the energy barrier is low, there have been
two widely considered mechanisms: the Berry pseudorotation'#
and the turnstile mechanism.!> We first examine the Berry-like
process which is usually assumed to involve a square-pyramidal
transition state.

Scheme I1I allows the radical lobe to occupy the apical po-
sition of the square-pyramidal transition state, 5, which was
calculated (vide supra) to lie some 34 kcal/mol above the op-
timized C,, structure. We have also considered the possibility
that the Cg, transition state may be avoided in the pathway of
Scheme I1I, possibly allowing for a lower energy transition
state. Toward this end we have calculated the energy as a
function of the angles o and 3 defined as in Figure 1 on a
two-dimensional potential surface. Cy, symmetry was main-
tained and for each pair of « and 3 values the bond lengths were
optimized. The energy barrier was found to be about 34 kcal/
mol.

Scheme 1V is a double pseudorotation designed to keep the
radical lobe out of the apical position in the square-pyramid
geometries. In the first Berry pseudorotation ligand 4 is held
fixed as the pivotal substituent and ligand 1 is pivotal for the
second Berry process. The high-energy point is likely to be the
C, structure 4 which is about 20 kcal/mol above the optimized
C,, form,

The turnstile mechanism is an alternative pathway for ligand
scrambling which has been found in theoretical studies!*-20
of PXs systems to be higher energy than the Berry process.
However, in the tetracoordinate radical the turnstile process
deserves fresh consideration. Ugi and Ramirez!® formulated
the turnstile process for phosphoranes as involving a group of
three ligands rotating against the remaining group of two. It
is usually assumed that the group of three ligands (one axial
and two equatorial) deform slightly so as to have a local
threefold axis coincident with the local twofold axis for the P
and the two remaining ligands. For the phosphoranyl radical
we may envisage the phantom ligand of the radical lobe as
being included in either the trio or the duo. Scheme V places
the radical lobe in the duo.

As with Scheme 1V we expect that Scheme V is likely to be
a high energy process due to the 60° structure which resembles
the TBP-a geometry. Figure 2 shows a potential surface cal-
culated for the rotational motion holding all P-H distances at
1.558 A. The energy is given as a function of rotation when a
local C3, symmetry is forced upon the trio of hydrogens. The
high point in this curve is some 15 kcal/mol above the optimum
TBP-e form. This is also the energy of the optimized C;,
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0 30 60 30 120
Figure 2. A potential surface for a turnstile ligand scrambling process in

-PHy4 with the radical lobe in the duo. See Scheme V. All P-H distances
were held at 1.558 A. A local threefold symmetry was forced upon the

trio.
Scheme 111
1 1
4
O’Lh O:{
3 \
2 2
5
Scheme IV
1 1
4 3 \d 4
2 ¥ 2
4
Scheme V

o 30 60 90 120

structure (similar to 4) within the equal bond length restric-
tion.

In Scheme VI the radical lobe is part of the trio at the bot-
tom of each structure. The changing of ¢ from 0 to 60° gen-
erates a geometry similar to the TBP-a form. Further rotation
to ¢ = 120° produces a structure equivalent to ¢ = 0 and re-
sembling the TBP-e. Further rotation to ¢ = 150 (occurring
also at ¢ = —30°) produces a form resembling the SP-a ge-
ometry which is high in energy (see structure 5). We show in

Howell, Olsen | Structure of Hypervalent Phosphoranyl Radicals
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1 L

0 30 60 20 120 150 180

Figure 3. Two potential surfaces for the turnstile mechanism with the
radical lobe in the trio. See Scheme V1. All P-H distances were held at
1.558 A. The upper curve was calculated forcing a local twofold symmetry
on the duo and a local threefold on the trio. The two- and threefold axes
were coincident. In the lower curve the angular restrictions were re-
laxed.

Figure 3 two curves for the ¢ cut thru the potential hypersur-
face. The higher energy curve was calculated with the con-
straint that the angles made by the P-H bonds of the trio and
the z axis were kept equal to each other. Similarly, the angles
between bonds to the duo hydrogens and the z axis were
maintained to be equal. At each value of ¢ the two sets of bond
angles were optimized.

The energy of the upper curve does not fall to zero, corre-
sponding to that of the optimized TBP-e form. In the lower
curve segment we remove the equal bond angle constraint and
have optimized for a given choice of ¢ each of the four angles
made by the P-H bonds with the z axis. The curve falls to the
zero energy at ¢ = 25and 95°, not at 0 and 120°. This is due
to the optimum bond angles within the TBP-e structure not
being 90 and 120°. See structure 9 for the overall C», mini-
mum. However, the important point is that the additional
optimization has not produced any further lowering of the
energy barrier. Last, we note that the curve is symmetric about
¢ = 60, 150, 240, and 330°.

The processes of Schemes 1V-V1 are all quite similar. The
energy barrier is calculated to be 14-15 kcal /mol in each case
due to the presence of a TBP-a like form at or near the tran-
sition state. Furthermore, in each case the same permutation
of ligands (M4 in Musher’s notation*?) occurs. In particular,
the H2-P-H4 angles opens up from about 90°, as in 10, to fi-
nally reach a value close to 180°.

10

In order to further expiore and characterize the reaction
pathway we have approached the problem from a different
viewpoint using the H2-P-H4 angle, v, as the geometric
variable. The cut through the five-dimensional hypersurface
was calculated by optimizing the four remaining degrees of
freedom for each choice of v. The resultant pinwheel motion
is shown in (1).

Atoms 1, 2, 4, and the phosphorus all remain nearly coplanar
while atom 3 moves to the right. The motions of Schemes
1V-VI are all of this pinwheel type. The transition state of (1)
is calculated to be a slightly distorted TBP-a and, not sur-
prisingly, is calculated to have an energy within 1 kcal/mol of

jow/jedng
-
o

5

90 120 150 180
Figure 4. A potential surface for -PH4 ligand scrambling where the angle
between an axial and equatorial hydrogen is forced open from 90 to 180°
(horizontal axis). The bond lengths were kept at 1.558 A. The overall
motions are shown in eq |.

-1 4
‘
3 4 = \QE/ =1 ~3 )

2 2
the optimized C3, TBP-a. The potential energy curve is shown
in Figure 4. It is important to note that the calculations just
described were performed by holding all P-H distances at
1.558 A, If the bond lengths are optimized then the TBP-a
fragment 4 is about 20 kcal/mol above the C, minimum 9.

We should additionally note that the potential surface cut
shown in Figure 4 should provide the same barrier as the lower
curve of Figure 3. Both series of calculations involved opti-
mizations of four angular degrees of freedom. These along with
the reaction coordinate comprise the complete set of geometric
variables for the nontranslating, nonrotating molecule with
equal bond lengths.

In summary we find that for the scrambling pathways
considered the energy barriers are likely to be significantly
higher than is the case with phosphoranes (1.8 kcal/mol for
PHs) due to a transition state resembling the TBP-a geometry.
While our calculations indicate a high barrier to rearrange-
ment we must draw the readers’ attention to problems, en-
countered in the PH; — PH3 + H potential surface, described
in the next section. In particular, we note that the stretching
of one axial bond (a low energy process, vide infra) and the

adoption of C3, symmetry could provide a low energy scram-
bling process.

PH; + H Potential Surface

We have calculated a cut through the potential surface for
the reaction of PH3; + H — PHy- using a 4-31G basis set. The
coordinate system used to describe the approach of H to PH3
is shown in 11. The angle between the z axis and the vector to

P
H27 "3

1

the incoming H is 6 and the length is r. The incoming atom H
and H3 are restrained to the plane of the page. In our calcu-
lations we held the angle of the P-H3 bond fixed at § = 288.4°
and kept Hi and H2 as mirror images of each other. For each
choice of r and 8 we optimized the remaining geometric degrees
of freedom. For large values of r the PH; fragment maintained
its identity and suffered only small geometric reorganization.
For closer approaches the PH3 underwent some distortion.
The potential surface is shown in Figure 5 where the energies
are given relative to the sum of isolated PH3 + H-. We calcu-
late an energy barrier of zero for the fragmentation of PH, to
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PH; + H.,i.e., it is a wholly downhill process with the PH; +
H: lying some 13 kcal/mol lower than PHa-. This contradicts
experimental findings where -PHa4 has been observed by various
techniques.??> Consequently, we must regard our potential
surface with some skepticism. Configuration interaction cal-
culations might serve to produce a barrier to the fragmentation.
However, we believe that the surface is probably reliable for
indicating the preferred angles of approach.

We wish to note several particular approaches of the H atom
to PH;in 12.

Y 4
TBP-e

\\\\\ ///TBP-a

H2-7
H1//P\\H3
12

An attack along the z axis would lead to geometries re-
sembling the C3, structure 4, TBP-a, with the incoming H
occupying the short bond length axial position. Reference to
Figure 5 indicates this is a relatively high energy pathway. The
approach labeled TBP-a of 12 might also lead to a structure
resembling the TBP-a, 4, with H3 occupying the axial site. The
incoming H would occupy a longer length equatorial (or basal)
position. The potential surface favors this approach over the
Cs, axial approach as indicated by the inward bulging of the
contours. However, the clearly favored angle of attack is the
one labeled TBP-e leading to 3 (or 9). Here the incoming H
and H3 will occupy the “axial” sites. As the H atom ap-
proaches the PH; along the TBP-e pathway (8 = 52°) the
P-H3 bond length increases as would be expected. We note
that the TBP-2 and TBP-e approaches are interconverted by
a 60° rotation of the PH; around its Cs axis.

The potential surface was repeated performing a single
calculation with d orbitals utilizing the s,p-only optimized
geometries. The effect of the d orbitals was to lower each point
by 32-37 kcal/mol not changing our conclusion that the in-
coming H comes directly into an *‘axial” site.

The Fluorinated Phosphoranyl Radicals

It was decided to study the effects fluorine substitution has
on the electronic structure of the radicals. We first examined
the -PF, radical in geometries analogous to those considered
for -PH,4. Due to the presence of the four fluorines it was de-
cided initially to employ the minimal STO-3G basis set for
these calculations.?®® The idealized fragments for PF, are
presented in structures 13-18.

from TBP from SP
F 1
F | F
o, i 5 AUy
P FrPNF WP F‘—';
ll,e‘,F FV;\F\F T *
) F
}gﬁlearui\ci 12 20 39 5 1
kcal/mol
13 14 15 16
F T ,F
Y 73
F- — plit = PzEtw
F,P\ F lP F S IIT"F'
F \
F F
62 55 0 0
17 18 19

The overall C», optimized structure for -PF4 is shown in 19
and comparison with 7 shows that complete fluoro substitution
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oLZ

180

Figure 5. A portion of the potential surface for the reaction PH; + H —
-PH, determined for r between 1.6 and 3.0 A and 4 300 to 100°. H1 and
H2 are mirror images with respect to the page. See 11 and 12. The P-H3
bond was kept in the plane of the page along the # = 238.4° ray. The in-
coming H was kept in the plane of the page. For each choice of r and 8 the
remaining degrees of freedom were optimized. The contours are at 5-
kcal/mol intervals with the outermost contour being at +35 kcal/mol with
respect to the PH; + H. The PH; is shown in the geometry assumed for
large values of r. The angular ranges indicated as “high energy™ include
contours of at least 30 kcal/mol.

has not significantly modified the bond angles and 19 is still
best classified as a TBP-e fragment. The energies of the frag-
ments 13-18 are given in kcal/mol relative to the minimum
19 (at —728.972 86 hartrees). As with -PH, the fragment of
the square pyramid with a basal fluorine missing (16) is the
lowest in energy. However, examination of the bond angles
indicates that, as with «PHy, it might better be classified as a
distorted TBP fragment. The basic geometric and energetic
trends as found for PH, also held true for -PF,.

Because of the problem inherent in comparing calculations
using different basis sets and also the large spin contamination
of the STO-3G wave functions it was decided to examine the
-PH,F,_, radical species using again the extended 4-31G
basis. The structures for the PF4, PF;H, and PF,H> radicals
are presented in 20-22 where we have optimized the bond

F F F
JE\P‘"FTM "‘r.’i\P"s“'F “"E <
EROr Tt T B S
\ \/ \

F F F

20 21 22

lengths and the angles shown. It is known® that the 4-31G
method leads to bond lengths that are usually too short and we
see that the 4-31G calculations (20) yield shorter bond lengths
than the STO-3G (19). The apical angle is also found to be
consistently smaller using 4-31G.

The energy of the optimized isomer of 22 with the hydrogens
axial rather than equatorial is 19.7 kcal/mol higher in energy
as might be expected from applying the apicophilicity rule
found in pentacovalent phosphorus compounds. It might also
be mentioned that the stability of the radicals should increase
with increasing fluorine substitution assuming that we may
correlate the stability order with the energy of the highest
occupied molecular orbital: PH,4 (—0.303); PH,F> (—0.421);
PHF; (—0.450); PF, (—0.498 hartree).

Table II compares our calculated results on PF4 with the
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Table III.  Mulliken Population Analyses for the Optimized PH,F4_, Radicals
Radical s orbital spin density (82) Atomic populations
PH4 (9) P 0.060 (0.069) 14.904 (15.14)
H, 0.545 (0.452) 0.800 1.062 (1.04)
H. —0.032 (~0.040) 0.986 (0.890)
PH-F- (22) P 0.241 13.986
F, -0.004 0.772 9.583
H. —0.062 0.924
PF3H. (21) P 0.264 13.496
F, —0.004 0.773 9.508
F. 0.001 9.583
H -0.025 0.905
PF, (20) P 0.295 12.862
F, 0.008 778 9.508
F. 0.00066 9.561
Table IV. Experimental and Computed Hyperfine Coupling Constants in the Fluorophosphoranyl Radicals
3p Apical ligands Equatorial ligands
Radical Exptl® INDO? 4-31G¢ Exptl INDO 4-31G Exptl INDO 4-31G
PF, 1322 569 1074 294 71 137 59.5 4 12
PF3;H 1031 609 961 225.2 79 —68.4 38.5(F) 5 17.1
38.5(H) it -12.7
PH->F, 877 —68.4 314
PH3F,, 721 506 347 (F) 201 12.6 (H) 24
32 (H) 31
PH,4 519 674 255 (195)4 199 245 262 (261)9 6 2 (23)¢

@ Computed using the conversion factors: 3638 G for 3'P, 17 100 G for !°F, 507 G for 'H, and the corresponding calculated s orbital spin
densities. ® The experimental and INDO computed results are from ref 53, ¢ The 4-31G results are from the present work. ¢ Ab initio unrestricted
Hartree-Fock calculations which allowed for annihilation of the quartet contribution. The geometry used was TBP-e with all P~H distances
set as 1.43 A, T. A. Claxton, B. W. Fuliman, E. Platt, and M. C. R. Symons, J. Chem. Soc., Dalton Trans., 1395 (1975).

INDO calculations and also SH»F, with PH>F,. All methods
favor distorted TBP-e structures for these molecules but it
appears that the INDO#? structures for these molecules ex-
aggerate the P-F bond distances when one considers that the
present results for PH,F, and Gleiter and Veillard's** work
on SH,F are in rather good agreement. Kutzelnigg®' also
finds using nonempirical calculations an optimized axial PF
distance of 1.75 A in PH;F, assuming the PH bonds to be fixed
at 1.36 A. The angles found for PF4 by INDO are in moder-
ately good agreement with our results. It is generally assumed
that bond angle variations can lead to large changes in the s
character of the odd electron orbital which in turn strongly
influences the isotropic hyperfine coupling constants in these
radicals.?’

The Mulliken population analysis3? as found for structures
9 and 20-22 using the 4-31G wave functions are presented in
Table III where we tabulate the s orbital spin densities and the
atomic populations. The parenthetic values listed in Table 111
for PH, represent the results when d orbitals are admitted to
the basis set. It is seen that the d orbitals have the effect of
increasing the electron density around phosphorus largely at
the expense of the equatorial hydrogens. According to our
calculations the electrons in PH4 are muc¢h more evenly dis-
tributed than in SH, where Schwenzer and Schaefer*® find a
very uneven electron distribution. The INDO results*? for PH,
also suggest a larger charge separation but not nearly so large
as found for PHs.

An interesting result of the population analysis is revealed
by examination of PF; and PF3;H where it is seen that the
equatorial fluorines are in fact more negative than the axial
fluorines. This result was also found*’ using INDO wave
functions and is contrary to what one finds in the case of pen-
tacoordinate phosphorus where the apical ligand bears the
greatest amount of electron density.

For the phosphorane PXs systems the buildup of charge at
the axial ligands is due to the distribution of the HOMO or-
bital. This doubly occupied molecular orbital places large
amounts of electron density at the axial sites rather than the
equatorial. We attribute the equatorial fluorines being more
negative than the axial for PF- to the single occupancy of the
HOMO. If PF;* is calculated in a TBP-e geometry the
equatorial fluorines are substantially more negative than the
axial. For the PF;~ system again in a TBP-e geometry the axial
ligands are more negative than the equatorial.

In Table IV we compare the experimental®3 and theoretical
hyperfine interaction constants for PH4 and the fluorophos-
phoranyl radicals. The computed hfs constants were obtained
from the equation

Aiso = Qs

where Qs is 3638 G for 3!'P, 17 100 G for !°F, and 506 G for
the proton and p, is the SCF spin density computed by INDO#?
or 4-31G. It should be pointed out however that the use of this
equation to compute hfs constants is not without criticism.>4
Quantitatively, the results of both molecular orbital methods
are not very good. This is especially true of the INDO method
which predicts a larger 3'P hfs constant in PH, relative to PF,
whereas experimentally the interaction constant in PF4 and
its derivatives is over twice as large as that found in radicals
derived from PH4. The 4-31G method shows a much more
realistic s orbital population on phosphorus in the odd electron
orbital in PH, and PF,. A better quantitative agreement be-
tween theory and experiment would probably be forthcoming
if the 4-31G wave function, which is not a pure doublet, were
purified using the projection operator technique.’?

It is also interesting to observe that the 4-31G wave function
predicts the axial and equatorial hydrogen hfs to have opposite
signs in the radicals PH4 and PHF; in agreement with the
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experimental ESR observation of Krusic and Meakin?? for the
t-BuOPH; radical.

Further examination of Table [V reveals that there is a
monotonic decrease in the experimental *'P hfs constant as
fluorines are successively replaced by hydrogens in the
PH, F4_, series of radicals. Unfortunately, no experimental
results were obtained for PH,F», but a comparison of the ex-
perimental 3P hfs constants with the values computed using
4-31G s orbital spin densities is in fair quantitative agreement
and follows the qualitative trend alluded to above; even this
qualitative trend is not realized when using the INDO wave
functions.

Concluding the discussion of spin densities we are in
agreement with the results of Gillbro and Williams%¢ where
they find for POCI;~ large spin densities in the 3p, orbitals of
the axial chlorines. We find similar large spin densities in the
corresponding fluorine orbitals in the radicals 20-22. In gen-
eral, for the PH,F4—, radicals the unpaired electron is largely
distributed over the ¢ orbitals of the axial ligands with little
spin density residing on the equatorial ligands.
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