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Abstract; POH; + H™ has been used as a model to ascertain whether the phosphoryl oxygen will be more stable axial or equa-
torial compared with the alkyl groups in anionic trigonal bipyramidal transition states or intermediates formed via nucleophilic
additions to phosphine oxides. Ab initio electronic structure calculations were carried out for a variety of geometries and we
find that the trigonal bipyramid with the phosphoryl oxygen equatorial is more stable. This conclusion is in disagreement with
the previously suggested order of preference for an axial site in a trigonal bipyramid, OR(H) > O~ > CHj;. We also find that
the transition states or intermediates will be distorted trigonal bipyramids. The principal origin of equatorial preference derives
from a symmetry controlled charge delocalization in the antibonding = orbitals. The w-donor repulsion effect and phosphorus
d-orbital participation also favor an equatorial site, but they are of lesser importance.

I. Introduction

Nucleophilic additions to phosphorus-oxygen bonds are
an important aspect of organic chemistry and biochemistry.
Most nucleophilic additions to tetrahedral phosphorus com-
pounds are believed to proceed via a trigonal bipyramidal
(TBP) transition state or intermediate.! The most stable
pseudorotamer of the TBP anions formed in the alkaline ex-
change or racemization reactions of phosphine oxides
(POR|R3R3) has remained unresolved and a principal purpose
of this paper is to answer this question.

The preference rules which have been proposed for deciding
the placement of ligands in a TBP are: (1) the entering nu-
cleophile and the most electronegative ligand should occupy
the axial positions;'~6 (2) = donors prefer to occupy equatorial
sites.” Both a phosphoryl oxygen and an alkyl group are rec-
ognized as being very electropositive species and would thus
tend to occupy an equatorial site.!-® However, in a TBP formed
via nucleophilic addition to a phosphine oxide, either the
phosphoryl oxygen or an alkyl group must occupy the second

axial site. The order of preference for the axial sites ina TBP
given by Richards and Wyckoff,® OR(H) > O~ > CHj;,
suggests that the TBP with the incoming nucleophile and the
O axial will be the more stable transition state or intermediate
in these reactions. In contrast, the large negative charge on the
phosphoryl oxygen makes it an efficient = donor which suggests
that the more stable TBP will have the nucleophile and an alkyl
group axial. In order to ascertain which of these trigonal bi-
pyramids is more stable we have carried out ab initio electronic
structure calculations for species I, symmetry Cj,, and II,

il I
HQ H2
Spp, Sp—o
H | H|

H H
TBP I (Cy) TBP 1l (Cy)

symmetry C»,. Here the nucleophile is H” and is constrained
to occupy one of the axial sites. The relative stabilities of these
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Table I, Optimized Bond Lengths and Selected Bond Angles
Rpo, Rpu,, Rpw, RpH,; <OPH’, <H\PH’, tH,PH;,
TBP A A A A deg deg deg
I 1.67 148 1.62 1.48 180 90 120
11 1.65 1.60 1.60 1.45 90 180 120
I’ 165 1.60 1.60 145 92.5 175 115

anions should be predominantly determined by electronic in-
teractions since steric interactions will be minimized in these
species.

Our results show that a greater delocalization of charge in
the lower symmetry species, TBP II (C,,), leads to the lowest
energy. This conclusion provides a partial explanation for the
lack of 130 exchange in benzyldiphenylphosphine oxide®

0
Ph—P—CH,Ph

Ph

as well as the optical stability of chiral methyl-n-propylphen-
ylphosphine oxide!?

0]
Me— P|’—Ph
n-propyl

in the presence of OH™, and other experimental results.!+11:12

I1. Computational Details

The calculations were carried out ab initio utilizing the
GAUSSIAN 70 computer program and the split valence 4-31G
s,p basis set!3 on an IBM 360-91 computer. An ab initio SCF
calculation on phosphine oxide by Demuynck and Veillard!4
has indicated that the P-O bond in this compound can be de-
scribed as a g-dative bond with some 7 back-bonding. In ad-
dition, Keil and Kutzelnigg!3 have concluded from their ab
initio SCF calculations on PFs, PF3H», PF>H3, and PFH4 that
the bonding in these molecules can be characterized without
involving sp3d hybridized functions on the phosphorus. They
find that the bonding is best represented by a three-center
four-electron axial bond and ordinary two-center two-electron
equatorial bonds. Thus, d orbitals are not required to describe
the general features of bonding in the systems of interest here.
P-O bonds have been shown to involve somewhat greater =
back-bonding than P-F bonds,!® but the observed back-
bonding!3 in molecules such as PH3F, is small enough to
conclude that the P-O back-bonding in POH,~ will be small
as well, thus again indicating that d orbitals are not necessary
in a first-order treatment. This conclusion is also supported by
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Figure 1, Charge distributions (electrons).

We also carried out one calculation (II’) with the optimum
bond lengths of I1, but slightly distorted angles. The optimized
bond lengths and selected bond angles are given in Table 1.

III, Results

The total energies, £, and energy components!® for species
I, I1, and II" at the optimized geometries are tabulated in Table
I1. E1 values show that TBP II is more stable than TBP I by
15.5 keal/mol. In addition, TBP II" is more stable than TBP
II by 3.6 kcal/mol.

Energy components, like population analysis, can in prin-
ciple provide useful chemical insights into mechanisms, but
sensitivity to basis set and geometry changes frequently yield
misleading results. When geometry optimization has been
carried out (as in this paper) a crude estimate of the component
error'? is Ex[1 — (—=V/2T)}, but even when component
changes considerably exceed this value they should only be
employed in conjunction with other evidence. For our wave
functions the largest deviation occurs for species I and the
probable component error is 0.085 hartree.

Table III and Figure 1 give the Mulliken overlap populations
and charge distributions.2® Since the nucleophile H” has the
same charge in both trigonal bipyramidal anions (Figure 1),
H’ attack on the H;-H,-Hj face (TBP I) or on the O-H;-H;
face (TBP II) of the POH; tetrahedron yields the same charge
transfer to the POH; group.

For both anions the oxygen atom has the largest negative
charge. Table I1I shows that the P-O overlap in TBP Il is al-
most twice that in TBP 1, whereas the P-H overlaps are com-
parable in both molecules.

Figure 2 is an orbital energy level diagram for anions 1 and
11. TBP 1 is a more symmetrical molecule (C3,) than TBP 11
(C»,) and the two degeneracies in TBP I are split in TBP
I1

The w-donor orbitals are shown schematically in Figure 3.
The other orbitals, MO’s 1, 2, 5, and 8, are essentially un-
changed in composition between I and II.

IV, Discussion

For ease of analysis and computational reasons we have
employed the simple species | and II. We therefore hypothesize
that these provide adequate models for discriminating between
the chemically more relevant species, 111 and IV, respectively,

work carried out by Bernardi et al.!” on the CH,SH radical. 0, ! R, -

Their nonempirical calculations indicate that p,-d, conju- RQ\| R2\|

gation is unimportant in this radical. _.P—R, _.P—0,

The geometries of the trigonal bipyramidal anions I and I1 R | Ry

utilized in our analysis were determined by optimizing all the OH OH

bond lengths to £0.01 A for bond angles 90, 120, and 180°. TBP III TBP IV

Table I, Energy Components and Total Energies (hartrees)
TBP Vond T® Vine€ Veed Eelec® Ev/
1 67.334 417.333 —1134.626 232.795 —484.498 —417.1640
11 67.547 417.276 —1134.478 232.466 —484.735 —417.1887
1 67.448 417.260 —1134.163 232.261 —484.642 —417.1945

@ Nuclear-nuclear repulsion. # Kinetic energy. ¢ Nuclear-electronic attraction. ¢ Electron-electron repulsion. ¢ Electronic energy = T

+ Ve + Vee. / Total energy.
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Figure 2, Orbital energy levels (hartrees) for trigonal bipyramidal anions
1(Cs,) and II (Csy).

Table III, Overlap Populations
TBP P-O P-H* P-H; P-H,3 O-H  O-Hys
I 0.1603 0.5174 0.5560 0.5560  0.0335 —0.2240

I 0.2990 0.4888 0.4888 0.4978 —0.1698 —0.00773

where OH is the nucleophile. Our calculations showed that the
phosphoryl oxygen prefers an equatorial position (II) by 15.5
kcal/mol and we thus propose a parallel stability for IV such
that any pseudorotations which place Oy in an axial position
are inhibited.2! Unless pseudorotations occur which place both
oxygens in equatorial positions no exchange or racemization
is expected since the two oxygens cannot become equiva-
lent.

These theoretical results are supported by experiment. Most
phosphine oxides undergo alkaline exchange and racemization
reactions sluggishly if at all.!:®~12 For example, (1) the addition
of 5SOH™ to

0]
Ph—P—CH,Ph
Ph

results primarily in cleavage of the P-CH,Ph bond? to form

/
'

Ph—P==0"
Ph

Only a negligible amount of 180 is incorporated into the
phosphine oxide reactant. (2) Chiral

0]
Me—Pl’—Ph
n-propyl

is optically stable even in refluxing aqueous NaOH.!? These
experimental findings are unexpected if the reaction transition
states or intermediates are III since protonation of the O,
would make the two oxygens equivalent and exchange or ra-
cemization would be possible.

Preference Rule Number 1. Our theoretical result suggests
that the relative tendency of ligands to occupy an axial site in
a TBP is OR(H) > alkyl > O~. The experimental'-3 and
theoretical® studies on pentaoxyphosphoranes clearly indicate
that of these three types of ligands OR is most stable in an axial

TBPI TBPO
3v) (Cav)
MO3 MO3
(-0.371) (-0.392)
7. @]
(-0.371) @ T (-0.362)
&
MOS Q| 725, M06
(-0092) O~ (-0.451)
ol
MO7 P MO7
-0092) O I_@ (-0.141)

Figure 3, Schematic diagrams of molecular orbitals containing oxygen
m orbitals (orbital energies in hartree units).

position. However, the experimental evidence regarding the
alkyl groups and O~ is less discriminating.!#-11 In their review
article on ribonuclease A, Richards and Wyckoff® give the
following order of preference for an axial site: OR(H) > O~
> CH3. Our order is supported by the CNDO/2 calculations
carried out by Gillespie et al.>® They have studied P(OH)
3(O7)CH;, Two of its five possible pseudorotomers are:

& !
HO HO
~p—o- ~p_cH,
HO" ™ | HO™ |
OH OH
v Vi

They find V more stable than VI, a greater double bond
character, and a shorter bond for the equatorial position. Al-
though in the correct direction, their rationalization in terms
of d-orbital participation appears to over-emphasize this effect
(see below).

Preference Rule Number 2, Hoffmann et al.” have given
arguments ‘why w-donor ligands (i.e., those with high-lying
occupied MO’s) should prefer equatorial sites in trigonal bi-
pyramids. 7 donors can interact with the occupied molecular
skeleton orbitals and this interaction is destabilizing;”-?2-24 thus
a 7 donor will preferentially occupy the site which interacts
least with the molecular skeleton.?® Those orbitals for which
this interaction is symmetry allowed are schematically shown
in Figure 3. Hoffmann et al.” have treated the case for MO’s
3 and 4 in TBP I and TBP II reasoning that oxygen-molecular
skeleton interactions for MO 3 and 4 of TBP | will be very
similar to that of MO 4 in TBP II while that of MO 3 in TBP
11 will be significantly lower, thereby stabilizing TBP 11. The
orbital energy level diagram, Figure 2, shows that qualitatively
this hypothesis is correct and leads to the correct assignment
of the phosphoryl oxygen position. Quantitatively, however,
the w-donor repulsion effect is almost negligibly small; the
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splitting of degenerate MO 3 and 4 in TBP I by the lower
symmetry of TBP II is almost symmetrical. The lower oxy-
gen-molecular skeleton repulsion in MO 3 of TBP 1 is almost
counterbalanced by the greater repulsion in MO 4. MO’s 6 and
7 are the antibonding = pair lying directly above the bonding
7 pair (MO’s 3 and 4) and w-donor repulsion would be ex-
pected to operate analogously.

Delocalization in Equatorial Intermediates, Lowering of the
symmetry in the antibonding = pair allows mixing of the ligand
atomic orbitals with phosphorus and establishment of partial
delocalization. This creates a bond between P and O in MO
6 and between the P and the axial ligands in MO 7. There is
no differential delocalization due to symmetry lowering in
MO’s 3 and 4 because these w orbitals all have maximum
bonding between the atomic orbitals, The delocalization in
MO’s 6 and 7 for TBP Il results tn the energy of both orbitals
being greatly lowered from the degenerate pair in TBP I and
this is the principal source of stabilization in TBP 1,

The bonding to P and consequent favoring of equatorial
oxygen in MO’s 6 and 7 shows up directly in the overlap pop-
ulations, Table 111. The central discriminating feature in this
table is the almost double P-O overlap for TBP 1I compared
to TBP I and approximately one-third of this difference arises
from 7 overlaps. The other two-thirds arises from the shorter
P-O bond distance in TBP II. Delocalization in these molec-
ular orbitals also results in reduced electron-¢lectron repulsion
(Vee). The central discriminating electronic feature in the
energy components (Table II) is the 0.33 hartree V. reduction
in TBP 11, a value several times the magnitude of the probable
component error.

The bonding pattern characterized above manifests itself
in bond length differences (Table I), As expected from the
overlaps in MO’s 6 and 7, the P-O and the P-H’ bonds are
shortened in TBP II. In accordance with the greater stability
of TBP 11, the P-H> 3 bonds are shortened.

Influence of d Orbitals, As discussed in section II, the weight
of the present evidence strongly suggests that d orbitals are of
minor importance in the systems of interest here and therefore
they were not included in our basis set. If P34 orbitals had been
included they would mix with the oxygen = orbital. The Op, -
P4, interaction is stabilizing and favors substitution of the
oxygen ligand at the site in the trigonal bipyramid for which
the back-bonding is most efficient.” Calculations carried out
by Hoffmann et al.” and Van der Voorn and Drago?’ indicate
that this is the equatorial site. Keil and Kutzelnigg!® report that
the P34 AO’s are about equally important in equatorial and
axial P-F bond overlaps. It follows that d.-p, back-bonding
could make a marginal contribution to stabilization of the
equatorial intermediate. In semiempirical methods, such as
CNDO/2, the addition of unoccupied orbitals to the basis set
almost always leads to a large overweight of their coefficients
in the molecular orbitals because of the selective omission of
repulsion terms in these schemes. In particular, 3d AQ’s are
generally overestimated.12

Distortion of the Equatorial Transition State, Another
possible explanation for the experimental results is that the
transition states or intermediates in these reactions are not ideal
trigonal bipyramids. A slight distortion from ideality could
prevent exchange. To test this, a 5° distortion of both ZH,PH5
and ZH,PH’ in TBP II was chosen in analogy to electron dif-
fraction results on some pentacoordinate phosphorus com-
pounds.28 and this produced a further stabilization of 3.6
kcal/mol. Since closing these angles stabilizes the anion, it is
possible that a species similar to TBP 11’ is the actual transition
state or intermediate in these reactions. It should be kept in
mind, however, that the greater bulkiness of ligands other than
H’s (for example, Ph’s) would prevent too large a distortion
from occurring since the R-R repulsions would be closer to the
O;-R repulsions in magnitude.
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More Complex R Groups. Gillespie et al,’ have reported that
the bulkier the substituents on the phosphorus, the less stable
the trigonal bipyramid. Thus, replacing the hydrogens with
other groups may destabilize the trigonal bipyramidal tran-
sition state or intermediate in these phosphine oxide reactions.
According to the VSEPR theory,?® TBP 111 will be destabilized
more than TBP IV since the O;~ is diffuse and will have a
larger repulsive interaction with the other ligands and the
bonding electrons in an axial position, leading to higher sta-
bility for Oy in the equatorial site,

Figure 1 shows that the axial hydrogens have a larger neg-
ative charge than the equatorial hydrogens in both TBP I and
TBP II. TBP IV will be stabilized relative to TBP II whenever
the axial ligand in TBP IV is better able to accept the larger
negative charge than the hydrogen in TBP II, This will be true
when R is a better leaving group than H.2° For most of the
phosphine oxides studied, the group lost in the reaction is a
slightly better leaving group than hydrogen (i.e., CH,Ph).2%:3
We conclude, therefore, that the trigonal bipyramid with the
O, substituent equatorial and the best leaving group and the
nucleophile axial will be more stable than with O; and the
nucleophile axial,3!

Summary

Assuming a POH; + H™ model for nucleophilic addition
to phosphine oxides, POR;R»R 3, we have made the following
conclusions about the transition state or intermediate:

(1) A phosphoryl oxygen will be more stable in an equatorial
rather than axial position.

(2) The transition state or intermediate will be distorted
trigonal bipyramid.

(3) Bulky substituents will not change the preference for an
equatorial over an axial site.

(4) The origin of the stability of the equatorial intermediate
is delocalization of charge in the antibonding = molecular or-
bitals induced by symmetry lowering in going from the axial
(Cs;) to the equatorial (C»,) intermediate.

(5) Both the w-donor repulsion effect and phosphorus d
orbitals are present and differentially stabilize the equatorial.
intermediate, but they are of minor quantitative significance
compared to the antibonding = orbital delocalization.

(6) The relative tendency of ligands to occupy an axial site
ina TBP is OR(H) > alkyl > O~
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(31) NoTe ADDED IN PROOF. (1) D. Perahia, A. Pullman, and H. Berthod, Theor.
Chim. Acta, 40, 47 (1975), have recently carried out an ab initio study on
the effect of the phosphorus 3d orbitals on some of the properties of the
dimethylphosphate anion. They also concluded that omitting the phosphorus
3d orbitals does not qualitatively affect the general results obtained for most
of the properties studied.

(2) We have recently carried out calculations for Ry = R, = Rz = H in
TBP |Il and TBP IV to determine which is more stable. Our results indicate
tthat TBP IV is more stable than TBP Ill in agreement with the conclusions

‘reported in the main body of this paper.
(3) In his mechanism for the acid-catalyzed interconversion of the cis
and trans isomers of the phospholane oxide VII,

CH,

ch-;P

6]
trans-VII

K. L. Marsi, J. Am. Chem. Soc., 91, 4724 (1969), postulates that the first
step involves protonation of the phosphoryl oxygen and addition of H,O
to the oxide to form TBP VIII.

CH,
HC,_,
HOY |
*OH,
TPB VIII

This TBP then pseudorotates twice, first with the OH group as the pivot
and then with the OH,* group as the pivot. After the first pseudorotation,
the two most electronegative groups, OH and H;0™, both occupy equatorial
sites making this pseudorotamer a relatively unstable species. After the
second pseudorotation, the OH group leaves (perhaps, after proton shift)
yielding the isomer crossover.

The cis and trans isomers of VIl do not interconvert under basic condi-
tions. Yet it seems likely that the mechanism postulated by Marsi would
work equally well, if not better, under basic conditions. The initial TBP
formed would be TBP VIII'. Under basic conditions, the phosphoryl oxygen

CH,

HC.. ;
P

_O(l
OH
TBP VI’

would not be protonated and an electropositive O™ rather than an elec-
tronegative OH would occupy an equatorial site. Furthermore, the subse-
guent step would involve the more probable pseudorotation with an elec-
tropositive O™ ligand rather than an electronegative OH ligand as the plvot.
This would result in only one electronegative group (OH) being equatorial.
Consequently, both pseudorotamers formed via Marsi's scheme would
seem to be more stable under basic conditions.

Since the interconversion is not observed under basic conditions, it
seems more probable that the initial step in the acidic reaction yields TBP

H<|> CH,
H,C—P",
*OH,

TBP IX

IX. We have shown that its analogous anionic structure is not stable; thus,
interconversion via IX would be expected to go in acid but not in base.
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Abstract; Carbon-13 NMR spectra were determined for pyracylene and several of its dihydro- and phenyl-substituted deriva-
tives. Comparison of the data confirmed earlier indications from proton NMR spectra that pyracylene exhibits paratropism.
A simple additive procedure for comparison of model compounds in determining ring current effects was developed in the
course of this analysis and was applied to acepleidylene to estimate the magnitude of its diatropism. Carbon-13 NMR spectros-
copy was shown to be useful for the evaluation of ring current effects when good model compounds are available.

The concept of a ring current in conjugated cyclic hydro-
carbons was first proposed from a purely classical viewpoint
by Pauling to rationalize the large diamagnetic susceptibilities
and diamagnetic anisotropies of certain molecules, such as

benzene.!? In 1937, London? offered the first quantum me-
chanical rationalization for ring currents by modifying the
one-electron Hamiltonian of HMO theory to include the po-
tential of the applied magnetic field, and showing that the
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