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Abstract: Ab initio nuclear magnetic resonance (NMR) calculations on the effect of correlation on phosphorus
shielding in the phosphine oxides clearly suggest the absence of conventional multiple bonding in the PO
bond. Atoms-in-molecules (AIM) studies that yield AIM-based localized molecular orbitals indicate one highly
polarizedo bond plus strong back-bonding of the oxygerorbitals, a picture consistent with a number of
prior investigations. While it has been argued that the strong character of the PO bond in the phosphine
oxides is highlighted best by the;R=0 formula, the present study indicates that the situation is better pictured

as RPT—0O.
Introduction equivalent oxygen orbitals characterized primarily as lone pairs
The nature of the bonding in the PO bond of phosphine oxides polatr,izeéj toward phosphorus and staggered with respect to the
PR bonds.

(RsPO) has been of great interest for many years; Gilhkany . — a3as . .
has written several clear and exhaustive reviews on both the Using the Boys localization schefiié*(those orbitals which

experimental and theoretical aspects of these unusual moleculegn@ximize the sum of the squares of the distances between the

Both experiment and ab initio calculations generally agree that OrPital centroids) Guest et &.and later Wallmeier and
g found the expected three PH bond orbitals, a single

the PO bond is strong, polar, and short, as short as conventional<UtZelnig

PO double bonds. The role of d functions as polarization 0N€ Pair orbital on oxygen pointingwayfrom the HP group

functions rather than primary valence orbitals is now well " HsPO, and three bent or banana bonds strongly polarized
established, the work of Magnusgdrited as being particularly ~ {oward oxygen. This was also the picture found by Schmidt,
illuminating. Where differences arise is in theerpretation Y apushita, and Gordofwho carried out both energy and Boys

of the bond based on different approaches. localization schemes but choose to accept the former as a proper

What Gilheany refers to as the “traditional” view involving ~deScription of the bonding in 0. _
one o and two zr back-bonds is thoroughly reviewed and  Still another partitioning approach is that using a natural
discussed in the paper by Reed and Schléy@aking HPO population analy5|s as illustrated in the WOfk. of Reed and
as an example, the bonding is viewed as a de@meceptor Schleye®® This method is based on natural localized molecular
interaction with superimposed back-bonding of the oxygen orbitals”*8derived from a natural bon_d order analy’sﬂsReed_ _
orbitals with the degenerate (e-symmetry) antibonding orbitals @nd Schleyer concluded that the bonding was dominated by ionic
on the HP moiety, this latter type of interaction called negative interactions and negative hyperconjugation. As have others,
hyperconjugation by Schleyer and KbsGordon and co- they concluded that d-orbitals do play an essential role in
worker§~9 picture the bond as involving a singiebond and ~ Polarizing the valence orbitals of the central atom both to
three s back-bonds, basically a strong ionic interaction with €nhance bonding and to diminish antibonding interactions.
polarization of the charge on oxygen. This description is derived Strong ionic bonding was exhibited by large positive charges
from the energy-localized orbitdfs'2 (those orbitals which on the central atom on thesRY species they investigated.
minimize interorbital repulsion) that together involve three  The fact that three quite different orbital schemes arise from
equivalent PH bonds, one strong P® bond, and three  basically the same Hartre¢-ock (HF) density points out the
arbitrary nature of this subdivision of charge; any and all unitary
transformations of the Hartred=ock canonical molecular
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PO Bond in Phosphine Oxides

The approximate generalized valence bond (GVB-SOPP)

J. Am. Chem. Soc., Vol. 120, No. 40, 19885

atomic overlap matrix covalent bond order defined by Cioslow-

method also leads to three bent bonds between P and O inski and Mixor#® on a variety of phosphorus compounds in an

H3sPO2° Although a set of unique orbitals is given by the
valence bond approach, the full GVB and approximate GVB-
SOPP can yield different descriptions of the bofe&. As is
the case with the various transformations of the Hartifeeck
density, the value of one picture relative to another is in its
conceptual utility. However, Shultz and MessRiggoint out
that when the more robust GVB approach is taken bent bonds
generally result as opposed to éres picture. Since Hartree
Fock theory is a limiting case of the generalized valence bond
approach, this is a convincing argument for this picture.

It is, of course, desirable where possible to study bonding

situations with approaches based on experimental observations

This is the case in the work of Rai and Symaéasyho studied
radicals of the type #PX* having an unpaired electron in ap
orbital on the X ligand. In their ESR studies of the uncomplexed
PhPS' radical cation they found th&P hyperfine coupling to

be very small (about 22 G) and almost isotropic. From this
they concluded that the unpaired spin is basically localized in
the ligand orbital with the phosphorus coupling arising from
spin polarization of the PX electrons, much as in the case of
the ethyl radical. The ESR spectra for ethyl and related radicals
have been interpreted in terms of hyperconjugation-st

effort to shed more light on the unusual PO bond in the

phosphine oxides. The electron density is clearly one of the
most important observables defining molecular structure so that
a partitioning of charge and a bond order definition based on it
seem most appropriate.

Theoretical Methods

The structures employed in the present study were all optimized at
the MP2 (frozen core) level of theory with the 6-B&(d, p) basis
sefb as implemented in the Gaussian 94 progfaniffuse functions
were included on the heavy atoms since significant transfer of charge
occurs in many of the species. Unless otherwise noted, the AIM
calculations were done at the restricted HartrBeck level with use
of the MP2 optimized geometries. While the structure optimizations
employed only a single set of d polarization functions for heavy atoms
(and a single set of p functions for hydrogen), the chemical shielding
calculations included two sets of d functions for phosphorus with the
basis sets of Scier, Horn, and Ahlrich$® using the HF and MP2
(full) implementation of Ditchfield’s gauge including atomic orbital
(GIAO) method® found in the ACES Il codé? the basis sets are tzp
for hydrogen (3s,p) and elements of the first long row of the periodic
table (4s,3p,d), and tz2p (7s,5p,2d) for phosphorus. All the calculations
represent absolute shieldings such that a bare nucleus would have a
shielding of zero; chemical shifts, or shieldings with respect to a stand-

delocalizationf*?> Rai and Symons go on to conclude thatin - a4, may be determined by taking differences of the appropriate absolute
the case of the #X molecules the alternative is true, namely  shieldings. All of our calculations were carried out on Cray T-90 and
reverse hyperconjugation (negative hyperconjugation) involving T3E platforms located in the North Carolina Supercomputing Center.

donation from ther unit into antibonding BP orbitals.

Nuclear magnetic resonance (NMR) is one of the more
important probes of electronic structure. Currently we are able
to calculate NMR chemical shieldings rather accurately, to
approximately 3-4% of a nucleus’ shielding range in the
Hartree-Fock approach and somewhat better using second-orde
Mgller—Plesset (MP2) and more advanced levels of théorp.
While Hartree-Fock theory tends to yield shieldings that are
too low (too paramagnetic), the inclusion of correlation in MP2
is generally known to overestimate the correction to this
effect?29-32 The corrections due to correlation are especially
pronounced when conventional multiple bonds are present;
orbitals in self-consistent-field theory generally lie closer to the
HOMO-LUMO gap than dw orbitals and are thus more likely
to be involved in mixing with the virtual orbitals and to thus
give rise to significant changes in the electronic structure when
correlation is included. We make use of this fact here in
analyzing the HartreeFock and MP2 contributions to chemical
shielding in phosphine oxides and conventional phosphorus
compounds to show that the multiple bonding in the oxides is
not of the conventional type. In addition, we have carried out
an atoms-in-molecules (AIM) treatméh*with the associated

r

It has recently been observed that in a number of cases where many-
body perturbation theory is appropriate (that is, where perturbation
theory appears to be converging) the various orders of Mghésset
theory NMR shieldings seem to be converging as a geometric series
with a ratio of successive terms of approximatel9.54 Under the
assumption that this is true for all orders, one may sum the infinite
perturbation series so that, with the knowledge of Itk and MP2
(owr2) isotropic shieldings, the estimated MghdPlesset infinite order
(EMPI) shielding,oewp, is given by

Ogvp1 = Ope T 2/3(0MP2 ~ Oyp) 1)

Applying this method to cited literature calculations provided NMR
shieldings that were as accurate as available MP4 and coupled cluster
calculations and in good agreement with experiment. The EMPI
shieldings are reported in our tables; since the difference between the
HF and MP2 results is also given, one may, if desired, reproduce the
shieldings directly calculated at the HF and MP2 levels, shieldings
available from the ACES Il code.

A selection of molecular parameters resulting from the current
optimizations may be obtained from the Supporting Information.

Results and Discussion

Ab Initio NMR Studies. Chemical shielding is caused by
magnetic fields induced in a molecule by the application of an
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Table 1. Calculated Isotropic Shieldings (EMPI) and the Table 2. EMPI Calculated Isotropic Shielding&ea, and the
Difference between the MP2 and Hartreeock (HF) Approaches, Difference between the MP2 and Hartrdeock (HF) Approaches,
A8, = o2 — gt  for Representative Molecules Containing Ao = o2 — ofa
Conventional Carbon, Nitrogen, Oxygen, and Phosphorus Single @ @
and Multiple Bond3 molecule Ocalc AO'corr molecule Ocalc AO-corr
@ phosphorus carbon
molecule Ocale Alcor HaP 602.0 285  KPCH 2255 45
carbon H.PPH 572.3 26.0 (CH)sP 179.6 2.2
CoHs 188.5 3.8 H3PBH; 4775 195 (CH)sPO 178.7 1.0
CoHy 71.7 14.0 PH;* 4753 121 HCP 373 36.3
CO —-6.1 a47.7 HsPCH, 453.0 12.6 nitrogen
nitrogen HsPNH 431.3 7.5 HPNH 288.3 7.9
HsN 279.6 14.3 (CHs)3P 422.1 0.3 PN —340.9 357.6
N2 —84.1 102.7 HsPO 403.5 —0.9 oxygen
oxygen HCP 376.2 809 HPOH 3743 233
H,O 346.1 19.0 FPO 366.9 —11.9 HPO 337.8 125
CcO —78.3 58.9 (CH3)sPO  323.2 —-95 (CH)sPO 2469 —-3.3
phosphorus H.POH 3155 —-8.2 HO*PQ 226.3 144
H.PPH 572.3 26.0 HOPG 2615 313 PO 208.8 104
HPPH —207.9 241.3 PG~ 233.6 29.0 PO 161.1 23.8
2 Al the dat - bsolut | FsP 2145 —35.1 HOPO*2 (anti) 154.2 35.3
the data are in ppm on an absolute scale. HOPO 47.1 96.0 HOPO*2 (syn) 136.0 28.1
PN 34.1 367.8 HO*PO 108.8 9.8
external magnetic field. As one turns on the external magnetic ~ HPPH —207.9 2413  HOPO* —187.9 100.6
field the ground state charge clouds are set in rotation, giving P2 —257.5 3368 HPO —698.3 263.7
rise to internal fields in opposition to the external field. The , HPO —329.2 1950 fluorine
. o . boron RPO 280.8 —8.0
external field also effects a mixing in to the ground state of HaPBH 157.8 13 P 2340 —18.7

excited states that relieves the usual quenching of orbital angular.
momentum, providing additional currents leading to internal ~ *All the data are in ppm.
field contributions that add to the external field. While the
ground state charge cloud rotation is responsible for the
generally large diamagnetic contribution to shielding, it is the
mixing in of orbitals not represented in the ground state of the , @ _ w2 HE
system by the application of the field, the so-called paramagnetic ?Y 100KINg atAoge, = 0gac — Ocqc i the calculated NMR
contribution, that dominates NMR shieldintifferencesfor a shielding of a_nucleus, we may ggnerally d(_atermlne if it is part
given nucleus. This paramagnetic contribution comes about ©f What we think of as a conventional multiple bond.
from the scalar coupling of the electrons’ angular momentum  EMP! calculated isotropic shieldings and the dgerences
and the external fieldH-L ;) between orbitals, thel-L ; operators bSLVZ\/een tHf;e MP2 and Hartre€ock approachesjogg, =
acting as rotation operators giving rise to net currents about Ocaic — Ocac are given for a large number of phosphorus
the nucleus in question. Because the theoretical approachcompounds in Table 2 not only for phosphorus but also for the
involves perturbation theory, the coupling between orbitals is other heavy nuclei involved. An inspection Ab(fo)rr = gMP?
generally a function of the difference in their orbital energies, — ofe, for a nucleus will clearly distinguish between those
small energy differences leading to large paramagnetic (nega-molecules in which we believe it to be involved in a conven-
tive) contributions to the shielding. Orbitals which lie near the tional single bond and those in which it is involved in a
Hartree-Fock HOMO-LUMO energy gap will be particularly ~ conventional double or triple bond. This effect holds true for
important in this regard. Our understanding of why multiply phosphorus and the atoms to which phosphorus is bonded. For
bonded systems generally exhibit large paramagnetic effects isexample, the correlation effect in HOPO is large (96.0 ppm)
based on our picture of local ands* orbitals lying closer to for phosphorus and also for the doubly bonded oxygen (100.6
this energy gap than do theirando* counterparts, the energy ~ ppm), while the oxygen in the PO single bond in that molecule
gap between the andz* orbitals being smaller than those of has a MP2 correlation effect of only 9.8 ppm.
the ¢ and o* orbitals. It is clear from the table that the phosphine oxides and related
As mentioned in the Introduction, HartreBock theory tends ~ molecules (HPCH, and HPNH) behave asiot containing
to yield shieldings that are too low (too paramagnetic), while conventional multiple bonds. HORB@nd PQ" likewise do
the inclusion of correlation at the MP2 level generally overes- not show a large value ok, = o2 — ¢HF relative to
timates the correction to this effect. The effect of inclusion of those molecules containing conventional phosphorus multiple
correlation at the MP2 level will be more noticeable in those bonds. The lack of a correlation effect is also evident when
systems containing conventional multiple bonds. This is looking at the atom(s) to which phosphorus is bonded. For
illustrated by the data in Table 1 where shieldings (calculated example, in HPO and BEPO the oxygen shielding changes are
at the EMPI level) and the differences between the MP2 and small and clearly not indicative of conventional multiple
Hartree-Fock shieldings are listed for representative molecules bonding. We can conclude from this that, in the case of the
containing carbon, nitrogen, oxygen, and phosphorus. The phosphine oxides, while partial multiple bonding may occur
change in shielding due to correlation will be different for (vide infra), the presence of conventional multiple bonds is
different nuclei and will scale approximately as the range of clearly not indicated by the NMR calculations. As far as the
the chemical shift involved. As the table illustrates, while a data in Table 2 are concerned, the bond between phosphorus
change in shielding due to correlation of 14 ppm is significant and oxygen in these systems is more consistent with a
for carbon, it is not for nitrogen; the effect of the presence of conventional single bond.
double bonds containing oxygen as illustrated by CO in the table We can continue the analysis a bit further by focusing on
is quite significant and much larger than the effect on oxygen the shieldings in phosphine oxide and its imine and methylene

in water. So, too, in phosphorus moving from the phosphorus
singly bonded in HPPH to the doubly bonded HPPH molecule
results in a large increase in the effect of correlation. In short,
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counterparts. If the bond between phosphorus and oxygen (or
nitrogen or carbon) in these cases is more like a single bond
than a conventional double bond, then there is obviously
considerable polarization to the bond and in an oversimplified
picture one might well represent phosphorus as having a unit
charge and oxygen (or carbon or nitrogen) having a unit negative
charge, BP*X~. Indeed, this picture is consistent with the
shieldings calculated for OH NH,~, and CH~. Comparing

the shieldings for the substituent atom in these three cases one

obtains 337.8 and 360.2 ppm for phosphine oxide and OH
288.4 and 320.4 ppm for the imine and NHand 225.5 and
243.0 ppm for the methylene derivative and £Hespectively.
The shieldings of the substituent atoms in these cases are at th
high (positive) end of their shielding scales where diamagnetic
effects dominate.

Neither of these arguments rule out the presence of additional

bonding between phosphorus and its bonded oxygen (or other

atom), but suggest that it is more likely an ionic type of
interaction rather than a conventional multiple bond. We
address this question in the next section where an atoms-in-
molecules (AIM) treatment is presented.

Atoms-in-Molecules Studies. The prior section on the NMR
characterization of the PO bond in phosphine oxides is consisten
with the structure BPO~, but it does not provide any particular
details of the bonding or distribution of charge in the system.
Bader's atoms-in-molecules (AIM) approat?*a theoretical
interpretation of the quantum mechanical electron density in
molecules, should be a useful approach in that it is based on
the electron density, obviously a key observable in a molecule’s
description. AIM is based on the notion long held by chemists
that molecules may be viewed as a collection of atoms held
together by a network of chemical bonds. In Bader’s approach
molecular subsystems are defined in terms of the vector field
of the gradient of the electron densiyp. Zero-flux surfaces
(n-Vp = 0, wheren is the unit vector normal to the surface)
enclose the subsystems. Each particular gradient path starts an
ends at what are calledritical points and nuclei act as
attractorsfor gradient paths within each subsystem. The region

of three-dimensional space traversed by all gradient paths that

terminate at a given attractor defines thesinof the attractor;
each attractor and its associated basin are called “atoms” by
Bader.

The contribution to the electron number from the occupie
orbital |iTJin the basinQa is given by

Wity = f, MiCd?

In the Hartree-Fock approach (which we employ here in the

AIM studies) the chargey(A), associated with a nuclear attractor

in the A basin is given by summing over all the orbital

contributions(i|i[4 and subtracting from the associated nuclear
charge.

d

@)

q(A) =Z, — i 3

Following Bader’s approach, Cioslowski and Mix¥8mave
defined a natural bond order in the atoms-in-molecules pic-
ture using a localization procedure due to Cioslo#sibased
on the idea of atomic overlap matrices. They show that the
total number of electrons in the molecule may be naturally
partitioned as

(42) Cisolowski, JInt. J. Quantum Chem. Quantum Chem. Syh§9Q
24, 15.
(43) Cisolowski, JJ. Math. Chem1991, 8, 169.

LI_
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N= mid + 2 (i Gl i
222y 3

= Natomic+ Ndiatomic

(4)

so that thecovalent bond orderp(AB), between atoms A and

B is given by

p(AB) = 25 iCMiG} ®)
1

The localized orbitalsiCare found by maximizing the atomic

8ontribution,Nammi0 while maintaining the first-order density

matrix constant, an example of what Cioslowski calls an
isopycnictransformatiorf24® These bond orders relate well to
conventional ideas of single and multiple covalent bonds.

Table 3 shows the Bader chargeg énd the covalent bond
orders p) for the molecules studied in the present work.
Metaphosphoric acid and the metaphosphate anion are shown
separately as drawings in Part D of that table for clarity of
presentation. One notes that the phosphine oxides are charac-
terized by a rather large charge on phosphogus (+-3) and a
covalent bond order less than one, in the range of 0.7 to 0.8.
he same is true of those cases where oxygen is replaced by an
NH or CH, group (see Part B of Table 3), but clearly not in the
BH; case. The strong ionic character of the PO bond is clearly
illustrated by the charges shown in the table. Part A of that
table shows that moving from thesR to the RPO species
essentially results in a net transfer of charge from phosphorus
to oxygen with a concomitant reduction in the covalent bond
order of the PR bond. The type of results exhibited by the
ordinary phosphine oxides are also present in metaphosphoric
acid and the metaphosphate anion. The ionic character of the
PO bond in general is shown in Part C where the covalent bond
order in HPOH is significantly less than one and that for HPO,

ormally viewed as a conventional double bond, is significantly
ess than two.

As has been pointed out by Cioslowski and Mixdrthe
inclusion of electron correlation tends to reduce the absolute
values of the atomic charges and to increase the covalent bond
orders, in agreement with the observation that bond ionicities
are exaggerated at the Hartreeock level?>~47 These changes,
however, are not large as is shown by some representative
calculations performed here o HPO, RP, and BPO. In
these cases charges were reduced by the order of 5% compared
to the Hartree-Fock numbers, covalent bond orders increased
by about 7%, and the electron density at critical points was left
virtually unchanged (perhaps a small (1%) reduction). Accord-
ingly, the Hartree-Fock charges and covalent bond orders
presented here are clearly representative of the systems being
studied.

The nature of the bonding in these compounds is best
illustrated by a detailed analysis of orbital populations illustrated
in Table 4 for the singly bonded JROH, the double bonded
HPO, and the BPO phosphine oxide. As in the Gaussian 94
output, the orbitals in these tables are arranged in order of
decreasing kinetic energy, one way of measuring localization
of an orbital. For completeness and also because it is known
experimentally, Table 5 shows the same type of data §BCF
Cioslowski and Mixon define the localizatiot;, and ionic

(44) Cioslowski J.; Mixon, S. Tlnorg. Chem.1993 32, 3209.

(45) Cioslowski, JJ. Am. Chem. S0d.989 111, 8333.

(46) Cioslowski, J.; Hamilton, T.; Scuseria, G.; Hess, B. A, Jr.; Hu, J.;
Schaad, L. J.; Dupuis, Ml. Am. Chem. S0d.99Q 112 4183.

(47) Wiberg, K. B.; Hadad, C. M.; LePage J. T.; Breneman C. M.; Frisch,
M. J. Phys. Cheml992 96, 671.
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Table 3. Charges @) and Covalent Bond Orderp)( Table 4. Atomic Occupancies of the Localized Orbitals in
. H,POH, HPO, and EPO (Blank Lines Separate Core from Valence
A. RsP and RPO Species Orbitals)
molecule q(R) q(P) q(O) p(PO) p(PR) H,POH
FsPO —0.84 +4.06 —1.54 0.746 0.374 orbital H o) = H H orbital type
FP —0.85 +2.56 0.537
(CH)sPO -0.6&4 +355 —1.61 0733  0.56% 1 0.0000 0.0000 1.0000 0.0000 0.0000 core
(CHg)sP -0.62  +1.86 0.750 2 0.0000 1.0000 0.0000 0.0000 0.0000
HsPO —0.64 +351 ~1.58 0.805 0.592 3 0.0000 0.0000 0.9990 0.0000 0.0000
HsP —0.61 11.84 0.807 4 0.0000 0.0001 0.9985 0.0001 0.0012
5 0.0000 0.0016 0.9981 0.0001 0.0001
B. HsPXH, Molecules 6 0.0000 0.0001 0.9985 0.0012 0.0001
molecule  qg(H) a(P) q(x) aq(Hn) p(PX) 7 0.0018 0.9927 0.0036 0.0009 0.0009 O lone pair
HsPO —0.64 +3.51 —1.58 0.805 8 0.0049 0.9691 0.0164 0.0047 0.0047 O lone pair
HsPNH —0.64& +3.39 -1.85 +0.39 0.907 9 0.0028 0.8582 0.1215 0.0088 0.0088 PO bond
HsPCH, —0.64 +3.19 —1.21 —0.03 1.009 10 0.1706 0.8163 0.0085 0.0023 0.0023 HO bond
HsPBHs —0.62 +1.95 +2.00 —0.70 0.333 11 0.0007 0.0314 0.9122 0.0278 0.0278 P lone pair
12 0.0004 0.0208 0.2102 0.0236 0.7450 PH bond
C. Some Other Phosphorus-Containing Molecules 13 0.0004 0.0208 0.2102 0.7450 0.0236 PH bond
molecule q(P) p(PX®) p(PX®) p(PH) HPO
HOWPQO2 +2.28 0.737 1.157 . .
HOPH, 4204 0.680 0.758 orbital H P o orbital type
H,PPH +1.24 0.938 0.869 1 0.0000 1.0000 0.0000 core
HPO +2.04 1.273 0.770 2 0.0000 0.0000 1.0000
HPPH +0.62 1.875 0.940 3 0.0000 0.9999 0.0001
PN +1.47 2.377 4 0.0002 0.9965 0.0033
HCP +1.25 2.449 5 0.0010 0.9986 0.0005
P, 0.0 3.079 6 0.0001 0.9993 0.0006
D. Chargesd) and Covalent Bond Orderg)( 7 0.0002 0.0009 0.9988 O lone pair
for HOPQ, and PQ~ 8 0.0084 0.1251 0.8665 PO bond
() +066 -152 _159 9 0.0096 0.0270 0.9633 O lone pair
H o 0 10 0.0147 0.1756 0.8098 PO bond
\O—P/ +3.79 O—P/ +3.78 11 0.0265 0.9413 0.0322 P lone pair
S 450 O 12 07585 0.2142 0.0272 HP bond
-1.51 -1.59 HaPO
) . .
H\ /o 0.867 /o 0.760 orbital (0] P H H H orbital type
0562 O—R 478 O—R 4769 1 0.0000 1.0000 0.0000 0.0000 0.0000 core
0537 O 0.769 O 2 1.0000 0.0000 0.0000 0.0000 0.0000

0.0038 0.9958 0.0001 0.0001 0.0001
0.0004 0.9980 0.0001 0.0014 0.0001
0.0004 0.9983 0.0001 0.0001 0.0014

3
2 CHjz group.” PC bond.° Average of PH hydrogeng.Average of 4
5
6 0.0004 0.9980 0.0014 0.0001 0.0001
7
8
9

the two distinct PH bonds.

character];, of a bond AB described by molecular orbitdby 0.9982 00009 00003 00003 0.0003 O lone pair

0.8405 0.1358 0.0079 0.0079 0.0079 PO bond
0.9438 0.0375 0.0098 0.0044 0.0044 O lone pair
10 0.9438 0.0375 0.0027 0.0080 0.0080 O lone pair

LA®) = )i + i

g — i 11 00195 0.812 00187 0.7620 0.0187 PH bond
() A B (6) 12 00195 0.812 00187 0.0187 0.7620 PH bond
' i + i 13 00195 0.812 0.7620 0.0187 0.0187 PH bond

We use these definitions in discussing the examples illustratedClearly the high polar character of PO bonds is not restricted
in Tables 4 and 5. to the phosphine oxides.

Consider first the case of JAOH where the PO bond is Finally, we analyze the key example offD. The PH bonds
thought of as a conventional single bond. Beyond the highly are readily recognized along with the presence of three oxygen
localized core orbitals one can clearly recognize oxygen lone lone pairs (orbitals 7, 9, and 10) and one PO bond (orbital 8).
pairs (orbitals 7 and 8), a phosphorus lone pair (orbital 11), The PO bonding orbital is again highly localized and highly
two PH bonding orbitals (orbitals 12 and 13), one PO bond ionic (72.2%). The oxygen lone pairs are of two types: firstis
(orbital 9), and one OH bond (orbital 10). Both the PO and the highly localized lone pair of orbital 7 and then the two
HO bonds are strongly localized but are also strongly ionic, equivalent, somewhat lesser localized lone pairs of orbitals 9
75.2% in the case of the PO bond, and 65.4% for the OH bond. and 10. One can, of course, never completely localize an orbital

The situation in doubly bonded HPO is similar. Outside the in a given basin although those orbitals representing the atomic
core the oxygen and phosphorus lone pair orbitals are readily cores come close (to the number of significant figures given).
identified (orbitals 7, 9, and 11) as are those orbitals involved One may pose the question of when a lone pair becomes a highly
in the HP bond (orbital 12) and the two bonding orbitals ionic bonding orbital, a question for which the answer is
involving phosphorus and oxygen (orbitals 8 and 10). Again arbitrary and not obvious. As we shall see the small but
all of these bonding orbitals are highly localized in the sense noticeable orbital population on phosphorus in orbitals 9 and
of eq 6, but again have ionicities which are quite large, 74.8 10 of HsPO represents back-bonding from oxygen to phosphorus
and 64.4% for the PO bonds and 56.0% for the PH bond. and plays a key role in characterizing the phosphine oxides
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Table 5. Atomic Occupancies of the Localized Orbitals igPo. Table 6. PO Bond and P and O Lone Pair (Ip) Contributions to
(A Blank Line Separates Core from Valence Orbitals) Covalent Bond Ordergy
FsPO A. PO Bonds
orbital o] P F F F orbital type PO Olp Plp p(total)
1 0.0000 1.0000 0.0000 0.0000 0.0000 core HPO 1.002 0.108 0.121 1.273
2 0.0000 0.0000 1.0000 0.0000 0.0000 HOPO* 0.852 0.146 0.132 1.157
3 0.0000 0.0000 0.0000 0.0000 1.0000 HOPO*2 0.461 0.382 0.878
4 0.0000 0.0000 0.0000 1.0000 0.0000 HOPO*®P 0.457 0.372 0.867
5 1.0000 0.0000 0.0000 0.0000 0.0000 HsPO 0.457 0.286 0.805
6 0.0044 0.9950 0.0002 0.0002 0.0002 PO;~ 0.433 0.300 0.769
7 0.0005 0.9965 0.0026 0.0002 0.0002 FsPO 0.425 0.290 0.746
8 0.0005 0.9965 0.0002 0.0002 0.0026 HO*PO 0.343 0.187 0.140 0.737
9 0.0005 0.9965 0.0002 0.0026 0.0002 (CHs)sPO 0.427 0.253 0.733
10 00001 00002 09994 00001 0.0001 Flp B ony  oagh o oty 008
11 0.0001 0.0002 0.0001 0.9994 0.0001 Flp ’ ’ :
12 0.0001 0.0002 0.0001 0.0001 0.9994 Flp B. Other PX bonds
13 0.0037 0.0093 0.0019 0.0071 0.9780 Flp
14 0.0037 0.0093 0.0019 0.9780 0.0071 Flp PX Xlp Plp p(total)
15 0.0037 0.0093 0.9780 0.0019 0.0071 Flp P, 3.000 0.075 3.076
16 0.0037 0.0093 0.9780 0.0072 0.0019 Flp HCP 1.314 0.084 2.450
17 0.0037 0.0093 0.0072 0.0019 0.9780 Flp PN 2.258 0.005 0.096 2.377
18 0.0037 0.0093 0.0072 0.9780 0.0019 Flp HPPH 1.774 0.073 1.875
19 0.9986 0.0007 0.0002 0.0002 0.0002 Olp HsPCH, 0.672 0.243 1.009
20 0.0073 0.0764 0.0084 0.8995 0.0084 PF bond H,PPH 0.806 0.097 0.938
21 0.0073 0.0764 0.0084 0.0084 0.8995 PF bond HsPNH 0.549 0.259 0.907
22 0.0073 0.0764 0.8995 0.0084 0.0084 PF bond HsPBHs 0.269 0.332
23 0.8509 0.1248 0.0080 0.0081 0.0082 PO bond
24 0.9358 0.0383 0.0047 0.0107 0.0104 Olp C. Comparison of the #PX Species
25 09358 0.0383 0.0126 0.0065 0.0068 Olp PX XIp PIp p(total)
H3PCH, 0.672 0.243 1.009
relative to other phosphorus species. The analysisPORN HsPNH 0.549 0.259 0.907
Table 5 is similar to that given above forsPO. Here there H3PO 0.457 0.286 0.805
are nine F lone pairs and, again, the key, back-bonding oxygen HsPBhs 0.269 0.332
lone pairs of orbitals 24 and 25. a Anti oxygen.” Syn oxygen.

The situation is clarified in Table 6, which contains the
contribution to the covalent bond orders of what we have involving integrated spatial electron populations that ap-
characterized as PO bonds and phosphorus and oxygen lon@roximate (but are not the same as) Bader's atomic basin
pair orbitals. What we note in Part A of the table is that those charges.
molecules which we have previously characterized as behaving Note that the current analysis does not invoke atomic orbital
as though singly bound with significant transfer of charge populations (p or d or other atomic orbitals) but rather
(HOPQ, HsPO, PQ~, FPO, and (CH)sPO) all show much characterizes orbital involvement as being of a bonding or lone
larger contributions to the overall covalent bond order from the pair type. This is clearly an advantage of the Cioslowski and
oxygen lone pair orbitals than do the other cases illustrated. In Mixon approach to the analysis of the electronic structure of
Part B we note this is also true for thesCH, and HPNH molecules. A detailed decomposition into atomic orbitals is
species but not (see Part C of Table 6) ths®BlH; molecule unnecessary provided the overall basis set is capable of
where, of course, there are no lone pairs on boron to becomereproducing the structure observed and the electronic energy.
involved. This significantly larger involvement of the oxygen An advantage of Cioslowski's localized orbitals is that a
lone pair orbitals is clearly indicative of back-bonding and tabular representation of the atomic populations such as given
provides the rational for the behavior of the unusual PO bond in Tables 4 and 5 allows one to describe the bonding taking
in the phosphine oxides and related molecules. Namely, while place in a molecule without resort to graphical presentations.
back-bonding does occur in other species (see the other entrie\ disadvantage is that one cannot see the details of the orbital
in Table 6), it is significantly larger in the phosphine oxides. In distribution from the tabulation of populations. Nonetheless,
conjunction with the highly polar “normal” PO bond, the back- from the apparent symmetries and equivalencies of the orbital
bonding involved explains the short PO bond distance and its populations one can propose reasonable interpretations. For
strength greater than that of the corresponding conventionalexample, from the tabulation in Table 4 oD and in Table
single bond. 5 of PO one is able to clearly discern the differences among

Our conclusions are in basic qualitative agreement with those the oxygen lone pairs as well as the nature of the PO bonding
of Reed and Schleyénvho argue for the importance of negative  orbital. For PO the PO bonding orbital clearly hastype
hyperconjugation (back-bonding) on the basis of the large symmetry as does the lone pair in molecular orbital 7. The
depletion of the oxygen pxr lone pair occupations; their  oxygen lone pairs in orbitals 9 and 10 are equivalent but different
numbers relating charges and depletion of lone pair orbital from that in molecular orbital 7. A similar situation obtains
populations differ from those here because their approach (afor FsPO with regard to the PO bonding orbital (23), the unique
natural population analysis) differs from our atoms-in-molecules oxygen lone pair (orbital 19) and the two equivalent lone pairs
approach. Our conclusions are also consistent with the viewsof orbitals (24 and 25). The Cioslowski localized orbitals are
of Streitwieser and co-workef&*® who carried out studies  consistent then with a— picture with significant back-bonding

(48) Streitwieser, A., Jr.; Rajca, A.; McDowell, R. S.; GlaserJRAm. (49) Streitwieser, A., Jr.; McDowell, R. S.; Glaser,RComput. Chem.
Chem. Soc1987 109, 4184. 1987 8, 788.
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Table 7. NO DistancesR (A), Optimized), Bond Critical Point Densitiegy, au), Chargesc au), Total Covalent Bond Orderp({otal))
and Their Major Contributors (NO Bond, O and N Lone Pairs) feNBH, HsNO, HNO, BENO, and NO

property HNOH HsNO HNO FENO NO*
R 1.4512 1.3753 1.2376 1.1603 1.1034
Pb 0.287 0.341 0.486 0.591 0.672
charges
q(0) —0.88 —0.68 —0.46 -0.37 -0.32
q(N) —0.55 —0.60 +0.10 +1.25 +1.32
q(H:NH) +0.402 4+0.63 +0.43 +0.37
q(F) —0.29
NO covalent bond orders
p(total) 1.194 1.313 2.098 1.941 2.517
major contributors
p(NO bond) 0.914 0.939 1.870 0.979 2.447
p(O Ip) 0.094 0.290 0.111 0.917 0.004
p(N Ip) 0.069 0.057 0.066

aH in the NH bond” H in the OH bond¢ This contribution could also be considered to be from two highly ionic (72%) NO bonds rather than
oxygen lone pairs.

of two of the oxygen lone pairs to the phosphorus atom. This showing the equivalent of at least a double bond between
picture is again consistent with the work of Reed and Sch¥eyer nitrogen and oxygen, the contributions from the oxygen lone
and is inconsistent with the energy-localized picture given in pairs being so large. Note in Table 7 the parallel behavior of
the work of Schmidt, Yabushita, and Gordomhere there are  the bond critical point densitypf) and the (optimized) equi-
three equivalent oxygen lone pairs. It is also obviously librium bond distance, a generally observed behavior in Bader’s
inconsistent with the Boys picture (also given in the same paper), atoms-in-molecules approagh. A similar relationship holds
which shows three oxygen orbitals strongly polarized toward for the PO bond set.

the phosphorus atom, a picture involving bent or banana bonds; We note finally that all of the nitrogen analogue molecules

this latter description is also the picture that Messtheerives investigated showed only small effects of correlation in MP2
from his GVB-SOPP treatment. Cioslow&k{3points out that NMR calculations, like the phosphine oxides consistent with
in planar systems his approach doespermit the mixing ofo the picture of the amine oxide®ot containing conventional

and st canonical molecular orbitals so that banana bonds are multiple bonds.

not possible. As mentioned before, the structures of the atomic )

population seen in Tables 4 and 5 would seem to indicate thatSummary and Conclusions

in the case of the O systems studied here bent bonds also  Qur ab initio NMR calculations on the effect of correlation

do not occur. on phosphorus (and nitrogen) shielding in the phosphine oxides
Although an extensive analysis o&IRO compounds where  (amine oxides) clearly suggest the absence of conventional

nitrogen replaces phosphorus was not carried out, we did carrymultiple bonding in the PO (NO) bond. Our AIM studies

out calculations on fNOH, H3NO, HNO, RNO, and NG with indicate one highly polarized bond plus strong back-bonding

the key results shown in Table 7. ,lMOH has the expected of the oxygenr orbitals, a picture consistent with a number of

“normal” single bond between nitrogen and oxygen and exhibits prior investigations:16234849 Ther back-bonding is responsible

a covalent bond order of 1.19. The oxygen lone pair orbitals for the apparent PO (NO) multiple bond character, leading to a

in this compound contribute very little to the covalent bond bond that would otherwise be classed as double in the PO cases

order, and the NO distance is what one would expect for a and as triple for ENO. While the localized orbitals which lead

normal nitroger-oxygen single bond. The NO bond inKO to this picturd?>#3are arbitrarily defined, they are based on the

is significantly shortened, the covalent bond order modestly electron density in Bader's mod&24a key quantum mechan-

increased to 1.31, and the oxygen lone pairs now provide aical observable. While Gilheany has argued that the unusual

noticeable contribution to the covalent bond order, a contribution character of the PO bond in the phosphine oxides should be

of about the same order as shown in the analogous phosphorugepresented by the 3R=0O formula, we rather believe the

compounds. The NO bond distance is shorter than that in situation is better pictured agR® —O~, where boths and ionic

H,NOH but significantly longer than the double bond in HNO bonds are explicitly shown.

and clearly is not close to the double bond appearance found

for the PO bond in the $R0O cases. We note furthermore that

the charge on nitrogen in this compound is negative. In contras
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