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ABSTRACT: The low-lying isomers of the Py species
are investigated at various levels of calculations, rang-
ing from MP2/6-31G(d) to CCSD(T) in triple-zeta basis
set involving polarization functions up to f. In addi-
tion to the five possible normal-valent isomers, which
obey the octet rules, several other conformations are
found to be stationary points on the potential energy
surface. Among the five normal-valent isomers, the
benzvalene structure is found to be the most stable
one, in agreement with former studies. The benzene-
like D¢, planar hexagon is the least stable one, lying
32.3 kcal/mol over benzvalene, and spontaneously dis-
torts to a less symmetrical, nonplanar six-membered
ring. Above the benzvalene structure, and lying, re-
spectively, 5.8 and 15.8 kcal/mol higher, the two low-
est lying isomers are the prismane and the chair-like
forms. This latter conformation, which does not obey
the octet rule, exhibits two one-electron P—P hemi-
bonds and can be considered as a generic model for a
new category of heterobenzene analogs, among which
is the recently discovered dimer of diphosphirenyl rad-
ical. © 2007 Wiley Periodicals, Inc. Heteroatom Chem
18:129-134, 2007; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/hc.20324

INTRODUCTION

Hexaphosphabenzene, the formal analog of benzene
obtained by replacement of each CH unit by an iso-
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DISCOVER SOMETHING GREAT

electronic phosphorus atom, was first synthesized in
1985 by Scherer et al. [1], as part of the triple-decker
sandwich complex [{(n°-MesCs)Mo},(u,n®-Ps)]. The
crystal structure analysis of this compound revealed
planar P4 ring with equalized P—P bond lengths.
However, it soon became evident that the cyclic form
was not the sole, and not the lowest, isomer of the
isolated P, cluster.

If one excepts some chemically unrealistic ar-
rangements, there are five possible valence isomers
(1-5) that comply with the octet rule. By analogy
with the benzene valence isomers, these will be re-
ferred to in what follows as benzvalene (1), prismane
(2), Dewar (3), bicyclopropenyl (4), and benzene (5)

structures.
7
3 4 5
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Soon after the synthesis of P as a com-
plex ligand, some early ab initio calculations [2,3]
showed that isolated cyclic hexaphosphabenzene
should be stable, unlike the isoelectronic Ny clus-
ter, against dissociation to three diatomic fragments,
and proposed the benzvalene and prismane forms
as alternative low-lying structures. These two lat-
ter structures were subsequently found to be signif-
icantly more stable than the benzene form, by some
30 kcal/mol, by Jones and Hohl [4] who applied a
Car-Parrinello technique [5] coupled to a density
functional of local spin density (LSD) type. One
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unexpected outcome of this computational study
was the finding of a curious structure 6, which
does not obey normal valency rules, lying only 13.6
kcal/mol over the global minimum 1. The Car-
Parrinello investigations were completed [6] with
the inclusion the Dewar (3) and bicyclopropenyl (4)
structures, which were found to lie 15.0 and 29.3
kcal/mol over benzvalene (1), leading to the order
of stability: 1 < 2 < 3 < 4 < 5. Somewhat surpris-
ingly, structure 6 was not considered in subsequent
computational studies.

6

The first ab initio computational study that in-
vestigated the five valence isomers (1-5) at a consis-
tent level of theory was that of Warren and Gimarc
[7]. At the Hartree-Fock/6-31G* level, the results for
structures 1, 2, and 5 confirmed the Car—Parrinello
calculations of Jones et al. [4,6], whereas the agree-
ment was poorer for structures 3 and 4. The cyclic
isomer 5 was characterized as a true minimum in
6-31G* basis set, but was found to lie much higher
in relative energy and to display one imaginary fre-
quency in 4-31G* basis set, thus showing clearly the
basis set dependency of ab initio calculations for P,.
Subsequent calculations by Gimarc and Zhao, still
in 6-31G* basis set, showed that electron correla-
tion effects are also important, since the prismane
structure 2 was found to lie 22 kcal/mol above benz-
valene at the MP2 level [8], versus only 6 kcal/mol at
the Hartree-Fock level.

Further, ab initio calculations focused on the rel-
ative energies of the prismane and benzvalene iso-
mers, and definitely established the benzvalene form
as the global minimum for isolated P,. These stud-
ies, performed at the MP2, CCSD(T) or gradient-
corrected density functionals, showed once again
that both basis set and level of correlation are im-
portant for yielding reliable relative energies of phos-
phorus clusters [9-11].

On the experimental side, Schwarz and Jutzi
achieved a major breakthrough in 1999 with the
detection of neutral P4 in the gas phase by neu-
tralization and reionization (NR) mass spectrom-
etry [12]. As the Cp,Ps and CpP¢™ precursors dis-
play a hexaphosphabenzvalene skeleton stabilized
by cyclopentadienyl ligand(s), the same structure
was assumed to be that of the observed isolated Pg
molecule. It is noteworthy that other low-lying struc-
tures were found to be secondary local minima on

the CpPs" potential surface in computations using
the density functional theory (DFT) [13].

Another fascinating experiment, indirectly re-
lated to the structure of P, was the isolation of
a tetraphosphabenzene valence isomer displaying
a one-electron P—P hemibond [14]. This species,
which results from the dimerization of the diphos-
phirenyl radical (Scheme 1), bears strong analogy
with the Py isomer 6 above, which suggests that
the latter could also involve P—P one-electron hemi-
bonds. Other P—P bonds of this type have recently
been observed in a bis(phosphinine) [15]. It there-
fore appears that structure 6 of P, deserves inves-
tigation, as being the prototype of various possi-
ble phosphabenzenes and other complexes involving
phosphorus clusters.

The above-mentioned computational and exper-
imental results show that the P, cluster is stable,
both as an isolated species and as a constituent of or-
ganic or organometallic complexes. They also show
that several low-lying structures span a rather small
range of energy, unlike the CqH, analog [7]. What is
still missing, however, is a consistent study of the five
valence isomers (1-5) at a modern level of computa-
tion. One motivation for the present work is to pro-
vide these missing data, which we feel to be impor-
tant on account of the apparent ability of the P4 unit
to get involved in complexes under several isomeric
forms. Another aim of this study is to perform an in-
depth investigation, both quantitative and qualita-
tive, of structure 6, which has been unduly neglected
in most previous computational studies. Lastly, the
status of the planar P4 ring as a minimum or transi-
tion state, and its possible distortions off the plane,
will also be examined.

THEORETICAL METHODS

All calculations have been done with the Gaussian 03
series of programs [16]. The geometry optimizations
have been performed at two levels of theory. The first
level used the Mgller-Plesset many-body perturba-
tion theory at second order (MP2), in the frozen-core
approximation, with the 6-31G(d) basis set, which

N(i-Pr),
N(i-Pr), :
P—P
I/\ x2 e pép/
- Y
N(i-Pr),

SCHEME 1 Dimerization of the diphosphirenyl radical (from
Canac et al. [14]).
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is routinely used in the G2 scheme for geometry
optimization of neutral species. The characteriza-
tions of stationary points were also performed at this
level. To check the effect of basis set on geometries,
all geometries were reoptimized at a higher level
of theory, still using the MP2 method but with the
rather sophisticated cc-pVTZ basis set [17]. This lat-
ter basis sets, which is of the so-called “correlation-
consistent” type, has a high reputation and is known
to yield nearly as much correlation energy as the very
elaborate atomic natural orbital basis sets. Finally,
the single-point energies of the various conformers,
as optimized at the MP2/cc-pVTZ level, were calcu-
lated using the coupled-cluster theory [18] with in-
clusion of all single and double excitations and per-
turbative treatment of triple excitations (CCSD(T)),
in cc-pVTZ basis set.

COMPUTATIONAL RESULTS
The Valence Isomers (1-5)

The geometries for the five “normal-valent” isomers
(1-5) are displayed in Fig. 1, as optimized at the
MP2 level in 6-31G(d) and cc-pVTZ basis sets. All
stationary points are characterized as real minima
in 6-31G(d), except the planar regular hexagon (5)
that is found to be a two-order saddle point (i.e.,
displaying two imaginary frequencies) on the poten-
tial energy surface. This result is at variance with
a former characterization of the same isomer as a
true minimum at the Hartree-Fock level in the same
basis set [7], showing once again the importance of
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FIGURE 1 Some selected geometrical data for the isomers

1-5 of Pg, as optimized at the MP2 level in 6-31G(d) basis
set. Bond lengths are in angstroms, and angles are in de-
grees. Data optimized in cc-pVTZ basis set are indicated in
parentheses.
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electron correlation for a conformational study of
clusters of phosphorus.

The optimized bond lengths in structures (1-5)
can be compared with the standard single and dou-
ble P—P bonds, respectively, 2.233 and 2.044 A as
optimized in the model systems P,H, and P,H, at
the MP2/6-31G(d) level. Thus, the benzvalene struc-
ture 1 clearly exhibits one double bond (2.039 A)
and seven single bonds having rather similar lengths
(2.217-2.237 A), in agreement with the Lewis struc-
ture of this species. Similarly, the prismane structure
2 has nine single bonds; however, the bonds involved
in the equilateral triangles (2.240 A) are shorter than
the three parallel remaining bonds (2.289 A). The
geometry of the bicyclopropenyl structure 4 clearly
reflects, once again, its Lewis structure, with five sin-
gle bonds of quasi-equal length, and a shorter double
bond in each isosceles three-membered ring.

The planar hexagonal structure 5 is expected
to be aromatic owing to its Dy, symmetry, which
requires a qualitative description in terms of two
Kekulé structures. Indeed, the bond length of 2.124 A
is intermediate between the typical values for single
and double bonds, and the magnetic criteria for aro-
maticity have been shown by Schleyer to be satis-
fied for this structure [19]. However, aromaticity is
not sufficient to stabilize this structure, which is the
highest lying in energy among the valence isomers 1-
5 and which distorts to less symmetrical structures,
as will be seen below. Lastly, the Dewar structure
3 exhibits rather atypical bond lengths and departs
from the expected C,, “roof-like” structure that was
found at the Hartree—Fock level [7]. In this distorted
“roof,” each four-membered ring is nonplanar and
displays internal angles that are all different from
each other. The symmetry of this species is therefore
low. Attempts to find a more symmetrical minimum
for this structure were unsuccessful.

Although the 6-31G(d) basis set is much less
elaborate than cc-pVTZ, reoptimizing the geome-
tries in this latter basis set does not lead to significant
changes (see Fig. 1). The maximum change in bond
lengths amounts to 0.019 A in the Dewar structure
3 and is smaller than 0.012 A for other conform-
ers. As for the angles, the only significant basis set
effect is found for the Dewar structure, whose roof-
bending angle decreases by some 10° upon basis set
enlargement.

The relative energies of the various P, isomers,
as calculated at increasing levels of theory, are
displayed in Table 1 (entries 3-6), together with
some previous results from the literature (entries 1
and 2). In 6-31G(d) basis set, some of the MP2 re-
sults are qualitatively in agreement with the former
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TABLE 1 Relative Energies, in kcal/mol, of the Pg Isomers at Various Computational Levels

1 2 3 4 5 6 7 8 9 Ref.
HF/6-31G(d) 0 6.5 18.0 20.6 30.9 7
DFT-LSD 0 3.9 15.0 29.3 33.7 13.6 27.0 4,6
MP2/6-31G(d)&? 0 21.7 21.5 19.7 23.9% 13.6 21.2% 20.9 33.3* This work
CCSD(T)/6-31G(d)? 0 17.5 23.6 18.2 23.7 21.4 21.8 21.8 39.6 This work
MP2/cc-pVTZ® 0 7.6 15.6 22.9 33.5 3.6 28.8 28.2 30.0 This work
CCSD(T)/cc-pVTZ® 0 5.8 22.8 21.4 32.3 15.8 29.6 29.5 40.1 This work

aGeometries optimized at the MP2 level in 6-31G(d) basis set.

bAn asterix denotes a stationary point that has one or more imaginary frequencies and is therefore not a minimum on the potential surface.

°Geometries optimized at the MP2 level in cc-pVTZ basis set.

Hartree-Fock calculations of Warren and Gimarc
[7]: the benzvalene structure 1 is the absolute min-
imum on the potential energy surface, whereas the
highest structure is the benzene form 5, the other
structures lying in between and spanning a rather
small energy range. On the other hand, the energy
of the prismane structure 2 is significantly upshifted
by electron correlation, lying 21.7 kcal/mol above
1 at the MP2 level, versus 6.5 kcal/mol at the
Hartree-Fock level.

Going to the much more accurate CCSD(T) level,
in the same basis set, does not significantly mod-
ify the MP2 picture. More important are the basis
set effects. At the MP2 level, when increasing the
size of the basis set from the modest 6-31G(d) basis
set to the relatively sophisticated cc-pVTZ, which is
of triple-zeta quality and involves polarization func-
tions up to f, the prismane structure 2 drops drasti-
cally in energy whereas the aromatic structure 5 goes
up in energy. Once again, the CCSD(T) level, in the
same basis set, confirms the MP2 relative energies.
The basis set dependency of the relative energies can
be understood if one assumes that strained confor-
mations require flexible basis sets to be adequately
described, and that poor basis sets exaggerate strain
energies. According to Gimarc’s calculations, 5 is not
strained, 1, 3, and 4 have moderate strain energies
ranging from 13 to 21 kcal/mol, and 2 has a much
larger strain energy, 53 kcal/mol. As a consequence,
lowering the strain energies by increasing the basis
set size results in a lowering of all structures rela-
tive to 5, and in a further lowering of the prismane
structure 2 relative to 1, 3, and 4.

Other Isomers

One common feature of our ab initio calculations
and the earlier DFT-LSD calculations of Jones and
Hohl [4] is the finding that the Dy, structure 5 is
a stationary point, but not a minimum on the po-
tential surface. Consequently, one may expect the
planar regular hexagon to distort to less symmetri-
cal but more stable structures. In accord, we have

investigated five types of distorted six-membered
rings. Structure 6 is the chair conformation, anal-
ogous to the dimer of the diphosphirenyl radical in
Scheme 1, and 7 is its “boat” analog. The other iso-
mers are the twist (8), sofa (9), and half-chair (10)
conformations.

OO < Qy

At the MP2/6-31G(d) level, no stationary point
for the half-chair geometry (10) could be found on
the potential surface. The geometries for the other
structures, 6-9, are displayed in Fig. 2.

Although the isomers 6 and 8 are true min-
ima, the other two, 7 and 9, are characterized as
transition states at this level. Structure 7, first con-
sidered in the initial guess geometry as the “boat”
counterpart of 6, turns out to be very different with
a wide P4—P2—P5 angle (see Fig. 2), and rather
looks like a distorted aromatic ring, like 8. Besides,
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FIGURE 2 Some selected geometrical data for the isomers
6-9 of Pg, as optimized at the MP2 level in 6-31G(d) basis
set. Bond lengths are in angstroms, and angles are in de-
grees. Data optimized in cc-pVTZ basis set are indicated in
parentheses.
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both structures have P—P bond lengths in the range
2.11-2.12 A, intermediate between typical single and
double P—P bonds. These two structures are in fact
very similar, and one can consider 8 as a symmetry-
broken analog of 7. It is therefore expected that both
7 and 8 have a significant aromatic character and
that 8, which is characterized as a true minimum,
is the P conformation that is the closest analog of
benzene at the MP2/6-31G(d) level.

The bond lengths of the isomer 6 are particu-
larly insightful (Fig. 2). Three clear-cut categories of
bond lengths are found: (i) the P1—P2 and P4—P5
bond lengths of 2.283 A are typical single bonds; (ii)
the remaining bond lengths of each three-membered
rings, 2.12 A, suggest partial double bonds with a
bond order of 1.5; (iii) lastly, the long P1—P4 and
P2—P5 bond lengths (2.431 A) suggest a bond order
smaller than unity and could reveal the presence of
one-electron bonds.

The energies of structures 6-9 relative to the
lowest structure 1 are displayed in Table 1. At the
MP2/6-31G(d) level, the rather exotic structure 6
appears as a low-lying isomer, 13.6 kcal/mol above
1, whereas the distorted six-membered rings 7 and 8
are slightly lower than the planar aromatic hexagon
5, as expected since this latter structure is not a
minimum. Increasing the level of theory from MP2
to CCSD(T) has the effect of upshifting the energy
of 6 relative to 1, while the other isomers remain
stable, indicating that 6 is particularly sensitive to
electron correlation effects. However, reoptimizing
the geometries of structures 1 and 6 at the CCSD(T)
level leads to negligible changes in the CCSD(T)
absolute energies, 0.2 and 0.4 kcal/mol for 1 and
6, respectively. On the other hand, increasing the
basis set lowers the energy of 6 (compare entries 3
and 5 of Table 1) relative to the other isomers. Thus,
increasing the level of correlation and increasing the
basis set size have opposite effects for structure 6,
so that the MP2/6-31G(d) calculated relative energy
is expected to be realistic for this structure. Indeed,
structure 6 is found to lie 15.8 kcal/mol above 1 at
our best level of calculation, in good agreement with
the MP2/6-31G(d) level and with the early DFT-LSD
calculation of Jones and Hohl [4].

Structures 7 and 8 remain extremely close in en-
ergy at all computational levels, indicating the great
fluxionality of the six-membered ring conformation
of P6.

A FRAGMENT ORBITAL ANALYSIS
OF BONDING IN STRUCTURE 6

On account of its two long P1—P4 and P2—P5 bond
lengths, structure 6 can be viewed as two triphospha-
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cyclopropenyl radicals held together by two weak
bonds. A qualitative analysis of the bonding scheme
of this molecule will therefore be performed in
terms of fragment orbitals, by considering 6 as
the product of the recombination of two triangular
P; units.

The fragment orbitals and the qualitative inter-
action diagram, restricted to the = molecular or-
bitals of the P; fragments, are displayed in Fig. 3.
Note that the two highest lying orbitals of each frag-
ment, 2b, and 1a,, should be degenerate if the three-
membered rings had the shape of equilateral trian-
gles. However, the P1—P2 bond length being longer
than P1—P3 and P2—P3 (with identical distortions
in the other P; fragment) lifts the degeneracy in the
way indicated in Fig. 3, lowering the 1a, orbital with
respect to 2b;.

As the two P; fragments are brought together
from infinite separation to bonding distances, the
two 1b, fragment orbitals form one bonding and
one antibonding combinations, ¥, and ¥,, which
are both doubly occupied. On the other hand, only
the bonding combination (¥3) of the 1a, orbitals is
occupied. These orbital occupancies can be used to
characterize various types of bonds that hold phos-
phorus atoms together in structure 6.

Let us first consider the interfragment bonds,
P1—P4 and P2—P5. As the ¥, and V¥, orbitals are al-
ternatively bonding and antibonding, the only con-
tribution to interfragment bonding arises from Ws;.
As this interaction brings two bonding electrons for
two linkages, each linkage can be considered as dis-
playing a one-electron bond (also called hemibond),
hence the rather long bonding distance of 2.431 A.
Similar hemibonds (P—P = 2.427 A) have been re-
cently experimentally characterized in an analogous

P, rectangular moiety [20].
—L =

»
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/f‘fa%%
o S SN

FIGURE 3 Schematic diagram showing the construction of
the highest occupied molecular orbitals of the isomer 6 of Pg
from the interaction of two triangular P3 radicals.
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The analysis of the intrafragment linkages fol-
lows the same lines. Focusing on the left fragment
alone, and on the P1—P3 and P2—P3 linkages, one
may notice that the 1b; and 1a, fragment orbitals are
topologically equivalent to the 7 orbitals of allyl rad-
ical. Therefore, the P1—P3 and P2—P3 linkages have
a bond order of 1.5 and can be considered as partial
double bonds, in agreement with the bond lengths
of 2.120 A. All in all, structure 6 can be represented
by the bonding scheme 11, which emphasizes the
one-electron character of the interfragment bonds,
or by the resonating scheme 12.

LD A D—-<P

CONCLUSION

Ten low-lying isomers of the P¢ clusters have been in-
vestigated at increasing levels of the ab initio molec-
ular orbital theory. Both basis set effects and elec-
tron correlation effects have a very significant in-
fluence on the relative energies; however, these two
effects act in opposite directions, so that our highest
computational level, CCSD(T) in cc-pVTZ basis set,
yield relative energies that are very close to former
calculations at the Hartree-Fock/6-31G(d) level, for
the five normal-valent isomers. In agreement with
this latter study, benzvalene is the most stable con-
former, the six-membered ring is the highest normal-
valent isomer, and the prismane, Dewar, and bicy-
clopropenyl forms lie in-between. On the other hand,
the six-membered ring is found, in the present study,
to lose its planarity and to distort to a less symmet-
rical and quite fluxional twisted structure.

Among the low-lying structures, the chair-like
conformation 6, previously discovered by Jones
et al., lies only 15.8 kcal/mol above benzvalene, al-
though it does not obey normal valence rules. A frag-
ment orbital diagram shows that this species clearly
displays two linkages that are of the one-electron
hemibond type. The present study thus shows that
the one-electron option is to be considered in clus-
ters involving phosphorus atoms and support sim-
ilar interpretations in recent experimental works
[14,15,21]. As such, the chair-like conformation 6
can be considered as a generic model for a new cat-
egory of heterobenzene analogs.
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