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ABSTRACT: A qualitative MO analysis suggests
(PH3)3

2− as a candidate for an all-pseudo-π* 2π-aromatic;
however computational studies rule out its existence.
Fluorine substitution which increases the contribution of p
orbitals on P in the pseudo-π* MO makes (PF3)3

2− a
minimum and an aromatic. The 2π aromaticity arising
from the bonding combination of the three pseudo-π*
fragment MOs is comparable to that in C3O3

2− and is
another example for the analogy between CO and PF3.
The dianion (PF3)3

2− forms the first example of a three-
membered ring with all the vertices constituted by
pentacoordinate phosphorus. The ability of PF3 to form
the all-pseudo-π* 2π-aromatic system is not shared by the
heavier analogues, AsF3 and SbF3.

Although numerous studies have been done on triangular
phosphacycles with tricoordinate phosphorus, correspond-

ing pentacoordinate analogs have not received much attention.1

There are very few reports on three-membered rings containing
pentacoordinate phosphorus;2 interestingly, pentacoordinate
triphosphirane (1−4) is yet to be studied. Schematically
triphosphiranes 1,C3h and 2,Cs are constructed from trigonal
bipyramidal (tbp) PH5 using one axial and one equatorial bond
(Figure 1). Two more structures (3, 4) are obtained starting
with an approximate square pyramidal (sqp) PH5, the species
involved in the turnstile mechanism.3 Here one basal bond is
connected to another basal bond of the adjacent P. Our attempt
to understand the reason for the absence of any of these
structures in literature led to the identification of an all-pseudo-

π* 2π-aromatic system, P3F9
2−, where aromaticity arises purely

from the interaction of pseudo-π* MOs.
Aromaticity akin to cyclopropenyl cation can arise from a

triangular arrangement of three out-of-plane pseudo-π* levels
with the lowest combination having two electrons. Fragments
with low pseudo-π* levels have already been employed to
enhance π delocalization, C2R2PF2

+ and C2R2SiF2 among
them.4 An interaction diagram involving the Walsh orbitals of
hypothetical (PH3)3 is compared with that of the cyclopropenyl
cation in Figure 2. The in-plane p orbitals are involved in the
doubly degenerate skeletal MOs, in the cyclopropenyl cation,
whereas in (PH3)3, a mixture of the pseudo-π* and the pseudo-
π orbitals of the PH3 fragment are involved. The second
pseudo-π* MO of PH3 with the p orbital perpendicular to the
plane forms a standard one-below-two pattern. Only the lower
one, LUMO in the neutral structure, is shown. The addition of
two electrons must therefore stabilize the structure, generating
an ideal 2π aromatic species (PH3)3

2− .The comparable
electronegativity values of P and H imply that the pseudo-π*
MO has similar contributions from P and H. The overlap
between the pseudo-π* orbitals will increase if the contribu-
tions of the p orbitals on P increases. A way for achieving this is
to replace hydrogen atoms by F, as it should result in a larger p
orbital contribution on P in the pseudo-π* fragment MO.
These anticipations were confirmed by computations on

(PH3)3, (PH3)3
2−, and their derivatives.5 Geometries were

optimized using the double hybrid density functional B2PLYP6

and the basis set 6-311++g(d,p). B2PLYP is a general purpose
density functional for molecules, which is a major improvement
over B3LYP, by adding a perturbative second-order correlation
part. Minima on the potential energy surface were located by
vibrational frequency analysis at the same level. Calculations
were done at the MP2/6-311++g(d,p) level as well, which
produced similar results. NICS7 values were computed at the
GIAO-MP2/6-311++g(d,p) level of theory to gauge the extent
of aromaticity.8

The structures (PH3)3 and (PH3)3
2− could not be obtained

as minima. The σ-bonds arising from the pseudo-π* orbitals do
not lend enough stability to (PF3)3 either. Geometry
optimization resulted in the collapse of (PF3)3 and (PH3)3
into the corresponding monomers. On the other hand,
triangular (PF3)3

2− (5) was obtained as a minimum with Cs
symmetry, similar to 3. Forcing the structure to 3-fold
symmetry gave a C3h structure similar to 1, with three small

Received: August 10, 2013
Published: October 17, 2013

Figure 1. P3H9 structures based on tbp (1, 2) and sqp (3, 4).
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imaginary frequencies (−32, −31, and −20 cm−1), correspond-
ing to PF3 rotation, the removal of which led to 5. The C3h
structure is 1.1 kcal/mol higher in energy than the Cs structure
(5). Similarly a C3v structure similar to 4 and a Cs structure
similar to 2 led to 5 on optimization. All three P atoms in the Cs
structure 5 have geometries closer to a sqp than to a tbp. On
the other hand, the local geometry around P in the C3h
stationary point is in between the two, the average deviation
from tbp and sqp being very similar. As expected by the
symmetry of the Cs structure 5, one of the P−P bond lengths is
shorter (2.207 Å) compared to the other two (2.214 Å). The
average P−P bond distance in (PF3)3

2− is 2.212 Å which is
comparable to that in P4 (2.215 Å). The HOMO, which is
formed by the strong in-phase interaction among the out-of-
plane pseudo-π* orbitals of PF3 fragments, make (PF3)3

2− a 2π-
aromatic system (Figure 3). NICS calculations support this
argument with the NICSzz(0) and NICSzz(1) values of −26.7
and −16.9 respectively. The involvement of pseudo-π* orbitals,
which are antibonding along the P−F bond, in the skeletal
bonding of (PF3)3

2− results in an elongation of the P−F bond
(1.704 Å) relative to that in PF3 (1.600 Å).
As the electronegativity difference between P and X (X is a

halogen) decreases as X is varied from F to I, the probability for
the existence of (PX3)3

2− also decreases. Although we found
minima for other halogens as well, they are less stable as
indicated by the presence of a large number of small vibrational
frequencies (<100) (Supporting Information). This is in
agreement with the already known uniqueness of PF3 compared
to other phosphines.10

The aromaticity of (PF3)3
2− can be called pseudo-π*

aromaticity. Although this term is used in chemistry to describe
aromaticity where only one of the delocalizing p orbitals belong
to the pseudo-π* variety, (PF3)3

2− is the first example for a
pseudo-π* 2π-aromatic system, where the aromaticity arises
solely from the overlap of pseudo-π* orbitals. In the
pseudoaromatic phosphirenes (C2R2PL3) known in literature,
the orbitals involved are the pseudo-π* MO of PL2L (L2 =
catecholate, L = −Ph or −CN) fragment and the p orbitals of
CH fragments.2 Since the electronegativity difference between
P and F is the crucial factor here, no atom or group is more
effective than F in stabilizing such a trimeric phosphine dianion.
The 2π aromatic nature of (PF3)3

2− is analogous to C3H3
+,

B3H3
2−, and C3O3

2−. This is not unusual, in view of the isolobal

Figure 2. Correlation diagram involving the Walsh orbitals of C3H3
+ and hypothetical (PH3)3 (1).

Figure 3. (PF3)3
2− and the HOMO formed by the overlap of pseudo-

π* orbitals.

Figure 4. Frontier orbitals of CO, BH, and PF3.

Table 1. Comparison of NICS values of C3H3
+, B3H3

2−,
(PF3)3

2−, and (CO)3
2−

NICS(0) NICS(1) NICSzz(0) NICSzz(1)

C3H3
+ −23.3 −14.9 −30.5 −29.2

B3H3
2− −16.4 −16.4 −19.1 −27.0

(PF3)3
2− −38.5 −17.1 −26.7 −16.9

(CO)3
2− −35.2 −7.9 −7.4 −6.5

Figure 5. Thermolysis of C2H2PF3 and the model system. Energy is in
kcal/mol.
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equivalence of PF3 to CH+, BH, and CO (Figure 4).11,12 The
HOMO−LUMO gap of (PF3)3

2− is 5.6 eV compared to 13.0
eV for C3H3

+ and 4.8 eV for C3O3
2−, both of which are

synthesized.11,12At the MP2/6311++g(d,p) level the gaps are
7.4, 17.2, and 7.3 eV respectively for (PF3)3

2−, C3H3
+, and

C3O3
2−.13 The in-plane and out-of-plane (1 Å above the ring

plane) NICS values and the corresponding zz tensor
components of (PF3)3

2− are compared to those of C3H3
+,

B3H3
2−, and (CO)3

2− in Table 1. The values indicate that
(PF3)3

2− is strongly aromatic, and the aromaticity is higher than
that of C3O3

2−.
The involvement of the π* MO of CO in the skeletal bond

formation of various CO clusters including (C3O3)
2− was well-

studied recently by Borden and co-workers.14 (PF3)3
2− is yet

another example of the participation of antibonding fragment
MOs in skeletal bond formation, the uniqueness being the
pseudo-π* nature of the fragment MO. The removal of two
electrons from (C3O3)

2− to gain neutral C3O3 destabilizes the
system as indicated by the collapse of C3O3 to three CO
molecules on optimization.15 As such one cannot expect a
neutral (PF3)3 corresponding to pentavalent phosphorus to
exist; rather it should exist as a dianion, (PF3)3

2−.
The NBO analysis indicates a charge of ∼−0.7 on the

fluorine atoms of (PF3)3
2−. Thus countercations would prefer

to coordinate to the fluorine atoms rather than coordinating to
the phosphorus atoms. It was found that the geometry and
aromaticity of (PF3)3

2− are retained in the cation-incorporated
system, (Li(NH3)2)2(PF3)3, as well (Supporting Information).
The NICS(0) and NICS(1) of the cation-incorporated
(PF3)3

2− are −36.0 and −15.8 respectively, which indicates
significant aromaticity. The synthesis of deltate anion C3O3

2−

from CO via dissolving metal reduction using Na/K alloy in
THF/crown ether prompts a similar strategy for (PF3)3

2−.16

The relative advantage of PF3 molecules to form the three-
membered ring over CO molecules by capturing electrons can
be evaluated by eq 1. The large exothermicity of this reaction
indicates a possible synthetic route for (PF3)3

2− similar to that
of (CO)3

2−.

+ → +

Δ = −

− −

G

(CO) 3PF (PF ) 3CO

36.5 kcal/mol
3

2
3 3 3

2

(1)

Pentacoordinate phosphorus as part of a three-membered
ring is rare. There are very few examples for the structurally
characterized pentacoordinate phosphirenes; all of them are

termed as pseudoaromatic as shown by the low reactivity of
CC.2 By isolobally replacing CH+ of C3H3

+, by PF3, one
could obtain cyclic C2H2PF3(6). It is reasonable to expect that
C2H2PF3 might be more stable than any other phosphirene.
The energetics of the thermolysis of C2H2PF3 relative to a
model system analogous to the experimentally known
phosphirenes (7) indicates that the former requires higher
activation energy for cleavage (Figure 5) indicating greater
thermal stability. NICS(1) values for C2H2PF3 and the model
system of −8.0 and −6.7, respectively, indicate slightly larger
aromaticity for the former. Pentacoordinate P as a part of a
four-membered ring is more commonly studied. The
pseudorotation of P using the turnstile mechanism is well
documented.3

The identification of the possible existence of (PF3)3
2−

prompted us to look for its heavier analogues. If the
electronegativity difference and the consequent large coefficient
of pseudo-π* on the skeletal atom was the only crucial factor,
the heavier analogues might form even better clusters. A
calculation on the corresponding arsenic cluster, (AsF3)3

2−,
however showed an opposite trend. An approximate C3h
symmetric structure was found to be a stationary point on
the potential energy surface. This structure has seven small
vibrational frequencies (<100 cm−1) indicating a less stable
structure. Moreover, the Wiberg bond index between arsenic
atoms is 0.5 indicating a very weak bond. The As−As distance
of 2.927 Å is larger than that in As4 (2.466 Å), indicating weak
skeletal bonding. Incorporation of countercation Li(NH3)2

+

resulted in the rupture of the skeleton. The NICS(0) and
NICS(1) values of −20.6 and −14.2 respectively indicate
aromaticity as in the case of (PF3)3

2−. The As−F distance
(1.842 Å) has elongated compared to that in AsF3 (1.752 Å) as
expected. The HOMO−LUMO gap is 4.6 eV, lower by 1.0 eV
than that of the phosphorus analog. Irrespective of the similar
hyperconjugative interaction as in the case of (PF3)3

2−, the As−
As bond is unusually weak in (AsF3)3

2−. This is understood
through a comparison of the fragment analysis, using the ADF
program (Figure 6), of (PF3)3

2− and (CO)3
2− to (AsF3)3

2−.17

The degenerate in-plane skeletal MOs of (PF3)3
2− have 60.0%

contribution from the radial orbitals, whereas in (CO)3
2− it is

only 17.8% . This might weaken the skeletal σ-bonding of
(PF3)3

2−, since the antibonding nature of the degenerate
skeletal σ-MOs increases as the contribution from the radial
orbital increases. This explains the Wiberg bond index of 1.0 in

Figure 6. A qualitative FMO diagram of (PF3)3
2− and (CO)3

2− at the B3LYP/TZP level.
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(PF3)3
2− compared to the 1.2 of (CO)3

2−. As the σ-framework
is too weak to hold the skeleton, occupancy in the π-MO is
necessary, which explains why neutral (PF3)3 cannot exist. The
contribution of the radial orbital to the degenerate σ-MOs
increases to 86.8% in (AsF3)3

2−. This increases the antibonding
nature of these MOs even further, resulting in a weak As−As
bond. The heterosystems P2AsF9

2− and PAs2F9
2− are calculated

to be minima, but the latter has much lower skeletal bonding
indicators. This has been found to be true from the average
Wiberg bond index for the skeletal bond which is 0.5 for
PAs2F9

2− and 0.8 for P2AsF9
2−. The weakening of the skeletal

bond increases in (SbF3)3
2− where the WBI index is 0.6 at the

B2PLYP/lanl2dzdp18 level (at the same level, WBI indices for
(AsF3)3

2− and (PF3)3
2− are 0.7 and 1.0 respectively).

The analogy between CO and PF3 has been known since
1950.10 The π-acceptor ability of PF3 is comparable to that of
CO.19 This similarity is due to the fact that CO has a low-lying
π* MO that is localized more on C, and PF3 has a low-lying
pseudo-π* MO that is localized more on P. The deltate anion,
(C3O3)

2−, came to the attention of researchers in 1979, whereas
its PF3 analogue remained unnoticed until now.12 (PF3)3

2− is
the first example for an all-pseudo-π* 2π-aromatic system. It
should be possible to synthesize (PF3)3

2− via a procedure
similar to the synthesis of C3O3

2− from CO via dissolving metal
reduction.16 The heavier analogues, (AsF3)3

2− and (SbF3)3
2−,

are more weakly bound and may be harder to realize.
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