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The inversion process of pyrrole, phosphole, arsole, stibole, and bismole is analyzed in detail by using ab
initio and density functional techniques. The results are compared with the corresponding divinyl and diethyl
compounds, HM(C2H3)2 and HM(C2H5)2, respectively (M) N, P, As, Sb, and Bi). The inversion barrier
increases down the Group 15 elements and from the cyclic, via the divinyl to the diethyl compounds. The
inversion process can be rationalized in terms of a second-order Jahn-Teller distortion using HOMO/LUMO
energy differences. B3LYP calculations predict that fluorination of the pyrrole ring leads to nonplanar structures
of both the tetra- and pentafluoropyrrole.

1. Introduction

Since Dennison and Hardy produced the first infrared
spectrum of ammonia, showing inversion doubling as early as
1932, it has been accepted that NH3 adopts a dynamic gas-
phase structure.1 This is due to quantum tunneling of the three
hydrogen atoms through an estimated inversion barrier of ca.
24.2 kJ mol-1. In general, the inversion barrier is low for amines
NR3 with electropositive ligands R. In the case of the doubly
unsaturated cyclic derivative pyrrole, HNC4H4, the nitrogen atom
has a planar environment. Here, the “hypothetical inversion
barrier” is so small that nitrogen becomes part of a 6π aromatic
ring system as shown in Figure 1. In contrast, the closely related
singly unsaturated 2,5-dihydropyrrole adopts a nonplanar struc-
ture of Cs symmetry and Dommen et al. have recently studied
the ring puckering motion.2

The classical inversion process of the pyramidal pnicogen
hydrides and halides, MX3 (M any Group 15 element), connects
two degenerate minima ofC3V-symmetry through a trigonal-
planar transition state ofD3h-symmetry, where the M lone pair
orbital is purely of p-character. For the hydrides, the calculated
inversion barriers increase significantly from NH3 down the
group 15 to BiH3.3 For PH3, most calculations predict an
inversion barrier between 140 and 150 kJ mol-1.4,5 Thus, it is
not surprising that the ring system of the unknown compound
phosphole, HPC4H4 is predicted to be nonplanar (Figure 1) and
X-ray structures of substituted phospholes show indeed a
pyramidal geometry about the phosphorus atom.6 The electron
pair at the phosphorus center participates little inπ-conjugation
with the ring moiety, which reduces the aromatic character as
compared to pyrrole. Although the experimental barrier of
inversion for phosphole is not known, a rather low value was
predicted already 30 years ago due to partialπ-conjugation in
the planar transition state.7 This is in line with the fact that
phosphole derivatives cannot be obtained as single enantiomers
due to rapid racemization about the phosphorus atom in contrast
to some noncyclic phosphine compounds.8 Nyulászi has cal-
culated an inversion barrier of 90.1 kJ mol-1 for phosphole at
the 6-311G** CCD (coupled cluster with doubles only) level
of theory which is just about half the value obtained for PH3 at
the same level.9 Delaere et al. came to very similar conclusions

in a recent B3LYP study and found an inversion barrier of 72
kJ mol-1 for phosphole as compared to 139 kJ mol-1 for PH3.10

Electropositive ligands on the phosphorus center orπ-acceptor
substituents at various positions of the ring system can reduce
the inversion barrier of phosphole significantly.9,10 Interestingly,
the isoelectronic compound pentaphosphole, P5H is predicted
to have a planar minimum structure as a result of aromaticity
and electronegativity effects.11

In an earlier paper5 in this series on inversion mechanisms,
we pointed out that for the pnicogen fluorides PF3, AsF3, SbF3,
and BiF3 the trigonal planar inversion transition state breaks
symmetry to adopt a T-shapedC2V-structure12 due to a second-
order Jahn-Teller distortion thus following anonclassicaledge
inversion. In contrast to the corresponding hydrides, the
inversion barrierdecreasesfrom NF3 down the group to BiF3
with NF3 showing the highest inversion barrier of 400 kJ mol-1.
Fluorine substitution on the pyrrole ring system should therefore
also increase the inversion barrier and might eventually lead to
a nonplanar minimum structure like phosphole.

There have been a number of theoretical studies performed
on unsaturated 5-ring systems, usually dealing with their degree
of aromaticity,9-11,13 their reactions or other molecular proper-
ties.14 However, with the sole exception of phosphole their
inversion barriers have not yet been studied. In the following,
we present a comparative study of the inversion barriers of
pyrrole, phosphole,6 arsole, stibole, and bismole15 by using ab
initio and density functional based methods. These are compared
with the corresponding divinyl and diethyl derivatives (see
Figures 1 and 2) to allow for the discussion of the influence of
ring π-conjugation and aromaticity to inversion barriers. The

Figure 1. Optimized MP2 structures of pyrrole and phosphole.
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effect of fluorination upon the geometry will also be discussed
by studying selected fluorinated derivatives. We also reinves-
tigate the inversion barriers of NH3 and PH3 using Dunning’s
systematic correlation consistent basis sets.16

2. Computational Methods

All geometry optimizations and subsequent frequency analy-
ses were carried out with the Gaussian98 program package.17

The compounds HMC4H4, HM(C2H3)2, and HM(C2H5)2 (M )
N, P, As, Sb, and Bi) were optimized at the Hartree-Fock (HF),
second-order many-body perturbation theory (MP2) and density
functional level (DFT); the latter using the hybrid ansatz of
Becke18 for the exchange functional together with the nonlocal
ansatz of Lee, Yang, and Parr19 for the correlation functional
(B3LYP) as implemented in Gaussian98. The fluorinated
derivatives of the cyclic compounds were only treated at the
B3LYP level. Great care was taken to find the correct first-
order saddle points. All determined transition states exhibit only
one imaginary frequency with the corresponding Cartesian
displacements mainly describing the inversion about the pnico-
gen atom. For carbon, nitrogen, fluorine, and phosphorus we
used Dunning’s correlation consistent triple-ú-(cc-PVTZ) basis
set without the f-functions.16 For hydrogen, we applied the cc-
PVTZ basis set without the d-function and the most diffuse
p-function. Scalar relativistic multielectron adjusted Stuttgart
pseudopotentials and corresponding valence basis sets were used
for arsenic, antimony, and bismuth.20 The basis sets were altered
by decontracting the lowest s- and p-functions and adding soft
s- and p-functions with exponent 0.03. Finally, two d-functions
were added to all three sets with the following exponents: As
0.129 and 0.434; Sb 0.088 and 0.277; Bi 0.229 and 0.690.

In a previous paper on MX3 systems (M group 15 element
and X any ligand), we showed that the MP2 method yields
reasonable results for the classical inversion process through a
trigonal planar transition state when compared to experiment
or a more expensive coupled cluster treatment.3 To establish
the relative accuracy of the B3LYP method for inversion
barriers, we also present a systematic study of the inversion of
NH3 and PH3 using the series of Dunning’s augmented
correlation consistent aug-cc-pVnZ basis sets (n ) D, T, Q,
Qi)16 at B3LYP and the HF, MP2, and CCSD(T) level of theory.

3. Results and Discussion

A. NH3 and PH3. Tables 1 and 2 list the geometries, inversion
barriers and harmonic frequencies at various levels of theory
for the critical points of the inversion process of NH3 and PH3.
Our CCSD(T) geometry using the quadruple-ú basis set agrees

with an earlier value of Halkier and Taylor,21 and all our
correlated results are in satisfactory agreement for geometric
parameters. Figure 3 shows that for NH3 the barrier converges
relatively fast with increasing size of the basis set, as found
before by Csa´szár et al.22 Compared to the more accurate CCSD-
(T) results, the inversion barrier is underestimated by the other
methods by a few kJ mol-1. Figure 3 also suggests that the
CCSD(T) basis set limit for NH3 lies between 21 and 22 kJ
mol-1, which is 2 kJ mol-1 lower than the experimentally
estimated value of 24.2 kJ mol-1 found in most textbooks.23

However, our value is in very good agreement with a recent
study by Klopper et al. who derived a final value of 1777( 12
cm-1 (21.3 kJ mol-1) for the inversion barrier after a careful
investigation of relativistic and correlation effects.24 One might,
therefore, suspect that the originally derived experimental value
of 24.2 kJ mol-1 is inaccurate. This value bases on a one-
dimensional fit of the double-minimum potential to experimental
frequencies and neglects coupling effects from the full NH3

hypersurface.23,25 A more recent multidimensional treatment
derived from experimental rovibrational spectra by Spirko and

Figure 2. Optimized MP2 structures of diethyl and divinylamine.

TABLE 1: Optimized Parameters for NH 3 Using the
Aug-cc-pVnZ (n ) D, T, Q, Qi) Dunning Basis Sets at the
HF, MP2, CCSD(T), and B3LYP Level of Theorya

n re Re rT ∆Ea ν1(A1) ν2(A1) ν3(E) ν4(E)

D HF 1.004 107.57 0.990 21.44 3680 1106 3812 1767
MP2 1.020 106.31 1.003 21.95 3484 1047 3639 1651
CCSD(T) 1.023 105.98 1.005 24.13 3431 1072 3569 1653
B3LYP 1.019 106.77 1.002 19.64 3457 1021 3586 1640

T HF 0.999 108.12 0.985 20.20 3688 1096 3813 1787
MP2 1.010 106.83 0.994 19.78 3533 1035 3663 1669
CCSD(T) 1.012 106.76 0.995 21.67 3498 1049 3609 1672
B3LYP 1.013 107.23 0.997 19.22 3468 1026 3587 1664

Q HF 0.998 108.15 0.985 20.02 3690 1095 3815 1787
MP2 1.008 107.22 0.993 19.85 3529 1022 3679 1673
CCSD(T) 1.011 106.72 0.994 21.74 - - - -
B3LYP 1.012 107.27 0.997 19.02 3469 1024 3588 1664

Qi HF 0.998 108.16 0.984 20.00 3691 1095 3816 1787
MP2 1.007 107.14 0.992 19.72 3527 1028 3678 1677
B3LYP 1.012 107.28 0.997 19.00 3473 1023 3593 1664

Exp. 24.2 3337 950 3414 1628

a Equilibrium bond distancere and distance for theD3h structurerT

in Å, H-N-H bond angleRe in degrees, inversion barrier∆Ea (not
corrected for zero-point vibration) in kJ mol-1 and harmonic frequencies
ν in cm-1. Experimental frequencies are from ref 26.

TABLE 2: Optimized Parameters for PH3 Using the
Aug-cc-pVnZ (n ) D, T, Q, Qi) Dunning Basis Sets at the
HF, MP2, and B3LYP Level of Theorya

n re Re rT ∆Ea ν1(A1) ν2(A1) ν3(E) ν4(E)

D HF 1.418 95.53 1.382 149.02 2525 1090 2528 1224
MP2 1.425 93.70 1.388 138.99 2463 1015 2481 1160
CCSD(T) 1.433 93.51 1.393 142.98 2393 1014 2408 1142
B3LYP 1.434 93.37 1.394 140.98 2365 1002 2379 1119

T HF 1.408 95.60 1.373 148.12 2532 1096 2532 1232
MP2 1.407 92.97 1.372 141.17 2484 1034 2496 1184
CCSD(T) 1.414 92.85 1.377 144.78 2420 1034 2427 1166
B3LYP 1.421 93.50 1.383 139.03 2386 1014 2394 1137

Q HF 1.405 95.64 1.371 148.58 2535 1100 2532 1234
MP2 1.403 93.54 1.368 135.63 2471 1017 2483 1168
B3LYP 1.418 93.59 1.380 139.33 2389 1017 2395 1139

Qi HF 1.404 95.64 1.370 149.24 2538 1102 2535 1235
MP2 1.401 93.53 1.367 135.69 2488 1017 2497 1170
B3LYP 1.417 93.60 1.379 139.95 2391 1017 2398 1139

Exp. 2327 991 2421 1121

a Equilibrium bond distancere and distance for theD3h structurerT

in Å, H-N-H bond angleRe in degrees, inversion barrier∆Ea (not
corrected for zero-point vibration) in kJ mol-1 and harmonic frequencies
ν in cm-1. Experimental frequencies are from ref 28.
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Kraemer26 (after correcting for zero-point vibrational effects
from complementary modes)22 and Maessen et al.27 yields
barriers around 1800 cm-1 (ca. 21 kJ mol-1), which agree much
better with our results. The experimentalν2 inversion mode
(0f1 transition) for NH3 is 950 cm-1, averaged over both
inversion-splitting states.26 Our corresponding harmonic fre-
quencies given in Table 1 lie all above 1000 cm-1, which is in
line with the known significant anharmonicity effects of the
NH3 potential function.

For PH3, the situation is less straightforward because the
convergence of the barrier height with increasing size of the
basis set is not smooth, see Figure 3. Coupled cluster calcula-
tions beyond aug-cc-pVTZ are currently beyond our computa-
tional resources, but the effect of an increased basis set can be
estimated from the MP2 results. If we correct our aug-cc-pVTZ
CCSD(T) value by using the MP2 results, we obtain an estimate
of 139 kJ mol-1 for the inversion barrier of PH3 as a benchmark.
This is slightly lower than earlier predictions.4 Interestingly, this
value is in excellent agreement with the B3LYP results where
the inversion barrier is almost independent of the basis set used.
As for NH3 the B3LYP geometries agree well with the CCSD-
(T) results. In contrast to NH3, the calculated harmonic
frequencies come very close to the experimental values.28 We
therefore conclude that both the MP2 and the B3LYP procedures
give reasonably accurate results for inversion barriers and should
be ideally suited for the larger Group 15 organic compounds.

B. Group 15 Organic Compounds.Structures.The more
important structural data for all minima and inversion transition
states of HMC4H4, HM(C2H3)2 and HM(C2H5)2 (M ) N, P,
As, Sb and Bi) are listed in Tables 3 and 4 according to the

definition in Figure 2. Much to our surprise, experimental gas
phase or crystal structural data seem only available for pyrrole29

and diethyl-amine.30 Some crystal structures for substituted
phospholes, arsoles and stiboles are known and the divinyl
compounds HM(C2H3)2 have been synthesized for M) P, As
and Sb, but only been characterized by NMR, MS and- for
As - IR spectroscopy.31 In all cases, the agreement between
experimental data and our calculations is very good. For
example, the CMH angle, calculated at the B3LYP/MP2 level
compares to the experimental values set in parentheses: 125.1°/
124.9° (125.1°) for pyrrole, 109.4°/108.8° (107.9°) for diethyl-
amine and 90.6°/90.1° (90.7°) for phosphole.32 The increasing
M-C bond length with increasing nuclear charge of the
heteroatom M corresponds to a decreasing CMC bond angle in
agreement with the findings of Baldridge and Gordon.13a This
holds true for all investigated systems including the ethyl and
vinyl derivatives and the inversion transition structures. Only
for the global minima of pyrrole and divinylamine, we find a
trigonal planar arrangement in the C2NH moiety. For divinyl-
amine a fully symmetricC2V structure is obtained at the B3LYP
level. However, in the optimized MP2 geometry, shown in
Figure 2, a small distortion occurs which is best seen in the
CdC-N-C torsion angle of 8.8°. A similar situation is found
for the corresponding planar structure of divinyl bismine, which
represents a first-order saddle point. Again, theC2V symmetry
at B3LYP level is reduced toC2 at the MP2 level. Apart from
these minor differences, the symmetry of the stationary points
is the same for both methods. In particular, the inversion

Figure 3. Inversion barriers∆Ea for NH3 and PH3 as a function of
the basis set size using Dunning’s aug-cc-pVnZ basis sets (n ) D, T,
Q, and Qi).

TABLE 3: Selected Molecular Structure Parameters (in Å
and degrees) for the Minimum Structures of HMC4H4,
HM(C 2H3)2, and HM(C2H5)2 (M ) N, P, As, Sb, and Bi) at
the MP2 and B3LYP Level of Theorya

method rM-C1 rM-H rC1-C2 rC2-C2′ RC1-M-C1′ 360-ΣR

HMC4H4

N MP2 1.372 1.011 1.384 1.419 110.2 0
B3LYP 1.372 1.008 1.373 1.421 109.8 0

P MP2 1.803 1.425 1.363 1.449 90.6 66.7
B3LYP 1.813 1.424 1.349 1.455 90.1 67.6

As MP2 1.934 1.531 1.356 1.456 86.0 81.2
B3LYP 1.946 1.532 1.342 1.462 85.6 80.6

Sb MP2 2.139 1.727 1.354 1.463 80.5 90.3
B3LYP 2.149 1.724 1.341 1.467 80.2 89.4

Bi MP2 2.238 1.828 1.352 1.465 78.0 96.8
B3LYP 2.242 1.817 1.338 1.470 77.9 94.4

HM(C2H3)2

N MP2 1.386 1.009 1.343 130.2 0
B3LYP 1.385 1.007 1.336 131.4 0

P MP2 1.829 1.427 1.338 99.9 66.3
B3LYP 1.834 1.427 1.328 101.9 64.6

As MP2 1.947 1.533 1.337 96.9 73.4
B3LYP 1.959 1.534 1.326 98.8 71.6

Sb MP2 2.147 1.729 1.338 94.0 78.4
B3LYP 2.158 1.727 1.327 96.0 76.6

Bi MP2 2.245 1.831 1.338 92.0 82.1
B3LYP 2.251 1.820 1.326 94.6 79.1

HM(C2H5)2

N MP2 1.462 1.021 1.522 114.1 28.3
B3LYP 1.462 1.018 1.526 115.6 25.6

P MP2 1.860 1.430 1.525 101.9 64.5
B3LYP 1.873 1.429 1.527 102.6 63.2

As MP2 1.979 1.535 1.523 99.3 70.9
B3LYP 1.996 1.536 1.525 100.0 69.3

Sb MP2 2.180 1.733 1.524 96.4 76.8
B3LYP 2.196 1.728 1.526 97.1 75.0

Bi MP2 2.275 1.832 1.523 95.1 80.8
B3LYP 2.286 1.820 1.523 95.9 77.6

a For structures of low symmetry averagedrM-C1 and rC1-C2 bond
distances are used. See Figure 2 for parameter definitions.

Trends in Inversion Barriers IV J. Phys. Chem. A, Vol. 106, No. 26, 20026389



transition states of all 5-ring systems are ofC2V symmetry and
exhibit a perfectly planar arrangement. They are characterized
by only one imaginary frequency in the harmonic frequency
analysis that describes the out of plane motion of the hydrogen
at the pnicogen atom.

The tendency to nonplanarity around the C2MH unit can be
expressed by the angle

where a planar C2MH arrangement corresponds toâ ) 0°.4 The
angle â systematically increases with the nuclear charge of
element M (Table 3) for the cyclic, the divinyl, and the diethyl
compounds, with only minor differences between MP2 and
B3LYP. This increase inâ is fully in line with the behavior of
the group 15 hydrides and can be expected for classical inversion
processes.3,8,33 The planar C2MH inversion structures possess
shorter M-C and M-H bonds, as compared to the minimum
nonplanar structures, in agreement with the fact that the group
15 element M changes formally from planar sp2 to nonplanar
sp3 hybridization.

The C1-C2 bond distances (defined in Figure 2) remain
almost constant throughout one series of group 15 compounds
with the expected orderrC-C(vinyl) < rC-C(5-ring)< rC-C(alkyl).
Interestingly, for the cyclic compounds the C1-C2 distances
increase from the nonplanar to the planar inversion structure,
whereas the C2-C2′ distances decrease. This observation has

been made earlier in the inversion of phospholes9,10 and was
interpreted as an indication for the aromatic character of the
planar transition state. A more quantitative measure for aroma-
ticity is the Julg indexJ,34 which defines the degree of
aromaticity by the deviations ofn individual C-C bond lengths
ri from the average C-C bond lengthr

The Julg indices for the minima and planar transition states are
shown in Figure 4 for pyrrole, phosphole, arsole, stibole, and
bismole. In agreement with refs 10 and 13e, B3LYP yields lower
Julg indices (or a more pronounced bond alternation) than MP2,
but the qualitative features are the same for both methods. The
planar transitions states are distinctly more aromatic than their
corresponding bent minima with the maximum degree of
aromaticity found for planar phosphole.9 The aromatic character
of the rings decreases from P toward the heavier homologues,
more so for the minimum structures than for the planar transition
states.

In addition to theC2V structure shown in Figure 1, where
both carbon chains are anti to the M-H bond in a ring like
fashion, we also investigated the other two possible rotamers
shown in Figure 5 for all Group 15 compounds. One rotamer
is of C2V symmetry and both vinyl groups are syn to the M-H
bond, the other rotamer, containing one syn and one anti vinyl
group is of Cs symmetry. The calculated energy differences
between the three rotamers are listed in Table 5. Only for
divinylamine we find the all-synC2V structure to be the global
minimum. This rotamer is by 4-5 kJ mol-1 slightly more stable
than theCs structure and almost 10 kJ mol-1 lower in energy

TABLE 4: Selected Molecular Structure Parameters (in Å
and degrees) for the Inversion Transition State Structures of
HMC 4H4, HM(C 2H3)2, and HM(C2H5)2 (M ) N, P, As, Sb,
and Bi) at the MP2 and B3LYP Level of Theorya

method rM-C1 rM-H rC1-C2 rC2-C2′ RC1-M-C1′

HMC4H4

N MP2 1.372 1.011 1.384 1.419 110.2
B3LYP 1.372 1.008 1.373 1.421 109.8

P MP2 1.718 1.400 1.400 1.413 99.2
B3LYP 1.724 1.395 1.386 1.417 98.6

As MP2 1.829 1.486 1.394 1.415 95.0
B3LYP 1.840 1.482 1.375 1.424 94.2

Sb MP2 2.034 1.672 1.388 1.420 88.0
B3LYP 2.049 1.664 1.366 1.434 87.0

Bi MP2 2.124 1.762 1.383 1.419 85.4
B3LYP 2.137 1.743 1.357 1.437 84.3

HM(C2H3)2

N MP2 1.386 1.009 1.343 130.2
B3LYP 1.385 1.007 1.336 131.4

P MP2 1.756 1.393 1.347 126.1
B3LYP 1.759 1.389 1.338 127.4

As MP2 1.867 1.481 1.343 125.3
B3LYP 1.874 1.479 1.334 126.8

Sb MP2 2.078 1.669 1.341 123.2
B3LYP 2.085 1.665 1.330 125.7

Bi MP2 2.167 1.753 1.337 121.9
B3LYP 2.177 1.749 1.326 127.8

HM(C2H5)2

N MP2 1.438 1.007 1.523 121.2
B3LYP 1.440 1.005 1.527 122.2

P MP2 1.832 1.396 1.526 122.0
B3LYP 1.842 1.392 1.529 123.4

As MP2 1.944 1.486 1.521 121.1
B3LYP 1.963 1.485 1.523 123.2

Sb MP2 2.154 1.677 1.520 122.2
B3LYP 2.174 1.673 1.520 123.9

Bi MP2 2.251 1.770 1.513 124.3
B3LYP 2.276 1.765 1.511 126.6

a For structures of low symmetry averagedrM-C1 and rC1-C2 bond
distances are used. See Figure 2 for parameter definitions.

â ) 360° - ∑
i ) 1

3

Ri ) 360° - (RCMC′ + RCMH + RHMC′) (1)

Figure 4. Julg indexJ for the (nonplanar) minimum and (planar)
transition state ring structures of HMC4H4 at the MP2 and B3LYP level
of theory. See text for definitions.

Figure 5. Optimized MP2 structures of two of the rotamers of
divinylamine.

J ) 1 - (225/n)‚∑
i

(1 - ri

r )2
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than the ring likeC2V form. For the other pnicogen atoms the
ring like structure appears to be the global minimum. The energy
differences between the rotamers become smaller with increasing
nuclear charge of the heteroatom, see Table 5, with the two
other rotamers being quasi degenerate within the accuracy of
the applied calculations. Therefore, we used the all anti rotamer
(Figure 1) as the reference to calculate the inversion barriers
for the divinyl compounds. It is reasonable to expect that the
energy differences for the various rotamers of the diethyl
compounds are even lower than for the divinyl compounds and
their influence on the inversion barriers can be neglected.

InVersion Barriers.Table 6 shows that the inversion barrier
(∆Ea; not corrected for zero-point vibrational energies) increases
from nitrogen to bismuth for all series of compounds. As
mentioned before, the angleâ which describes the deviation
from planarity about the pnicogen atom (see eq 1) also increases
from nitrogen to bismuth. We found empirically that the
correlation ofâ with the calculated inversion barrier can be
described by an exponential function of the form

with ∆Ea in kJ mol-1 and all angles in degrees. The agree-
ment between the calculated data and the fit is demonstrated in
Figure 6 for the MP2 results. R2 values for the obtained fits
vary between 0.979 and 0.997 and the parameters a and b are
as follows at the B3LYP/MP2 level:a ) 5.576/3.593,b )
0.039/0.042 for HMC4H4; a ) 3.074/4.255,b ) 0.055/0.050
for HM(C2H3)2; a ) 21.586/23.054,b )0.032/0.030 for HM-
(C2H5)2.

For the diethyl compounds, we find quite similar inversion
barriers as for NH3 and PH3. Because the ethyl group has a
similar, only slightly higher electronegativity than hydrogen,
this result is not surprising. On the basis of the electronegativity,
one would also expect a slightly higher barrier for the divinyl
and cyclic compounds, because the electronegativity of the
carbon atom increases with the s-character, i.e., sp2 versus sp3

hybridization. However, the inversion barrier for most divinyl
compounds is lower than that for their corresponding diethyl
compounds, and the ring systems show the smallest inversion
barriers. Particularly large effects are observed for the inversion
barriers of the nitrogen and phosphorus containing molecules
and for the ring systems. Differences between the vinyl and
the alkyl derivatives are less pronounced and only marginal for
the heavier elements As to Bi. As indicated by the Julg index,
the transition states for the cyclic compounds possess significant
aromatic character that leads to their stabilization. The divinyl
compounds also profit from a conjugatedπ-bond system in the
planar transition state, in particular for the lighter homologues.

Comparing the HF with the MP2 inversion barriers we
observe that electron correlation effects reduce the inversion
barrier, sometimes significantly so. This is in contrast to
Freed’s assumption that correlation can be neglected for classical
rotation and inversion processes,35 but in agreement with
similarly large correlation effects predicted earlier by Nyula´szi
for phosphole.9 Correlation effects are slightly more pronounced
for the heavier elements and their contribution to the inversion
barrier is particularly large for the ring system. We find the
overall trend in correlation contributions to be∆CEa(HMC4H4)
> ∆CEa(HM(C2H3)2) >∆CEa(HM(C2H5)2) > ∆CEa(MH3).3 It is
well-known that Hartree-Fock calculations give only an
incomplete description of aromatic stabilization. Because the
ring systems exhibit significant aromatic character in their planar
transition state their inversion barrier is most reduced by
correlation effects. Similarly, the divinyl compounds experience
a stronger stabilization than the diethyl counterparts due to
conjugation in the planar transition state.

Relation to HOMO-LUMO Energy Differences. For a
classical inversion process of pyramidal MX3 molecules, the
distortion from the ideal high symmetry state ofD3h symmetry
to C3V can be understood as a second-order Jahn-Teller (SOJT)
distortion. The minimum energy inversion pathq is of C3V
symmetry and can be used to model the inversion process. The
strength of the SOJT distortion is often discussed in terms of
the HOMO-LUMO gap of the appropriate symmetries. To
illustrate this we apply a one-dimensional Taylor expansion

TABLE 5: Energy Differences ∆E in kJ mol -1 of the Three
Rotamers for the Inversion Transition State of HM(C2H3)2
(M ) N, P, As, Sb, and Bi)

method antiC2V synC2V Cs

N MP2 8.9 0 4.0
B3LYP 12.2 0 5.2

P MP2 0.0 6.1 5.0
B3LYP 0.0 3.5 3.3

As MP2 0.0 4.7 4.1
B3LYP 0.0 2.1 2.3

Sb MP2 0.0 3.4 3.0
B3LYP 0.0 1.8 1.7

Bi MP2 0.0 0.4 2.2
B3LYP 0.0 0.8 0.9

TABLE 6: Calculated Inversions Barriers ∆Ea in kJ mol-1

for HMC 4H4, HM(C 2H3)2, and HM(C2H5)2 (M ) N, P, As,
Sb, and Bi)

HF MP2 B3LYP

HMC4H4

N 0.0 0.0 0.0
P 106.2 60.4 76.2
As 158.2 110.8 127.8
Sb 210.7 154.6 169.9
Bi 280.9 218.7 225.9

HM(C2H3)2

N 0.0 0.0 0.0
P 146.6 119.6 106.4
As 187.9 162.6 155.9
Sb 223.3 194.5 187.9
Bi 292.5 255.8 242.4

HM(C2H5)2

N 21.9 22.2 18.0
P 166.5 148.4 144.5
As 192.4 181.9 180.8
Sb 209.2 195.2 193.6
Bi 266.6 253.1 240.5

∆Ea ) a{e-b(360°-(RCXC′+RCXH+RC′XH) - 1} (2)

Figure 6. MP2 inversion barriers∆Ea against the angleâ ) 360° -
ΣR as defined in eq 1 for MH3, HMC4H4, HM(C2H3)2, and HM(C2H5)2

(M ) N, P, As, Sb, and Bi).
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around the high symmetry point and use perturbation theory
up to second order4

with the excited stateψn, the ground stateψ0, and the
corresponding energiesEn andE0 at the chosen high symmetry
point (planar C2MH arrangement). The second term describes
the first-order Jahn-Teller (FOJT) term (if nonzero the system
must distort) and the last term in eq 3 gives the SOJT term.
The denominatorEn-E0 in the last term can be approximated
by the corresponding orbital energy differences according to

Koopmans’ theorem,∆ε ) εn - ε0, for all 〈ψn|∂H/∂q|ψ0〉 * 0,
which in most cases is related to the HOMO-LUMO gap. The
smaller the HOMO-LUMO gap, the larger the distortion and
therefore the inversion barriers. This correlation is shown in
Figure 7, based on theHartree-Fock orbital energies. The
inversion barriers∆Ea decreases from bismuth to nitrogen with
increasing HOMO-LUMO gap for all classes of compounds.
The similar character of frontier orbitals in MH3 and the HM-
(C4H4) systems is depicted in the orbital plot in Figure 8 for
the HOMOs of PH3 and phosphole. The HOMO changes from
a pure p-orbital for theD3h structure of PH3 into a sp3-orbital
for the minimumC3V structure and we observe a similar change
for phosphole.

Nonplanar Pyrrole DeriVatiVes? The inversion barriers in
Group 15 compounds of the form MX3 increases with the
electronegativity of the ligands X for a classical inversion, i.e.,
an inversion following along aC3V path via aD3h structure.4

This concept can be generalized for other pnicogen compounds.
So are phosphole derivatives, bearing the very electropositive
-BH2 group predicted to have almost no inversion barrier.9,10

The question therefore arises if the introduction of electro-
negative ligands can lead to a nonplanar minimum structure
for pyrrole, as predicted before forp-pyridone.36 We therefore
studied the tetrafluorinated cyclic compounds HM(C4F4) to-
gether with perfluorinated pyrrole at the B3LYP level. The
structures are shown in Figure 9 and relevant data are collected
in Table 7.

For tetrafluoropyrrole a nonplanar minimum structure is
indeed obtained, but the inversion barrier is very small and lies
with only 0.5 kJ mol-1 outside the accuracy of our calculations.
Fluorine substitution at the carbon atoms reduces the aromatic
character of the ring sufficiently to cause a distortion fromC2V
to Cs. The Julg index decreases from 0.940 for pyrrole to 0.883

Figure 7. Inversions barriers∆Ea versus the HOMO-LUMO gaps
∆ε.

Figure 8. HOMOs of PH3 (A) and (B) and phosphole (C) and (D) in the planar (A) and (C) and minimum nonplanar arrangement (B) and (D).
The phosphorus atom in phosphole is on the right-hand side of the ring structure. Also seen is the C2dC2′ π-orbital on the left-hand side of the
ring structure.

E(q) ) E0 + 〈ψ0|∂H/∂q|ψ0〉q +

{1

2
〈ψ0|∂2H/∂q2|ψ0〉 - ∑

n

|〈ψn|∂H/∂q|ψ0〉|2

En - E0
}q2+ ... (3)
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for the planar structure of tetrafluoropyrrole. However, it is
doubtful that this nonplanar structure could be observed in either
solution or the gas phase, for example by electron gas diffraction
since the system will most likely adopt a dynamic structure.
For the other cyclic pnicogen compounds fluorination of the
carbon atoms leads to a substantial increase in the inversion
barrier between 50 and 70 kJ mol-1 (Table 7). A fifth fluorine
substituent on the nitrogen increases the inversion barrier
significantly and we calculate a value of 25.5 kJ mol-1 for
perfluoropyrrole. Note however, that fluorine substitution at the
nitrogen atom alone is not sufficient to break the planarity of
the ring system. Our calculations predict aC2V minimum for
1-N-fluoropyrrole (see Table 7). The inversion barrier for
perfluoropyrrole is comparable to that of ammonia but the large
masses of the carbon atoms around nitrogen should prohibit
any tunneling effects of perfluoropyrrole at low temperatures.
Therefore, the nonplanar minimum structure should be observ-
able by spectroscopic methods, and it would be interesting to
synthesize this compound.

4. Conclusion

The study of the Group 15 analogues of pyrrole, compounds
HMC4H4, HM(C2H3)2, and HM(C2H5)2 (M ) N, P, As, Sb, and
Bi), shows that inversion barriers increase from N to Bi and
from the ring system to the vinyl and finally the alkyl
derivatives. This increase in the inversion barrier nicely cor-
relates with a decrease in the HOMO-LUMO gap as expected
from a second-order Jahn-Teller distortion in a classical
inversion process.π-conjugation in the minimum decreases with
increasing nuclear charge of the heteroatom and from the cyclic

to the diethyl compounds. Only pyrrole and divinylamine exhibit
a planar geometry about the heteroatom. However, nonplanar
pyrrole derivatives can be obtained by fluorination of the ring
system, or even better by fluorination of all five atoms in the
heterocycle. Deviation from planarity in pyrrole derivatives has
not been yet observed and the synthesis of perfluoropyrrole is
therefore of interest.
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