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Configurational and Conformational Properties of
1,3,7,9-Tetraphospha-Cyclododeca-1,2,7,8-tetraene:
An Ab Initio Study and NBO Analysis

Davood Nori-Shargh,!'> Maryam Malek Hosseini,!
and Tina Ohaninan!

IChemistry Department, Arak Branch, Islamic Azad University,
Arak, Iran

2Chemistry Department, Science, and Research Campus,
Islamic Azad University, Hesarak, Poonak, Tehran, Iran

An investigation employing the ab initio molecular orbital (MO) and density func-
tional theory (DFT) methods to calculate structural optimization and conforma-
tional interconversion pathways for the two diastereoisomeric forms, (+) and meso
configurations of 1,3,7,9-tetraphospha-cyclododeca-1,2,7,8-tetraene (1) was under-
taken. Two axial symmetrical conformations are found for (+)-1 configuration. (+)-
1-TB axial symmetrical form is found to be about 0.35 and 0.99 kcal mol~! more
stable than (+)-1-Crown axial symmetrical conformation, as calculated by HF/6-
31G*//HF/6-31G* and B3LYP/6-31G*// HF / 6-31G* levels of theory, respectively.
The unsymmetrical meso-1-TBCC form is found to be the most stable geometry,
among the various conformations of meso-1 configuration. HF/6-31G*//HF/6-
31G* and B3LYP/6-31G*// HF | 6-31G* results showed that between the two most
stable conformations of () and meso configurations, (+)-1-TB is more stable than
meso-1-TBCC by about 3.35 and 2.43 kcal mol~?, respectively. In addition, MP2/6-
31G* and B3LYP/6-3114+G** results showed that the (+)-1-TB form is about 1.10
and 2.36 keal mol~! more stable than the meso-1-TBCC form. Further, NBO results
revealed that in the most stable form of meso configuration (meso-1-TBCC), the sum
of the * allenic antibonding orbital occupancies (Emyeypancy) 1S greater than dl con-
figuration ((£)-1-TB). Also, NBO results indicated that in the (+)-1-TB conformer,
the sum of o and m allenic moieties bonding orbital deviations (X0 g+ Zgey) from
their normal values, is lower than in the meso-1-TBCC form.

Keywords Ab initio; conformational analysis; cyclic phosphadiimide; DFT; molecular
modeling; NBO analysis
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INTRODUCTION

Cyclic phosphadiimides possess two torsional constraints, but there
is an unusual strain where the constrained bonds are adjacent to
one another with perpendicular geometries. Monocyclic medium-rings
containing two phosphadiimides (P=C=P) moieties are strained com-
pounds, the detailed structural and dynamic features of which are
largely unexplored.’? Ring constraints bend and twist the normally
linear perpendicular cumulene-type bonds and engender substantial
strain and resultant kinetic reactivity.? It seems these compounds such
as those parent hydrocarbons*~7 possess two chiral centers and should
exist in two diastereoisomeric forms, one diasereisomer being racemic
and the other a meso compound.

Recently, we reported ab initio calculations and NBO for the
configurational and conformational properties of Cyclododeca-1,2,7,8-
tetraene.® We now report a detailed ab initio MO, DFT calculations,
and NBO analysis on the conformational and configurational features
of meso-and (+)-isomers of 1,3,7,9-tetraphospha-cyclododeca-1,2,7,8-
tetraene (1) (see Scheme 1).

In this work, we have investigated computationally the structural,
conformational properties of compound 1, by both ab initio MO and
DFT methods, using the GAUSSIAN 98 package of programs.®~12 In
addition, the cumulative bonds nature (population and bonding orbital
deviation) and the stability of various conformations of (+) and meso
configurations of compound 1, was systematically and quantitatively
correlated using NBO analysis.!*1°

In view of the limited information concerning the phosphadiimide
cumulative bonds, it is possible to learn something about it by using

QN N
2,
P 11 9P P P

2 8
R, 3 P R, P
meso-1 ()1

[Numbering used for meso and (£) configurations of compound 1]
SCHEME 1
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theoretical methods that have proved to be reliable in other applica-
tions. Effectively, the successful application of density functional theory
(DFT) based methods broadened the applicability of the computational
methods and now represents an interesting approach for determining
activation barrier and molecular energies.!%11:13 Also, the BSLYP func-
tional method combines Becke’s three-parameter exchange function
with the correlation function of Lee et al.}0:1!

Computational Details

In this work, the potential energy diagram of conformational properties
of (£) and meso-configurations of compound 1 were investigated using
HF/6-31G*//HF/6-31G ab initio molecular orbital (MO) and B3LYP/6-
31G*//HF/6-31G* density functional theory (DFT) methods. These cal-
culations were performed using GAUSSIAN 98 package of programs'®
implemented on a Pentium—PC computer with 1.7 GHz processor.

More time consuming MP2/6-31G* and B3LYP/6-3114+G** levels of
theory were also used to optimize the structures and minimize the
energies of (+)-1-TB, meso-1-TBCC, meso-1-TBBC, meso-1-TCCC and
meso-1-TBCB geometries, in order to compare them with the HF/6-31G*
results.

Initial estimation of structural geometries of (+) and meso-
configurations of compound 1, was obtained by PCMODEL (88.0)%°
molecular mechanic program. PM3 method of MOPAC 7.0 computer
program was used?-?2 for further geometry optimizations. GAUSSIAN
98 program was finally used to perform ab initio calculations at the
HF/6-31G* level of theory for geometry optimization. Energy mini-
mum molecular geometries were located by minimizing energy, with
respect to all geometrical coordinates without imposing any symmet-
rical constraints. The nature of the stationary points has been fixed
by means of the number of imaginary frequencies. For minimum state
structures, only real frequency values, and in the transition-state, only
single imaginary frequency value was accepted.?®2* The structures of
the molecular transition state geometries were located using the opti-
mized geometries of the equilibrium molecular structures according to
the Dewar et al procedure (keyword SADDLE).?> The transition state
geometry structures were obtained by QST2 or QST3 subroutines at
the HF/6-31G* level. The vibrational frequencies of ground states and
transition states were calculated by FREQ subroutine. Finally, based
on the HF/6-31G* optimized geometries, NBO analysis was performed
by the NBO 3.1 program,'® included in GAUSSIAN 98 package of
programs.
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RESULTS AND DISCUSSION

Corrected zero point (ZPE°) and total electronic (E,;) energies (E, =
E,+ZPE°) for important conformations of meso and dl configurations
of compound 1, as calculated by the ab initio molecular orbital (HF/6-
31G*//HF/6-31G*) and density functional theory (B3LYP/6-31G*//HF/6-
31G*) methods, are used to compare these forms (see Figures 1 and 2).
In addition, in order to evaluate the quality of the HF/6-31G*//HF/6-
31G* and B3LYP/6-31G*//HF/6-31G* results, higher MP2/6-31G* and
B3LYP/6-311+G** levels of theory were also used for energy minimiza-
tion of the more stable conformations of (+) and meso configurations of
compound 1 (namely: (+)-1-TB, meso-1-TBCC, meso-1-TBBC, meso-1-
TCCC and meso-1-TBCB), (see Table I).

The 7 bonding and n* antibonding orbital occupancies and also the
deviations of ¢ and 7 bonding orbitals of phophadiimide moieties in
the most stable conformations of (£)-1 and meso-1 configurations of
compound 1, were calculated using NBO analysis.

The energy surfaces for the interconversion of the energy-minimum
conformations of (£)-1 and meso-1, were obtained by changing different
torsional angles, as shown in Figures 1 and 2.

Three ground state geometries were found to be necessary for a de-
scription of the conformational properties of (4)-1,3,7,9-tetraphospha-
cyclododeca-1,2,7,8-tetraene (1). Also, there are two distinct transition
states (excluding the mirror images), which are required to describe
the dynamic conformational properties of (+)-1. The most stable con-
formation of (£)-1 is found to be an axial symmetrical twist-boat ge-
ometry (Figure 1). The calculated energy for the second lowest energy-
minimum conformation, viz. twist (C;) is 1.16 and 0.97 kcal mol!, as
calculated by HF/6-31G*//HF/6-31G* and B3LYP/6-31G*//HF//6-31G*
levels of theory, respectively. The structure of the transition state
(TS) is obtained from QST3 subroutine using the optimized geome-
tries of (£)-1-Twist-Boat and (+)-1-Twist conformations. The calcu-
lated energy barrier for interconversion of these two forms is 11.58 and
9.97 kcal mol!, as calculated by HF/6-31G*//HF/6-31G* and B3LYP/6-
31G*//HF//6-31G* levels of theory, respectively.

Third lowest energy-minimum structure of (+)-1,3,7,9-
tetraphospha-cyclododeca-1,2,7,8-tetraene (1) is the axial symmetrical
crown form, (&£)-1-crown, having nonintersecting Cy symmetry el-
ement. The (£)-1-crown conformation is found to be less stable
than the (£)-1-T conformer by about 0.99 and 0.35 kcal mol!, as
calculated by HF/6-31G*//HF/6-31G* and B3LYP/6-31G*//HF//6-31G*
levels of theory, respectively (Figure 1). The calculated energy barrier
for interconversion of (+)-1-Twist and (+)-1-Crown forms is 8.56
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and 6.99 kcal mol', as calculated by HF/6-31G*//HF/6-31G* and
B3LYP/6-31G*//HF//6-31G* levels of theory, respectively.

The unsymmetrical TBCC conformation is the most stable form of
meso-1 configuration (Figure 2). Conformational racemization of meso-
1-TBCC form can take place via the plane symmetrical BCC geom-
etry, and requires an energy about 5.35 kcal mol!, as calculated by
B3LYP/6-31G*//HF/6-31G* method. Also, conformational interconver-
sion barrier height between meso-1-TBCC and meso-1-TBBC forms is
8.64 kcal mol?, as calculated by BSLYP/6-31G*//HF/6-31G* method. On
the other hand, themeso-1-TBCC racemization could take place via an-
other plane symmetrical BCB conformation. For this purpose, meso-1-
TBBC conformation should, first, be converted to meso-1-TBCB confor-
mation, via a minimum geometry, namely meso-1-TBBB conformation.
The racemization process could be completed, if the meso-1-TBCB con-
formation could be converted to its mirror image (e.g., meso-1-TBCB’),
via the plane symmetrical BCB conformation (Figure 2).

Based on the obtained energy profile (Figure 2), the required energy
for the racemization process via the plane symmetrical BCC form is
found to be less than BCB conformation.

The use of higher level but more time consuming MP2/6-31G* and
B3LYP/6-311+G** methods, have also confirmed, quantitatively, the
results obtained by HF/6-31G*//HF/6-31G* and B3LYP/6-31G*//HF/6-
31G* methods concerning the energy difference between the most stable
forms of (+) and meso configurations of compound 1 [(+)-1-TB and meso-
1-TBCC conformations, respectively].

Accordingly, MP2/6-31G* and B3LYP/6-311+G** results showed, re-
spectively, that the (4)-1-TB form is about 1.10 and 2.36 kcal mol® more
stable than the meso-1-TBBC form. These results are in agreement with
those obtained by HF/6-31G*//HF/6-31G* and B3LYP/6-31G*//HF/6-
31G* levels of theory (see Table I).

Based on the energetic results, it could be concluded that, all the
various conformations of meso and (+) configurations of compound 1,
could be significantly populated at room temperature.

As the geometrical strain on the phosohadiimide moieties are ex-
pected to have an impact on the bonding nature in the (£)-1-TB and
meso-1-TBCC forms, therefore, NBO analysis was also used to inves-
tigate this aspect. Accordingly, NBO analysis was used to investigate
the 7 and 7* bonding and antibonding orbital occupancies and also the
deviations of o andz bonding orbitals of phosphadiimide moieties. Effec-
tively, NBO results revealed that the sum of the 7* allenic antibonding
orbital occupancies (X7 ), in the most stable form of meso config-

occupancy

uration, is greater than (4) configuration (see Table II). NBO results
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TABLE II NBO Calculated = Bonds Occupancies of Allenic
Moieties of Compound 1, Based on the HF/6-31G* Calculated
Geometries

Geometry 1-TB-(£) meso-1-TBCC
Occupancies

X Toceupancy 7.87052 7.87004
B occupancy 0.27692 0.28407
A(27'[0ccupancy - z:7'L'*occupan6y) 7.59360 7.58597

indicate also that the deviations of o andz bonding orbitals of allenic
moieties (Xogp+ X7Tgy) in the (+)-1-TB conformer, are less than in the
meso-1-TBBC form (see Table III).

Both, the lower occupancy of the antibonding n* orbitals and lower
deviations of o and 7 hybridized bonding orbitals, should increase the
strength of the o and 7 bonds, and should therefore have an impact on
the molecular stability. These facts could explain the relative stability
of (+£)-1-TB conformer, as compared to the meso-1-TBCC form.

Structural parameters for various conformations of (+)-1 and meso-1
configurations are calculated by HF/6-31G* level of theory. Although,
due to the nature of the various approximations involved in theoreti-
cal calculations, it is not expected, in principal, to obtain exactly the
experimental values;?” however, it is possible to carry out theoretical
calculations, from which many properties and structures can be ob-
tained with an accuracy that is competitive with experiments.?8—31

HF/6-31G* results showed that ¢4-3-1-12 torsion angles (¢
Csp3—P=C=P—Csp3) 1N (£)-1-TB and (£)-1-T conformers, are 93.2° and
98.3°, respectively. It is clear that, in phosphadiimide moieties, the
deviation of ¢csp3_p—c—p_csps torsion angle from the normal (91.0°
for Dimethylphosphadiimide) value would affect the relative stabil-
ity of these compounds due to the increase of torsional strain energy.

TABLE III NBO Calculated ¢ Bonds Deviation of
Cyclododeca-1,2,7,8-tetraene Ring, and = Bonds of Allenic
Moieties, Based on the HF/6-31G* Calculated Geometries

(+)-1-TB meso-1-TBCC
Deviations
X0 der 76.4 92.7
ST Dev 38.8 32.2

Y0 dev+ LT dev 115.2 124.9
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Therefore, the higher deviation of ¢csps_pP-c—p—csps torsion angles, from
the normal value in (£)-1-T as compared to (£)-1-TB conformer, would
explain the relative instability of the former conformer.

HF/6-31G* results showed that ¢4-3-1-12 and ¢g-7-9-10 torsion angles
in (£)-1-TB is 93.2° and for meso-1-TBCC form are 87.7 and 91.3°,
respectively. Therefore, based on the HF/6-31G* results, the deviation of
this torsion angle from its normal 91.0° value, in meso-1-TBCC form, is
more than in (£)-1-TB form. The increase of the 7* antibonding orbital
occupancies could also be regarded as a result of the increase of strain
due to the resulting deviation of the torsion angle from its normal value.
It is clear that the decrease of strain (e.g., lower deviation of structural
parameters from their normal values) should increase the molecular
structural stability. Consequently, the presence of lower strain in (+)-
1-TB form, explain fairly its more relative stability, as compared to
meso-1-TBBC conformation.

CONCLUSION

Ab initio MO, DFT calculations and NBO analysis provided a reason-
able picture from structural, energetic and bonding points of view
for the various conformations of two diastereoisomeric forms ((+)
and meso configurations) of 1,3,7,9-tetraphospha-cyclododeca-1,2,7,8-
tetraene (1). Effectively, the results showed mainly that:

® between the two axial symmetrical conformations, namely (+)-1-TB
and(+)-1-crown, the former is found to be the more stable form;

¢ among the various conformations of meso-1 configuration, the unsym-
metrical TBCC form was found also to be the most stable geometry;

¢ the conformational racemization of meso-1-TBCC can take place via
the plane symmetrical BCC geometry; and

¢ all the various conformations of meso and (+) configurations of com-
pound 1, could be significantly populated at room temperature.

In addition, NBO results revealed also that:

* the sum of the 7* allenic antibonding orbital occupancies (X7, qncy)
in the most stable form of meso configuration is greater than in (+)
configuration; and

¢ the deviations of ¢ and 7 bonding orbitals of allenic moieties
(X0gep+2X74ey), in the (£)-1-TB conformer, is lower than in the meso-

1-TBBC form.
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In summary, these facts could fairly explain the relative more sta-
bility of (+)-1-TB conformer compared to the meso-1-TBCC form.
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