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The bonding structures of tetrahedrane, phosphatetrahedrane, diphosphatetrahedrane and
triphosphatetrahedrane are studied by employing an intrinsic quasi-atomic orbital analysis. Ethane,
cyclopropane and tetrahedral P, are employed as reference systems. The orbital analysis is paired with
the computation of strain energies via isodesmic reactions. The results show that the increase in
geometric strain upon transition from ethane to cyclopropane to tetrahedrane weakens the CC bonds,
despite leading to shorter C-C interatomic distances. With the increase in strain, the orbitals centered
on C and involved in the bonding of the cage structure are observed to have elevated p-character, and
the orbital structure of C deviates from sp® hybridization. The systematic substitution of CH groups by
P atoms in the cage structure of tetrahedrane leads to stronger CC bonds, larger angles in the cage
structures of the resulting phosphatetrahedranes, lower p-character in the orbitals involved in the
bonding of the cages, and lower strain energies. It is found that P is more amenable to strained
molecular arrangements than is C, and that the propensity of a given atom to hybridize s and
p functions, or the lack thereof, has implications in the stability of molecules with strained geometries.

The combination of the calculations presented here with the existing literature provides insight into the
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DOI: 10.1039/d3cp03619g apparent propensity of tetrahedrane and P4 to ‘break’ their tetrahedral structures. Trends in the bonding
interactions, such as bond strengths, s- and p-orbital characters and charge transfer are identified and

rsc.li/pccp related to the strain energy observed in each of the analyzed systems.

1. Introduction

Strained molecules such as cyclopropane and tetrahedrane
have been of great interest due to their unstable nature, unusual
bonding, and challenging, frequently elusive, experimental beha-
vior. Theoretical studies have been conducted to evaluate proper-
ties derived from the electronic structure of such systems, notably
equilibrium geometries, vibrational frequencies, and strain
energies.* Tetrahedrane has been the subject of several theore-
tical studies,>® but has not yet been isolated experimentally. Other
analog systems with tetrahedral structures, like P,, Si;H, and N,
have also been studied with computational methods.”™* Interest
in tetrahedrane arises from its unusual molecular geometry, in
which the CCC angles are all much smaller than the approximately
tetrahedral angles found in most organic molecules, and because
of its potential applications as energetic materials, such as explo-
sives, propellants, and pyrotechnics,'”™” as well as the new insight
it could provide into the nature of unconventional organic
structures.
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Previous reports on the bonding in tetrahedrane have noted
that the CC bond path length, defined by the path of Maximum
Electron Density (MED) between two atoms, is longer than the
C-C internuclear distance.'”*® That is, the bonds in tetra-
hedrane have been observed to bend away from the center of
the molecule. Theoretical studies have identified bent bonds as
a common trait of strained molecules,"® > and crystallographic
studies have shown experimental evidence of bent bonds
in small-ring systems.>»** Bending has also been related to a
weakening of the CC bonds in strained molecules.'®*" The
work of Coulson and Moffit*® showed that molecular geo-
metries with small angles lead to orbitals with elevated p-type
character, and a recent study reported this observation for
tetrahedrane."® In general, the common traits in the bonding
of strained molecules®*?®*° can be presumed to apply to
tetrahedrane, as will be discussed in Sections 4.2.2 and 4.2.3.

The first bulky group-substituted derivative of tetrahedrane,
tetra-tert-butyltetrahedrane, was reported in 1978 by Maier and
collaborators,>® and other substituted analogs have since been
reported.’**® The synthesis reported by Maier and collaborators
was carried out employing tetra-tert-butylcyclopentadienone as a
precursor.”>*® In 2019, Hierlmeier and collaborators reported the
synthesis of the di-phosphorous analog of tetra-tert-butyltetra-
hedrane, di-tert-butyldiphosphatetrahedrane, in which two carbon
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atoms and the attached tert-butyl groups have been replaced by
P atoms. This synthesis was done through dimerization of a
tert-butyl-substituted phosphaalkyne ({BuCP) employing various
nickel tricarbonyl complexes as catalysts.*® Later, in 2020, Riu and
collaborators reported the synthesis of the mono-phosphorous
analog of tetra-tert-butyltetrahedrane (Tri-tert-butylphosphatetra-
hedrane),*" in which a carbon atom and the attached tert-butyl
substituent have been replaced by a single phosphorous atom.
The synthesis of tri-tert-butylphosphatetrahedrane, P(C'Bu);, was
carried out employing a P-containing anthracene derivative and
the tri-tert-bytulcyclopropenium ion under an inert atmosphere of
purified N,. More recently, in 2021, Riu and coauthors reported
the synthesis of triphosphatetrahedrane (P;CH) employing chloro-
form and an anionic niobium triphosphatetrahedrane complex,
which contained an all-phosphorous triangle in its structure.*?
The tendency of the phosphorous-substituted tetrahedrane deri-
vatives to polymerize has been noted: tri-tert-butylphospha-
tetrahedrane was observed to undergo dimerization in the
presence of Lewis acids,”® di-tert-butyldiphosphatetrahedrane
was reported to dimerize above its melting point of —32 °C,*°
and the isolation of triphosphatetrahedrane was not achieved due
to its instability and apparent tendency to undergo thermally-
driven polymerization.*”

As mentioned in ref. 31, the white phosphorous molecule
(P,) has a tetrahedral structure analogous to tetrahedrane,
which suggests that a P atom could replace a CR group in
tetrahedrane. Theoretical studies on the P, molecule predict
that it is a very slightly strained system,' accounting for its
structural stability, and previous computational studies have
shown that the substitution of a C atom by a P atom can relieve
strain in cyclic molecules.*"*? In ref. 21 Boatz and Gordon used
homodesmic reactions to compute strain energies for cyclopro-
pane and phosphirane (phosphacyclopropane) at the restricted
Hartree-Fock (RHF) and second order perturbation (MP2)
levels of theory. Their results showed that the strain energy
was 4.4 (RHF) and 8.2 (MP2) kcal mol ' lower in phosphirane
than in cyclopropane. The cyclopropane strain energies were
calculated to be 28.8 (RHF) and 30.2 (MP2) kcal mol*,
respectively.

A recent study by Schaefer and collaborators® investigated
the strain energy and bonding structures of phosphatetra-
hedrane and other pnictogen-substituted tetrahedranes, in
terms of Natural Bond Orbitals (NBOs).>* Their results sug-
gested that the substitution of a CH group in tetrahedrane by
increasingly heavier atoms of the pnictogen group has the
effect of successively lowering the strain energy of the resulting
structures and increasing the partial negative charge on the C
atoms. Their analysis of the bonding structures found elevated
p-orbital contributions to the NBOs involved in pnictogen—
carbon bonds, in line with the findings of the previous report
by Riu and collaborators on the bonding of tri-tert-butyl-
phosphatetrahedrane.>® The work of Riu and collaborators
analyzed the electron density of tri-tert-butylphosphatetrahedrane
computed at the B3LYP-D3/6-31G(d,p) level of theory.>" Their
results showed that the C-P MED bond paths deviated from
the C-P interatomic axis, in line with the observations for
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tetrahedrane and other strained molecules discussed above.
Riu, Ye and Cummins analyzed the effect of the substitution
of CH groups by P atoms in tetrahedrane on the strain energy of
the resulting structures®” and predicted that the introduction of
P atoms into the tetrahedral structures has the effect of lowering
the strain energy of the resulting molecules.

The recent experimental and theoretical studies discussed
above indicate a growing interest in the P-substituted analogs
of tetrahedrane. However, to the best of the authors’ knowl-
edge, no direct comparison of the bonding structures of these
molecules and tetrahedrane has been reported to date. There-
fore, a systematic comparison between the parent hydrocarbon
molecules and their phosphorus analogs phosphatetrahedrane,
diphosphatetrahedrane, and triphosphatetrahedrane is of
interest. The present work provides such a study of the parent
molecule tetrahedrane (td) and the recently reported phospha-
tetrahedrane (ptd), diphosphatetrahedrane (p2td) and triphos-
phatetrahedrane (p3td), to analyze and compare their structures,
ring strain, and bonding motifs. Conventional systems such as
ethane, cyclopropane and P, are used as reference molecules.
The current analysis combines strain energy predictions based
on isodesmic reactions®® with a comparative analysis of the
bonding in both strained and unstrained molecules using a
unique approach that was developed by Ruedenberg and
co-workers.***

In isodesmic reactions®® a strained molecule is transformed
to an unstrained analog in such a way that all bond types are
conserved from reactants to products. Isodesmic reactions have
been employed to predict strain energies for cyclopropane, its
derivatives, inorganic three-membered rings,****¢ as well as
for tetrahedrane."” On the other hand, isodesmic reactions
have been employed to investigate the unusual stability in
delocalized cyclic systems*®>° such as benzene. In the present
work, isodesmic reactions are used to evaluate the relative ring
strain in cyclopropane, td, ptd, p2td, p3td, and P,.

In addition to the analysis of ring strain in these five
molecules, an important goal of the present study is to analyze
the nature of the bonding in td, ptd, p2td, and p3td. This is
achieved by employing the quasi-atomic orbital (QUAO) analy-
sis developed by Ruedenberg and co-workers®*®™* to assess the
bonding interactions in all systems. An important aspect of the
QUAO analysis is that it is based on the actual molecular wave
function and does not employ inherently biased information
based on “mathematical expedience”. Moreover, as noted in
ref. 38, quasi-atomic orbitals are the ab initio counterparts
of the early qualitative concept of “hybridized atomic bond
orbitals”. The QUAO analysis can elucidate the nature of
the bonding in a molecule in a way that is consistent with
the chemical intuition of the reader. In the present study, the
QUAO analysis is employed to understand the fundamental
aspects of bonding in td, ptd, p2td and p3td.

The most relevant aspects of the theory of the quasi-atomic
orbital analysis and isodesmic reactions are outlined in Section 2.
The computational details of the present work are provided in
Section 3. In Section 4 the nature of the bonding in ethane,
cyclopropane, td, ptd, p2td, p3td and P, is analyzed in terms of
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QUAO:s. The bonding analysis is combined with the assessment of
strain energies using isodesmic reactions. It is demonstrated in
Section 4 how the QUAO analysis is able to provide insightful
interpretations of the computed strain energies. Finally, the
conclusions of the present study are given in Section 5.

2. Methods

In this section, the basic concepts and components of the
QUAO analysis, available in the GAMESS electronic structure
program,”’* are briefly summarized, as well as the basics of
isodesmic reactions. The QUAO analysis has been presented in
detail in ref. 37, 38, 41, 54-57, and isodesmic reactions have

been applied to many molecular species.

2.1 Oriented quasi atomic orbitals

For all molecules in the present study, the QUAO analysis has
been applied to the RHF-SCF wave functions. QUAOs can be
thought of as minimal basis set orbitals, deformed from the
respective free atoms due to the bonding structure in the
molecule. The QUAOs are embedded in the actual molecular
wave function. A series of singular value decompositions of the
overlap matrix between the molecular orbitals and a highly
accurate atomic minimal basis set (AAMBS) allow for the
extraction of the QUAQs.?”38>8

The QUAOs are ‘“adapted” to the chemical environment of
the molecule (i.e. “oriented”) by minimizing the number of
interatomic first order density matrix elements with large
absolute values.” In this way, these “oriented QUAOs” capture
the essence of covalent bonding in a system.*® Throughout the
present work, the terms QUAO and oriented QUAO will be used
interchangeably. QUAOs can be thought of as the ab initio
counterpart of the early qualitative concept of hybrid orbitals.
The s- and p-characters of each QUAO are determined by
directly computing the s- and p-fractions of each QUAO.**

2.2 Kinetic bond orders

The first order density matrix p(1,2) is expressed in terms of the
QUAOSs as

p(1,2) => > " |Aa(1)passBb(2)] (1)

Aa Bb

In eqn (1) |Aa) represents the ath QUAO centered on atom A.
The diagonal elements ps, . Tepresent the electron popula-
tions of the QUAOs. The off-diagonal elements pa, s, are the
“bond orders” between QUAOs.***"*° Typically, positive bond
orders are associated with bonding interactions, while negative
bond orders correspond to antibonding ones. However, the
sign of a bond order depends on orbital phases, so bond order
signs are not definitive. Additionally, these bond orders do not
provide direct information regarding bond energies. Therefore,
Ruedenberg and co-workers defined kinetic bond orders
(KBOs),*” based on the interference kinetic energy, which is
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the fundamental origin of the covalent bond.*”~0:%3607¢2
Kinetic bond orders are defined as:

1
kA"lva =0.I'x pAuABb<Aa —EVZ

Bb) ©)

The energy lowering between orthogonalized QUAOSs, related to
electron sharing, are the essence of KBOs. Such KBOs are
energy quantities that have been demonstrated in several
applications to semi-quantitatively reflect relative bond ener-
gies in molecules and molecular clusters.>®#%43:3436:57:63,64 g
can think of the KBOs as energy-weighted bond orders. The
empirical factor of 0.1 was introduced to account for the fact
that the potential energy is not included in a KBO. It has been
found that the KBOs are negative in all cases in which bonding
interactions between QUAOs exist.>®*142

2.3 Isodesmic reactions

In an isodesmic reaction, the number of bonds of each formal
type (e.g. C-C single bond, C-C double bond, C-H bond) is
conserved from reactants to products.”> The advantage of
isodesmic reactions is that since each bond type is conserved,
relative errors in electron correlation from reactants to pro-
ducts are minimized.®*®” Consequently, even Hartree-Fock can
provide reasonable energy differences and second order per-
turbation theory is generally reliable. The following discussion
considers a specific type of isodesmic reaction in which the
reactant is a strained ring, and the product is an unstrained
analog, such that all bond types are conserved. Pople et al.
called such isodesmic reactions bond separation reactions.®®
Bond separation reactions have also been used to characterize
aromatic and anti-aromatic molecules.’®®®% The isodesmic
reactions for the molecules of interest here are shown in Fig. 1.

The reaction for cyclopropane (Fig. 1a) has been previously
employed by Hariharan and Pople,”® and has a reported reac-
tion energy of —26.2 kcal mol ' at the RHF/6-31G(d)//RHF/STO-
3G level of theory. The negative reaction energy is a measure of
the amount of strain in the parent ring compound. The
isodesmic reaction for td (Fig. 1b) has previously been used
by Glukhovstev and collaborators.*” Their results were obtained
with the G2 level of theory”* with a computed reaction energy of
—105.5 keal mol™* with zero point vibrational energy (ZPE)
corrections and —100.2 kcal mol ™!, without ZPE corrections.
The reactions for ptd (Fig. 1c), p2td (Fig. 1d), and p3td (Fig. 1e)
are designed to be as similar as possible to that in Fig. 1b. The
reaction for the P, molecule (Fig. 1f) was previously employed
by Schoeller and collaborators,'® using both the HF method,
and the coupled electron pair approximation’? (CEPA). Their
basis sets consisted of specially designed Gaussian lobe func-
tions. The computed reaction energies, excluding ZPE correc-
tions are —5.3, —3.2 (HF) and 14.4 (CEPA) kcal mol ", using two
different basis sets for the HF calculations and a double zeta
basis set for the CEPA calculations. The change from negative
(HF) to positive (CEPA) isodesmic reaction energies is attribu-
ted to the inclusion of electron correlation, which, according to
the authors, favors tighter, more stable ring structures.

This journal is © the Owner Societies 2023
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Fig. 1 Isodesmic reactions for (a) cyclopropane, (b) td, (c) ptd, (d) p2td, (e) p3td, and (f) Py.

3. Computational details

The geometries of all molecules described here were optimized
both at the RHF and MP2 levels of theory using the 6-31G(d)
basis set. Only singlet states were considered. Hessians were
computed at the respective geometries to ascertain their sta-
tionary point nature, as well as to compute the respective zero-
point energies. RHF zero-point energies have been scaled by
0.9135 in all cases, while MP2 zero-point energies have been
scaled by 0.9646.”° QUAOs were obtained from the RHF/
6-31G(d) wave functions of td, ptd, p2td, and p3td, calculated
at the RHF/6-31G(d) and MP2/6-31G(d) optimized geometries.
Only the results obtained at the RHF/6-31G(d) geometries are
reported since the RHF/6-31G(d)//MP2/6-31G(d) results were
essentially the same. Coupled cluster calculations within the
resolution of the identity approximation, RI-CCSD(T)”*/cc-pVTZ/
cc-pVTZ-RI, were then performed at the MP2/6-31G(d) geometries
to compute more accurate strain energies. Analogous calculations
were done for ethane, cyclopropane, and P,, which will be used
as reference systems. All calculations were performed using
the GAMESS software®'™>* and QUAOs were plotted using the
MacMolPIt”® visualization software.

4. Results and discussion
4.1 Geometries

The equilibrium structures of ethane, cyclopropane, td, ptd,
p2td, p3td and P, are displayed in Fig. 2a-g, respectively.

This journal is © the Owner Societies 2023

The RHF/6-31G(d) and MP2/6-31G(d) geometries are qualita-
tively similar, and thus only the RHF geometries are displayed
in Fig. 2. The geometric parameters of both the RHF and MP2
structures are listed in Table 1.

The geometries presented in Fig. 2 and Table 1 are all local
minima on the respective potential energy surfaces; both td and
P, have tetrahedral structures (T4 symmetry). Ptd and p3td have
a closed trigonal pyramidal geometry (Cs, symmetry), both with
the three equivalent atoms arranged in an equilateral triangle,
while p2td has C,, symmetry. The bond angles in the ptd cage
increase from 60° (C-C-C) in td to 66.6° (C-C-P) due to the
substitution of a C-H group by a P atom. This increase in the
angles centered about C is expected to relieve some strain in
the ring. The C-H bond distances remain almost the same in
ptd relative to td; however, the hydrogen atoms are pushed
further down from the C-C-C plane in ptd relative to td. This
is reflected in the similarity of the C-C-H angle in td and the
P-C-H angle in ptd. In p2td, the P-C-P angle is the largest
carbon-centered angle of any in the cages analyzed here (74.2°
at the RHF/6-31G(d) geometry). Nonetheless, the C-C-P angles
remain on the order of 66°. In p3td, the P-C-P angle is only
slightly smaller than that in p2td (73.5° at the RHF/6-31G(d)
geometry); however, all three C-centered angles in p3td are
73.5°. Thus, it can be initially deduced that p3td subjects C to
the lowest geometric strain of all the cages analyzed here,
because P can accommodate smaller angles. In general, the
larger angles between the bonds containing C in P-containing
cages can be thought of as a consequence of the longer C-P and

Phys. Chem. Chem. Phys., 2023, 25, 27276-27292 | 27279
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Fig. 2 Equilibrium structures of (a) ethane, (b) cyclopropane, (c) td, (d) ptd, (e) p2t, (f) p3td, and (g) P4, optimized at the RHF/6-31G(d) level of theory.
Carbon is shown in black, hydrogen is shown in white and phosphorous is shown in red.

Table 1 Calculated (RHF), experimental and previous computational results for the geometry parameters? of ethane, cyclopropane, td, ptd, p2td, p3td

and P4. The MP2/6-31G(d) parameters are shown in parentheses

C,Hg C3Hg C,H,
Parameter Calc. Expt.”® Theo.”” Calc. Expt.”® Theo.”® Calc. Expt.* Theo."
r(C—C) 1.527 (1.526) 1.524 1.526 1.497 (1.503) 1.501 1.502 1.463 (1.477) 1.485 1.467
(C-H) 1.086 (1.093) 1.089 1.091 1.076 (1.085) 1.083 1.078 1.063 (1.073) — 1.068
£ (C-C-C) 60 (60) — — 60 (60) — 60
£ (C-C-H) 111.2 (111.2) — 111.2 118.1 (118.1) — — 144.7 (144.7) — —
/ (H-C-H) 107.7 (107.7) 106.9 — 114.0 (114.2) — 114.8
PC,H, P,C,H, P,CH
Calc. Expt.*! Theo.* Calc. Expt.*° Theo® Calc Expt.*? Theo.*”

r(C-C 1.453 (1.460) 1.474 1.46 1.452 (1.450) 1.462 1.460
T'(C—H) 1.065 (1.076) — 1.073 1.067 (1.079) — — 1.069 (1.081) — 1.076
r(C—P) 1.826 (1.862) 1.845 1.838 1.814 (1.837) 1.820-1.836 1.846 1.814 (1.827) 1.788-1.841 1.831
r(P—P) 2.187 (2.245) 2.308 2.213 2.172 (2.213) — 2.211
L (C—C—C) 60 (60) — 60
L(C—C—H) 140.5 (141.1) — 140.8 137.0 (137.3) — —
£ (C-P-C)  46.9 (46.9) — 6.8 47.2 (46.5) 49.6-47.4 146.6
£(C-C-P)  66.6 (66.9) — 66.6 66.4 (66.8) 66.3-66.6 66.7
£ (P-C-H)  144.3 (143.0) — 143.9 139.7 (139.1)  — — 136.3 (135.6)  — 135.8
L (P-P-P) 60 (60) — 60
£ (P-P-C) 52.9 (52.3) 50.5-51.2 53.2 53.2 (52.7) — 52.8
£ (P-C-P) 74.2 (75.3) 78.3 73.6 73.5 (74.6) — 74.3

Py

Calc. Expt.”’ Theo.®
)‘(P*P) 2.174 (2.198) 2.2 2.218
L (P—P—P] 60 (60] — —

“ Bond distances are given in angstroms and angles are given in degrees.

P-P interatomic distances, relative to the C-C distances and the
observation that P can accommodate smaller angles than C.
Since neither the parent td nor ptd and p2td have been
isolated experimentally, the calculated geometric parameters
in Table 1 are compared with experimental data that were
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determined for analogous compounds that contain bulky
substituents, namely tetra-tert-butyltetrahedrane, tri-ter¢-butyl-
phosphatetrahedrane, and di-tert-butyldiphosphatetrahedrane.
For the latter, the experimental geometric parameters were obtained
from a silver complex in which di-tert-butyldiphosphatetrahedrane
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acts as a ligand. It was reported that single crystals suitable for
X-ray crystallography could not be grown.*® Similarly, there is
currently no experimental data about the isolated structure of
p3td. Thus, the data for a system in which P;CH is a ligand on
an Fe center is used for comparison.>> Note that, when acting as
ligands, the geometries of di-ter¢-butyldiphosphatetrahedrane
and triphosphatetrahedrane are observed to experience distor-
tions that lead to a loss of symmetry. Therefore, the ranges for
the reported interatomic distances are shown in Table 1.

Despite the differences between the model and experimental
systems, the agreement between the calculations and experi-
ment is reasonable. As one might expect, the MP2 bond
distances are in better agreement with experiment than those
obtained using HF. Theoretical bond lengths for ethane were
determined at the CCSD(T)/cc-pV5Z level of theory by Puzzarini
and Taylor.”” As shown in Table 1, the results obtained at both
the HF and MP2 levels of theory are in good agreement with the
previous geometry predictions. For cyclopropane, the calcu-
lated bond distances in the present work are in good agreement
with previous computational results reported by Gauss and
collaborators.”® Their results were obtained at the CCSD(T)/
cc-pVQZ level of theory. The values obtained at the MP2 level of
theory are closer to these results than those calculated at the HF
level of theory.

The calculated td bond distances presented here are also in
good agreement with the previous computational results
obtained at the M06-2X®'/def2-TZVPP level of theory."” Inter-
estingly, td has a shorter C-C distance than that of cyclopro-
pane, which is also shorter than the C-C distance in ethane.
It is possible to identify a pattern for shorter interatomic
distances as the molecular geometry becomes more strained.®>
It has been previously shown that in highly strained rings, the
bond path defined by the electron density does not necessarily
follow the atom-to-atom direct line path.>"*>®* Rather, bond
paths in highly strained rings like cyclopropane and td are
curved, and as has been previously shown by Bader and
collaborators,'® and by Boatz and Gordon.*' So, in molecules
like these, a shorter distance does not necessarily imply a
stronger bond. It may just indicate a more strained ring. The
bonding nature of td will be further discussed below employing
quasi-atomic orbitals.

The calculated ptd geometric parameters are in good agreement
with those that have been reported by Riu and collaborators,*' both
experimentally for the substituted derivative of ptd, and computa-
tionally for ptd itself. The geometry reported by Riu and collabora-
tors was obtained at the M06-2X*'/6-31G(d,p) level of theory. MP2 is
in very good agreement with the M06-2X%'/6-31G(d,p) results; MP2
also yields a C-C bond distance that is in closer agreement with
experiment than HF. Interestingly, the C-C bond distance in ptd is
even shorter than that of td, at both the HF and MP2 levels of
theory. For the P-C distance, the HF value is too low by about the
same amount as the MP2 distance is too long.

The theoretical geometry parameters shown in Table 1 were
reported by Hierlmeier®® and collaborators for the methyl-
substituted derivative of p2td, dimethyldiphosphatetrahedrane.
The reported geometry was obtained at the TPSS-D3B]J/def2-TZVP
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level of theory. As can be seen in Table 1, there is overall
reasonable agreement between the MP2 and the reported DFT
results. Perfect agreement is not expected since the DFT results
were obtained from a derivative of p2td. Relative to the experi-
mental data, the P-P interatomic distance appears to be too short
both at the RHF and MP2 levels of theory. However, this longer
experimental P-P interatomic distance may be a consequence of
di-tert-butyldiphosphatetrahedrane acting as a ligand.

For p3td, the calculated internuclear distances are in good
agreement with the B3LYP-D3(B]J)/6-311G(d,p) results reported
by Riu and collaborators.>® In this case, the MP2/6-31G(d)
results appear to be in better agreement than RHF with the
DFT results. As for the experimental data, both the RHF and
MP2 calculated C-P distances are within the range reported for
this interaction. Interestingly, the C-C interatomic distances
in p2td and p3td are even shorter than those for td or
cyclopropane. The strengths of these interactions will be
further discussed below in terms of quasi-atomic orbitals.

For P, the MP2 P-P internuclear distance is in good agree-
ment with the experimental gas phase value reported by
Cossairt and collaborators.”® The CCSD(T)/cc-pVTZ P-P dis-
tance reported by Persson and collaborators® is in excellent
agreement with the experimental value.

4.2 Quasi atomic orbitals, populations and bonding analysis

The QUAOs shown below are labeled according to their role in
the bonding of the molecule. QUAOSs are labeled as follows: the
atomic symbol of the atom on which the QUAO is centered
is listed first in a capital letter. If the orbital participates
in bonding, the atomic symbol of the complementary atom
(bonding partner) is listed second in lower case. Primes (') are
employed to differentiate between symmetrically equivalent
atoms of a same element in the molecule. The third component
indicates the type of bonding in which the QUAO participates
or if it is a lone pair. The symbols o, w, sl and pl indicate that
the orbital is a -bonding orbital, a n-bonding orbital, an s-type
lone pair or a p-type lone pair, respectively. For example, the
label Cc’c indicates a o QUAO located on a carbon atom and
oriented toward a different symmetrically equivalent C atom, c’.

The oriented QUAOs obtained for ethane, cyclopropane, td,
ptd, p2td, p3td and P, are displayed in Fig. 3-9 respectively. The
orbital labels and occupations are given below the respective
orbital, bond orders are shown in bold between the interacting
orbitals. KBOs (in kcal mol™") are given next to the respective
bond order. Only interactions with bond order magnitudes
greater than 0.50 and Kkinetic bond orders with magnitude
greater than 5.0 kcal mol " are shown (all other bond orders
are 0.20 or lower).

The s- and p-fractions of the QUAOs of the molecules of
interest in this work are summarized in Table 2. The BOs
and KBOs of all relevant bonding interactions for the seven
molecules are summarized in Table 3. Orbital populations are
presented in Table 4. The RHF QUAO analysis was applied to
the RHF/6-31G(d) and MP2/6-31G(d) geometries; the results
were essentially the same for the two geometries for every
molecule, thus only those for the RHF geometries are reported.
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Fig. 3 Oriented QUAOs of the C,Hg (ethane) RHF/6-31G(d) wave function at the RHF optimized geometry. Orbital labels are shown below the
corresponding orbital; orbital populations are displayed next to each label. The bond order is shown in bold between interacting orbitals. Kinetic bond
orders (in kcal mol™) are shown to the right of the respective bond order. Only symmetry unique QUAOs are shown. Two equivalent Cc’c orbitals are
shown for clarity.

C-C Interaction C-H Interaction
a 0.97 -38.8 0.98 -38.0
Cc'oc 0.99 C'co 0.99 Cho 1.14 Hco 0.87

Fig. 4 Oriented QUAOs of the CsHg (cyclopropane) RHF/6-31G(d) wave function at the RHF optimized geometry. Orbital labels are shown below the
corresponding orbital; orbital populations are displayed next to each label. The bond order is shown in bold between interacting orbitals. Kinetic bond
orders (in kcal mol™) are shown to the right of the respective bond order. Only symmetry unique QUAOs are shown. Two equivalent Cc’c orbitals are
shown for clarity.

C-H Interaction

0.97 - ol
o % F

Cho 1.20

C-C Interaction

’ 0.97 -37.8 ’

Cc'c 0.99 C'ca 0.99 Hco 0.83

Fig. 5 Oriented QUAOSs of the C4H4 (td) RHF/6-31G(d) wave function at the RHF optimized geometry. Orbital labels are shown below the corresponding
orbital; orbital populations are displayed next to each label. The bond order is shown in bold between interacting orbitals. Kinetic bond orders (in kcal
mol™?) are shown to the right of the respective bond order. Only symmetry unique QUAOs are shown. Two equivalent Cc’c orbitals are shown for clarity.

4.2.1. Ethane. The oriented QUAOs shown in Fig. 3 repre- orbitals have a population of 1.12, paired with a Hco orbital

sent the o-type bonding interaction between the two carbon
atoms in ethane, as well as the ¢ bonding between the carbon
and hydrogen atoms in the molecule. All relevant bonding
interactions at the RHF geometry are reported in Table 3.
Orbital s- and p-fractions are summarized in Table 2.

QUAO populations (Table 4) show that, as one would expect,
a small charge transfer occurs from H to C, in accordance with
the difference in electronegativity between C and H. The Cho

27282 | Phys. Chem. Chem. Phys., 2023, 25, 27276-27292

population of 0.88. The orbital population for the Cc’c orbitals
is exactly 1. As expected for a molecule like ethane, all orbitals
centered on C atoms have very similar s- and p-characters; the
s- and p-characters of the Cho orbitals are 0.2 and 0.8, respec-
tively, while the s- and p-characters of the Cc’c orbitals are 0.22
and 0.78. This shows that the orbital structure of C is homo-
geneous across all of its bonding interactions. As for the bond
orders and KBOs (Table 3), the CCo interaction has a bond order
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Fig. 6 RHF/6-31G(d) oriented PCsH3 (ptd) QUAOSs. Orbital labels are shown below the corresponding orbital; orbital populations are displayed next to
each label. The bond order is shown in bold between interacting orbitals. Kinetic bond orders (in kcal mol™?) are shown to the right of the respective bond
order. Only symmetry uniqgue QUAOs are shown. Two equivalent Cc’c orbitals are shown for clarity.

C-P Interaction C-C Interaction

0.99 -43.6

-27.9

Cc'oc 0.99 C'co 0.99

C-H Interaction
0.96 -39.2

Pco 0.88

P-P Interaction
0.98 -22.5

Pp'c 099 P'po 0.99 Chs 120  Hco 0.82

P Lone pair

&

Ps/ 1.99

Fig. 7 Oriented QUAOs of the P,CyH, (p2td) RHF/6-31G(d) wave function at the RHF optimized geometry. Orbital labels are shown below the
corresponding orbital; orbital populations are displayed next to each label. The bond order is shown in bold between interacting orbitals. Kinetic bond
orders (in kcal mol™) are shown to the right of the respective bond order. Only symmetry unique QUAOSs are shown. Two equivalent Pp’c and Cc’c
orbitals are shown for clarity.
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C-P Interaction
0.98 -30.11

Cpo 1.14

Pco 0.86
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0.98 -24.2

Pp'c 0.99 P'po 0.99

C-H Interaction
0.96 -38.6

Cho 1.21 Hco 0.82

P Lone pair
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Fig. 8 Oriented QUAOs of the PsCH (p3td) RHF/6-31G(d) wave function at the RHF optimized geometry. Orbital labels are shown below the
corresponding orbital; orbital populations are displayed next to each label. The bond order is shown in bold between interacting orbitals. Kinetic bond
orders (in kcal mol™) are shown to the right of the respective bond order. Two equivalent Pp’c orbitals are shown for clarity.

P-P Interaction
0.99 -26.1

Pp'c 1.00 P'po 1.00

P Lone pair

Ps/2.00

Fig. 9 Oriented QUAOSs of the P, RHF/6-31G(d) wave function at the RHF optimized geometry. Orbital labels are shown below the corresponding

orbital; orbital populations are displayed next to each label. The bond

order is shown in bold between interacting orbitals. Kinetic bond orders

(in kcal mol™) are shown to the right of the respective bond order. Two equivalent Pp’c orbitals are shown for clarity.

Table 2 s- and p-fractions of the oriented QUAOs of ethane, cyclopropane, td, ptd, p2td, p3td and P4, based on the RHF/6-31G(d)//RHF/6-31G(d) wave
function
C,H, C;H, C,H, PC;H; P,C,H, P,CH P,
Orbital S p s ) S p S ) S p S p S p
Cho 0.2 0.8 0.25 0.75 0.39 0.61 0.38 0.62 0.38 0.62 0.37 0.63
Hco 1.00 0 1.00 0 1.00 0 1.00 0 1.00 0 1.00 0
Cc'c 0.22 0.78 0.16 0.84 0.15 0.85 0.17 0.83 0.19 0.81
Pco 0.07 0.93 0.08 0.92 0.09 0.91
Cpo 0.13 0.87 0.15 0.85 0.17 0.83
Pp'c 0.05 0.95 0.06 0.94 0.07 0.93
Psl 0.70 0.30 0.70 0.30 0.70 0.30 0.71 0.29

of 0.99 and a KBO of —44.7 kcal mol ". For the CHc bonding
interaction, the BO is 0.98 and the KBO is —36.2 kcal mol .
As mentioned above, KBOs cannot be quantitatively translated
into bonding energies, however, the results obtained for ethane
provide a reference point for the KBOs of the CCc and CHo
interactions in the molecules discussed below.

4.2.2. Cyclopropane. The oriented QUAOs for cyclopro-
pane, shown in Fig. 4, represent the c-type bonding interaction

27284 | Phys. Chem. Chem. Phys., 2023, 25, 27276-27292

between two symmetrically equivalent carbon atoms in cyclo-
propane, as well as the o bonding between the carbon and
hydrogen atoms in the molecule. All relevant bonding inter-
actions at the RHF geometry are reported in Table 3. Orbital
s- and p-fractions are summarized in Table 2.

Orbital populations (Table 4) show that a slightly larger
charge transfer from H to C occurs in cyclopropane than in
ethane. The Cho and Hco orbital populations are 1.14, and
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Table 3 RHF/6-31G(d)//RHF/6-31G(d) bond orders (BO) and kinetic bond orders (KBO, kcal mol™) of ethane, cyclopropane, td, ptd, p2td, p3td and P4

CZHS CsHe C4H4
Bond BO KBO BO KBO KBO KBO
CHo 0.98 —36.2 0.98 —-38.0 0.97 —40.7
CCo 0.99 —44.7 0.97 —38.8 0.97 —-37.8
PC,H, P,C,H, P,CH
BO KBO BO KBO BO KBO
CHo 0.97 —39.9 0.96 —39.2 0.96 —38.6
CCo 0.97 —40.2 0.99 —43.6
CPo 0.96 —26.2 0.97 —27.9 0.98 —30.1
PPo 0.98 —22.5 0.98 —24.2
P,
BO KBO
PPoc 0.99 —26.1

Table 4 QUAO RHF/6-31G(d)//RHF/6-31G(d) electron populations of
ethane, cyclopropane, td, ptd, p2td, p3td and P4

Orbital C,H, C;H, C,H, PCsH,; P,C,H, P;CH P,
Cho 112 114 120  1.20 1.20 1.21

Hco 0.88 087 0.83 0.83 0.82 0.82

Cc'o 1.00 099  0.99  0.99 0.99

Pco 0.90 0.88 0.86

Cpo 1.09 1.11 1.14

Ppc 0.99 0.99 1.00
Psl 1.99 1.99 1.99 2.00

0.87, respectively. There is also a higher s-character in the Cho
orbital, 0.25 in cyclopropane vs. 0.2 in ethane. There is con-
comitantly also greater p-character in the cyclopropane Cc’'c
orbital. As discussed below, this behavior has been related to
strain in molecules. Qualitatively, in cyclopropane the Cc'c
orbitals do not display the cylindrical symmetry around the
interatomic axis that is observed for ethane. In fact, it can be
seen in Fig. 4 that the orbitals are “tilted”’, with lobes pointing
outwards from the center of the molecule. This is a conse-
quence of the small angles, and overall strain, in the molecule,
as pointed out by Coulson and Moffit.”® This “tilted” structure
can be related to the idea of a curved or bent bond'*?° in
cyclopropane.'®*

The CHo bonding interaction in cyclopropane has a KBO of
—38.0 kecal mol ™', indicating a 1.8 kcal mol " stronger bond
than that for the same interaction in ethane. The opposite is
true for the CCo bonding interaction, which has a KBO of
—38.8 keal mol™?, 5.9 kcal mol ! weaker than that for the same
interaction in ethane. This is consistent with the earlier com-
ment that despite having a shorter interatomic distance than in
ethane, the CCo bonding interaction is weaker in cyclopropane
than in ethane. The change from ethane to cyclopropane
strengthens the CHo bonding interactions, while weakening
the CCo ones.

4.2.3. Tetrahedrane. The oriented QUAOs shown in Fig. 5
represent the o-type bonding interaction between the carbon
and hydrogen atoms in the molecule, as well as the bent c-type

This journal is © the Owner Societies 2023

bonding interaction between every pair of carbon atoms in the
molecule. All relevant bonding interactions at the RHF geo-
metry are reported in Table 3. Orbital s- and p-characters are
summarized in Table 2.

The QUAO populations (Table 4) show that, as in ethane and
cyclopropane, a charge transfer occurs from H to C atoms.
However, the charge transfer is larger than in the aforemen-
tioned molecules; the Cho orbitals and Hco orbitals have
occupations of 1.20 and 0.83, respectively. Wiberg, Bader and
Lau (WBL) have shown that this electron density shift from H to
C increases as carbon is subjected to higher geometric strain.®*
It has been suggested that small carbon-centered angles in
molecular structures result in an increased p-character of the
Cc’c orbitals and thus an increase in the s-character of the Cho
2084 Ags shown in Table 2, the observations by WBL
apply to td, in which the Cc’c orbitals have a p-character of
0.85. The overall trend of the electron density shift from H to C,
as well as the elevated p-character in Cc’c orbitals is evident
upon transitioning from ethane to cyclopropane, to td. The
results also show that the higher the molecular strain, the
greater the difference in the s- and p-characters between Cc'c
and Cho orbitals. In fact, the higher the p-character in the Cc’c
orbitals, the higher the s-character in the Cho orbitals. These
results support the correlation between small bond angles and
the changes in s- and p-character in orbitals, as observed by
WBL. Despite the similarities in the s- and p-character of the
Cc’c orbitals in td and cyclopropane, there is a significant
difference in their Cho orbitals; the s-character of the Cho
orbitals is larger in td (0.39) than in cyclopropane (0.25).
Although the CCC bond angles in the two molecules are
similar, this significant difference in s-character might be
related to the fact that there is one more Cc’c orbital (which
tends to maximize p-character in strained rings) and therefore
one less Cho orbital (which tends to maximize s-character) in
td than in cyclopropane.

The CHo bonding interaction in td has a BO and KBO of
0.97 and —40.7 kcal mol ', respectively. For the CCc bonds
each carbon atom uses 3 orbitals labeled Cc¢’c, each oriented

orbitals.
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toward a different C atom. The spatial arrangement of these
orbitals is slightly bent away from the center of the molecule,
similar to the bending present in cyclopropane.’® Conse-
quently, internuclear distances do not correspond directly to
bond lengths, as noted earlier. Bader and collaborators have
reported that the ratio of the bond path length, defined by the
electron density, to the equilibrium interatomic distance is
larger than 1 in both cyclopropane and td, with td having the
larger ratio. This was also related by the authors to a weakening
of the CC bond."®

The CCo bond has a BO and KBO of 0.97 and
—37.8 keal mol ™", respectively. This KBO is the most positive
(weakest) for a CCo interaction among ethane, cyclopropane,
and td. Thus, strain in molecules weakens the structure of the
ring or cage, despite the shorter internuclear distances, in
agreement with the previous observations by Bader et al'®
and by Boatz and Gordon.>" The opposite is true for the CHo
bonds, which appear to become stronger as strain increases in
the molecule.

4.2.4. Phosphatetrahedrane. The oriented QUAOs in ptd
are depicted in Fig. 6. Only symmetry unique orbitals are
displayed. Two equivalent Cc’c orbitals that are interacting
with each other are shown for clarity. The illustrated orbitals
thus represent the PCo, CCo, and CHo interactions, as well as
the lone pair on the phosphorous atom.

The s- and p-characters of each orbital in ptd are shown in
Table 2. All relevant bonding interactions in the RHF geometry
are summarized in Table 3. Similar to td, the QUAO popula-
tions (Table 4) show that a charge transfer occurs from H to
C in ptd. Populations in the Cho and Hco orbitals are 1.20
and 0.83. The BO and KBO for the CHc bond are 0.97 and
—39.9 kecal mol ', respectively. The latter is less than
one kcal mol ™" weaker than the same interaction in td.

Carbon uses two Cc’c orbitals to bind to the other C atoms
in the structure. These orbitals have populations of 0.99,
reflecting the symmetric, nonpolar nature of the CCo bond in
this molecule. The BO and KBO for the CCc bonding inter-
action are 0.97 and —40.2 kcal mol ™', respectively. This KBO is
2.4 keal mol™" more negative than that for the CCo bond in td,
reflecting a slightly stronger CCc bond in ptd than in td.
As shown in Table 2, the s- and p-characters of the Cc’c orbitals
are 0.17 and 0.83, similar to the Cc’c orbitals in td.

The occupations of the orbitals involved in the PCo bond
reflect a small charge transfer from P to C, as might be expected
given the difference in their electronegativities. The inclusion
of an electropositive atom, relative to C, in the structure results
in a slightly higher electron population on the C-C-C ring
of ptd (4.28e in the QUAOs of each C atom), than in td (4.17e in
the QUAOSs of each C atom).

The BO and KBO for the PCoc interaction are 0.96 and
—26.2 keal mol™*. The s- and p-characters of the Cpc orbitals
are 0.13 and 0.87, respectively, similar to the values found in
the Cc’c orbitals. The Pco orbitals have s- and p-characters of
0.07 and 0.93, respectively, reflecting the limited ability of
phosphorous atoms to mix s- and p-type functions compared
to C. As noted by Kutzelnigg,®® this lack of 3s-3p mixing is
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due to the rather different spatial extents of 3s and 3p orbitals,
compared with 2s and 2p orbitals. The only lone pair in
the structure is an orbital centered on P with an occupation
of 1.99. This orbital has an s-character of 0.70, so it has been
labeled Psl.

4.2.5. Diphosphatetrahedrane. The oriented QUAOs in
p2td are depicted in Fig. 7. Only symmetry unique orbitals
are displayed. Two equivalent Cc’c and Pp’c orbitals that are
interacting with each other are shown for clarity. The illustrated
orbitals thus represent the PCo, CCo, PPc and CHo inter-
actions, as well as the lone pair on the phosphorous atoms.

The s- and p-characters of each orbital in p2td are displayed
in Table 2. The BOs and KBOs of all relevant bonding inter-
actions at the RHF geometry are summarized in Table 3. The
orbital populations (Table 4) of the Hco and Cho orbitals show
that a charge transfer from H to C occurs in p2td, similar to td
and ptd. The Cho orbital has s- and p-characters of 0.38 and
0.62, the same as for the Cho orbital in ptd. The BO and KBO
for the CHo bond are 0.96 and —39.2 kcal mol !, respectively.
This KBO suggests a slightly weaker bond than for the same
interactions in ptd and td.

The two C atoms in p2td interact via two symmetrically
equivalent Cc’c orbitals. The s- and p-characters of this orbital
are 0.19 and 0.81, respectively. Interestingly, the Cco orbital
in p2td has the highest s-character of all the Cc’c orbitals
participating in the ring/cage structures analyzed here. The
s- and p-characters of the Cc’c orbital in p2td are in between
those of the Cc’c orbitals in cyclopropane and ethane. This is
not surprising as the CCP and PCP angles in the cage structure
of p2td are both larger (Table 1) than the 60° C-C-C angles in
the cyclopropane ring structure. Thus, the larger the angle
between the bonds containing C, the higher the s-character
(and the lower the p-character) of the orbitals it employs for
bonding in the ring/cage structure, in accordance with previous
observations.?”* The BO and KBO of 0.99 and —43.6 kcal mol™?,
respectively, imply that the CCo bond in p2td is the strongest of
its type in all of the ring/cage structures analyzed here. This KBO
is 1.1 keal mol™" more positive (suggesting a weaker bond) than
the KBO for the CCo bond in ethane, and 4.8 keal mol~* more
negative (suggesting a stronger bond) than the KBO for the same
bond in cyclopropane. Hence, the strength of this bond in p2td is
expected to be closer to that of the CCo bond in ethane than to
the one in cyclopropane. As for orbital populations, the occupa-
tion of 0.99 of the Cco orbital reflects the non-polar nature of the
interaction between the two C atoms in p2td, as expected from the
symmetry of the molecule.

Each C atom employs two symmetrically equivalent Cpc
orbitals to bond to each of the P atoms in p2td. Accordingly,
every P atom employs two symmetrically equivalent Pcc orbi-
tals to bond to each of the C atoms in the molecule. The orbital
populations of the Cpc and Pco orbitals are 1.11 and 0.88,
respectively. Thus, the PCo bond is observed to be slightly more
polarized toward the C atom than the PCo bond in ptd. There is
an increase in the s-character of both the Cpc and Pcc orbitals
in p2td relative to ptd, with the increase being larger for the
Cpo orbital than for the Pco orbital. As for the Cc’c orbitals,
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this increase in s-character can be interpreted in terms of the
larger angles in the cage structure of p2td. Moreover, the
increase in the s-character of the Cpo and Cc’c orbitals
suggests that C is closer to the so-called sp® hybridization in
p2td than in ptd or td.

The BO and KBO for the CPc bond in p2td are 0.97 and
—27.9 keal mol ™, respectively. This KBO is 1.7 kcal mol ' more
negative than the KBO for the CPc interaction in ptd, reflecting
a slightly stronger CPc bond in p2td.

The two P atoms in p2td interact via two symmetrically
equivalent Pp’c orbitals. The s- and p-fractions of this orbital
are 0.05 and 0.95, respectively. This reflects the lack of 3s-3p
mixing in phosphorous discussed above. The BO and KBO for
the PPc bond are 0.98 and —22.5 kcal mol?, respectively.
As expected from the symmetry of p2td, the orbital occupation
of 0.99 for the Pp’c orbital reflects a non-polar PPc bond. As in
ptd, each P atom has a lone pair orbital, Psl, with an occupation
of 1.99 and s- and p-characters of 0.70 and 0.30, respectively.

4.2.6. Triphosphatetrahedrane. The oriented QUAOs in
p3td are displayed in Fig. 8. Only symmetry unique orbitals
are shown. Two symmetry equivalent Pp’c orbitals that are
interacting with each other are shown for clarity. The illustrated
orbitals thus represent the CPc, PPc, and CHo interactions, as
well as the lone pairs on the phosphorous atoms.

The s- and p-characters of each orbital in p3td are shown in
Table 2. All relevant bonding interactions at the RHF geometry
are summarized in Table 3. As expected from the orbital
populations (Table 4) observed in td, ptd and p2td, a charge
transfer occurs from H to C in p3td; the occupations of the Cho
and Hco orbitals are 1.21 and 0.82 (Table 4). Interestingly, this
is the largest transfer of charge from H to C among all of the
molecules in the present study. The Cho orbital has s- and
p-characters of 0.37 and 0.63, respectively. The Cho orbital in
p3td has the lowest s-character among the Cho orbitals in the
molecules with cage-like structures discussed here. In fact,
when going from td to ptd to p2td to p3td, the s-character of
the Cho orbital decreases (and the p-character increases) as CH
groups are substituted by P atoms. The BO and KBO for the
CHo bond are 0.96 and —38.6 kcal mol ™', respectively.

The C atom in p3td employs three symmetrically equivalent
Cpo orbitals to bond to the three P atoms in the system. As for
ptd and p2td, orbital populations show that each CPc bond is
polarized toward the C atom. The Cpo orbital has a population
of 1.14, while the Pco orbital has a population of 0.86. Thus, the

Table 5 Strain energies of CsHg (cyclopropane), C4H4 (td), PCsHs (ptd),
P,CoH» (p2td), PsCH (p3td) and P, in kcal mol™. The RHF and MP2
energies include zero-point vibrational energy corrections

Strain energy

Molecule RHF MP2 RI-CCSD(T)
C3Hs 21.3 18.6 19.1
C,H, 115.7 106.4 103.9
PC;H, 82.9 65.9 68.2
P,C,H, 55.4 32.5 37.7
P,CH 31.2 45 10.1

P, 8.6 —20.2 ~15.22
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charge transfer from P to C appears to grow as one goes from
ptd to p2td to p3td. This charge transfer is also accompanied by
a higher s-character in the Cpo orbital in p3td (0.17) relative to
p2td (0.15) and ptd (0.13). Hence, a correlation between the
population of an orbital and its s-character is observed, in a
similar fashion as discussed above for CHo bonds. This
increase in the s-character can also be related to the larger
angles between the CPc bonds than the P-C-P angle suggests
(Table 1), which is expected to decrease the geometric strain
relative to td, ptd and p2td.

Interestingly, the s- and p-fractions in the Cpo orbitals in
p3td are the same as those of the Cc’c orbitals in ptd. None-
theless, in p3td, all of the C-centered orbitals participating in
the bonding of the cage structure, namely the three Cpoc
orbitals, have the same s- and p-fractions. On the other hand,
in ptd, each C employs only two orbitals with this s/p ratio, and
a highly p-type Cpo orbital for the CPc bond. As discussed
below, this difference in the orbital structure of C can be
correlated with a difference in the strain energies of these
molecules.

Another difference regarding the Pcc orbitals in p3td rela-
tive to p2td and ptd is that the p-character of this orbital is the
lowest (0.91), and its s-character is the highest (0.09) in p3td. In
addition, the s-character of the Pco orbitals grows as one goes
from ptd to p2td to p3td. This trend can be related to the larger
P-P-C and P-P-P angles (53.2° and 60°, respectively) in p3td
compared to the C-P-C and P-P-C angles in p2td (47.2° and
52.9° respectively), and to the C-P-C angle in ptd (46.9°).

The CPc bond has a BO and KBO of 0.98 and
—30.1 keal mol ™, respectively. This KBO is 3.9 and 2.2 kcal mol *
more negative than the KBOs of the same interaction in ptd and
p2td, respectively. This suggests stronger CPc bonds as one goes
from ptd to p2td to p3td.

The PPc bond has a BO and KBO of 0.98 and -24.2 keal mol™?,
respectively. This KBO is 1.7 kcal mol ' more negative than the
KBO for the same interaction in p2td, suggesting a stronger PPc
bond in p3td. The occupation of the Ppc orbitals involved in this
interaction is 0.99, reflecting the non-polar nature of this bond.
The s- and p-characters of the Ppc orbital are 0.06 and 0.94,
respectively. These orbitals have lower s-character than their Pco
counterparts. Both the Pco and Cpo orbitals have higher
s-characters in p3td than in p2td and ptd. Finally, every P atom
has a lone pair orbital Psl with occupation of 1.99, and s- and
p-fractions of 0.7 and 0.3, respectively, the same as in ptd
and p2td.

4.2.7. P, The oriented QUAOSs in P, are illustrated in Fig. 9.
Two equivalent Pp’c orbitals are shown for clarity. The illu-
strated orbitals thus represent the PP bonds and the lone pair
on each phosphorous atom. The s- and p-characters of each
orbital in P, are shown in Table 2. All relevant bonding
interactions at the RHF geometry are summarized in Table 3,
and the orbital populations are summarized in Table 4.

Each P atom uses three orbitals, labeled Pp’c, to bond to the
other atoms in the molecule. These orbitals are bent away from
the center of the molecule, in a similar fashion to the orbitals in
cyclopropane, tetrahedrane, and the P-substituted tertrahedranes.
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The BO and KBO of the PP bonds are 0.99 and —26.1 kcal mol ™,
respectively. This KBO is 3.6 and 1.9 kcal mol " more negative
than the KBOs for the same interaction in p2td and p3td,
respectively. Thus, a trend of stronger PP bonds is observed
upon going from p2td to p3td to P,.

Each P atom has a lone pair in an orbital oriented away from
the center of the molecule, similar to ptd, p2td and p3td. The s-
and p-fractions of this orbital are 0.71 and 0.29, respectively.
These fractions represent only a slight deviation from the s- and
p-characters observed for the Psl orbital in the other P-
containing cages. The s- and p-fractions of the Pp’c orbitals
are 0.07 and 0.93. As previously mentioned, small angles in
molecular geometries increase the p-character of bonding
orbitals.’”®* Phosphorus is more amenable to such an arrange-
ment than is carbon, since the 3s and 3p orbitals do not like to
mix as much as the 2s and 2p do.*® This is evident in all of
the bonding QUAOs centered on P across all the systems
analyzed here.

4.3 Isodesmic reactions

The RHF, MP2 and RI-CCSD(T) strain energies calculated
with the isodesmic reactions displayed in Fig. 1 are shown in
Table 5. The RHF and MP2 energy differences have been
corrected with the respective scaled zero-point vibrational
energies, and the RI-CCSD(T) strain energies have been cor-
rected using the MP2 zero-point vibrational energy. Although
the absolute values differ, the overall trend in strain energies is
the same for the three levels of theory.

The isodesmic reaction used for cyclopropane has been
previously reported by Hariharan and Pople.”® Their RHF/
6-31G(d)//RHF/STO-3G strain energy is 26.2 kcal mol .
The isodesmic reaction for td has been previously used by
Glukhovstev and collaborators.”” Their reported strain
enthalpy, obtained from G2 calculations, is 100.29 kcal mol ",
in reasonable agreement with the MP2/6-31G(d) and RI-
CCSD(T)/cc-pVTZ/cc-pVTZ-RI strain energies in Table 5. Strain
in td and the P-substituted tetrahedranes has been previously
assessed by Riu and collaborators,®” and their results display
the same trend, namely, that strain decreases as CH groups are
successively substituted by P atoms. The isodesmic reaction
for the P, molecule was used previously by Schoeller and
collaborators.'® Their reported strain energies are 5.3 (SCF)
and —14.4 (CEPA), in reasonable agreement with the strain
energies reported in Table 4. In general, when correlation is
added to the calculation via MP2 or RI-CCSD(T), the strain
energy decreases.

Tetrahedrane is the most strained molecule of the five cage
molecules considered here, with a computed strain energy
greater than 100 kcal mol ' compared to the cyclopropane
strain energy of ~20 kcal mol . This is not surprising since
one may think of td as three fused cyclopropane rings.

MP2 and RI-CCSD(T) show that the substitution of a CH
group by a P atom, upon transitioning from td to ptd, lowers
the strain energy of the molecule by about 35 to 40 kcal mol ™.
The substitution of a second CH group by one P atom, going
from ptd to p2td, lowers the strain energy of the molecule by
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another ~30 kcal mol ™. Substituting a third CH group by a P
atom, going from p2td to p3td, lowers the strain energy by
another ~28 kcal mol™". This trend is consistent with the
observation that the angles centered on carbon atoms in the
cage structures increase from ptd to p2td to p3td. The larger
angles are expected to decrease some of the strain on the C
atoms. Furthermore, these results reflect the greater ability of
phosphorus to accommodate small bond angles on the order of
60° or less compared to carbon. Consistent with this observa-
tion, the strain in P, is essentially non-existent; the much lower
strain in P, than in td has been noted previously.'**?

The results displayed in Table 5 show that RHF tends to
overestimate strain energies; that is, MP2 and RI-CCSD(T) are
observed to yield lower strain energies than RHF does. In all but
one case (the td strain energy), MP2 is observed to overcorrect
the RHF strain energy, with respect to RI-CCSD(T). Nonetheless,
the trend of decreasing strain energy when going from td, to
p2td, to p3td, to P, is observed at all three levels of theory.

The insight provided by the QUAO analysis and the com-
puted strain energies allow one to understand the different
chemical behaviors of P, and td: given the elevated strain
energy of td, it will likely tend to isomerize (i.e. open the
tetrahedral cage) to a more stable system, as has been described
for its derivative: tetra-tert-butyltetrahedrane.”® Based on the
latter experiments, Maier, Pfriem, Schéfer and Matusch report
quantitative isomerization to tetra-tert-butylcyclobutadiene
upon heating, breaking only 2 CCc bonds and substantially
reducing geometric strain. On the other hand, the low strain
energy of P, allows for its structure to remain unaltered in the
absence of external disruptions. An example can be found in
the experiments reported by Mal and collaborators,®® in which
tetrahedral P, was encapsulated in a metal-organic cage.®”
According to the authors, P, was stabilized in this system
through van der Waals interactions with the phenylene groups
in the body of the cage. The encapsulated P, was reported to
remain unaltered after 4 months of exposure to the atmo-
sphere, and the observed stability was attributed to the spatial
constraint that the cage exerted on P,. This constraint pre-
vented it from reacting with the oxygen in the atmosphere, as P,
is known to easily undergo oxidation upon reaction with 0,.%°

The PPc bonds in P, have an experimental bond energy of
47.5 keal mol™*,® while the P-O bonds in phosphorous oxides
have energies ranging from 80 to 156 kcal mol '.*° This
difference in bond strengths is reported to lead to a low
activation barrier to oxidation, thereby explaining the pyropho-
ric nature of P,.%¢ In cyclopropane, calculations have estimated
the CCo bonds to have a bond energy of 71 kcal mol " at the
RHF/6-31G(d,p) level of theory.”® KBOs suggest that the CCo
bonds in td are slightly weaker than the same bonds in
cyclopropane. Thus, the bond energy of the CCc bonds in td
is expected to be slightly lower than the 71 kcal mol " theore-
tical estimate, but well above the 47.5 kcal mol * bond energy
of the PPc bonds in P,. Therefore, the bonds in the cage
structure of td can be expected to be stronger than those in
P,. Despite their geometric similarity, it appears that while both
td and P, tend to ‘“break” their tetrahedral structures, the
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driving force for this process is different in the two molecules.
On the one hand, the limited ability of C to employ orbitals
with high p-character for Sigma-type bonding interactions
leads to highly strained unstable geometries, as evidenced by
the computed strain energies. On the other, the weak PPc
bonding interactions can lead to easily broken cages.

5. Conclusions

The bonding in tetrahedrane, phosphatetrahedrane, dipho-
sphatetrahedrane and triphosphatetrahedrane has been ana-
lyzed in terms of quasi-atomic orbitals (QUAOs) using ethane,
cyclopropane and P, as reference systems. The analysis in
terms of QUAOs was complemented with the computation of
strain energies via isodesmic reactions. This analysis leads to
the identification of multiple relationships between the trends
in the bonding of the molecules analyzed here, and the trend of
the computed strained energies.

With the increase of strain in the analyzed molecules; that
is, upon going from ethane to cyclopropane to tetrahedrane,
the C orbitals used for bonding in the ring/cage structures have
an increased p-character and are bent away from the center of
the respective molecules. Despite the substantial structural
difference between cyclopropane and tetrahedrane, the s- and
p-characters of their Cc’c orbitals are observed to be similar,
unlike their strain energies. This suggests that, as geometric
strain grows, it becomes more difficult for C to increase the
p-character of the orbitals that it uses to bond in small-angle
arrangements. The difficulty to increase the p-character of the
orbitals of C can be interpreted as a consequence of the
propensity of C to mix s and p functions, which contrasts with
the limited ability of P to do so. The propensity to hybridize, or
the lack thereof, has implications for the stability of molecules
with strained geometries, as the computed strain energies
make evident. The increase in strain is accompanied by an
increase in the s-character of the Cho orbitals, an increased
transfer of charge from H to C, a weakening of the CCc bonds
and a strengthening of the CHo bonds.

The substitution of a P atom for a CH group in tetrahedrane
leads to larger angles in the cage structure of phosphatetra-
hedrane, a lower strain energy, slightly stronger CCo bonds,
and a lower p-character in the orbitals involved in the CCo
interaction, all relative to tetrahedrane. The substitution of one
more P atom for a CH group in phosphatetrahedrane leads to
larger C-centered angles in the cage structure of diphosphate-
trahedrane, a lower strain energy, stronger CCoc and PCo
bonds, and a further lowering in the p-character of the orbitals
involved in the CCo and PCo bonds, all relative to phosphate-
trahedrane. The substitution of a third P atom for a CH group;
that is, going from diphosphatetrahedrane to triphosphatetra-
hedrane, maximizes the angles between the bonds containing
C in the cage-like structures analyzed here. A further decrease
in the strain energy, stronger CCc, PCc and PPc bonds, as well as
lower p-characters in the orbitals involved in these interactions,
relative to diphosphatetrahedrane, are observed. The overall trend
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of increasingly stronger CCc bonds in the P-substituted tetrahe-
dranes is accompanied by increasingly shorter C-C interatomic
distances. Thus, while the generally short C-C distances in the
cage-like structures do not imply stronger CCc bonds relative to
those in unstrained systems (e.g, the CCo bond in ethane),
shorter C-C interatomic distances within the cage structures
analyzed here do appear to correlate with stronger CCo bonds.
The trend of decreasing strain energy in the P-substituted tetra-
hedranes shows that orbital structures with elevated p-characters
are favorable for P atoms, leading to an essentially unstrained
molecule in P,. The comparison of the present results with
literature bond energies suggests that, despite the geometric
similarity of tetrahedrane and P,, and their tendency to “break”
the tetrahedral cages, the driving force of this process is different
for the two molecules. For tetrahedrane, the limited ability of C to
employ orbitals with high p-character for Sigma-type bonding
interactions leads to a highly strained unstable molecule. For P,,
the weak PPc bonds can lead to an easily broken cage.
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