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ABSTRACT: Quantum chemical calculations using density functional
theory at the BP86/TZ2P+ level and ab initio calculations at MP2/def2-
TZVPP have been carried out for the donor—acceptor complexes [D—
C¢F,—~BF;] (D = Xe, CO, N,,) and the dication [Xe—CF,«<Xe]*". The
calculations predict rather short D—CF,(BF;) and (D)C4F,—BF; bonds
in the neutral systems which indicate rather strong binding interactions.
The calculated partial charges which give large positive values for the donor
moieties and negative values for the acceptor fragments and the large bond
indices also suggest very strong donor—acceptor interactions D—C¢F,—
BF, and Xe—C4F,**<Xe. An energy decomposition analysis suggests very
strong intrinsic interactions for both systems. The donor—acceptor bonds
in [D—CF,—BF;] are much stronger than the direct donor—acceptor
interactions D—BF; which are only weakly bonded van der Waals
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complexes. The calculated donor—acceptor interactions D—CF,(BF;) are 26.1 kcal/mol for D = Xe, 121.5 kcal/mol for D =
CO, and 86.9 kcal/mol for D = N,. The strength of the intrinsic (D)C¢F,—BF; interactions are calculated to be between 51.1—
51.6 kcal/mol. The theoretical bond dissociation energies for the decomposition of [D—CF,—BF;] yielding D + C4F, + BF;
suggests that the xenon compound [Xe—C4F,—BF;] is metastable but may become stabilized in the condensed phase by
intermolecular interactions. The complexes [OC—C¢F,—BF;] and [N,—CF,—BF;] are predicted to be thermodynamically
stable. It is suggested that the above adducts are examples of spacer-separated donor—acceptor complexes [D—S—A] which are

a hitherto unrecognized class of molecules.

B INTRODUCTION

In 2009, Frohn reported in a lecture at the 19th International
Symposium on Fluorine Chemistry at Jackson Hole, Wyoming
about the synthesis of the xenon compound Xe—CF,—BF;
which was identified by NMR spectroscopy.’ Although the
author could not obtain crystals which are suitable for X-ray
structure analysis, the spectroscopic evidence made it clear that
the compound is a rare example of a molecule which has a
xenon—carbon bond. We were intrigued by the finding, because
the direct donor—acceptor bond between the Lewis acid/base
pair BF; and Xe yields only a very weakly bonded complex
Xe—BF;. The observation by Frohn let us speculate that the
spacer moiety 2,3,5,6-C4F, effectively enhances the donor—
acceptor interactions between the Lewis base Xe and the Lewis
acid BF;. Quantum chemical calculations supported our
assumption, and they revealed astonishingly strong Xe—
C¢F,—BF; binding in the molecule. We extended the
investigation to complexes with the donor species CO and
N,. Here we report about our theoretical investigation of
spacer-separated donor—acceptor complexes [D—C4F,—BF;]
(D = Xe, N,, CO). We also report about quantum chemical
calculations of the dication [Xe—CF,«<Xe]**. The latter
molecule has also been observed by Frohn who reports about
his experimental findings in the preceding paper in this issue.”
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B COMPUTATIONAL METHODS

All geometries were optimized under Ci-symmetry constraint using
density functional theory at the BP86 level of theory® in conjunction
with uncontracted Slater-type orbitals (STOs) as basis functions for
the SCF calculations.* The basis sets for all elements are triple-{
quality augmented by two sets of polarization functions and one set of
diffuse functions. Core electrons were treated by the frozen-core
approximation. This level of theory is denoted BP86/TZ2P+. An
auxiliary set of s, p, d, f, and g STOs was used to fit the molecular
densities and to represent the Coulomb and exchange potentials
accurately in each SCF cycle.’ Scalar relativistic effects have been
incorporated by applying the zeroth-order regular approximation
(ZORA).® The nature of the stationary points on the potential energy
surface was determined by calculating the vibrational frequencies at
BP86/TZ2P+. All structures are minima on the potential energy
surface (PES) unless otherwise noted. Thermodynamic corrections for
calculating free energies were taken from the latter calculations. All
energy values in this work have been calculated at BP86/TZ2P+,
unless otherwise specified. These calculations were done with the
program package ADF.” Additional geometry optimizations have been
carried out using the Moller—Plesset perturbation theory terminated at
second order (MP2)® in conjunction with def2-TZVPP® basis sets
using Gaussian 09.'° This level of theory is denoted MP2/TZVPP.
Atomic partial charges have been taken from the latter calculations
using the NBO method."" The analysis of the electron density with the
Atoms-in-Molecules (AIM) method'? was performed at the (BP86/
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Figure 1. Optimized geometries of (a—c) [D—C4F,—BF;] and (d—f) [D-—BF;] (D = Xe, CO, N,) at BP86/TZ2P+ (MP2/TZVPP). Bond
distances are given in A. Calculated bond dissociation energies D, for structures D-BF; at different levels of theory.

def2-TZVPP// BP86/TZ2P+ level with the AIMAIl program
package."

The bonding situation of the donor—acceptor bonds was
investigated by an energy decomposition analysis (EDA) which was
developed by Morokuma'* and by Ziegler and Rauk.'®'® The bonding
analysis focuses on the instantaneous interaction energy AE;, of a
bond A—B between two fragments A and B in the particular electronic
reference state and in the frozen geometry of AB. This interaction
energy is divided into three main components [eq 1a].

AEi.nt = AEelsl‘at + AEPa\uli + AEorb (la)

The term AE,, corresponds to the classical electrostatic
interaction between the unperturbed charge distributions of the
prepared atoms and is usually attractive. The Pauli repulsion AEp,; is
the energy change associated with the transformation from the
superposition of the unperturbed electron densities p, + pp of the
isolated fragments to the wave function ¥° = NA[W,¥;], which
properly obeys the Pauli principle through explicit antisymmetrization
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(A operator) and renormalization of the product wave function. It
comprises the destabilizing interactions between electrons of the same
spin on either fragment. The orbital interaction AE,, accounts for
charge transfer and polarization effects.'”” The AE,, term can be
decomposed into contributions from each irreducible representation of
the point group of the interacting system. This makes it possible to
estimate the intrinsic strength of orbital interactions from orbitals
having a’ () and a” (7) symmetry quantitatively. To obtain the bond
dissociation energy (BDE) D, the preparation energy AE,,, which
gives the relaxation of the fragments into their electronic and
geometrical ground states must be added to AE,, [eq 2a].

AE( = _De) = AEint + AEprep (28)

To calculate the dissociation energies, we calculated each fragment
in its optimized geometry and derived AE by eq 2a. Further details on
the EDA can be found in the literature.”>'® The EDA has been used by
us for a comprehensive study of donor—acceptor interactions in main-
group and transition-metal complexes.'”*°
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Donor—Acceptor Complexes [D—C4F,—BF;]. Figure la—c
shows the optimized geometries of the complexes [D—C¢F,—BF;]
(D = Xe, N,, CO) at BP86/TZ2P+ and MP2/TZVPP. The calculated
bond lengths and angles which were obtained at the two levels of
theory are very similar to each other. The calculated Xe—C distances at
BP86/TZ2P+ (2.172 A) and MP2/TZVPP (2.075 A) are close to the
value for a standard Xe—C single bond (2.06 A)2' Very short
distances are also predicted for the C—C bond in [OC—CF,—BF;]
(1.357 A at BP86/TZVPP and 1.367 A at MP2/TZVPP) and for the
N-C bond in [N,—CF,—BF,] (1.336 A at BP86/TZVPP and 1.352
A at MP2/TZVPP). The C—B bond lengths in the complexes [D—
C¢F4—BF;] are in a narrow range between 1.706—1.719 A which
means that they are somewhat longer than in donor—acceptor
complexes NHC—BF; (NHC = N-Heterocyclic Carbene) which have
been isolated (1.635—1.668 A).*> The calculated bond lengths suggest
that the donor—acceptor interactions D— C4F,—BF; are rather strong.

The very short distances of the donor—acceptor bonds in [D—
CgF,—BF;] are in striking contrast to the direct donor—acceptor
interactions D—BF; which are very weak. Figure 1d—e shows the
optimized geometries of the complexes [D—BF;]. The donor—
acceptor bonds are very long, and the BDEs of the D—BF; bonds are
quite small. The calculations suggest that the complexes D—BF; are
weakly bonded adducts, while the spacer separated complexes [D—
C4F,—BF;] have genuine chemical bonds.

We calculated the bond dissociation energies (BDEs) of the
complexes [D—C¢F,—~BF;] into the closed-shell fragments*
according to the following equations:

[Xe—C(F,—~BE] — Xe + CF, + BE

AE = =52 keal/mol;  AG™® = —24.5 keal /mol (1)

[OC—C(E,—BE] — CO + CF, + BE,
AE = 67.0kcal/mol;  AG™® = 47.0 kcal/mol ()

[N,—C¢F,—BE] — N, + CF, + BE

AE = 28.3 kcal/mol; AG*® = 8.3 kecal/mol 3)

The calculations suggest that, in spite of the short donor—acceptor
bonds, free [Xe—CiF,—BF,] is thermodynamically unstable with
respect to fragmentation into the donor, spacer, and acceptor
fragments Xe + C4F, + BF;. The experimental results indicate that
intermolecular interactions in the solid state are strong enough to
make [Xe—CiF,—BF;] an observable species which can be
investigated with spectroscopic methods.” In contrast, the complexes
[OC—C¢F,—BF;] and [N,—C4F,—BF;] are predicted to be stable at
room temperature for dissociation into the fragments even as free
molecules.

Figure 2 shows the Laplacian of the electron density V2p(r) of the
complexes [D—C¢F,—BF;]. There is an area of charge concentration
from the donor species toward the spacer fragment D—CgF, which
indicates signifcant charge donation particularly from xenon. The Xe—
C bond in [Xe—CF,—BF,] is strongly polarized toward the carbon
end, and the xenon atom is surrounded by an area of charge depletion
(V?(x) > 0, dashed lines). This is in agreement with the calculated
partial charge at Xe (+0.72 e) which is given by the NBO calculations
(Table 1). The partial charges at CO (+0.56) and N, (+0.34) exhibit a
decreasing order which should not be confused with the strength of
the D—C4F,(BF;) interactions. This will be discussed further below.

The shape of the Lapacian indicates also an area of charge
concentration at the carbon donor atom which is bonded to boron
(Figure 2). The calculated partial charges at the BF; moiety which
have values between 0.39—0.41 e are nearly the same for all complexes
[D—C4F,—BF;]. This finding suggests that the DC.F,—BF,
donation is not much influenced by the nature of the donor species
D. The calculated partial charge for the space fragment C¢F, varies
between —0.31 e in [Xe—C¢F,—BF;] and +0.05 e [N,—CF,—BF;].
The AIM analysis gives a bond critical point between one fluorine
atom of the BF; group and one fluorine atom of the benzene ring as
well as a ring critical point which indicates weak fluorine—fluorine

(a) [Xe—CsFs—BF;|

(b) [0C—CgF,—BF;]

(¢) [Nz—=CsF4—BF;]

Figure 2. Contour line diagram showing the Laplacian of the electron
density V2p(r) of (a—c) [D—C4F,~BF;] (D = Xe, CO, N,) at BP86/
def2-TZVPP// BP86/TZ2P+. Dashed lines indicate areas of charge
depletion (V*p(r) > 0), solid lines indicate areas of charge
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Figure 2. continued

accumulation (V?p(r) < 0). Bond critical points are shown in black,
ring critical points are shown in red. Solid lines which connect the
atomic nuclei are the bond paths, while the solid lines which cross the
bond paths indicate the zero-flux surfaces in the molecular plane. Only
the zero-flux surface lines which separate the donor and acceptor
moieties from C¢F, are shown.

Table 1. Calculated NBO Partial Charges q and Wiberg
Bond Indices P

[D—>CeF,—~BE;]  q(D) q(CFy) q(BF;) P(D-C) P(C-B)

D = Xe 072  —031 —0.41 0.84 0.65
D =CO 056  —0.17 —-0.39 1.38 0.66
D=N, 034  00S —-0.39 1.20 0.66
[Xe—C4F,«Xe]*. 0.45 1.10 - 0.41

interactions. The calculated bond orders (Table 1) suggest that the
D—C¢F,(BF;) bonds can be considered single bonds which in case of
D = CO, N, have some contributions from z bonding. This is in
agreement with the EDA results which are discussed below that show a
significant 7 bonding character for the OC—C¢F,(BF;) and N,—
C4F,(BF;) bonds. The bond order for the (D)C4F,—BF; bonds has a
rather uniform value of 0.65 for all three complexes.

Figure 3 shows the shape of the lowest lying vacant orbital
(LUMO) and the highest lying occupied orbital (HOMO) of C¢F, in
the frozen geometry of Xe—C¢F,~BF;.** It becomes clear that the
LUMO and the HOMO are perfectly suited for strong donor—
acceptor interactions with the HOMO of D = Xe, CO, N, and the
LUMO of BF;, respectively. It is thus reasonable to analyze the
bonding situation in the compounds in terms of dative bonds [D—
C¢F,—BF;]. A quantitative account of the strength of the donor—
acceptor interactions is given by the energy decomposition analysis.

Table 2 shows the results of the EDA calculations for the complexes
[D—C4F,—BF;] (D = Xe, CO, N,,). Each complex has been analyzed
using three different fragmentation schemes. We first calculated the
donor—acceptor bonds D—C¢F,(BF;) and (D)C¢F,—BF; separately,
but we also calculated the strength of both bonds D—C¢F,—BF;
using the fragments C¢F, and D~BF,.

The EDA data reveal that the instantaneous interactions D—
C¢F,(BF;) and (D)C¢F,—BF; are very strong. The AE, values of the
donor moieties where D is Xe (—26.1 kcal/mol), CO (—121.5 kcal/
mol), or N, (—86.9 kcal/mol) are much higher than the interaction
energies when D is a ligand in transition-metal complexes (CO);W—
D.'?*?* The AE,, values for the Lewis acid BF, are nearly the same in
the three complexes. The calculated data which are between —S1.1
kcal/mol for (Xe)C¢F,—~BF; and —51.6 kcal/mol for (N,)C¢F,—BF,
are larger than the AE; values for other strongly bonded complexes
like Me,P—BF; (—45.4 kcal/mol) and H;N—BF; (—46.6 kcal/
mol)."”?® The AE,, values for the simultaneous interactions of both
donor—acceptor bonds D— C4F,—BF; are a bit higher than the sum
of the two separately calculated values. The theoretical values for the
interactions energies support the assessment that the instantaneous
interactions D—C4F,—BF; are very strong. The calculated prepara-
tion energies AE,,,, for the interacting fragments predict that the free
complex [Xe—C¢F,—BF;] is thermodynamically unstable with
respect to dissociation into the three fragments (Table 2). The level
of theory which is employed in this study is not sufficient to give a
highly accurate estimate of the BDE of the complexes. However, the
calculated data agree with the experimental observation® that the
compound [Xe—CF,—BF;] is not very stable. Intermolecular forces
contribute somewhat to the stability of the xenon compound which
makes it possible that it can be studied with spectroscopic methods.

The calculated data in Table 2 predict that the CO and N,
complexes [OC—C4F,—BF;] and [N,—C¢F,—BF;] do not only
possess stronger bonds between C4F,—BF; and the diatomic donor
species CO and N, but that they are also much more stable with

LUMO
(-0.128 eV)

HOMO
(-0.356 V)

Figure 3. Plot of the lowest lying vacant orbital (LUMO) and the
highest lying occupied orbital (HOMO) of CgF, in the frozen
geometry of Xe—C¢F,—BF;.

regard to dissociation into the donor and acceptor fragments. The
BDEs of the weakest bonds (OC)CF,—BF; (D, = 20.2 kcal/mol)
and (N,)C4F,—BF; (D, = 20.1 kcal/mol) are ca. 25 kcal/mol larger
than the BDE of the (Xe)C¢F,—BF; bond. Since the latter molecule
could be observed, we think that the former species should also be
stable enough to be isolated.

The finding that the chemical bonding in the complexes [D—
C¢F,—BF;] is much stronger than the direct donor—acceptor
interactions D—BF; leads to the question if there are other spacer
moieties S and acceptors A which yields adducts [D—S—A] that are
more strongly bonded than D—A. We searched the literature and
found that related complexes with the spacer moieties CO,, P,, and
N,O which are bonded with one atom to the Lewis bases phosphines
PR; and NHCs and with another atom to Lewis acids boranes BR,
have been reported. The bonding situation in these complexes has not
been analyzed, and no comparison has been made with the directly
bonded complexes R;P—BR; and NHC—BR;. What is the common
feature of C4F,, CO,, P,, and N,O which enables them to engage in
concerted donor—acceptor interaction? We think that spacer-separated
donor—acceptor complexes are an unrecognized class of molecules
which exhibits an interesting bonding situation that is worthwhile to
become studied. We will address this topic in forthcoming theoretical
studies.*”

Dication [Xe—>C6F4<—Xe]2+. Figure 4 shows the optimized
geometry and the Laplacian of the electron density V2p(r) of the
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Table 2. Results of the EDA Calculations of D—CF,—BF;
(D = Xe, CO, N,) at BP86/TZ2P+°

fragments ~ F;B(CGF,) + Xe F;B + (C(F,)Xe [F;B--Xe] + CcF,

AE,, -26.1 —s1.1 —952

AEBp; 147.0 130.5 250.1

AB..®  —665  (384%) —781  (43.0%) —141.8 (41.1%)

AE,°  —1066 (616%) —1035 (57.0%) —203.6 (59.0%)

Al(zm)bb —970  (91.0%) —996  (963%) —190.5  (93.6%)
c

AE,, —96  (90%) —38  (37%) —130  (64%)
(z)

AE,, 263 §5.7 100.4

AE(= 02 45 52
-D.)

fragments  F3B(C,F,) + CO F;B + (C(F,)CO  [F;B-~-CO] + C(F,

AE,, —1215 515 ~1793

ABp, 3649 1484 4789

ABg."  —1626 (334%) —1013 (507%) —2527 (38.4%)

AE,.° —3239 (66.6%) —98.5  (49.3%) —4054 (61.6%)

A(Em)bb 2719  (839%) —903  (91.7%) —3511 (86.6%)
c

AEEO,)hb 520  (161%) —82  (83%) —543  (134%)
P2

AE,, 496 313 1123

AE (= =719 —20.2 —67.0
-D.)

fragments  F;B(CGF,) + N, F;B + (C4F,)N, [E;B-N,] + CGF,

AE,, —86.9 -516 ~139.3

AE,, 3086 1476 4589

ABu®  —1241 (314%) —1106 (50.5%) —230.8 (38.6%)

AE,,°  —2714 (68.6%) —986  (49.5%) —3674 (61.4%)

A](Eor) 2259  (832%) —90.5  (91.8%) —3168 (86.2%)
c

AEyq, —456  (16.8%) —8.1 (82%) =506  (13.8%)
()

AE,, 53.5 315 111.0

AE (= -33.5 —20.1 —28.3
_De)

“The percentage values in parentheses give the contribution to the
total attractive interactions AE g, + AE 4. “The percentage values in
parentheses give the contribution to the total orbital interactions
AE_;,. “Energy values are given in kcal/mol.

dication [Xe—C4F,<Xe]*". The calculated Xe—C bond length (2.134
A) is a bit shorter than in [Xe—CF,—~BF;] (2.172 A). The dication
[Xe—CgF,<Xe]* can formally be considered as a donor—acceptor
complex between the acceptor moiety C¢F,** in the electronic singlet
state and two xenon atoms as donors. The doubly charged C¢F,**
fragment is a stronger acceptor than neutral C4F,—BF; which explains
the shorter Xe—C bonds in the dication. The shape of the Laplacian
V2p(r) of [Xe—CF,<Xe]*" shows similar features for the Xe—C
bonds as in [Xe—C4F,—BF;]. Table 1 shows that the partial charge at
the xenon atoms in the dication (+0.4S e) is smaller than in the neutral
complex (+0.72 e).

The Xe—C bonds of the dication [Xe—CF,«Xe]*" are not only
shorter, they are also stronger than in [Xe—C(F,—BF;]. We
calculated the bond dissociation energies of the dication according
to the following fragmentation schemes:

[Xe — C4E, — Xel’* — 2Xe + C4F,>* AE = 75.3 keal/mol;
AG*?® = 57.1 keal/mol (4)
[Xe — CE, — Xe]’* — Xe + CE,* + Xe®

AE = 30.0 kcal/mol; AG?® = 10.5 kcal/mol (5)

(b)

Figure 4. (a) Optimized geometry of [Xe—C¢F,<Xe]** at BP86/
TZ2P+. Bond distances are given in A. (b) Contour line diagram
showing the Laplacian of the electron density of [Xe—CF,«Xe]** at
BP86/def2-TZVPP// BP86/TZ2P+. Dashed lines indicate areas of
charge depletion, solid lines indicate areas of charge accumulation.
Bond critical points are shown in black, ring critical points are shown
in red. Solid lines which connect the atomic nuclei are the bond paths,
while the solid lines which cross the bond paths indicate the zero-flux
surfaces in the molecular plane. Only the zero-flux surface lines which
separate xenon from C¢F, are shown.

[Xe — C4F, — Xel’* — Xe," + CE,*

AE = =57 keal/mol;  AG™® = —15.5 keal /mol (6)

The calculated energy for reaction 4 shows that the dissociation of
two xenon atoms from the dication [Xe—C¢F,—Xe]*" is endergonic by
57.1 kcal/mol, which gives an average BDE for a Xe—C bond of 28.6
keal/mol. However, reaction 4 is not the most favorable fragmentation
pathway of [Xe—CF,—Xe]**. The calculations predict that the
dissociation into Xe + C4F," + Xe" (reaction S) is still endergonic
by 10.5 kcal/mol. However, the dissociation reaction becomes
exergonic by 15.5 kcal/mol with respect to formation of Xe," +
CgF," (reaction 6). We want to point out that the choice of 2 Xe +
C¢F,** as interacting species for discussing the bonding situation in
[Xe—C4F,—Xe]*" is valid even in cases where the actual dissociation
products are singly charged species. It has been shown in a systematic
study of dications that the electronic structure and the unusual
geometries in doubly charged species is best described in terms of
donor—acceptor interactions.”®

B SUMMARY

The results of this work can be summarized as follows. The
insertion of the spacer moiety C4F, into the weakly bonded van
der Waals complexes [D—BF,] yields spacer separated adducts
[D—CF,—BF;] which possess very strong donor—acceptor
bonds. This is because the spacer fragment 2,3,5,6-C4F, possess
an energetically low-lying LUMO and high-lying HOMO which
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lead to much stronger donor—acceptor interactions than in
[D—BF;]. The calculations suggest that the relaxation of the
bonded fragments of the xenon complex [Xe—C4F,—BF;]
nearly cancel the energy gain of the donor—acceptor bonds
which yields a metastable complex that in the solid state
becomes stabilized by intermolecular interactions. The
complexes [OC—C¢F,—BF;] and [N,—C(F,—BF,] have
significantly stronger donor—acceptor bonds which make the
adducts to be thermodynamically stable. It is suggested that the
above adducts are examples of spacer-separated donor—
acceptor complexes [D—S—A] which are a hitherto unrecog-
nized class of molecules. Very strong donor—acceptor bonds
are also calculated for the dication [Xe—C¢F,—Xe]**. The
calculations suggest that the latter dication is stable toward
breaking the Xe—C bonds.
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