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Hydrogen-bonding interactions involving 2-(trifluoromethyl)-1,1,1,3,3,3-hexafluoropropane (1H) and 1~ have
been quantitatively studied by means of Fourier transform ion cyclotron resonance spectrometry. The existence
of the species (IHCI)™ and (1H1)™ was demonstrated, and their thermodynamic stabilities were determined
experimentally and computationally. In addition, some of their structural features were analyzed.

I. Introduction

We have been involved for some time in the study of the
thermodynamic stability of 1:1 hydrogen-bonded complexes of
neutral species, both in the gas phase' and in solution.? The
stability of these complexes, formed by interaction of a neutral
hydrogen-bond donor (A—H) and a hydrogen-bond acceptor (B),
can be measured by the equilibrium constant K, and/or the
standard Gibbs energy change for reaction 1

AGo(1)
(1)

Numerous 1:1 complexes formed by a neutral molecule (A—H)
and anions (B7) in the gas phase

AH(g) + B(g) = AH*-*B(g) K,

AH(g) + B (2) — (AH-*B)(®)  K,, AGL2)

@)

have been studied by means of (i) mass-spectrometric techniques
[notably Fourier transform ion cyclotron resonance spectrometry
(FT-ICR)? and high-pressure mass spectrometry*°], (ii) photo-
dissociation spectroscopy,® (iii) electron photodetachment spec-
troscopy,’ and (iv) multiphoton infrared dissociation spectra.®
These anionic species include, among others, delocalized
carbanions,” substituted acetylide ions,'” and cyanide anion.'!
Intramolecular hydrogen bonds have been reported that also
involve carbanionic centers.!?

Reaction 2 has been observed in systems involving CH
hydrogen-bond donors and several anions."?

It has been known for several decades'* that, in solution,
deprotonation of monohydrofluorocarbons (MHFs) of the gen-
eral form C,F,,H can lead to carbanions of the form C,F,, .
The possibility of determining their kinetic acidities using
hydrogen/deuterium exchange was also established. This process
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Figure 1. Chemical structures of C4FoH and C4Fy . The nomenclature
of the different nonequivalent atoms is also depicted.

was later used to compare the kinetic acidities of 2-(trifluoro-
methyl)-1,1,1,3,3,3-hexafluoropropane [or tris(trifluoromethyl)-
methane C4FoH (1H)], 1H-perfluorobicyclo[2.2.2]octane (2H),
and 1H-perfluorobicyclo[2.2.1] heptane (3H).'">

The fact that the ranking of the rates of hydrogen/deuterium
exchange is 1H > 2H > 3H was taken as an indication of the
relevance of fluorine (negative) hyperconjugation. The hyper-
conjugative effect in 1~ can be visualized as the contribution
of the nine possible mesomeric structures shown in Figure 1.
They ensure the dispersal of the negative charge over the fluorine
atoms

C,F,” < C,FF~

Internal strain in 2~ and particularly in 3~ reduces this effect
and, hence, explains the ranking of kinetic acidities.

The gas-phase acidity of an acid AH, GA, is measured by
the standard Gibbs energy change for the reaction

HA(g) — H'(g) + A (g)

Using FT-ICR spectrometry, we were able to show!® that the
ranking of thermodynamic acidities of 1H, 2H, and 3H in the
gas phase (process 3) is the same as found for their kinetic
acidities in solution. This result, being “intrinsic” (solvent-
independent), was taken as a strong argument in favor of the
negative hyperconjugation of fluorine.

This work focuses on 1H. This compound could act as a CH
hydrogen-bond donor (HBD). Indeed, the complex between 1H

GA=AG'3) (3)

m
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and DMSO in CCl, solution has been reported.'” Also, the
corresponding perfluorinated anion, fert-C4Fy~, is a potential
hydrogen-bond acceptor (HBA).

For our present purposes, it is important that an FT-ICR study
of the 1:1 complexes between fluoroform and various acetylides,
(F;CH+++C’C—R)", has shown that they have complexation
energies of ca. 19 kcal mol™!, substantially larger than those
involved in ion—induced dipole complexes, and such species
have thus been considered hydrogen-bonded complexes.'® The
existence and stability of more “classical” hydrogen-bonded
complexes between F;CH and alkoxide!® and chloride?® anions
have also been determined. Furthermore, 1H has a GA value of
326.6 £ 2.0 kcal mol~!. This compound thus has an acidity
close to those of HCI, CF;CH,CO,H, and p-CF;C¢H,CO,H
[328.1 (£0.2), 326.9 (£2.0), and 325.3 (42.0) kcal mol ™!,
respectively].?! The hydrogen-bonding acidity of 1H can be
expected to be substantial, possibly higher than that of F;CH.??
Therefore, the determination of the HBD strength of 1H seems
of interest. As regards 1~, important questions arise: (i) Does
charge depletion of C(a) sufficiently reduce its hydrogen-
bonding basicity to prevent its acting as a basic center? (ii) Do
fluorine atoms carry enough charge to act as basic centers? The
hydrogen-bonding basicity of monofluorinated hydrocarbons is
rather small.”> We present below an experimental and compu-
tational study aimed at answering these questions.

II. Experimental Section

II.1. Reagents. 1H is of the same batch as used in ref 16.
The other compounds were obtained from Aldrich and were
used without further purification. No significant amounts of
impurities were detected in any case.

Caution: 1H can dehydrofluorinate to yield the highly toxic
perfluoroisobutene. It should be handled with great care.

I1.2. FT-ICR Spectrometer. In this work, use was made of
a modified Bruker CMS-47 FT-ICR mass spectrometer. A
detailed description of the original instrument is given in ref
24. It has been used in a number of recent studies.” Some salient
features are as follows: The spectrometer is linked to an Omega
Data Station (IonSpec, Lake Forest, CA). The high vacuum is
provided by a Varian TURBO V550 turbomolecular pump (550
L s7!). The magnetic field strength of the superconducting
magnet is 4.7 T.

I1.3. Experimental Techniques. Thoroughly degassed 1H(g)
(subjected to at least three pump-and-thaw cycles) was intro-
duced into the high-vacuum section of the instrument. Typical
partial pressures were in the range of (3 x 107%)—(1 x 107%)
mbar. The average temperature of the cell was ca. 321 K. iso-
Amyl nitrite (iso-CsH;;NO,) containing ca. 20% methanol was
added [nominal pressures of ca. (2—4) x 1078 mbar]. Resonant
capture of electrons provided a mixture of iso-amyl alkoxide
and methoxide anions. After reaction times of less than 10 s,
all iso-CsH;;O™ and CH30™ species were protonated by 1H,
thereby generating 1°. In some experiments, a different acid,
AH(g), was added to 1H. It was treated as indicated above.

The readings of the Bayard-Alpert pressure gauge were
corrected by means of the standard methods described in ref
25.

I1.4. Computational Methods. In this work, we applied the
hybrid density functional B3LYP?® and MP2%’ ab initio tech-
niques with basis sets ranging from 6-311+G(d,p) to
6-311++G(3df,2p).?8 In all cases, full geometry optimizations
were performed, and computed the harmonic vibrational fre-
quencies were calculated at the highest possible levels. Use was
made of the Gaussian 03 package of computer programs.?’
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TABLE 1: Computed Values of GA(1H)**

level GA
B3LYP/6-311+G(d,p) 319.2
B3LYP/6-311+G(3df,2p) 3234
B3LYP/6/311++G(3df,2p) 3233
MP2/6-311+G(d,p) 3254
MP2/6-311++G(d,p) 325.6
MP2/6-311+G(3df,2p) 326.9
MP2/6-311++G(3df,2p) 326.3

experimental 326.6 £ 2.0¢

@ This work. ? All values in kcal mol™'. ¢ From ref 21.

Natural bond orbital (NBO) calculations® were carried out using
the package’! included in Gaussian 03. Basis set superposition
errors (BSSEs) are significant and were computed using the
Boys—Bernardi method.*”® Adducts were subjected to confor-
mational searches, as a starting point for the quantum chemistry
calculations. Sybyl 8.0 and the trypos force field were employed.
Charges used for molecular dynamics were derived from the
NBO analysis.

III. Experimental and Computational Results. Discussion

III.1. Gas-Phase Acidity and Structures of 1H and 1°. 1.
1" has a significant thermodynamic stability. Indeed, its '°F and
3C NMR spectra in solution have been obtained,??* and its
cesium salt proved to be a stable solid material.>* This stability
of 1 contributes to making 1H(g) a strong acid, both in the
gas phase and in solution.

Among the earlier computational studies,’*3* a scaled PM3
method was applied to a vast set of Brgnsted acids, including
1H(g), in order to estimate their GA values. A more limited
study followed, involving CF;~, CF;CH, ", CF;CF, ", (CF;),CF,
and 17. The latter study highlighted the importance of anionic
hyperconjugation in the case of 17.3* The experimental (electron
diffraction) structure determination dates back to ref 35a. Recent
experimental (microwave spectroscopy) and computational
[MP2/6-311G(d,p) level] studies of the 1H structure are due to
Munrow et al. (see ref 35b). However, the computed acidity of
1H was not reported in either of these works.

We summarize in Table 1 the computational GA values for
1H obtained in this work.

The values obtained at the MP2 level are significantly closer
to the experimental datum than those determined using DFT.
We have reported a similar situation in a recent study on
perfluorinated alcohols.?>

As generally occurs, the agreement between computed and
experimental results rests in part on the cancellation of errors.
Here, the MP2/6-311++G(3df,2p) level seems reasonably
satisfactory for 1H. The results are somewhat less so when HCl
is considered. Thus, in the range of acidities involved in this
study, the calculated [MP2/6-3114++G(3df,2p)] GA for HCl is
326.1 kcal mol™!. At the CCSD/6-311++G(3df,2p) level, the
computed value of GA(HCI) is 328.6 kcal mol™!, in better
agreement with the most accurate experimental value available,
328.1 & 0.2 kcal mol~'.2! Computations at this level with
heavier species are too time-consuming for our computational
means. Therefore, whenever possible, we used processes in
which cancellation of errors is easier.

The structures of 1H (point group C3) and 1~ (point group
C;) optimized at the MP2/6-311+4G(3df,2p) level are presented
in Figure 1. The various bond lengths and bond angles are
summarized in Table 2. To our knowledge, no experimental
data are available on the structure of 17. Electron diffraction
data for 1H** are given in Table 2.
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TABLE 2: Computed [MP2/6-311++G(3df,2p)] and
Experimental® Bond Lengths’ and Bond Angles® for 1H

and 1~
CyFoH (C3) CiFy™ (Cy) CiFy™ (C3p)

C(a)—C(B) 1.531(1.537) 1.448 1.445
C(B)—F(@) 1.333(1.334) 1.351 1.352
C(B)—FPp) 1.332(1.334) 1.368 1.375
C(B)—F() 1.330(1.334) 1.380 -
CBAHC@CP)  111.70(112.90) 118.81 120.00
CCAF@)  110.09(110.90) 111.57 111.46
C(CPFPB)  110.74(110.90) 115.23 115.76
C(WCPF()  111.81(110.90) 116.06 -
F(a)C(BF(B") 107.58(108.00) 105.60 105.22
F(o)CRF(Y)  108.30(108.00) 104.79 -
FB)CREG)  108.20(108.00) 102.42 -
HC()C(B) 107.14(105.80) - -

@ Experimental values taken from ref 35a. In angstroms. ¢In
degrees.

For the geometry of 1H,* the agreement between the
experimental and computational data for bond lengths (better
than 0.01 A) and bond angles (ca. 1°) is rather satisfactory.

To our knowledge, no experimental information is available
on the structure of 17. Geometry optimizations using various
DFT levels [B3LYP/6-3114+G(d,p) and B3LYP/6/311+G(3df,2p)]
and MP2/6-311+G(d,p), yield a Cs;, symmetry for this ion, all
the computed vibrational frequencies being real. In this structure,
C() is in the plane of the three 3 carbons. The lowest harmonic
vibrational frequency corresponds to the “out-of-plane” (plane
defined by the three 8 carbons) motion of C(a) leading to the
inversion of the a carbon. However, optimization at the MP2/
6-311+G(3df,2p) level indicates that the structure of 17 is of
C; symmetry (see Figure 1), slightly pyramidalized, with C(a)
being 0.16 A from the plane defined by the three f carbons
(this distance amounts to 0.45 A in 1H). All of the harmonic
vibrational frequencies are real, corresponding to a minimum
on the potential energy surface (PES) of 17. This, together with
the small difference in standard Gibbs free energy between the
C3; (minimum) and Cj, (transition-state) structures, 1.76 kcal
mol ™!, suggests again that the “inversion” of the o carbon takes
place at room temperature. The lowest vibrational mode of 1~
(32.9 cm™!) is associated with the symmetrical stretching of
the o carbon with respect to the three  carbons. The imaginary
vibrational frequency (26.9i cm™!) corresponds to the out-of-
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TABLE 3: Natural Charges®’ for the Atoms of 1H and 1~

(65
1H (Gy) 17 (Gy)

atom charge atom charge
C() —0.437 C() —0.767
C(p) 1.207 C(p) 1.236
F(a) —0.384 F(a) —0.423
F(p") —0.383 F(p") —0.439
F(y") —0.380 F(y") —0.452
H 0.255

“In electronic charge units. ”6-3114++G(3df,2p) basis set and
geometry optimized at the MP2/6-311++G(3df,2p) level.

plane (defined by the three 3 carbons) vibration leading to the
inversion of the o carbon. Relevant structural features of the
C; structure as optimized at the MP2/6-3114+G(3df, 2p) level
are as follows: (i) The C(o)—C(j), distance, 1.448 A is
substantially shorter than that found in 1H (1.537 A), and this
is quite consistent with the hyperconjugative effect indicated
above. (ii) The C(8)—F(y’), C(B)—F(f’), and C(8)—F(a) bond
lengths, 1.380, 1.368, and 1.351 A, respectively, correspond to
C—F bonds in antiperiplanar and synperiplanar (in the latter
two cases) orientations with respect to the C(a)—lone pair
orbital. Again, this is to be expected on the basis of fluorine
hyperconjugation.

2. An NBO study at the MP2/6-311++G(3df,2p) level was
carried out for both species. The corresponding charges on the
atoms of both species are summarized in Table 3.

The computed positive charge on the hydrogen atom of 1H,
0.255, is significantly larger than that on the hydrogen of
fluoroform (0.087, this work). The patterns of charge distribu-
tions in 1H and 1~ are rather similar. In the latter case, however,
the negative charge on C(a) is ca. 0.3 electronic units larger
than in the former. Interestingly, the negative charges on the
various F atoms increase by a small amount, 0.03—0.06
electronic units, on going from 1H to 17. The fact that the
electronic population ranks as F(a) < F(8") < F(y”) is consistent
with the previous discussion on hyperconjugation effects.

The highest occupied molecular orbital (HOMO) of 1~
involves a large contribution from the p, orbital of C(a) and
significantly smaller contributions from the three p, orbitals of
C(p). The p orbitals of the F atoms are involved in lower-lying
orbitals and are, therefore, less prone to act as basic centers.
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Figure 2. Mass spectrum of ion (IHCI)~ (pressure of 1H, 9.6 x 1077 mbar; pressure of HCI, 1.2 x 1077 mbar; 50 scans).
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We have also determined the Wiberg indexes®® of 1~. For
C(a)—C(p), we found 1.10. For C(8)—F(y"), C(5)—F(f’), and
C(B)—F(a), values of 0.775, 0.795, and 0.825, respectively,
were obtained. These values are quite consistent with the charge
distribution indicated above and with the hyperconjugative effect
of fluorine, The hyperconjugative effect is stereoelectronic, and
consequently, when the bond C—F is in an antiperiplanar
arrangement with respect to the lone pair in C(a), the maximum
values are observed.

II1.2. 1:1 Hydrogen-Bonded Complexes. One could expect
that the anions A~ of protic acids with acidities significantly
weaker than that of 1H would be practically fully protonated
by 1H and that the opposite would occur with acids significantly
stronger than 1H. We have explored a series of systems
including 1H and a variety of acids AH with GA values spanning
the range from 383.7 & 0.2 (H,0) to 315.4 & 2.0 (MeSO;H).?!
With only two exceptions, we never observed any significant
amount of hydrogen-bonded adducts, (IHA) ™. These exceptions
are discussed in the following subsections.

II1.2.1. (1IHCI)". The mass spectrum of this ion is presented
in Figure 2. In the gas phase, GA(HCI) = 328.1 £ 0.2 kcal
mol™! and GA(1H) = 326.6 & 2.0 kcal mol '.Thus, under
pressures of HCI and 1H of the same order of magnitude, both
CI” and 1" coexist in the presence of their corresponding neutral
acids and their hydrogen-bonded adducts. This point was
confirmed by double-resonance experiments. Pressures of HC1
and 1H were in the range from 2.0 x 107% to 1.0 x 107® mbar.

Collision-induced decomposition of (IHCI)™ using Ar as the
collision gas cleanly leads to the formation of 1~, without any
significant amount of Cl™. This, however, is not a proof of the
ion structure being (CI—H+--1)".

In this work, we observed the equilibria

Cl + HCIl — (CIHCI) K, (4) ArG?n(4) 4)
(CIHCl)” + 1H — (1HCl)” +

HCl K (6) AGL5) )

m

(supported in all cases by double-resonance experiments).
Reaction 5 leads to the expression

I - p
_ | fancy THal
K@= [I(CIHCI)] . [P IH] ©

In these and the following expressions, the P variables represent
the partial pressures of the neutral species, and the / variables
represent the abundances of the various ions (corrected for the
relative abundances of their isotopologs and taken as directly
proportional to their partial pressures).

Equation 5 allows the direct comparison of the thermody-
namic stabilities of (1HCI)~ and (CIHCIl)". Ion selection
experiments show that, in every case, the ratio [/uciy~/Icincn-]
reaches a constant value independent (within 10% or better) of
the ion being selected. A plot of this ratio against the ratio Pyy/
Py 1s linear (see Figure 3), and with the appropriate corrections,
its slope provides the value of K(5). The experimental results
are summarized in Table 4.

Combination of A,G%(4) and A,G%(5) leads to a value for
A.GY(7) based solely on experimental data. A,G%(7) pertains
to the reaction

1H + CI” — (1HCl)~

Reactions 7 and 5 were thus subjected to a computational study.
The results are also summarized in Table 4. Consideration of
the result obtained for reaction 4 strongly suggests that basis

AGo(T) @)

m
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Figure 3. Plot of the ratio of ion intensitites (I5ss/I;;) against the
(uncorrected) ratio of the partial pressures (Pyy/Pycy)- In blue is the
(0,0) point, not included in the correlation.

HCI

set superposition error (BSSE) is important in the calculations
carried out at the MP2/6-311++G(3df,2p) level. We have thus
applied the Boys—Bernardi correction®” to the adducts (CIHCI)~
and (1HCI)". The results are given in Table 4. In the case of
(1IHC1)~, we considered the moieties (CI-, 1H) (italicized
results) and (HCI, 17). The agreement between the computed
and experimental results is rather good for the former treatment.

The optimized structure of (1HCI)~ at the MP2/6-
311++G(3df,2p) level is shown in Figure 5 below. Relevant
bond distances are summarized in Table 5. They tend to indicate
that this complex can be seen as a neutral 1H moiety hydrogen-
bonded to a chloride anion.

I1.2.2. (IHI)". Using relatively high pressures of 1H [on
the order of (1—2) x 107° mbar] and no cooling gas, we
observed the formation of the ion with m/z = 439 and its
isotopologs, corresponding to the (1H1)™ ion (see Figure 4).
The abundance of this species is rather small (2—3% of that of
1H), and most important, the ion disappears in a few seconds.
It seems reasonable to infer that this ion is formed by the
reaction between 1H and excited 17. The excitation of the anion
would originate in the energy released by the reaction between
1H and the alkoxides MeO™ and iso-AmO™. If the standard
Gibbs energy change for reaction 8 is too weakly negative or
even slightly positive, (1H1)™ is expected to dissociate as it
thermalizes through collisions with the neutral species present
in the system.

AGo(8) (8)

m

1H + 1" — AH1)~

A problem to take into account is the conformations that the
two interacting species can adopt. This is not a trivial problem,
as the conformational space of two interacting compounds can
be vast. We have searched for possible interaction conformations
by means of the simulated annealing®” molecular dynamics
method. It allows searching possible minima with molecular
dynamics in systems, such as the present one, where systematic
searches are forbidden given the degrees of freedom for
noncovalently bonded molecules.

In that way, we produced two initial conformations (sI and
sII, Figure 5) derived by chemical “intuition”. Thus, we assumed
that the hydrogen atom in 1H would tend to approach the sites
with the largest negative charges in 17, namely, C(o) and the
fluorine atoms. sI and sII were afterward recursively heated
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TABLE 4: Experimental and Computational Standard Gibbs Energy Changes Pertaining to Relevant Processes”

reaction level uncorrected” BSSE-corrected”© experiment

CI™ + HCl — (CIHC])™ MP2/6-311++G** —17.6 —13.0 -16.5£0.3¢
MP2/6-311++G(3df,2p) —18.6 —16.5

1H + CI” — (1HCl)~ MP2/6-311++G** —20.1 —13.7 —155+03%
—11.5
MP2/6-311++G(3df,2p) —17.3 —15.0
—13.6

(CIHCl)” + 1H — (1HCl)~ + HCl MP2/6-311++G** —2.6 —0.75 1.0+0.2°

1.46

MP2/6-311++G(3df,2p) 1.3 1.5
2.9

@ All values in kcal mol™'. » This work. ¢ See text. Italiziced values correspond to the effect of the CI~ moiety. ¢ From ref 21.

438.979

3
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440.986
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a0 a3
Figure 4. Spectrum of (1H1)". Detection time = 300 ms after

ionization. Py = 1.02 x 107° mbar. 100 transients.

TABLE 5: Computed Bond Distances Pertaining to (1HCI)™
and HCI*

species d[C(a)—H] d(H—CI)
(C4FoHCI)™ 1.133 2.019
C4FoH 1.090 -
HC1 - 1.273

“MP2/6-311++G(3df,2p) level. » All values in angstroms.

and cooled for 100 times each to find the corresponding
conformational minima. Such minima were finally minimized
and analyzed by molecular mechanics methods. This led to three
possible conformations: ml, mII, and mIII (see Figure 5).

These conformations were optimized at the B3LYP/6-
311++G(3df,2p) level, leading, during the optimization process,
to the conformations Ia, Ib, and II used for this study. Some
relevant interatomic distances are given in Table 6. The energy
levels of these minima are rather close; indeed, the difference
between Ia and Ib is around 0.1 kcal/mol, and II is 1.5 kcal
mol~! higher. All of them are true minima, as confirmed by
frequency analysis.

In Ia, the “bond” between H and the negatively charged C(o)
is long, 2.403 A, whereas in Ib, the length is slightly shorter,
2.377 A. This is likely a consequence of the repulsion between
the C—F dipoles in the two moieties. Indeed, these bonds are
in eclipsed positions in Ia, whereas in Ib, they are staggered,
thus minimizing the repulsive interactions. In II, the H—F(5")
and H—F(y”) distances are also long and very similar. This
suggests an essentially electrostatic interaction in both cases.
The calculations at the B3LYP/6-311++G(3df,2p) lead to the
standard enthalpy and Gibbs energy changes for the formation
of structures Ia, Ib, and II reported in Table 7. In terms of the
computed A,G%(8) values, the structures Ia, Ib and II are very
similar, and at sufficiently high pressures, the three species
should coexist. Of course, at the low pressures prevailing in

S ™
cu%: :i‘
3 3
LS

Ia ] o

Figure 5. Starting geometries for the MM conformational search and
QM-optimized [B3LYP/6-311++G(3df,2p) level] adduct conformations.

TABLE 6: Computed Bond Lengths for C,FoH—CFy~ ¢*

C4F9H_C4F9_ C4F9H_C4F9_ C4F9H_C4F9_

distance Ia (Cy) Ib (C) II (C)
C(o,1)—H /C(a,2)—H 1.109 1.109 1.094
C(a,1’)—H/C(a,2)—H 2.403 2377 3.765
H—F() 3.472 3.45 3.931
H—F(f") 2.929 2.902 2.343
H—F(y") 4.352 4.323 2.319

@ B3LYP/6-311++G(3df,2p) level. * All values in angstroms.

TABLE 7: Calculated Thermodynamic Data for Reaction
8ab

property Ia (C3) Ib II (Cy)
AGYA(8) 0.5 0.9 —0.8
AHY(8) —10.0 —10.8 —8.9

@ B3LYP/6-311++G(3df,2p) level. * All values in kcal mol ™.

the experiments, the equilibrium concentrations of these species
are vanishingly small, in agreement with our observations.
An NBO study, at the B3LYP/6-311++G(3df,2p) level, was
carried out in order to understand the orbital interactions within
the complex species. More precisely, we studied C4FoHCl™ and
the structures Ia, Ib, and II of 1H1". NBO analysis was
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TABLE 8: Results of the AIM Study of Relevant Species
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species bond oo Vo BL®* vdW radii”
(C4FoHCI)™ H---Cl 0.040 0.08 2.018 H, 1.02 Cl-, 1.89
C—H 0.271 —1.06 1.13 H, 1.02 C, 1.70
(Cle++H---Cl)~ H---Cl 0.119 —0.15 1.253 H, 1.02 Cl-, 1.89
(C4FoHC4Fy)™ Ia He--C™ 0.016 0.033 24 H, 1.02 C™, 1.68
C—H 0.279 —1.04 1.108 H, 1.02 C, 1.70
(C4FoHC4Fo)™ Ib He--C™ 0.017 0.035 2.37 H, 1.02 C™ 1.68
C—H 0.273 —0.924 1.109 H, 1.02 C, 1.70
(C4FoHC4Fq)™ 1T H---F(5") 0.012 0.044 2.318 H, 1.02 F, 1.47
H---F(y") 0.008 0.032 2.59 H, 1.02 F, 1.47

“Bond lengths. ” In angstroms.

performed using NBO version 3.1 for Gaussian 03. In all
species, the natural charges placed on the central carbon are
rather similar to that observed within the single species already
noted in section II. Indeed, the observed effect, the carbon linked
to H does not present a lone pair of electrons whereas the anion
does, its electronic configuration is quite close to it, indicating
the weakness of this bond increased by the effect from the
anionic side.

The second-order perturbation theory analysis exhibits some
remarkable characteristics. The antibonding orbital between
carbon and hydrogen receives charge from the central carbon
in the anion, stabilizing the molecule by around 7.70 kcal mol ™!
for Ia and 8.23 kcal mol ™! for Ib. Such an effect is also observed
for the F—H interactions, where it is possible to see some
donor—acceptor effect with the lone pairs of the F involved
(see Bader analysis) although the largest contribution to the
molecular stability is only 2.42 kcal mol™!, indicating the greater
stabilizing effect of the adduct than the H+++F hydrogen bonds.
This effect is obviously higher when chlorine anion is involved,
contributing with one of its lone pairs to 35.42 kcal mol™! of
adduct stabilization.

I11.2.3. Atoms in Molecules Analyses. Using Bader theory,*
we can analyze the bond character when some sort of interaction
can be found between two nuclei. There are several methods
for performing this analysis, but a very intuitive one consists
of checking two parameters: the electronic density at the bond
critical point (p,) and the Laplacian of the electronic density
(V?pp).The larger py,, the more charge density is enclosed
between the atoms. The sign of the Laplacian indicates whether
the electronic density is concentrated, such as in covalent bonds,
where V2p, < 0, or depleted, such as in electrostatic interactions,
where V2p,, > 0.4

The results of this study, using the structures optimized at
the MP2/6-3114++G(3df, 2p) level and wave functions gener-
ated at the B3LYP/6-3114++G(3df,2p) level, are summarized
in Table 8.

The study of the interaction between C4FoH and C1™ leads to
the system graph shown in Figure 6.

The values given for the H+++Cl interaction in Table 8 (p, =
0.040 and V?p, = 0.08,) are usually found in closed-shell
interactions, which is therefore in agreement with an electrostatic
interaction. On the other hand, the C—H bond shows values
(o = 0.2715 V?p, = —1.06) consistent with a covalent bond.

When the same treatment is carried out for (CIHCI)™, we
find that the two H-++Cl bonds are completely symmetrical,
with p, and V?p, showing some covalent character, although
both the charge density and the Laplacian exhibit low absolute
values, close to the frontier between covalent and ionic
interactions. The H+++Cl bond distances are identical and in
the range of covalent bonds. Actually, this structure (a four-

electron three-center bond) can be considered as the equilibrium
state where the hydrogen atom, through the stretching vibration,
is shifting from an electrostatic interaction to a covalent bond
from one end to the other but, because the molecular symmetry,
the observable is the average of the extreme structures. This is
fully consistent with very thorough studies of this ion.*"*?

It is possible as well to estimate the strength of the
electrostatic interaction by determining the overlapping of
the van der Waals (vdW) radii of the species,* measur-
ing the distance from the nucleus of the selected atom within
the intersection of the topological path at p, = 0.001 for the
isolated chemical species, in this case, C1~, C4F9H, and HCI.
Although there are more sophisticated methods for this task,*
such calculations can be easily performed using the electronic
density cube files provided by Gaussian for the individual
species, interpolating the selected electronic density for the
vdW density along the bond direction. In that way, the more
overlapped the radii are, the stronger the interaction is. The
bond lengths and vdW radii given in Table 8 indicate that
there is a clear overlap of the vdW surfaces in the case of
(IHC1)™, but it is still too small for this bond to be considered
covalent.

In the case of structures Ia and Ib (see Figure 7) for the
adducts, the p, and V2p, values for the critical point between H
and C™ correspond to an electrostatic interaction, whereas that
between C and H in the C,FyH moiety seems clearly associated
with a covalent bond.

The H+-+C™ distances in adducts Ia and Ib are rather long,
but given the conformational strain associated with such
structures and the results of the Bader analysis, we can consider

G——oa‘
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Figure 6. Molecular graph showing the bond critical points (red dots)
and bond paths (white lines) in the (C,FoHCI)™ structure optimized at
the B3LYP/6-311++G(3df,2p) level.
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Figure 7. Molecular graph for structuresla, Ib, and II of (1H1)~
optimized at the B3LYP/6-311++G(3df,2p) level. Red dots are bond
critical points, and white lines are bond paths.

them to be typical hydrogen bonds. In the case of II, the data
in Table 8 suggest that the individual H+**F interactions can
be considered as rather weak. These results are also confirmed
by the frequency analysis carried out for this dimeric species
because its vibrational frequencies do not seem to be signifi-
cantly influenced by the interaction with the hydrogen atom.

From a chemical point of view, the presence of a critical point
between fluorine atoms is surprising, yet it can be considered
as a simple overlap of charge densities surrounding the fluorine
nuclei. As a consequence, in the analysis of the charge density,
a nonzero value is found, and therefore, the AIM analysis
identifies it as a critical point. Does this fact mean that it is a
chemical interaction of any sort? When we analyze py, or V2,
we find values of around 1 x 1072, quite low indeed, although
not without precedent both in absolute values and in distances.*
Even the eigenvalues (curvatures), the two negative and the
positive one, present absolute values ranging from 1 x 1073 to
1 x 1072, showing that, although such an effect indicates a
concentration of charge density at the critical point, it is rather
low and combined with a closed-shell interaction. Such types
of interactions have been associated with molecules containing
either fluorine or oxygen atoms in close contact.***’ The second-
order perturbation theory performed within the NBO analysis
for such interactions shows a low (around 0.1 kcal mol™! in
average), although not nil, contribution to the stability of the
molecule. Here, the lone pairs of the closest fluorine atoms
donate their electronic pairs to the extravalence orbitals of
neighbor fluorine atoms, resulting in a net increase of the adduct
stability, and therefore, such interactions, as described by means
of AIM theory, are perfectly consistent with systems with such
internal repulsion.
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