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Weak Hydrogen Bridges: A Systematic Theoretical Study on the Nature and
Strength of C—H---F—C Interactions

Isabella Hyla-Kryspin,* Giinter Haufe, and Stefan Grimme*!*!

Abstract: We present a comparative
study on the nature and strength of
weak hydrogen bonding between the
C(sp)-H , C(sp>)—H, and C(sp)—H
donor bonds and F—C(sp®) acceptors.
The series of molecules CH;F-CH, (2a,
2b), CH;F-C,H, (3), CH;F-C,H, (4), as
well as model complexes of experimen-
tally characterized 2-fluoro-2-phenylcy-
clopropane derivatives, C;H4C;HsF
(5a, 5b) and C;HF-C;HSF (6) were in-
vestigated. Comparative studies were
also performed for two conformers of
the methane dimer (1a, 1b). The calcu-
lations were carried out in hierarchies
of basis sets [SV(d,p), TZV(d,p), aug-
TZV(d,p), TZV(2df.2pd), aug-
TZV(2df2pd), QZV(3d2fg2pd), aug-

initio [HF, MP2, QCISD, QCISD(T)]
methods and density functional theory
(DFT/B3LYP, DFT/PBE). It is shown
that well-balanced basis sets of at least
TZV(2df,2pd) quality are needed for a
proper description of the weakly
bonded systems. In the case of 2, 3, 5,
and 6, the dispersion interaction is the
dominant term of the entire attraction,
which is not accounted for at the
B3LYP level. Significant electrostatic
contributions are observed for 6 and 3.

Keywords: ab initio calculations -
density functional calculations

fluorinatedcyclopropanes - hydro-
gen bridges weak hydrogen

For 4, these forces have a dominating
contribution to the hydrogen bonding.
The C(sp)—H--F—C(sp’) interaction in
4, though weak, exhibits the same char-
acteristics as conventional hydrogen
bridges. Despite showing longer H---F/
H contacts compared to 1a, 2a, and Sa
the bifurcated structures, 1b, 2b, Sb,
are characterized by larger dispersion
interactions leading to stronger bond-
ing. For the systems with only one

H--F contact, the MP2/
QZV(3d2fg,2pd) interaction energy in-
creases in the order 2a

(=1.62kJmol™), 3 (—2.79 kImol ™), 5a
(=597 kImol™), 4 (=7.25kImol™),
and 6 (—10.02kJmol™"). This contra-
dicts the estimated proton donor ability

QZV(3d2fg2pdf)] by means of ab bonding

Introduction

The hydrogen bonding defined in the standard formulation
as a X—H--Y interaction, where X—H is the proton-donating
covalent polar bond and Y is the proton-accepting group,
belongs to one of the most important concepts in chemistry.
It provides an explanation of conformational preferences of
molecules, their properties, and reactivities in the gas, liquid,
and solid phases!! For conventional or strong hydrogen
bonds, both X and Y are electronegative atoms, such as O,
N, or F. On the basis of a huge amount of convincing infor-
mation, both theoretical and experimental, this type of
bonding is quite well understood, nowadays. The commonly
accepted criteria for the existence of hydrogen bonds are re-
lated to energetic, structural, and spectroscopic properties of
the interacting species. The binding energies (BEs) of strong
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of the C—H bonds (2a<5a<3<6<4).

hydrogen bonds are normally larger than ~20 kJmol ' and
the distance between the proton and the acceptor atom
(H--Y) is significantly shorter than the sum of their van der
Waals radii.® A red shift of the stretching vibration of the
proton-donating bond is usually observed in the correspond-
ing IR spectra. It correlates with the X—H bond length and
the H-Y bond strength.** Furthermore, NMR chemical
shifts, their anisotropy, and through-space spin-spin cou-
plings are also indicative for the existence of hydrogen
bonding.** For unusually activated donors and acceptors, as
in the case of the “inorganic” fluoride ion F—H---F~, and the
charged O—H--O~, N*—H:N or O*—H:--O systems, there is
very strong hydrogen bonding, whose energy and nature
shows similarities to covalent bonds.”) On the other hand,
for systems in which both X and Y or only one of them, are
of moderate-to-low electronegativity, the bond energies
drop significantly below 20kJmol™ and approach values
typical of vander Waals interactions (weak hydrogen
bonds).>® For this type of interaction, a return to the term
“hydrogen bridge” was recommended.”! Thus, one may dis-
tinguish between systems with 1) weak donors and strong
acceptors, for example, C—H--N/O ,["® 2) strong donors and
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weak acceptors, such as O/N—H-F—-C/*' and 3)weak
donors and weak acceptors, such as C—H--F—Cl! or
C—H--al¥ systems. Agostic interactions and dihydrogen
bonds, X—H°*-->"H-M, where X—H is the typical proton
donating group with an electronegative X atom and M—H is
the metal-hydride o bond are also classified as weak hydro-
gen-bonded systems.!**! Contrary to conventional hydrogen
bonds, a shortening of the proton-donating bond and a blue
shift of its stretching vibration is often observed in the IR
spectra of weak hydrogen bridges."! Theoretically, one way
to characterize hydrogen bond systems is based on the topo-
logical analysis of the electron density, that is, on the AIM
method.* Recent investigations showed that the proposed
criteria for the existence of hydrogen bonds according to the
topological analysis of the electron density!"* are also sat-
isfied in the case of weak hydrogen bridges exhibiting the
blue shift.!"

Based on Cambridge Structural Database (CSD) studies
for a set of molecules containing C, H, and F with H--F con-
tacts shorter than 2.8 A, Shimoni and Glusker recognized
that a fluorine atom covalently linked to a carbon atom (so-
called “organic” fluorine) is a very poor hydrogen-bond ac-
ceptor and even poorer than the less electronegative oxygen
or nitrogen atoms in analogous O—C or N—C bonds.'” The
authors revealed that attractive C—H--F—C interactions
occur, but they are very weak.!™ Because of the importance
of fluorine in biochemical environments and the common
practice to replace a hydrogen atom or hydroxyl group by
fluorine to generate a fluorinated enzyme substrate or inhib-
itor in a given enzymatic process,"” subsequent CSD search-
es were carried out with more severe criteria for the F---H
distance.'” According to a CSD analysis of Howard et al.
with Ry.p<2.35 A, short C—H--F—C contacts occur some-
what more frequently than O/N—H--F—C hydrogen bonds,
but they are still relatively rare.l'” On the basis of a similar
CSD study with Ry <2.3 A, Dunitz and Taylor concluded
that short contacts between covalently bound fluorine and
OH or NH groups are extremely rare and that only a few
structures may be classified as exhibiting true hydrogen
bonds.'”® However, other authors regarded a distance of
about the sum of van der Waals radii (2.67 A)" or even
longer to be hydrogen bonds.”>!!! Furthermore, the
recent synthesis and structural characterization of 2-fluoro-
2-phenylcyclopropane derivatives revealed that, in addition
to C—H--F—C distances which are close to or slightly below
the sum of the van der Waals radii, very short H--F distan-
ces, that is, below 2.3 A, are observed in the crystal struc-
tures of these species.!¥

This work presents a comprehensive study of the nature
and magnitude of the C—H--F—C interaction in several
model systems, which may be regarded as controversial in
the light of the aforementioned studies. Similarly to conven-
tional hydrogen bridges, the strength and nature of weak hy-
drogen bridges should be inherently connected to the subtle
balance between the Lewis acidity of the proton-donating
bond and the Lewis basicity of the acceptor. We thus started
our studies with a set of small systems, including CH,-CH,
(1), CH,FCH; (2), C,H,FCH; (3), and C,H,-FCH; (4). The
choice of 24 should allow us to follow how the enhanced
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acidity of the C—H donor bond effects the nature of the
C—H:-F—C interaction. The methane dimer (1), in which the
intermolecular attraction is dominated by dispersion, was
chosen for the comparison. We then continue with model
cyclopropane systems C;HgC;HsF (5) and C;HsF-C;H;F (6)
for experimentally characterized monofluorinated phenylcy-
clopropane derivatives!"'¥ which are compared to 1-4.

As the hydrogen bonding becomes weaker and ap-
proaches typical van der Waals interaction energies, an un-
equivocal characterization of the interaction is no longer
possible and thus, several controversial debates can be
found in the literature.” This was also one of the main
topics discussed during the recently held International Sym-
posium Fluorine in the Life Sciences.”™ Electrostatic contri-
butions are dominant in strong hydrogen bridges, while
charge transfer is most important for the strongest bonded
systems from the top end of the hydrogen-bonding scale. In
weak hydrogen bridges, the electrostatic term is relatively
small and can be of the same magnitude or even smaller
than the dispersion term.™ Theoretically, the dispersion
contributions can be separated from the other terms by the
comparison of results from Hartree—Fock calculations with
those obtained by ab initio methods including electron cor-
relation. To correctly characterize the nature of the
C—H--F—C interactions and to provide conclusive answers,
the calculations presented here were carried out within hier-
archies of methods and with the basis sets described in the
next section.

Computational Details

All calculations were carried out with the TURBOMOLE system of pro-
grams.’!! As quantum chemical methods, Hartree—Fock (HF), second-
order Mgller—Plesset perturbation theory (MP2),??! and density function-
al theory (DFT) employing hybrid B3LYP'** and pure PBE"** functionals
were used. The MP2 calculations were carried out with the resolution of
the identity technique (RIMP2)®! and excluding the correlation of the
1s electrons of carbon and fluorine. Although MP2 is generally consid-
ered to be a relatively accurate method to account for dispersive interac-
tions, it is well-known that it overestimates the effect quite often, as for
example in the case of the pure van der Waals interaction in the benzene
dimer.”® On the other hand, the complete basis set estimate for the
MP2 binding energy of the water dimer is underestimated by =~
2 kJmol™! compared to the experimental value.”® To clarify this point
for the C—H:-F—C interaction and estimate the MP2 errors, comparative
calculations at the QCISD and QCISD(T) levels?®?”! were also carried out
for 1-4 with the RICC program.?®

The two DFT functionals were chosen for the following reasons. First,
B3LYP is the most popular functional with a good performance for a
wide range of ground state properties. Although B3LYP almost com-
pletely fails for the description of pure van der Waals bonded systems,*’!
it is still in common use for weakly bonded ones. On the other hand, the
pure (nonhybrid) PBE functional accounts, at least qualitatively, for dis-
persion forces and it is thus one aim of this study to explore the capabili-
ties of both functionals for the different F---H interactions investigated in
this work.

The accurate description of dispersive interactions requires an accurate
description of the polarizabilities of the fragments, and this is only possi-
ble with large basis sets that include diffuse functions with small expo-
nents. To reduce the basis set superposition error (BSSE), which leads to
an artificial increase of the calculated binding energy (BE), appropriate
polarization functions are also necessary. The BSSE was calculated ac-
cording to the counterpoise (CP) method of Boys and Bernardi,*” and
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yields the final counterpoise-corrected binding energies (CPBE). The de-
termination of the BSSE may also provide some insight into the quality
of the basis set used in the calculations. The basis sets used here are:
SVP, TZVP, aug-TZVP, TZVPP, aug-TZVPP, QZVPPP, and aug-
QZVPPP23U For the sake of clarity, the number of primitive Gaussians
together with the contraction schemes are presented in Table 1. The last
column in Table 1 shows the number of contracted AO basis functions
for the largest system studied, namely, C;HsF-C;H;F (6).

Table 1. Primitive Gaussians and contraction schemes of the AO basis sets used"3!! together with the total

number of the contracted AO basis functions for 6.

energy part. The second point concerns the shifts of the stretching vibra-
tions of the C—H proton-donating bond. These investigations were car-
ried out for the B3LYP/QZVPPP- and MP2/QZVPPP-optimized struc-
tures of 2a, 3, 4, 6, and the corresponding monomers. Harmonic vibra-

tions were calculated with the SNF program.”)

Results and Discussion

—H---F—C interactions in com-
pounds 2-4: The calculations

Basis setl*! CF H AOs :
0) for molecules 1-4 were carried
SVP=SV(d,p) (Ts4pld)/[3s2pld] (4slp)/[2slp] 162 out for the conformations
TZVP = TZV(d,p) (11s6p1d)/[5s3p1d] (5s1p)/[3slp] 212 shown in Scheme 1. Important
aug-TZVP =aug-TZV(d,p) {(11s6p1d) + (1s1pld)}/[6s4p2d] {(5s1p) + (1s1p)}/[4s2p] 324 geometrical parameters of 1-4
e TZvPT oy | (Uil (Il (Gapldr oty soo  cgether with binding energies
aug- =aug- Sop! + (1slp sdp. s2pld) +(1slp .
TZV(2dt2pd) [4s3p1d] (BE) and the basis set superpo-
QZVPPP=QZV(3d2fg2pd)  (11s7p3d2flg)/[6sdp3d2flg] (6s2p1d)/[3s2p1d] 588 sition errors (BSSE) are collect-
aug-QZVPPP =aug- {(11s7p3d2flg) + (1slpldlflg)}/ {(6s2p1d) + (1p1d1f)}/ 948 ed in Table 2 and Table 3. The
QZV(3d2fg,2pdf) [7s5p4d3f2g] [4s3p2d1f] counterpoise-corrected binding

”»

[a] The prefix “aug-

The smaller sets (SVP, TZVP) are included in this study in order to ex-
plore their performance, which may be of importance in future studies
on much larger systems where the big basis sets become computationally
too demanding. For example, in the case of 6, which is only a model
system, the QZVPPP basis comprises almost 600 contracted AOs. For the
RIMP2 calculations we used the corresponding auxiliary basis sets from
the TURBOMOLE library.?"*! According to prior experience, errors re-
sulting from the RI approximation are less than 0.05 kJmol~' for BE and
negligible for the optimized structural parameters. The geometries of 1-6
were optimized at the HF, B3LYP, and MP2 levels by the use of all the
basis sets mentioned. In the case of 5 and 6, optimizations with the aug-
QZVPPP basis were omitted. If not mentioned otherwise, the calculated
BE, BSSE, and CPBE values refer to the geometry corresponding to the
actual basis set/method combination. To estimate how the BSSE influen-
ces the H-F distance, HF, MP2, DFT/PBE, and DFT/B3LYP potential
energy curves (PEC) were calculated for 2—4. In these calculations, only
the TZVPP basis set and fixed MP2/TZVPP optimized structures were
used.

Theoretically, intermolecular interaction energies can be (arbitrarily) de-
composed into chemically meaningful quantities, for example, electrostat-
ics, polarization, exchange-repulsion, charge-transfer, and dispersion.!
The most consistent way to calculate these quantities accurately is the
symmetry-adapted perturbation theory (SAPT) approach.’¥ For weak
hydrogen bonds (and also from the viewpoint of the quantum-chemical
methodology), the dispersion term is of particular importance. Thus, in
this first work, we decided to employ a simplified scheme which nonethe-
less allows deep insight into the nature of bonding. We used the ratio be-
tween Hartree-Fock and MP2 interaction energies CPBE(HF)/
CPBE(MP2) as a measure of the importance of the dispersion contribu-
tions. For simplicity, the first four contributions to the binding energy
mentioned above, which are relatively accurately covered by the HF
methods, are summarized in the following under the term “electrostatic
contribution”. Coupling terms, which arise because electron correlation
changes the properties of the monomers (e.g. their dipole moments), may
have some effect for the contribution of pure electrostatics; however,
they are not expected to influence our general conclusion regarding a
series of structurally similar molecules.

Two additional points that are of particular importance for weak interac-
tions will be also addressed in our work: the first one concerns the esti-
mation of the complete basis set (CBS) limit for the MP2 interaction en-
ergies. These calculations were carried out for 2a, 3, and 4 with the aug-
cc-pVXZ (X = 3, 4) basis sets™ by means of the two-point approxima-
tion® for the uncorrected and counterpoise-corrected MP2 correlation
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energies (CPBE) and the BSSE
as a function of the basis set

2alC,)
2b(C))
g
0
JHC) 4(C,)

Scheme 1. Molecular structures of the complexes 1-4.

and method are depicted in Figure 1. The optimized H--F
distances of 2a(Cs,), 3(C,), and 4(C;,) are compared in
Figure 2. From Table 2, Table 3, and Figure 1, it is evident
that the smallest SVP basis is not appropriate for these
weakly bonded systems. For 1a, 2a, 1b, and 2b, indepen-
dently of the method, the BSSE calculated with the SVP
basis is nearly equal to or even larger than the binding
energy itself. This situation is slightly better for the more
strongly bound systems 3 and 4, for which the BSSE correc-
tions to the binding energies range from 32% (HF: 4) to
88% (B3LYP: 3)

As expected, the BSSE errors decrease systematically
with increasing size of the basis set. For 2a, 2b, 3, and 4
with the TZVP basis set, the BSSE corrections are 23-58 %
(MP2), 15-63% (B3LYP) and 8-45% (HF) of the corre-
sponding binding energies. For the aug-QZVPPP basis set,
these corrections diminish to 9-20% (MP2), 1-12%
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Table 2. Optimized H—F bond lengths [A] and C-H-F bond angles [°] as well as calculated binding energies (BE) [kJmol '] and basis set superposition
errors (BSSE) [kImol™'] for CH,-CH, (1a(D;,)), CH;F-CH, (2a(Cs,)), CH;F-C,H, (3), and CH,F-C,H, (4).

1a(Ds,) 2a(C,) 3(C) 4G,)
Method/basis set Ry y BE BSSE Ry r BE BSSE Ry ¢ BE BSSE Ry ¢ BE BSSE
HF/SVP 3.470 —0.02 0.08 2.720 —2.42 2.24 2.601 -3.81 2.52 2.278 -9.52 3.07
B3LYP/SVP 2.722 —0.27 0.54 2.463 -5.39 5.42 2.364 —6.84 5.99 2.139 —12.91 7.26
MP2/SVP 2.522 -1.37 1.18 2.494 —5.04 4.56 2.415 —6.58 5.03 2.185 —12.14 6.08
HF/TZVP 3.213 not bound 2.945 —0.82 0.37 2.748 -2.01 0.44 2.353 —6.94 0.57
B3LYP/TZVP 2.723 not bound 2.720 —1.16 0.73 2.522 —2.41 0.87 2.235 —7.52 1.15
MP2/TZVP 2.725 —0.55 0.30 2.651 —-2.29 1.20 2.496 -3.87 1.65 2.266 —8.56 1.98
HF/aug-TZVP 3.471 not bound 3.115 —0.47 0.05 2.841 —1.49 0.10 2.394 -5.83 0.18
B3LYP/aug-TZVP 2.723 not bound 2.723 —0.43 0.15 2.589 -1.43 0.20 2.269 —5.84 0.36
MP2/aug-TZVP 2.722 -1.91 1.36 2.522 —3.40 1.87 2.415 =511 2.40 2.229 —9.31 2.39
HF/TZVPP 3.213 not bound 3.042 —0.67 0.26 2.783 -1.70 0.34 2.389 —6.15 0.47
B3LYP/TZVPP 2.723 not bound 2.720 —-0.91 0.51 2.560 —1.90 0.74 2.259 —6.56 0.94
MP2/TZVPP 2.718 —0.67 0.22 2.596 —2.26 0.87 2.464 -3.62 1.12 2215 —-8.27 1.56
HF/aug-TZVPP 3.213 not bound 3.043 —0.49 0.06 2.849 —1.49 0.10 2.388 -591 0.18
B3LYP/aug-TZVPP 2.723 not bound 2.721 —0.44 0.12 2.626 —1.45 0.17 2.260 —5.95 0.35
MP2/aug-TZVPP 2.717 —1.02 0.44 2.522 —2.51 0.81 2.415 —4.26 1.32 2.186 -9.07 1.85
HF/QZVPPP 3.213 not bound 3.043 —0.51 0.08 2.837 -1.51 0.13 2.391 —5.89 0.20
B3LYP/QZVPPP 2.723 not bound 2.721 —0.59 0.24 2.581 —1.61 0.32 2.260 —6.10 0.45
MP2/QZVPPP 2.723 —0.54 0.06 2.596 —1.96 0.34 2.418 -3.30 0.51 2218 -7.93 0.68
HF/aug-QZVPPP 3.214 not bound 3.044 —0.45 0.03 2.837 —1.43 0.05 2.384 —5.78 0.08
B3LYP/aug-QZVPPP 2.724 not bound 3.053 —0.34 0.04 2.606 -1.32 0.04 2.270 —5.69 0.08
MP2/aug-QZVPPP 2.723 —0.95 0.34 2.596 —2.44 0.48 2419 -3.81 0.58 2.193 —8.52 0.80

Table 3. Optimized H-H/F bond lengths [A] and C-H-H/F bond angles [°] as well as calculated binding energies (BE) [kJ mol~'] and basis set superposi-
tion errors (BSSE) [kJmol '] for CH,-CH, (1b(C,)) and CH;F-CH, (2b(C))).

1b(C) 2h(C)

Method/basis Run/Ruim X CHH1/¥ CHH2 BE BSSE Ry /Rism & CHF/ & CHH1 BE BSSE
HF/SVP 3.354/3.350 155.1/174.0 ~0.03 0.13 2.695/3.195 176.8/138.2 ~3.78 387
B3LYPSVP 3.039/2.992 168.8/156.5 —0.13 0.50 2.449/2.993 178.5/136.0 ~7.93 8.10
MP2/SVP 2.755/2.767 158.5/163.7 -135 1.19 2.471/2.669 174.4/128.1 -831 8.08
HF/TZVP 3.380/3.380 156.9/172.4 not bound 3.020/3.825 176.8/145.6 -0.76 0.30
B3LYP/TZVP 3.149/3.099 165.5/161.4 not bound 2.721/3.561 177.4/142.9 ~125 0.72
MP2/TZVP 2.711/2.730 160.1/161.7 ~1.60 1.38 2.739/2.739 141.1/97.9 ~3.20 1.85
HF/aug—TZVP 3.310/2.309 159.6/167.3 not bound 3.021/3.823 176.7/145.5 —0.50 0.09
B3LYP/aug-TZVP 3.161/3.087 178.3/148.6 0.36 0.05 2.721/3.557 177.4/142.8 —0.46 0.11
MP2/aug-TZVP 2.663/2.654 159.7/161.2 -2.38 1.70 2.637/2.578 146.2/100.5 —4.82 2.20
HF/TZVPP 3.483/3.510 157.3/17322 not bound 3.020/3.821 176.9/145.7 -0.78 0.39
B3LYP/TZVPP 3.070/3.047 166.8/159.3 not bound 2.707/3.527 178.1/14322 -123 0.85
MP2/TZVPP 2.745/2.726 159.0/163.2 111 0.28 2.615/2.620 148.6/100.3 -3.82 1.51
HF/aug-TZVPP 3.318/3.343 158.5/170.8 not bound 3.020/3.821 176.9/145.7 —0.47 0.08
B3LYP/aug-TZVPP 3.179/3.123 167.7/159.2 not bound 2.721/3.557 177.4/142.9 —0.44 0.07
MP2/aug-TZVPP 2.734/2.708 161.9/160.0 -1.63 0.54 2.637/2.600 145.5/100.2 -3.97 1.06
HF/QZVPPP 3.394/3.389 168.3/161.6 not bound 3.020/3.820 176.9/145.7 -0.55 0.15
B3LYP/QZVPPP 3.084/3.032 166.9/159.3 not bound 2.707/3.525 178.0/14322 -0.79 0.40
MP2/QZVPPP 2.794/2.799 153.5/169.5 ~1.08 0.11 2.615/2.615 148.5/103.2 -3.36 0.64
HF/aug-QZVPPP 3.122/3.112 149.0/178.3 not bound 3.020/3.821 176.9/145.7 —0.45 0.04
B3LYP/aug-QZVPPP 3.095/3.047 158.0/168.6 not bound 2.707/3.526 178.0/14322 —0.42 0.05
MP2/aug-QZVPPP 2.808/2.891 111.9/147.2 ~1.67 0.37 2.612/2.583 145.2/99.6 ~3.99 0.66

(B3LYP), 1-9% (HF). For the methane dimer (1), for which
several theoretical studies have been performed,* the inter-
molecular attraction is entirely dominated by dispersion. In-
dependently of the basis set used, 1a and 1b are not bound
at the HF and B3LYP levels (Figure 1). For the smallest
basis set, the BEs with these methods are negative; howev-
er, after correction for BSSE the resulting CPBEs adopt
positive values, (Table 2 and Table 3). For larger basis sets,
however, the calculated BEs are also positive, which demon-
strates the inability of both methods to describe the disper-
sion interactions. These values are not presented in Table 2
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and Table 3 because they are not physically meaningful. De-
spite its longer H—H distances, 1b is more stable than 1a.
From Figure 1 it is evident that the greater stability of 1b
can be entirely attributed to the increase of dispersion con-
tributions. The MP2/aug-QZVPPP counterpoise-corrected
binding energy of 1b (—1.30 kIJmol ') approaches the exper-
imental estimates based on spherically averaged potentials
(—1.38 to —1.92 kTmol™").® It should be noted, however,
that 1b is not the most stable conformer of the methane
dimer® even though the energy differences are small.
Figure 1 clearly shows that electrostatic interactions are not
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Figure 1. Counterpoise-corrected binding energies (CPBE) and BSSE of 1-4. For the indicated basis set the ordering is CPBE(HF, B3LYP, MP2) and

BSSE(HF, B3LYP, MP2).

discernible in 1a and 1b, but they begin to develop for 2a
and 2b. At the MP2/QZVPPP level, the electrostatic contri-
bution to the whole attraction is 27 % for 2a and 15% for
2b. Similar to the case of the methane dimer, 2b is more
stable than 2a, and its greater stability also results from the
increased dispersion contribution (see Figure 1). For 3 and
4, the electrostatic part of the CPBE increases to 49 % and
78 %, respectively; in the latter case it reaches the value typ-
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ically found for conventional hydrogen bridges.”**! There
are no experimental estimates of the binding energies of 2—
4. Our MP2/QZVPPP studies predict —1.62 kImol™' for 2a,
—272kImol™ for 2b, -279kJmol™ for 3, and
—7.25 kImol ™ for 4.

Similar trends are also observed with the other basis sets
(Table 2, Table 3, Figure 1). These results clearly show that
similar CPBE values, as in the case of 2b(—2.72 kJmol ™)
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Figure 2. Comparison of the optimized H---F distances of 2a, 3, and 4 as a
function of the basis set and method.

and 3 (—2.79 kJmol™!), do not necessarily indicate a compa-
rable nature or type of hydrogen bridging. To the best of
our knowledge, theoretical studies on 2b, 3, and 4 are not
known, and only one study has appeared for 2a.'"”? On the
basis of MP2 calculations with a TZV ++ (3d1f,1p) basis set
augmented with an (1pld1f)-expansion midway between the
F and H atoms, Howard et al. estimated a very short F---H
distance of ~22A and an interaction energy of
—0.85 kImol L.I"7" The basis set used for the hydrogen
atoms had only a single p-polarization function and a single
diffuse s-shell.'”*) We suppose that the calculated interaction
energy (—0.85 kJmol™) suffers from a large BSSE, which
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normally occurs when basis sets that are not well balanced
are used in calculations. In addition, the bond functions
used might be problematic.*’! Our MP2/aug-TZVPP calcula-
tion predicts an interaction energy of —1.70 kImol™' for 2a
and —2.91 kJmol™" for 2b, and the binding increases at the
MP2/aug-QZVPPP level as —1.96kJmol™' (2a) and
—3.33kJmol™" (2b). Despite these larger interaction ener-
gies, the MP2/aug-QZVPPP-optimized F-+-H distances
[2.596 A (2a), 2.612 A (2b)], though slightly shorter than
the sum of the van der Waals radii, are significantly longer
than that determined by Howard et al. (2.2 A).'7 It is inter-
esting to note that the MP2/aug-QZVPPP attraction of 2a
(—1.96 kJmol™") is only slightly lower than that determined
by Caminati and co-workers for a unique C—H--F—C inter-
action in the difluoromethane dimer (—2.2kJmol™) by
means of free-jet millimeter-wave absorption spectroscopy
experiments.*!

Independently of the basis set and calculation method,
the optimized F---H distance of 2b is always longer than that
of 2a. Taking into account that 2b may be regarded as a bi-
furcated hydrogen bridging system, this elongation is not
surprising. Furthermore, for the more flexible basis sets, the
MP2-optimized H-H1 distance of 2b is significantly shorter
than the H-H1 and H-H2 distances in the methane dimer
1b (Table 3).

The replacement of the C(sp®) —H donor bond by a C(sp?)
—H and further by a C(sp)—H bond leads to very short F--H
contacts (Table 2, Figure 2). The MP2-optimized F--H dis-
tances range from 2.415A to 2496 A for 3 and from
2.186 A to 2.266 A for 4. Experimental structures are not
available for 3 and 4. However, we can compare our data
with X-ray crystallography measurements of the closely re-
lated fluorobenzenes and the 4-ethynylfluorobenzene.!'*®!
The MP2/aug-QZVPPP-optimized F-+H contacts in 3
(2.419 A) and 4 (2.193 A) are only slightly shorter than the
experimental values of monofluorinated benzene
(2.47 A)"®l and 4-ethynylfluorobenzene (2.26 A).l'"¥ This
discrepancy may be attributed to the slightly poorer accept-
or ability of the C(sp?)—F bonds!'™ present in the “real”
molecules compared to the corresponding C(sp®)—F bonds
used in our model systems. The bifurcated nature of the hy-
drogen bridges in the experimentally investigated mono-
fluorinated benzenes'™® may also be responsible for slightly
longer F--H bonds.

Compared to free acetylene, the C—H proton donor bond
of 4 is elongated by 0.0023 A (B3LYP/QZVPPP) or
0.0022 A (MP2/QZVPPP). In complex 4, both C—H stretch-
ing modes of the acetylene are red shifted: Av = —11cm™!
and —4cm™' (B3LYP); —12cm™ and —8cm™' (MP2). At
the MP2/QZVPPP level, we do not observe significant
changes in the proton donor C—H bond lengths of 2a and 3;
however, the remaining C—H bonds are slightly elongated
(0.0003-0.0005 A) compared to those of CH, and C,H,. The
shifts of the C—H stretching vibrations are insignificant for
complex 3 (Av=+41/—1cm™), but in the case of 2a one
C—H stretching mode is blue-shifted (Av = 44 cm™") while
the three other are red-shifted (Av = —4cm™', —4cm™!,
—2 cm™). Similar results were also obtained at the B3LYP/
QZVPPP level.
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To verify to which extent the MP2 method accounts for
correlation effects, we have performed QCISD and
QCISD(T) calculations for 1-4 with the TZVPP basis and
the MP2/TZVPP structures. The CPBEs are presented in
Table 4.

Table 4. MP2, QCISD, and QCISD(T) counterpoise-corrected binding
energies (CPBE) of 1-4. The CPBEs[kJ mol '] refer to the TZVPP basis
set and MP2/TZVPP structures.

QCISD MP2 QCISD(T)
CH,CH,, 1a(D,,) ~0.39 —0.45 ~0.56
CH,-CH,, 1b(C,) ~0.65 ~0.83 ~0.92
CH,F-CH,, 2a(Cy,) -121 ~1.39 —1.45
CH,F-CH,, 2b(C,) -1.91 -231 242
CH,F-C,H,, 3(C) ~2.30 ~2.50 ~2.60
CH,F-C,H,, 4(Cs,) —6.51 —6.71 ~6.80

The QCISD(T) CPBEs are larger than the MP2 ones by
0.11 kJmol™! (1a), 0.06 kImol™' (2a), 0.10 kImol™" (3), and
0.09 kImol™" (4). These results clearly show that MP2 ac-
counts fairly accurately for the dispersion interactions. The
QCISD binding energies are slightly underestimated com-
pared to QCISD(T) ones indicating the importance of tri-
ples contributions for the systems studied.

To study the basis set convergence of the correlation
energy we have used the common two-point approxima-
tion® with two consecutive cardinal numbers X of the aug-
cc-pVXZ (X = 3, 4) basis set.’] The extrapolated aug-cc-
pV(TQ)Z BEs are: —2.04 kJmol™ (2a), —3.74 kJmol™" (3),
—8.55 kJmol™ (4). Compared to the MP2/aug-cc-pVQZ or
MP2/aug-QZVPPP results, the extrapolated values differ by
no more than 0.40kJmol™'. The extrapolated aug-cc-
pV(TQ)Z CPBEs of —1.85 kImol™' (2a), —3.38 kJmol ™' (3),
—7.97 kImol™' (4) are within 0.24 kJmol™' of the aug-cc-
pVQZ or the aug-QZVPPP values.

C—H--F—C interactions in monofluorinated cyclopropanes:
To obtain some insight into the nature of the C—-H--F—C in-

teractions in the experimentally characterized monofluori-
nated phenylcyclopropanes,''Y we carried out calculations
for the model systems C;Hq-C3H;F (5) and C;HF-C;HSF (6)
(Scheme 2).

6(C)

Scheme 2. Molecular structures of the complexes 5a, 5b, and 6.

The calculations for 5 were performed within C, symmetry
constraints. During the geometry optimization, the starting
structure, 5(C;) converged to the bifurcated structure 5b(C,)
which, in addition, has relatively short ring-ring contacts.
Further searches on the potential energy surface leads to
structure 5a(C;) with only one C—H--F contact. The geome-
try optimization for 6 was carried out without any symmetry
constraints. The calculated data are summarized in Table 5
and graphically displayed in Figure 3, Figure 4, and Figure 5.

As expected, the calculated BSSEs decrease systematical-
ly as the basis set is improved. The BEs and CPBEs con-

Table 5. Optimized H-F bond lengths [A] and C-H-F bond angles [°] as well as calculated binding energies (BE) [kJ mol~'] and basis set superposition
errors (BSSE) [kJ mol '] for the conformers Sa and 5b of the C;HsF-CyH, system and for C;HsF-C3H;F (6).

5b(C) 5a(C,) 6(C))
Method/basis Ryr  ¥CHF BE BSSE Ryr  ¥CHF BE BSSE Ryr ¥CHF BE BSSE
HF/SVP 2873 1167 —488 449 2701 180.0 —3.88 340 2.587 1613 -582 329
B3LYPSVP 2625 11838 -876 976 2,508  169.0 —680 6.82 2410  179.9 —8.63 699
MP2/SVP 2573 1173 1357  11.62 2476 1685 -10.87 856 2392 1781 —~11.19 829
HF/TZVP 3.098 1205 -196 072 2905 174.6 —~140 050 2735 1232 —4.66 090
B3LYP/TZVP 3234 1224 -1.08  1.00 2793 166.9 -131 073 2.559  176.7 —337 092
MP2/TZVP 2695 1203 933 445 2494  161.0 -752 414 2463 1757 -7.19 313
HF/aug—TZVP 3.104 1199 -151 034 2965 175.6 -1.07 023 2920 117.1 —429 047
B3LYP/aug-TZVP  3.018 123.9 -070 031 2814 170.1 -077 022 2,626 176.6 —2.86 028
MP2/aug-TZVP 2632 1200 -1339  6.03 2493 1595 —~11.79 652 2618  116.6 —17.37  8.07
HF/TZVPP 2875 1172 -1.18 074 3.014 1445 -139 041 2.861 1221 —435 066
B3LYP/TZVPP 3375 1270 -055 078 2.850 168.8 -1.17 067 278 1237 —426 123
MP2/TZVPP 2702 1248 —968 257 2484 1603 —-7.16  2.04 2571 1174 —11.91  3.00
HF/aug-TZVPP 3724 1173 —047  0.10 2977 1797 —094 012 2884 1224 —388  0.19
B3LYP/aug-TZVPP  3.613 127.6 008 012 2.845  166.2 —0.63 0.7 2,562  176.6 -277 023
MP2/aug-TZVPP 2,680 1247 —11.00 286 2,580  157.0 —8.68 254 2559 1153 —1383 282
HF/QZVPPP 2876 1173 -076 029 3014 144.1 —~1.18 018 2.861 1221 —395 027
B3LYP/QZVPPP 3365 1269 -003 028 2.850 168.8 -0.74 023 2786 1237 —357 047
MP2/QZVPPP 2712 1249 -879 0.9 2605 1553 —678 081 2574 1171 -1130 128
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Figure 3. The MP2 interaction energy of Sa (in kJmol™) as a function of
the basis set. The dashed line is the uncorrected BE curve and the solid
line is the counterpoise-corrected CPBE curve.
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verge towards the same interaction energy, as shown sche-
matically for Sa in Figure 3.

With respect to the method used, the optimized F---H dis-
tances of 5 and 6 show the same trends as in the case of 2—
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Figure 5. Counterpoise-corrected binding energies CPBE(HF, B3LYP,
MP2) of 2a, 3, 4, 5a, and 6 calculated with the QZVPPP basis set.

4: Ry y(HF) > R y(B3LYP) > Re_y(MP2) (Table 5). For a
given basis set, similarly to the case of 1-4, the absolute
BSSEs are larger at the correlated MP2 than at HF and
B3LYP levels (see Figure 1 and Figure 4).

Contrary to what is found at the HF level, 5b is not
bound at the B3LYP level. The PBE/TZVPP method pre-
dicts a CPBE of —2.92 kJmol™' for 5b, which is, however,
underestimated compared to the corresponding MP2/
TZVPP value (—7.11 kImol™!). On the other hand, a com-
parative DFT study on hydrogen-bonded systems showed
that the PBE functional normally overestimates binding en-
ergies compared to MP2.* The MP2/QZVPPP F--H dis-
tance of 5a (2.605 A) is of the same magnitude as that of 2a
(2596 A), and the F--H distance of 6 (2.574 A) is only
slightly shorter (Table 5).

The F--H distances (MP2) of the bifurcated structure 5b
are always longer than that in 5a, and, with the more ex-
tended basis set, even longer than the sum of the van der
Waals radii. Once again, despite the long F---H contacts, the
bifurcated structure S5b is more stable than 5a. At the MP2/
QZVPPP level of theory, the counterpoise-corrected inter-
action energy (CPBE) amounts to —7.80 kJmol™! for Sb
and —5.97 kJmol ™! for 5a (Figure 4). Figure 4 clearly shows
that for both, Sa and Sb, dispersion is the dominant term of
the entire attraction. Electrostatic contributions are also
present, but they are small [17% (5a), 6% (5b)]. For 6 the
MP2/QZVPPP counterpoise-corrected binding energy is
—10.02 kI mol™', which is of the same magnitude as that of
the fluoromethane-water complex (—9.95 kImol ™)' and
even larger than for the fluoromethane-acetylene complex,
4 (=7.25kIJmol™"). Similar energies were also obtained for
the difluoromethane-water complex from CCSD(T)/6-311 +
G(d) (-9.91kIJmol™") and experimental (—7.5kJmol™')
studies.” The electrostatic contribution to the CPBE of 6
amounts to 37% (MP2/QZVPPP).

Compared to the monomer, the C—H proton-donor bond
of 6 is shortened by 0.0008 A (B3LYP/QZVPPP) or
0.0010 A (MP2/QZVPPP). The corresponding C—H stretch-
ing mode is blue-shifted, Av = +15cm™.

In Figure 5, we compare the counterpoise-corrected bind-
ing energies of 2a, 3, 4, 5a, and 6 calculated at the HF,
B3LYP, and MP2 levels with the QZVPPP basis set.

It can be seen that the MP2 interaction energy increases
in the order 2a<3<5a<4<6, while for HF and B3LYP the
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ordering is: 2a<5a<3<6<4 (Figure5). The HF and
B3LYP CPBEs, which only contain electrostatic contribu-
tions, suggest that the proton-donating ability of the C—H
bond in 6 may be classified as between that of the C(sp?)—H
bond of 3 and the C(sp)—H bond of 4. This finding is in per-
fect agreement with early experimental and theoretical stud-
ies on the acidity of the different kinds of C—H bonds./"%**]
It should be noted, however, as a result of the unconstrained
geometry optimizations in 6, the fluorine atom is attached
to the same carbon atom as the interacting proton
(Scheme 2). Consequently, the donating bond in 6 should be
more correctly classified as an activated C—H donor. Al-
though such situations are not possible for the experimental-
ly characterized 2-fluoro-2-phenylcyclopropane deriva-
tives,"'! the question whether other substituents in the

three-membered ring may influence the acidity and the ba-
sicity of the cyclopropane C—H and C—F bonds requires fur-
ther systematic studies.

Potential energy curves (PEC) of 2-4: In this section we
wish to discuss the problem concerning the effect of the
BSSE on the optimized H--F distances. On the left-hand
side of Figure 6 we show the calculated potential energy
curves (PEC) obtained by varying the H-F distance. The
counterpoise-corrected PECs are shown on the right-hand
side of Figure 6. Independent of the method employed, the
counterpoise-corrected H-F distances (Ry ") are always
longer than the corresponding uncorrected values (Ryg).
This finding is in agreement with literature data;*/ however,
the lengthening of Ry " is rather large in the case of the
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Figure 6. Uncorrected (left-hand side) and BSSE-corrected (right-hand side) interaction energies of 2a, 3, and 4 as a function of the intramolecular sepa-

ration, Ry calculated with the TZVPP basis set.
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systems dominated by dispersion interactions [for example,
2a: 0.102A (MP2), 0.082A (PBE), 0.118 A (B3LYP),
0.130 A (HF)]. For CH;F-C,H, (4), where electrostatic con-
tributions determine the nature of the C—H:-F—C bonding,
Ry and Ry ¥ are closer together and the elongation
[0.056 A (MP2), 0.032 A (PBE), 0.026 A (B3LYP), 0.015 A
(HF)] is of the same order as that found for conventional
hydrogen bonding.!*!

For CH;F-C,H, (3), the elongation due to the CP correc-
tion lies between that of 2a and 4 [0.078 A (MP2), 0.062 A
(PBE), 0.103 A (B3LYP), 0.049 A (HF)]. Based on these re-
sults, it can be concluded that, in addition to the calculated
BE values, the structural parameters of dispersion-dominat-
ed systems are more affected by BSSE compared to conven-
tional hydrogen bridges and, consequently, these systems
are more demanding with respect to the theoretical method
and the quality of the basis set. Considering the shapes of
the PECs in Figure 6, the following conclusions can be
drawn: the counterpoise-corrected curves are closer togeth-
er than the uncorrected ones. For dispersion-dominated
bonding, the PECs are shallow and wide. In agreement with
the fact, that the hybrid B3LYP functional is not able to ac-
count for dispersion forces, these curves are close to the HF
ones, but a crossing is observed at longer H-F distances.
The DFT/PBE curves are very close and parallel to the
MP?2 ones.

Conclusion

We investigated the nature and the strength of C—H--F—C
interactions with hierarchies of basis sets and ab initio [HF,
MP2, QCISD, QCISD(T)] and density functional theory
(DFT/B3LYP and DFT/PBE) methods for the C(sp’)-H,
C(sp)—H, and C(sp)~H donors and F—C(sp®) acceptors.
Basis sets of double-zeta quality are not appropriate for the
investigation of these weakly bonded systems. To obtain
conclusive results, well-balanced basis sets of at least
TZVPP quality are needed. The optimized F--H distances
follow the order: Ry p(HF)> Ry ¢(B3LYP) > Ry x(MP2). In
2, 3, 5, and 6, the dispersion interaction is the dominant
term of the entire attraction. Depending on the dispersion
contribution to the bonding, the CP-corrected MP2/TZVPP
distances are stretched by 0.06-0.1 A with respect to the un-
corrected ones. The MP2/QZVPPP R, r distances of 2a
(2.596 A), 5a (2.605A), and 6 (2.574 A), though slightly
shorter than the sum of the van der Waals radii, are signifi-
cantly longer than the threshold (2.3 A) used in CSD stud-
ies'”! The bifurcated structures 1b, 2b, and 5b, despite
longer H---F/H distances than in 1a, 2a, and 5a, are charac-
terized by stronger bonding owing due to the increased dis-
persion interactions. The replacement of the C(sp®)—H
donor bond by a C(sp?)~H and further by a C(sp)—H bond
results in significantly shortened F---H contacts, namely,
2.418 A (3), 2.218 A (4), which agree well with the experi-
mental values determined for the related monofluorinated
benzenes (2.47 A) and 4-ethynylfluorobenzenes (2.26 A).l"
The MP2/aug-QZVPPP interaction energy of 2a
(—1.96 kImol™) is close to that determined experimentally
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for a unique C—H--F—C interaction in the difluoromethane
dimer (—2.2 kIJmol™!).Yl The calculated interaction energy
of 6 (—10.02kJmol™!) is of the same magnitude as that of
the fluoromethane-water complex (—9.95 kJmol )% and
even greater than that of the fluoromethane—-acetylene com-
plex 4 (—7.25 kJmol™"). These values can be compared with
the CCSD(T)/6-311G +(d) result (—9.91 kJmol™!) or with
the experimental value (—7.5kJmol™) for the difluorome-
thane-water complex.’’ The effects of electron correlation
beyond MP2 are small; the QCISD(T) CPBEs of 1-4 are
lower in energy than the MP2 ones by only 0.06-
0.11 kJmol™". Significant electrostatic interactions are ob-
served for 6 and 3. In 4, these forces dominantly contribute
to the hydrogen bonding. The C(sp)—H--F—-C(sp’) interac-
tion in 4, though weak, shows the same characteristics as
conventional hydrogen bridges. The proton-donating ability
of the C—H bond of 6 can be classified as being between
that of the C(sp?)—H bond of 3 and the C(sp)—H bond of 4.
The comparable absolute values of the bond strengths do
not necessarily indicate a comparable nature or type of the
hydrogen bridges. For dispersion-dominated systems, contra-
ry to the hybrid DFT/B3LYP method, pure DFT/PBE pro-
vides results which are close to the MP2 ones.
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