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Abstract: Fluoroalcohols show compet-
itive formation of intra- and intermo-
lecular hydrogen bonds, a property that
may be crucial for the protein-altering
process in a fluoroalcohol/water solu-
tion. In this study, we examine the
intra- and intermolecular interactions
of 2-fluoroethanol (FE) in its dimeric
conformers by using rotational spec-
troscopy and ab initio calculations.
Three pairs of homo- and heterochiral
dimeric FE conformers are predicted
to be local minima at the MP2/6-311+
+G(d,p) level of theory. They are
solely made of the slightly distorted

mer units. Jet-cooled rotational spectra
of four out of the six predicted dimeric
conformers were observed and unam-
biguously assigned for the first time.
All four observed dimeric conformers
have compact geometries in which the
fluoromethyl group of the acceptor tilts
towards the donor and ensures a large
contact area. Experimentally, the inser-
tion of the O—H group of one FE subu-
nit into the intramolecular O—H--F
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bond of the other was found to lead to
a higher stabilisation than the pure as-
sociation through an intermolecular
O—H-+-O—H link. The hetero- and ho-
mochiral combinations were observed
to be preferred in the inserted and the
associated dimeric conformers, respec-
tively. The experimental rotational con-
stants and the stability ordering are
compared with the ab initio calcula-
tions at the MP2 level with the 6-311+
+G(d,p) and aug-cc-pVTZ basis sets.
The effects of fluorination and the
competing inter- and intramolecular
hydrogen bonds on the stability of the
dimeric FE conformers are discussed.

most stable G+g—/G—g+ FE mono-

Introduction

Fluoroalcohols can alter the secondary and tertiary substruc-
tures of proteins and polypeptides when used as a cosolvent
in aqueous solutions."? NMR spectroscopy,”! X-ray diffrac-
tion,™ circular dichroism,™ FTIR spectroscopy™ and molec-
ular dynamics approaches”! have enriched our understand-
ing of the mechanism of the fluoroalcohol intervention in
peptide binding. A detailed picture of this important pro-
cess, on the other hand, is still lacking. A prerequisite for
the understanding of protein-ligand interactions is the pre-
cise knowledge of the physical properties of the fluoroalco-
hol solvent and the aqueous solution themselves.®! It has
been proposed that small fluoroalcohol aggregates are cru-
cial for the protein altering process."” Suhm and co-workers
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had recently used a bottom-up approach to tackle the ques-
tion of intermolecular binding in fluoroalcohol solvents.
They investigated small clusters of trifluoroethanol™ 2 and
2-fluoroethanol (FE)™ produced in a molecular expansion
by means of low-resolution IR and Raman spectroscopy, en-
hanced by molecular modelling and quantum chemical ap-
proaches. In the FE study, they tentatively identified four di-
meric FE conformers based on the observed and calculated
vibrational contours and the “Argon (Ar) test”,"¥ in which
a small amount of Ar is added to the free jet expansion of
Helium (He) to promote collisional relaxation and to con-
vert the higher-lying conformers to the global minimum
structure. The method of broadband jet FTIR spectroscopy
has the advantage of providing an overview of the vibration-
al band contour patterns of the hydrogen-bonded aggregates
with good signal-to-noise ratios and high reproducibility.
This low-resolution method, on the other hand, does not
provide direct structural information. Such information is
extracted in an indirect way through the analysis of the vi-
brational frequencies, together with pressure dependence
and isotopic studies and theoretical calculations. It is there-
fore desirable to probe the fluoroalcohol aggregates by
using high-resolution spectroscopic techniques for which
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each individual conformer can be unambiguously identified
with its own set of rotational constants. These small aliphatic
systems are inaccessible to the sensitive fluorescence spec-
troscopic techniques, previously applied in the pioneering
work in chiral recognition by Zenhacker and co-workers, be-
cause they lack an aromatic chromophore. One suitable
method is Fourier transform microwave (FTMW) spectros-
copy, which is known to offer highly accurate structural in-
formation. It has been applied in recent years to character-
ise large and biologically relevant systems such as phenylgly-
cine,™ the ethanol dimer!"® and molecular lock and key
model systems."'® Furthermore, this technique can profit
from the generous dipole moments of the fluoro-containing
organic compounds in the excitation and emission detection
processes.

In this paper, we present the assignments and the analyses
of rotational spectra of four dimeric FE conformers, by
using FTMW spectroscopy, complemented with high-level
ab initio calculations. The stability ordering of the four coex-
isting dimeric FE conformers was established by monitoring
their transition intensities in a conexpansion of FE and
Neon (Ne) and by performing the “Ar test”. The experimen-
tal data of the rotational constants, the magnitudes of the
electric dipole moment components, and the stability order-
ing are compared with the ab initio predictions. The effects
of fluorination and the competing inter- and intramolecular
hydrogen bonds on the stability of the conformers of the FE
dimer are discussed.

Results

Preliminary model calculations: Ab initio geometry predic-
tions of the targeted complexes, although not essential, are
of great help for spectral assignments, especially when large
numbers of conformers are anticipated. In addition to the
rotational constants, the calculations can also provide infor-
mation about the electric dipole moment components and
the preliminary relative stabilities of the possible conform-
ers. Ab initio calculations were performed using the second-
order Mgller-Plesset (MP2) perturbation theory!" with the
6-3114++G(d,p) basis set The MP2/6-311++G(d,p)
level of theory was chosen because it provided astonishingly
good agreement between the predicted and the experimen-
tally observed geometries for several van der Waals?!! and
hydrogen-bonded complexes® in a number of previous
studies.

The FE monomer has two structurally relevant dihedral
angles: T(FCCO) and t(CCOH). Each can adopt three
values of approximately 0° (trans or t/T), +60° (gauche+ or
g+/G+), and —60° (gauche— or g—/G—). This leads to nine
possible combinations with four mirror image or enantio-
meric pairs: G+g—-/G—g+, G+g+/G—g—, G+tIG—t,
Tg—/Tg+, and Tt—the capital letters represent the confor-
mation of T(FCCO) and the lower case that of T1(CCOH).
The Newman projections of these nine combinations are
given in Figure S1 and the relative energy ordering of them
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and the Cartesian coordinates of the G+ g— conformer are
given in Table S1 and S2, respectively, in the Supporting
Information. Based on the MP2/6-311++ G(d,p) calcula-
tions, the G+g—/G—g+ pair is more stable by 7 kJmol™
compared to the next higher energy conformer. This is con-
sistent with the previous experimental and theoretical stud-
ies,13324 showing that the G+g—/G—g+ pair is by far the
dominant conformations.

The two species of an enantiomeric pair of FE have the
same energy and the same rotational spectrum without con-
sidering the possible minute effect of parity violation. How-
ever, in a chiral environment, for example, when binding to
FE itself, the two chiral forms of FE interact differently, re-
sulting in different binding energies. This subtle chirality
recognition is taken into account in the initial search of the
dimeric FE conformers. The dimeric FE conformers are ex-
pected to be linked by an intermolecular O—H---O—H bond.
To identify the low energy dimeric conformers that are rele-
vant in a free jet expansion, Scharge et al.'*! carried out ini-
tial screening calculations at the HF/3-21G and HF/3-21G*
levels and additional calculations at the MP2/6-31+ G(d)
and MP2/6-311+ G(d) levels for the six lowest energy con-
formers. The nine monomeric conformers are expected to
generate 81 dimeric combinations, without considering the
more subtle differences in the secondary hydrogen bonds in
each combination. Our further exploratory calculations at
the MP2/6-311+4+ G(d,p) level point to the same conclu-
sion: the most stable dimeric FE conformers are formed by
the G+g—/G—g+ FE monomer subunits, and the next
most stable group of dimeric conformers, which are com-
plexes composed of the G+g—/G—g+ and G+g+/G—g—
subunits and of the G+g—/G—g+ and Tt subunits, are
about 5-10 kJmol™" higher in energy than the most stable
one. The dimeric FE conformers with only an O—H:-F inter-
molecular hydrogen bond have also been surveyed. These
are 6-9 kJmol ™' less stable than the global minimum struc-
ture.

In the following, we focus on the four combinations
formed by the G+g—/G—g+ FE subunits, namely G+
g——G+g—, G+g——G—g+, G—g+—-G+g—, and
G—-g+—G—g+, with the arrow indicating the hydrogen-
bond-donating direction. These four can be classified as
homochiral (hom) or heterochiral (het) complexes based on
the chirality of the two binding subunits. The two hom con-
figurations are mirror images to each other, as are the two
het ones. Since rotational spectroscopy cannot tell apart the
two mirror images, we end up with only two distinguishable
conformers: hom and het. For simplicity, we choose to use
G+g— as the hydrogen-bond acceptor throughout this
paper. When forming the O—H--O—H intermolecular hydro-
gen bond, the hydroxyl group of the donor can either be in-
serted into the intramolecular O—H--F five-membered hy-
drogen-bond ring or simply associated to the hydroxyl group
of the acceptor. While the inserted (i) conformers have a
seven-membered ring with the consecutive O—H--O and O—
H-F hydrogen bonds, the associated (a) conformers leave
the intramolecular O—H-F five-membered hydrogen-bond

www.chemeurj.org — 271


www.chemeurj.org

CHEMISTRY

Y. Xu et al.

A EUROPEAN JOURNAL

ring of the acceptor intact. A further consideration is that
the hydrogen donor can either bind to the right- or left-
hand lone pair of the oxygen atom of the acceptor. This
gives rise to two different relative orientations of the two
binding partners. One of them is compact (c¢), with the fluo-
romethyl group of the acceptor tilting towards the donor,
ensuring a large contact area. The other is open (0), with
the fluoromethyl group of the acceptor pointing away from
the donor. Therefore, we expect 2°=8 conformers. Each
conformer is named using the three abbreviations of the
structural properties. For example, i|c|het means that the
conformer has an inserted intermolecular hydrogen-bond
ring, with the two binding partners in the compact relative
orientation, and is heterochiral. This labelling scheme is the
same as that used in reference [13].

Six out of the eight structures proposed above were con-
firmed to be true minima by the ab initio calculations, while
two of them, namely a|o|hom and a|o|het, are saddle
points. These conformers are summarised in Figure 1 with
their important intermolecular distances. Side views of the
geometries of the six conformers are given in Figure S2 and
their Cartesian coordinates are shown in Table S3, available
as Supporting Information. The side views provide better
visual discrimination between the compact and open con-
formers. The raw, zero-point energy (ZPE), and basis set su-
perposition error (BSSE)®! corrected energy values are
listed in Table 1, together with the predicted rotational con-
stants and the dipole moment components of the six
conformers.

ilelhet alclhet ilolhet

ilelhom alelhom ilolhom

Figure 1. Optimised geometries of the six dimeric FE conformers at the
MP2/6-311 ++ G(d,p) level of theory. The important intra- and intermo-
lecular bond distances are indicated in units of A.

Assignment of the FE dimer rotational spectra: The energy
span among the six dimeric conformers is about 2 kImol™!
at the MP2/6-311++G(d,p) level. Each conformer has at
least one substantial dipole-moment component. Therefore,
one may expect to observe all six conformers in a supersonic
jet expansion. The expansion of 0.3% FE in Ne carrier gas
generates many species. Besides the targeted dimeric FE
conformers, there are also the conformers of the FE mono-
mer, other small FE oligomers and the FE--Ne, van der
Waals complexes. The rotational spectrum of the dominating
G+g—/G—g+ conformations of the FE monomer was re-
ported previously.”?**! The known FE transitions were

Table 1. Calculated raw (D,) and ZPE-corrected (D,) dissociation energies, rotational constants, and the magnitudes of the electric dipole moment com-
ponents of the six most stable hydrogen bonded dimeric FE conformers at the MP2/6-311 4+ G(d,p), MP2/aug-cc-pVTZ//MP2/6-311 ++ G(d,p), and
MP2/aug-cc-pVTZ level of theory.

i|c|het

i|c|hom

alc|het

alclhom

i|lo|het

i|o|hom

MP2/6-311++ G(d,p)
D, [kImol™]

34.81 (22.96)

33.92 (22.14)

34.00 (23.83)

33.75 (23.54)

32.26 (22.77)

33.20 (23.45)

Dy [kImol™] 30.00 (18.14) 29.26 (17.48) 29.89 (19.72) 29.60 (19.38) 27.92 (18.43) 28.59 (18.84)
4] ™ [D] 0.54 (0.53) 1.33 (1.35) 0.06 (0.21) 0.67 (1.00) 0.82 (0.71) 0.69 (0.57)
|y [D] 0.44 (0.35) 0.77 (0.95) 2,07 (227) 1.81 (1.99) 0.33 (0.50) 0.31 (0.47)
.| [D] 0.78 (0.96) 0.92 (0.86) 0.09 (0.05) 1.51 (1.61) 1.45 (1.53) 0.31 (0.34)
A [MHz] 2477 2498 2905 2869 3239 3287

B [MHz] 1110 1016 872 880 762 761

C [MHz] 1033 1010 765 785 645 642

MP2/aug-cc-pVTZ//MP2/6-311 + 4 G(d,p)'
D [kJmol™]

36.33 (30.44)

3531 (29.70)

33.42 (28.81)

33.53 (28.87)

31.81 (27.37)

32.71 (28.24)

|| ™ [D] 0.52 (0.51) 1.26 (1.28) 0.10 (0.11) 0.58 (0.83) 0.66 (0.58) 0.79 (0.71)
|us| [D] 0.40 (0.33) 0.69 (0.83) 1. 91 (2.07) 1.67 (1.81) 0.29 (0.42) 0.32 (0.44)
|u.| [D] 0.71 (0.85) 0.84 (0.80) 0.07 (0.04) 1.42 (1.50) 0.29 (0.31) 1.34 (1.40)
MP2/aug-cc-pVTZ

D [kImol ] 37.29 36.27 33.92 34.35

|u,|™ [D] 0.49 (0.48) 1.18 (1.20) 0.13 (0.08) 0.79 (1.05)

|us| [D] 0.53 (0.47) 0.88 (1.01) 1.79 (1.94) 1.40 (1.51)

|u.| [D] 0.72 (0.86) 0.84 (0.79) 0.13 (0.11) 1.29 (1.35)

A [MHz] 2481 2483 2864 2753

B [MHz] 1143 1060 895 931

C [MHz] 1077 1057 779 843

[a] BSSE corrected values are given in parentheses. [b] Calculated using the MP2 density; The values calculated using the HF density are given in paren-
theses. See text for details. [c] Single-point calculation at the MP2/aug-cc-pVTZ level with the optimised geometry at the MP2/6-3114++G(d,p) level.
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used to monitor its concentration in the sample mixture.
Automatic spectral scans were carried out in the frequency
region from 3.98-10.2 GHz with 15 cycles and 0.2 MHz step
size. Each transition candidate was then measured separate-
ly by using an optimised MW excitation pulse length and
sufficient averaging cycles for a signal-to-noise ratio better
than 10. More than three hundred rotational lines were
measured in this frequency region. There are 23 lines which
were absent in the expansions of 0.3% FE in He as carrier
gas, indicating that they probably originate from the
FE--Ne, complexes. Transitions belonging to the FE mono-
mer (10 lines) and the FE--Ne, complexes were excluded
from further consideration.

The autoscan spectra exhibit an eye-catching pattern with
narrowly spaced triplets around 4024, 6036, 8048 and
10060 MHz. They are consistent with a-type J=2-1, 3-2, 4—
3 and 5-4 transitions of a near-prolate top. They were tenta-
tively assigned to the conformer i|c|hom, which has a pre-
dicted basis-corrected (BC) of 6 MHz, whereas all others
have the BC values of 77 MHz or larger. Another distinct
pattern is a group of transitions observed around 4460 MHz.
This corresponds to the Q-branch b- and c-type K,=2-1
transitions with J ranging from 2 to 8. They were also as-
signed to i|c|hom, which was predicted to have b- and c-
dipole moment components of similar magnitude. The ob-
served spectrum in the 4460 MHz region is depicted in
Figure 2, together with the simulated spectrum of i|c|hom
in this frequency region. Besides i|c|hom, three additional
sets of transitions were assigned. Because the predicted ro-
tational constants differ substantially between the compact
and the open conformers, it is relatively straightforward to
recognise that the additional three sets of rotational con-
stants determined experimentally belong to the other three
compact conformers.

While the correlations of the observed rotational con-
stants to those of the i|c|het and i|c|hom predictions were
fairly clear, the situation was less evident for a|c|het and
a|c|hom, because their predicted rotational constants are
more similar. In this case, we also utilised the detailed com-
parison of the trends of the observed and calculated dipole
moment components. For ex-
ample, the c-type transition in-
tensities of a|c|het were opti-
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Figure 2. Top: a section of the rotational spectrum of the i|c|hom confor-
mer showing the b- and c-type transitions with K,=2-1 and J ranging
from 2 to 6. Transitions observed are represented by sticks with the cor-
responding experimental intensities. An example showing overlapping b-
and c-type transitions with /=5 is given in the insert. Please note that
the line width (FWHM) is ~30 kHz, twice the usual line width because of
the unresolved Doppler splittings and the overlapping b- and c-type lines.
Bottom: the spectrum simulated from the experimental rotational and
centrifugal constants with a rotational temperature of 1 K. The rotational
transitions are labelled with Jy,x. quantum numbers.

the dipole moment information supports the frequency
based conformer assignments discussed above.

Altogether, about 200 pure rotational transitions were un-
ambiguously assigned to four dimeric FE conformers,
namely i|c|het, i|c|hom, a|c|het, and a|c|hom. The mea-
sured transitions and their spectroscopic assignments are
given in Tables S4-S7, available as Supporting Information.
The spectroscopic constants obtained from spectroscopic fits
using Watson’s S-reduction®! semi-rigid rotor model®! are
listed in Table2 for all four conformers observed. Also
listed in Table 2 are the relative magnitudes of the electric
dipole moment components estimated from the experimen-

Table 2. Experimental rotational and centrifugal distortion constants and relative magnitudes of the dipole
moment components of the four dimeric FE conformers.

mised experimentally with a ilc|het ilc|hom alc|het a|c|hom
much longer MW excitation 4 [MHy] 2482.7877(3) 2492.3145(9) 2882.0866(6) 2807.4482(4)
pulse width than its b-type tran- B [MHz] 1091.0870(2) 1006.5733(2) 867.1778(2) 883.9286(2)
sitions, while the b- and c-type € [MHz] 1026.2203(2) 1005.5385(2) 753.2254(2) 788.8082(2)
transitions of |c|hom were op- D [KHZ] 0.897(9) 0.884(3) 0.609(3) 0.871(3)
mised with similar MW exci D, [kHz] 0.275(9) 0.946(18) —2.45(1) 1.38(1)
tmised with similar MW excita- - p ‘g ~0.108(37) ~0.378(187) 15.5(1) 5.66(2)
tion pulse widths. This is consis- 4, [kHz] —0.0071(20) 0.0043(18) 0.0303(17) —0.0113(18)
tent with the prediction that d,[kHz] —-0.031(1) 0.023(1) 0.0105(4) —0.0217(5)
a|c|het has a c-dipole moment ¥ —0.9109 —0.9986 —0.8929 —0.9057
component many times smaller Nt 63 B 27 59

N pe y , o [kHz] 23 28 12 2.9

than its b-component, whereas re|, 4 it > || > |11y lta > |1t > | |y | ||~ ]| |y | |t > ||

the b- and c-dipole moment
components of a|c|hom are of
similar magnitude. In general,
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[a] The error given in parenthesis in units of the last digits. [b] Number of the rotational transitions fitted.
[c] Standard deviation of the fit. [d] Relative strength of the dipole moment components |u,|, |u,| and |u.],
as estimated from the optimised MW excitation pulse lengths at the /2 condition.
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tal optimised MW excitation pulse widths. A spectral simula-
tion and fitting program, Jb95,”! was used to evaluate the
rotational temperatures for these conformers, which are
about 1 K.

The relative abundances of the four conformers in the jet
expansion were estimated from their experimental transition
intensities. For simplicity, we used the same c-type transi-
tions for i|c|het and i|c|hom, since these transitions were
optimised experimentally at similar MW excitation pulse
widths, consistent with the fact that their calculated c-dipole
moment components are quite close (~0.8 D, see Discussion
section for details of dipole moment calculations). Similarly,
the b-type transitions were used for a|c|hom and a|c|het.
For comparison of the inserted and associated conformers,
different rotational transitions that are close in frequency
were used and the corresponding transition line strength
and dipole moment component were taken into account. We
also used Jb95 to simulate the relative intensity patterns of
several transitions of the dimeric FE conformers and esti-
mated their relative abundances. The estimated relative sta-
bility ordering, from the most stable to the least, is i | c| het >
i|c|hom>a|c|hom>a|c|het and the ratio of the relative
population is 17:9:2:1. Assuming a conformational tempera-
ture of ~60 K as reported for this type of hydrogen-bonded
complexes with a similar experimental setup,” the relative
energy differences with respect to the global minimum are
0.0, 0.3, 1.1 and 1.4 kJmol !, respectively, assuming a Boltz-
mann distribution. Another way to establish the relative sta-
bility ordering is to perform the “Ar test”,™ or simply sub-
stitute a lighter carrier gas with a heavier one.”) Both meth-
ods promote collisional relaxation and have been shown to
effectively convert the higher-lying hydrogen-bonded or van
der Waals conformers to the global minimum. The “Ar test”
result performed with the FE dimer gave the same energy
ordering as reported above.

Considerable efforts were spent to locate the two remain-
ing conformers, namely i|o|het and i|o|hom in the ~70 un-
assigned transitions by using Jb95. However, no patterns
could be assigned to the open conformers. This suggests that
only four compact dimeric FE conformers are selectively
formed under our experimental condition, and the two open
conformers are probably substantially less stable than the
four observed ones. This point will be further discussed in
the section below. Some of the unassigned lines are likely to
belong to higher FE aggregates such as the FE trimer and
FE tetramer, since their line intensities increase much faster
with increasing backing pressure than the dimeric FE con-
formers. Further investigations of these larger aggregates
are underway.

Discussions
Stability ordering of the dimeric FE conformers: One of our
goals is to examine the effects of inter- and intramolecular
hydrogen bonds on the stability of the dimeric FE conform-
ers. As mentioned before, the energy differences between

274 —— www.chemeurj.org
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the conformers of the FE monomer are 8 kJmol™' and
higher, based on the MP2/6-311++ G(d,p) calculations. The
energy differences among the monomeric FE conformers
are substantial such that the formation of the dimeric con-
formers, consisting of the higher lying FE conformers, is en-
ergetically and kinetically less favoured. It is therefore not
surprising that the most stable dimeric conformers are made
of the most stable G+g—/G—g+ FE subunits. A similar
conclusion was obtained from the lower level MP2/6-311+
G* calculations.'”)

To understand the more subtle molecular recognition
among the dimeric conformers observed is, however, more
challenging. The energy span of the six most stable dimeric
conformers built out of the G+g—/G—g+ FE subunits is
on the order of 2 kJmol™" or about 10% of the total binding
energy at the MP2/6-311++g(d,p) level of theory. The ex-
perimental data indicate that i|c|het is the most stable con-
former, followed by i|c|hom, a|c|hom, and a|c|het; a|o|
het and a|o|hom are bound with even smaller binding ener-
gies. The MP2/6-311++ G(d,p) calculations without BSSE
corrections and with or without ZPE corrections correctly
predict that i|c|het is the global minimum, but fail for the
rest. Inclusion of BSSE overcorrects the binding energies
and wrongly predicts a|c|het as the global minimum. This is
probably not surprising, since BSSE tends to overcorrect
with relatively small basis sets such as the one used here.
We therefore performed the MP2 geometry optimisations
using Dunning’s correlation-consistent triple-zeta basis set
augmented with the diffuse functions, namely aug-cc-
pVTZ, for the four compact dimeric FE conformers ob-
served. For comparison, single-point energy calculations at
the MP2/aug-cc-pVTZ level with the MP2/6-311++ G(d,p)
optimised geometries were also performed for all six dimer-
ic conformers. The resulting dissociation energies, rotational
constants, and dipole moment components are collected in
Table 1. It is gratifying to see that the experimentally ob-
served stability ordering was correctly captured by the MP2/
aug-cc-pVTZ//MP2/6-311 ++ G(d,p) and MP2/aug-cc-pVTZ
calculations. Even the more subtle chiral recognition prefer-
ence observed for the heterochiral conformer in the inserted
conformers (i|c|het over i|c|hom) and for the homochiral
conformer in the associated conformers (a|c|hom over a|c|
het) was correctly predicted. Also the predicted energy or-
dering stays the same with or without BSSE corrections.
The BSSE correction with the aug-cc-pVTZ basis set is
much smaller than that with the 6-3114 4 G(d,p) basis set;
the former contains 598 basis functions, much larger than
the latter with 246 basis functions. It appears that the aug-
cc-pVTZ basis set with rich diffuse functions is essential for
capturing the subtle energy differences that drive the molec-
ular recognition process in the FE dimer.

To analyse the stability ordering of the six most stable di-
meric conformers made of the same G+g—/G—g+ FE sub-
units, we divide the contributions to the raw dissociation
energy D, into three parts: ES*, E™ and E™. Their values
are listed in Table 3. Here, EJ}; is the so called fragment dis-
tortion or deformation energy for the hydrogen-bond donor

Chem. Eur. J. 2009, 15,270-277
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Table 3. The calculated donor and acceptor distortion energies and the interaction energies for the six most

stable dimeric FE conformers.

FULL PAPER

Geometries of the observed di-
meric FE conformers: Good

i|c|het i|c|hom alclhet alc|hom i|o|het ilolhom  agreement was noted between

MP2/aug-cc-pVTZ//MP2/6-311++G(d, p) level of theory the calculated and experimental
Eﬁa: [kJmol*i] —L6l —-1.42 —-1.98 —-2.23 —1.86 —2.02 rotational constants with a max-
E* [kJmol ™) -0.52 —1.05 —-0.36 —-0.35 -0.29 -0.26 . o

a imum deviation of 62 MHz or
Emal [kJmol ] 38.46 37.78 35.77 36.12 33.97 34.98 o
D [kImol 1] 36.33 3531 33.42 33.53 271 371 2% at the MP2/6-311++G-
MP2/aug-cc-pVTZ level of theory (d,p) level. The root mean
Egm [kJmol 1] —-1.74 —1.54 -2.70 —3.58 squares (RMS) of the experi_

dist -1 .
E,* [kJmol ™ —041 —0.85 —036 —039 mental minus calculated rota-
E™ [kJmol"] 39.44 38.65 36.97 38.32 . 1 tants for the f b
D, [kJmol ] 37.29 36.27 33.92 3435 1onal constants for the tour ob-

[a] An overview of the different energy terms and their relations is presented in the reaction scheme given in
Scheme 1. The definitions of the terms are given Equations (1)-(3). The superscripts “monomer” and “dimer”
indicate the usage of the optimised geometries in the corresponding monomer or dimer conformations.

4ist |distorted
—— Eqy FE donor conformer ”
isolate > lin dimer E™ | pi
G+g-/G-g+FE | paist - ggniz'risr
conformations | —2— [distorted
FE acceptor conformer
in dimer
De
E(;J/i:t :Edc;iamer_ EFanEoncmer (1)
Eim =E(dFir£ir7 Eéiimer_ E:imer (2)
De =E(dFi||151)ezr_E|;rflzonome7r EFmEonomer:Eim + Ejhst+ E:\st (3)
Scheme 1.

or acceptor, respectively. It corresponds to the energy penal-
ty for distorting the isolated FE conformer from its equilib-
rium geometry to the optimal geometry in the dimeric FE
conformer; E™, the interaction energy of the dimeric com-
plex, is defined in footnote [a] of Table 3, following the no-
tation introduced in references [33,34]. Here, the reference
points are the FE donor and acceptor fragments in the di-
meric complex. It is clear from Table 3 that the interaction
energy is the most significant factor in the relative stability
ordering of these six conformers, although the distortion
energy term also plays a role. The magnitudes of the donor
distortion energy terms are larger than the corresponding
acceptor terms in all six cases, implying that the hydrogen-
bond donors make greater geometry distortions to fit into
the intermolecular hydrogen bonds than the acceptors. It is
also interesting and somewhat surprising that the magni-
tudes of EJ* are larger in the associated conformers than in
the inserted ones, considering that the intramolecular O—
H--F interaction has to open up to form the seven-mem-
bered intermolecular hydrogen-bond ring in the latter cases.
The hydrogen-bond acceptors, on the other hand, show
greater distortions in the inserted conformers than in the as-
sociated ones. Overall, the inserted conformers are favoured
over the associated ones because of their larger interaction
energies and smaller distortion penalties.
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served conformers: i|c|het, i|c|
hom, a|c|het, and a|c|hom,
are 12, 7, 15, and 36 MHz, re-
spectively, at the MP2/6-311 ++
G(d,p) level. From this, we can
infer that the actual geometries of these conformers are
very close to the predicted ones given in Figure 1 and in
Table S3 in the Supporting Information. The RMS at the
MP2/aug-cc-pVTZ level are 42, 43, 24, and 54 MHz, respec-
tively, slightly worse than those obtained with the 6-311+4+
G(d,p) basis set. The superior performance of 6-311++ G-
(d,p) in geometry predictions had been reported
before'[17,18,2],22]

Another quantity obtained from the experiments and the
calculations is the electric dipole moment component. It was
reported that the MP2 density predicts the electric dipole
moment components more accurately than the HF densi-
ty.”> For comparison, we applied both the HF and MP2 den-
sity to calculate the dipole moments using 6-311++ G(d,p)
and aug-cc-pVTZ. The HF density is the default setting and
the usage of the MP2 density was evoked by adding DENSI-
TY=CURRENT in the route section in Gaussian 03.F!
These values are also summarised in Table 1. The differen-
ces in the dipole moment components obtained with differ-
ent densities and basis sets in Table 1 are small. In particu-
lar, the MP2 density calculations with the MP2/6-311++ G-
(d,p) geometries provide the best agreements with the ex-
perimental data. For example, the b-component of i|c|hom
was predicted to be slightly larger than the c-component at
the MP2/aug-cc-pVTZ level of theory, while the opposite
was observed. The MP2 density calculations at the MP2/6-
311++G(d,p) and MP2/aug-cc-pVTZ//MP2/6-311 ++ G-
(d,p) level of theory, on the other hand, predicted the same
trend as observed experimentally. This may be due to the
fact that the MP2/6-311++ G(d,p) geometries are closer to
the experimental ones. In summary, the comparison of the
experimental and calculated dipole components supports
the assignment of the four distinct conformers based on the
rotational constants discussed previously.

Comparison with the previous studies of the FE and ethanol
dimers: The current high-resolution FTMW experiments
provide unambiguous identification of the four dimeric FE
conformers, which were tentatively assigned in the previous
low-resolution jet-cooled FTIR investigation.” The current
study also supports the previous conclusion that i|c|het is
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the most stable dimeric FE conformer. By using the experi-
mentally determined rotational constants of each individual
conformer, the corresponding geometries were confirmed
directly. Because the rotational transitions of each confor-
mer are well resolved, we can monitor the intensity varia-
tions in each conformer separately without the complication
of spectral overlapping reported in reference [13]. Addition-
ally, the intensity variation with the “Ar test” is much more
dramatic with the pinhole-pulsed FTMW experiments than
with the slit-jet FTIR experiments. Therefore minor energy
differences that do not cause noticeable changes in the jet
FTIR spectra can be detected in a FTMW experiment. This
allowed us to establish the stability ordering of the four ob-
served dimeric conformers experimentally.

The related dimeric ethanol conformers were studied pre-
viously using FTMW spectroscopy.'® The fluorination of
ethanol increases the number of monomer conformations
from three to nine. In addition, the energy span among the
monomeric conformers increases from 0.5 kJmol™" for etha-
nol® to 10.3 kJmol ™' for FE. This is because fluorination at
the a-H position of ethanol enables the strong O—H:---F in-
tramolecular hydrogen bond, which provides extra stability
for the G+g—/G—g+ conformations. As a result, the di-
meric FE conformers display improved conformational se-
lectivity and flexibility. In particular, the most stable dimeric
FE conformers are made exclusively of the lowest energy
FE monomer subunit, while the lowest energy dimeric etha-
nol conformers do not show such preference. In other
words, the energy differences among the FE conformers are
a major factor in determining the stability ordering of the
dimeric FE systems. Fluorination also provides an additional
binding site for the hydroxyl group of the hydrogen-bond
donor and thus enables the more stable inserted intermolec-
ular hydrogen-bond pattern. The ethanol dimer, in contrast,
can only form the associated-type intermolecular hydrogen
bonds. Such enhancement of molecular recognition ability
upon fluorination has also been detected and analysed in
other complexes such as the propylene oxide-FE dimer.['¥!

Conclusions

The molecular self-recognition in the dimeric FE conform-
ers has been investigated by using FTMW spectroscopy
complemented with high-level ab initio calculations. Rota-
tional spectra of four out of the six most stable dimeric con-
formers predicted have been recorded and unambiguously
assigned. The rotational spectra reveal that the transient
chiral FE moiety remains in its favoured G+g—/G—g+
conformations in the four dimeric conformers observed. The
stability ordering of the dimeric FE conformers has been es-
tablished experimentally. The heterochiral combination is
preferred in the inserted conformers, whereas the homochi-
ral one is favoured in the associated conformers. The trends
of the general energy ordering and the subtle chiral recogni-
tion were reproduced with MP2 calculations using the aug-
cc-pVTZ basis set. Fluorination of ethanol enhances the mo-
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lecular recognition ability of FE as compared to ethanol by
providing additional binding sites for both intra- and inter-
molecular hydrogen bonds.

Experimental Section

Experimental methods: FE (97 %, Sigma—Aldrich) was used without fur-
ther purification. The samples used are 0.3 % FE in Ne (99.9990 %, Prax-
air) or mixtures of 20% Argon (99.996%, Praxair) and 80% He
(99.996 %, Praxair). The samples were expanded through a pulsed jet
pinhole nozzle (General Valve Series 9) with a home made cap (0.8 mm
diameter opening and 3.0 mm long exit channel) into the vacuum cham-
ber of a Balle-Flygare type!®! FTMW spectrometer. The spectrometer is
described in detail elsewhere.™ FE and Ne were mixed in several gas
cylinders with a total volume of ~4 L so that the optimum stagnation
pressure around 3-4 bar was maintained over the long automated survey
scans. Rotational lines in the frequency region of 3.9-13 GHz were re-
corded. The full line width at half maximum is 15 kHz for a well-resolved
transition and the accuracy of the frequency determination was estimated
to be 2-3 kHz. Each transition appeared as a Doppler doublet, because
the propagation direction of the microwave radiation was parallel to the
molecular expansion. The central frequency was obtained by unweighted
averaging of the frequency pair.

Computational methods: MP2 geometry optimisation calculations with
the 6-3114++4G(d,p) and the aug-cc-pVTZP? basis set were performed
using the Gaussian 03 suite of programs.*! Stationary points were con-
firmed to be local minima by harmonic frequency analyses. The BSSE
corrections were determined using the counterpoise correction methods
of Boys and Bernardi®! in the same way as suggested in reference [33].
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