Modulation of m character upon complexation captured by
molecular rotation spectra
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Two configurations of the furan—CFsCl complex have been observed by high-resolution rotational spectroscopy. One is

characterized by a dominant Cl lone pairs---mt*aromatic interaction and the other is stabilized by a C-Cl---n-C=C- halogen

bond. This is the first rotational spectroscopic evidence, to the best of our knowledge, that shows how a complexation with

a partner like CF3Cl (the weak lone pair belt of Cl, to be more specific) can both facilitate the aromatic * and diene nt

characters of a heteroaromatic molecule. The results emphasize the partner molecules’ role in modulating the m electron

structure and will not only deepen our understanding on non-covalent interactions but also lead to better designs of

heteroaromatic-based drugs and materials.

Introduction

Noncovalent interactions (NCls) involving aromatic mt systems
have drawn considerable attention because of their widespread
presence and paramount roles in determining the selectivity of
asymmetric transformations,! the formations and structures of
pre-reactive intermediates,? the folding of proteins,® the
mechanism of catalysis,* the discrimination of chiral molecules,®
and the function of materials,® to name a few. Complexes of
benzene and its derivatives have carved out a niche in
prototypical studies of aromatic m interactions,’® which lay the
foundation for rationally building into a wide variety of
architectures and assemblies for macroscopic systems.>10 For
this purpose, Fourier transform microwave (FTMW) combined
with a supersonic molecular jet expansion gives unique insights
into different NCIs from their structural and energetic
signatures.112 The unique spectral patterns stem from its high
sensitivity to changes in the moments of inertia and thus to the
mass distribution of weakly-bonded molecular
complexes. Since the interaction sites and the
arrangement of the moieties are determined in isolation, free
from solvent effects or lattice strain, the method allows
identifying accurately the intermolecular forces at play.

It has been emphasized, indeed, based on rotational
spectroscopic studies, that NClIs strengths and even topologies
can be finely tuned through substituent effects by varying the
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electron distribution and symmetry of the aromatic rings. A
consensus has been reached that the electron-withdrawing
substituents are pulling electron density from the aromatic ring
through 1 resonance effects and make it a weaker electron
donor in formation of NCls, and vice versa. Pushed to the limits,
the benzene rings can be tuned by the electron withdrawing
perhalogenation, creating an electron-deficient aromatic
surface(“m-hole”) steering the m* orbitals to link with an
electronegative site, known as lone pair (LP):--mt* or Blrgi—
Dunitz n—1t* interaction.!?® Such effect has also been found in
perhalogenated pyridinic'4'> and vinyl 1t systems.'® While most
attention has been drawn to the substitution effect, a recent
rotational study has revealed that the benzenic nt feature of
benzaldehyde is switched to m* by complexation with high
electronegativity like CF4, forming the LP---mt* interaction.’” The
results highlighted the modulation effect of the complexation
on the m electron structures in the formation of NCls.

Furan is one of the simplest heterocyclic aromatic molecules
following Huckel’s (4n+2) m-electron rule, where the oxygen
atom contributes one lone pair of m-electrons to the 1t system
creating a 671 electron aromatic molecule. Its high reactivity
makes it a privileged scaffold in many bioactive natural products
exhibiting pharmaceutical activities.'® With the O atom and the
heteroaromatic ring acting as the electron donors, complexes
of furan might form o-1920 or n-21-26 types configurations. For
example, HF29 and HCI®? link with the O atom of furan through
an in-plane F/CI-H---:O HB to form o-type complexes with furan
behaving like an ether, while with HBr,2! the m type
configuration is favored, characterized by a Br-H---Ttsromatic HB,
where furan acts like benzene.?” It seems that the lower
electronegativity of the Br atom with respect to F or Cl makes
HBr a weaker proton donor which is favored by the furan
aromatic 1t system rather than the O atom. Such preference of
1t electrons has also been found in the complexes of furan with
other weak proton donors like ethylene??2 and methanol,?3 and



with weak electron acceptors, like CO,24 and SO,.25 Surprisingly,
although furan is often considered as an aromatic molecule, it
acts more like a diene when linking with CIF, where only one of
the -C=C- bonds participates in forming the F-Cl---it halogen
bond (HaB).26 Beside the linear CIF, CF3Cl has been frequently
taken as the prototypical halogen donor in studies of HaBs,28
due to the “o hole” induced by the electron withdrawing effect
of the three F atoms being collinear with the C—Cl bond. A
recent rotational study has revealed that the lone pairs of Cl
around its “equatorial belt” can also act as a weak electron
donor and link with the m-hole of CO,,2° reminding us that the
negative lateral side of Cl should be more carefully considered
when it comes to elucidating NCls.

In order to study how the partner molecule like CFsCl
interacts with furan, resulting what kind of NCIs and
configurations between them, we thus conducted the
rotational spectroscopic study on the complex. This study
shows, to the best of our knowledge, that the electronegative
molecule CF3Cl can modulate both aromatic m* and diene 1
characters of the furan ring when participating in NCls. This
study gives us a deeper impression of the important role of the
partner molecule. The details are reported below.

Experimental and computational details
Experimental

Commercial samples of furan and CF3Cl were used without
further purification. Molecular clusters of furan—CFs;Cl were
generated in a supersonic expansion, under optimized
conditions. Details of the Fourier transform microwave
(FTMW)30 spectrometer (COBRA-type),3! which covers the 2-20
GHz range, have been described previously.32 A 1:1 gas mixture
of furan and CFsCl at a concentration of ~1.5% in helium (or
neon) and a stagnation pressure of ~0.15 MPa was expanded
through a solenoid valve (General Valve, Series 9, nozzle
diameter 0.5 mm) into the Fabry-Pérot cavity (the pressure of
the cavity is ~10> Pa). The spectral line positions were
determined after Fourier transformation of the time-domain
signal with 8k data points, recorded with 100 ns sample
intervals. Each rotational transition appears as a doublet
because of the Doppler Effect. The line position is calculated as
the arithmetic mean of the frequencies of the Doppler
components.

Computational

Prior to recording the rotational experiments, a conformational
search was carried out using the CREST tools33 to sample the
conformational space of the target complex. The resulting
candidates were then optimized at the revDSD-PBEP86-
D3(BJ)3**/jun-cc-pVTZ (abbreviated as rDSDj) level, using a locally
modified version of Gaussian 16.3> Harmonic frequency
calculations at the same level were carried out to confirm these
isomers to be real minima with the absence of imaginary
frequencies, providing the zero-point energy (ZPE).
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Johnson’s NCI analysis3® was first applied by using the
Multiwfn program?3’ to have a graphical representation of the
intermolecular interactions occurring in the furan—CFsCl
complex. Natural Bond Orbital (NBO) analysis was performed
using the NBO7 program3® interfaced to Gaussianl6, at the
B3LYP-D3(BJ)3*°/aug-cc-pVTZ level. Symmetry adapted
perturbation theory (SAPT)*° approach, at the SAPT2+(3)/aug-
cc-pVTZ level, as implemented in the PSI4 program package,*!
was done to have the interaction energy decomposition
analysis.

Results and discussion
Theoretical calculations

Nine isomers were obtained at the rDSDj level, as shown in Fig.
1, which also displays the relative zero-point corrected energies
of the different isomers. CFs;Cl prefers to be loosely anchored
above the furan ring. These nine isomers can be cataloged into
three classes according to the interaction sites of CF3Cl involved
in the NClIs with furan: 1) the Cl “equatorial belt” induced by its
lone pairs (isomers |, Il, V and VI); 2) the Cl o-hole (isomers Il
and IV) acting as the halogen donor; 3) the C o-hole (isomers VI,
VIII and IX) serving as the electron acceptor. The equilibrium
parameters of the nine isomers at the rDSDj level are reported
in Table S1 of the Electronic Supplementary Information (ESI).
It is noteworthy that the rotational constants of some
isomers are quite close to each other, for example those of
isomers Ill and IV. In addition, the energy window of the nine
isomers is within ~ 3 kJ mol?, which raises difficulties for the
conformational assignment. In order to have a more accurate
theoretical result to help with the identification, a hybrid
approach (labelled as rDSDj/B3j) was employed and applied to
isomers I, Il and IV. This scheme combines the harmonic force
field at the rDSDj level with anharmonic constants computed at
the B3LYP-D3(BJ)33/jun-cc-pVTZ level. Previous study has
highlighted the quality of such a method for the study of NCls*?
while keeping the overall computational cost of such a
procedure tractable even with limited hardware resources.
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Fig. 1 Configurations of nine plausible isomers of furan—CFsCl predicted at the
rDSDj level. The relative zero-point corrected energies at rDSDj level are given
with the unit of kI moll. The isomers with the checkmarks have been
experimentally observed in pulsed jets.
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Rotational spectra

Two sets of spectra were observed and assigned in pulsed jet
with helium as the carrier gas. The characteristic 3°Cl nuclear
hyperfine structure patterns, as shown in Fig. 2 with the 8,7~
716 rotational transitions for both observed isomers, helped
with initial assignments. It is straightforward to assign the first
set of rotational spectrum to isomer | by comparing the values
of the experimental rotational constants (Ao, Bo, and Coin Table
1) with the equilibrium ones (A, Be, and Ce in Table S1 of the
ESI) at the rDSDj level. We could then assign the spectrum of the
37Cl isotopologue of isomer | in natural abundance (~ 24.23%).
For the remaining spectral lines, both harmonic and anharmonic
calculations give close rotational constants for isomers Ill and
IV. Nevertheless, two aspects make isomer Ill a more likely
candidate. First, isomer Ill has a much lower energy than isomer
IV. Second, the discrepancies between the theoretical
rotational constants with anharmonic
experimental ones are in line with those found for isomer |,
which hints at a consistent discrepancy of rDSDj in the
description of the furan-CFsCl complex.*®* The undetermined
value of the rotational constant Ag can be attributed to the fact
that only a-type transitions have been measured which are not
sensitive to Ao. Therefore, its value was fixed at the calculated
one based on the deviation pattern (0.7%) of isomer |. The
equilibrium structures of isomers | and Il are reported in Table
S2 of the ESI.

The relative conformational populations prior to the jet
expansion can be roughly estimated from the relative intensity
measurements of the rotational transitions with helium as the
carrier gas (see Table S3) allowed estimating the relative
populations of the observed two isomers | and Ill in the pulsed
jet, to be ~1.85/1.

A conformational relaxation from isomer Il to isomer |
occurred when the carrier gas was replaced by neon, which
further confirmed isomer | to be the global minimum. We could
thus measure three additional 3C mono-substituted
isotopologues (two ortho- and two meta-C in furan are
identical) of isomer | with their natural abundance (~ 1.1%) in
neon. Since a smaller number of lines that can be measured for
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Fig. 2 Selected 8,74 7,¢ rotational transition of the two observed isomers | and Il
of furan—CFsCl, showing the 35Cl (I = 3/2) nuclear hyperfine structures. Each line
displays the Doppler doubling.

This journal is © The Royal Society of Chemistry 20xx

Table 1 Experimental and theoretical rotational and nuclear quadrupole coupling
constants of the normal species of the observed isomers of furan—CF;Cl?

Isomer |
EXP. 1 rDSDj/B3j*
Ao/MHz 2248.91(1) 2232 (0.7%)
Bo/MHz 628.91(1) 642 (-2.2%)
Co/MHz 606.00(1) 618 (-2.0%)
Xaa/MHz 9.66(1) 8.41
(Xob-Xcc)/MHz -86.06(1) -81.53
| xab|/MHz 50.89(3) 48.62
o/kHze 3.5
Niranstions/ Niines” 88/350
Isomer Il Isomer IV
EXP. 2 rDSDj/B3j? rDSDj/B3j?
Ao/MHz [2447)¢ 2430 2452
Bo/MHz 454.14(1) 463 (-1.9%) 449 (1.1%)
Co/MHz 452.29(1) 461 (-2.0%) 447 (1.1%)
Xaa/MHz -71.5(5) -64.62 -63.44
(Xob-Xcc)/MHz - -8.92 -10.34
| xab|/MHz -- 30.23 32.52
o/kHz¢ 6.0
Ntranstions/ Niines 25/100

9 Full table of spectroscopic parameters including centrifugal distortion constants are
given in Table S4 of the ESI. ? Vibrationally averaged rotational constants obtained by
correcting the equilibrium rDSDj rotational constants for vibrational corrections at the
B3j level. ¢ Uncertainties (in parentheses) are 1o uncertainties expressed in units of the
last digit. @ The value of rotational constant A for isomer Ill was fixed at the calculated
value which is based on the deviation pattern (0.7%) of isomer I. ¢ Root mean square
deviation (in kHz) of the fit. f Number of transitions/lines in the fit.

the three 13C isotopologues, the values of the quadrupole
coupling and centrifugal distortion constants were set to those
of the parent species. The full spectroscopic parameters of
isomers | (including three 13C and one 37Cl isotopologues) and Il
are summarized in Table S4.

The spectroscopic fitting procedures were finished with the
SPFIT program,** using Watson’s semi-rigid rotor Hamiltonian in
the S-reduction and /" representation.”> The measured
rotational transition frequencies for both observed isomers are
reported in Tables S5-S9.

Noncovalent interaction

The first observation from Fig. 3, based on the NCI analyses is
that the two fragments bind together in markedly different
ways between the two isomers. The NBO results of the two
observed isomers give us a guide for the interaction types, as
shown in Table S10 in ESI. The dominant interaction in isomer |
is collectively characterized to be of Cl LP---1t* 5romatic interaction,
because, as marked in bold, the LPs of Cl| link with the
antibonding orbitals of furan’s two double bonds and two O-C
bonds. A secondary interaction between the C o-hole of CFsCl
and the LP of the oxygen of furan also contributes to the
stability of isomer I|. In isomer lll, instead, the dominant
interaction is Cl o hole:--rm..-.. HaB, the same as what has been
found in the complex of furan—CIF.26

SAPT method, which can provide information on the nature
of the binding contributions including electrostatics (Eelec),
induction (Eing), dispersion (Egisp), and exchange-repulsion (Eex)
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Fig. 2 NCl analysis of the isomers | and Ill of furan—CFsCl. The atom numbering of heavy
atoms is also given. The isosurfaces correspond to the 0.5 a.u. isovalue and are colored
according to the BGR scheme over the range -0.04 a.u. < sign(A;)p < 0.02 a.u.

Attraction

components, was applied to both observed isomers of furan—
CF3Cl, as summarized in Table 2. The following conclusions can
be drawn: Dispersion interactions play a crucial role in both
isomers, accounting for 67.2% for isomer | and 55.7% for isomer
Ill, respectively. The electrostatics contribute by 28.6% and
33.7% for | and lll, respectively. Induction in isomer | has a
negligible role, being 4.2%, but represents 10.6% in isomer Ill.
The total binding energies of the two isomers are comparable,
with a difference of ~0.7 kJ mol?, in agreement with the zero-
point corrected relative energies (Fig. 1). In addition, the
interaction energy of isomer Il is stronger than that of isomer
IV, further confirming the experimental identification of isomer
Ill. The primary contribution in isomer | of furan—CF3Cl is the
same as that of benzaldehyde-CF, (BA—CF,4),)” where the
dispersion accounts for over 60%.

Table 2 Results of the SAPT2+(3)/aug-cc-pVDZ-RI calculations for isomers |, Ill and IV of
furan—CFsCl, compared with those of BA-CF,.17 All values are given in kJ-mol-!

Isomers Eelec Eex Eind Edisp Etot
-7.4 -11 -17.4
I 14.2 -11.7
(28.6%)° (4.2%) (67.2%)
n 8.9 15.4 28 ~14.7 11.0
(33.7%) : (10.6%) (55.7%) '
-6.2 -1.7 -13.1
v 10.7 -10.3
(29.5%) (8.1%) (62.4%)
-4.7 -0.6 -14.3
BA-CFs 12.1 7.5
(24.0%) (3.0%) (73.0%)

9 The values in parentheses represent the contributions to the total interaction
energies

Conclusions

This rotational spectroscopic study, benefit from its direct
relation between spectral patterns and molecular geometries,
provides irrefutable experimental evidence on the modulation
of furan m characters by complexation with CFsCl. Although
furan is generally regarded as a heteroaromatic molecule, its 1t
character can be more sophisticated than one might expect,
when linking with specific partner molecules. Indeed, with CI
LPs of CFsCl, furan manifests itself as a heteroaromatic m*
orbital in forming a dominant LP---Tt* ;romatic interaction (isomer

4| J. Name., 2012, 00, 1-3

I). However, with the Cl “o-hole” of CF3Cl, furan lends one of its
C=C and participates in the formation of the Cl---m.c-c. halogen
bond, acting like a diene (isomer Ill). It is worth mentioning that,
due to the electron withdrawal F atoms of CFsCl, the electron
density of the Cl “equatorial belt” is much lower than that of the
F atoms. A weaker electron donor is preferred and able to
switch mt to t*, which might also give a hint on understanding of
the nature of ambiguous m-m stacking interactions.”® For
example, in benzene dimer, the aromatic nt electrons of one
moiety might serve as the modulator to switch it to t* of the
other so that a ri:--t* interaction contributes to its stability. The
results gathered on the modulation of the nt character of furan
by complexation with CF3Cl would not only deepen our
understanding on NCI topologies but also inspire new thoughts
in designing heteroaromatic-based drugs and materials.
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