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o-hole activation and structural changes upon perfluorination of
aryl halides: direct evidence from gas phase rotational
spectroscopy

Dingding Lv,? Assimo Maris,® Luca Evangelisti,® Andrea Maggio,® Wentao Song,? Ashley A. Elliott,”
Sean A. Peebles,? Justin L. Neill,© Matt T. Muckle,® Brooks H. Pate,© Rebecca A. Peebles,*?and Sonia
Melandri*-2

Enhancement of the o-hole on the halogen atom of aryl halides due to perfluorination of the ring is demonstrated by use of
the Extended Townes-Dailey (ETD) model coupled to a Natural Atomic Orbital Bond analysis on two perfluorinated aryl
halides (C¢FsCl and CgFsBr) and their hydrogenated counterparts. The ETD analysis, which quantifies the halogen p-orbitals
populations, relies on the nuclear quadrupole coupling constants which in this work are accurately determined
experimentally from the rotational spectra. The rotational spectra investigated by Fourier-transform microwave
spectroscopy performed in supersonic expansion are reported for the parent species of C¢FsCl and CgFsBr and their 13C, 37Cl
or 81Br substituted isotopologues observed in natural abundance. The experimentally determined rotational constants
combined with theoretical data at the MP2/aug-cc-pVTZ level provide precise structural information from which an
elongation of the ring along its symmetry axis due to perfluorination is proved.

Introduction

Covalently bound halogen atoms show unique properties both
nucleophilic and electrophilic. It is well known that they can act
as electron donors in the formation of hydrogen bonds! and
also as electron acceptors in halogen bonds.?3

While the behavior of halogen atoms as hydrogen bond
acceptors, is easily attributable to their rich electron cloud, their
behavior as electrophilic ligands is related to a particular feature
of the halogen atom (in particular Cl, Br or I) which shows a
region of positive electrostatic potential on its outermost
portion (called the o-hole)* which can interact with another
entity showing a negative electrostatic potential in the so-called
o-hole interaction. Actually, the electron density at the halogen
atom shows an anisotropy which leads to the electrophilic o-
hole collinear with the C-X bond and the nucleophilic belt
around the equator of X.577
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Besides their intrinsic properties, when halogen atoms, in
particular fluorine, act as substituents their electron
withdrawing effect can dramatically change the electronic
distribution in the molecules compared to the unsubstituted
species. In hexafluorobenzene, for example, perfluorination
causes the formation of a positive electrostatic potential region
in the center of the ring. This region, differently from the one
formed on the tip of the halogen atoms, is called a m-hole,
because it is formed perpendicularly to the molecular frame.8
The existence of such a hole has been demonstrated by
guantum chemical calculations®'® but also by the direct
experimental observation of a lone pair---nt-hole interaction in
the 1:1 complex of water with hexafluorobenzene!! or
pentafluoropyridine’? by rotational spectroscopy. The
rotational study on the complex pentafluoropyridine-water also
indicates that the presence of the fluorine substituents not only
creates a different binding site (the m-hole) but also weakens
the capacity of the heterocyclic nitrogen to act as a hydrogen
bond acceptor. The concepts of o- and nt-hole can be extended
to other classes of atoms and molecular frames and their
importance in biological systems and the design of new
materials has been described.’3

On these premises, studying the effects of perfluorination on
the structural and electronic properties of aryl halides seems
particularly interesting since the electronic charge distributions
shown by the halogen atom in halobenzenes can be altered by
substitution of fluorine atoms on the aromatic ring.

The effects of perfluorination can also be important in relation
to the reactivity of aryl halides. These molecules are used as
synthetic intermediates that can undergo nucleophilic aromatic
substitution reactions (SyAr) when strong electron-withdrawing
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groups are present on the aromatic ring. These processes have
been studied in condensed phase!* and in the gas phase.'®
Another effect of the addition of strong electron-withdrawing
groups to an arene is that the aryl moiety is converted into a
good leaving group and this favours the occurrence of Sy2
reactions on a halogen substituent (generally bromine or
iodine).t®

Based on these considerations chloropentafluorobenzene
(CeFsCl) and bromopentafluorobenzene (CgFsBr) are chosen as
case studies to investigate the effect of perfluorination on the
molecular structure and electronic properties. Rotational
spectroscopy is chosen as the technique of investigation since
its high resolution and sensitivity allows the accurate
determination of structural parameters both in molecules'’18
and non-covalently bound complexes.'®29 Moreover, rotational
transitions can show hyperfine splittings due to the coupling of
the nuclear spin via its quadrupole moment (if the nucleus has
spin greater than %) to the overall rotation. Analysis of the
nuclear hyperfine structure of the rotational spectra allows the
accurate determination of the nuclear coupling tensor or its
main components.

Regarding the latter, the Townes-Dailey (TD)?! model has been
used for decades to interpret the nuclear coupling constants in
terms of p valence orbital’s populations and recently its three
dimensional formulation, the Extended Townes-Dailey (ETD)
method, has been proposed.?? The results provide insight into
the electronic properties of the bonds involving the quadrupole
bearing atom: orbital hybridization, degree of covalence in a
chemical bond (or ionic bond character), molecular geometry
and recently to discuss the potential of molecules in forming a
halogen bond.?324 In a recent theoretical paper it has been
proposed to use a modified ETD model to calculate the Valence
p-orbital Population Anisotropy (VPPA) directly related to the
quadrupole coupling tensor to quantify and visualize those
properties.?> The VPPA, being related to charge imbalance, also
allows the quantification of other properties such as the extent
of the o-hole on the halogen atoms.

The interest in the structure and electronic properties of
halobenzenes and poly and perfluorinated arenes is proven by
the rotational spectroscopy studies performed on several
species: fluorobenzene,?%?’ 1,2- and 1,3-difluorobenzene,?®
1,2,3-trifluorobenzene,?® 1,2,4-trifluorobenzene,3® 1,2,3,4-
tetrafluorobenzene,?! pentafluorobenzene,3? chlorobenzene,33
bromobenzene,3435 iodobenzene,3%:37 1-chloro-2-
fluorobenzene,3®  1-chloro-3-fluorobenzene,?®  1-chloro-4-
fluorobenzene.?® C¢FsCl and CgFsBr are important fine chemical
intermediates and have broad application prospects in the
fields of medicine, pesticides, liquid crystals and olefin
polymerization catalysis.*! The r, structure of C¢FsCl and CgFsBr
was investigated by Haloui A. and Haloui E.*?>43 utilizing NMR
spectroscopy. As stated by the authors, the accuracy of that
technique is significantly less than that of microwave
spectroscopy and solvent effect cannot be neglected.

On the contrary, the precise data obtained by rotational
spectroscopy for the perfluorinated aryl halides can be
compared to those of the non-perfluorinated compounds in
trying to assess the effects of successive addition of fluorine
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atoms on the molecular properties in isolated conditions. They
can also be used to benchmark quantum chemical results from
widely used computational methods to assess their
performance in modelling structural and electronic properties.
In the previously cited work by Rinald and Wu?> the VPPA
method is applied to theoretically calculated values of the
quadrupole tensors and orbital populations but we propose to
use it here to derive those electronic properties directly from
the experimentally determined quadrupole coupling tensor in
order to gain insight into the electronic properties of the C-X
(X=Cl, Br) bond and their changes upon perfluorination.

Results and discussion
Theoretical

The ab initio full optimizations of the structures of the
perfluorinated compounds CgFsCl and CgFsBr and their
hydrogenated counterparts CgHsCl and C¢HsBr were carried out
with the GAUSSIAN 16 suite of programs** using second-order
Mgller—Plesset (MP2) theory at the aug-cc-pVTZ level under the
constraint of C,, symmetry. This method has proved its
reliability in calculating rotational constants with good
accuracy.*® The principal axes system’s coordinates of the
optimized structures are available in the Electronic
Supplementary Information (ESI, Tables S1-S4). The quadrupole
coupling constants were estimated from the MP2/aug-cc-pVTZ
optimized structures using the Douglas-Kroll-Hess 2" order
scalar relativistic core Hamiltonian®®, in the point nuclear
approximation, with the recontracted aug-cc-pVTZ-DK basis
set?748 freely available at Basis Set Exchange Database.*?

The rotational spectra were predicted based on the theoretical
values of the spectroscopic constants for the most abundant
isotopologue which are reported in Table 1.

Table 1. Ab initio (MP2/aug-cc-pVTZ) rotational constants (A, B, C),
quadrupole coupling constants (yaa, Zbb, Xcc), asymmetry parameter (7),
planar moments of inertia (M,,, Mpp) and electric dipole moment () of

parent species.

CeFsCl CeFsBr CeHsCl CeHsBr
A (MHz) 1027.83 1027.69 5693.27 5691.00
B (MHz) 751.91 496.97 1578.01 1000.35
C (MHz) 434.24 334.98 1235.55 850.80
Zoa (MH2) -80.85 653.80 -71.62 562.16
Zob (MHZ) 43.64 -353.16 37.57 -292.37
Zee(MH2) 37.20 -300.65 34.05 -269.80
7 (MHz) ! -0.0870 -0.0928 -0.0597 -0.0505
M, (u A2) ) 672.13 1016.93 320.26 505.20
My (u A2) 491.69 491.76 88.77 88.80
(D) -0.37 -0.56 1.70 1.72

This journal is © The Royal Society of Chemistry 20xx
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[a] 7 is the asymmetry parameter defined as 7 = (Yob-¥cc)/ Zaa- [b] The planar
moments of inertia M,,=Zmai?, Mp,=2imib?, M. is zero by symmetry.

Due to the C,, molecular symmetry only u, type transition lines
can be observed. Also, considering the natural relative
abundance of the two most abundant isotopes of chlorine (3>Cl
76% and 37Cl 24%), the intensity of the rotational spectra
belonging to 37Cl isotopes is expected to be 1/3 of that for the
35Cl species. Bromine has two almost equally abundant isotopes
(7°Br 50.7% and 8!Br 49.3%), thus the rotational spectra of the
two isotopologues should have very similar intensity. Regarding
13C, considering the natural abundance and the C,, symmetry of
the molecules, four mono-substituted species are expected (see
Fig. 1 for numbering of the atoms), two with 1.1% abundance
(*3C1, 3C4) and two with 2.2%(13C2,13C3) abundance with
respect to the parent species. Due to the nuclear quadrupole
coupling of both isotopes of chlorine and bromine and their
nuclear spin quantum number 1=3/2, the rotational spectrum of
CeFsCl and CgFsBr is expected to be split into a multiplet of
hyperfine components.

Fig. 1 The atom numbering scheme used to describe the structural

parameters (X=Cl, Br).

Microwave spectra

For CgFsCl, initial predictions at the MP2/aug-cc-pVTZ level were
accurate enough to quickly identify a-type K, = 0 and 1
transitions close to predicted frequencies. and with hyperfine
patterns in agreement to the ab initio ones. Unresolved and
partially overlapping hyperfine components meant some strong
transitions had to be excluded from the fit; however, 217
hyperfine components were fitted for 35Cl, and 87 were fitted
for 37Cl. Using the SPFIT package®® the spectra were fitted by a
reduced semirigid Hamiltonian in the I? representation which
includes an additional term to fit the nuclear hyperfine
structure.>® Only D, and d; centrifugal distortion constants were
determined, and these were fixed to the values from the 3°CI
isotopologue for analyses of all other isotopic species.

Initial assignments of 13C spectra for the 3°Cl isotopologue were
made using a reduced bandwidth spectrum with a high number
of experimental averages, to enhance the signal-to-noise ratio
(see Experimental section). Spectra of all four unique 3C species
were assigned, with 45 and 36 transitions fitted for the 2%
abundance species (13C2 and 13C3, respectively), and 31 and 33
transitions fitted for the 1% abundance species (13C1 and 13C4,
respectively). Nuclear quadrupole coupling constants for 35Cl
were adjusted for all 13C species, giving values identical to the
parent to within experimental uncertainties. Note that only the

This journal is © The Royal Society of Chemistry 20xx
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diagonal terms of the nuclear quadrupole coupling tensor are
different from zero due to the symmetry of the molecules. Full
lists of assigned transitions for all isotopic species can be found
in Supplementary Table S5, while Fig. 2 shows resolved and
unresolved hyperfine components for several transitions of the
parent and 13C isotopologues.

Fig. 2 Top: Hyperfine components F'<F” for the 8,,€ 7.6 8,7€7,6
(unlabeled in the figure), 91 €8, g and 99 €80 5 transitions of C¢FsCl parent
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species. Bottom: 1000x vertical magnification showing detail of the same
transitions (overlapping) for all four 13C species.
For CgFsBr, a total of 224 lines were included in the fit for 7°Br
and 243 lines for 8Br, and as for the previous system, all
transitions were fitted with the SPFIT program®° to a semirigid
Hamiltonian in the /R representation
guadrupole coupling terms.>!

The rotational spectra of the two 3C most abundant species
were also measured, corresponding to the 13C substitution at C2
and C3 in the isotopologue bearing 7°Br. The observation of
these isotopologues’ spectra was close to the limit of detection
thus the spectra originating from substitution of atoms C1 and
C4 could not be observed. In total, 18 lines were observed for
the 3C2 and 11 lines for the 13C3 species, Due to the small
number of observable lines, the values of the quadrupole
coupling constants were fixed to those of the parent species in
the fit.

Full lists of the transition frequencies for the parent and
isotopologues species (8'Br, 13C2 and !3C3) are available from
the Supplementary Table S6. The hyperfine structures of the
12512€1191; and 12,,,€11;,; transitions of CgFsBr are
depicted in Fig. 3. The rotational constants and nuclear
quadrupole coupling constants of all the observed species are
in Tables 2 and 3 for CgFsCl and CgFsBr,

including nuclear

summarized
respectively.

J. Name., 2013, 00, 1-3 | 3



al

ARTICLE

In agreement with the prediction of a planarity, the planar
moments of inertia along the c¢ axis (M.=2mic;?) are very close
to zero. The slightly positive values are consistent with low-
frequency, small amplitude out-of-plane vibrations, which
would be expected for rigid ring molecule.3*
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Fig. 3 The 12(,,€ 1144, and 12, ,,€ 11, 4, transitions of the CgFsBr parent

species showing the main F’&F” hyperfine components.

Structural considerations
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For the determination of the structures, we relied on the
information carried by the rotational spectra of the
isotopologues combined with that obtained by the theoretical
calculations. From the isotopologues’ experimental rotational
constants, it is possible to determine the principal axis
coordinates of the substituted atoms (substitution coordinates,
rs) using Kraitchman’s single isotopic substitution analysis.>? The
obtained values are reported in the ESI (Table S1-S4) for the two
perfluorinated systems (C¢FsCl and CgFsBr) and their
hydrogenated counterparts (the rotational constants for CgHsCl
and CgHsBr were taken from references 33 and 34 respectively)
where they are also compared to the r. values determined by
the theoretical calculations. Since the atom coordinates in
Kraitchman’s equations appear as their squares, their signs
cannot be unambiguously determined but must be compared
to the calculate ones. Costain’s rule was used to calculate the
uncertainties.>3

As a second method we utilized the ab initio structure as a
starting point and adjusted the ring structural parameters and
the position of the Cl or Br atom to obtain the best fit to the set
of planar moments of inertia measured for the isotopologues of
each molecular species. The fit was obtained using the STRFIT
program®* and the resulting structure adjusted to reproduce the
vibrational ground state rotational parameters is known as the
rostructure.

Table 2 Experimental spectroscopic parameters of parent and five observed isotopologues of C¢FsCl.

Parent 37¢l Bc1 1Bc2 3¢c3 3ca
A (MHz) 1028.5412(2) ! 1028.5439(7) 1028.568(2) 1025.572(2) 1025.563(2) 1028.578(2)
B (MHz) 751.8207(2) 734.4795(2) 750.4372(4) 751.6505(4) 750.7696(4) 748.7217(4)
C (MHz) ! 434.3531(3) 428.5081(2) 433.898(5) 433.7654(4) 433.4701(4) 433.3233(4)
Zaa (MH2) -79.52(2) -62.67(2) -79.7(5) -79.45(5) -79.43(5) -79.51(7)
Zob (MH2) 43.6(1) 34.39(1) 43.7(2) 43.56(3) 43.60(3) 43.59(3)
Zee (MH2) 35.92(2) 28.27(4) 36.0(3) 35.89(9) 35.84(9) 35.91(9)
7 (MHz) -0.0965(4) -0.098(2) -0.096(9) -0.0967(9) -0.098(2) -0.097(2)
N 217 87 31 45 36 33
M, (u A2) el 672.1865(5) 688.0580(5) 673.4227(7) 672.340(1) 673.129(1) 674.970(1)
My, (u A2) 491.3348(5) 491.3341(5) 491.3189(7) 492.758(1) 492.763(1) 491.317(1)
M. (u A2) 0.0204(5) 0.0198(5) 0.0235(7) 0.020(1) 0.019(1) 0.020(1)
AVerms (kHz) 1) 6.1 4.8 5.5 49 41 5.0

[a] Error in parentheses in units of the last digit. [b] Centrifugal distortion constants were adjusted for the parent species and fixed at those values for all other species:
D, = 3.8(1.0) Hz, d; = 3.4(9) Hz. [c] 7 is the asymmetry parameter, defined as 77 = (Yob-¥cc)/ Xaa- [d] N = Number of transitions fitted. [e] The planar moments of inertia

l\/lgg=zirnigi2 (g=a; b, C)- [f] Avims = [Z(Vobs'vcalc)z/Nll/z-

4| J. Name., 2012, 00, 1-3
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Table 3 Experimental spectroscopic parameters of parent and three observed isotopologues of CsFsBr.

Parent 8igr 13C2=13C6 13C3=13C5
A (MHz) 1027.7040(2) 1l 1027.7040(2) 1024.743(6) 1024.725(8)
B (MHz) 495.05251(4) 489.42319(4) 495.056(2) 493.925(3)
€ (MHz) 334.11342(2) 331.53944(2) 333.8016(1) 333.2851(1)
o (MH2) 637.68(3) 532.83(3) [637.68] bl [637.68]
Zob (MH2) -346.12(4) -289.2(2) [-346.12] [-346.12]
Zee(MHz) -291.56(4) -243.6(2) [-291.56] [-291.56]
7 (MHz) 19 -0.0856(1) -0.086(1) - -
N 224 243 18 11
M, (u A2) el 1020.8507(1) 1032.5933(1) 1020.843(4) 1023.181(5)
My (u A2) 491.7466(1) 491.7474(1) 493.167(4) 493.176(5)
M (u A2) 0.0088(1) 0.0081(1) 0.009(4) 0.009(5)
AVym(kHz) 1) 13.9 5.9 2.7 2.4

[a] Error in parentheses in units of the last digit. [b] Fixed at the 7Br monomer value. [c] 7 is the asymmetry parameter, defined as 77 = (Yob-¥cc)/ Zaa- [d] N = Number of
transitions fitted. [e] The planar moments of inertia Mg=2imig? (g=a, b, c). [f] AVims = [Z(VobsVeaid) /NI V2.

In the fitting procedure we imposed the C,, symmetry by
adjusting the C-C bonds and angles in matching couples and
pinning the halogen atom (X), C1 and C4 atoms onto the
symmetry axis. A suitable fitting was possible adjusting the C1-
X, C1-C2 and C2-C3 (and their corresponding C1-C6 and C5-C6)
bond lengths, the C2C1X and C3C2C1 (and their corresponding
C6C1X and C5C6C1) angles and the C4-C1 distance. Only in the
case of CgFsBr this last value was fixed to a corrected ab initio
value. The correction was obtained accounting for the
difference between the fitted distance and the theoretical one
in CgHsBr. The results of the fitting procedures are reported in

£C2C1C6= 118.9 119.1(5)
£C3C2C1= 120.7 120.7(4)
£CAC3C2=119.9 119.9(3)
£C5CAC3=119.9 119.8(3)

£C2C1C6=118.9 117.7(7)
£C3C2C1=120.7 121.6(2)
£CAC3C2=119.8 119.8(4)
£C5CAC3=112.0 119.6(7)

the ESI (Table S7) while the theoretical and experimental (c) 1.081 £ (d) 1081 1)
structures are depicted in Fig. 4. 1.082 6 174(2) 1.082 1.88(3)
This allows us to make some considerations and comparisons 1081 . L1736 1' {

between chlorine and bromine substituted molecules as well as

hvd d d £l . d . L fi id 1.394 1.394

ydrogenated and perfluorinated species. Let us first consider 1.398(4) 1.397(5)

the structural changes occurring when chlorine is substituted by
bromine. We observe an increase of 0.14(1) A in the C-X bond

£C2C1C6=121.7 122(1) £C2C1C6=121.4 120(2)

length both in the hydrogenated and perfluorinated species in £C3C2C1=119.0 119(1) £€3C2C1=119.0 120(1)
agreement with difference in their covalent radii (Rg,-R¢;=0.15 A) £C4C3C2=120.4 120.4(4) £C4C3C2=120.5 120.3(5)
£C5C4C3=119.8 119.8(3) 2£C5C4C3=119.8 119.9(3)

while the C-C bond lengths do not change significantly. As
regards the ring angles, the biggest changes are seen in the ipso
and ortho angles with an average change of -1.4° and 0.8°
respectively while the other angles show smaller differences.
These effects in the angles are not very large and fall close to

Fig. 4 Geometries of (a) C¢FsCl, (b) CgFsBr, (c) CeHsCl and (d) C¢HsBr MP2/aug-
cc-pVTZ parameters (underlined values) and experimental values (normal
font). Distances in A, angles in degrees. The R(C1C4) parameter in CgFsBr (in

square brackets) is fixed to 2.808 A (see text for details). Error in parentheses

the uncertainties with which they are determined thus they
should be considered an indication of a trend more than
accurate values. Focusing alternatively on the chlorine or the
bromine substituted molecules we can infer the effects of
perfluorination on the structural properties. In this case the

This journal is © The Royal Society of Chemistry 20xx

in units of the last digit. Rotational constants of C4HsCl and C¢HsBr taken from

reference 33 and 34 respectively.

bond lengths are not affected very much but we can see larger
changes on the angles. Upon perfluorination of the ring, the ipso
angles show an average decrease of 2.6° and the ortho angles

J. Name., 2013, 00, 1-3 | 5
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an average increase of 1.9° while the meta and para angles
decrease by less than 1°.

A more direct evaluation of structural changes can be done
directly using the coordinates of the substituted atoms (r). In
this way we calculated the C2—C6 distance and C3—C5 distance
in CgFsX (X=H, F, Cl, Br) which are compared to the same
parameters of CgHsX (X=H, F, Cl, Br) in Table 4. In the same table
the ab initio values (r.) are also reported.

The observed geometric changes of the C2—C6 distance and C3—
C5 distance in CgFsX relative to CgHsX are significant and
consistent. The C2—C6 and C3—C5 distances are shorter in the
perfluorinated molecules than those in the hydrogenated ones.
In addition, the changes in the C2—C6 distances are greater than
those of the C3—C5 distances. In CgFsCl (or CgFsBr), the C2—C6
distance is 0.01 A (or 0.032 A) shorter than in CgHsCl (or CgHsBr),
while the C3—C5 distance is slightly shorter, but not outside the
error limits. These results, which have been -calculated
independently of the structural fit, are in agreement with the
latter and in particular with the reduction of the ipso and para
angles upon fluorination as they are in agreement also with the
theoretical distances reported in the table. These observed
geometric changes also agree with the trends found in CgFsH3?
relative to GCgHg and in CgFg relative to CgHsF?7.

Table 4 Ab initio (r., MP2/aug-cc-pVTZ) and structural parameters derived
from substitution structure (rs) for the CgFsX and CgFsX (X=H, F, Cl, Br).

€2¢6 (A) c3¢5(A)
rS re rS re
CeHe - 2.4151 - 2.4151
CgHsF?7 2.434(4)k! 2.4307 2.416(4) 2.4131
CgHsCI33 2.430(6) 2.4274 2.422(6) 2.4069
CgHsBr34 2.426(6) 2.4281 2.412(8) 2.4110
CgFsH32 2.373(3) 2.3831 2.404(3) 2.4140
CeFes - 2.4077 - 2.4077
CeFsCl 2.3884(8) 2.3998 2.3972(8) 2.4069
CgFsBr 2.384(4) 2.3974 2.398(4) 2.4065

[a] Error in parentheses in units of the last digit.

Electronic effects

According to the ETD model, only the valence electron
population in the p-orbitals contribute to the quadrupole
coupling tensor. If the atomic quadrupole tensor axes system
and the p-orbitals are coincident, the populations (P) and the
nuclear quadrupole coupling constants () are related by three
simple equations which contain the population of each orbital
and the one-electron contribution to the coupling tensor, .2

1 1
XXXZXO(PXX_EP)/}/_EPZZ) (1)

1 1
Xyy :XO(_EPM + Pyy—EPZZ) (2)
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1 1
Xzz = XO(_EPXX_EPyy + Pzz) (3)

The experimentally derived y, value for 7°Br is —-769.756 MHz
while for 3°Cl this value is 109.746 MHz.>>

From the rotational transitions the components of the nuclear
quadrupolar tensor in the principal system of inertia of the
molecule (a, b and c¢) are derived and according to the symmetry
of the molecules examined in this paper, the principal inertial
axes are coincident with the orientation of the p-orbitals of the
halogen atom. In fact, the a axis (z axis) lies along the C-X bond,
b is in the plane of the molecule (y axis) and ¢ axis (x axis)
perpendicular to the molecular plane. Since the inertia principal
axes orientation coincide with the principal axes of the
quadrupolar nucleus, the determination of the population along
the natural axes (Py, Py, P;) is straightforward through the
previously introduced equations (eq. 1-3) where x;,=¥aa, ¥yy=Xob
and Jxx=Xec-

One complication which arises from the three equations not
being linearly independent and some physical assumptions
must be put in place to solve the system. The assumption used
in the original TD model is that the electronic population of the
p-orbital in the plane of the molecule and perpendicular to the
C-X bond (Py,) is equal to 2 and the populations of the other p-
orbitals (Py and P,,) are also expected to be very close to 2. With
these assumptions the populations of the p-orbitals of the
chlorine and bromine atoms were estimated from the
experimental quadrupole coupling the
hydrogenated and perfluorinated benzene halides (ESI Table S8).
In the modified ETD model presented in ref.?5 the suggestion is
to use the p-population anisotropies (calculated as differences
in orbital’s population along the axes with respect to the
average population, APy, AP,, and AP,,) in order to quantify the
electronic properties. Those values are also reported in the ESI
(Table S8) and in Fig. 5.

constants for

() AP, = -0.485/-0.481 (b)

Z Z
AP, = 0.265/0.257 AP, =0.299/0.293

1
P, =0.220/0.22 -
w = 0.220/0.225 ¢ Ty AP, =0.253/0.262 _gr—"y
R F F. F
F F F F
F

AP, = -0.551/-0.555

F
LP(1): sp®2° LP(1): sp1s
LP(2): p, LP(2): p,
LP(3): p, LP(3): p,
(c) AP, =-0.432/-0.448 (d)  ap,--0.482/-0516

z
AP, = 0.253/0.274

8P, =0.228/0.242 &y
H H
H H

H

z
I AP, =0.233/0.241

8P, = 0.198/0207 ¢y
H H
H H

H

LP(1): sp°2 LP(1): sp®+”
LP(2): p, LP(2): p,
LP(3): p, LP(3): py

Fig. 5 VPPA values (first value from EDT, second value from NAO) and
electron lone pairs (from NAO) in (a) C¢FsCl, (b) CgFsBr, (c) CeHsCl and (d)
CeHsBr.
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For comparison and to gain a more complete picture of the
valence orbitals, a Natural Atomic Orbital (NAO) analysis was
performed with the Natural Bond Orbital (NBO)>® package
within the Gaussian 16 suite of programs to calculate the
populations in the halogen’s valence p-orbitals. The NAO
populations are also reported in the ESI (Table S8) for
comparison with the ones determined using the ETD model.
The NAO populations are used to characterize the lone pair
halogen’s orbitals (indicated as LP in Fig. 5). In all four molecular
systems the three lone pairs of the halogen atom are very
similar. The C-X bond is formed by a sp hybrid orbital with
essentially s character. In Fig. 5 this is indicated by the exponent
to the sp label which reports the ratio between p and s fraction
of population in the orbital. The other lone pairs are in two p
orbitals perpendicular to the C-X bond. Looking at the VPPA
values and the orbital’s labels we can see that the orbital
directed along the z axis shows a decrease in population with
respect to the average (AP,, negative) while the other two show
an excess (APy and AP,, positive). As discussed in ref.z> the
negative value of AP, is a direct measure of the strong electron
density deficiency along the C-X bond which is also known as
the o-hole but we can also add that the p populations in the
other two orbitals is related to the electron rich equatorial belt
around the halogen atom.

Looking at the AP,, values for the four molecules we can see that
this deficiency not only increases in going from chlorine to
bromine, as it has been extensively pointed out in the literature,
but it also increases upon ring perfluorination in the systems
with the same X atom. In general, the effect of perfluorination
is to diminish the overall p population on the halogen atom both
increasing the o-hole and decreasing the nucleophilic equatorial
belt.

A visualization of these effects can be obtained from the
depiction of the molecular electrostatic potentials (ESP) shown
in Fig. 6. In this picture we can see the molecules along an axis
perpendicular to the molecular plane while the smaller pictures
are the side views along the direction of the C-X bond.

The regions of the o-system and Br or Cl atom that become
positively charged and create the o- or m-hole are seen as blue
regions at the center of the ring and at the tip of Cl or Br,
respectively. As discussed in the introduction, the o-hole can
generate the halogen bond located along the direction of

: CSFSCI : CstBr

W o
CH.Cl 0 CH,Br

-2.007 e—

— 2,00

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Electrostatic potential maps of CgFsCl, CsFsBr, C¢HsCl, and CgHsBr,
estimated at 0.0004 a.u electron density by MP2/aug-cc-pVTZ calculations.
The blue shading is the maximum (positive) potential, and red shading is the
minimum (negative) potential. Molecules are shown along an axis
perpendicular to the molecular plane; smaller pictures are the side views
along the direction of the C-X bond.

the C-Br bond, >® while the nt-hole can form the lone pair---7-
hole interaction located perpendicularly to the plane of
aromatic ring.'13 In Fig. 6 we can observe that the n-hole is
formed only in the perfluorinated systems and it is slightly more
positive in CgFsCl than in CgFsBr. However, the o-hole it is
present in all systems, greater in Br than in Cl while it is
definitely more positive in the perfluorinated systems. A
nucleophilic belt is clearly visible as an electron rich region (red)
along the equator of the halogen atom in the hydrogenated
systems while it becomes less negative (green) in the
perfluorinated ones.

Experimental

CeFsCl was purchased from Sigma-Aldrich and used without
further purification. A sample containing about 0.1% CgFsCl in
neon, at a backing pressure of around 1 atmosphere was
expanded through three pulsed valves of the spectrometer,
which were oriented perpendicular to the axis of microwave
propagation. The spectrum was recorded using a chirped pulse
(CP)-FTMW spectrometer at the University of Virginia.>” A
survey scan was recorded over the 6.0 — 18.0 GHz range, with
ten free induction decays (FID) recorded per gas pulse. A total
of 320,000 FIDs were averaged to give the final spectrum. A
second spectrum was obtained over the 6.8 — 9.0 GHz range.
The reduced bandwidth combined with a lower digitization rate
allowed fifty FIDs to be averaged per gas pulse, and 8.4 million
FIDs were averaged to give the final spectrum. This reduced-
bandwidth, high S/N spectrum was used for observation of $3C
isotopologue  transitions in  natural abundance, as
demonstrated in the inset of Fig. 2.

CgFsBr was purchased from Alpha Aesar (purity >99%) and used
without further purification. A COBRA-type pulsed supersonic-
jet Fourier-transform microwave (FTMW) spectrometer®8-5! at
the University of Bologna was used to measure the spectra.
Helium at a stagnation pressure of about 2 bar, was flowed over
the samples resulting in about 1% mixture of CgFsBr. The
molecular gas was then expanded through a solenoid valve
(General Valve, Series 9, nozzle diameter of 0.5 mm) into a
Fabry—Perot cavity. During the expansion, the molecule can
reach quite low rotational temperatures (a few K) obtaining a
simplification of the spectrum with respect to room
temperature spectra by depopulation of high-J and enhanced
intensity for low-J transitions.

Conclusions

In this work we discuss the effects of perfluorination on the
structural and the electronic properties of CsFsCl and CgFsBr.

From the rotational constants determined for several

J. Name., 2013, 00, 1-3 | 7



Physical.Chemistry Chemical Physics

isotopologues, partial structures have been determined for the
two molecules and their hydrogenated counterparts. The
isotopic substitution results suggest a shortening of the
distances of equivalent carbon atoms for both pairs (C2-C6 and
C3-C5) of about 40 mA which, with the C1-C4 distant not being
affected, indicates an elongation of the ring along its symmetry
axis, in agreement with what has been reported in the NMR
study by Haloui and Haloui,*?>*® although in that case the
evidence is merely a quantum theoretical prediction.

An insight into the electronic properties of the chlorine and
bromine atoms has been gained from the experimental nuclear
quadrupole coupling constants determined from the rotational
spectra. By applying the ETD model, the populations of the p-
orbitals of the Cl and Br atoms have been derived and from
those the valence p-population anisotropies (VPPA). The
experimentally determined values are in agreement with those
obtained using the NAO analysis and the electrostatic potential
calculated at the MP2/aug-cc-pVTZ theory level. The values of
the population anisotropies along the C-Cl and C-Br bonds can
indicate the extent of the o-hole present at the tip of the
halogen atom while the decrease of population along the other
two directions can be interpreted as a decrease of the extent of
the nucleophilic belt along the equator of the halogen atom.
The results confirm that in general the o-hole found in Br is
greater than that in Cl. The results also show that the o-hole
increases upon fluorination and the chorine atom in the
perfluorinated moiety acquires a similar value to that of
bromine in the hydrogenated system.

These results should be helpful in the rational design and
understanding of molecular systems which exploit o-hole and
nt-hole interactions.
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