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Halogen bonding properties of 4-iodopyrazole and 4-bromopyrazole
explored by rotational spectroscopy and ab initio calculations
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(Received 31 August 2017; accepted 16 October 2017; published online 1 December 2017)

The combination of halogen- and hydrogen-bonding capabilities possessed by 4-bromopyrazole and
4-iodopyrazole has led to them being described as “magic bullets” for biochemical structure determi-
nation. Laser vaporisation was used to introduce each of these 4-halopyrazoles into an argon gas sample
undergoing supersonic expansion prior to the recording of the rotational spectra of these molecules by
chirped-pulse Fourier transform microwave spectroscopy. Data were obtained for four isotopologues
of 4-bromopyrazole and two isotopologues of 4-iodopyrazole. Isotopic substitutions were achieved at
the hydrogens attached to the pyrrolic nitrogen atoms of both 4-halopyrazoles and at the bromine atom
of 4-bromopyrazole. The experimentally determined nuclear quadrupole coupling constants, χaa(X)
and χbb(X)− χcc(X), of the halogen atoms (where X is the halogen atom) of each molecule are com-
pared with the results of the ab initio calculations and those for a range of other halogen-containing
molecules. It is concluded that each of 4-bromopyrazole and 4-iodopyrazole will form halogen bonds
that are broadly comparable in strength to those formed by CH3X and CF3X. Published by AIP
Publishing. https://doi.org/10.1063/1.5002662

I. INTRODUCTION

Compounds containing the pyrazole ring motif have a
wide range of applications in medicinal chemistry and other
areas such as catalysis.1 Pyrazole is known to inhibit the action
of alcohol dehydrogenase (ADH),2 while 4-methylpyrazole
(also known as fomepizole) effectively blocks the metabolism
of methanol by ADH and is currently the recommended
antidote for methanol poisoning.3,4 4-Bromopyrazole and 4-
iodopyrazole retain an ability to function as inhibitors of ADH
action5,6 but are potentially of much broader interest. The
combination of halogen- and hydrogen-bonding capabilities
possessed by each of these halopyrazoles has led to them
being labeled as “magic bullets” for biochemical structure
determination.7

Rotational spectroscopy can be used to provide infor-
mation about the geometric and electronic structures of
molecules. Microwave spectra have previously been reported
for the isolated pyrazole molecule in the gas-phase8–14 and
also for derivatives and complexes.15–17 This report describes
the pure rotational spectra of 4-bromo- and 4-iodopyrazole,
which have been recorded for the first time. The data are
analyzed and found to be consistent with the planar geome-
tries expected for these molecules. Hyperfine structures in
microwave spectra provide information about the occupation
of molecular orbitals close to quadrupolar nuclei18,19 and can
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b)Present address: Department of Physics and Astronomy, Vrije Universiteit
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inform the understanding of the nature of intermolecular inter-
actions such as halogen bonding, which rely strongly on the
form of the electron distribution around the nucleus.20–22 Dur-
ing this work, it will be shown that the hyperfine structure in
the microwave spectra of 4-bromo- and 4-iodopyrazole pro-
vides an important perspective on charge distributions within
these molecules.18 The data are interpreted with reference
to the ability of the 4-halopyrazoles to form strong inter-
molecular, halogen bonding interactions. The results provide a
novel perspective from which to examine the observations of
Bauman et al. concerning the usefulness of these molecules
for protein crystallography.7

II. EXPERIMENTAL

Each molecule was transferred into the gas phase by
laser ablation of a solid rod containing the appropriate
4-halopyrazole in a copper matrix. Solid rod targets of
5 mm in diameter were prepared (respectively, for each
of 4-bromopyrazole and 4-iodopyrazole) by compressing an
equimolar mixture of the 4-halopyrazole (Sigma-Aldrich,
99%) with copper powder (Sigma-Aldrich, <75 µm, 99%).
Laser ablation of the solid rod target was achieved using
the focused second harmonic output of an Nd:YAG laser
(532 nm, 20 mJ/pulse, 10 ns pulses). A small quantity of
the laser-vaporised 4-halopyrazole was thus entrained in a
flow of argon gas (BOC Pureshield Argon) undergoing super-
sonic expansion into the CP-FTMW (chirped-pulse Fourier
transform microwave spectrometer) spectrometer. The argon
carrier gas was introduced from a cylinder held at a backing
pressure of 7 bar via a pulsed valve. The experiment employed
a 2 Hz repetition rate with respect to the sequence of steps that
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introduce the chemical sample into the CP-FTMW spectrome-
ter. The solid target rod was continually translated and rotated
to ensure that fresh surface material was exposed to each laser
pulse. When required to facilitate experiments on isotopically
enriched species, samples of each 4-halopyrazole were deuter-
ated at the pyrrolic nitrogen position. The halopyrazole (∼2 g)
was stirred in THF/D2O (1:1, 20 mL total) for at least 3 hours
before being concentrated to dryness on a rotary evapora-
tor. Further D2O was added, and this was done for a further
3-4 times with at least one exchange allowed to run overnight.
After final concentration, the solid was lyophilised overnight
to afford the deuterated product.

The spectrometer and ablation source have been described
in detail23,24 in previous reports describing measurements per-
formed between 7.0 and 18.5 GHz. During the present work,
some modifications were made to extend the spectral range
to allow the measurement of transitions at frequencies as
low as 2.0 GHz. Figure 1 shows a schematic of the current
CP-FTMW spectrometer. When measuring spectra between
7.0 and 18.5 GHz, operation is exactly as described previ-
ously23,24 with the exception that the horn antennae have been
replaced with larger versions that are effective across a wider
frequency range (Steatite Q-Par, QSH-SL-2-18-N-HG-R,
2–18 GHz, 10–22 dBi gain). Various components (highlighted
in blue) are removed to allow the measurement of spectra
between 2.0 and 8.0 GHz. When performing measurements
within this lower frequency range, the chirp produced by
the waveform generator is input directly to a traveling-wave
tube amplifier (TWTA) that provides amplification in the
2.0–8.0 GHz frequency range (Applied Systems Engineering,
Model 167, 450 W). Thus, measurements performed above
8.0 GHz are facilitated by mixing the AWG (arbitrary wave-
form generator) output [and the free induction decay (FID)
of the molecular emission] with the 19.0 GHz output of a
phase-locked dielectric resonant oscillator (PDRO), while

FIG. 1. Schematic diagram of the experimental setup. Components high-
lighted in blue are included only when operating in the 7.0–18.5 GHz range;
when two values for frequency or power are provided, the values in black
correspond to operation in the 2.0–8.0 GHz range and the values in blue to
operation in the 7.0–18.5 GHz range.

measurements performed between 2.0 and 8.0 GHz do not
require the heterodyne mixing stage.

In order to record a microwave spectrum, molecules
within the sample are polarised by a microwave chirp of
1 µs in duration. The free induction decay (FID) of the molec-
ular emission is recorded over the subsequent 20 µs. The gas
pulse travels through the interaction region over a longer time-
frame so the above sequence of pulses is repeated eight times
per gas pulse. FIDs are digitized and recorded by a 100 GS/s
digital oscilloscope (Tektronix DPO72304SX) and all data
are averaged in the time domain. Fourier transformation is
performed using a high resolution window function. Each tran-
sition in the frequency domain spectra is observed as a single
peak with a full-width at half-maximum of roughly 100 kHz
and the estimated precision of frequency measurement is ca.
10 kHz.

III. AB INITIO CALCULATIONS

The structures of 4-bromo- and 4-iodopyrazole were opti-
mised using density functional theory (DFT) as implemented
in the Gaussian09 software package.25 The B3LYP func-
tional was used,26–29 along with the aug-cc-pVTZ basis set
for all atoms except iodine.30–33 In the iodine case, where
this basis set was not available, the aug-cc-pVTZ-PP basis set
was used with an effective core potential,34 as obtained from
the EMSL basis set exchange.35,36 Figure 2 shows the results
of these calculations, including the orientation of the dipole
moments, which have their largest components in the direction
of the b-axis in both cases (2.19 D for bromopyrazole, 2.18 D
for iodopyrazole), with smaller components in the direction
of the a-axis. Using the geometries obtained as described,
the nuclear quadrupole coupling parameters were calculated
using DLPNO-CCSD(T)37 (domain-based, local pair-natural
orbitals used within a coupled-cluster method with single,
double, and a perturbative treatment of triple excitations) as
implemented within the ORCA quantum chemistry package.38

A QZVP basis set was used throughout and a fine integration
grid 7 was adopted for numerical accuracy. Relativistic effects
were included using the Douglas Kroll Hess Hamiltonian39 to
the second order and finite nuclear effects40 were included.

FIG. 2. The structures of (a) 4-bromopyrazole and (b) 4-iodopyrazole as cal-
culated using B3LYP/aug-cc-pVTZ (aug-cc-pVTZ-PP with ECP for iodine)
calculations in Gaussian 09. The inertial axes are indicated for each molecule,
with the c-axis coming out of the page; the centre of mass is at the origin
of the axis system. The arrows in blue indicate the orientation and relative
magnitude of the dipole moment for each species.
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IV. RESULTS
A. Qualitative observations

The spectrum of 4-iodopyrazole was recorded over 220k
FIDs in the 2.0–8.0 GHz region and 270k FIDs in the
7.0–18.5 GHz region. The most intense transitions of 4-
iodopyrazole were recorded with a signal/noise ratio of
50:1; over one thousand transitions were sufficiently intense
to observe. In addition to transitions of 4-iodopyrazole,
the observed spectrum displays many peaks that assign to
molecules formed by the fragmentation of the precursor. These
included (HCN)2,41,42 CH3CN,43 CH3CCCN,44,45 HC3N,46–48

HC5N,49 HC7N,50 HC9N,51 ICN,52 ICCCN,53 CH2(CN)2,54,55

cyanoallene,56,57 and vinyl cyanide (CH2==CHCN).58,59 There
was evidence of (H2O)2, which is presumed to be a result
of the contamination of the gas lines behind the valve by
small amounts of H2O impurity.60 Figure 3 shows the spectra
recorded in both regions after removal of peaks corresponding
to the fragments listed above. Spectra subsequently recorded
for the N-deuterated isotopologue (510k and 280k FIDs for
the 2.0–8.0 GHz and 7.0–18.5 GHz frequency ranges, respec-
tively) revealed transitions of deuterated species including
CH2DCN,61,62 CHD2CN,62,63 CD3CN,43 DC3N,64 DC5N,49

DC7N,51 CHD==CHCN,65 CHD(CN)2,66 and CD2(CN)2.66

Consistent with the relative magnitudes of the a- and b-
components of the dipole moment (calculated to be 0.80 D
and 2.18 D, respectively), the observed spectra of both 4-
iodopyrazole and its N-deuterated isotopologue consist pri-
marily of b-type transitions with some a-type transitions also
observed. The frequency range between 8 and 11 GHz is dom-
inated by Q-branch transitions. Intense R-branch lines are
observed at frequencies above the upper limit of this range with
weaker R-branch transitions observed throughout the spec-
trum. An expanded view displaying the hyperfine structure
within J ′ → J ′′ transitions of the most intense Q- and R-
branches of the parent isotopologue is shown in Fig. 3. Nuclear

electric quadrupole coupling interactions between the vari-
ous quadrupolar nuclei and the electric field gradient at the
nucleus introduce significant hyperfine structures into each
J ′ → J ′′ transition. Hence, the large intervals between the
distinct groups of peaks in the inset of Fig. 3 result from
the hyperfine structure introduced by the iodine nucleus (I
= 5/2).67 The smaller splittings apparent within each group
result from nuclear quadrupole coupling of the nitrogen nuclei
(I = 1).19,68

Spectra were measured for the undeuterated isotopo-
logues of 4-bromopyrazole between 2.0–8.0 GHz and 7.0–
18.5 GHz and were averaged over 590k and 140k FIDs, respec-
tively. Spectra of the N-deuterated isotopologue were recorded
over the same frequency ranges and averaged over 200k and
370k FIDs, respectively. Fragmentation products observed
in the spectra of 4-bromopyrazole and its N-deuterated iso-
topologue are generally consistent with the expectation that
4-bromopyrazole disintegrates by similar mechanisms to those
followed by 4-iodopyrazole. The most intense transitions of
4-bromopyrazole were observed with a signal/noise ratio of
30:1. The spectra somewhat resemble those of 4-iodopyrazole
but are more challenging to assign because bromine has two
naturally occurring isotopes (79Br and 81Br) of similar abun-
dance.69 Approximately 300 transitions were recorded for
each of C3N2H3

79Br and C3N2H3
81Br. Each of the isotopes

of bromine possesses a nuclear spin, I = 3/2, and the nuclear
quadrupole moments are of similar magnitude.70 Hyperfine
splittings introduced by 79Br and 81Br are therefore similar
and responsible for intervals between groups of transitions.
These splittings and the isotopic shift are apparent in the inset
panes of Fig. 4. The smaller splittings within each individ-
ual group of transitions result from nuclear quadrupole cou-
pling of the nitrogen atoms. In similarity with 4-iodopyrazole,
the spectrum of 4-bromopyrazole consists primarily of b-
type transitions that account for between 76% and 85% of
assigned features depending on the isotopologue probed. A

FIG. 3. Microwave spectrum of 4-
iodopyrazole recorded in the 2.0–
18.5 GHz region. The experimental data
are displayed on the top half of each
inset. A simulated spectrum generated
using PGOPHER (and the constants
presented in Table I) is displayed as a
negative-going trace. One section from
each of a Q- and R-branch is shown
in detail (top left and top right insets);
starred peaks belong to 4-iodopyrazole
transitions that assign to quantum num-
bers other than those indicated by the
inset label.
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FIG. 4. Microwave spectrum of 4-
bromopyrazole recorded in the 2.0–
18.5 GHz region. The experimental data
are displayed on the top half of each
inset. Simulated spectra generated using
PGOPHER (and the constants presented
in Table II) are displayed as negative-
going traces. One section from each of
a Q- and R-branch is shown in detail (top
left and top right insets); starred peaks
belong to 4-bromopyrazole transitions
that assign to quantum numbers other
than those indicated by the inset label.

strong Q-branch was again observed in the centre of the spec-
trum between 8 and 11 GHz with R-branch transitions found
throughout the range of the spectrum.

B. Determination of spectroscopic constants

Transitions in the spectrum of each halopyrazole were
assigned and fitted to determine spectroscopic constants using
Western’s PGOPHER software package,71–73 with final fits
performed using SPFIT.74 The Hamiltonian used for each fit
was

H = HR −
1
6

Q(X):∇E(X) −
1
6

Q(N1):∇E(N1)

−
1
6

Q(N2):∇E(N2), (1)

where HR is the energy operator (Watson’s A-reduction) for
a semi-rigid asymmetric rotor. The remaining terms represent
the nuclear electric quadrupole coupling interactions of each
quadrupolar nucleus within the molecule with the electric field
gradient at that nucleus. The interaction is given by the scalar
(or inner) product of the nuclear quadrupole moment dyadic,
Q, and the dyadic of the electric field gradient, ∇E. The halo-
gen atom is represented by X, and the pyrrolic and pyridinic
nitrogen atoms are represented by N1 and N2, respectively.
The matrix elements of the Hamiltonian were constructed in
the coupled asymmetric rotor basis J + II = F1, F1 + IN1 = F2,
F2 + IN2 = F, and diagonalised in blocks of the quantum num-
ber, F. Hyperfine structure introduced by the hydrogen and
deuterium nuclei was not distinguished at the resolution of the
present experiments.

Tables I and II compare the fitted values of rotational,
centrifugal distortion, and nuclear quadrupole coupling con-
stants with those calculated ab initio for 4-iodopyrazole and
4-bromopyrazole. The agreement between calculated and
experimentally determined rotational and centrifugal distor-
tion constants is excellent, confirming that the molecular
carriers of the spectra are the described halopyrazoles. Full

details of nuclear coordinates in the geometries calculated ab
initio are provided as supplementary information. The inten-
sities of a- and b-type transitions in all observed spectra are
broadly consistent with the expected magnitudes of the dipole
moments in these structures. The magnitudes of the experi-
mentally determined nuclear quadrupole coupling constants
are less consistent with the theoretical results. An impor-
tant check of the experimentally determined results involves
comparing the nuclear quadrupole coupling constants of iso-
topologues that are distinct only in respect of the identity of
their contained bromine isotope. In these cases, the ratio of
nuclear quadrupole coupling constants, χaa(79Br)/χaa(81Br), is
found to be consistent with the ratio of the nuclear quadrupole
moments, Q(79Br)/Q(81Br), providing confirmation of the
correct line assignments. The calculated χaa(79Br)/χaa(81Br)
ratios are 1.197 094(36) and 1.197 025(43), respectively, for
C3H3BrN2 and C3H2DBrN2, which compare favourably
with a benchmark value of 1.197 048(3).18 Similar agree-
ment is obtained when the equivalent calculation is per-
formed for the experimentally determined values of χbb(Br)
− χcc(Br).

C. Molecular geometry

4-Iodopyrazole and 4-bromopyrazole are formally asym-
metric rotors but very near to the prolate symmetric rotor limit
(κ = �0.980 and �0.964 for C3H3IN2 and C3H3BrN2, respec-
tively). The level of agreement between the experimentally
determined and ab initio calculated rotational and centrifugal
distortion constants confirms the basic geometry and connec-
tivity of each molecule to be as presented in Fig. 2. The exper-
imentally determined rotational constants allow calculation of
an inertial defect, ∆0, for each halopyrazole,

∆0 = I0
c − I0

a − I0
b , (2)

where I0
a , I0

b , and I0
c are the moments of inertia deter-

mined from the experimentally measured A0, B0, and C0
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TABLE I. Spectroscopic constants of 4-iodopyrazole and its N-deuterated isotopologue determined experimen-
tally and computationally (numbers in brackets indicate standard deviations in units of last digit).

C3N2H3I C3N2H2DI

Spectroscopic constanta Expt.b Calc.c Expt.b Calc.c

A0 (MHz) 9495.622 03(88) 9561.143 2 9273.718 42(98) 9335.337 47
B0 (MHz) 955.218 54(54) 945.109 72 928.986 80(11) 919.152 44
C0 (MHz) 867.757 62(49) 860.090 60 844.268 72(10) 836.765 00
∆J (kHz) 0.033 23(98) 0.032 9 0.030 71(59) 0.030 57
∆JK (kHz) 0.627 7(91) 0.634 0.605 6(82) 0.587 8
∆K (kHz) 2.18(21) 2.71 1.98(25) 2.60
δJ (Hz) 3.40(11) 3.09 2.998(63) 2.853
δK (kHz) 0.82(24) 0.41 . . . 0.38
χaa (I) (MHz) �2007.862 0(93) �2128.642 3d

�2007.767(11) �2128.593 9d

χbb (I) – χcc (I) (MHz) �13.064 0(96) �43.320 5d
�13.134(11) �43.320 5d

|χab | (I) (MHz) 18.96(44) 13.573 4d 9.93(74) 13.573d

χaa (N1) (MHz) 0.774(10) 0.781 0d 0.759(13) 0.890 8d

χbb (N1) – χcc (N1) (MHz) 5.356 0(64) 5.507 4d 5.354 4(76) 5.739 0d

|χab | (N1) (MHz) 0.35(21) 0.215 8d 1.13(29) 0.192 3d

χaa (N2) (MHz) �3.678 7(80) �4.505 5d
�3.654(11) �4.505 5d

χbb (N2) – χcc (N2) (MHz) 2.108 8(64) 1.293 7d 2.037 6(76) 1.293 7d

|χab | (N2) (MHz) 2.14(23) 2.802 7d 1.86(22) 2.802 7d

Ne 1120 . . . 1031 . . .
σr.m.s. (kHz)f 14.1 . . . 15.1 . . .

aWatson’s A reduction.
bFrom SPFIT.
cFrom Gaussian 09 using B3LYP functional and aug-cc-pVTZ basis set (aug-cc-pVTZ-PP with ECP for iodine).
dUsing DLPNO-CCSD(T) with QZVP-DKH basis set and DKH2 scalar relativistic correction.
eNumber of transitions included in fit.
fRoot mean square deviation of fit.

rotational constants. The results for C3H3IN2, C3H2DIN2,
C3H3BrN2, and C3H2DBrN2 are ∆0 = 0.1026(6) amu Å2,
0.0929(1) amu Å2, 0.0883(1) amu Å2, and 0.0806(1) amu Å2,

respectively. Such small and positive values are consis-
tent with the expected planar, rigid geometry and are sim-
ilar to inertial defects established for pyrrole (C4H5N) and

TABLE II. Spectroscopic constants of 4-bromopyrazole and its N-deuterated isotopologues determined experimentally and computationally (numbers in brackets
indicate standard deviations in units of last digit).

C3N2H3
79Br C3N2H2D79Br C3N2H3

81Br C3N2H2D81Br

Spectroscopic constanta Expt.b Calc.c Expt.b Calc.c Expt.b Calc.c Expt.b Calc.c

A0 (MHz) 9481.054 6(10) 9548.627 8 9261.001 4(10) 9324.3119 9481.048 7(10) 9548.6268 9260.987 5(12) 9324.2986
B0 (MHz) 1268.296 55(20) 1259.494 63 1232.988 91(20) 1224.39035 1255.611 16(21) 1246.86936 1220.608 31(21) 1212.06957
C0 (MHz) 1118.433 83(18) 1112.722 91 1087.930 45(19) 1087.27507 1108.556 67(19) 1102.85715 1078.279 20(21) 1072.63702
∆J (kHz) 0.048 0(16) 0.051 7 0.044 6(15) 0.0478 0.048 2(17) 0.058 0.042 9(18) 0.0470
∆JK (kHz) 0.921(31) 0.817 0.792(22) 0.755 0.838(27) 0.805 0.770(24) 0.744
∆K (kHz) 2.30(16) 2.49 . . . 2.38 2.65(13) 2.50 . . . 2.40
δJ (Hz) 6.15(26) 6.30 5.09(56) 5.80 6.62(26) 6.14 5.84(27) 5.65
χaa (Br) (MHz) 590.178(13) 619.005d 590.161(13) 550.551 493.009(10) 460.808 493.023(14) 460.845 2
χbb (Br) – χcc (Br) (MHz) �1.977(10) �5.501d

�1.966(12) �2.991 �1.666(10) �2.466 �1.641 2(72) �2.503 5
|χab | (Br) (MHz) . . . 8.1d . . . 2.4 7.3(21) 5.5 6.2(28) 2.0
χaa (N1) (MHz) 0.786(17) 0.834d 0.830(27) 0.830 0.847(18) 0.834 0.832(29) 0.830
χbb (N1) – χcc (N1) (MHz) 5.377(10) 5.606d 5.446(11) 5.517 5.373 6(96) 5.512 5.419(12) 5.517
χaa (N2) (MHz) �3.707(15) �4.295d

�3.613(17) �3.851 �3.651(14) �3.908 �3.625(19) �3.8531
χbb (N2) – χcc (N2) (MHz) 2.058(10) 1.222d 2.020(11) 1.960 2.076 4(96) 2.015 2.028(12) 1.960 2
Ne 424 . . . 290 . . . 415 . . . 293 . . .

σr.m.s. (kHz)f 13.1 . . . 10.8 . . . 12.9 . . . 11.7 . . .

aWatson’s A reduction.
bFrom SPFIT.
cFrom Gaussian 09 using B3LYP functional and aug-cc-pVTZ basis set.
dUsing DLPNO-CCSD(T) with QZVP-DKH basis set and DKH2 scalar relativistic correction.
eNumber of transitions included in fit.
fRoot mean square deviation of fit.
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pyrazole (C3H4N2) of 0.016 21(3) amu Å2 and 0.0316(2) amu
Å2, respectively.11,75

Lack of data from a broad range of isotopologues pre-
vents the determination of many bond lengths and angles for
either 4-halopyrazole. The coordinates of the hydrogen atom
in 4-iodopyrazole, as calculated using Kraitchman’s equa-
tions,76 are [�3.8805(4), 1.145(1), 0] Å, in the inertial axis
system, where the errors are given by δa = 0.0015/|a| Å after
Costain18,77 with the c-coordinate fixed at zero. This is consis-
tent with the ab initio calculated position of (�3.8787, 1.148,
0) Å, providing further support for assignment to the correct
molecular carrier and the accuracy of the calculated molecu-
lar structure. The available data allowed the calculation of the
a, b-coordinates of both the hydrogen attached to the pyrrolic
hydrogen and the bromine atom in 4-bromopyrazole while
fixing the c-coordinate to zero in each case. The coordinates
of the N-bound hydrogen atom determined by the Kraitch-
man analysis are [�3.3722(4), 1.144(1), 0] Å compared with
(�3.3866, 1.147, 0) Å calculated ab initio. The coordinates
of the bromine atom determined by the Kraitchman analysis
are [1.429(1), 0.0(4), 0] Å compared with (1.436, 0.0, 0) Å
from the DFT result. Evidently, the results determined exper-
imentally and those determined by DFT are consistent with
respect to these atom coordinates. It should be noted that the
substitution coordinates of hydrogen atoms are known to be
determined quite poorly by the Kraitchman analysis owing
to the significant change in zero-point vibrational energy that
accompanies hydrogen/deuterium substitution. The length of
the C−−Br bond was estimated from the available data by using
Kisiel’s STRFIT to calculate an r0 distance.78 This model
involves calculating an r0 distance from B0 by the same method
as is used to calculate re from Be. It was first necessary to
assume that all other bond lengths and angles (those that are
internal to the pyrazole sub-unit) are unchanged from those
determined by Nygaard et al. for the unhalogenated pyrazole
monomer.11 The result of the fit for r(C−−Br) is 1.8540(12) Å,
which is similar to r0 values of around 1.87 Å found for
r(C−−Br) in other bromine-containing aromatic compounds
such as bromobenzene and bromopyridines.79–81

D. Nuclear quadrupole coupling constants

Experimental results for nuclear quadrupole coupling
constants are conventionally quoted with respect to the iner-
tial axes of the molecule under examination. Comparisons
between the nuclear quadrupole coupling constants of a range
of molecules will require that all nuclear quadrupole cou-
pling constants are referenced against an appropriate, alter-
native framework. The various χaa, χbb, and χcc are therefore
transformed into the principal nuclear axis system such that
a mutually perpendicular set of x, y, and z axes is located
on each individual quadrupolar nucleus for comparisons to
follow. Both 4-iodopyrazole and 4-bromopyrazole are pla-
nar, so each out-of-plane c-axis will be parallel to one of
the new principal nuclear axes. The a- and b-axes are trans-
formed onto the remaining axes using the QDIAG program,
which is available from the PROSPE database.82 The angle
through which the rotation is performed, φ, is determined
by the value of χab appropriate to the nucleus under exami-
nation. χab(79Br) was not determined during the analysis of

experimental spectra for C3H3
79BrN2, so the angle of rotation

for this isotopologue was assumed to be equal to that deter-
mined for χab(81Br) for C3H3

81BrN2. Values were also not
determined from χab for nitrogen nuclei in 4-bromopyrazole,
so the appropriate angles of rotation were determined ab ini-
tio from the CCSD(T) results for the lighter isotopologue. For
each halogen nucleus (denoted by X), the z-axis is aligned with
the orientation of the C−−X bond, and the y-axis is perpendicu-
lar to the plane of the molecule, with φ being the angle between
the a- and z-axes. For the nitrogen nuclei, the convention used
by Böttcher et al. is adopted,14 with the z-axis perpendicu-
lar to the plane and φ selected to be the angle between the
a- and x-axes.14 Table III presents the evaluated components
of the nuclear quadrupole coupling tensors of 4-iodopyrazole
and 4-bromopyrazole referenced against the appropriate prin-
cipal nuclear axes. Results are compared with those of the
unhalogenated pyrazole molecule.

The nuclear quadrupole coupling constants for the nitro-
gen atoms in the 4-halopyrazoles studied are very similar to
those in unhalogenated pyrazole implying that the electronic
environment around the two nitrogen nuclei is not significantly
affected by halogenation.18 Pyrazole is known to attach effec-
tively to enzymes such as ADH,6,83 and the similarity implies
that 4-iodopyrazole and 4-bromopyrazole will retain the capa-
bility of pyrazole to form strong hydrogen bonds. The coupling
constants for the halogen nuclei can be afforded with more
detailed examination due to the simpler environment around
these atoms, consisting of a single carbon-halogen bond. The
magnitude of the components of the nuclear quadrupole cou-
pling tensors of iodine and bromine provides valuable insight
into the possibility that 4-bromo- and 4-iodopyrazole might
form halogen bonds.

E. Ionic character and halogen bonding strength

The component of the nuclear quadrupole coupling tensor
of the halogen nucleus aligned with the C−−X bond, χzz, can be
related to the ionic character of the bond, ic, by the equation18

ic = 1 +
χzz

eQqn10
, (3)

where the value of eQqn10, the contribution to the nuclear
quadrupole coupling constant from a single p electron, is
�769.756(16) MHz for 79Br, �643.032(16) MHz for 81Br, and
+2292.712(20) MHz for 127I.18,67,70 The result for each halopy-
razole expresses that the fractional ionic character of the C−−X
bond is equivalent to the partial negative charge on the halogen
atom and is displayed in Table IV. The overall trend is toward
an increasing partial negative charge on the halogen atom on
descending the table.

A halogen bond can be represented in the form
M−−X· · ·B, where the halogen atom, X, accepts an electron
pair from the donor species, B, which is typically an electron-
rich species such as a Lewis base.20 The attraction between
these two sub-units depends on the electron distribution around
the halogen atom and on the extent of a “σ-hole,” an area of low
electron density on the halogen atom directly opposite to the
R−−X bond.21 Effects that withdraw electron density from the
halogen atom, such as the introduction of electronegative sub-
stituents on the M group, will tend to increase the depth of the
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TABLE III. Nuclear quadrupole coupling constants of pyrazoles in the principal axis system with the angle of
rotation from inertial axes (numbers in brackets indicate standard deviations in units of last digit).

4-iodopyrazole
4-bromopyrazole

Pyrazole

Coupling tensor component C3N2H3I C3N2H3
79Br C3N2H3

81Br C3N2H4
a

χzz (X) (MHz) �2007.982(11) 590.263(51) 493.081(43) . . .
χyy (X) (MHz) 1010.4630(67) �294.1006(82) �245.6717(72) . . .
χxx (X) (MHz) 997.5186(87) �296.163(50) �247.410(42) . . .
φ (X) (deg) 0.3615(84)b 0.56(16)b,c 0.56(16) . . .

χzz (N1) (MHz) �3.0650(59) �3.0814(97) �3.110(10) �3.068(9)
χyy (N1) (MHz) 2.368(88) 2.316 2.286 2.277(29)
χxx (N1) (MHz) 0.697(89) 0.765 0.824 0.791(36)
φ (N1) (deg) 12.4(65) 6.7d 7.1d 39.74(15)

χzz (N2) (MHz) 0.7849(51) 0.8245(88) 0.7871(85) 0.853(10)
χyy (N2) (MHz) 3.53(13) 3.95 3.94 3.621(4)
χxx (N2) (MHz) �4.31(13) �4.78 �4.73 �4.473(10)
φ (N2) (deg) 16.5(14) 20.5d 20.7d 14.35(4)

aReference 14.
bThe implied rotation places the halogen atom and the pyrrolic nitrogen atom on opposite sides of the a-inertial axis.
cFixed at values obtained for 81Br isotopologue.
dUsing the ab initio χab value from CCSD(T) calculations performed on the isotopologue containing 79Br (|χab | = 0.179 MHz for
N1, 2.866 MHz for N2).

σ-hole and thus the strength of the halogen bond.84–86 Table IV
compares values of χzz and ic for 4-halopyrazoles with those for
other brominated or iodinated aromatic molecules for which
microwave spectroscopy data are available and the reference
species, CH3X, CF3X, and XCl. The molecules included in
Table IV are ranked in the order of decreasing χzz(Br) although
the ordering is broadly similar if molecules are ranked in the
order of decreasing χzz(I).

TABLE IV. Components of nuclear quadrupole coupling tensors aligned with
the C−−X bond, χzz , and ionic character of the associated bond, ic, for bromine-
and iodine-containing molecules.

Bromo- Iodo-

Compound χzz (79Br) (MHz) ic χzz (127I) (MHz) ic

XCla 875.309(1) −0.361 �2928.821(4) −0.277
CF3Xb 618.2628(21) 0.197 �2144.9949(28) 0.064
2-halothiophenec 599.8(22) 0.221 �2058.5(22) 0.102
2-halopyrimidined 597.8(7) 0.223 . . . . . .
4-halopyrazolee 590.263(51) 0.233 �2007.982(11) 0.124
CH3Xf 577.1343(31) 0.250 �1934.080(10) 0.156
3-halothiopheneg 574.97(9) 0.253 �1994.6(16) 0.130
3-halopyridineh 561.3(29) 0.271 �1932.338(67) 0.157
4-halopyridinei 557.3(13) 0.276 �1938(2) 0.155
Halobenzenej 556.6783(17) 0.277 �1892.0398(46) 0.175
p-halotoluenek 555.618(8) 0.278 �1886.202(12) 0.177
2-halopyridinei 555.2(12) 0.283 �1881(2) 0.180

aReferences 88 and 89.
bReferences 90 and 23.
cReferences 91–93.
dReference 94.
eThis work.
fReferences 95 and 96.
gReferences 97 and 98.
hReferences 80 and 99.
iReferences 79 and 100.
jReferences 101 and 102.
kReference 103.

The relative strengths of the halogen bonds formed by
each of CF3I and ICl (where the halogen bond is formed with
the iodine atom) were discussed within a previous study.87 The
comparison was between the values of kσ, the force constant
of the halogen bond formed between the iodine atom and the
Lewis base, B, in the B· · · ICl and B· · · ICF3 series (where B is
Kr, CO, H2S, or NH3), which was calculated from centrifugal
distortion constants determined by rotational spectroscopy. It
was shown that the magnitude of kσ in B· · · ICF3 is consistently
a factor of two smaller than that in B· · · ICl for a given B. For
example, the values of kσ in OC· · · ICF3 and OC· · · ICl are,
respectively, 3.95 and 8.0 N m�1 while those in H3N· · · ICF3

and H3N· · · ICl are, respectively, 11.6(2) and 30.4 N m�1. The
value of χzz(I) for the CF3I monomer is �2144.9949(28) while
that for ICl is �2928.821(4) MHz. Evidently, with respect to
a comparison between CF3I and ICl, there is a broad correla-
tion between the magnitude of χaa(I) and the strengths of the
halogen bonds formed by these species. This is unsurprising
because a larger value of χzz implies a smaller negative charge
on the halogen atom and thus a larger “σ-hole.”

It can be seen from Table IV that the 4-halopyrazole
compounds have values of χzz(X) that are intermediate
between those of CH3X and CF3X, which implies that the
4-halopyrazoles may form halogen bonds of similar strength
to those formed by these comparators. However, it is impor-
tant to note that small variations of χzz(X) along the series
shown in Table IV do not necessarily indicate an identical
trend in respect of the strengths of the halogen bonds formed
by these molecules. Zero-point effects will be different for
each molecule, the electric field gradient at the nucleus [which
can be calculated from χzz(X)] will not ideally represent the
electron density within bonding molecular orbitals, and the
incremental variations of χzz(X) displayed in Table IV are
much smaller than the large difference between the respective
values of χzz(X) for CF3I and ICl.
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Bauman et al. explored the tendency of a range of
molecules to bind to the protein HIV-1 reverse transcrip-
tase (RT).7 The range studied included 2-bromopyrimidine,
4-bromopyridine, 4-iodopyridine, and 2-bromopyridine, for
which various data are provided in Table IV. While 2-
bromopyrimidine was found to bind to 4 protein sites, the
remaining three molecules were not observed to attach to the
protein.7 Broadly correlating the magnitude of χaa(I) with
the strength of halogen bonds formed by each molecule, 2-
bromopyrimidine has a very high value of χzz(Br), which
is comparable with that of 4-bromopyrazole implying that
2-bromopyrimidine may form reasonably strong halogen
bonds. Given that halogen bonds are highly directional such
that M−−X· · ·B tends to linearity, the formation of a halo-
gen bond between 2-bromopyrimidine (or any of the other
molecules listed above) and RT would require a favourable
interaction geometry. It is possible that the high binding
tendency of 2-bromopyrimidine also relates to an ability
to form hydrogen bonds. However, the nitrogen atoms in
2-bromopyrimidine are adjacent to the bromine atom and
therefore perhaps less optimally positioned for the for-
mation of hydrogen bonds than those in 4-bromo- and
4-iodopyridine.

Bauman et al. noted that 4-bromo- and 4-iodopyrazole
are able to attach to 15 and 21 binding sites on RT, respec-
tively, significantly more than any other species examined.7

From the data obtained during this work, a partial expla-
nation of this high binding tendency can be provided. The
implication of the present work is that 4-halopyrazoles are
likely to form halogen bonds that are broadly comparable
in strength to those formed by CH3X and CF3X. Measure-
ments of the nuclear quadrupole coupling constants of the
nitrogen atoms within the halopyrazoles confirm that charge
distribution around the pyrazole sub-unit is not significantly
perturbed by the presence of the halogen atom. This implies
that the halopyrazoles will retain the strong hydrogen bond-
ing ability of the (unhalogenated) pyrazole monomer. The
hydrogen and halogen bonding sites in the 4-halopyrazoles
are located on opposite sides of the pyrazole ring. Conse-
quently, stable bridging binding modes involving hydrogen
and/or halogen bonds can be envisaged between different pro-
tein sites, as observed by Bauman et al.,7 while the small size
of the molecule (being only a five-membered ring) will assist
access to binding pockets. The fact that 4-iodopyrazole tends to
bind to a greater number of binding sites than 4-bromopyrazole
is unsurprising because the more polarisable iodine atom
is able to form deeper σ-holes and thus stronger halogen
bonds.21

V. CONCLUSIONS

The pure rotational spectra of 4-bromo- and 4-
iodopyrazole have been recorded in the 2.0–18.5 GHz region.
Rotational, centrifugal distortion and nuclear quadrupole cou-
pling constants appropriate to the vibrational ground state of
each molecule have been precisely determined from the exper-
imentally observed spectra. Geometrical parameters deter-
mined from the rotational constants are consistent with
molecular geometries calculated using density functional

theory. The measured nuclear quadrupole coupling constants
have been analyzed to explore the distribution of charge within
these molecules. The data confirm that both 4-bromo- and
4-iodopyrazole may form halogen bonds and will retain the
ability of pyrazole to form hydrogen bonds to proteins. The
rotational spectra of molecules in excited vibrational states
have been previously measured by the technique employed
here. While over a thousand transitions were assigned during
the present work, the number of transitions recorded but not
assigned to a molecular carrier was very small. It is there-
fore not possible to confirm whether the methods employed
herein might allow the generation and study of rotational spec-
tra of vibrationally excited states of either 4-iodopyrazole or
4-bromopyrazole.

SUPPLEMENTARY MATERIAL

See supplementary material for (i) lists of observed tran-
sition frequencies and quantum number assignments for each
isotopologue investigated and (ii) ab initio calculated coordi-
nates of nuclei in 4-bromopyrazole and 4-iodopyrazole.
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