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Halogen bonding in 5-iodo-1-arylpyrazoles
e s costinacomm 200 INVEStigated in the solid state and predicted by
7085 solution »>*C-NMR spectroscopy+
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Marcel Mirel Popa, @2 Isabela Costinela Man,? Constantin Draghici,® Sergiu Shova,”
Mino R. Caira, ©¢ Florea Dumitrascu @ *2 and Denisa Dumitrescu®

X-ray crystallography revealed the presence of halogen bonding in the crystal supramolecular structure of
three highly substituted 1-arylpyrazoles. However the compounds 1-3 present different halogen bonding
motifs that feature C-I---N (1), C-I---O (2) and C-I--:n (3) contacts respectively. The magnitudes of the
o-hole corresponding to the iodine atom in the 5-iodo-1-arylpyrazoles 1-3 were calculated by DFT
methods and the importance of halogen bonding as a significant stabilizing force within the crystal lattice
was evaluated. The halogen bonding of 1-aryl-5-iodopyrazoles with several Lewis bases (EtzN, pyridine,
DABCO or DMSO) was investigated by *C NMR spectroscopy in the solution phase to confirm the halogen
bonding affinity of the iodine atom. The most suitable reporting atom for the formation of the halogen
bond is C-5 of the pyrazole ring, which is directly bonded to the iodine atom. The C-5 atom is significantly
deshielded by as much as 6-7 ppm upon interaction with the Lewis bases in solution revealing the strong
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Introduction

In recent years there has been an increasing interest in halogen
bonds (XBs)'™° as important directional forces in molecular
recognition processes. These forces occur in supramolecular
structures ranging from two simple molecules acting as
halogen bond donor and halogen bond acceptor to the most
complex systems that feature protein-ligand recognition or
protein folding mediated halogen interactions.'™"?

Briefly, halogen bonding is defined> as a molecular
interaction between an electrophilic region associated with a
halogen atom in a molecular entity and a nucleophilic region
(Lewis base) in another or the same molecule (Fig. 1). Such
an electrophilic region is now well established under the
concept of the c-hole."

The propensity of two molecules to engage in halogen
bonding is not as well understood as that for hydrogen

““C.D. Nenitzescu” Center for Organic Chemistry, Romanian Acadeny, Spl.
Independentei 202b, Bucharest, Romania. E-mail: fdumitra@yahoo.com

b<“petru Poni” Institute of Macromolecular Chemistry, Department of Inorganic
Polymers, Romanian Academy, Aleea Grigore Ghica Voda 414, 700487 Iasi,
Romania

¢ Department of Chemistry, University of Cape Town, Rondebosch 7701, South
Africa

 Ovidius University Constanta, Faculty of Pharmacy, Str. Cpt. Av. Al Serbanescu
6, Campus Corp C, Constanta 900470, Romania

t Electronic supplementary information (ESI) available: CCDC 1939541-1939543.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c9ce01263j

This journal is © The Royal Society of Chemistry 2019

halogen bonding character of the iodine atom attached to C-5 of the pyrazole ring.

bonding." The majority of published studies deal with
halogen interactions in the solid state'™ but the number of
papers dealing with the study of halogen bonding in solution
has increased in recent years.'*™**

Halogenated pyrazoles were reported as synthons for
studying the propensity of halogen bonding in different
supramolecular architectures.”>*° Pyrazoles are important
pharmaceutical lead compounds®® which, by halogenation,
could increase their bioavailability owing to the remarkable
interactions of halogen bonding donors with specific target
enzymes.”"

It appears that 5-iodopyrazoles were investigated to a
lesser extent as halogen bond donors and searching the
CCDC database we found some examples which present
I---0, 1IN or I--m contacts (CCDC refcodes: VEJPUY,*®
ISODOK, ISODUQ, ISOFAY, ISOFEC, ISOFIG, ISOFOM,
ISOFUS, ISOGAZ*®) but the authors did not mention halogen
bonding explicitly.

Herein we investigate the influence of the iodine bonding
in three 5-iodopyrazoles on the supramolecular organization

&5+
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Halogen bond

Halogen bond acceptor
Lewis Base

R = hydrocarbon backbone &
X=FCl, Br, |

Fig. 1 Schematic representation of the halogen bond.
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of the compounds in the solid state. X-ray diffraction analysis
determined that the iodine atom of the 5-iodopyrazoles is
involved in three main types of halogen bonding, namely C-
I-'N, C-I'--O and C-I‘'w, which cannot be predicted from
experiments performed in solution.

Results and discussion
Synthesis

The 5-iodopyrazoles under investigation (Fig. 2) were
synthesized by 1,3-dipolar cycloaddition of the corresponding
iodinated sydnones with dimethyl acetylenedicarboxylate (see
ESIT).52’53

Crystals suitable for further X-ray diffraction studies were
obtained by slow evaporation of acetonitrile solution (1) and
ethanol-methylene chloride solutions (2 and 3).

X-ray crystallography

According to single crystal X-ray diffraction all the studied
compounds 1-3 have a supramolecular crystal structure built-
up from neutral entities, as shown in Fig. 3. The
crystallographic and geometrical parameters (bond lengths
and angles) are summarized in Tables 1 and S1} respectively.

The crystal structure of 1 essentially results from the
packing of 2D supramolecular wave-like layers propagated
parallel to the (110) plane, as shown in Fig. 4. The analysis of
these layers (Fig. S1T) shows the presence of intermolecular
interactions of two types: a) CH---O hydrogen bonding and b)
short I---N contacts at 2.992(4) A, with C-I---N angle
174.4(1)°.

As found in compound 1, the main crystal structural motif
in 2 can also be characterized as a 2D supramolecular
network. As shown in Fig. 5, this architecture is stabilized by
CH:'-O hydrogen bonding and the short contact between the
iodine atom and the carbonyl oxygen atom (rather than the
nitrogen atom, as occurs in 1). The short IO contact
distance is 3.099(3) A and the C-I---O angle is 173.6(3)°. The
parallel packing of isolated two-dimensional layers in the
crystal structure of 2 is shown in Fig. S2.f

In the crystal of 3 the neutral molecules interact to form a
2D supramolecular network, as shown in Fig. 6. The driving
force in this case comprises C-H---O hydrogen bonding and
a m-n-stacking interaction between inversion-related aromatic
rings, as evidenced by the short centroid-to-centroid distance
of 3.6971(3) A (Fig. S31).
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Fig. 2 The structures of the dimethyl 1-aryl-5-iodopyrazole-3,4-
dicarboxylates.
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Fig. 3 ORTEP diagrams of the molecules of compounds 1-3 with
atom labelling schemes and thermal ellipsoids at the 40% probability
level.

However, a C-I--'m type contact was observed along the
C-I bond axis direction, which is perpendicular to the aryl
ring plane (Fig. 7), and more precisely corresponding to a
localized or above-the-atom C-I---m bond, with a distance
between the iodine atom and Cs' atoms of 3.462 A, which is
less than the sum of their van der Waals (vdW) radii** (3.689
A) while the bonding angle C-I---Cs' is 173.4(2)°. These are
typical geometrical characteristics of the n-type halogen
bonding.

Hirshfeld analysis

We investigated the intermolecular interactions by Hirshfeld
analysis (as implemented in Crystal Explorer software)’” as one
of the most descriptive ways to examine the contacts within a
crystal structure. This is represented by the three-dimensional
(3D) molecular Hirshfeld surfaces (HS) and the two-
dimensional (2D) fingerprint plots of 3D HS, that simplify the
complex information contained in the molecular crystal
structure into a single plot which provides a “fingerprint” of
the intermolecular interactions. The fingerprint plot of HS is
calculated based on d., which is the distance from a point on
the surface to the nearest nucleus outside the surface and d;
which is the distance from a point on the surface to the nearest
nucleus inside the surface.®® The distance do, is the
normalized contact distance, defined in terms of d., d; and the
vdW radii of the atoms. Distances shorter than vdW radii are
marked in red spots, distances close to the vdW radii in white
and distances larger than vdW in blue colour. The important
interactions in 1-3 are summarized in the d,., Hirshfeld
surface (Tables 2 and S27).

Compound 1. The main interaction in the crystal packing
of 1 is the I-“N contact. The large ortho substituent
(isopropyl) on the phenyl ring and the lack of other
substituents which might influence the supramolecular self-
assembly directs the formation of a strong I---N bond which
we also found to be statistically more frequent in the case of
iodinated N-arylpyrazoles synthesized by Chevallier et al.*’
(see ESIT Table S3). Hirshfeld analysis indicated two large red
spots corresponding to the reciprocal I'--N contacts between

This journal is © The Royal Society of Chemistry 2019
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Table 1 Crystallographic parameters of 1-3

Compound 1 2 3

Formula C16H,7,IN,0, C14H3IN,O5 C14H;,ClIN,O,
CCDC no. 1939541 1939542 1939543

Fw [g mol ] 428.22 416.16 434.61

Space group P2,2.2, Cc ri

a[A] 8.1400(6) 23.0873(10) 8.3915(7)

b[A] 13.4654(5) 9.6374(3) 10.0389(8)

c[A] 16.3082(8) 7.2450(3) 10.2106(9)

al°] 90.00 90.00 111.275(8)

A 90.00 106.961(4) 96.662(7)

7[°] 90.00 90.00 95.904(7)

V[A%] 1787.52(16) 1541.91(10) 786.30(11)

Z 4 4 2

A [A] MoKa 0.71073 MoKa 0.71073 MoKa 0.71073
Pealed [g €M) 1.591 1.793 1.836

Crystal size [mm] 0.30 X 0.15 x 0.15 0.20 x 0.15 X 0.15 0.30 X 0.25 X 0.25
T[K] 293 293 200

e [mm™) 1.811 2.102 2.225

20 range 3.92-50.04 3.68-50.04 4.34-50.06
Reflections collected 5637 10152 7393
Independent reflections 3139 [Rine = 0.0278] 2731[Rin = 0.0369] 2768[Rinc = 0.0340]
Data/restraints/parameters 3139/0/212 2731/2/202 2768/0/202

R,“ 0.0364 0.0257 0.0490

szb 0.0781 0.0460 0.1351

GOF* 1.048 1.023 1.053

Flack parameter -0.01(3) -0.033(15) —

Ry = N |Fo| = |Fl I/ |Fo|- 2 WRy = {3 [W(Fs> = F2PYS[W(FPT2 © GOF = {3 [w(F,? - F2)?)(n — p)}*’%, where n is the number of reflections

and p is the total number of parameters refined.

two adjacent molecules and a red spot corresponding to the
hydrogen bond between the H atom from one methyl group
of the isopropyl moiety and the oxygen in the carbonyl moiety
of an adjacent ester. The shape index’®> does not present any
complementary spots as the structure does not present any
n-n stacking. The fingerprint plot®® indicates that the most
frequent interaction is H---H accounting for 45.6% of the total
number of interactions, with H---O 21.9% and C---H 14.0%.
Even though the I---N contacts account for only for 3.5%, this

X X XX

Fig. 4 Two-dimensional supramolecular layer in the crystal structure
of 1 viewed along the c-axis. The CH:--O hydrogen bonds and the
short I--N intermolecular contacts are shown in black and orange
dashed lines, respectively.

This journal is © The Royal Society of Chemistry 2019

interaction is very strong and could be considered an
important driving force of the crystal self-assembly. The
CCDC database search of I-*N non-covalent interactions with
interatomic distance restricted to the interval 2.7-3.4 A and
angle between 145-180°, revealed 244 hits among which
compound 1 is situated statistically at ‘strong rare bonds’
according to the two above-mentioned parameters: the
interaction distance and the C-I-:-N angle (which is the
optimum combination of these parameters such as to fulfil
the halogen bond requirements) (ESIt-Fig. S4).

Compound 2. The Hirshfeld surface of the molecule 2
presents as important interactions the C-I-*O—C bond

,\Jfﬁ%\‘ ,3%5{ Y “%%{

LS - Y - <

b ;

Fig. 5 Two-dimensional supramolecular layer in the crystal structure
of 2 viewed along the a-axis. H-atoms not involved in hydrogen
bonding are omitted for clarity. The CH---O hydrogen bonds and the
short |---O intermolecular contacts are shown in black and orange
dashed lines, respectively.

CrysttngComm, 2019, 21, 7085-7093 | 7087
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Fig. 6 2D supramolecular network in the crystal structure of 3. The
CH---O hydrogen bonds and the centroid-to-centroid distances are
shown in black and orange dashed lines, respectively.

between the iodine and the oxygen atom in an ester moiety of
the adjacent molecule which lead to the formation of infinite
chains. The I---O contact distance is 3.09(9) A which is 12%
shorter than the sum of the vdW radii. The I---O contact was
compared for over 500 compounds in the CCDC database (Fig.
S57) and found to fall in the range of strong I---O contacts. The
infinite chains formed by the C-I---O—C interaction are held
together by CH---n interactions between the CH of the phenyl
ring of one molecule and the phenyl ring of an adjacent
molecule and by a C-H:-:O—C hydrogen bond between the
same pair of molecules, involving the H-5' atom in the phenyl
ring and an ester carbonyl oxygen atom. The Hirshfeld surface
mapped with shape index presents one area of
complementarity between two molecules (Fig. 8) corresponding
to an interaction between two slightly offset pyrazole rings with
centroid-centroid distances 3.74(9) A. This interaction results
in the formation of ribbon-like structures.

The fingerprint plot presents the main interactions in the
crystal of 2, the most common being of type H-H
accounting for 30% and also C:---H and H---O interactions.
Even though their frequency in the fingerprint plot is rather
small as a percentage, the strongest interactions are I---O,
I'-'H, O---H and n-n. Relative to 1 we can remark on the
importance of C-H--'n interactions in the crystal of 2 (see
ESIf Table S2).

Compound 3. The molecule of 3 presents a bulky methyl
group in the ortho position of the phenyl ring and also a chlorine
atom attached to C-3'. The presence of the methyl group as a

Fig. 7 The C-I---1 interaction showing iodine atom from one molecule
directed perpendicular on the benzene ring from an adjacent
molecule.
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Table 2 Hirshfeld surfaces of molecules 1-3 (dnorm Shape index) and the
fingerprint plots accounting for the relevant interactions in the crystals
(the attached graph at the end of the table presents a qualitative
summary of all the relevant contributions to the crystal packing extracted
from the fingerprint plots)

Anorm Shape index Fingerprint plot

u-N
-0
|i-C
mc-C
WH-C
mH-H
uH-0
mH-Cl
BH-N
mO-C
mOthers

bulky ortho substituent might have led to I---N halogen bonding
pattern as for compound 1, but instead we observed that I---x
interactions between the iodine of one molecule and the phenyl
ring of another molecule are formed. Such above-the-bond, or
more precise above-the-atom,>” I---n contacts, are a common
feature also for the series of 1-arylpyrazoles synthesized by
Chevallier et al*® (Table $3t). These interactions are well
depicted by the Hirshfeld surface (Table 2) as two red spots in

Fig. 8 The shape index surface of compound 2 presenting the spatial
arrangement of pyrazole rings to form a ribbon-like pattern.

This journal is © The Royal Society of Chemistry 2019
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the area of the iodine atom and the reciprocal contact in the area
of the phenyl ring. However, in this case the iodine close-
packing to the phenyl ring should be constrained by the
hydrogen bonds between the methyl group attached to C-2" and
the carbonyl group of the ester moiety which forms the
crystalline 2D network. An important interaction is the hydrogen
bond C-H:--O=C between the methyl hydrogen in the ester
moiety attached to C-4 of the pyrrole ring and the carbonyl
oxygen in the ester attached to C-3 of the pyrrole ring of an
adjacent symmetry-related molecule. The Shape Index surface of
3 presents two complementary regions (as small triangular
patches of opposite colours red and blue).>® In Fig. 9a one can
observe the existence of the n-r interaction between the phenyl
rings of two molecules, previously discussed in the X-ray section
as being an important stabilizing force of the primary 2D
structure (Fig. 6). The shape index Hirshfeld surface of 3 shows
also carbonyl-n short contacts between the CO group in the ester
attached to C-3 and the pyrrole ring of an adjacent molecule
while C=0---O=C short contacts appears between the carbonyl
bond of the ester attached to C-3 and the carbonyl bond in the
ester attached to C-3 of the same adjacent molecule, resulting a
symmetric dimer structure (Fig. 9b).**° The fingerprint plot of 3
is the most complex, presenting strong H:--O (19.5%), H---Cl
(10.4%) and I---C (5%) interactions.

At the end of Table 2 is presented a statistical
representation of the main interactions in 1-3 (summarized
as fingerprint plots by individual interactions in Table S27)
which qualitatively assesses the main driving forces which
influence the crystal packing in the three compounds. The
percentages of the halogen interactions reflect very well the
type of halogen bonding in the three compounds. One can
conclude that halogen bonds are important driving forces in
stabilizing the supramolecular self-assembly, co-operating
with other strong interactions such as hydrogen bonds.

The main X-ray interactions and features are summarized
in Table 3:

Quantum mechanical calculations

The characteristics of the supramolecular interactions in the
three halogen bonds in compounds 1-3 were also

R P

b,»&%

Fig. 9 The presence of n--:x (a) and CO---n (b) interactions predicted
by the Hirshfeld surface (shape index). Coloured adjacent red and blue
patches present regions of complementarity between two adjacent
molecules revealing the presence of such interactions.

This journal is © The Royal Society of Chemistry 2019
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Table 3 The main contacts and their geometrical parameters in 1-3

No. D-X--A dpx[A]  dx.a[A] <D-X--A[]

1 C(10)-1(1)--"N(2) 2.059 2.992 174
(=x,1/2 +y,1/2 - 2)
C(8)-H(8B)---O(1)=C 0.960 2.528 171
(1 tx, Y, Z)

2 C(8)-1(1):--0O(3)=C 2.064 3.099 174
(x, 1+y,2)
C(6)-H(6):--O(3)=C 0.930 2.491 168
(x,1+3,2)

3 C(12)-H(12C)---0(3)=C  0.960 2.428 154
(_x7 > 1- Z)
C(7)-H(7B)---O(1)=C 0.959 2.594 156
1-x1-y,1-2)
C(12)-H(124)---CI(1) 0.960 2.859 147
(F1+x,1+y,1+2)
C-In 2.055 3.430 165

investigated by quantum mechanical calculations in order to
add a quantitative meaning to the halogen bond interactions
and to rationalize their importance in the crystals among the
other interactions. One of the most valuable concepts for the
characterization of the halogen bonding is the “c-hole”
which was first introduced by Politzer et al. in 2007."* The
c-hole defines an electropositive region centred along the
axis of the R-X bond created when polarizable halogen atoms
are bound to electronegative groups. Usually this region
presents a positive electrostatic potential which permits the
halogen atom to be engaged in attractive non-covalent
interactions with different electronegative entities. The most
important methods of calculation of the c-hole parameters
have been reviewed.*’™*>

Quantum mechanical calculations were performed to
measure the magnitude of the c-holes of the iodine atoms in
compounds 1-3. All calculations were performed with the
G09 program suite®® using as starting point the crystalline
structures obtained from single crystal X-ray diffraction.
Because the positions of hydrogen atoms are not located
accurately by X-ray diffraction, we have optimized their
positions at the B3LYP-D3/dgdzvp level (B3LYP®*"** functional
with the vdW dispersion correction®®). The DGDZVP basis set
is appropriate for all atomic species, without the need for any
pseudopotential.’”” The electrostatic potential map has been
generated for the single molecules to gain insight into the
nature and directionality of the halogen-bond. The
electrostatic potential V(r) created by the electrons and
nucleus of the molecule at any point r, has been proven to be
an effective approach for interpreting and quantifying non-
covalent interactions. For this purpose we compute V(r) on
the molecular surface, which is defined as 0.001 e Bohr *(a.
u.) contour of the electronic density. This is a low electron
density contour envelope that is in the magnitude range of
the atomic vdW radii and was defined by Bader and is
meaningful for non-covalent interactions.®® Electrostatic
surface potentials were evaluated using the B3LYP-D3/
def2tzvp basis set.®” The most positive values of the
potentials at the halogen (local maximum) are referred to as

CrystEngComm, 2019, 21, 7085-7093 | 7089
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Table 4 The ESP of molecules 1-3 and 5-iodopyrazole mapped over
0.001 a.u. presenting the o-hole of the corresponding iodine atoms

o

Vg max = 108.96 kJ mol ™ 2

@

Ve max= 118.15 k) mol™ 3V 10, = 105.02 k] mol ™ 5-iodo-1H-pyrazole

Ve max = 110.2 k] mol * 1

Vemax-"®> Tables 4 (and S4f) presents the ESP surfaces of
molecules 1-3 rendered between -0.001 and +0.001 a.u. and
the values of V. of the o-hole of the iodine atom (blue
colour).

Compounds 1-3 present similar values for the o-hole
Vs,max Magnitudes which could be characterized as medium
to large, conferring on these compounds good XB donor
capacity comparable with the o-hole of some
iodobenzimidazoles which form similar halogen bonding
patterns.”® The values listed in Table 4 do not show much
variation for the three compounds, suggesting that the
different substituents on the phenyl ring of the pyrazole do
not have a substantial influence. Furthermore, the 5-iodo-1H-
pyrazole shown in Table 4 possesses a somewhat smaller
value, but one that is within the range of the those for
compounds 1-3. However, if the value of the c-hole correlates
somehow with the strength of the XB bonding one could not
predict very reliably the electron-donating group which
participates in halogen bond formation. This relies also on
the presence of other non-covalent interactions occurring in
the crystal structure. Certainly, the halogen bonding
interaction is sufficiently strong to be considered a very
important stabilizing force of the supramolecular assembly.

AV A4

AEgsse=-23.1 kJ/mol
AEgsse=-40.9 kJ/mol (5.59 keal/mol)
(-9.9 kcal/mol)

D3
AEgsse=-30.18 kJ/mol
(-7.31 keal/mol)
Fig. 10 The dimers D1-D3 formed by I---N
respectively.

I---O and |-+ interactions
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For comparative reasons, the binding energies of the
dimers D1-D3 formed by halogen bonding between the
iodine of one molecule and the corresponding Lewis base
donor site of an adjacent molecule (Fig. 10) were calculated
by DFT methods. Some of the other important interactions
(i.e. HB, n---7 stacking) were calculated in order to evaluate
the relative contribution of the halogen bonding to the
crystal structure (see ESIT for all the considered interactions).

Single point calculations for these dimeric units D1-D3
were performed using the B3LYP-D3 method combined with
the DGDZVP basis set for iodine and 6-311++g(d,p) for other
atoms, after the positions of the H atoms were optimized.
The interaction energies”' corrected for BSSE (AEgssg) of the
dimers are presented in Fig. 13 for the halogen bonding
interactions and in the Supplementary Information for the
remaining important non-covalent interactions (Table S77).
The binding energy in D1 highlights a strong C-I--'N
interaction of -40.9 k] mol™ (-9.91 kcal mol™") comparable
with C-H:--O=—C bonds which were calculated for D4 and D5
(Table S71) of approximately —24.2 to —31.6 k] mol™ (-5.74 or
-7.65 kcal mol™). In a similar manner, for the compound 2
the dimer D2 presents the C-I---O interaction evaluated at
approximately —23.1 kJ mol™ (-5.6 kcal mol ™). However, the
other important interactions such as the =n--'m stacking
between the pyrazole rings could not be evaluated due to the
fact that the energy values for D6 (see ESLj Table S5) indicate
the energy associated with the interplay of different
interactions in the dimer that cannot be calculated separately
by this method.

In some cases, the fragments comprise various, nearly
identical interactions, related by symmetry elements in the
crystal packing (D3, D7-D11-see ESIf). These interactions
cannot be separated by the method employed. However, it
appears for D3 the calculated energy is composed of the two
symmetry-related C-I---m halogen bonds, suggesting a AEj...,
of -15.1 kJ mol™ (-3.61 kcal mol™) (the halogen bond has
relatively small interaction energy compared to the other
halogen bonding presented above).

Halogen bonding in solution

Several methods of investigating the formation of halogen
bonds in solution were developed, including NMR

spectroscopy (1H,17,18,22,25,27,30,34—39 13C,18—24,28,33,36,40,41
3:DMSO l ‘ l [ l
3:DABCO | Wi L Lk
3: Pyridine il WLl il
3:Et3N  (excess) || J |
3: Et3N | |
3 L]

Fig. 11 13C NMR spectra of 3 in presence of different XB acceptors as
deuterated solvents or dissolved in CDCls.

This journal is © The Royal Society of Chemistry 2019
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3 :DABCO 1:4 [

3 :DABCO 1:2 |

3 :DABCO- 1:1 | 1]
3 : DABCO 2:1 1
3 1 X J

Fig. 12 3C NMR spectra of 3 upon the addition of DABCO in CgDg
(inset: the *H NMR aromatic area).

19F,18,25,26,30,31,33,34,37,40 ISN,23’30’33'42 uv spectroscopy,“'“ IR

spectroscopy and others.>*?**® Most of the studies of
XBs in solution relate to iodine as the most potent halogen
bond donor, to perfluoro iodobenzenes with the fluorine
atoms having a strong electron-withdrawing effect, thus
strengthening the XB donor capacity, or to appropriate
substituted ethynyl iodides.>®*"28:30:33

Non-covalent interactions in the solution phase are
important features of biological systems.” The halogen bond
is a unique non-covalent interaction which, although
documented for the first time 100 years ago,”” has only
flourished during the last two decades.'® The investigation
of halogen bonding by NMR spectroscopy in solution implies
adding an XB donor to a solution of XB acceptor and
observation of the behaviour of the chemical shift of the
carbon atom to which the halogen atom is attached. The
formation of a halogen bond could lead to an increase in the
chemical shift of this carbon atom. We considered *C NMR
spectroscopy to be the most accessible and versatile method
to probe the XB interaction in solution. Thus, the behaviour
of the compounds was investigated by ">*C NMR spectroscopy
in the presence of selected Lewis bases in CDCl; or neat
deuterated solvents acting as XB acceptors. For example,
compound 3 was mixed in CDCl; with EtN or 1,4-
diazabicyclo[2.2.2]octane (DABCO), or dissolved in pyridine-ds
and dimethylsulfoxide-ds (DMSO). Fig. 11 presents the '*C
NMR spectra of 3 recorded at ambient temperature; they
show the shifting of the signal for the C-I carbon atom with
a maximum of 6 ppm in the case of pyridine-ds. Compounds
1 and 2 display analogous behaviour observed also in the
case of iodinated sydnones.”

=
H,C h N
J 2

MeOOC COOMe

Fig. 13 The proposed 1:1 complex of 3 with DABCO in the solution
phase.
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Table 5 Chemical shift for C-5 atom directly bonded to iodine upon the
addition of different Lewis bases

Lewis Base No base Et;N Pyridine-d; DMSO DABCO
dcos (ppm) 91.09 92.77 97.75 96.39 96.46
3:DABCO No base 2:1 1:1 1:2 1:4
Scs (ppm)  91.58 93.73  95.81 97.19  98.6

The chemical shifts of all the carbon atoms are presented
in Table S6 (ESIT) and they unequivocally confirm that only
the C-5 carbon atom is influenced by the presence of the
base, leading to the conclusion that a strong C-I--*N (in the
case of the amines) or C-I:*O (in the case of DMSO)
interaction have occurred in solution.

We have also investigated the behaviour of 3 upon
addition of DABCO in benzene-d, which was chosen as an
inert solvent. This resulted in the deshielding of the C-I
carbon atom from 91.6 to 98.6 ppm revealing a deshielding
of atom C-5 by 7 ppm. The addition was stopped when no
further significant influence on the chemical shift was
observed. The addition of DABCO presents also some
influences on the "H NMR spectra which could represent
solvent interactions with the H atoms (Fig. 12).

The magnitude of the chemical shift upon the addition of
DABCO assumes the formation of a halogen bonded complex
between 3 and DABCO, as proposed in Fig. 13.

Table 5 presents the chemical shifts of the carbon C-5 in 3
upon the addition of the different bases or by increasing
amount of DABCO in an inert solvent such as C¢Hg:

In the Tables S6 and S7 (ESI{ are presented the chemical
shifts of all the atoms in the 1-arylpyrazole 3 in order to
confirm that no other atom besides the C-5 is affected by the
interaction with the Lewis base.

Conclusions

In conclusion, three highly substituted 5-iodinated
1-arylpyrazoles were investigated for their susceptibility to
form halogen bonds. The 5-iodinated compounds present
three types of halogen bonding, namely C-I---N, C-I:--O and
C-I'--m respectively. Of course, the solution-state experiments
cannot explain the main causes of this variation but certainly
in the case of 1-phenylpyrazoles substituted with an iodine
atom in position 5, ">’C NMR spectroscopy in solution could
predict the existence of halogen bonding and also suggest
strong interactions which could direct the growth of crystal
assemblies. The most important influences seem to be the
presence of large substituents at the ortho position of the
phenyl ring or the presence of other substituents, such as
hydrogen bond donors or acceptors, which may induce
competitive interactions. Our investigation, strengthened by
a thorough CCDC search and provision of comparative
literature data encourage us to further probe the propensity
of halogen bond formation in highly substituted iodinated
pyrazoles and its importance as a directional force in crystal
packing.
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