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Comparing the Halogen Bond to the Hydrogen Bond by Solid-State
NMR Spectroscopy: Anion Coordinated Dimers from 2- and 3-
Iodoethynylpyridine Salts

Patrick M. J. Szell,® Gabriella Cavallo,”” Giancarlo Terraneo,™™ Pierangelo Metrangolo,™
Bulat Gabidullin,”™ and David L. Bryce*"!

Abstract: Halogen bonding is an increasingly important tool in crystal engineering, and measuring its
is necessary to fully understand this

interaction. Here, we present a system-atic crystallographic and solid-state  NMR study of self-com-
plementary halogen-bonded frameworks built from the halide salts (HCI, HBr, HI, HI3) of 2-

iodoethynylpyridine and 3-iodoethynylpyridine. A series of single crystal X-ray struc-tures reveals the

influence on the local chemical and electronic environment

formation of discrete charged dimers in the solid state, directed by simultaneous X@“'H@N * hydrogen
bonds and C@I“-X@ halogen bonds (X = Cl, Br, I). Each com-pound was studied using multinuclear
solid-state magnetic resonance spectroscopy, observing H to investigate the hy-drogen bonds and 13C,

35 Cl, and 7981g; o investigate the halogen bonds. Anatural localized molecular orbital analysis was
employed to help interpret the experimentalresults. IHSSNMR spectroscopy reveals adecrease in the chemical

shift of the proton participating in the hydrogen bond as the halogen increasesinsize, whereas the
13CSSNMRreveals an increased 13Cchemical shift of the C@Icarbon for C@l---X@ relative to C@I---N
halogen bonds. Additionally, 35CI and 79/81Br SSNMR, along with computational results, have allowed us to
compare the C@I---X@ halogen bond involving each halide in terms of NMR observables. Due to the
isostructural nature of these compounds,they are ideal cases for experimentally assessing the impact of different

halogen bond acceptors on the solid-stateNMR response.

Introduction

Supramolecular chemistry has been established as an essential
branch of chemistry, with the concept of charge transfer com-
plexes recognized by the Nobel Prize in chemistry in 1969, and
the first observations on crown ether complexes leading to the
Nobel Prize in chemistry in 1987.% Alongside supramolecular
chemistry, the field of crystal engineering was born, with the
intention of designing the structures of solids with specific
properties and for particular applications.” One of the most
important tools in these fields has arguably been the hydrogen
bond,” which has been extensively explored both in synthetic
chemistry as well as in biological systems. Recent develop-
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ments in the field of non-covalent interactions, including the
theoretical aspects of o-hole and m-hole interactions,”” have
offered the crystal engineer many additional tools in their pur-
suits of novel materials. From these interactions, the tetrel
bond,”® pnictogen bond,” chalcogen bond,"” and halogen
bond,"” named from their electrophilic site,'? have gained
considerable attention."” The halogen bond is the most ex-
plored of these interactions, owing to its strength and versatili-
ty, with authoritative reviews on the subject available."* '

The halogen bond is a non-covalent interaction between
the region of positive electrostatic potential along the exten-
sion of a covalently bonded halogen, typically called the o-
hole,"¥ and a Lewis base. The covalently bonded halogen,
named the halogen bond donor (X), interacts with an electron
donor, that is, the halogen bond acceptor (Y)."”? The halogen
bond has been explored as a versatile interaction alternative to
the hydrogen bond,™ offering a highly linear bond (0 y.y=
150-180°, where R denotes a covalently bonded substitu-
ent)."”?" The presence of the halogen bond can be further
recognized using the normalized distance parameter (Ryg),
given in Equation (1), which is the quotient of the halogen
bond length (dy.,) and the sum of the van der Waals radii of
both atoms participating in the halogen bond (d,q,).** Thus,
Ry <1 indicates the presence of a short contact, with smaller
numbers suggesting a stronger halogen bond. If Ryz>1, there
is no contact to speak of. Halogen bonds are typically charac-
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terized by Ry values of approximately 0.65 (very strong) to
0.95 (weak).

Z dvdW (1 )

The halogen bond is highly tuneable, with the size of the o-
hole increasing with the size of the halogen." The inclusion
of electron withdrawing groups on the halogen bond donor
moiety, such as fluorine®®*?¥ or the placement of halogens on
ethynyl carbons,”? further increases the magnitude of the o-
hole. For these reasons, the halogen bond is a valuable tool
for the crystal engineer,”?® and a proper understanding will
allow this interaction to be fully exploited.

Solid-state NMR (SSNMR) spectroscopy is a powerful tool to
characterize the halogen bond,”*? offering insights into both
the halogen bond acceptor and the halogen bond donor. The
information offered by SSNMR is obtained through various pa-
rameters including chemical shifts,®*'>% the quadrupolar cou-
pling tensor,®*3® dipolar coupling,*® and J-coupling;?%*” these
data are then used to provide structural, electronic, crystallo-
graphic, and/or dynamical information.”” SSNMR experiments
on the quadrupolar halides, 3**’Cl (spin /=3/2), "®'Br (spin I=
3/2), and ¥l (spin I=5/2), have provided direct information on
the electric field gradient at the halogen bond acceptor,?*=¢
which relates to the local and long-range molecular and crystal
structures. The chlorine halogen bond donor has recently been
directly probed by ultra-wideline **CI SSNMR spectroscopy.””

Quadrupolar coupling results from the interaction between
the electric field gradient (EFG) at a spin>'/, nucleus and its
electric quadrupole moment (Q). This quadrupolar interaction
(Ql) can be described by a traceless second-rank tensor with
three components: |Vs;5| > |V, | > | V4 ]. The magnitude of the
interaction is given by the quadrupolar coupling constant [Cy,
Eq. (2)], and the axial symmetry of the QI tensor is described
by the asymmetry parameter [, Eq. (3)].

_eV;;Q

Co=—7 (2)
n= Vi —Vn)/Vs 3)
Despite the growing interest in iodoacetylenes,***” there

have been limited SSNMR studies of halogen-bonded com-
pounds built with this functional group.”®*" Furthermore,
there have been no systematic investigations to date compar-
ing the effects of various halogen bond acceptors in isostruc-
tural compounds on the SSNMR observables, and no informa-
tion is available directly comparing the halogen bond to the
hydrogen bond in terms of NMR responses. Here, we present
the crystal structures for a series of self-complementary frame-
works and charged dimers based on the halide salts of 2-
iodoethynylpyridine (2-IEP) and 3-iodoethynylpyridine (3-IEP),
shown in Figure 1, and investigate them by multinuclear solid-
state magnetic resonance. In these examples, the halogen
bond donor is the iodine on the acetylene group, whereas the
halogen bond acceptor is either the nitrogen on the heterocy-
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Figure 1. Compounds under investigation: 2-iodoethynylpyridine (2-IEP) and
its HCl salt (2-1EP-HCI), HBr salt (2-IEP-HBr), Hl; salt (2-IEP-HIs); 3- IEP-HI)-iodoe-
thynylpyridine (3-IEP) and its HCl salt (3-IEP-HCI), HBr salt (3-IEP-HBr), and HI
salt (3-1EP-HI).

cle for the neutral compounds, or the halide anions of the
salts. The ">C SSNMR spectra of these compounds allows us to
compare the effect of the halogen bond to nitrogen, chloride,
bromide, and iodide in terms of the chemical shift of the
carbon covalently bonded to iodine, and the acetylene carbon.
The hydrogen bonds in these frameworks are characterized by
'H SSNMR, enabling the identification of trends in terms of the
hydrogen bonding to chloride, bromide, and iodide. The ob-
servation of the halides using 3*Cl and "®*'Br NMR is supported
by natural localized molecular orbital (NLMO) DFT calculations,
an extension of the natural bond orbital analysis.®? This ap-
proach uses molecular orbitals familiar to chemists to explain
the origins of the observed NMR parameters. The results are
expressed as a sum of Lewis contributions, which parallel the
Lewis dot structure, and non-Lewis contributions.®®

Results and Discussion
X-ray crystallography

Depictions of the X-ray crystal structures of the compounds
under investigation are presented in Figure 2, and selected ex-
perimental crystallographic parameters are shown in Table S3.
The triangular motif of the 2-IEP structure has been recently re-
ported.®** Each compound features a halogen bond, and in
the cases of the halide salts, both halogen bonding and hydro-
gen bonding arise. A summary of the geometrical features for
each compound, including the distances and angles of the hal-
ogen and hydrogen bonds, is given in Table 1.

Compounds 2-IEP-HCI and 2-IEP-HBr are isostructural and iso-
morphous, with each respective halide ion acting as both the
halogen bond acceptor and hydrogen bond acceptor, resulting
in charged dimers (Figure 2). The C—I--Cl~ halogen bond (Ry;=
0.81) is characterized by a slightly smaller reduced distance pa-
rameter than the C—I--Br~ halogen bond (Ry; =0.83). This trend
is also followed for the hydrogen bond lengths, with the anal-
ogous reduced distance parameters of the hydrogen bond
(Rys) being 0.75 for 2-IEP-HCI and 0.77 for 2-IEP-HBr. The halo-
gen bond angle (Oc_,..x-) is very slightly more linear for 2-
IEP-HCI versus 2-IEP-HBr, that is, 176.60(8)° compared to
175.75(10)°. The same holds for the hydrogen bond, with an
angle (Oy_y+.x-) of 159(2)° for 2-IEP-HCI and 155(3)° for 2-
IEP-HBr. This counterintuitive decrease in angle with the size of
the halide ion may be rationalized by considering the larger
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Figure 2. Depictions of the halogen bonded X-ray crystal structures of 2-iodoethynylpyridine (2-IEP), 3-iodoethynylpyridine (3-IEP), and their associated halide
salts (HCI, HBr, HI, HI;). The dashed magenta line denotes the halogen bond, whereas the dashed blue lines denote the hydrogen bonds. The geometrical de-

tails of these halogen bonds and hydrogen bonds are listed in Table 1.

Table 1. Summary of the halogen bond and hydrogen bond geometries of 2-IEP, 3-IEP, and their hydrohalide salts. The X represents the acceptor moiety:

N, CI7, Br~, or I". Errors are given in parentheses.
Compound di.x dy.x Ry Ry Oc 1x Onnox [
(A1 [A] [’ [’ [
2-IEP 2.83(3)@ 0.80 173.1(16)
2.84(2)% 0.80 177(2)
2.90(3)” 0.82 176.0(14)
2-IEP-HCI 3.0217(8) 2.20(2) 0.81 0.75 176.60(8) 159(2) 94.1
2-1EP-HBr 3.1646(4) 2.36(3) 0.83 0.77 175.75(10) 155(3) 90.5
2-1EP-HI; 3.448(4) 0.87 173.3(9)
3-IEP 2.794(10) 0.79 176.0(3)
3-IEP-HCI 3.1367(5) 2.16(2) 0.84 0.73 175.49(5) 171(2) 95.7
3-IEP-HBr 3.3001(4) 2.47(4) 0.86 0.81 169.31(9) 157(4) 87.7
3-1EP-HI 3.4713(7) 2.74(5) 0.88 0.86 170.3(2) 144(5) 89.3

[a] Three crystallographically distinct halogen bonds appear in the crystal structure of the 2-IEP trimer. [b] The normalized distance parameters of the halo-
gen and hydrogen bonds. [c] The angle between the hydrogen and halogen bonds.

radius of the bromide ion, which elongates both the halogen
bond and hydrogen bond, and strains the dimers.

In both 2-IEP-HCI and 2-IEP-HBr, the mixed halogen-bonded
and hydrogen-bonded charged dimers are further assembled
into supramolecular ribbons which develop along the (1,1,0)
direction as shown in Figure 3. This arrangement is promoted
by the hydrogen bonding interaction occurring between the
belt of negative potential (labelled 6— in Figure 3) on the
iodine atom and the aromatic hydrogen on the adjacent pyri-
dinium ring (see Figure 3 for 2-IEP-HBr). It is known that when
iodine is bound to a sp-hybridized carbon atom, iodine shows
a remarkable anisotropic distribution of its electron density, de-
veloping an electron deficient area (o-hole) along the elonga-
tion of the C—I bond and a belt of negative potential orthogo-
nal to this bond. Additionally, the formation of the pyridinium
moiety increases the Lewis acid character of the aromatic hy-
drogen atoms, making them good electron density acceptor
sites (I11-H3 distance 3.11 A in 2-IEP-HCI and 3.13A in 2-
IEP-HBr). As a result, the C—I--X~ halogen bond synthon experi-
ences a hydrogen bond coordinating the belt of negative po-
tential surrounding the iodine halogen bond donor, and a hy-
drogen bond coordinating the ClI7/Br~ acceptor. The resulting
interactions create a ribbon-like motif as seen in Figure 3. As
halide anions are spherical entities and are known to participate

in many non-covalent interactions simultaneously, the charged
ribbons interact via hydrogen bonding between the halide
anions (ClI~ or Br™) and the hydrogen atom, in the ortho-position
relative to the N—H™ moiety. These contacts result in the rib-
bons forming two-dimensional wave-like systems (Figure S8).
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Figure 3. A supramolecular ribbon architecture is supported by C—I--Br~ hal-
ogen bonding (dashed magenta lines), N—H--Br~ hydrogen bonding (dashed
brown lines) and C—H-+I hydrogen bonding (dashed blue lines) interactions
in 2-IEP-HBr. The o-hole and the negative ESP on | are labelled.



2-IEP-HI was not obtained when repeating the synthesis
with HI gas; instead, 2-IEP-HIl; was obtained, perhaps due to
the decomposition of HI gas into I,. The structure of 2-IEP-HI,
consists of an open framework, as shown in Figure 2, featuring
a N—H"--N hydrogen bond [dy_y.n=1.805 A, 0y _y.n=175.29],
and a halogen bond between the iodoacetylene group and
the 1,7 anion [d.,=3.448(4) A, 06.,,=173.3(9)°]. Due to a
0.5:0.5 partial occupancy of the hydrogen, we observe a super-
position of N—H"--N and N--"H—N hydrogen bonds in the
structural model. Overall, the structure shares a strong resem-
blance to the Greek keys motif as a result of the halogen bond
to the first and third iodines of the I;~ anion.

In contrast to the discrete triangular motif of 2-IEP, the crys-
tal structure of 3-IEP displays an open zig-zag pattern with in-
dividual molecules linked together by C—I--N halogen bonds.
The halogen bond distances are slightly shorter than those ob-
served in 2-IEP (d,.n=2.794(10) A; 0. ,.n=176.0(3)°). The zig-
zag networks interact via weak C—H--H—C contacts (dy.,=
2.31 A), resulting in two-dimensional sheets. These sheets are
stacked, forming the crystal of 3-IEP.

The structure of 3-IEP-HCI displays an open chain joined by
C—I--Cl~ halogen bonds and N—H--CI~ hydrogen bonds. The
structure of 3-IEP-HCl is distinct from the 3-IEP-HBr and 3-lEP-HI
structures, which consist of discrete charged dimers instead of
an open framework. These charged dimers bear some resem-
blance to previously reported structures based on 3-bromopyr-
idine.**=>% Further, the ribbon motif reported for the 2-IEP-HCI
and 2-IEP-HBr structures is also present in the 3-IEP-HBr and 3-
IEP-HI structures. In these cases, the halides in the charged
dimers are coordinated by the atoms in the ortho- and meta-
positions relative to the N—H™ moiety.

Throughout the 3-IEP-HX series presented here, the halogen
bond distances and R,z values increase as follows: 3-IEP-HCI
(Ryg=10.84), 3-IEP-HBr (Ryz=0.86), 3-IEP-HI (Ry;=0.88). The halo-
gen bond angles (6c_,.x-) are most linear for 3-IEP-HCI, at
175.49(5)°, compared to 3-IEP-HBr at 169.31(9)°, and 3-IEP-HI at
170.3(2)°. Contrarily to the halogen bond, the hydrogen bond
Rys values differ considerably across the three structures, with
values of 0.73, 0.81, and 0.86 for 3-IEP-HCI, 3-IEP-HBr, and 3-
IEP-HI, respectively. The N—H"--X~ hydrogen bond angles also
vary, with the most linear hydrogen bond being that of 3-

IEP-HCI at 171(2)°, followed by 3-IEP-HBr at 157(4)°, and 3-
IEP-HI at 144(5)°.

The C—I--N halogen bonds of the neutral species consistent-
ly have the smallest Ry values when compared to the charged
samples, ranging between 0.79 and 0.82. Additionally, the C—
I--N halogen bonds are the most linear, with 0. ., angles be-
tween 173.1(16)° and 177(2)°. With regards to the halogen
bonds involving the halides, the C—I--ClI~ halogen bond consis-
tently had the smallest Ryz values when compared to the C—
I--Br~ and C—I-I~ halogen bond, with the measured R,z values
increasing with the size of the halogen. These Ry; values are
comparable to those for other structures featuring the C(=C—
[--X~ motif.2%%" For the N—H"--X~ hydrogen bonds, the value
of Rys increased with the size of the halides, with 3-IEP-HCI
having the smallest R,z at 0.73, and 3-IEP-HI having the largest
Rys at 0.86. Notably, whereas the halogen bond angles range
from 169.31(9)° to 177(2)°, a difference of 8(2)°, the hydrogen
bond angle varies significantly, from 144(5)° to 171(2)°, a differ-
ence of 27(5)° across the series.

The charged dimers of 2-IEP and 3-IEP share many structural
features, including the C—l--X"-H—N* geometry surrounding
the halide. Despite 3-IEP-HCI consisting of an open framework,
the hydrogen and halogen bonds to the chloride anion share
several geometrical features with the 2-IEP-HCI discrete dimer,
quently, the halogen bonds and hydrogen bonds involving
chloride, bromide, and iodide ions can be compared in terms
of NMR observables. Although the neutral species (2-IEP, 3-IEP)
do not share the same structural motifs as their halide salts,
the C—I--N halogen bonds can be compared to the C—I--X~ hal-
ogen bonds in terms of '*C chemical shifts of the carbon cova-
lently bonded to iodine (C—I), and the acetylene carbon
(C=C).

'H solid-state NMR spectroscopy

With the availability of high magic-angle spinning speeds, 'H
solid-state NMR has become a routine tool to characterize hy-
drogen bonded systems.®®¢"” The '"H MAS NMR spectra of 2-
I[EP-HI;, 2-IEP-HBr, 2-IEP-HCI, 3-IEP-HI, 3-lEP-HBr, and 3-IEP-HCI
are presented in Figure 4. The 'H chemical shifts of the NH
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Figure 4. 'H solid-state NMR spectra acquired at 21.1 T of the halide salts of 2-IEP and 3-lEP. The spectra of the HCl and HBr salts were acquired with a spin-
ning frequency of 31.25 kHz, whereas those of the HI and Hl; salts were acquired with a spinning frequency of 20 kHz. The dashed line serves as a guide to
show the chemical shift of the hydrogen-bonded proton changes. The asterisks denote an impurity.



Table 2. Experimental and calculated 'H chemical shifts of the N—H
proton participating in the hydrogen bond in the halide salts of 2-IEP
and 3-IEP.

Compound Exptl Calcd
O('H) N—H [ppm] O('H) N—H [ppm]
2-IEP-HCI 15.144+0.23 13.99
2-IEP-HBr 14.35+0.24 12.79
2-IEP-HI; 13.884+0.21 13.39
3-IEP-HCI 15.68+0.22 15.99
3-IEP-HBr 14.89+0.18 14.80
3-IEP-HI 14.284+0.30 13.70

protons are reported in Table 2. The following discussion focus-
es on the N—H proton, as it is directly participating in the N—
H--X" hydrogen bond. Within each series, a notable decrease
in the 'H chemical shift is observed as the size of the halide in-
creases. For instance, the 'H chemical shift for the 3-IEP-HX
series decreases by 1.44+0.4 ppm when comparing the chlo-
ride salt to the iodide salt. When comparing the 3-IEP-HCI salt
to the HBr salt, a decrease of 0.84+0.3 ppm is observed, ap-
proximately half of the shift observed for the iodide salt. This
trend is also observed in the 2-IEP series, with a decrease of
0.8+0.3 ppm when comparing the HCl salt to the HBr salt. It is
to be noted that in the case of 2-IEP-HI;, the 'H chemical shift
is also lower than for 2-IEP-HCI, despite the presence of a N—
H--N hydrogen bond instead of a N—H--X~ hydrogen bond.
The decreases in the 'H chemical shifts upon the introduction
of larger halides can be, in part, attributed to the heavy atom-
light atom (HALA) effect, arising from increasing relativistic ef-
fects with the size of the halogen.®***

To further look into the origin of this deshielding effect
upon the introduction of larger halides, DFT calculations using
ZORA corrections were performed on a model of each com-
pound built from experimental Cartesian coordinates, both
before and after geometry optimization. The complete results
can be found in Table S4 (unoptimized geometry) and Table S5
(geometry optimized), listing the molecular orbital contribu-
tions to the isotropic shielding constant (o,,) of the *N—H--X~
hydrogen bonded proton for each compound. The results
were tabulated according to their molecular orbital contribu-
tions to o,,: core orbital contributions, halide ion lone pair
contributions, N—H bonding orbital contributions, and bonding
orbital contributions arising from all other atoms. The calculat-
ed o0,.('H) shielding values from the optimized geometries
have been converted into chemical shifts (d,,('H)) using Equa-
tion (4), in which o, is 26.293 ppm,® and summarized along-
side the experimental 'H chemical shifts in Table 2.

Oref — Oiso
11— Oef

Oiso = (4)
Consequently, a higher shielding value (o;,) results in a lower
chemical shift ().

The calculated proton chemical shifts obtained from geome-
try-optimized structures are in good agreement with the ex-
perimental results, and better than the calculations performed
on structures which were not geometry-optimized. In part, this

is due to the correction of the N—H bond length, as proton po-
sitions obtained from X-ray crystallography have an associated
uncertainty.®®*’ Moreover, the DFT results accurately repro-
duce the experimental trend that a decrease in the value of
the proton chemical shift is seen as the size of the halide ion is
increased. However, the calculated results for 2-IEP-HI; do not
follow the above-mentioned trend, which we speculate is due
to the presence of a “N—H--N hydrogen bond in this structure
instead of the "N—H--X~ hydrogen bonds observed in the crys-
tal structures of the other salts in the 2-IEP and 3-IEP series.

NLMO analysis of the proton magnetic shielding constants
shows that the dominant orbital contribution to the “N—
'H--X~ chemical shift changes is different in the 2-IEP series
compared to the 3-IEP series. In the 2-IEP series, the halide ion
lone pair contributions to o, are largest in magnitude in the
case of the chloride compound and smallest in the case of the
iodide compound, corresponding to a decrease of the proton
chemical shift as the size of the halide ion is increased. Howev-
er, in the case of the 3-IEP series, the sum of bonding orbital
contributions to o,, were found to be the most important for
reproducing the experimentally observed trend, that is, to a
decrease of the proton chemical shift as the size of the halide
ion is increased. The more than 40 additional NLMO contribu-
tions to the 'H magnetic shielding constants are not discussed
further here due to their small magnitudes and lack of clear
correlations to the total o, values.

3C Solid-state NMR spectroscopy

13C SSNMR spectroscopy has been shown to be a versatile tool
in characterizing both the halogen bond acceptor and the hal-
ogen bond donor, with the *C—I chemical shift being diagnos-
tic for the occurrence of the halogen bond.?*®® However, it is
challenging to differentiate the effect of altering the identity of
the halogen bond acceptor on the donor C chemical shift,
due to the fact that structural changes, such as the proximity
of adjacent atoms and changes to the unit cell, can also have
an effect on the "*C chemical shifts. Therefore, isomorphous
compounds sharing similar unit cell parameters, such as the
compounds presented here, provide a means to attribute
chemical shift changes to the identity of the bond acceptor,
that is, ClI~, Br~, or I". Moreover, despite the fact that the neu-
tral fragments are not isostructural and do not share similar
unit cell parameters, the *C—l chemical shift can be used to
compare the halogen bond involving nitrogen to the halogen
bond involving a halide.

Presented in Figure 5 are the >C SSNMR spectra of 2-IEP, 3-
IEP, and their halide salts, with a magnified view of the carbon
resonance corresponding to the C—l carbon in the insets. As a
result of residual dipolar coupling between *C and '¥l, the "*C
resonance for a C—l functional group is generally broadened
and difficult to observe.”"%*’® This is further aggravated by
the quadrupolar nature of '?I (spin /=5/2) and the substantial
Co values (>1800 MHz) associated with covalently bonded
iodine.”” Although the resonances assigned to the C—I carbons
on Figure 5 are broad and have a low signal intensity relative
to the other resonances, they were clearly observed, and the
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Figure 5. C CP/MAS solid-state NMR spectra of 2-IEP, 3-IEP, and their hydrohalide salts. Variable spinning frequencies were used to prevent the overlap of
spinning sidebands with the isotropic peaks. The magnified view of the C—I carbon resonance is shown in the inset. The asterisks denote spinning sidebands,

while the daggers (t) denote the presence of a second phase.

B3C chemical shifts were determined using spectral simulations
with WSolids software.” Due to the overlap of spinning side-
bands with the isotropic chemical shifts, variable spinning
speeds were used to separate the spinning sidebands from the
isotropic peaks. The experimental and DFT calculated C
chemical shifts of the acetylene carbon (C=C—I) and the carbon
covalently bonded to iodine (C—I) of each compound
are summarized in Table3. In the aromatic region
(=140 to 160 ppm) of the spectra of 3-IEP-HCI and 3-IEP-HBr,
the presence of resonances, denoted by t, are attributed to be
the presence of a second phase in the sample. This second
phase is also seen in the corresponding **Cl and ’*®'Br SSNMR
spectra (vide infra).

A significant *C—| chemical shift increase was observed be-
tween 2-IEP and each of the halide salts. Most notably, *C
chemical shift increases for the C—| carbon of 27.1+3.2 ppm
when comparing 2-IEP to 2-IEP-HCI, 24.7 £ 2.6 ppm comparing
2-IEP to 2-IEP-HBr, and 13.4+3.2 ppm comparing 2-IEP and 2-
IEP-HI;, were observed. For 3-IEP, a modest *C chemical shift
increase was observed for the C—| carbon when comparing the
neutral compound to that of the charged frameworks, with in-
creases of 59+ 1.4 ppm, 544 1.9 ppm, and 5.94+2.4 ppm seen
for 3-IEP-HCI, 3-IEP-HBr, and 3-IEP-HI, respectively. In both the

Table 3. Experimental and DFT calculated "*C chemical shifts of the acety-
lene carbon (C=C-I) and the carbon covalently bonded to iodine (C—I)
for 2-IEP, 3-IEP, and their hydrohalide salts.

Exptl Calcd Exptl Calcd
6(C) 6("Q) 6(0) ¢ 6("0) ¢
=C- = [ppm] [ppm]
[ppm] lppm]™
2-IEP 91.9+0.2 96.4 279422 39.9
93.6+0.4
2-EP-HCI 87.2+0.1 89.5 55.0+23 934
2-IEP-HBr 85.8+0.2 87.7 52.6+13 91.2
2-IEP-HI, 89.04+0.2 74.6 413423 68.7
3-IEP 90.540.2 93.4 32641.1 40.2
3-IEP-HCI 86.8+0.2 89.8 385409 71.5
3-1EP-HBr 87.04+0.2 87.9 380415 73.2
3-IEP-HI 88.9+0.4 84.3 38.542.1 65.7

2-IEP and 3-IEP series, the C—I--N halogen bond yielded the
lowest chemical shift, and the C—I--CI~ halogen bond yielded
the highest chemical shift. Thus, especially in the case of the 2-
IEP series, the counter ion has an important influence on the
C—l chemical shift, with a 13.7 +3.3 ppm difference between 2-
IEP-HCI and 2-IEP-HI;.

Although the acetylene carbon (C=C—I) does not directly
participate in the halogen bond, its NMR response can provide
valuable insights on the effect of the halogen bond on nearby
substituents. Instead of an increase, as was noted above for
the C—I ®C chemical shift, a notable decrease in the *C chemi-
cal shift was observed for the acetylene carbon between the
neutral fragments and the charged fragments. In this case, the
neutral compounds exhibiting C—I--N halogen bonds have the
highest "*C chemical shifts at 91.940.2 ppm and 90.5+
0.2 ppm for 2-IEP and 3-IEP, respectively. Upon introduction of
the C—I--Cl~ halogen bond, the chemical shifts decreased to
87.2+0.1 and 86.8+0.2 ppm for 2-IEP and 3-IEP, respectively.
In general, the chemical shift of the acetylene carbon in the
charged dimers increases with the size of the halogen. The
only exception is 2-IEP-HBr, which has the lowest chemical shift
of 85.8£0.2 ppm. For instance, between 3-IEP-HCI and 3-IEP-HI,
a 2.14+0.4 ppm difference in the *C chemical shift is observed,
with the HCl salt having the lowest chemical shift. This trend
follows for the halogen bond to CI~ and I;7, as an increase of
1.84+0.2 ppm is observed between 2-l[EP-HCI and 2-IEP-HI;.

The experimental ">C chemical shifts are in good agreement
with the ZORA DFT calculated chemical shifts for the acetylene
carbons (C=C—I), and in moderate agreement for the carbons
covalently bonded to iodine (C—I). Given the broad chemical
shift range associated with the C isotope (~250 ppm), the
calculated acetylene chemical shifts are generally within 2% of
the experimental values, while those for the C—I carbon are
within 15% of the experimental values. The poorer agreement
for the latter functional group has been previously discussed
in the literature and can be attributed to iodine’s relativistic ef-
fects,”¥ in spite of attempting to correct for this using
ZORA.®®7 Despite this lower accuracy for the C—I carbon, the
calculated C chemical shifts do reflect the changes observed



experimentally, such as the significant increase in the "C
chemical shift of the C—I carbon on going from the neutral
C—I-~N structures (2-IEP, 3-IEP) to the charged C—I--Cl~ struc-
tures (2-1EP-HCI, 3-IEP-HCI).

The NLMO analysis of the C isotropic shielding constants
suggests that the origins of the chemical shift changes may be
similar in the case of the 2-IEP compounds and the 3-IEP com-
pounds (see Tables S6 to S9 in the Supporting Information), in
contrast to the case of the 'H chemical shifts. Firstly, for the
C—l carbon, there are four principal contributions to the C
isotropic shielding constant (o,,): carbon core orbitals, the
bonding orbitals involving the acetylene carbon (the C=C
bond), the bonding orbital involving iodine, and the antibond-
ing C—I orbital. Recall that an increased value of o, results in a
lower chemical shift. Following from the results in Table S7, in
both series, the C—I bonding orbital contribution, which is neg-
ative in sign, increases in magnitude on going from the C—I--N
motif to the C—I--X~ motif, causing o;,, to decrease, and, conse-
quently, §;, to increase. For instance, the contribution to o,
from the C—l bonding orbital is —54.6 ppm in 2-IEP, and in-
creases in magnitude to —75.2 ppm in 2-IEP-HCI. Additionally,
the contributions from the bonding orbitals involving the acet-
ylene carbon (C=C) also increase in magnitude upon the for-
mation of the C—I--X~ motif, which further increases with the
size of the halide (I">Br>Cl"). For instance, the acetylene
contribution to o, is —20.2 ppm in 2-l[EP, —43.4 ppm in 2-
IEP-HCI, and —47.2 ppm in 2-IEP-HBr. Moreover, the C—l anti-
bonding orbital contribution to o, is generally larger in the
C—I-~N motif than the C—I--X~ motif, further leading to a lower
0, for the former. Following with the previous example, the
C—I anti-bonding orbital contribution to o, decreases from
20.5 ppm in 2-IEP to 16.9 ppm in 2-IEP-HCI. In total, the C—l
and C=C orbital contributions lead to a decrease in the o,

value, from 144.2 ppm in 2-IEP to 90.7 ppm in 2-IEP-HCI, and
consequently the 9, value increases from 39.9 ppm in the C—
I--N motif to 93.4 ppm in the C—I--CI~ motif. These changes are
generally greatest when Cl™ is the halogen bond acceptor,
leading to the highest observed *C—I chemical shift in this
motif.

This effect is further manifested in the case of the acetylene
carbons (C=C—I), where the contributions of the C—I bonding
orbitals cause o, to decrease upon the formation of the
C—I--X~ motif, being most important in the case of the ClI~
anion and least important for the I~ anion. Following with the
results from Table S9, the bonding orbital contributions involv-
ing the C—l carbon, which are negative in sign, increases in
magnitude on going from the C—I--N motif to the C—I--X~
motif. For instance, this contribution is —37.3 ppm in 2-IEP and
increases to —41.9 ppm in 2-IEP-HCI. Consequently, the calcu-
lated *C=C—I chemical shifts decrease from 96.4 ppm in 2-IEP,
to 89.5 ppm in 2-IEP-HCL. It is to be noted that the contribu-
tions to o, of the acetylene carbon from the bonding orbitals
involving the pyridine ring varies between each compound,
being lowest for 3-IEP-HCI and highest for 3-IEP-HI.

3¢l and 7*®'Br solid-state NMR spectroscopy

In order to further characterize the halogen bonding environ-
ments in the charged dimers, **Cl and "®'Br solid-state NMR
spectroscopy was performed on the HCl salts and HBr salts, re-
spectively. Due to difficulties in isolating large quantities of
pure 2-IEP-HI; and 3-IEP-HI (and their thermal instabilities),
along with the expected breadths of the NMR spectra, I
solid-state NMR was not attempted. The experimental **Cl and
8Br spectra at 21.1 T were fit with QUEST®® and are shown in
Figure 6. The **Cl MAS spectra and the 7°Br spectra are shown

2-IEP-HCI 3-IEP-HCI
Static, 21.1T Static, 21.1T
M ‘/J\\/\%
I T T T T | T T I T T T T | T T T T \ [ T T T 3 I T T T T ‘ T T T T I T T T T |
1000 500 0 -500 ~1000 1000 500 0 -500 -1000
5(5Cl) / ppm 3(>Cl) / ppm

2-1EP-HBr
Static, 21.1T

3-IEP-HBr
Static, 21.1T

| T T T | T T T | T T T ] T T T | T T T | | T T T ‘ T T T | T T T l T T T | T T  § |
4000 2000 0 2000 -4000 -6000 4000 2000 0 2000 -4000 -6000
3('Br) / ppm 3('Br) / ppm

Figure 6. *°Cl and ®'Br solid-state NMR at 21.1 T of 2-IEP-HCI, 3-IEP-HCI, and 2-IEP-HBr, 3-IEP-HBr, respectively. The experimental spectra are shown in black, and
the red traces denote the simulated spectra. Deconvoluted simulated spectra are shown in dashed magenta and dashed cyan for 3-IEP-HCl| and 3-IEP-HBr. As-
terisks denote minor impurities. Difference spectra may be found in the Supporting Information.



in Figures S17 and S18. Additionally, DFT calculations (see the
Experimental Section for details) were performed on cluster
models of each compound to support the empirical results
with a theoretical model, providing a breakdown of the molec-
ular orbital contributions to the EFG at each halide. Although
7] SSNMR spectroscopy was not feasible in these cases, NLMO
calculations were performed in order to compare the EFG at
each halide ion. Although the 2-IEP-HI structure was not ob-
tained experimentally, a theoretical model of the 2-IEP-HI
dimer was built based on the coordinates for 2-IEP-HBr in
order to have a complete NLMO investigation of all the stable
quadrupolar halides. In addition, a dimeric model of the 3-
IEP-HCI was built based on the coordinates for 3-IEP-HBr to
maintain consistency between all the calculations. It is to be
noted that other contacts to the halides, such as the H--Cl con-
tact discussed in the X-ray section, are not taken into account
in our calculations in effort to isolate the effect the hydrogen
and halogen bonding effects on the EFG. This lack of periodici-
ty in the calculations is manifested in a lower agreement be-
tween experimental and calculated results, but did not impede
the analysis.

Reasonable *°Cl signal intensity was obtained for both sam-
ples, both in MAS and static experiments. The resulting *Cl
chemical shift and quadrupolar coupling parameters of 2-
IEP-HCI and 3-IEP-HCI, summarized in Table 4, reveal the similar-
ities between both chloride ion environments. There are small
differences of 1448 ppm and of 0.47+0.09 MHz in the *Cl
chemical shift and C, values, respectively. Such small differen-
ces are reasonable, considering the two salts share the same
C—I-ClI™+-H-N" moiety. However, real differences in the halo-
gen bonding and hydrogen bonding geometry between 2-
IEP-HCI and 3-IEP-HCI are manifested in the # values and the
chemical shift anisotropy parameters (£, k), along with the
Euler angles (a, 3, 7). In the case of 3-IEP-HCIl, a minor impurity
was present which is attributed to the formation of a different
polymorph, given the similarity of the NMR parameters [Cy=
4.85 MHz, 7=0.40, 0,,,=70 ppm, 2=35ppm, k=0, a=30°,
B=10° y=30°]. According to the signal intensity, the concen-
tration of this second polymorph is of approximately 10%, and
did not impede analysis. The trace impurity in 2-IEP-HCI, denot-
ed by an asterisk, is NaCl(s), given its chemical shift and
narrow line width.

Much like the *CINMR spectra, both the static ®Br
(Figure 5) and “Br (Figure S18) solid-state NMR spectra of 2-

IEP-HBr and 3-IEP-HBr had reasonable signal intensities consid-
ering their large spectral widths. As bromine has two NMR
active isotopes with unique quadrupole moments (Q(®'Br)=
262(3) mb, Q(”Br)=313(3) mb),”” two different values of C,
are expected [see Eq. (2)]. However, the EFG at both nuclides
should be the same, with the resulting C, arising solely due to
the difference in quadrupole moments. Therefore, the C, ob-
tained from 7°Br NMR should be in agreement with the
81Br NMR results after scaling by a factor of ~1.19 [Q("°Br)/
Q(®'Br)], allowing us to verify the goodness of the spectral fit-
ting. The trace impurity in 3-IEP-HB is NaBr(s), due to its chemi-
cal shift.

Comparing the NMR parameters between the bromide salts,
2-IEP-HBr has higher Cy and J;, values versus 3-IEP-HBr. This
bears resemblance to the comparison between 2-IEP-HCI and
3-IEP-HCI, in which case the former also had a higher value of
Cq and Oy, In contrast, the i values are not comparable be-
tween the chloride and bromide samples, perhaps due to the
different contributions to |V,,| and |V;;|. In addition, much
like the 3-IEP-HCI sample, a minor impurity was measured in 3-
IEP-HBr, which is also attributed to the occurrence of a differ-
ent polymorph due to the similarities of the NMR parameters
[C[*'Br1=389 MHz, C,[°Br1=47.0MHz, 7=034, O,,=
200 ppm]. According to the signal intensity, the concentration
of this second polymorph is approximately 15%, and did not
impede analysis.

Although the C, values for each of the halide ions are not
immediately comparable, the | V3| eigenvalues can be extract-
ed using Equation (2). As a result of the different electronic
configurations of the halides, most importantly the inner-shell
electrons, the Sternheimer antishielding factor may also be
considered using Equation (4), as it has been shown to have a
considerable impact on the observed EFG at a nucleus.”®””
€obs = (1 = V0 )€Qattice (5)

In Equation (5), the observed EFG (eq,y,) is related to the lat-
tice EFG (eg.wice) by an antishielding factor (1-y.). The anti-
shielding factor has a value of 43.0, 81.0, and 163.0 for **C|,
79818y, and '7l, respectively.”® The comparison of the EFG
across the halides will allow for the electronic charge distribu-
tions at the halide participating in a hydrogen and halogen
bond in the C—I--X"--H—N* motif to be compared. An NLMO
analysis was performed in order to quantify the contributions

Table 4. Experimental *Cl and "°®'Br solid-state NMR parameters for the hydrochloride salts and hydrobromide salts of 2-IEP and 3-IEP.

[Co [ Vs3] U Oiso Q K al] Bl 7 [
[MHz] [a.u. [ppm]® [ppm]
2-IEP-HCI 6.650.08 0.347 £0.004 0.15+0.03 8616 40410 0.2+0.2 90440 90430 30420
3-IEP-HCI 6.18£0.05 0.322:£0.003 0.61+0.04 7245 70410 —0.6+0.1 90410 80420 25410
2-IEP-HBr (°Br) 52.4+0.04 0.730-£0.002 0.34+0.03 250+ 15 20060 0.5£0.5 90450 55430 13020
%1Br) 43.5+0.04
) 37.54£0.05 0.520-£0.002 0.14+0.03 215+20 20050 0£0.5 2545 805 10£10

(
3-IEP-HBr (°Br
('Br) 31.24+0.04

[a] **Cl chemical shifts are referenced to —41.11 ppm relative to NaCl(s), whereas "°Br and ®'Br chemical shifts are referenced to 1.29 ppm and 1.57 ppm rel-

ative to NaBr(s), respectively.



to the | Vi3], | Vs, and |Vy;| eigenvalues, summarized in Ta-
bles S11, S13, and S15, respectively. This analysis serves as a
complement to previous computational studies,”*®" and anal-
ysis on NLMO contributions to the EFG,*¥ with a focus on the
differences between halide halogen bond acceptors. In this
motif, the most important contributions to the EFG at the hal-
ides are: the core orbital contributions, lone pair orbital contri-
butions, iodine bonding orbital contributions, and bonding or-
bital contributions involving the hydrogen bond. In order to
compare the EFG across each halide, a consistent dimeric
model was used for each compound, including theoretical di-
meric models of 2-IEP-HI and 3-IEP-HCI.

lllustrated in Figure 7, the computational results for each ge-
ometry optimized discrete dimer reveal that the |Vi;| eigen-
vector is oriented perpendicularly to the axis of the dimer, the
| Vo, | eigenvector is oriented towards the halogen bond donor,

Vi

{?.M‘{a-lf Vi3

¢

Figure 7. The bromine quadrupolar coupling tensor orientation of 2-IEP-HBr
following a geometry optimization, showing |Vs;| oriented perpendicular to
the plane of the dimer (towards the reader), | V,, | aligned with the halogen
bond, and | V;, | oriented along the hydrogen bond.

and the |V,,| eigenvector is aligned with the hydrogen bond.
This orientation holds for each dimer, including the theoretical
model of 2-IEP-HI. However, in the case of the dimeric model
of 3-IEP-HCI, while |Vs;| remains oriented perpendicular to the
dimer, the |V,,| and |V;,| eigenvectors deviate slightly from
the halogen bond and hydrogen bond, respectively. As the ei-
genvectors have a consistent orientation towards the halogen
bond or the hydrogen bond, a breakdown of the contributions
to the EFG tensor for each halide offers insights into the mo-
lecular orbitals participating in these interactions. As for the
calculations performed using experimental X-ray coordinates,
| V33| is instead aligned with the halogen bond, |V,,| is orient-
ed perpendicular to the dimer, and |V;;| remains aligned with
the halogen bond. As the |Vi;| and |V,,| eigenvectors have
similar magnitudes, small changes in the local geometry, such
as the correction of the N—H bond length, can contribute to
the reorientation of the EFG tensor.

Following with the results using optimized geometries, the
most important contribution to the |Vi;| eigenvector of the
halide are the lone pair orbitals, followed by the core orbitals.
The lone pair orbitals originating from the halogen bond
donor did not have an important contribution (< 6 %), perhaps
due to the eigenvector’s orientation being perpendicular to
the dimer. Furthermore, the calculations suggest that the hal-
ide’s lone pair orbitals have the greatest relative contribution
in Br->1">Cl". For instance, in the 3-IEP series, the relative
contribution of the lone pair orbitals to |Vi;| for 3-IEP-HBr, 3-
IEP-HCI, and 3-IEP-HI is of 92.4, 89.4, and 81.8 %.

As for the | V,,| eigenvector, which is oriented along the hal-
ogen bond, a significant negative contribution arises from the
lone pair orbitals of the iodine from the halogen bond donor.
Taking the 2-IEP series for example, the relative contribution
from the halogen bond donor is most important in 2-IEP-HCI
(12.5%), followed by 2-IEP-HBr (10.3%), and finally 2-IEP-HI
(7.7%). These results suggest that in these compounds, the
halogen bond has the highest relative contribution in the
order of CI">Br >I". This may support the reduction in the
EFG tensor component oriented towards the halogen bond,
with the relative contribution being largest for the chloride
salts, and smallest in the iodide salts. Furthermore, while io-
dine’s lone pair orbitals had a negative contribution to the
|V,,| eigenvector, they had a positive contribution to the |V, |
and | V;;| eigenvectors.

For the |V, | eigenvector, which is aligned with the hydro-
gen bond, the most important contributions are from the hal-
ide’s lone pair orbital, followed by the core and bonding orbi-
tals involving the nitrogen from the hydrogen bond. In these
cases, however, the contributions from the hydrogen bond
fluctuated considerably between samples. Clearly, however, the
hydrogen bond had a negative contribution to |V;,|, with the
magnitude generally increasing with the size of the halogen.
For instance, for the 3-IEP series, the contribution for the HCl,
HBr, and HI salts is 5.4, 16.0, and 29.5 %, respectively. These re-
sults suggest a relative contribution from the hydrogen bond
to the EFG component in the order of I">Br >Cl™ in these
compounds, in stark contrast of the trend observed for the hal-
ogen bond.

Shown in Figure 8 is a summary of the calculated and exper-
imental | V3| eigenvalues for each halide in the 2-IEP and 3-IEP
dimers. The overall EFG is largest in the iodide salts, followed
by the bromide salts, and finally the chloride salts. Accounting
for the Sternheimer antishielding factor for the HCl and HBr
salts, shown in Figure S20, the relative | V3| for the 2-1EP series
increases in the order of Br  >Cl~, both experimentally and
computationally.

2 -
I
1.5
Br~
Vsl 1
(a.u.) Crl
0.5
© 2dEP 3-IEP 2-IEP  3-IEP 2-IEP 3-IEP
HCI  HCl HBr HBr HI  HI

m Experimental m Calculated

Figure 8. Experimental (magenta) and calculated (blue) | V3| of 2-IEP-HX and
3-IEP-HX (X=CI~, Br~, I"). The charged dimeric model was used in all calcula-
tions for consistency.



Conclusions

The crystal structures for a series of halide salts built from 2-io-
doethynylpyridine (2-IEP) and 3-iodoethynylpyridine (3-IEP) are
reported, featuring the cooperation of hydrogen and halogen
bonds. In these compounds, the halogen bond maintains line-
arity, with an 8.85(9)° deviation in 6._.x across the series,
whereas the hydrogen bond angle varies by 27(5)°. This is well
in line with the higher directionality of halogen bond com-
pared to the hydrogen bond. Each compound was investigat-
ed by multinuclear solid-state NMR: 'H to investigate the
nature of the hydrogen bond, "C to investigate the nature of
the halogen bond, along with 3*Cl and "®'Br to investigate the
halogen bond acceptor. The "H SSNMR results show a shielding
of the hydrogen bond donor as the size of the halogen in-
creases, whereas the *C SSNMR shows a large chemical shift
increase of the C—I carbon upon going from the C—I--N motif
to the C—I--X~ motifs. A direct investigation of the halide halo-
gen bond acceptor by SSNMR, in addition to NLMO calcula-
tions, reveals an increase in the electric field gradients with the
size of the halogen, summarized in Figure 8. Computational re-
sults from dimeric models suggest that, in this motif, the EFG
eigenvector | V., | is oriented towards the halogen bond donor,
whereas the smallest component of the EFG tensor, |V,,], is
oriented towards the hydrogen bond. In these compounds,
the relative contribution to |V,,| from the halogen bond in-
creases in the order of CI~>Br~ > 17, in contrast to the relative
contributions to |V;;| from the hydrogen bond, in the order of
I">Br >Cl".

We speculate that the agreement between the experimental
and computational data reported in this work could be further
improved in the future by simultaneously invoking periodic
boundary conditions along with higher-level relativistic effects
while maintaining dispersion corrections.

Overall, this work demonstrates from crystal engineering
and multinuclear solid-state magnetic resonance perspectives
the relative influences and roles of halogen and hydrogen
bonds. In the case of the former, the interplay of the two inter-
actions resulted in a range of supramolecular architectures
ranging from triangles to dimers to open chains and supra-
molecular wavy ribbons. From the solid-state NMR perspective,
interaction tensor magnitudes and orientations have been
demonstrated to be exquisitely sensitive to the two types of
interactions and the role of different halogen bond donor moi-
eties in determining the NMR response has been elucidated.

Experimental Section

2-Ethynylpyridine (98%), 3-ethynylpyridine (98%), phosphorus
pentoxide (98%), anhydrous calcium chloride (96+ %), aqueous
HBr (42%), and aqueous HI (57 %) were purchased from Sigma Al-
drich and used without further purification. Aqueous HCI (38%)
and all solvents were purchased from Fisher Scientific. 2-lodoethy-
nylpyridine® and 3-iodoethynylpyridine were synthesized using a
literature procedure.® [3-iodoethynylpyridine: '"H NMR ([D,]JMeOH,
TMS, 300 MHz) 8.56, 8.47, 7.85, 7.40 ppm; "*C NMR ([D,JMeOH, TMS,
300 MHz) 153.2, 149.3, 141.2, 124.9, 122.7, 90.4, 17.6 ppm. HREI-MS:

m/z elemental analysis calcd (%) for C;H,IN [M]* : 228.938, found:
228.939]

The hydrohalide salts of 2-IEP and 3-IEP were produced by dissolv-
ing the appropriate compound in anhydrous ether and bubbling
the hydrohalic acid gas through the solution. The HCI gas was gen-
erated by dropping hydrochloric acid on anhydrous CaCl,. The HBr
and HI gasses were generated by dropping hydrobromic acid or
hydroiodic acid solution onto powdered phosphorus pentoxide. All
gaseous acids were bubbled into the ether solution using a flow of
argon, and the product precipitated immediately. Lower yields
were obtained for the HBr and HI samples, perhaps due to the un-
stable nature of the acid in the gas phase. The product was filtered
and dried. The neutral compounds were recrystallized from aceto-
nitrile. All halide salts were recrystallized from methanol. Phase
purity was verified by powder X-ray diffraction on a Rigaku Ultima
IV instrument with a 26 ranging from 5° to 65° at a rate of 1° per
minute using CuKoa radiation. All yields, melting points, and
powder X-ray diffractograms may be found in the Supporting In-
formation.

'H solid-state NMR spectroscopy

All "H SSNMR experiments were performed in a magnetic field of
21.1 T using a Bruker 2.5 mm HX probe and a Bruker Avance Il
spectrometer. A rotor synchronized Hahn echo (m/2—t—n—acq)
was used in all cases, with a /2 pulse of 2.5 us. A MAS rate of
31.25 kHz was used for the chloride and bromide samples, whereas
in the cases of the iodide samples, a spinning speed of 20 kHz was
used. A recycle delay of 360 s was used in all cases, and 8 transi-
ents were acquired.

3C solid-state NMR spectroscopy

All *C CP/MAS SSNMR experiments were performed in a magnetic
field of 9.4 T (v (*C)=100.6 MHz) using a Bruker 4 mm HXY probe
and a Bruker Avance lll NMR spectrometer. '"H—"3C CP was used
with a 4.6 us proton m/2 pulse, a 2000 us contact time, and a
54.3 kHz 'H decoupling frequency. >C chemical shifts were refer-
enced to glycine at 176.6 ppm ("*C=0) relative to tetramethylsilane
(TMS). Variable spinning speeds were used to separate the spin-
ning sidebands from the isotropic peaks, whereas in the cases of
the iodide salts, slower spinning speeds were used to prevent
sample decomposition. Further information, such as spinning
speeds and the number of scans may be found in Table S2.

3(l solid-state NMR spectroscopy

Static *Cl SSNMR spectroscopy was performed in a magnetic field
of 21.1 T on a Bruker Avance Il NMR spectrometer, using a home-
built probe with a 4 mm coil. A quadrupolar echo sequence was
used (m/2—t—m/2—acq) was used with a 3 us /2 pulse and a
66 us echo delay. A total of 2048 transients were collected for 2-
IEP-HCI, and 3072 transients were collected for 3-IEP-HCI. MAS ex-
periments were performed using a Bruker 2.5 mm probe, spinning
at 31.25 kHz, and using a rotor synchronized quadrupolar echo. A
total of 20480 transients were collected for 2-IEP-HCl and 18432
transients were collected for 3-IEP-HCL. In all cases, a recycle delay
of 3's was used. All *Cl NMR spectra are referenced to NaCl(s) at
—41.11 ppm.®? The static *Cl spectra were fit using QUEST,*
whereas the 3*Cl MAS spectra were fit with WSolids.”? The Euler
angles follow the passive ZYZ convention,® specified within
QUEST®® and WSOLIDS.”?



781y solid-state NMR spectroscopy

Static "°Br and ®'Br SSNMR was performed at 21.1 T on a Bruker
Avance Il NMR spectrometer, using a homebuilt probe with a
5 mm coil. The ®'Br acquisition was performed using a quadrupolar
echo sequence (t/2—7—mn/2—acq) with a 0.5 us /2 pulse and a
28.5 us echo delay with continuous wave proton decoupling, and
using a variable-offset cumulative spectral (VOCS)® acquisition
method with offset changes of +/—500 kHz and 24576 transients.
All ®'Br spectra were processed, and then coadded in the frequen-
cy domain to yield the full spectrum. All "®'Br spectra were fit
using QUEST® The "Br acquisitions were performed using
WURST-QCPMG,® with 10 us pulse lengths, 2 MHz pulse bandwidth
sweep from low to high frequency, acquiring 64 echoes with a
10 kHz spikelet separation (8 us pulse ringdown, 70 us echo time),
and continuous wave proton decoupling. For both compounds,
variable-offset cumulative spectral (VOCS)® acquisition method
was used with offset changes of +/—500 kHz with a total of 2048
transients per spectrum. A total of five subspectra were acquired
for each sample, processed, and then coadded in the frequency
domain to yield the full spectrum. In all cases, a recycle delay of
0.5 s was used. The °Br and ®'Br spectra were referenced to KBr(s)
at 54.31 ppm and 54.51 ppm, respectively.®™® The Euler angles
follow the passive ZYZ convention,® specified within QUEST®®
and WSOLIDS."?

Computational details

All DFT and NLMO calculations were performed using the Amster-
dam Density Functional software (ADF, 2016)®°" using the revised
GGA exchange-correlation functional (revPBE) of Zhang and
Yang.®? Models for each compound were generated using Gauss-
View, with atomic positions taken from the crystal structure. The
models of 2-IEP-HCI, 2-IEP-HBr, 3-IEP-HBr, and 3-IEP-HI consisted of
charged dimers. A theoretical model of the 2-IEP-HI dimer was
built using the atomic coordinates from the 2-IEP-HBr dimer. In the
case of 2-IEP, 3-IEP, 3-IEP-HCI, and 2-IEP-HI;, the models included
the halogen bond moiety and all interacting molecules. The geom-
etry optimizations were performed using ADF, accounting for rela-
tivistic effects (ZORA) and dispersion forces using Grimme3
BJDAMP.”* All compounds were optimized using the TZP basis set,
with the exception of 2-IEP-HBr and the theoretical model of 2-
IEP-HI, which were optimized using the TZ2P basis set. The geome-
try optimization of 2-IEP was performed using only two molecules
from the trimer, whereas the geometry optimization of 3-IEP-HCI
was performed using the atomic coordinates from 3-IEP-HBr due to
convergence difficulties. All NMR calculations were performed
using experimental Cartesian coordinates and subsequently on ge-
ometry optimized structures. The magnetic shielding tensor and
EFG tensor calculations were performed using the TZ2P basis set.
Scalar and spin-orbit relativistic effects were accounted for using
the zeroth-order regular approximation (ZORA).*” 'H and ">C calcu-
lated shielding constants were converted to chemical shifts using
O, Vvalues of 26.293 ppm™®’ and 184.1 ppm,*® respectively. EFG-
Shield was used to extract the EFG tensor orientations.®”

X-ray crystallography

Crystals of 2-IEP-HCI, 2-IEP-HBr, 2-IEP-HI;, 3-IEP, 3-IEP-HCI, 3-IEP-HBEr,
and 3-IEP-HI were mounted on thin glass fibres using paraffin oil.
Prior to data collection, the crystals were cooled to 200(2) K. The
data were collected on Bruker AXS single-crystal diffractometer
equipped with a sealed Mo tube (wavelength 0.71073 A) and APEX
Il CCD detector. The raw data collection and reduction were done

with the Bruker APEX Il software package.””’ Semi-empirical ab-

sorption corrections based on equivalent reflections were applied
with TWINABS®® to 2-IEP-HI, (twinned data) and SADABS®” for
other datasets. Systematic absences in the diffraction dataset and
unit cell parameters were consistent with triclinic P1 (#2) space
group for 3-lEP-HBr, 3-IEP-HI, 2-IEP-HBr, 2-IEP-HCI, monoclinic P2/c
(#13) for 3-IEP-HCI, monoclinic P2,/c (#14) for 2-IEP-HI;, and ortho-
rhombic Pbcn (#60) for 3-IEP. The structures were solved by direct
methods and refined with full-matrix least-squares procedures
based on F2, using SHELXL'® and WinGX."®" All non-H atoms
were refined anisotropically. The hydrogen atoms bonded to the
nitrogen (H(1) in 3-IEP-HCI, H(1) in 3-IEP-HBr, H(1) in 3-IEP-HI, H(1A)
in 2-IEP-HBr, H(1A) in 2-IEP-HCI) were located in the difference Four-
ier map, while the remaining hydrogen atoms were placed at ideal-
ized positions. An exception was 2-IEP-HI; where the H(1) atom
had to be refined as riding on a corresponding N(1) atom, because
of the hydrogen atom’s low 50% occupancy. DFIX restraint was ap-
plied to N-H bond distances in 3-IEP-HCI, 3-IEP-HI, 2-IEP-HBr, 2-
IEP-HCI. The isotropic displacement parameters U, of the hydro-
gen atoms were constrained at 1.2 Ueq of the “parent” N atoms in
3-IEP-HCI, 3-IEP-HI, 2-IEP-HI;; they were refined freely in 3-IEP-HBr, 2-
|IEP-HBr, 2-IEP-HCI. Displacement ellipsoid plots were produced
using ORTEP'™ and uncertainties were estimated using
PLATON."® CCDC 11827955-1827961, contain the supplementary
crystallographic data for this paper. These data are provided free
of charge by The Cambridge Crystallographic Data Centre.
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