
This is a self-archived version of an original article. This version 
may differ from the original in pagination and typographic details. 

Author(s): 

Title: 

Year: 

Version:

Copyright:

Rights:

Rights url: 

Please cite the original version:

CC BY 4.0

https://creativecommons.org/licenses/by/4.0/

Reactivity of 4-Aminopyridine with Halogens and Interhalogens : Weak Interactions
Supported Networks of 4-Aminopyridine and 4-Aminopyridinium

© 2019, American Chemical Society

Accepted version (Final draft)

Kukkonen, Esa Petteri; Malinen, Henri; Haukka, Matti; Konu, Jari

Kukkonen, E. P., Malinen, H., Haukka, M., & Konu, J. (2019). Reactivity of 4-Aminopyridine with
Halogens and Interhalogens : Weak Interactions Supported Networks of 4-Aminopyridine and 4-
Aminopyridinium. Crystal Growth and Design, 19(4), 2434-2445.
https://doi.org/10.1021/acs.cgd.9b00119

2019



Reactivity of 4‑Aminopyridine with Halogens and Interhalogens:
Weak Interactions Supported Networks of 4‑Aminopyridine and
4‑Aminopyridinium
Esa Kukkonen, Henri Malinen, Matti Haukka, and Jari Konu*

Department of Chemistry, University vof Jyvas̈kyla,̈ P.O. Box 35, Jyvas̈kyla ̈ FI-40014, Finland

*S Supporting Information

ABSTRACT: The reaction of 4-aminopyridine (4-AP) with
ICl in a 1:1 molar ratio in CH2Cl2 produced the expected
charge-transfer complex [4-NH2-1λ

4-C5H4N-1-ICl] (1·ICl)
and the ionic species [(4-NH2-1λ

4-C5H4N)2-1μ-I
+][Cl−] (2·

Cl−) in a 2:1 relation, as indicated by 1H NMR spectroscopy
in solution. In contrast, only the ionic compound [(4-NH2-
1λ4-C5H4N)2-1μ-I

+][IBr2
−] (2·IBr2

−) was observed in the
analogous reaction with IBr. The reaction between 4-AP and
I2 in a 1:1 molar ratio also afforded two components, one of
which was identified as the congeneric cation in [(4-NH2-1λ

4-
C5H4N)2-1μ-I

+][I7
−] (2·I7

−) that contains a polyiodide anion
as a result of transformation in a 1:2 molar ratio between the
starting materials. In all of these ionic products, the crystal
structures feature an iodonium ion, I+, trapped between two 4-AP rings through N···I+···N contact. Surprisingly, the reaction of
4-AP with Br2 in CH2Cl2 resulted in an immediate protonation of the 4-aminopyridine (1H NMR) and [4-NH2-1λ

4-C5H4N-1-
H+][Br−] (3·Br−) was characterized as the main product. A subsequent peculiar bromination−dimerization process afforded the
novel pyridyl-pyridinium cations {3,3′,5′-Br3-1λ4-[1,2′-(C5H4N)2]-4,4′-(NH2)2}

+[X−] (4·Br−, 4·Br3
−) and {3′,5′-Br2-1λ4-[1,2′-

(C5H4N)2]-4,4′-(NH2)2}
+[X−] (5·Br−, 5·Br3

−). Compounds 1−5 as well as two protonated species, [4-NH2-1λ
4-C5H4N-1-

H+]2[Cl
−][I3

−] (32·Cl
−·I3

−) and [(4-NH2-1λ
4-C5H4N)2-1μ-H

+][I−] (6·I−), all display extended 3D networks supported by
halogen and hydrogen bonding in the solid state.

■ INTRODUCTION
The halogen bond (XB) was first discovered in 1863,1 some 50
years before its conceptual congener, the hydrogen bond.2

While the latter concept has drawn significantly more attention
during the last century, the past few decades have also
witnessed increasing interest toward both theoretical3−10 and
practical aspects of XB, especially through utilization of
halogen bonds in building functional materials.11−19 Accord-
ingly, numerous applications in a variety of fields such as ion
recognition,20−26 optical materials,27−30 organic synthesis and
catalysis,31 medicinal chemistry,32−37 and crystal engineering
and supramolecular chemistry38−43 have been reported. It is
evident that the halogen-bonding concept has grown from
infancy to maturity. Owing to the versatility of adjustable
properties, for example the directionality and strength of XB,
halogen bonding has the potential to become as widely used a
chemical tool as hydrogen bonding.
IUPAC’s recent definition for the halogen bond describes it

as an interaction between an electrophilic region of a polarized
halogen atom (XB donor) and a nucleophilic region of
another, or the same, molecular entity (XB acceptor).44

Effectively this means that, somewhat counterintuitively, the
XB donor (halogen atom) acts as the e− acceptor and the XB
acceptor is the e− donor. Although the XB interaction is often

considered to be primarily electrostatic in nature, the definition
includes virtually all noncovalent electron donor−acceptor
connections involving halogen atoms: for example, charge-
transfer contacts and dispersion forces. Molecular properties of
the XB components (electron delocalization, exchange
repulsion, polarization, etc. of the XB donors and acceptors)
are also contributing factors to the nature of halogen
bonds.7,45,46 Similarly to the perfluorohalocarbons, another
widely used group of halogen compounds,47 dihalogens (X2)
can act as halogen bond donors. In the case of X2, the
formation of a halogen bond is often understood as a charge-
transfer process in which the XB acceptor donates electron
density to the σ* orbital of the X2 molecule, providing the
attractive electrostatic interaction between the XB compo-
nents. At the very least the XB contact results in polarization
and weakening in the X−X bond of dihalogen, but even
heterolytic cleavage with the formation of ion pairs (X+/X−

containing units) is commonly observed. Stabilization of the
consequent halonium cation (X+) typically requires the
presence of two (or more) XB acceptors such as in the
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classical example of iodonium cation trapped between two
pyridine nitrogen donors through N···I+···N contacts.48 Recent
studies suggest that the N···X+···N arrangement is comprised of
a three-center−four-electron bond49 that also can be utilized as
useful XB donors.38−43

Halogen-bonded systems with X2 molecules and charge
distribution in X2 and polyhalides have been extensively
investigated.50−57 However, to our knowledge systematic
studies of the effect of charge distribution in dihalogens on
the formation of halogen bonds are virtually nonexistent.58 In
this connection, we describe here our investigations of the
reactions between 4-aminopyridine (4-AP) and heavier
halogens and interhalogens, namely ICl, IBr, Br2, and I2,
conducted in CH2Cl2. The reactions were monitored by 1H
NMR spectroscopy in solution, and the formation (Scheme 1)
and single-crystal X-ray structures of [4-NH2-1λ

4-C5H4N-1-
ICl] (1·ICl), [(4-NH2-1λ

4-C5H4N)2-1μ-I
+][Cl−] (2·Cl−), [(4-

NH2-1λ
4-C5H4N)2-1μ-I

+][IBr2
−] (2·IBr2

−), [(4-NH2-1λ
4-

C5H4N)2-1μ-I
+][I7

−] (2·I7
−), [4-NH2-1λ

4-C5H4N-1-H
+][Br−]

(3·Br−), [4-NH2-1λ
4-C5H4N-1-H

+]2[Cl
−][I3

−] (32·Cl
−·I3

−),
{3,3′,5′-Br3-1λ4-[1,2′-(C5H4N)2]-4,4′-(NH2)2}

+[X−] (4·Br−,
4 ·Br3

−) and {3 ′ ,5 ′ -Br2-1λ 4 -[1 ,2 ′ -(C5H4N)2]-4 ,4 ′ -
(NH2)2}

+[X−] (5·Br−, 5·Br3
−) and [(4-NH2-1λ

4-C5H4N)2-
1μ-H+][I−] (6·I−), as well as the main features of the halogen-
and hydrogen-bonding-supported extended 3D networks, are
discussed.

■ EXPERIMENTAL METHODS
Reagents and General Procedures. The reactions were carried

out in air. All of the starting materials and solvents were purchased
from commercial sources. Solvents were dried over 3 Å molecular
sieves, and the remaining reagents were used without further
purification: 4-aminopyridine (Aldrich, 98%), iodine monochloride

(Aldrich, 98%), iodine monobromide (Aldrich, 98%), iodine (Merck,
99.999%), bromine (Fluka, >99%), MeCN (VWR Chemicals, 99.9%),
Et2O (Aldrich, >99.8%), CH2Cl2 (VWR Chemicals, 99%), hexanes
(VWR Chemicals, 99%), THF (Aldrich, >99.9%), and toluene
(Aldrich, >99.5%). Elemental analyses were performed by analytical
services at the Department of Chemistry, University of Jyvas̈kyla.̈

Spectroscopic Methods. The 1H NMR spectra were obtained in
CD3CN at 30 °C and at −20 °C (ICl and IBr reactions only) on
Bruker Avance III 300 and Bruker Avance III 500 spectrometers
operating at 300.15 and 500.13 MHz, respectively. 1H NMR spectra
are referenced to the solvent signal, and the chemical shifts are
reported relative to (CH3)4Si.

X-ray Crystallography. Crystallographic data for compounds 1·
ICl and 2·Cl−, 2·Cl−, 2·IBr2

−·mono, 2·IBr2
−·ortho, 32·Cl

−·I3
−, 3·Br−·

CH2Cl2, 4·Br
−, 4·Br3

−, 5·Br−, 5·Br3
−, 2·I7

−, and 6·I− are summarized
in Tables S1 and S2 in the Supporting Information. Crystals were
coated with FomblinY oil and mounted on a MiTeGen loop.
Diffraction data were collected on an Agilent SuperNova Dual Source
diffractometer equipped with Atlas CCD area detector using graphite-
monochromatized Cu Kα radiation (λ = 1.54184 Å; 1·ICl and 2·Cl−,
32·Cl−·I3−, 2·IBr2−·mono, 2·IBr2−·ortho, 3·Br−·CH2Cl2, 4·Br−, 4·Br3−,
5·Br−, 5·Br3−, and 6·I−) or Mo Kα radiation (λ = 0.71073 Å; 2·Cl−

and 2·I7−) at −150 °C. The data were processed by applying Gaussian
absorption correction for compounds 2·Cl−, 2·IBr2

−·ortho, and 6·I−

and by performing analytical numeric absorption correction for
compounds 1·ICl and 2·Cl−, 32·Cl

−·I3
−, 2·IBr2

−·mono, 4·Br−, 4·Br3
−,

5·Br−, 5·Br3
−, and 2·I7

− using a multifaceted crystal with the
CrysAlisPro program.59 All structures were solved by direct methods
with SHELXS or SHELXT and refined by using SHELXL
implemented in the Olex2 program package.60,61 After full-matrix
least-squares refinement of the non-hydrogen atoms with anisotropic
thermal parameters, the carbon-bound hydrogen atoms were placed in
calculated positions (C−H = 0.93 Å). The nitrogen-bonded H atoms
were located from the difference Fourier map for compounds 1·ICl
and 2·Cl−, 2·Cl−, 2·IBr2−·mono, 2·IBr2−·ortho, 4·Br−, 5·Br3−, 2·I7−,
and 6·I−, while for compounds 32·Cl−·I3−, 4·Br3−, and 5·Br− the
−NH2 hydrogens were calculated (N−H = 0.86 Å). The isotropic

Scheme 1. Reactions of 4-Aminopyridine (4-AP) with ICl, IBr, Br2, and I2 in CH2Cl2
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thermal parameters of the calculated hydrogen atoms were fixed at 1.2
times that of the corresponding carbon or nitrogen. In the final
refinement, the calculated hydrogen atoms were riding on their
respective carbon or nitrogen atoms, and the −NH2 hydrogens
located in the difference Fourier map were refined as isotropic with
case-specific restrictions in the N−H bond distances.
Reaction of 4-AP with ICl in 1:1 Molar Ratio. A solution of ICl

(0.162 g, 1.00 mmol) in 10 mL of CH2Cl2 was added dropwise to a
solution of 4-AP (0.094 g, 1.00 mmol) in 10 mL of CH2Cl2 at 23 °C.
The reaction mixture was stirred for 2 h, giving a red solution and a
pale red precipitate. The solvent was decanted, and the solid product
was dried under vacuum to afford 0.115 g of a red powder (45%,
calculated as an equimolar mixture of the starting materials). The
solvent portion was evaporated and dried under vacuum, giving a
brown powder (0.051 g) that was shown by 1H NMR spectroscopy to
contain primarily only one of the products observed in the initial
powder (1H NMR of the solvent portion (CD3CN, 30 °C): δ 8.04
[m, 2H, −C5H4N], δ 6.56 [m, 2H, −C5H4N], δ 5.76 [s, br, 2H,
−NH2]). Anal. Calcd for C20H24N8Cl3I3 (calculated as a 2:1 mixture
of [4-NH2-1λ

4-C5H4N-1-ICl] (1·ICl) and [(4-NH2-1λ
4-C5H4N)2-1μ-

I+][Cl−] (2·Cl−)): C, 27.82; H, 2.80; N, 12.98. Found: C, 27.64; H,
2.83; N, 13.10. 1H NMR of the initial powder (CD3CN, 30 °C): δ
8.06 [m, 4H, −C5H4N], δ 6.58 [m, 4H, −C5H4N], δ 5.72 [s, br, 2H,
−NH2], δ 5.32 [s, br, 2H, −NH2].

1H NMR of the initial powder
(CD3CN, −20 °C): δ 8.06 [m, 2H, −C5H4N], δ 7.98 [m, 2H,
−C5H4N], δ 6.61 [m, 2H, −C5H4N], δ 6.52 [m, 2H, −C5H4N], δ
5.88 [s, br, 2H, −NH2], δ 5.53 [s, br, 2H, −NH2]. X-ray-quality
crystals of cocrystalline [4-NH2-1λ

4-C5H4N-1-ICl] (1·ICl) and [(4-
NH2-1λ

4-C5H4N)2-1μ-I
+][Cl−] (2·Cl−) in a 1:1 molar ratio were

obtained by slow evaporation of an MeCN solution at 23 °C. The
crystals containing solely [(4-NH2-1λ

4-C5H4N)2-1μ-I
+][Cl−] (2·Cl−)

were grown by diffusion from an MeCN solution layered with Et2O.
Extended crystallization time afforded protonation of the 4-amino-
pyridine; the crystals of [(4-NH2-1λ

4-C5H4N-1-H)
+]2[Cl

−][I3
−] (32·

Cl−·I3
−) were obtained by evaporation of a toluene solution at 23 °C.

Reaction of 4-AP with IBr in 1:1 Molar Ratio. A solution of IBr
(0.207 g, 1.00 mmol) in 10 mL of CH2Cl2 was added dropwise to a
solution of 4-AP (0.094 g, 1.00 mmol) in 5 mL of CH2Cl2 at 23 °C.
The resulting orange reaction mixture was stirred for 2 h. The solvent
was decanted, and the solid product was dried under vacuum to afford
a pale orange powder. The solvent portion was allowed to evaporate
under ambient conditions over a period of 3 days, giving an orange
powder that was shown by NMR spectroscopy to be identical with
that of the solution portion (combined yield 0.237 g, 79%, calculated
as an equimolar mixture of the starting materials). Anal. Calcd for
C5H6N2BrI: C, 19.96; H, 2.01; N, 9.31. Found: C, 19.91; H, 2.13; N,
9.40. 1H NMR (CD3CN, 30 °C): δ 8.05 [s, br, 2H, −C5H4N], δ 6.57
[s, br, 2H, −C5H4N], δ 5.83 [s, br, 1H, −NH2], δ 5.70 [s, br, 1H,
−NH2].

1H NMR (CD3CN, −20 °C): δ 8.03 [m, 2H, −C5H4N], δ
6.54 [m, 2H, −C5H4N], δ 5.93 [s, br, 1H, −NH2], δ 5.83 [s, br, 1H,
−NH2]. X-ray-quality crystals of two polymorphs of [(4-NH2-1λ

4-
C5H4N)2-1μ-I

+][IBr2
−] (2·IBr2

−) (monoclinic and orthorhombic; 2·
IBr2

−·mono, 2·IBr2−·ortho) were both obtained by slow evaporation
of a CH2Cl2 solution at 23 °C.
Reaction of 4-AP with Br2 in 1:1 Molar Ratio. A solution of Br2

(0.052 mL, 0.160 g, 1.00 mmol) in 5 mL of CH2Cl2 was added
dropwise to a solution of 4-AP (0.094 g, 1.00 mmol) in 5 mL of
CH2Cl2 at 23 °C. The reaction mixture was stirred for 2 h, giving an
orange solution and a yellow precipitate. The solvent was decanted,
and the solid product was dried under vacuum to afford an orange-
yellow powder (0.187 g, 74%, calculated as a 1:1 adduct of the starting
materials). Anal. Calcd for C20H28N8Br10: C, 20.37; H, 2.39; N, 9.50.
Found: C, 19.99; H, 2.21; N, 9.67. 1H NMR (CD3CN, 30 °C): δ
11.29 [m, br, 1H, C5H4NH

+], δ 7.94 [m, 2H, C5H4NH
+], δ 6.85 [m,

2H, C5H4NH
+], δ 6.60 [s, br, 2H, −NH2]. X-ray-quality crystals of the

initial main product, [4-NH2-1λ
4-C5H4N-1-H

+][Br−] (3·Br−), were
obtained by slow diffusion from THF solution layered with CH2Cl2 at
23 °C. Longer crystallization times resulted in the formation of
brominated pyridyl-pyridinium cations: tribromides {3,3′,5′-Br3-1λ4-
[1,2′-(C5H4N)2]-4,4′-(NH2)2}

+[X−] (4·Br−, 4·Br3−) by slow evapo-

ration of MeCN (4·Br−) and CH2Cl2 (4·Br3−) solutions and
dibromides {3′,5′-Br2-1λ4-[1,2′-(C5H4N)2]-4,4′-(NH2)2}

+[X−] (5·
Br−, 5·Br3−) by slow diffusion from an MeCN solution layered with
Et2O (5·Br−) and a CH2Cl2 solution layered with hexanes (5·Br3

−) at
23 °C.

Reaction of 4-AP with I2 in 1:1 Molar Ratio. A solution of I2
(0.254 g, 1.00 mmol) in 10 mL of CH2Cl2 was added dropwise to a
solution of 4-AP (0.094 g, 1.00 mmol) in 5 mL of CH2Cl2 at 23 °C.
The reaction mixture was stirred for 2 h, giving a brownish yellow
solution and a brown precipitate. The solvent was decanted, and the
product was dried under vacuum to afford a brown powder (0.215 g,
62%, calculated as a 1:1 adduct of the starting materials). Anal. Calcd
for C5H6N2I2: C, 17.26; H, 1.74; N, 8.05. Found: C, 17.03; H, 1.86;
N, 8.07. 1H NMR (CD3CN, 30 °C): δ 8.05 [m, 2H, C5H4N], 8.01
[m, 2H, C5H4N], δ 6.57 [m, 4H, C5H4N], δ 5.83 [s, br, 2H, −NH2], δ
5.51 [s, br, 2H, −NH2]. Prolonged crystallization times resulted in the
formation of protonated 4-aminopyridines that were not detectable in
the initial product (1H NMR). X-ray-quality crystals of [(4-NH2-1λ

4-
C5H4N)2-1μ-H

+][I−] (6·I−) were obtained by slow evaporation (ca. 8
days) of a CH2Cl2 solution at 23 °C. Also, crystals of the previously
determined salt of the 4-aminopyridinium species [4-NH2-1λ

4-
C5H4N-1-H

+]2[I
−][I3

−] (32·I
−·I3

−; structure code WULTEE in the
CSD database)62 were detected on the basis of the unit cell
measurements.

Reaction of 4-AP with I2 in 1:2 Molar Ratio. Due to the
apparent two products from the reaction of 4-AP and I2 in a 1:1 molar
ratio (as indicated by NMR spectroscopy), the reaction was repeated
in a 1:2 molar ratio. A solution of 4-AP (0.047 g, 0.50 mmol) in 10
mL of CH2Cl2 was added dropwise to a solution of I2 (0.254 g, 1.00
mmol) in 10 mL of CH2Cl2 at 23 °C. The reaction mixture was
stirred for 2 h, giving a red solution and a dark brown precipitate.
Solvent was evaporated under vacuum to afford a dark red powder
(0.263 g, 87%). Anal. Calcd for C5H6N2I4: C, 9.98; H, 1.01; N, 4.66.
Found: C, 10.72; H, 1.32; N, 4.98. 1H NMR (CD3CN, 30 °C): δ 8.04
[m, 2H, C5H4N], 6.59 [m, 2H, C5H4N], δ 5.82 [s, br, 2H, −NH2]. X-
ray-quality crystals of [(4-NH2-1λ

4-C5H4N)2-1μ-I
+][I7

−] (2·I7−) were
obtained by slow evaporation from a CH2Cl2 solution at 23 °C.

■ RESULTS AND DISCUSSION

Reaction of 4-AP with ICl: Formation and Structural
Characterization of [4-NH2-1λ

4-C5H4N-1-ICl] (1·ICl), [(4-
NH2-1λ

4-C5H4N)2-1-μ-I
+][Cl−] (2·Cl−), and [(4-NH2-1λ

4-
C5H4N-1-H)

+]2[Cl
−][I3

−] (32·Cl−·I3−). The reaction of 4-AP
with 1 equiv of ICl was carried out in CH2Cl2 to afford a red
solution and pale red precipitate. The 1H NMR spectrum of
the initial powder in CD3CN at 30 °C displays two sets of
multiplets arising from the pyridine hydrogens in the range of
6.58−8.06 ppm as well as two singlets at δ 5.32 and 5.72 for
the amine groups in an approximate ratio of 4:4:2:2 (Figure
S3). At −20 °C, the signals in the range of 6.58−8.06 ppm
show further splitting into four multiplets, while the singlets
arising from NH2 groups remain unchanged, giving six signals
in equal intensity altogether (Figure S4). Consequently, the 1H
NMR data suggest the presence of two independent 4-AP units
in the initial reaction powder. Workup of the solution portion
(see Experimental Methods) resulted in a brown solid which,
on the basis of the 1H NMR spectrum, contained primarily
only one of the products observed in the powder portion.
Crystallization efforts of the initial pale red powder in

various organic solvents (see Experimental Methods) afforded
three different sets of crystals: (1) a structure consisting of a
mixture of direct charge-transfer adduct between 4-AP and ICl,
[4-NH2-1λ

4-C5H4N-1-ICl] (1·ICl), and an ionic compound in
which the I+ cation is trapped between two 4-AP units through
N···I+···N contacts, [(4-NH2-1λ

4-C5H4N)2-1μ-I
+][Cl−] (2·

Cl−), both in the same crystal lattice (Figure 1a,b), (2) a

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.9b00119
Cryst. Growth Des. 2019, 19, 2434−2445

2436

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00119/suppl_file/cg9b00119_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00119/suppl_file/cg9b00119_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00119/suppl_file/cg9b00119_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.9b00119


structure containing solely the I+/Cl− ion pair in 2·Cl− (Figure
2), and (3) a protonated 4-AP cation with Cl− and I3

−

counterions in [(4-NH2-1λ
4-C5H4N-1-H)

+]2[Cl
−][I3

−] (32·
Cl−·I3

−, Figure 3). While the formation of both 1·ICl and 2·
Cl− is consistent with the observed 1H NMR spectrum of the
pale red powder, no protonation of 4-AP is evident in the
initial product. Therefore, the appearance of 32·Cl

−·I3
− is likely

a result of the prolonged crystallization process (Scheme 1).
Furthermore, elemental analysis suggests a 2:1 molar ratio
between the adduct 1·ICl and the ionic form 2·Cl−, which is in
excellent correspondence with the NMR spectroscopic data;
the 1H NMR spectrum of the pale red powder displays a 1:1
intensity ratio for the two independent −NH2 singlets arising
from the 2:1 molar ratio of 1·ICl and 2·Cl− due to the one 4-
AP unit in the former compound and two 4-AP molecules in
the latter compound. Taken together, these data indicate that
the equimolar reaction between 4-AP and ICl in CH2Cl2 in
fact takes place in a 3:2 molar ratio initially. However, as
evidenced by the single crystals containing only the ionic form
2·Cl−, the reaction likely does eventually proceed to create the
I+/Cl− ion pair and the compound 2·Cl− as the final product.
The unusual combination of the charge-transfer compound

1·ICl and the N···I+···N-bridged 2·Cl− crystallizes in the
centrosymmetric space group P21/c in an equimolar ratio of
the two constituents (Figure 1). The two components are
organized rather randomly in discrete strands of 1·ICl and 2·

Figure 1. Crystal structure of the cocrystalline 1·ICl and 2·Cl−

showing NH···Cl contacts of (a) the charge-transfer unit and (b)
the Cl− anion. Symmetry operations: (A) 1 − x, 0.5 + y, 2.5 − z; (B)
1 + x, 0.5 − y, 0.5 + z; (C) −x, −y, 2 − z; (D) 1 + x, y, 1 + y.

Figure 2. (a) Part of a single strand in 2·Cl− and (b) a space-filling
depiction showing the perpendicular formation of strands through
NH···Cl interactions (van der Waals radii used (in Å): I, 1.98; N,
1.55; C, 1.70; H, 1.20; Cl, 1.75).

Figure 3. Crystal structure of 32·Cl−·I3− showing NH···Cl and NH···I
contacts. Symmetry operations: (A) −1 − x, −y, −z; (B) −1 − x, 0.5
+ y, −0.5 − z; (C) x, 0.5 − y, 0.5 + z; (D) −x, −y, −z; (E) x, y, −1 +
z, (F) x, 0.5 − y, −0.5 + z; (G) −x, 0.5 + y, 0.5 − z.
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Cl−, respectively, with two orientations for both compounds.
The two pyridine rings around the bridging N···I+···N unit in
2·Cl− are hinged close to 90° with respect to each other (cf.
Figure S1 in the Supporting Information). Overall, the crystal
packing is primarily guided by six discrete NH2···Cl hydrogen
bonds averaging at ca. 2.43 Å (d(Cl···N) = 3.284(5)−3.349(6)
Å, Table 1). The N···I+···N distances of 2.269(5) and 2.240(5)
Å in the ionic 2·Cl− are equal within the standard deviation
and, expectedly, they are somewhat longer than the
corresponding N5−I2 bond length of 2.186(5) Å in the
charge-transfer component 1·ICl (Table 1). The adjacent I2−
Cl2 contact in 1·ICl displays a distance of 2.634(1) Å. Both the
N5−I2−Cl2 unit in 1·ICl and the N1···I1···N3 portion of 2·
Cl− are nearly linear at 178.4(1) and 178.3(2)°, respectively.
The ionic N···I+···N bridging compound 2·Cl− was also

obtained as an independent species in tetragonal space group
I41/a after an extended crystallization period (Figure 2). This
centrosymmetric structure displays three discrete [(4-NH2-
1λ4-C5H4N)2-1μ-I

+][Cl−] ion pairs, one of which is created by
symmetry. The 2·Cl− units form a 2D network of cross-linking
strands (Figure 2b) through 10 discrete hydrogen bonds with
the amine NH2···Cl distances between 2.36(4) and 2.58(3) Å
(d(Cl···N) = 3.230(3)−3.352(3) Å, Table S4). In this
instance, the pyridine rings in the [(4-NH2-1λ

4-C5H4N)2-1μ-
I+] cations are nearly coplanar and the almost linear N···I+···N
contacts (177.2(1)−180°) show distances of 2.240(3)−
2.254(2) Å that are essentially equal with the corresponding
contacts in the 2·Cl− component of the cocrystalline structure
containing both 1·ICl and 2·Cl− (Table 1). A search of the
CSD database reveals 16 crystal structures of pyridine39 and
pyridine derivatives (including 2,4,6-Me3-PY,

63,64 2,6-Me2-
PY,65 4-Me2N-PY,

66 4-MeO-PY,43 and 4-CF3-PY
43) with

various counteranions containing the N···I+···N bridging unit
analogous to that in 2·Cl−. The pertinent bond parameters in
2·Cl− are essentially equal with those reported earlier and
support the description of a three-center−four-electron
bonding situation in the bridging N···I+···N unit.39,43,63−66

In an effort to evaluate the relative strengths of the N···I and
I···Cl contacts in 1·ICl and 2·Cl−, the RXB values for halogen
bond strength67−69 and the Pauling bond orders70 were
calculated (cf. selected values in square bracket in Table 1 and
a more comprehensive list in Table S3). The N···I+···N close
contacts in 2·Cl− exhibit RXB values of 0.64 and the Pauling
bond order averages 0.50, while the analogous values in 1·ICl
are 0.62 (RXB) and 0.62 (bo) for the N5−I2 bond and 0.71
(RXB) and 0.39 (bo) for the I2−Cl2 contact. All these values
are indicative of a bonding situation in which the (4-AP)N−
I(Cl) bond in 1·ICl is approaching a covalent single bond,
resulting in significant weakening of the adjacent, highly polar
I···Cl contact as is typical for a halogen bond.
Although the ionic compound 2·Cl− is likely the end

product from the reaction between 4-AP and ICl, a prolonged
crystallization time does result in protonation and formation of
[4-NH2-1λ

4-C5H4N-1-H
+]2[Cl

−][I3
−] (32·Cl

−·I3
−, Figure 3).

The crystal structure of 32·Cl
−·I3

− consists of two amino-
pyridinium cations and Cl− and I3

− counteranions. The ionic
compound crystallizes in the monoclinic space group P21/c,
and the extended 3D network is formed primarily through
weak NH···Cl hydrogen bonds (d(N···Cl) = 3.176(6)−
3.393(5) Å, Table S4) from both the −NH2 unit and the
protonated N atom of the pyridine ring. All of the NH···I close
contacts to the I3

− anion are relatively weak and likely mainly
created by the crystal-packing forces.

Table 1. Pertinent Bond Parameters and Close Contacts (in Å and deg) for the Cocrystalline [4-NH2-1λ
4-C5H4N-1-ICl] (1·

ICl), [(4-NH2-1λ
4-C5H4N)2-1μ-I

+][Cl−] (2·Cl−), [(4-NH2-1λ
4-C5H4N)2-1μ-I

+][Cl−] (2·Cl−), and [4-NH2-1λ
4-C5H4N-1-

H+]2[Cl
−][I3

−] (32·Cl−·I3−) from ICl Reactiona

1·ICl/2·Cl− b 2·Cl− 32·Cl−·I3−
c

N1···I1 2.269(5) [0.64, 0.48] N1···I1 2.250(3) [0.64, 0.51] N1···I1D 3.690(5)
N3···I1 2.240(5) [0.64, 0.52] N3···I1 2.246(3) [0.64, 0.51] N1···I3E 3.782(5)
N5−I2 2.186(5) [0.62, 0.62] N5···I2 2.254(2) [0.64, 0.50] N2···Cl1 3.275(5)
I2−Cl2 2.634(1) [0.71, 0.36] N7···I2 2.240(3) [0.64, 0.52] N2A···Cl1 3.272(5)
N2···Cl1 3.284(5) N4···Cl1 3.266(3) N3B···Cl1 3.176(6)
N4C···Cl1 3.340(6) N4···Cl2 3.279(3) N4···Cl1 3.314(6)
N6D···Cl1 3.276(5) N6···Cl1 3.230(3) N4C···Cl1 3.393(5)
N2A···Cl2 3.349(6) N6···Cl2 3.243(3) I1−I2 2.9557(3)
N6B···Cl2 3.328(6) I2−I3 2.9053(5)

N5−I2−Cl2 178.4(1) N1···I1···N3 177.2(1) I1−I2−I3 179.27(2)
N1···I1···N3 178.3(2) N5···I2···N7 177.8(1) N1···H···I1D 134.6
N2A···H2′···Cl2 158(7) N4···H4···Cl1 166(3) N1···H···I3E 130.7
N2···H2···Cl1 177(8) N4···H4′···Cl2 171(3) N2···H···Cl1 150.5
N4C···H4···Cl1 176(8) N6···H6···Cl1 163(3) N2A···H′···Cl1 161.9
N4D···H4′···Cl1 155(11) N4···H6′···Cl2 170(3) N3B···H···Cl1 125.7
N6B···H6···Cl2 163(6) N4···H···Cl1 152.8
N6D···H6’···Cl1 156(7) N4C···H’···Cl1 123.7

aRXB values (in italics) to evaluate the strength of halogen bonds and calculated bond orders are shown in brackets. RXB = dXB/(XvdW + BvdW),
where RXB = strength of XB, dXB = XB distance, and XvdW and BvdW = van der Waals radii of X and B, respectively.67−69 Bond orders were calculated
by the Pauling equation N = 10D−R/0.71,70 where R = the observed bond length (Å) and D = theoretical single-bond length estimated by the sums
of appropriate covalent radii (Å):71 N−I, 2.04; I−Cl, 2.32. bSymmetry operations: (A) 1 − x, 0.5 + y, 2.5 − z, (B) 1 + x, 0.5 − y, 0.5 + z; (C) −x,
−y, 2 − z; (D) 1 + x, y, 1 + y. cSymmetry operations: (A) −1 − x, −y, −z; (B) −1 − x, 0.5 + y, −0.5 − z; (C) x, 0.5 − y, 0.5 + z, (D) −x, −y, −z;
(E) x, y, −1 + z.
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Reaction of 4-AP with IBr: Formation and Structural
Characterization of Two Polymorphs of [(4-NH2-1λ

4-
C5H4N)2-1μ-I

+][IBr2
−] (2·IBr2−). The reaction of 4-AP and 1

equiv of IBr was carried out in CH2Cl2 to afford an orange
precipitate in good yield (79%). The 1H NMR spectrum of the
product in CD3CN at 30 °C displays two multiplets arising
from the pyridine hydrogens at 6.57 and 8.05 ppm as well as
two singlets at δ 5.70 and 5.83 for the amine groups in a
2:2:1:1 ratio (Figure S5). In contrast to the reaction with ICl,
no further splitting of the signals is observed at −20 °C (Figure
S6), therefore suggesting the formation of only one 4-AP ring
with two inequivalent hydrogen atoms in the −NH2 group on
the NMR time scale.
Consistently with the formation of 2·Cl−, crystallization of

the orange powder by slow evaporation of a CH2Cl2 solution
revealed the existence of the congeneric N···I+···N bridged

cation with a polyhalide counteranion in [(4-NH2-1λ
4-

C5H4N)2-1μ-I
+][IBr2

−] (2·IBr2
−, Figures 4 and 5). Two sets

of crystals with different morphologies were obtained, yellow
plates and orange block-shaped crystals, that were identified as
monoclinic and orthorhombic polymorphs of 2·IBr2

−,
respectively. In contrast to the reaction between 4-AP and
ICl, no charge-transfer product analogous to 1·ICl is
observable in the reaction with IBr in the solid state or in
solution (NMR spectroscopy). This is somewhat counter-
intuitive, given the higher polarity of ICl in comparison to IBr,
but can, possibly, be contributed to the easier formation of the
polyiodide anion IBr2

− and therefore faster ionization process
in the latter reaction (cf. Conclusions). Notably, recently
reported experiments performed under similar conditions
between the bare, unsubstituted pyridine and ICl or IBr
resulted in the isolation of only the simple adducts [C5H4N-1-
IX] (X = Cl, Br), without any evidence of ionization.72 A

Figure 4. Crystal structure of the monoclinic 2·IBr2−. Symmetry
operations: (A) 1 − x, y, 1 − z; (B) 2 − x, y, −1 − z; (C) 2 − x, y,
−z; (D) 2 − x,1 − y, −1 − z.

Figure 5. Crystal structure of the orthorhombic 2·IBr2
−. Symmetry

operations: (A) 0.75 − x, 0.75 − y, z; (B) x, 1.75 − y, 0.75 − z; (C)
0.75 − x, y, 0.75 − z.
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further literature survey on the reactions of pyridine derivatives
with dihalogens reveals a fine balance between charge-transfer
adducts similar to 1·ICl and the ionic species containing the
cation 2: while pyridine and pyridine derivatives 2,4,6-Me3-PY,
3-Br-PY, and 4-Me2N-PY prefer charge-transfer complexes, the
2,6-Me2-PY congener forms ionic species with the N···I+···N
unit similarly to 4-AP.72,73

The centrosymmetric, monoclinic polymorph of 2·IBr2
−

displays two parallel strands of the [(4-NH2-1λ
4-C5H4N)2-

1μ-I+] units which are separated by analogous, perpendicular
cations (Figure 4). The spatial arrangement of the components
takes place through weak NH···Br contacts (d(N···Br) =
3.693(7)−3.782(7) Å, Table 2) between the cations and IBr2

−

anions. Slight slippage of the layered strands prevents
significant π−π interactions between the 4-AP rings. The
orthorhombic polymorph of 2·IBr2

− (Figure 5) also crystallizes
in a centrosymmetric space group (Fddd). The NH···Br
connections are somewhat stronger than in the monoclinic
form with d(N···Br) = 3.589(6) and 3.593(6) Å. The N···I+···
N distances of 2.228(9)−2.244(5) Å as well as the linearity of
this unit (176.2(4)−180°) are analogous to those in 2·Cl−.
Unsurprisingly, the I−Br bond lengths (2.7309(6)−2.753(1)
Å) in both polymorphs of 2·IBr2

− show typical values for the
polyhalide anion.65

Reaction of 4-AP with Br2: Formation and Crystal
Structures of [4-NH2-1λ

4-C5H4N-1-H
+][Br−] (3·Br−),

{3,3′,5′-Br3-1λ4-[1,2′-(C5H4N)2]-4,4′-(NH2)2}
+[X−] (4·Br−,

4 ·Br3−), and {3′ ,5′-Br2-1λ4-[1,2′-(C5H4N)2]-4,4′-
(NH2)2}

+[X−] (5·Br−, 5·Br3−). The reaction of 4-AP with 1
equiv of Br2 was carried out in CH2Cl2 to afford a yellow
powder in good yield (74%, calculated as 3·Br−). The 1H
NMR spectrum of the product in CD3CN (Figure S7) displays
typical signal patterns for the pyridine hydrogens at 6.85 and
7.94 ppm and a singlet at 6.60 ppm for the amine group. In
addition, a broad multiplet at δ 11.29 with ca. half the intensity
in comparison to the other signals was observable in the 1H
NMR spectrum, suggesting that protonation of 4-AP has
occurred during the reaction.

Crystallization of the yellow product by slow diffusion of
THF solution layered with CH2Cl2 confirmed that, in contrast
to the reactions of 4-AP with interhalogens ICl and IBr, the
analogous mixture with Br2 results in an immediate
protonation of the 4-AP unit and formation of [4-NH2-1λ

4-
C5H4N-1-H

+][Br−] (3·Br−) as the primary product.74 The
crystal structure of 3·Br− is comprised of five discrete [4-NH2-
1λ4-C5H4N-1-H

+][Br−] ion pairs and two CH2Cl2 solvates
(Figure S2) with an extensive hydrogen-bonding network.
However, three of the cations 3 and both solvent molecules are
disordered, and a detailed structural discussion is therefore
ambiguous.
While the reason for the apparent propensity toward

protonation in the reaction with Br2 is not clear,74 further
reactivity of the 4-AP/Br2 mixture is evidenced by multiple
products obtained when the reaction mixture is left in solution
for 12−14 h. The 1H NMR spectra of the solution shows the
appearance of numerous signal patterns, especially in the
aromatic region. Subsequent crystallization efforts of the initial
yellow product revealed additional chemical transformations to
produce brominated pyridyl-pyridinium cations with either
two or three bromine substituents in the pyridine rings
(Scheme 1); single-crystal X-ray structures of {3,3′,5′-Br3-1λ4-
[1,2′-(C5H4N)2]-4,4′-(NH2)2}

+[X−] (4·Br−, 4·Br3
−) and

{3′,5′-Br2-1λ4-[1,2′-(C5H4N)2]-4,4′-(NH2)2}
+[X−] (5·Br−, 5·

Br3
−) were determined (Figure 6). In all the structures of 4

and 5 (with Br− and Br3
− counterions) a covalent N+−Cortho

bond has formed between two pyridine rings. The formally
neutral pyridyl ring is disubstituted with Br atoms in meta
positions in both ring systems 4 and 5, whereas the cationic
pyridinium unit is monobrominated in the meta position only
in the structures of pyridyl-pyridinium 4. The bond parameters
in 4 and 5 (Table 3) are comparable with those of similar,
although only monosubstituted (with -tBu, -NH2 and -S
groups), pyridyl-pyridinium cations reported previously.75−79

The previously reported [4-R-1λ4-1,2′-(C5H4N)2]
+ (R =

tBu, Me2N) cations comparable to 4 and 5 have been prepared
by a direct reaction between the appropriate pyridinium

Table 2. Pertinent Bond Parameters and Close Contacts (in Å and deg) for [(4-NH2-1λ
4-C5H4N)2-1μ-I

+][IBr2
−] (2·IBr2−·

mono and 2·IBr2−·ortho), [(4-NH2-1λ
4-C5H4N)2-1μ-I

+][I7
−] (2·I7−), and [(4-NH2-1λ

4-C5H4N)2-1μ-H
+][I−] (6·I−) from IBr

and I2 Reactions

2·IBr2−·monoa 2·IBr2−·ortho
b 2·I7−

c 6·I− d

N1···I1 2.242(7) N1···I1 2.244(5) N1···I1 2.243(5) N1···H1 1.32(5)
N3···I2 2.228(9) N2···Br1 3.589(6) N2···I2 3.974(6) N1···N3 2.662(5)
N2···Br1 3.693(7) N2···Br1C 3.593(6) N2···I3 3.711(6) N2···I1 3.731(4)
N2···Br2 3.782(7) Br1−I2 2.7309(6) N2···I5 3.962(6) N2···I1A 3.641(4)
N4···Br1 3.746(2) I2−I3 2.7535(6) N4···I1 3.667(4)
Br1−I3 2.710(1) I4−I5 2.9273(4) N4···I1A 3.684(4)
Br2−I4 2.753(1) I3···I4 3.2804(6)

N1···I1···N1A 179.0(3) N1···I1···N1A 176.4(2) N1···I1···N1A 180.0(2) N1···H1···N3 160.7
N3···I2···N3A 180 Br1−I2−Br1B 176.54(3) I4−I5−I4B 180.00(1) N2···H···I1 174(5)
Br1−I3−Br1C 178.5(1) N2···H···Br1 172(6) N2···H···I2 155(7) N2···H 165(5)
Br2−I4−Br2C 180.0(1) N2···H′···Br1C 140(6) N2···H···I3 131(8) N4···H′···I1A···I1 166(4)
N2···H···Br1 170(8) N2···H′···I5 152(6) N4···H′···I1A 165(4)
N2···H′···Br2 169(10) I3···I4−I5 90.61(1)

I2−I3···I4 171.58(2)
aSymmetry operations: (A) 1 − x, y, 1 − z; (B) 2 − x, y, −1 − z; (C) 2 − x, y, −z; (D) 2 − x, 1 − y, −1 − z. bSymmetry operations: (A) 0.75 − x,
0.75 − y, z; (B) x, 1.75 − y, 0.75 − z; (C) 0.75 − x, y, 0.75 − z. cSymmetry operations: (A) 2 − x, 1 − y, 2 − z; (B) −1 − x, 1 − y, 1 − z.
dSymmetry operations: (A) 0.5 − x, −1.5 + y, 1.5 − z; (B) 0.5 − x, 0.5 + y, 1.5 − z.
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derivative (triflate salt) and neutral pyridine under relatively
harsh conditions: a sealed vial under vacuum at 150 °C.76 It is
therefore somewhat surprising that the protonated 3·Br− reacts
further in CH2Cl2 at room temperature to produce pyridyl-
pyridinium cations 4 and 5. It is conceivable, however, that a
partial cleavage of HBr acid in the solution of 3·Br− affords a
mixture of both components, protonated and neutral 4-AP,
required for the direct synthesis of substituted pyridyl-
pyridinium cations. In addition, it has been reported that the
equimolar reaction between 2-AP and Br2 in the presence of
acetic acid results in bromination of the pyridine ring.80 In a
similar vein, the acidic condition due to the presence of HBr
could account for the bromination of 4-AP rings and formation
of cations 4 and 5 during an extended period in solution.

Reactions of 4-AP with I2: Formation and Structural
Characterization of [(4-NH2-1λ

4-C5H4N)2-1μ-I
+][I7

−] (2·
I7
−) and [(4-NH2-1λ

4-C5H4N)2-1μ-H
+][I−] (6·I−). The reac-

tion of 4-AP with 1 equiv of I2 was carried out in CH2Cl2,
affording a brown precipitate. The 1H NMR spectrum of the
product in CD3CN (Figure S8) displays four multiplets arising
from the pyridine hydrogens in the range of 6.57−8.05 ppm
and two singlets at δ 5.51 and 5.83 for the amine groups in
approximately equal ratio indicating two inequivalent 4-AP
components in solution. Owing to the two discrete 4-AP units
and, especially, the well-known ability of iodine to form
polyiodides, the reaction between 4-AP and I2 was also
performed in a 1:2 molar ratio under similar conditions. The
reaction produced a dark red powder, which displays signals at
5.82, 6.59, and 8.04 ppm in a 1:1:1 ratio in the 1H NMR
spectrum in CD3CN (Figure S9), suggesting the formation of
only one of the two compounds observed in the reaction in a
1:1 molar ratio as a pure product in good yield (87%).
Slow evaporation of the CH2Cl2 solution of the product

afforded dark red crystals that were determined as [(4-NH2-
1λ4-C5H4N)2-1μ-I

+][I7
−] (2·I7

−) by single-crystal X-ray
crystallography (Figure 7). Similarly to the reactions with
interhalogens ICl and IBr, the crystal structure of 2·I7

− exhibits
an ionic compound with an I+ cation trapped between two 4-
AP units through N···I+···N contacts and an I7

− polyiodide
counterion. The compound 2·I7

− displays symmetry centers
both in the cation (N···I+···N unit) and in the anion (central
I3
−). In the latter, the I2−I3 and I3−I4 bond lengths of

Figure 6. Crystal structures of (a) 4·Br3
−, (b) 4·Br−, (c) 5·Br3

−, and
(d) 5·Br−.

Table 3. Pertinent Bond Parameters and Close Contacts (in Å and deg) for {3,3′,5′-Br3-1λ4-[1,2′-(C5H4N)2]-4,4′-
(NH2)2}

+[X−] (4·Br−, 4·Br3−) and {3′,5′-Br2-1λ4-[1,2′-(C5H4N)2]-4,4′-(NH2)2}
+[X−] (5·Br−, 5·Br3−) from Br2 Reaction

4·Br− 4·Br3− 5·Br− a 5·Br3−
b

Br1−C9 1.894(6) Br1−C9 1.910(9) Br1−C9 1.898(5) Br1−C9 1.893(6)
Br2−C7 1.890(6) Br2−C7 1.920(9) Br2−C7 1.892(5) Br2−C7 1.901(6)
Br3−C4 1.873(6) Br3−C2 1.890(9) Br3···N2 3.388(4) Br3···N2 3.542(6)
Br4···N2 3.339(5) Br4···N2 3.404(9) Br3A···N2 3.426(5) Br5B···N2 3.461(6)
C3−C4−Br3 120.8(4) C1−C2−Br3 116.8(7)
C5−C4−Br3 117.1(4) C3−C2−Br3 120.1(7)
C6−C7−Br2 120.8(4) C6−C7−Br2 122.8(7) C6−C7−Br2 121.5(4) C6−C7−Br2 122.4(4)
C8−C7−Br2 119.0(4) C8−C7−Br2 115.5(7) C8−C7−Br2 118.8(4) C8−C7−Br2 117.5(4)
C8−C9−Br1 120.5(5) C8−C9−Br1 118.1(7) C8−C9−Br1 120.5(4) C8−C9−Br1 118.5(5)
C10−C9−Br1 118.6(4) C10−C9−Br1 118.4(7) C10−C9−Br1 117.7(4) C10−C9−Br1 120.6(5)
N2···H···Br4 167(8) N2···H···Br4 168.0 N2···H···Br3 155.5 N2···H···Br3 164(8)

N2···H′···Br3A 149.4 N2···H′···Br5B 139(10)

aSymmetry operations: (A) 1 − x, −0.5 + y, −0.5 − z (Br3A not shown in Figure 6d). bSymmetry operations: (B) 2 − x, 1 − y, 2 − z (Br5B not
shown in Figure 6c).

Crystal Growth & Design Article

DOI: 10.1021/acs.cgd.9b00119
Cryst. Growth Des. 2019, 19, 2434−2445

2441

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00119/suppl_file/cg9b00119_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00119/suppl_file/cg9b00119_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.9b00119


2.7535(6) and 2.9273(4) Å, respectively (Table 2), along with
the I3···I4 distance of 3.2804(6) Å are consistent with an I7

−

component comprised of two neutral I2 units and one I3
−

anion. The ion pairs are connected to infinite strands through
weak NH···I contacts (d(N···I) = 3.711(6) −3.974(6) Å, Table
S5). The 4-AP rings around the I+ cation are essentially
coplanar, and the N···I+···N distance of 2.244(5) Å is equal to
those observed for 2·Cl− and 2·IBr2

−. The formation of 2·I7
− is

consistent with the analogous reaction between unsubstituted
pyridine and 2 equiv of I2.

48

Similarly to the Br2 reaction, the proclivity for protonation of
2·I7

− is evident from the single-crystal structures of [(4-NH2-
1λ4-C5H4N)2-1μ-H

+][I−] (6·I−, Figure 8) and the previously
reported [4-NH2-1λ

4-C5H4N-1-H+]2[I
−][I3

−] (CCDC
1403481)62 obtained after long standing of the product in
various solvents (Scheme 1). The centrosymmetric crystal
structure of 6·I− is comprised of an H+ cation trapped between

two 4-AP rings by N···H+···N contacts and an I− counteranion
(Figure 8). The ion pairs form cross-linking strands through
four NH···I contacts of ca. 2.88 Å (d(N···I) = 3.641(4)−
3.731(4) Å, Table S5). The CSD database contains 12
structures in which a proton is trapped between two pyridine
or substituted pyridine units. Both coplanar and perpendicular
arrangements of the pyridine rings exist with N···N distance of
ca. 2.58−2.68 Å in the nearly linear N···H+···N units (177−
180°). While the N1···N3 distance of 2.662(5) Å in 6·I− falls
within same range with the previously reported values, the
distinctive tilting between the pyridines is clearly noticeable in
the N1···H1···N3 angle of 160.7° (Table 2) in comparison to
the value of 172°, representing the narrowest angle in the
corresponding systems.81

■ CONCLUSIONS
The reactions of 4-aminopyridine (4-AP) with dihalogens (ICl,
IBr, Br2, and I2) reveal versatile chemical and structural
behavior. Intriguingly, the chemical transformation between 4-
AP and ICl in a 1:1 molar ratio results in the formation of both
the charge-transfer adduct 1·ICl and the iodonium cation in 2·
Cl−. Although the two basic units in these compounds, neutral
C5H4N−ICl and C5H4N···I

+···NH4C5 cation, have been well-
characterized in various pyridine derivates, this is the first time
the coexistence of both components has been observed in
solution (NMR) and as a cocrystalline material in the solid
state. Moreover, to the best of our knowledge the
unsubstituted pyridine (PY) is the only congener for which
both the charge-transfer C5H4N−I282 and ionic C5H4N···I

+···
NH4C5

48 forms have been structurally characterized by X-ray
crystallography in independent investigations.
Somewhat surprisingly, the analogous reaction between 4-

AP and IBr affords solely the iodonium salt [(4-NH2-1λ
4-

C5H4N)2-1μ-I
+][IBr2

−] (2·IBr2
−) with polyhalide as the

counteranion despite the lower polarity of IBr in comparison
to ICl. Consistently, 1 equiv of virtually nonpolar I2 also reacts

Figure 7. Crystal structure of 2·I7
−. Symmetry operations: (A) 2 − x,

1 − y, 2 − z; (B) −1 − x, 1 − y, 1 − z.

Figure 8. Crystal structure of 6·I−. Symmetry operations: (A) 0.5 − x,
−1.5 + y, 1.5 − z; (B) 0.5 − x, 0.5 + y, 1.5 − z.
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with 4-AP to produce the I+ cation in [(4-NH2-1λ
4-C5H4N)2-

1μ-I+][I7
−] (2·I7

−) without any evidence of a charge-transfer
compound comparable to 1·ICl. In this instance, additional
iodine is also needed for the formation of I7

− polyiodide
instead of triiodide I3

− analogous to IBr2
− and, consequently,

the reaction between I2 and 4-AP takes place in a 2:1 molar
ratio. A series of the charge-transfer compounds comparable to
1·ICl has been previously reported for unsubstituted pyridine,
C5H4N-IX (X = Cl, Br, I).72,82 In these compounds, the N−
I(X) bond lengths of 2.284(3) (X = Cl),72 2.304(3) (X =
Br),72 and 2.425(8) Å (X = I),82 and the calculated (N)I−X
bond orders70 of 0.52 (d(I−Cl) = 2.523(1) Å72), 0.54 (d(I−
Br) = 2.654(1) Å72), and 0.75 (d(I−I) = 2.8043(9) Å82)
display the expected trend: the N−I bond is strengthening and
the I−X bond is weakening when the polarity of the IX
component is increasing (ICl > IBr > I2). In light of these data,
stabilization of the charge-transfer compound 1·ICl and, in
contrast, the apparent ready formation of the iodonium cation
in 2·IBr2

− and 2·I7
− is somewhat surprising. It is conceivable,

however, that the easier formation of the polyhalides IBr2
− and

I7
− in comparison to the reaction with ICl provides the driving

force for a rapid cleavage of the I−Br and I−I bonds and
subsequent formation of an iodonium cation. On the basis of
this study and a literature survey, there is a fine balance
between the two components that, presumably, can also be
controlled by the selection of substituents.
The chemical transformation between 4-AP and Br2 exhibits

unique reactivity in comparison to those involving ICl, IBr, and
I2. The reaction displays immediate protonation of the 4-AP
ring, affording [4-NH2-1λ

4-C5H4N-1-H
+][Br−] (3·Br−) as the

initial product. While the presence of a catalytic amount of
HBr in the starting material to initiate the protonation cannot
be completely ruled out,74 the subsequent intriguing
bromination−dimerization process and formation of pyridyl-
pyridinium cations 4 and 5 indicates greater reactivity in the
reactions with Br2 in comparison to those of the other
dihalogens. Consequently, the present study shows that, while
the reactions between 4-AP and ICl, IBr, and I2 conveniently
produce N···I+···N-bonded iodonium cations, potentially useful
XB donors in applications, the chemical transformation with
Br2 is much more complex and the observed bromination−
dimerization process merits further investigations.
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