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ABSTRACT: The simultaneous use of hydrogen bonds and halogen bonds in crystal engineering strategies has previously been
employed in order to generate new solid forms with applications in e.g. pharmaceutical and agrochemical industries. Unfortunately, it
is not easy to predict how these will coexist or compete in systems where multiple structural outcomes are possible. To address this
challenge, we have investigated the solid-state landscape of a family of amide-substituted pyridines, belonging to four series, N-
(pyridin-2-yl)benzamides (Bz), N-(pyridin-2-yl)picolinamides (2Pyr), N-(pyridin-2-yl)nicotinamides (3Pyr) and N-(pyridin-2-
yl)isonicotinamides (4Pyr), functionalized with three different halogen atoms (chlorine, bromine, and iodine). We analyzed crystal
structures of 16 compounds and identified their primary intermolecular interactions. Within each series, the chlorinated and
brominated compounds present the same primary hydrogen-bond interactions as shown by the nonhalogenated parent. The N-
(pyridin-2-yl)benzamides assembled via NH···N(Py) synthons to form dimers, N-(pyridin-2-yl)picolinamides showed intra-
molecular N−H···N(Py) hydrogen bonding, and both N-(pyridin-2-yl)nicotinamides (3Pyr) and N-(pyridin-2-yl) isonicotinamides
(4Pyr) assembled via NH···N(Py) synthons leading to the formation of chains or four-membered rings. In three out of the four
series (Bz, 2Pyr, and 4Pyr) the chloro and bromo compounds were isostructural. Three out of the four iodinated compounds
exhibited halogen bonds to a neighboring molecule. In two of these compounds, Bz-I and 2Pyr-I, the primary hydrogen bonding
resembled that of the other members of the family, indicating that the interactions mediated via the iodine atom were
complementary to rather than competitive with the hydrogen bonds. Two polymorphs of 4Pyr-I were found, and in both forms, a
halogen bond was formed with the N(py) acceptor which was engaged in N−H···N hydrogen bonds in the other members of this
family. Since iodine acted as a halogen-bond donor in four-fifths of the crystal structures of iodinated compounds, these results show
that the solid-state assembly of analogues compounds capable of hydrogen bonding have a high likelihood of being altered even in
the presence of a nonactivated iodine atom.

The hydrogen bond1,2 has long been established as the
primary driver for intermolecular assembly and organ-

ization, but halogen3,4 and chalcogen bonds5,6 are now also
being recognized as valuable tools in practical crystal engineer-
ing.7 All three interactions share a considerable reliance on
electrostatics for both strength and directionality, but as most
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molecules contain multiple sites capable of forming electrostati-
cally based intermolecular bonds, it is difficult to predict, a priori,
what the most likely pairing/binding between electron-poor
(donor) and electron-rich (acceptor) sites will be. As a result,
even relatively simple and rigid molecules can produce
drastically different molecular aggregates in the solid state
(Figure 1), which creates considerable challenges for bottom-up
supramolecular synthesis.8,9

The relative orientation of molecules within a crystalline
material ultimately plays an important role in the resulting
physical properties and has significant implications for the
performance of high-value solids such as pharmaceuticals.10−12

In addition, an improved understanding of interactions
prevailing between individual components can also help to
develop effective synthetic strategies for cocrystallizations.13,14 A
key concept that has become very helpful for identifying
frequently occurring molecular recognition events in the solid
state is the “synthon”: “a structural unit within a supermolecule
which can be formed and or assembled by known or conceivable
synthetic operations involving intermolecular interactions”.15 In
order to further transition this concept into versatile and reliable
synthetic strategies, we need systematic structural studies on
closely related compounds so that we directly connect functional
groups and molecular structure to specific and predictable
molecular recognition events in the solid state.16−19

It has been shown that the preferred synthon in a competitive
assembly can often be rationalized using calculated molecular
electrostatic potentials (MEPs), where the best acceptor
(presenting the largest negative MEP) interacts with the best
donor (presenting the most positive MEP on the molecular

surface).20 However, in systems with donors of different
elements (e.g. hydrogen and halogen), and where acceptors
are not of the same element, a direct comparison of electrostatic
potentials alone may not lead to reliable protocols for identifying
which synthons are most likely to appear in the resulting crystal
structure. Detailed studies that address such questions are
relatively rare, and therefore we have carried out a systematic
structural examination of four complementary series of relatively
simple organic molecules that contain a variety of hydrogen-
bond/halogen-bond donors and acceptors in order to map out
the structural landscape of the amide group. Related studies
include work on methyl-N-(pyridyl)benzamides,21 fluoro-N-
(pyridyl)benzamides,22 and monochlorobenzamides,23 where
N−H···N interactions were shown to dominate over N−H···
OC interactions. However, the molecules under consider-
ation in those studies include only one pyridine nitrogen and do
not include iodine, which is the halogen atom most capable of
eliciting halogen bonding.24

In this study, 16 molecules grouped into four series (Bz, 2Pyr,
3Pyr, and 4Pyr) have been structurally interrogated by
increasing the supramolecular and steric complexity (Figure 2).
In the course of this work we wanted to address several key

question regarding molecular aggregation and recognition,
including to what extent MEPs can help to rationalize observed
synthons and whether the presence of a halogen atom can
significantly alter the supramolecular assembly and, if so, will all
halogen atoms have the same effect (Figure 2). To the best of
our knowledge, there have been no systematic structural studies
of hydrogen-bond motifs in the solid state of molecules bearing
the core structure (i.e. the unhalogenated compound) of the Bz
series. Reported structures25 to date bearing the 2Pyr core
structure mainly form assemblies within larger molecules26 and
contain only fluorine as a halogen atom substituent.27 The 3Pyr
and 4Pyr core structures (unhalogenated compounds) have
been utilized in metal complexation,28 but exhaustive data on
the solid-state self-assembly of these compounds with potential
halogen-bond donors have not been reported.
In addition, we wanted to establish which of the two most

likely motifs, chains or dimers (Figure 3), will prevail in the Bz
series and how the assembly process is affected by increasing
molecular complexity and steric variability by the addition of a
competing acceptor site as in the series 2Pyr, 3Pyr, and 4Pyr,
respectively. The most likely interactions and the resulting
aggregates are presented schematically in Figure 3.

Figure 1. A few examples of intermolecular assembly based on the
relative orientations of donor and acceptor sites.

Figure 2. Molecular structures of compounds in this study and likely sites of binding for amide hydrogen and the halogen atom in each case.
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■ EXPERIMENTAL SECTION
Bz Series. The synthesis of N-(pyridin-2-yl)benzamides was done

according to an available literature procedure.29

Synthesis of N-(Pyridin-2-yl)benzamide. 2-Aminopyridine
(1.03 g, 11.0 mmol) was dissolved in 50 mL of pyridine and cooled
in an ice bath. Benzoyl chloride (1.85 mL, 16.0 mmol) was added
dropwise, and the temperature was maintained between 0 and 5 °C.
After the addition was complete, the solution was stirred at room
temperature until no further starting material (2-amino-5-pyridine) was
detected by TLC. Upon completion, chilled water (100 mL) was added
and the mixture stirred for 15 min. The reaction contents were
extracted with dichloromethane. The organic layer was washed with
saturated sodium bicarbonate solution, brine, and water, dried with
anhydrous magnesium sulfate, filtered, and concentrated in vacuo to
isolate the pure product. Yield: 80%. Mp: 92−94 °C. (lit. mp 80−82
°C).30 1H NMR (400 MHz, DMSO-d6): δ 10.78 (s, 1H), 8.44−8.35
(m, 1H), 8.20 (dd, J = 8.4, 1.1 Hz, 1H), 8.07−8.00 (m, 2H), 7.88−7.79
(m, 1H), 7.59 (td, J = 7.3, 1.3 Hz, 1H), 7.51 (ddd, J = 8.4, 6.7, 1.3 Hz,
2H), 7.16 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H).13C NMR (101 MHz, DMSO-
d6): δ 166.46, 152.68, 148.40, 138.57, 134.57, 132.38, 128.81(2C),
128.46(2C), 120.26, 115.20
Synthesis of N-(5-Chloropyridin-2-yl)benzamide. 2-Amino-5-

chloropyridine (1.40 g, 11.0 mmol) was dissolved in 50 mL of pyridine
and cooled in an ice bath. Benzoyl chloride (1.85 mL, 16.0 mmol) was
added dropwise, and the temperature was maintained between 0 and 5
°C. After the addition was complete, the contents were stirred at room
temperature until no further starting material (2-amino-5-chloropyr-
idine) was detected by TLC. Upon completion, chilled water (100 mL)
was added and the mixture stirred for 15 min. The reaction contents
were extracted with dichloromethane, and the organic layer was washed
with saturated sodium bicarbonate solution, brine, and water, dried
with anhydrous magnesium sulfate, filtered, and concentrated in vacuo
to isolate the pure product. Yield: 85%. Mp: 123−125 °C (lit. mp 124−
125 °C).31 1H NMR (400 MHz, DMSO-d6): δ 10.99 (s, 1H), 8.44 (d, J
= 2.7 Hz, 1H), 8.25 (d, J = 8.9 Hz, 1H), 8.03 (dt, J = 7.1, 1.4 Hz, 2H),
7.95 (dd, J = 9.0, 2.7 Hz, 1H), 7.64−7.55 (m, 1H), 7.51 (dd, J = 8.2, 6.8

Hz, 2H). 13C NMR (101 MHz, DMSO-d6): δ 166.56, 151.36, 146.73,
138.28, 134.28, 132.52, 128.81, 128.52, 126.00, 116.24.

Synthesis of N-(5-Bromopyridin-2-yl)benzamide. 2-Amino-5-
bromopyridine (1.90 g, 11.0 mmol) was dissolved in 50 mL of pyridine
and cooled in an ice bath. Benzoyl chloride (1.85 mL, 16.0 mmol) was
added dropwise, and the temperature was maintained between 0 and 5
°C. After the addition was complete, the contents were stirred at room
temperature until no further starting material (2-amino-5-bromopyr-
idine) was detected by TLC. Upon completion, chilled water (100 mL)
was added and the mixture stirred for 15 min. The reaction contents
were extracted with dichloromethane, and the organic layer was washed
with saturated sodium bicarbonate solution, brine, and water, dried
with anhydrous magnesium sulfate, filtered, and concentrated in vacuo
to isolate the pure product. Yield: 82%. Mp: 119−121 °C (lit. mp 223
°C).29,32 1H NMR (400 MHz, DMSO-d6): δ 10.98 (s, 1H), 8.55−8.48
(m, 1H), 8.19 (dd, J = 8.9, 0.7 Hz, 1H), 8.07 (dd, J = 8.9, 2.6 Hz, 1H),
8.06−7.98 (m, 2H), 7.64−7.56 (m, 1H), 7.55−7.47 (m, 2H). 13CNMR
(101 MHz, DMSO-d6): δ 166.17, 151.24, 148.52, 140.61, 133.86,
132.13, 128.42, 128.10, 116.36, 114.02.

Synthesis of N-(5-Iodopyridin-2-yl)benzamide. 2-Amino-5-
iodoopyridine (2.20 g, 11.0 mmol) was dissolved in 50 mL of pyridine
and cooled in an ice bath. Benzoyl chloride (1.85 mL, 16.0 mmol) was
added dropwise, and the temperature was maintained between 0 and 5
°C. After the addition was complete, the solution was stirred at room
temperature until no further starting material (2-amino-5-iodopyr-
idine) was detected by TLC. Upon completion, chilled water (100 mL)
was added and the mixture stirred for 15 min. The reaction contents
were extracted with dichloromethane, and the organic layer was washed
with saturated sodium bicarbonate solution, brine, and water, dried
with anhydrous magnesium sulfate, filtered, and concentrated in vacuo
to isolate the pure product. Yield 85%, Mp: 121−123 °C (lit. mp 121−
122 °C).33 1H NMR (400 MHz, DMSO-d6): δ 10.92 (s, 1H), 8.60 (d, J
= 2.3 Hz, 1H), 8.17 (dd, J = 8.8, 2.3 Hz, 1H), 8.09 (d, J = 8.8 Hz, 1H),
8.02 (dd, J = 8.2, 1.4 Hz, 2H), 7.64−7.55 (m, 1H), 7.50 (t, J = 7.5 Hz,
2H). 13C NMR (101 MHz, DMSO-d6): δ 166.55, 153.85, 151.90,
146.36, 134.31, 132.52, 128.81, 128.50, 117.16, 87.21.

Figure 3. Schematic representation of possible structural consequences of increasing the number of acceptor sites and their relative positions.
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2Pyr Series. The synthesis of N-(pyridin-2-yl)picolinamides was
done according to an available literature procedure.34

Synthesis of N-(Pyridin-2-yl)picolinamide. Picolinic acid (1.00
g, 8.13 mmol), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (4.00 g, 10.5mmol), triethylamine (3.40mL, 24.4
mmol), and 2-aminopyridine (0.836 g, 8.90mmol) were dissolved in 60
mL of DMF. The reactants were stirred at room temperature for 14 h,
diluted with ethyl acetate, and washed with water. The organic layer was
dried with anhydrous magnesium sulfate and concentrated by rotary
evaporation to obtain the crude product, which was purified by column
chromatography using hexane/ethyl acetate (90/10) as eluent to
obtain the pure product. Yield 50%.Mp: 117−119 °C (lit. mp 107−108
°C).35 1HNMR (400MHz, DMSO-d6): δ 10.43 (s, 1H), 8.77 (ddd, J =
4.8, 1.7, 1.0 Hz, 1H), 8.44−8.37 (m, 1H), 8.29 (dt, J = 8.3, 1.0 Hz, 1H),
8.22 (dt, J = 7.8, 1.1 Hz, 1H), 8.12 (td, J = 7.7, 1.7 Hz, 1H), 7.91 (ddd, J
= 8.8, 7.3, 1.9 Hz, 1H), 7.74 (ddd, J = 7.6, 4.7, 1.3 Hz, 1H), 7.22 (ddd, J
= 7.4, 4.9, 1.0 Hz, 1H). 13C NMR (101 MHz, DMSO-d6): δ 161.55,
150.15, 148.35, 148.08, 138.28, 138.14, 127.20, 121.86, 119.88, 112.74.
Synthesis of N-(5-Chloropyridin-2-yl)picolinamide. Picolinic

acid (1.00 g, 8.13 mmol), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (4.00 g, 10.5 mmol), triethylamine
(3.40 mL, 24.4 mmol), and 2-amino-5-chloropyridine (1.14 g, 8.90
mmol) were dissolved in 60 mL of DMF. The reactants were stirred at
room temperature for 14 h, diluted with ethyl acetate, and washed with
water. The organic layer was dried with anhydrous magnesium sulfate
and concentrated by rotary evaporation to obtain the crude product,
which was purified by column chromatography using hexane/ethyl
acetate (90/10) as eluent to obtain the pure product. Yield 55%, Mp:
153−155 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.53 (s, 1H), 8.76
(ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.46 (dd, J = 2.6, 0.7 Hz, 1H), 8.31 (dd, J
= 8.9, 0.7 Hz, 1H), 8.22 (dt, J = 7.8, 1.1 Hz, 1H), 8.12 (td, J = 7.7, 1.7
Hz, 1H), 8.04 (dd, J = 8.9, 2.6 Hz, 1H), 7.74 (ddd, J = 7.6, 4.8, 1.3 Hz,
1H). 13C NMR (101 MHz, DMSO-d6): δ 162.76, 149.93, 149.45,
148.94, 147.51, 139.23, 139.06, 128.38, 126.66, 123.05, 115.00.
Synthesis of N-(5-Bromopyridin-2-yl)picolinamide. Picolinic

acid (1.00 g, 8.13 mmol), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (4.00 g, 10.5 mmol), triethylamine
(3.40 mL, 24.4 mmol), and 2-amino-5-bromopyridine (1.54 g, 8.90
mmol) were dissolved in 60 mL of DMF. The reactants were stirred at
room temperature for 14 h, diluted with ethyl acetate, and washed with
water. The organic layer was dried with anhydrous magnesium sulfate
and concentrated by rotary evaporation to obtain the crude product,
which was purified by column chromatography using hexane/ethyl
acetate (90/10) as eluent to obtain the pure product. Yield: 53%. Mp:
149−151 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.50 (s, 1H), 8.74
(d, J = 4.8 Hz, 1H), 8.50 (d, J = 2.5 Hz, 1H), 8.22 (dd, J = 17.5, 8.3 Hz,
2H), 8.16−8.06 (m, 2H), 7.73 (dd, J = 7.6, 4.8 Hz, 1H) 13CNMR (101
MHz, DMSO-d6): δ 162.76, 150.22, 149.68, 149.43, 148.93, 141.76,
139.21, 128.38, 123.04, 115.50, 115.05.
Synthesis of N-(5-Iodopyridin-2-yl)picolinamide. Picolinic

acid (1.00 g, 8.13 mmol), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (4.00 g, 10.5 mmol), triethylamine
(3.40 mL, 24.4 mmol), and 2-amino-5-iodopyridine (1.96 g, 8.90
mmol) were dissolved in 60 mL of DMF. The reactants were stirred at
room temperature for 14 h, diluted with ethyl acetate, and washed with
water. The organic layer was dried with anhydrous magnesium sulfate
and concentrated by rotary evaporation to obtain the crude product,
which was purified by column chromatography using hexane/ethyl
acetate (90/10) as eluent to obtain the pure product. Yield: 55%. Mp:
124−126 °C. 1H NMR (400 MHz, DMSO-d6): δ 10.46 (s, 1H), 8.75
(ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.60 (dd, J = 2.2, 0.8 Hz, 1H), 8.27−8.17
(m, 2H), 8.12 (ddd, J = 15.6, 8.1, 1.3Hz, 2H), 7.73 (ddd, J = 7.5, 4.8, 1.3
Hz, 1H). 13C NMR (101 MHz, DMSO-d6): δ 162.56, 154.39, 150.23,
149.22, 148.76, 146.90, 139.00, 128.15, 122.81, 115.67, 87.70.
3Pyr Series. The synthesis of N-(pyridin-2-yl)nicotinamides was

done according to an available literature procedure.36

Synthesis of N-(Pyridin-2-yl)nicotinamide.Nicotinic acid (1.21
g, 9.83 mmol) and triethylamine (1.40 mL, 10.0 mmol) were added to
30 mL of chloroform and cooled in an ice bath. Thionyl chloride (0.73
mL, 10.0 mmol) was added dropwise under nitrogen. After the addition

of thionyl chloride was complete, the mixture was heated under reflux
for 3 h. The mixture was cooled to room temperature, and a solution of
2-aminopyridine (0.94 g, 10.0 mmol) and triethylamine (1.40 mL, 10.0
mmol) in 30 mL of acetonitrile was added in situ. The contents were
stirred overnight at room temperature. The organic layer was washed
with water and the solvent removed in vacuo. The product was purified
by column chromatography using hexane/ethyl acetate (90/10) as
eluent to isolate the pure product. Yield 28%. Mp: 137−139 °C (lit. mp
136−137 °C).36 1HNMR (400MHz, DMSO-d6): δ 11.07 (s, 1H), 9.13
(dd, J = 2.4, 0.9 Hz, 1H), 8.75 (dd, J = 4.8, 1.7 Hz, 1H), 8.40 (ddd, J =
4.8, 2.0, 0.9 Hz, 1H), 8.37−8.30 (m, 1H), 8.19 (dt, J = 8.4, 1.0 Hz, 1H),
7.86 (ddd, J = 8.5, 7.4, 2.0 Hz, 1H), 7.54 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H),
7.19 (ddd, J = 7.4, 4.8, 1.0 Hz, 1H). 13CNMR (101MHz, DMSO-d6): δ
165.40, 153.00, 152.61, 149.68, 148.68, 138.91, 136.41, 130.55, 124.07,
120.75, 115.40.

Synthesis of N-(5-Chloropyridin-2-yl)nicotinamide. Nicotinic
acid (1.21 g, 9.83 mmol) and triethylamine (1.40 mL, 10.0 mmol) were
added to 30 mL of chloroform and cooled in an ice bath. Thionyl
chloride (0.73 mL, 10.0 mmol) was added dropwise under nitrogen.
After the addition of thionyl chloride was complete, the mixture was
heated under reflux for 3 h. The mixture was cooled to room
temperature, and a solution of 2-amino-5-chloropyridine (1.28 g, 10.0
mmol) and triethylamine (1.40 mL, 10.0 mmol) in 30 mL of
acetonitrile was added in situ. The contents were stirred overnight at
room temperature. The organic layer was washed with water and the
solvent removed in vacuo. The product was purified by column
chromatography using hexane/ethyl acetate (90/10) as eluent to
isolate the pure product. Yield: 28%, Mp: 193−195 °C. 1H NMR (400
MHz, DMSO-d6): δ 11.27 (s, 1H), 9.13 (d, J = 2.3 Hz, 1H), 8.76 (dd, J
= 4.9, 1.7 Hz, 1H), 8.47 (d, J = 2.7 Hz, 1H), 8.34 (dt, J = 8.0, 2.0 Hz,
1H), 8.24 (d, J = 8.9 Hz, 1H), 7.99 (dd, J = 8.9, 2.7 Hz, 1H), 7.59−7.51
(m, 1H). 13C NMR (101 MHz, DMSO-d6): δ 164.92, 152.51, 150.69,
149.09, 146.45, 138.03, 135.87, 129.73, 125.87, 123.47, 115.85.

Synthesis of N-(5-Bromopyridin-2-yl)nicotinamide. Nicotinic
acid (1.21 g, 9.83 mmol) and triethylamine (1.40 mL, 10.0 mmol) were
added to 30 mL of chloroform and cooled in an ice bath. Thionyl
chloride (0.73 mL, 10.0 mmol) was added dropwise under nitrogen.
After the addition of thionyl chloride was complete, the mixture was
heated under reflux for 3 h. The mixture was cooled to room
temperature, and a solution of 2-amino-5-bromopyridine (1.73 g, 10.0
mmol) and triethylamine (1.40 mL, 10.0 mmol) in 30 mL of
acetonitrile was added in situ. The contents were stirred overnight at
room temperature. The organic layer was washed with water and the
solvent removed in vacuo. The product was purified by column
chromatography using hexane/ethyl acetate (90/10) as eluent to
isolate the pure product. Yield: 28%. Mp: 190−192 °C. 1H NMR (400
MHz, DMSO-d6): δ 11.25 (s, 1H), 9.12 (dd, J = 2.4, 0.9 Hz, 1H), 8.75
(dd, J = 4.8, 1.7 Hz, 1H), 8.57−8.50 (m, 1H), 8.37−8.29 (m, 1H), 8.19
(dd, J = 8.9, 0.8 Hz, 1H), 8.09 (dd, J = 8.9, 2.5 Hz, 1H), 7.54 (ddd, J =
8.0, 4.8, 0.9 Hz, 1H), 2.08 (s, 2H). 13C NMR (101 MHz, DMSO-d6): δ
164.92, 152.51, 150.99, 149.09, 148.62, 140.75, 135.85, 129.72, 123.45,
116.34, 114.30, 30.73.

Synthesis of N-(5-Iodopyridin-2-yl)nicotinamide. Nicotinic
acid (1.21 g, 9.83 mmol) and triethylamine (1.40 mL, 10.0 mmol) were
added to 30 mL of chloroform and cooled in an ice bath. Thionyl
chloride (0.73 mL, 10.0 mmol) was added dropwise under nitrogen.
After the addition of thionyl chloride was complete, the mixture was
heated under reflux for 3 h. The mixture was cooled to room
temperature, and a solution of 2-amino-5-iodopyridine (2.20 g,10.0
mmol) and triethylamine (1.40 mL, 10.0 mmol) in 30 mL of
acetonitrile was added in situ. The contents were stirred overnight at
room temperature. The organic layer was washed with water and the
solvent removed in vacuo. The product was purified by column
chromatography using hexane/ethyl acetate (90/10) as eluent to
isolate the pure product. Yield: 25%. Mp: 192−194 °C. 1H NMR (400
MHz, DMSO-d6): δ 11.21 (s, 1H), 9.15−9.10 (m, 1H), 8.76 (dd, J =
4.8, 1.7 Hz, 1H), 8.65−8.60 (m, 1H), 8.34 (dt, J = 8.1, 2.0 Hz, 1H), 8.20
(dd, J = 8.8, 2.3 Hz, 1H), 8.12−8.05 (m, 1H), 7.55 (ddd, J = 8.0, 4.8, 0.9
Hz, 1H). 13C NMR (101 MHz, DMSO-d6): δ 164.90, 153.53, 152.49,
151.24, 149.08, 146.09, 135.83, 129.75, 123.44, 116.72, 87.18.
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4Pyr Series.The synthesis ofN-(pyridin-2-yl)isonicotinamides was
done according to an available literature procedure.36

Synthesis of N-(Pyridin-2-yl)isonicotinamide. Isonicotinic acid
(1.21 g, 9.83 mmol) and triethylamine (1.40 mL, 10.0 mmol) were
added to 30 mL of chloroform and cooled in an ice bath. Thionyl
chloride (0.73 mL, 10.0 mmol) was added dropwise under nitrogen.
After the addition of thionyl chloride was complete, the mixture was
heated under reflux for 3 h. The mixture was cooled to room
temperature, and a solution of 2-aminopyridine (0.94 g, 10.0 mmol)
and triethylamine (1.40 mL, 10.0 mmol) in 30 mL of acetonitrile was
added in situ. The contents were stirred overnight at room temperature.
The organic layer was washed with water and the solvent removed in
vacuo. The product was purified by column chromatography using
hexane/ethyl acetate (90/10) as eluent to isolate the pure product.
Yield: 32%, Mp: 136−138 °C (lit. mp 136−138 °C).36 1H NMR (400
MHz, DMSO-d6): δ 8.77 (d, J = 6.0 Hz, 2H), 8.42 (d, J = 3.7 Hz, 1H),
8.19 (d, J = 8.3 Hz, 1H), 7.92 (d, J = 6.1 Hz, 2H), 7.88 (s, 1H), 7.22 (s,
1H). 13C NMR (101 MHz, DMSO-d6): δ 164.94, 152.01, 150.49,
148.35, 141.50, 138.60, 122.08, 120.59, 115.15.
Synthesis of N-(5-Chloropyridin-2-yl)isonicotinamide. Iso-

nicotinic acid (1.21 g, 9.83 mmol) and triethylamine (1.40 mL, 10.0
mmol) were added to 30 mL of chloroform and cooled in an ice bath.
Thionyl chloride (0.73 mL, 10.0 mmol) was added dropwise under
nitrogen. After the addition of thionyl chloride was complete, the
mixture was heated under reflux for 3 h. The mixture was cooled to
room temperature, and a solution of 2-amino-5-chloropyridine (1.28 g,
10.0 mmol) and triethylamine (1.40 mL, 10.0 mmol) in 30 mL of
acetonitrile was added in situ. The contents were stirred overnight at
room temperature. The organic layer was washed with water and the
solvent removed in vacuo. The product was purified by column
chromatography using hexane/ethyl acetate (90/10) as eluent to
isolate the pure product. Yield: 30%. Mp: 158−160 °C. 1H NMR (400
MHz, DMSO-d6): δ 11.31 (s, 1H), 8.77 (d, J = 5.8 Hz, 2H), 8.47 (d, J =
2.6Hz, 1H), 8.23 (d, J = 8.9Hz, 1H), 7.99 (dd, J = 8.9, 2.7Hz, 1H), 7.90
(d, J = 5.9Hz, 2H). 13CNMR (101MHz, DMSO-d6): δ 165.01, 150.64,
150.44, 146.67, 141.18, 138.25, 126.28, 122.04, 116.15.
Synthesis of N-(5-Bromopyridin-2-yl)isonicotinamide. Iso-

nicotinic acid (1.21 g, 9.83 mmol) and triethylamine (1.40 mL, 10.0
mmol) were added to 30 mL of chloroform and cooled in an ice bath.
Thionyl chloride (0.73 mL, 10.0 mmol) was added dropwise under
nitrogen. After the addition of thionyl chloride was complete, the
mixture was heated under reflux for 3 h. The mixture was cooled to
room temperature and a solution of 2-amino-5-bromopyridine (1.73
g,10.0 mmol) and triethylamine (1.40 mL, 10.0 mmol) in 30 mL of
acetonitrile was added in situ. The contents were stirred overnight at
room temperature. The organic layer was washed with water and the
solvent removed in vacuo. The product was purified by column
chromatography using hexane/ethyl acetate (90/10) as eluent to
isolate the pure product. Yield: 28%. Mp: 166−168 °C. 1H NMR (400
MHz, DMSO-d6): δ 11.30 (s, 2H), 8.80−8.74 (m, 4H), 8.54 (d, J = 2.5
Hz, 2H), 8.18 (d, J = 8.9 Hz, 2H), 8.10 (dd, J = 8.9, 2.5 Hz, 2H), 7.93−
7.87 (m, 4H), 2.53−2.47 (m, 1H). 13C NMR (101MHz, DMSO-d6): δ
165.26, 151.18, 150.67, 149.09, 141.41, 141.22, 122.26, 116.88, 114.99.
Synthesis of N-(5-Iodopyridin-2-yl)isonicotinamide. Isonico-

tinic acid (1.21 g, 9.83 mmol) and triethylamine (1.40 mL, 10.0 mmol)
were added to 30 mL of chloroform and cooled in an ice bath. Thionyl
chloride (0.73 mL, 10.0 mmol) was added dropwise under nitrogen.
After the addition of thionyl chloride was complete, the mixture was
heated under reflux for 3 h. The mixture was cooled to room
temperature, and a solution of 2-amino-5-iodopyridine (2.20 g, 10.0
mmol) and triethylamine (1.40 mL, 10.0 mmol) in 30 mL of
acetonitrile was added in situ. The contents were stirred overnight at
room temperature. The organic layer was washed with water and the
solvent removed in vacuo. The product was purified by column
chromatography using hexane/ethyl acetate (90/10) as eluent to
isolate the pure product. Yield: 30%. Mp: 194−196 °C. 1H NMR (400
MHz, DMSO-d6): δ 11.25 (s, 1H), 8.81−8.74 (m, 2H), 8.63 (dd, J =
2.4, 0.8 Hz, 1H), 8.21 (dd, J = 8.7, 2.3 Hz, 1H), 8.08 (dd, J = 8.8, 0.8 Hz,
1H), 7.93−7.87 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 165.04,
153.80, 151.24, 150.47, 146.38, 141.25, 122.05, 117.05, 87.72.

In order to obtain crystals suitable for single-crystal X-ray diffraction,
slow evaporation from a variety of solvents was used for all 16
compounds (Table 1).

■ RESULTS
The calculated MEP values are shown in Figure 4.
In every one of the four crystal structures from the Bz family,

the primary intermolecular interaction is a N−H···N(py)/
N(py)···H−N synthon that produced symmetry-related dimers
(Figure 5a). The only additional interaction of note is a C−I···π
halogen bond in Bz-I. The analogous chloro and bromo
compounds do not display any other notable short contacts to
neighboring molecules. The relevant hydrogen- and halogen-
bond geometries in these four crystal structures are given in
Table 2.
The primary noncovalent interactions in the four crystal

structures from the 2Pyr series are shown in Figure 6. The
addition of a pyridyl substituent with the nitrogen atom in close
proximity to the N−H hydrogen-bond donor of the amide
moiety leads to the formation of a very persistent N−H···N(py)
intramolecular interaction in all four structures, which effectively

Table 1. Solvents Used for Crystal Growth and Crystal
Descriptionsa

compound code solvent
color ,

morphology

N-(pyridin-2-yl)
benzamide

Bz ethanol colorless,
rectangular

N-(5-chloropyridin-2-
yl)benzamide

Bz-Cl ethanol colorless,
blocks

N-(5-bromopyridin-2-
yl)benzamide

Bz-Br37 ethanol colorless,
blocks

N-(5-iodopyridin-2-
yl)benzamide

Bz-I ethanol colorless,
squares

N-(pyridin-2-yl)
picolinamide

2Pyr acetone colorless,
rectangular

N-(5-chloropyridin-2-
yl)picolinamide

2Pyr-Cl methanol/ethyl acetate
(50/50)

colorless,
rectangular

N-(5-bromopyridin-2-
yl)picolinamide

2Pyr-Br acetonitrile colorless,
needle

N-(5-iodopyridin-2-
yl)picolinamide

2Pyr-I hexane/ethyl acetate
(80/20)

colorless,
needle

N-(pyridin-2-yl)
nicotinamide

3Pyr toluene colorless,
rectangular

N-(5-chloropyridin-2-
yl)nicotinamide

3Pyr-Cl methanol colorless needle

N-(5-bromopyridin-2-
yl)nicotinamide

3Pyr-Br methanol yellow,
rectangular

N-(5-iodopyridin-2-
yl)nicotinamide

3Pyr-I tetrahydrofuran colorless,
rectangular

N-(pyridin-2-yl)
isonicotinamide

4Pyr38 methanol yellow, plate

N-(5-chloropyridin-2-
yl)isonicotinamide

4Pyr-Cl toluene colorless,
rectangular

N-(5-bromopyridin-2-
yl)isonicotinamide

4Pyr-Br methanol colorless,
rectangular

N-(5-iodopyridin-2-
yl)isonicotinamide

4Pyr-I-i hexane/ethyl acetate
(80/20)

yellow,
parallelepiped

4Pyr-I-
iib

ethyl acetate colorless,
needle

aElectrostatic potentials were calculated with density functional
theory at the B3LYP level using the 6-311++G** basis set under
vacuum, using Spartan 08’ software. Details of crystallographic
experiments are given in the Supporting Information. bObtained
from a failed cocrystallization experiment of 4Pyr-I with dodecanoic
acid in 1:1 molar ratio.
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Figure 4. MEP values (kJ/mol) at the most likely donor and acceptor sites in the 16 target compounds.

Figure 5. Primary interactions seen in single-crystal structures of (a) Bz, (b) Bz-Cl, (c) Bz-Br, and (d) Bz-I.
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prevents the formation of pairwise dimers in the solid state.
Again, the iodo analogue is the only member of this group that
displays a structure-directing halogen bond, and interestingly,
the iodine atom acts as a halogen-bond donor and acceptor
simultaneously. The relevant hydrogen- and halogen-bond
geometries in these four crystal structures are given in Table 3.
In all four crystal structures of the 3Pyr series the primary

noncovalent interaction is a N−H···N(py) synthon (Figure 7).
There are no additional structure-directing interactions shown
by any of the halogenated compounds. The trans conformation
with respect to the two ring nitrogen atoms is the preferred
option in three of the four structures, while 3Pyr-Br is the only
compound showing a cis arrangement. The relevant hydrogen-
and halogen-bond geometries in these four crystal structures are
given in Table 4.
The primary noncovalent interactions in the crystal structures

from the 4Pyr series are shown in Figure 8. The primary
hydrogen-bond interaction in 4Pyr is N−H···N(py) to the
nitrogen N2 (Figure 8). Both 4Pyr-Cl and 4Pyr-Br also follow
this pattern in hydrogen bonding and form four-membered
rings. In 4Pyr-I-i the halogen bond C−I···N to nitrogen N2 and
dimeric unit formation by the N−H···N(py)/N(py)···H−N

synthon are seen. The C−I···N (to N2) interaction is once again
present in 4Pyr-I-ii, while the hydrogen-bond interaction
changes to a N−H···O synthon. The relevant hydrogen- and
halogen-bond geometries in these four crystal structures are
given in Table 5.
The primary hydrogen and halogen bonds in the 16 crystal

structures are summarized in Figure 9.
As can be seen from Figure 9, except for the two polymorphs

of 4Pyr-I, the hydrogen bonds are identical among compounds
within each series. To gain insight into the nature of the
hydrogen bonding shown by these compounds in the solution
phase, the chemical shift of the amide hydrogen in DMSO was
investigated. The data appear clustered in three sets (Figure 10),
and the connection between each of these sets to the crystal
structures are addressed in detail in the Discussion.

■ DISCUSSION
We hypothesized initially that the Bz compounds would engage
in one of two different synthons, N−H···OC or N−H···N
(py) hydrogen bonds, resulting in infinite chains or discrete
dimers, respectively. In fact, in all four cases, only the latter
interaction was observed in the solid state (Figure 9). A CSD
search was conducted to compare the prevalence of this N−H···
N(py)/N(py)···H−N interaction in molecules bearing a similar
backbone: i.e.,N-(pyridin-2-yl)benzamide. Tomake the analysis
most relevant to our systems, only molecules with a single N-

Table 2. Hydrogen- andHalogen-Bond Parameters of Crystal
Structures in the Bz Series

D−H/I···A D/I···A (Å) D−H···A (deg)

Bz N7−H7···N2 3.0557(16) 166.5(16)
Bz-Cl N8−H8···N18 3.189(2) 153.3(19)

N24−H24···N2 3.203(2) 152(2)
N40−H40···N50 2.967(2) 159.9(19)
N56−H56···N34 3.108(2) 163.5(19)

Bz-Br N8−H8···N18 3.211(5) 150(5)
N24−H24···N2 3.227(5) 150(5)
N40−H40···N50 2.987(5) 149(3)
N56−H56···N34 3.113(5) 156(4)

Bz-I N8−H8···N2 3.238(3) 163(3)
C4−I7···C14 3.580(3) 162.37(9)

Figure 6. Primary interactions seen in single-crystal structures of (a) 2Pyr, (b) 2Pyr-Cl, (c) 2Pyr-Br, and (d) 2Pyr-I.

Table 3. Hydrogen- andHalogen-Bond Parameters of Crystal
Structures in the 2Pyr Series

D−H/I···A D/I···A (Å) D−H/I···A (deg)

2Pyr N7−H7···N11 2.668(4) 113(4)
2Pyr-Cl N8−H8···N12 2.647(3) 113(3)
2Pyr-Br N8−H8···N12 2.645(4) 114(3)
2Pyr-I N8−H8···N12 2.658(6) 115.(5)

N24−H24···N28 2.655(6) 115.(5)
C4−I7···N18 3.018(4) 176.06(17)
C20−I23···I7 3.9173(5) 164.48(15)
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(pyridin-2-yl)benzamide unit and without any other potential
hydrogen-bond donors (such as OH) or acceptors were
included. The search identified 22 structures, and all but three
of them contain the N−H···N(py)/N(py)···H−N interaction.
In the three “outliers” (YOVKIG, JIXCUO, and JIXDAV) the
N−H···OC interaction is present instead. The refcodes for all
22 structures are given in Table S2 in the Supporting
Information. Thus, the combined percentage for dimers in all
26 structures under consideration here is 88%, while the chain
formation is 12%. The dominant assembly observed in the

solution phase is likely to serve as an important precursor to or
indication of what will ultimately appear in the solid state and
vice versa.39 Separate NMR signals which may arise due to
different synthons at play are averaged out in the resultant
spectrum. All of the N−H peaks of compounds in this series

Figure 7. Primary interactions seen in single-crystal structures of (a) 3Pyr, (b) 3Pyr-Cl, (c) 3Pyr-Br, and (d) 3Pyr-I.

Table 4. Hydrogen- andHalogen-Bond Parameters of Crystal
Structures in the 3Pyr Series

D−H/I···A D/I···A (Å) D−H/I···A (deg)

3Pyr N9−H9···N3 3.154(2) 176(2)
3Pyr-Cl N8−H8···N13 3.233(2) 171(2)
3Pyr-Br N8−H8···N13 3.079(3) 172(3)
3Pyr-I N8−H8···N13 3.035(11) 169(9)

Figure 8. Primary interactions seen in single-crystal structures of (a) 4Pyr, (b) 4Pyr-Cl, (c) 4Pyr-Br, (d) 4Pyr-I-i, and (e) 4Pyr-I-ii.

Table 5. Hydrogen- andHalogen-Bond Parameters of Crystal
Structures in the 4Pyr Series

D−H/I···A D/I···A (Å) D−H/I···A (deg)

4Pyr N17−H17···N11 3.3308(12) 170.1(11)
4Pyr-Cl N8−H8···N14 3.0169(18) 179.0(19)
4Pyr-Br N8−H8···N14 2.997(3) 171.(2)
4Pyr-I-i N8−H8···N2 3.011(3) 166.(5)

C4−I7···N14 3.013(2) 177.95(9)
4Pyr-I-ii N9−H9··· O8 3.086(13) 147.(12)

C13−I16···N4 2.998(9) 171.5(4)
N25−H25···O24 3.129(13) 171.(15)
C29−I32···N20 2.969(10) 177.4(4)
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occur within a 0.20 ppm range and are in a separate “band” in

comparison to the other series (Figure 10). We can therefore

confidently assume that the NMR data for all Bz compounds in

this series indicate that they are similar to each other and

predominantly form dimers in DMSO.

In the Bz series, the introduction of the halogen atoms altered
theMEP of the donor and acceptor sites by increasing the donor
potential and reducing the acceptor potential (less negative).
The presence of electron-withdrawing groups is known to
decrease electron density from donor sites, making them
potentially stronger donors while the electron withdrawal from

Figure 9. Summary of the primary hydrogen- and halogen-bond interactions in the 16 compounds.

Figure 10. 1H NMR chemical shift of the amide hydrogen atoms grouped by series.
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acceptor sites lead to decreased electron density and weaker
acceptors. Thus, in this case the electron-withdrawing nature of
the halogen atom leads to the observed alterations of molecular
electrostatic potentials.40 Despite this, the N−H···N synthon
was favored, resulting in dimer formation in each of the four
cases. As the reported crystal structures also have varying MEP
at the donor and acceptor sites it is clear that changes in theMEP
potential at these sites do not lead to a change in the resulting
supramolecular assembly. However, in the crystal structure of
Bz-I, an additional interaction, an iodine−π halogen bond, is
also present. The relatively limited polarizability of the chlorine
and bromine analogues explains why similar short contacts did
not appear in Bz-Cl and Bz-Br, respectively. Bz-Cl and Bz-Br
are also isostructural.41 The I···π halogen bond is unlikely to be
very strong. as it has not been “activated” through electron-
withdrawing groups42 or via an sp-hybridized carbon atom.43

In the 2Pyr series, all four compounds showed intramolecular
hydrogen bonding to N2. The free rotation about the ring
provides the perfect orientation between N2 and the amide
hydrogen for intramolecular hydrogen bonding. Even though
the electrostatic potential on N2 is higher than that of N1, an
intramolecular hydrogen bond is generally going to be favored
over intermolecular hydrogen bonds. Again, the chloro and
bromo compounds are isostructural with each other. The CSD
analysis of the core 2Pyr structure reveals the presence of the
basic N-(pyridin-2-yl)picolinamide unit as a subunit in larger
molecules, wherein the intramolecular hydrogen bonding has
been used for constructing functional materials such as aqua
pores (EPIDEO)44 or pharmaceutical agents (FIDROB).45 In
2Pyr-I the vacant N1 acts as a halogen-bond acceptor to an
iodine atom on an adjacent molecule. The negatively charged
“equator” of the same donor iodine acts a halogen bond acceptor
to another 2Pyr-I molecule. Thus, there are two crystallo-
graphically unique 2Pyr-I molecules in this structure. This also
serves to explain the presence of two amide hydrogen peaks in
the infrared spectrum (Figure S3). Once again, the increased
polarizability of the iodine atom in comparison to the other
halogen atoms enabled it to act as a halogen-bond donor while
chlorine and bromine did not. The solution-phase NMR data
indicated the absence of multiple assembly modes by the amide
hydrogen. Moreover, the amide peaks of the compounds in this
series occur in a different “band” in comparison to the other
series. This indicates that the solution-phase assembly is quite
distinct from those of the other series and reflects the nature of
the observed outcome in the solid state. The NMR data also
indicate that there are no dimers present in solution as was the
case with the Bz compounds.
With shifting of the second pyridyl site in 3Pyr, intra-

molecular hydrogen bonding is no longer an option. The
postulated possibilities for hydrogen bonding were via synthon
1, synthon 2, or synthon 3. Synthon 3 is observed in all four
structures in the solid state. Despite the donor potential of the
amide hydrogen increasing and the acceptor potential
decreasing with the introduction of the halogen, the same
motif is observed throughout the series. The selection of
synthon 3 over synthon 2 can be rationalized on the basis of the
higher negative electrostatic potential of the acceptor nitrogen.20

The CSD structure analysis revealed one compound, 2-chloro-
N-(6-methyl-2-pyridinyl)nicotinamide (MEDJUB),46 where
the molecules assemble via synthon 3. In this compound the
two pyridyl nitrogen atoms are arranged cis to each other. 3Pyr-
Br in this study was the only structure out of the four to also
show a cis arrangement of the pyridyl nitrogen atoms. The

solution-phase NMR shows that all four compounds behave
similarly. The chemical shift range for the compounds in this
series are quite distinct from those observed for the Bz and 2Pyr
series. This nature of the difference in the synthon is also
reflected in the solid state.
The expected synthons for the 4Pyr series were synthon 1,

synthon 2, or synthon 3. 4Pyr, 4Pyr-Cl, and 4Pyr-Br assemble
via synthon 3. In this series too, the chloro and bromo
compounds exhibit isostructurality. All halogen atoms produced
a similar alteration of the potentials at the amide hydrogen
(making it stronger) and the acceptor sites (making them
weaker). Despite this change, the hydrogen-bond synthon
remained identical in these three compounds. We obtained two
crystal structures for 4Pyr-I, both of which showed different
hydrogen bonding in comparison to the other compounds in the
series. In 4Pyr-I-i synthon 2 is observed and halogen bonding
between iodine and N2 is seen. The other polymorph, 4Pyr-I-ii,
was obtained from a failed cocrystallization experiment between
4Pyr-I and dodecanoic acid. In 4Pyr-I-ii, again halogen bond
formation between iodine and N2 is seen. The solution-phase
data (NMR) indicate that the amide hydrogen appeared
clustered in the same general range as in the 3Pyr series. This
similarity of the binding mode observed in the solution phase is
also reflected in the solid state as all these compounds (except
for 4Pyr-I) assemble via synthon 3. The NMR of 4Pyr is from a
crystal of 4Pyr-I-i. Although the amide hydrogen forms dimers
in 4Pyr-I-i, they are not “isolated” dimers as in the case of the Bz
series. This may explain why it appears more downfield than for
compounds in the Bz series. Additionally, the deviation of
chemical shift to the bromo and chloro compounds in the series
is different from the deviation of the other series (nearly 0.09 vs
0.05), and it may also reflect the chemical nature of the amide
hydrogen due to the presence of synthon 1 seen in 4Pyr-I-ii.
3Pyr-I was the only iodinated compound that did not show

any halogen bonds or close contacts. In order to verify that the
crystal of 3Pyr-I grown is representative of the solid-state
arrangement of the compound, experimental and simulated
PXRDs were examined (Figure S4). The experimental PXRD
did not reveal additional crystalline forms. TheMEP value of the
iodine in 3Pyr-I is more positive than the iodinated compounds
in the Bz and 2Pyr series and is identical with that of 4PyrI.
Thus, the absence of any halogen bond or contact formation by
3Pyr-I may be due to steric effects.

■ CONCLUSIONS
We find that the head-to-head dimer is the prevailing interaction
in compounds of the Bz series in the four compounds of this
study and among N-(pyridin-2-yl)benzamide compounds
reported in the literature. With the introduction of the halogen
in all series the acceptors becameweaker and the donor stronger.
On consideration of all four series, irrespective of which halogen
atom within a series, the electrostatics at each donor and
acceptor site is altered to the same extent: i.e., the MEP at the
acceptor sites (carbonyl oxygen and pyridine nitrogen) is less
negative and the donor potential (of the amide hydrogen) is
increased in comparison to the nonhalogenated compound. In
three out of the four series (Bz, 2Pyr, and 4Pyr) the chloro and
bromo compounds are isostructural. Out of the 13 crystal
structures obtained for the halogenated compounds, despite the
MEP changes, the hydrogen-bonding motif was altered in only 2
out of 13 (2/13) structures with respect to the nonhalogenated
compound. Although the hydrogen-bond motif was not altered,
both Bz-I and 2Pyr-I showed halogen-bond/contact formation.
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Overall, only the iodinated targets exhibit halogen-bond/
contact formation. This observation is in accordance with the
halogen-bonding theory, where a higher polarizability of the
halogen atom leads to a larger σ hole, as reflected in the
calculatedMEPs. Thus, the introduction of a halogen atom leads
to significant changes in assembly in 4/13 cases, and all the
changes occurred in the presence of the iodine substituent. It is
worth noting that, in the case of 4Pyr-I, halogen bonding occurs
competitively with hydrogen bonding despite the iodine not
being activated.
In these compounds, when another donor site of sufficient

donor ability (iodine) is introduced, the overall assembly
changes in comparison to the parent (unhalogenated)
compounds. Since the hydrogen-bonding motif remained
identical with those of the nonhalogenated, chlorinated, and
brominated derivatives in 2/4 structures (Bz-I and 2Pyr-I) and
in the other 2/4 cases (both of the 4PyrI structures) the
hydrogen bond motif is different, the halogen-bonding iodine
site acted as an auxiliary donor 50% of the time and as a
competitor 50% of the time to the amide hydrogen (Figure 11).
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