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Influence of substituents in aromatic ring on the
strength of halogen bonding in 10dobenzene

derivatives

Maria V. Chernysheva, Margarita Bulatova, Xin Ding, Matti Haukka”

Department of Chemistry, University of Jyvéaskylad, Finland

ABSTRACT: Halogen bonding properties of 3,4,5-triiodobenzoic acid
(1, 2), 1,2,3-triiodobenzene (3), 4-iodobenzoic acid (4),
pentaiodobenzoic acid ethanol solvate (5), hexaiodobenzene (6a,
6b, 6c¢), 4-iodobenzonitrile (7), 3-iodobenzonitrile (8), 2,4-
diiodoaniline (9), 4-iodoaniline (10), 2-iodoaniline (11), 2-
iodophenol (12), 4-iodophenol (13), 3-iodophenol (14), 2,4,6-
triiodophenol (15), 4-iodoanisole (16), 3,4,5-triiodoanisole (17)
have been studied. The results suggested that substituents other
than halogen in the aromatic ring affect XB properties of iodide
substituents in ortho-, meta- and para-positions. The effect
depends on the electron-withdrawing/electron-donating properties

of the substituent. Thus, electron-donating substituents with
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positive mesomeric effect favor m-iodines to act as XB donors. By
contrast, electron substituents with negative mesomeric effect
favor o- and p-iodines to act as XB donors. Furthermore, the
stronger the mesomeric effect of the EWG or EDG substituent, the
higher impact it makes on the size of the o-hole and, consequently,

on the XB donor ability of the iodide substituent.

1. INTRODUCTION

Halogen bonding (XB) can be defined as an interaction between Lewis
base (electron-density donor, XB acceptor) and halogen atom
(electron-density acceptor, XB donor). Halogen Dbonding is
acknowledged since 1950th, when Hassel and Hvoslef discovered that
Br---0 bond distances in a crystal structure of Br2/dioxane adduct
was shorter than the sum of van der Waals radii of bromine and
oxygen, indicating presence of a strong attractive interaction
between these atoms!’?. Although, at that time it was called
“interaction” or “charge-transfer bonding”. The term “halogen
bonding” appeared only in 1978 by Dumas and co-workers®. Over the
years, use of halogen bonding has been developed to a very powerful
and useful tool in many chemical fields such as catalysis*®,

crystal engineering’"'?, biochemistry!3 !>, polymer sciences!'®,

conductive materials!’ 18, liquid crystals!®?! etc.
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Iodine, bromine, chlorine, and rarely fluorine act as XB donors.
Polarizability of halogen bond donors increases in the order of F
< Cl < Br < I%?, making iodine the most favorable XB donor among

the halogens??:23,

When an atom is involved in a covalent bond, redistribution of
electron density takes place, turning the electrostatic potential
on this atom to be anisotropic, i.e. electron density decreases
along the covalent Dbond extension and increases 1in the
perpendicular direction to it?%, as shown in Figure 1. This may
lead to the formation of a positive electrostatic potential along
the R-X bond and increased negative electrostatic potential in a
direction, perpendicular to the R-X bond. Politzer et. al?®> have
denoted the positive electrostatic potential as a “o-hole” and
negative electrostatic potential as an “electron belt”. Presence
of a positive o-hole on the halogen atom explains its ability to
interact with nucleophiles in a “head-on” fashion. In turn, a
presence of a negative electron belt around the halogen atom allows
the interaction of the latter with electrophiles in a “side-on”
fashion. Thus, when a halogen X participates in a halogen bonding
via a o-hole, it can be considered as an XB donor (i.e. electron
density acceptor). On the other hand, if an interaction takes place
via an electron belt, a halogen X can be considered as an XB

acceptor (electron density donor).
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electron belt Electrophile
”side-on” fashion

Nucleophile

o-hole
"head-on” fashion

Figure 1. Anisotropic redistribution of the electron density on
the atom X, covalently bound to R, where X = Hal, R = Hal, C, N,

O etc.

Halogen bonding can be classified into two groups depending on the
geometry of the R1-X1:---:X2-R2 fragment?®. First group can be
described by type I short contacts, in which an R1-X1:-:-X2 angle
is close or exactly the same as the R2-X2-:-X1 angle. It is a
symmetrical interaction and is usually not considered as a true
XB, because it typically arises from the close-packing
requirements and minimization of repulsion?® (Figure 2). Another
group of XBs 1is represented by type II short contacts, in which
R1-X1---X2 angle is close to 90 °, and an R2-X2---X1 angle is close
to 180 °. This is a bent interaction and is a true XB according to

IUPAC definition?’.

4
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Figure 2. Types of halogen-halogen contacts.

Halogens attached to hydrocarbons are frequently used for XB
investigations as in many cases they can be easily obtained and
crystallized?®?°, 1In particular, halogenated benzenes are an
interesting and convenient class, because halogens can be easily
introduced in a benzene ring at different positions. This allows
a study of structural features and energies of halogen bonding in
a series of related compounds and, to a large extent, an
elimination of the side effects like steric constrains etc. Besides
this, halobenzenes?® 3 provide a platform for introducing other
types of substituents on the same molecule with possible
interactions between the substituents. Investigation of the
influence of different substituents with opposite mesomeric
effects on the ability of halogens in ortho-, meta- and para-
positions to act as XB donor or XB acceptor can contribute to
better understanding of halogen bonding. Mesomeric effect can be
identified as a redistribution of an electron density 1in an

unsaturated chain due to the conjugation of a polar (electron-
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donating or electron-withdrawing) group with the n-system of a
molecule. Electron-donating groups revealing a positive mesomeric
effect (+M) donate an electron density to a benzene ring. Due to
the resonance effect of conjugated double bonds in a benzene ring,
the electron density redistributes in a way that higher electron
density being localized on carbon atoms 1in ortho- and para-
positions and lower electron density being localized on carbon
atoms in meta-positions (Figure 3). In turn, such electron density
redistribution could affect the XB donor ability (i.e. an electron
density acceptor ability) of halogens, located in ortho-, meta- or
para-positions. This may happen because the XB donor ability of
halogens increases with the increase of the electron-withdrawing

ability of an atom Y bound to halogen atom X:

Y - X---A (1)

where Y is C, N, halogen atom etc., X is the halogen atom (electron
density acceptor, XB donor), A is an electron density donor (Lewis
base, XB acceptor) (Scheme 1)?3. Therefore, presence of electron-
donating substituents in a benzene ring should favor halogens in
meta-positions to act as XB donors. Electron-withdrawing groups,
revealing a negative mesomeric effect (-M), on the contrary, lead
to the opposite effect with the localization of higher electron
density on carbon atoms 1in meta-positions and lower electron

density on carbon atoms in ortho- and para-positions (Figure 3).

6
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Therefore, halogens in ortho- and para-positions should favor XB

donor behavior.

SN ©n A

Figure 3. Redistribution of an electron density in a benzene ring
by the electron-donor group (D) and the electron-acceptor group

(A) .

In the present work, we crystallized and studied the X-ray
structures of commercially available 3,4,5-triiodobenzoic acid (1)
and 3,4,5-triodobenzoic acid with a solvate (ethanol) molecule
(2) . Also, we have compared structures of 1 and 2 with the
structures of similar substituted iodobenzene derivatives: 1,2,3-
triiodobenzene (3)3!, 4-iodobenzoic acid (4)3?, pentaiodobenzoic
acid ethanol solvate (5)33, hexaiodobenzene (6a, 6b, 6c)3%3°>, 4-
37

iodobenzonitrile (7)3%, 3-iodobenzonitrile (8)37, 2,4-diiodoaniline

(9)3%, 4-iodoaniline (10)3°, 2-iodoaniline (11)%°, 2-iodophenol

7
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(12) 41,

triiodophenol

(17)4%* (Figure 4)

6a, 6b, 6¢

NH,

11

OCH,

16

4-iodophenol

Crystal Growth & Design

(13) 37, 3-iodophenol (14)37, 2,4,6-

(15)%2 , 4-iodoanisole (16)%3, 3,4,5-triiodoanisole

found in literature.

EtOH EtOH
| | I |
| | | | | |
I |
COCH COOH COOH
2 3 4 5
| | |
I
I
cN CN NH, NH,
7 8 9 10
! I
I
I 1 I
OH OH OH OH
12 13 14 15

Figure 4. Schematic representation of the molecules, chosen for

the investigation.

In this work we focused especially on the carboxyl -COOH, nitrile

-CN, amino -NH,,

hydroxy -OH and methoxy -O0OCH; substituents as

8
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potential halogen bond modifiers on ortho-, meta- and para-
positions in relation to the halogen atoms. Iodine was chosen as
the XB active atom due to its higher polarizability in comparison
with other halogens. This feature makes it easier to study the
possible mesomeric effects on its XB properties. The studied

systems 1-17 are summarized in Fig 4.

The studied compounds have also many practical applications.
Halogenated derivatives of benzoic acids, anilines and phenols can
be found in various Dbiological applications?*™®>, pharmacy®®,
biochemistry®’>?, electrochemistry®?, catalysis®l=97 etc.08772,
Therefore, the investigation of the XB behavior of this type of

molecules may also shed light on details on these processes.
2. RESULTS AND DISCUSSION

2.1. Analysis of crystal structures of 1 and 2

In the structure of 1, the I---I distances are in the range of 3.7323
(7) - 3.8791 (7) A, while the sum of Bondi’s van der Waals (vdW)
radii is 3.96 A73. Therefore, these interactions are expected to
be quite weak. There 1is also another intermolecular XB between
para-iodine of one triiodobenzoic acid (TIBA) molecule and the
double bonded oxygen atom Ol of a carboxyl group of another TIBA
molecule (I«-0=C = 3.031 (6) - 3.138 (5) A, Figure 5). This

interaction is already somewhat stronger Dbased on the donor-
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acceptor distance (sum of vdW radii is 3.5 A). It should be noted
that meta-iodines participate in a halogen bonding both as XB
donors and XB acceptors, while para-iodines act only as XB donors
and interact only with the double bonded oxygen atom of the

neighboring molecule.

The I atoms in meta-position relative to the -COOH substituent (Il
and I3) adopt different types of XB geometries. Il is bound to two
I3B of two adjacent molecules providing a non-linear C4-I1---I3B-
Co6B fragment with the C-I--:I angles close to 90 ° (C4-I1---I3B =
99.4 (2) and C6B-I3B---I1 = 88.9 (2) °) and close to 180 ° (CoB-
I3B---I1 = 158.8 (2) and C4-I1---I3B = 169.2 (2) °). Therefore,
this contact can be considered as type II XB (Figure 5), in which
one angle in the R-X-:::X-R fragment is close to 90 ° and another

angle is close to 180

ACS Paragon Pl:bs Environment
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Figure 5. Halogen bonds in 1. Type II contacts. Hydrogens are
omitted for clarity. Selected bond lengths (A) and angles (°): I1-
I3BY 3.8791 (7), I1-I3BW 3.7323 (7), I2B-O01 3.138 (5), I2-01BW
3.031 (6), C4-I1-13B™) 99.4 (2), C4-I1-I3B®¥ 158.8 (2), CeBW -
I3B@-I1 88.9 (2), CeB®W-13BH-T1 169.2 (2), C5-I2-01B® 171.5
(2), Cc2p®-01B®-12 111.3 (5), C5B-I2B-01 178.8 (2), C2-01-I2B

143.8 (5). Equivalent positions: (i) x, -1l+y, z.

In contrast, the I1B (Figure 6) is connected to the I1B of the
adjacent molecule in such a way that the C4B-I1B--:I1B-C4B fragment
is almost linear with equal angles (C4B-I1B-:-I1B = I1B---I1B-C4B
= 152.3 (2) °, I1lB---I1B = 3.7598 (6) A). Therefore, this contact

is an example of a type I halogen bonding (Figure 6). Despite type
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I XB is quite typical for Cl and Br, only few compounds are known
in which structures I is involved in this type of interactions?‘.

Therefore, 1 is a rare example of the substances of this class.

Figure 6. Halogen bonds in 1. Type I contacts. Hydrogens are
omitted for clarity. Selected bond lengths (&) and angles (°): I1B-
I1B® 3.7598 (6), C4B-I1B-I1B® 151.3 (2), C4BW-11BW-T1 151.3

(2) . Equivalent positions: (i) 1-x, 1l-y, 1-z.

Hydrogen bonding (Table 1) between two carboxyl groups is rather
strong in the structure of 1 being 1.806 A and 1.811 A (sum of vdW
radii of H and O is 2.62 A). It clearly shows that the HB is the

key structural factor in this structure (see Figure S1).

Each molecule of 1 is bound to two adjacent molecules by n-n

interactions with the corresponding distance between the

ACSPamgonP&sEanonment
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calculated centroids of benzene rings 4.300 A. Such stacking
together with other described non-covalent interactions lead to a

zig-zag packing of the molecules (Figure 7).

Figure 7. Zig-zag layers of 1. Hydrogens are omitted for clarity.
Distance is measured between the calculated centroids of benzene

rings.

The presence of a solvent molecule in the structure of 2 changes
drastically the whole arrangement of molecules as well as their
interaction modes (Figures 8 and 9). Thus, the I:+I distance is

3.7851 (8) and 3.8165 (9) A for meta- and para-iodines,

correspondingly, which is relatively close to I---I distance in 1

ACS Paragon PI:bs Environment



oNOYTULT D WN =

Crystal Growth & Design

and is again less than the sum of vdW radii (3.96 A)73. However,
in 2 there are no type I contacts. Instead, all iodines interact

with iodines of the adjacent molecules via type II contacts.

Iodine atoms in meta-position relative to the -COOH substituent
(I1 and I3) show different XB behavior than the corresponding atoms
in 1 (Figure 8). Il is bound to I3 of an adjacent molecule providing
a non-linear C4-I1-:--I3-C6 fragment with C4-I1---I3 = 120.0 (3)
and C6-I3---I1 = 169.9 (3) °. The second meta-iodine atom, I3,
forms XBs with two adjacent molecules giving a C6-I3--:I1-C4
fragment and a C6-I3--:-:I2-C5 fragment with C6-I3---I2 = 99.3 (3)
and C5-I2---I3 = 169.8 (2) °. Thus, Il behaves as an XB acceptor
and I3 shows both XB donor and XB acceptor properties. The para-
iodine I2 participates in a halogen bonding with one adjacent
molecule and behaves as an XB donor, resulting in a close to linear
C5-I2---13-C6 fragment with C5-I2---I3 = 169.8 (2) ° and C6-I3---1I2

= 99.3 (3)

ACS Paragon Pl:bs Environment
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Figure 8. Structure of 2. Hydrogens are omitted for clarity.
Selected bond lengths (&) and angles (°): I1-I3®) 3.7851 (8), I2-
1339 3,.8165 (9), C4-I1-13@W 120.0 (3), C6e®-13W-T11 169.9 (3),
C5-I2-134D 169.8 (2), CeUl) —130H -T2 99.3 (3) . Equivalent

positions: (i) 1/2+x, -1/2+y, z; (ii) 1/2-x, 1/2+y, 1/2-z.

In 2, ethanol molecules form strong hydrogen bonds (Table 1) with
carboxyl groups of the adjacent TIBA molecules (H1---03 = 1.670 A,
H3A---02 = 1.862 A). The H--O distance is again much shorter than
the sum of vdW radii (2.62 A). This indicates that HB plays a

central role also in the crystal structure of 2 (see FigureS2).
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Table 1. Hydrogen bond parameters in 1 and 2.

D-H d(D- |d(H..3) <DHA | d(D..A3) A Equivalent
H) positions
of (i-iii)
1 02-H2 0.840 1.811 177.8 2.650 o1 2-x, 1-y,
(7) -z
C7-H7 0.950 | 3.0558 160.9 3.966 12
(8)
O2B-H2B | 0.841 1.806 165.0 2.63 O1BGY | -1-x, 2-vy,
(1) 1-z
2 0l1-H1 0.884 1.670 171.3 2.55 03 (1id) 1-x, -y,
(1) 1-z
O3-H3A | 0.939 1.862 145.7 2.69 02
(1)
The incorporation of the ethanol molecule into the crystal

structure of 3,4,5-triiodobenzoic acid does not break the n-no

stacking of the aromatic rings,

is slightly longer than in the case of 1

although the distance between them

(distance between the

calculated centroids of benzene rings is 4.470 A). Like in 1, the

molecules of 2 are organized in a zig-zag layout

ACS Paragon Pl:bs Environment
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lx""-_f-dm U@Q ""“-.._‘.4.470

Figure 9. Layers of 2. Hydrogens are omitted for clarity. Distance

is measured between the calculated centroids of benzene rings.

In addition to the intermolecular halogen bonding, there is also
an intramolecular XB present in the structures of 1 and 2 with the
I---T distances equal to Il1---I2 = 3.5479 (8) A, I2--I3 = 3.6256 (9)
A, 11B--12B = 3.6045 (7) A, I2B-I3B = 3.6464 (6) A for 1 and I1-I2

= 3.6126 (8) A and I2---I3 = 3.620 (1) A for 2.

2.2. Influence of the substituent on the XB behavior of

halogens in substituted iodobenzenes

A carboxyl group present in TIBA is a substituent with -M effect.
Therefore, it is expected to decrease the electron density on the
carbon atoms in ortho- and para-positions of the ring and to
increase the electron density on the carbon atom in meta-position.

Because of this phenomenon, in 1 and 2 C5, located in para-position
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relative to -COOH, should withdraw some electron density from the
I2 bound to it. An opposite effect should be observed for Il and
I3 in meta-positions. As a result, I2 should become a better XB
donor, while Il and I3 should become better XB acceptors. Such
phenomenon was indeed observed in the structures of 1 and 2. Thus,
analysis of the crystal structure of 1 showed that para-iodines I2
and I2B are involved in a stronger halogen bonding with oxygen of
the carboxyl group (C5-I2:--:01B = 171.5 (2) ° and I2---01B = 3.031
(6) A, C5B-I2B--01 = 178.8 (2) ° and I2B--01 = 3.138 (5) A) as well
as interact with the n-system of the neighboring benzene ring.
Both these facts indicate an improved XB donor (i.e. an electron
acceptor) behavior of para-iodines. Meta-iodines Il and I3B, in
turn, act both as XB donors and XB acceptors (C4-I1---I3B = 158.8
(2) ° and I1---I3B = 3.8791 (7) A, C4-I1---I3B = 99.4 (2) ° and I1---I3B
= 3.7323 (7) A, C6B-I3B-+-I1 = 169.2 (2) ° and I3B-+I1 = 3.7323 (7)

A, C6B-I3BR---I1 = 88.9 (2) ° and I3B---I1 = 3.8791 (7) A).

Analysis of the structure of 2, which contains co-crystallized
ethanol, showed even more clear distinction between para-iodines

I1 and I3 and meta-iodines I2. Former ones act only as XB donors
(C5-12--I13 = 169.8 (2) ° and I2--I3 = 3.8165 (9) A), while the
latter ones favor XB acceptor behavior (C4-I1---I3 = 120.0 (3) ° and
I1---I3 = 3.7851 (8) A, C6-I3---I2 = 99.3 (3) ° and I3---I2 = 3.8165

(9) A, C6-I3---I1 = 169.9 (3) ° and I3-I1 = 3.7851 (8) A).

ACS Paragon Pl:bs Environment
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In order to characterize a o-hole on each halogen atom, the
calculated electrostatic potentials can be used. The maximum
electrostatic potential on the atom can be represented by a value
Oof Vs,max, which 1s proportional to the size of a o-hole. The bigger
the o-hole on the atom, the bigger is the Vg, qm.x value. In turn, a
bigger size of a o-hole (and bigger Vs, nm.x value) corresponds to a
higher XB donor ability of halogen. Our calculations show that
Vs, max values for I1, I2 and I3 in compounds 1 and 2 vary from 0.039
to 0.042, being smallest for meta-iodines Il and I3 and biggest
for para-iodines I2 (see section 2.3). Therefore, iodine atoms in
para-position should reveal better XB donor ability than iodines
in meta-positions, which is which is consistent with the results

of our structural analysis.

Table 2. Halogen bonding in 1 and 2.

Atoms Distance, Angles, ° Sum of Equivalent
A vdw positions
radii, A | of (i)-
(iii)
I2---01B 3.138 (5) | C5-I2-01B = 3.5
1 178.8 (2),
C2B-01B-1I2 =
143.8 (5)
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I1---I3BW 3.7323 C4-I1-I3BW = 3.96 x, -l+y, z
(7) 99.4 (2),
C6B -I3BM) -
I1 = 169.2
(2)
1384 -+ - T1 3.8791 | C6BW-I3BMW - 3.96 x, -l+y, z
(7) I1 = 88.9
(2), C4-I1-
I3B%) = 158.8
(2)
I1---1306D 3.7851 | C4-T1-1301) = 3.96 1/2+x, -
) (8) 120.0 (3), 1/2+y, z
Ceti)-130H 17
= 169.9 (3)
I2---130D 3.8165 C5-12-134iH) = 3.96 1/2-x%,
(9) 169.8 (2), 1/2+y,
Ce (i) 73 (i)~ 1/2-z
I2 = 99.3 (3)

In contrast,

to a large extent,

the removal of a -COOH substituent should equalize,

the XB properties of all the I atoms.

This is

reflected in our calculations, according to which, Vg n.x values are

ACS Paragon PFus Environment
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0.036 and are same for all iodines. However, the structural
analysis of 1,2,3-triiodobenzene® molecule 3 (Figure 10) shows,
that two outermost iodines, I3 and I4, act as XB donors (C3-I3--:I6
= 170.4 (1) ° and I3---I6 = 3.800 (2) A, C7-I4--I2 =170.4 (1) ° and
I4---I2 = 3.802 (2) A), while another outermost iodine atom, 1I6,
reveals XB acceptor ability (C9-I6---I3 = 104.4 (1) ° and I3:--I6 =
3.800 (2) A). The middle iodine atom, I2, also favors the XB
acceptor behavior (C2-I2---I4 = 124.4 (1) ° and I2---I4 = 3.802 (2)
A). Such difference in the XB donor-acceptor behavior of iodide
substituents is due to the weak positive mesomeric effect of the

neighboring iodine atoms.

It should be noted, that molecules in 3 do not form infinite chains
of halogen bonds, like in 1 and 2, but make two sets of four
molecules (Figure S3). Only two iodines in one molecule form
halogen bonds, while third iodine is not involved, i.e. in one
molecule I2 and I3 form XBs and Il does not. In the second molecule

I4 and I6 form XBs, while I5 does not.
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Structure of 3.

Figure 10.

Selected bond lengths (A) and angles (°):

Hydrogens are omitted for clarity.

I4%-12 3.802 (2), Ieti)-

I3 3.800 (2), C2-12-14%) 124.4 (1), Cc7®-14%0-12 170.4 (1), C3-

I3-I644) 170.4 (1), CO9UED-TeHH-T3 104.4 (1).

(1) x, 1+y, z; (ii) 2-x, 2-y, 1l-z.

Table 3. Halogen bonds in 3.

Equivalent positions:

Atoms Distance, Angles, ° Sum of Equivalent
A vdW positions
radii, A |of (i)-(ii)
I2---I14@ [3.802 (2) |C2-I2-I4W) = 3.96 x, lty, z
124.4 (1),
3
C7TH-140)-12 =
170.4 (1)
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I3---I6WH 3,800 (2) |[C3-I3-I6UWD = 3.96 2-x, 2-y,
170.4 (1), 1-z
Cotll-T6HH -13

= 104.4 (1)

Similar mesomeric effects can be observed in other iodobenzoic
acids as well. For example, in 4-iodobenzoic acid (4)3? the iodine
atom in a para-position should act as an XB donor because of the
-M effect of a carboxyl group. According to our structural
analysis, the iodine atom Il interacts with other Il iodine atoms
from two adjacent molecules, acting both as an XB donor and as an
XB acceptor (Figure 11). The corresponding I--Idistance is 3.957 (1) A,
which 1is very close to the sum of vdW radii, so both I1---T1
interactions can, thus, be considered as extremely weak ones. The

calculated Vs  value is 0.035.
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3.957

Figure 11. Structure of 4. Hydrogens are omitted for clarity.
Selected bond lengths (A) and angles (°): I1-11% 3,957 (1), Il-
1149 3,957 (1), C5-I1-I1¢ 165.9 (2), C5®-11@W-11 96.1 (2), C5-
I1-I1149 96.1 (2), C5UEN-110ED-T] 165.9 (2). Equivalent positions:

(i) 1/2-x, 1/2+y, 1/2-z; (ii) 1/2-x, -1/2+y, 1/2-=z.

Adonin et al. have reported?®® the synthesis of another iodobenzoic
acid, 1.e. pentaiodobenzoic acid (PIBA). In PIBA the electron
density distribution is affected by the negative mesomeric effect
of a -COOH group, which withdraws the electron density from the
benzene ring. Thus, ortho- and para-iodines should act as XB
donors, while iodines 1in meta-positions should accumulate
excessive electron density favoring corresponding iodines to act
as XB acceptors. Analysis of the crystal structure of
pentaiodobenzoic acid (5) revealed that the carboxyl group is not

coplanar with the benzene ring because of the steric hindrance as
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well as due to the strong hydrogen bonding between two carboxyl
groups in adjacent molecules (Figure 12). Therefore, conjugation
breaks down, and -COOH group does not influence the XB donor-
acceptor properties of iodines. This is also confirmed by our
computations, showing a small deviation of a o-hole for all
iodines. The calculated Vg, n.x is 0.050 for ortho-iodines and 0.047
for meta- and para-iodines (see section 2.3). The difference in

Vs,max values is due to the +M effect of the iodines.

Figure 12. Structure of 5. Hydrogens and solvent molecules were

omitted for clarity.

In a PIBA structure (Table 4), meta-iodines I2 and I4 form XBs
with adjacent molecules with I2 acting as an XB donor (C6-I2:--I4 =
177.0 (1) ° and I2---I4 = 3.8592 (5) A) and I4 acting as an XB

acceptor (C8-I4--I2 = 96.9 (1) ° and I4---I2 = 3.8592 (5) A). Ortho-
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iodines I5 and I6 form even stronger XBs with oxygens from the
carboxyl group 06 and 02, correspondingly, thus, acting as XB
donors (C9-I15---:06 = 177.8 (1) ° and I5--06 = 2.945 (3) A, Cl14-16---02
= 170.6 (1) ° and I6--:02 = 3.092 (3) A). This can be explained by
a small positive mesomeric effect of the substituted iodines, that
favors meta-positions to act as XB donors and ortho-positions as

XB acceptors. Finally, para-iodines I3 and I8 form type I contacts
with ortho- and para-iodines from the adjacent molecule (C7-I3---I9
= 126.9 (1) ° and I3--I9 = 3.9537 (6) A, C7-I3--I8 = 126.0 (1) ° and
I3---I8 = 3.8730 (5) A, C16-18-I3 = 129.8 (1) ° and I8-I3 = 3.8730

(5) A).

Table 4. Halogen bonds in 5.

Atoms Distance, Angles, ° Sum of Equivalent
A vdw positions
radii, of (i)-(iv)
A
I2---14@ 3.8592 C6-I2-I14W) = 3.96 x, 1/2-vy,
(5) 177.0 (1), 1/2+z
C8)-T4W -T2
= 96.9 (1)
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13-

-18 D) 3.8730 C7-I3-18GH 3.96 -x, —-1/2+y,

(5) = 126.0 (1), 1.5-7
Cle (i) -
181 -13 =

129.8 (1)

I3..

-9 (1) 3.9537 C7-I3-19 1) 3.96 -x, 1l-y, 1-

(6) = 126.9 (1), z
C17 () -
I9HD-T3 =

128.9 (1)

28 IS5

‘061 | 2,945 (3) | C9-I5-061V) 3.5 x, 1.5-y,

= 177.8 (1), 1/2+z

C12 v -
06V -T5 =

129.3 (3)

41 16~

02 13,092 (3) [Cl4-16-02) 3.5 x, 1/2-y,

= 170.6 (1), 1/2+z

C3W-021)-16

= 120.8 (3)

Upon removal of a -COOH group from PIBRA, all iodines should become

56 equal and reveal similar properties in terms of their XB donor
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ability. Our calculations of hexaiodobenzene (polymorphs 6a - 6c)
34,35 indeed confirmed that Vs m.x (= 0.043) value is equal for all
iodines I1-I3, 1I1B-I3B. According to the crystal structure
analysis of hexaiodobenzene (polymorphs 6a - 6¢), iodines in two
polymorphs 6a and 6b demonstrate similar XB behavior. Thus, in 6a
two iodines I1 and I1B act as XB donors (C-I:---I = 174.65 ° and I--I
= 3.766 A), two other iodines I3 and I3B act as XB acceptors (C-
I--I2 = 124.28 ° and I-+I = 3.777 A) and the last two iodines I2
and I2B act both as XB donors and XB acceptors at the same time
(C-I+I = 114.74 ° and 176.94 °, I-+I = 3.766 A and 3.777 A). In 6b
iodines I3 and I3B act as XB donors (C-I---I = 173.47 ° and I---I =
3.742 A), iodines Il and I1B act as XB acceptors (C-I-I = 125.37

and I--I = 3.75 A) and iodines I2 and I2B act both as XB donors
and XB acceptors at the same time (C-I:--I = 176.41 ° and 116.29 °,
I-+I = 3.747 A and 3.742 A). Finally, in the third polymorph 6c
all iodine atoms act as XB donors and XB acceptors (see Table 5).
Interestingly, in 6c¢c polymorph Il, I2 and I3 form an XB triangle
with sides I1---I2 = 3.7044 (5) A, 12---I3 = 3.9485 (6) A and I11--I3
= 3.7125 (6) A (Figure 13). In all three polymorphs XB angles are
close to 90 ° and 180 °, but not exactly because of the steric
hindrances. Still all the XB interactions can be considered as
type II contacts with I---I distances being less than the sum of

vdW radii (3.96 A).
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Atoms Distance, Angles, ° Sum of | Equivalent
A vdw positions
radii, A | of (i)-
(vii)
6a I1---12W 3.766 Cl-I11-12W 3.96 1/2-x, -
= 174.65, 1/2+y,
C2)-120H) - 1/2-z
I1 =
114.74
I3---I2BGY 3.777 C3-I3- 3.96 -1/2+x,
I12BUD = 1/2-y,
124.28, 1/2+z
C2B 1) -
I2BEY-13 =
176.94
6b I2 - -T1 ) 3.75 C2-1I2- 3.96 1-x, -
T10i0 = 1/2+y,
176.41, 1/2-z
Cc1 (iid) -

ACS Paragon PFus Environment




oNOYTULT D WN =

Crystal Growth & Design

110 -12 =
125.37
12 - -13B0V) 3.742 C2-12- 3.96 x, 1/2-y,
I3BUV) = 1/2+z
116.29,
C3B V) -
IBAV-12 =
173.47
6c 1211 3.7044 | C1-I2-11®™) 3.96 1.5-x,
(5) = 174.2 1/2+y,
(1), C3M™- 1.5-z
I1W-12 =
114.9 (1)
I1---130H 3.7125 C3-I1-13Wh 3.96 2.5-x%,
(6) = 178.3 1/2+y,
(1), c2til- 1.5-z
I3WH-T1 =
124.6 (1)
12 - 13 i) 3.9485 |[Cl-I2- 3.96 -1+x, 1+y,
(6) 13 wih) = z
123.5 (1),
C2(vii)_
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I3V -T2

173.6 (1)

Figure 13. Halogen bond triangle in the structure of 6c. Selected
bond lengths (A) and angles (°): I1-I2@ 3.,7044 (5), I1-134H 3,7125
(6), I2W-130GH 3.9485 (6), C1@-12(H)-11 174.2 (1), C3-I1-12
114.9 (1), C3-I1-I13¢GY 178.3 (1), C2UH-13GH-11 124.6 (1), Cl1W)-
120 -130H  123.5 (1), C20H-130H-T720(1) 114.9 (1). Equivalent

positions: (i) 1.5-x, -1/2+y, 1.5-z; (ii) 2.5-x, 1/2+y, 1.5-z.

When comparing hexaiodobenzene (HIB) and PIBA we can conclude,
that the difference in the XB behavior of iodines arises not from

the electron-withdrawing properties of a carboxyl group, but is
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due to the steric factors as well as strong hydrogen bonding
between a -COOH group and ethanol. The revealed difference in the
calculated electrostatic potentials of iodine atoms (Vs,max(p1Ba) =
0.047/0.050, Vs, max@rme) = 0.043) is due to the extensive hydrogen
bonding between the carboxyl group and ethanol in the structure of

5.

It should also Dbe noted that both PIBA and HIB reveal
intramolecular I---I contacts similar to TIBA. The corresponding

I.--I distances are found in Table 6.

Table 6. The intramolecular I:--I distances in compounds 5 and 6.

Compound Atoms Distance, A
I1---1I2 3.548
I2---I3 3.546
I3---14 3.524
5 I4---1I5 3.551
I6-- 17 3.564
I7---1I8 3.512
I8---I9 3.508
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I9---TI10 3.536
I3:---I2B = 3.501
I3B---I2

6a
I1---I3 = 3.500
I1B---I3B
I3---I2B = 3.521
I2---I3B
I1---I2 = 3.500
I1B---I2B

6b
I1---I3 = 3.49
I1B---I3B
I3---I2B = 3.49
I3B:---I2
I1---I2 = 3.4974 (6)
I1B:---I2B

6c
I1---I3 = 3.5182 (5)
I1B---I3B
I3---I2B = 3.5096 (6)
I3B:---I2
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In order to explore the influence of the strength of a stronger
electron-withdrawing group on the XB donor-acceptor behavior of
iodine atoms, the 4-iodobenzonitrile3® (7) and 3-iodobenzonitrile?’
(8) were taken into consideration (Figure 14, Table 7).
Accordingly, in the structure of 7 the iodine atom Il in para-
position should act as an XB donor due to the strong negative
mesomeric effect of a nitrile group -CN. On the contrary, 1in a
compound 8 iodine Il in meta-position relative to a -CN group
should act as an XB acceptor. The structural analysis on these two
iodobenzonitriles show the formation of a strong Il---N1 bonding in
the structure of 7, in which para-iodine Il acts as an XB donor.
The I1-N1 distance is equal to 3.123 A (the sum of vdWw radii is
3.53 A) and the C1-I1-N1 angle is equal to 180.0 °. In the structure
of 8 the iodine atom Il acts as an XB donor and an XB acceptor
upon interaction with iodines from two adjacent 3-iodobenzonitrile
molecules (Figure 14, Table 7). The I1-I1 distance is 3.806 (1) A
vs. the sum of van der Waals radii being 3.96 A. In contrast to 7,
nitrogen atoms in 8 are involved in a hydrogen bonding and do not

form XBs with iodine atoms.

Our calculations of the maximum of the electrostatic potential
surface revealed, that the Vg m.x values for Il atoms of 7 and 8 are
almost equal, being 0.042 for 7 and 0.041 for 8. However, the

demonstrated difference in the XB donor-acceptor behavior of these
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iodine atoms support our hypothesis, that a substituent other than
halogen does have an impact on the XB donor-acceptor behavior of
the halogens in a benzene ring. Specifically, para-iodine in 7
acts a strong XB donor, while in the structure of 8, the XB donor
ability of meta-iodine is less pronounced, and it acts both as an

XB donor and as an XB acceptor.

Furthermore, there is a clear difference between the behavior of
para-iodines in compounds 4 and 7. While para-iodine in the
structure of 7 demonstrates strong XB donor properties (calculated
Vs,max = 0.042), para-iodine in the structure of 4 reveals both XB
donor and XB acceptor properties (calculated Vg,max = 0.035). This
fact, supported by our calculations, shows that not only the
position of the halogen atom in a benzene ring, but also the
ability of the -electron-withdrawing substituent to withdraw
electron density from a benzene ring affects the XB donor-acceptor

behavior of halogens.
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3.806 3.806

Figure 14. Halogen bonding in the structures of 7 (a) and 8 (b).
Hydrogens are omitted for clarity. Selected bond lengths (A) and
angles (°): (a) I1-N1% 3,123, C1-I1-N1‘® 180.0, C5®-N11-T1
180.0; (b) I1-11%H 3,806 (1), I1-I1GiH 3,806 (1), C5-I1-I10GH)
165.4 (2), Cc5UY-11GH-T1 128.3 (2), C5-I1-I14%) 128.3 (2), C5UI—
1135 -11 165.4 (2). Equivalent positions: (i) x, -1l+y, =z; (ii)

1/2-x, -1/2+y, 1/2-z; (iii) 1/2-x, 1/2+y, 1/2-z.

Table 7. Halogen bonds in 7 and 8.

Atoms Distance, Angles, ° Sum of | Equivalent
A vdw positions
radii, A
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of (i)-

(iii)

oNOYTULT D WN =

9 7 I1---N1@ 3.123 Cl-I1-N1W) 3.53 x, -1l+y, z
11 = 180.0,
13 c51) N1 @) =

I1 = 180.0

19 8 I1---I109D |3.806 (1) |C5-I1-I1CD 3.96 1/2-%, -
21 - 165.4 1/2+y,

23 (2), C50i)- 1/2-2

28 128.3 (2)

31 I1---I10Gi0 [3.806 (1) |C5-I1- 3.96 1/2-x,
33 T10i) = 1/2+y,
35 128.3 (2), 1/2-z
38 C5(iii)_

40 I1EH-11 =

42 165.4 (2)

49 According to the above consideration, the replacement of the -M
51 substituent to +M substituent should change the distribution of an
53 electron density in a benzene ring as well as make an impact on

the XB donor-acceptor behavior of iodide substituents. To verify
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this hypothesis, we have studied 2,4-diiodoaniline (9), 4-
iodoaniline (10), 2-iodoaniline (11), 2-iodophenol (12), 4-
iodophenol (13), 3-iodophenol (14), 2,4,6-triiodophenol (15), 4-
iodoanisole (16) and 3,4,5-triiodoanisole (17) . Thus, when
carboxyl group 1s changed to an electron-donating group with a
positive mesomeric effect (like -NH,, -OH and -OCH3), the electron
density redistributes in the opposite direction (Figure 3), making
ortho- and para- positions favorable XB acceptors and meta-

positions favorable XB donors.

Among the hitherto known structures, in 2,4-diiodoaniline (9)?3®
para-iodine I2 interacts only with the n-system of a benzene ring
and in 4-iodoaniline (10)°3° there are no halogen or hydrogen bonds.
But in 2-iodoaniline (11)%° iodines Il form I--I contacts acting
both as XB donor and XB acceptor (C2-I1---I1¢%) = 172.7 (2) ° and
I1---I11® = 3,799 (2) A, c2®W-11W...T11 = 107.2 (2) ° and I1@®...I11 =
3.799 (2) A; equivalent position of (i) is -x+y, -x, 1/3+z). When
moving from iodoanilines to iodophenols, in 2-iodophenol (12)4!
iodine atoms Il form only type I contacts and in 4-iodophenol
(13)°7 iodines Il interact with a benzene ring. Iodine atoms Il and
I3 show the XB donor and the XB acceptor behavior in 3-iodophenol
(14)%7 (C1-11---01 = 157.92 ° and I1--01 = 3.332 A) and 2,4,6-
triiodophenol (15)%? (C4-I3---01 = 75.64 ° and I3---01 = 3.446 A),

correspondingly.
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In order to demonstrate the effect of +M substituent, a methoxy -
OCH; substituent was selected. Thus, in 4-iodoanisole (16)%3
(Figure 15, Table 8) a positive mesomeric effect of the methoxy
group should favor iodine 1in para-position to act as a halogen
bond acceptor. However, according to the structural analysis, an
iodine atom Il participates in a weak interaction with an oxygen
atom Ol from the ether group of an adjacent molecule and acts as

an XB donor. The I1--01 distance is 3.161 (5) A vs. the sum of vdw

radii of 3.50 A, the C-I--O angle is 172.1 (2) °. The calculated
Vs, max value for I1 is 0.025. If we compare three structures, 4-
iodoaniline (10), 4-iodophenol (13) and 4-iodoanisole (16), we can
see, that although for all these structures the Vg n.x value for
para-iodine is very similar (0.021 for 10, 0.026 for 13 and 0.025
for 16), the XB donor-acceptor behavior differs significantly.
Thus, in a case of stronger electron-donating substituents -NH,
(10) and -OH (13) the iodine atoms do not participate in a halogen
bonding. It can be explained by the fact, that in both structures
10 and 13 electrons on the nitrogen and oxygen atoms are hindered
by the broad region of a positive electrostatic potential (Figure
17), which is reflected in the Vg, nx values being 0.050-0.068 for
the amino group and 0.061-0.075 for the hydroxy group (Table S4).

This makes impossible the I-:-'N and I:--O interactions to happen.
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In a case of the methoxy -0OCH; substituent, which reveals a much
weaker positive mesomeric effect, the para-iodine atom Il acts as
an XB donor wupon interaction with oxygen from a neighboring
molecule (16). According to our computational analysis, a region
with a positive electrostatic potential from CH; in shifted to the
side, thus, opening a negative region on oxygen and giving space
for iodine to approach (Figure 17). This is also confirmed by a

very small Vg gax value on oxygen O1 (0.009).

3061 31617 o 3161 @ 31617

Figure 15. Weak interactions in the structure of 16. Selected bond
lengths (A) and angles (°): I1-01® 3.161 (5), C4-I1-01® 172.1

(2), c1®-01®%-11 129.4 (4). Equivalent positions: (i) 1.5-x, vy,

4
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Table 8. Halogen bonds in 11 and 14-17.

Atoms Distance, Angles, ° Sum of Equivalent
A vdw positions
radii, of (i-wvii)
A
11 I1---I1® |3.799 (2) |C2-T1-I11W 3.96 -x+y, -X,
= 107.2 1/3+z
(2), c2 -
I1H-11 =
172.7 (2)
14 I1---01G48) 13,332 (3) |C1-I1-01GH 3.5 1/2-x, 1-y,
= 157.9 -1/2+z
(1),
C4 (i) =
0Lt -I1 =
102.8 (3)
15 I3---014W4H) | 3,446 (8) | C4-1I3- 3.5 1/2+x, 1/2-
01 (ith) = v, -z
75.6 (3),

4
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Cc3(iii) —
01U -13 =

154.1 (6)

16

-01 (iv)

3.161

(3)

C4-11-014V)
=172.1

(2),

Cc1Ev)—
01UV -T1 =

129.4 (4)

1.5-%, vy,

1/2+z

17

"I3W

3.9294

C3-I1-13W™

= 160.8

-x, 1/2+y,

1/2-z

-01 (vi)

3.270

(3)

C4-12-01
= 177.2

(1),

Cc1 i) -
01WwH-12 =

126.6 (3)

-1+x, 1/2-

vy, —1/2+z

4
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I3 -13(vil) 3.9350 C5-I3- 3.96 1-x, -y, -z

(5) 13 (i) =

oNOYTULT D WN =

CH(vii) -
10 I3Wil) 13 =

12 141.8 (1)

In the structure of 3,4,5-triiodoanisole (17)% an iodine atom in
20 para-position should favor XB acceptor behavior and two iodines in
22 meta-positions should favor XB donor behavior because of the +M
24 effect of a methoxy group -OCHs. According to the crystal structure
analysis, all three iodine atoms reveal different XB activity
29 (Figure 16, Table 8). Thus, meta-iodine Il acts as an XB donor
31 with the I3 atom from an adjacent molecule. The corresponding I1--I3
distance is 3.9294 (5) A vs. the sum of vdW radii of 3.96 A, the
36 C3-I1---I3 angle is 160.8 (1) °. Another meta-iodine I3 acts as an
38 XB acceptor with the Il atom from an adjacent molecule (I3-I1 =
M 3.9294 (5) A, c5-13-I1= 82.7 (1) °) and also forms type I contacts
43 with an another I3 atom. Finally, para-iodine I2 acts as an XB
45 donor and interacts with the oxygen atom Ol from adjacent molecule

with I2-01 = 3.270 (3) A, C4-I2-01= 177.2 (1)

51 The calculated Vs, nmax values for the iodine atoms of 17 are 0.034,
53 0.033 and 0.036 for I1, I2 and I3, respectively. These values

together with the XB donor-acceptor behavior of iodines in 17 let

4
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us assume that the weak positive mesomeric effect of an ether group
-OCH3 does not affect the iodine atoms to a large extent.
Furthermore, upon a comparison of compounds 16 and 17, it can be
clearly seen that the Vg nx numbers on para-iodines differ
significantly (0.025 for 16 and 0.033 for 17), thus, resulting in
an assumption, that meta-iodines in 17 have a higher impact on the

chemical properties of para-iodine than the methoxy group.

Figure 16. Halogen bonding in the structure of 17. Hydrogens are
omitted for clarity. Selected bond lengths (A) and angles (°): Il1-
123 3.7044 (5), I1-13G1) 3.7125 (6), I2W-130GH 3,9485 (6), C1WH) -
124 -11 174.2 (1), C3-I1-12"™ 114.9 (1), C3-I1-13¢WH 178.3 (1),

c2t) -136H-11 124.6 (1), C1@®-12W-130GEH 1235 (1), C2UEH-T30EDH_-

4
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124 114.9 (1). Equivalent positions: (i) 1.5-x, -1/2+y, 1.5-z;

(ii) 2.5-x, 1/2+y, 1.5-z.
2.3. Computational analysis

Analysis of the map of electrostatic potential (further MEP) helps
to predict and estimate non-covalent interactions.’® 7> It was shown
that the magnitude of the sigma-hole (further Vs, ,.x) correlates
with the strength of a non-covalent interaction.’#’® Moreover,
groups of substituents with electron-donating (EDG) or electron-
withdrawing (EWG) effects can influence Vg, n.x and, correspondingly,
the interaction strength. EWG can increase Vg,n.x by depleting the
electron density, while in case of EDG the Vs p.x may decrease due

to the additional electron density in the system.’ /76778

The influence of the substituent on the Vg .z value of the halide
in structures 1-17 can be clearly seen (Figure 17, Table 9, Table
S4). Our computational results indeed show, that in the case of
the electron-withdrawing groups the Vg, n.x value of the iodine atom

is always bigger, than in the case of the electron-donating groups.

An increase in the Vs, n.x values on the iodine atoms can be seen
upon introduction of a carboxyl group in the structures of 1-2
(0.039-0.042) and 5 (0.047-0.050) vs. the structures of 3 (0.036)
and 6 (0.043). Thus, the difference in the Vg n.x values of the

iodines in TIBA (1, 2) and 1,2,3-triiodobenzene (3) 1s due to

4
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electron-withdrawing effect of a carboxyl group. There is also a
small deviation in the Vs, n.x values between meta- and para-
positions in TIBA, with a higher value for para-iodine and smaller
values for meta-iodines. In the case of PIBA (5) and HIB (6),
although the -COOH group is not located within the same plane with
the benzene ring in 5, the increase of Vg, n.x on the iodine atom can
be still seen comparing to 6. The highest Vg,nax values are found
for ortho-iodines (5), reflecting higher ability of these iodines
to act as XB donors, which correlates with the conducted structural

analysis.

In iodobenzonitriles 7-8 the difference in the Vg,n.x values of the
iodine between meta- and para-positions is neglectable. However,
in iodophenols 12-15 the Vg, n.x values are increasing in the row of
para- < meta- < ortho-, with the highest wvalues in 2,4, 6-
triiodophenol (15) being 0.035 and 0.048 for ortho- and 0.037 for

para-position.

In the case of iodoanilines 9-11 the Vg, n.x values for para-position
are lower, than for ortho-positions (0.021 and 0.027 vs. 0.027 and

0.034) with the highest values found for 2,4-diiodoaniline 9.

The presence of several iodine atoms in one molecule affects the
Vs,max value of 1odide substituents due to the +M effect of the
iodine. For example, the Vg q.x value for p-iodine in 4-iodoanisole

(16) 1is smaller, than that in 3,4,5-triiodoanisole (17). The

4
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corresponding values are 0.025 for 16 and 0.033 for 17. Another
example of the same trend can be observed upon comparison of the
2,4-diiodoaniline (9) and 2-iodoaniline (11) structures: the Vg, nyax
value for o-iodine is higher in the case of diiodoaniline (0.034

for 9 vs. 0.027 for 11).

In order to trace the influence of the nature of the substituent
other than halogen on the XB donor-acceptor properties of the
iodide substituents, several groups of compounds were considered.
Thus, first group is represented by the compounds with three iodide
substituents, 1.e. 3,4,5-triiodobenzoic acid (1, 2), 1,2,3-
triiodobenzene (3) and 3,4,5-triiodoanisole (17). The Vs,nax values
increase in a row of 17 < 3 < 1, 2. Another group is represented
by compounds 4-iodobenzoic acid (4), 4-iodobenzonitrile (7), 4-
iodoaniline (10), 4-iodophenol (13) and 4-iodoanisole (16). All
these structures have the iodine atom in para-position. The Vg, pgax
values increase in a row of 10 < 16 < 13 < 4 < 7. Finally, third
group is represented by compounds, having iodine in meta-position,
namely, 3-iodobenzonitrile (8) and 3-iodophenol (14). The Vs, nax
value for iodine in the structure of 8 is much higher, than that
in the structure of 14. All these correlations confirm our
hypothesis, that electron-withdrawing groups withdraw electron
density from benzene ring and, therefore, increase the size of a

c-hole. On the contrary, electron-donating groups donate electron

4
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density to the benzene ring, thus, decreasing the size of a o-
hole. Therefore, iodide substituents reveal better XB donor
ability in the case of electron-withdrawing substituents (1-2, 4,
7-8) and are less 1likely to act as XB donors in the case of

electron-donating substituents (9-17).

Table 9. Maximum ESP (Vg,n.x) Of the selected halogenated

molecules (calculated at the PBE0-D3/def2-TZVP level).

Molecule Atom Vs, maxs a.U.

Il 0.039

1, 2* I2 0.042
I3 0.041

Il 0.036

3 I2 0.036
I3 0.036

4 I1 0.035
Il 0.049

I2 0.047

5* I3 0.047
I4 0.047

I5 0.050

I1 0.043

12 0.043

6 I3 0.043
I1B 0.043

I2B 0.043

I3B 0.043

7 Il 0.042
8 I1 0.041
9 I1 0.034
I2 0.027

10 Il 0.021
11 Il 0.027
12 I1 0.037
13 Il 0.026
14 Il 0.029
I1 0.037

15 12 0.048

4
ACS Paragon Plus Environment




Page 49 of 71 Crystal Growth & Design

I3
16 Il

.035
.025
T1 .034
17 12 .033
I3 0.036
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Figure 17. Electrostatic potential calculated at the PBE0O-D3/def2-
TZVP computational level on the 0.001 au molecular surface with
the Vs, nax values at iodide atoms; same ESP color scale from -0.038
to 0.038 eA! was applied for all of the molecules with a blue
color for negative, green for neutral and red for positive values;
a color scheme for atoms: H - white, C - gray, O - red, I - purple.
*calculations performed for structure omitting the solvent

molecule.
3. CONCLUSIONS

The conducted structural analysis complemented with the MEP
computational analysis show, that the nature of the substituent
other than halogen in a benzene ring has an impact on the XB donor
and acceptor properties of the iodinated benzenes. The electron-
withdrawing substituents, such as -COOH and -CN, increase the
ability of iodines in ortho- or para-positions to act as halogen
bond donors. On the other hand, the electron-donating
substituents, such as -0H, -NH, and -0CH;, enhance the XB donor
properties of iodines in meta-position. It is reflected in the
size of the o-hole on the iodine atoms, which can be expressed by
the value of maximum electrostatic potential (Vs,max) . The stronger
the mesomeric effect of the EWG or EDG, the higher impact it makes
on the XB donor-acceptor properties of the iodide substituents.

Such structural correlations can potentially be exploited in the
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crystal engineering for the design of crystal structures with pre-

defined contacts.

4., EXPERIMENTAL

4.1. Experimental details

3,4,5-triiodobenzoic acid (TIBA) crystals 1 and 2 were obtained by
a slow evaporation of an ethanol solvent with an evaporation vessel
covered with a parafilm under ambient conditions. TIBA was
purchased from Fluka AG, Chemische Fabrik. The isolated yields are

95

o\°

for 1 and 87 % for 2. Elemental analysis of 1: found C 16.93

o\

, H0.83 %, NO.1 %; calculated C 16.8 %, H 0.6 %, N 0O %. Elemental

o\°
o\

analysis of 2: found C 19.57 %, H 1.554 %, N 0.253%; calculated C
19.79 %, H1.65 %, N O %. 'H NMR of 1 (MeOD, &): 8.425 (s, 2H, Ar).
'H NMR of 2 (MeOD, &): 1.178 (t, 3H, CH3 from ethanol), 3.739 (q,
2H, CH2 from ethanol), 8.425 (s, 2H, Ar). Signal of -COOH proton
is too broad to be observable. The obtained crystals of 1 were
analyzed with SuperNova Dual X-ray diffractometer using Cu source.
Crystals of 2 were analyzed with Bruker KAPPA APEX II CCD X-ray

diffractometer. Details on the XRD experiments can be found in

EST.
4.2. Computational details

All of the molecules were subjected to full energy minimization

and ESP calculation at DFT level using PBE07°-D3%% dispersion
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corrected functional with a 6-31G* basis set for all atoms except
for iodine, for which a def2-TZVP®' basis with a pseudopotential
for the inner-core electrons was used. Wavefunction files were
obtained in Gaussian 09 (revision D.0l) program package.??
Electrostatic potential of 1-17 was calculated with the QTAIM
(Quantum Theory of Atoms in Molecules)®® method and visualized in
the AIMALL®? software by plotting a map of an electrostatic
potential (further MEP) at the 0.001 au contour of its electronic

density as suggested by Bader et al.®

5. ASSOCIATED CONTENT

Supporting Information.

Details on the XRD experiments and structure determination of 1
and 2, CSD refcodes of 3-17, structural image of 3, hydrogen
contacts in 1 and 2, halogen contacts in 1, 2, 11, 12, 14 and 15,
structures 1-17 with the labels of the atoms, maximum ESP (Vg nax)

of the selected halogenated molecules.
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6b, 6c¢), 4-iodobenzonitrile (7), 3-iodobenzonitrile (8), 2,4-
diiodoaniline (9), 4-iodoaniline (10), 2-iodoaniline (11), 2-
iodophenol (12), 4-iodophenol (13), 3-iodophenol (14), 2,4,6-
triiodophenol (15), 4-iodoanisole (16), 3,4,5-triiodoanisole (17)
have been conducted. The results show that the mesomeric effect of
the substituents other than halogen in the benzene ring has an
impact on the XB donor-acceptor properties of the iodide
substituents in ortho-, meta- and para-positions. Thus, electron-
withdrawing (EWG) substituents with negative mesomeric effect,
e.g. carboxyl -COOH and nitrile -CN, favor iodines in ortho- and
para-positions to act as halogen bond donors. On the other hand,
electron-donating (EDG) substituents, like amino -NH,, hydroxy -
OH and methoxy -0CH; groups, which reveal positive mesomeric
effect, increase the ability of meta-iodines to act as halogen
bond donors. Furthermore, EWG and EDG substituents with stronger
mesomeric effect make a higher impact on the XB donor ability of
the iodide substituents. Such correlation is reflected in the size
of the o-hole on the iodine atoms. Thus, the sigma-holes on o- and
p-iodine atoms are bigger than on m-iodine atoms in the presence
of EWG, making o- and p-iodines favorable XB donors. Similarly,
the size of the sigma-hole on m-iodines is being larger than the
ones on the o- and p-iodines in the presence of EDG, making m-
iodines to favor XB donor behavior. This is confirmed by our MEP

calculations, in which the size of the o-hole is expressed by the
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value of maximum electrostatic potential (Vg,max), being maximum in

the case of strong EWG substituents and minimum in the case of

oNOYTULT D WN =

strong EDG substituents.
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