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ABSTRACT

The nature of C-I---"O-N* interactions, first of its kind, between non-fluorinated
tetraiodoethylene XB-donor and pyridine N-oxides (PyNO) are studied by single-crystal
X-ray diffraction (SCXRD) and Density Functional Theory (DFT) calculations. Despite the
non-fluorinated nature of the C,l4, the I--O halogen bond distances are similar to
well-known perfluorohaloalkane/-arene donor-PyNO analogues. With C,l4, oxygens of the
N-oxides adopt exclusively u,-XB-coordination in contrast to the versatile bonding modes
observed with perfluorinated XB-donors. The C,I; as the XB donor forms with PyNO’s
one-dimensional chain polymer structures in which the Cly:--(x-PyNO),---C;l; segments
manifesting two bonding motifs, namely, side-by-side (vicinal di-iodo) and head-to-head
(geminal di-iodo), due to the nearly symmetric square planar structure of the C,I;. While
the attractive nature between I- and O-atoms is mainly electrostatic, the narrow range of

C---O bond parameters demonstrate that the m-bond between four iodine atoms also plays
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an important role in enhancing the o-hole strength. DFT-based monodentate XB interaction
energies, AE;,, in thirteen 1:1 XB complexes vary between 31.9 — 46.5 kJ mol™!, the
strongest remarkably exceeding the value reported for I-1---"O-N* = 42.0 kJ mol ™. In case

of Cyly * (pyridine N-oxide) [31.9 kJ mol™'], the monodentate XB energy is on a par with
perfluorinated donor complexes, namely, CFsl - (pyridine N-oxide) [31.1 kJ mol!'] and

C¢Fsl+ (pyridine N-oxide) [32.3 kJ mol™'].

KEYWORDS: Halogen bond; N-oxide; pyridine; pyridine N-oxide; tetraiodoethylene.

1. INTRODUCTION

Halogen bonding, an electrostatic attractive interaction between electropositive region
in a halogen and a nucleophile,! is a topic that has been extensively exploited and
developed for applications in supramolecular chemistry, and these include crystal
engineering,> anion recognition,> and catalysis.* The high directional nature of halogen
bond (XB), conceptionally similar to hydrogen bond (HB), makes XB an important
non-covalent interaction. The notable differences in bond angles between HB and XB arise
due to the smaller size of H-atom. Unlike in the H-atom, the electron-deficient region in
covalently bonded halogens, termed as g-hole, is encompassed orthogonally by a negative
region generating directional preference for halogen bonding.>¢ The size of the g-hole of a
covalently bound halogen (D—X, D = non-hydrogen atom, X = halogen) increases with the
atomic radius, F << CI < Br < I, as a consequence, fluorine lacks appreciable o-hole to
function as an XB-donor.” Whilst the iodine, not only has larger o-hole but also is easily
polarized which facilitates tuning of the electropositive region for different o-hole
strengths.® For example, the rational substitution of aromatic hydrogens by fluorine atoms
in 1odobenzene increases g-hole of the iodine atom as evidenced by the Vi uax values on

iodine viz. iodobenzene (17.3 kJ mol"), 2 6-difluoroiodobenzene (25.5 kJ mol),
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3,5-difluoroiodobenzene (26.1 kJ mol™!), and 2,3,4,5,6-pentafluoroiodobenzene (35.9 kJ
mol™").? The XB binding affinity can be tuned not only by varying the g-hole strength but
also by increasing the electron-donating ability of acceptor molecules.!® Tuning of the XB
acceptor and donor properties guided by theoretical studies have so far been utilized in case
of N-heterocycles and iodoperfluorocarbons allowing the engineering of novel two- and
three-dimensional structures and materials that take advantage of the different structural
topologies.!!-12

Halogen bonding between carbon-bonded halogens (C—X) and nitrogen-based Lewis
bases has thus far received most of the attention in research while XBs of other Lewis
bases, such as oxygen and sulfur, have been less explored.!® There is however no reason to
overlook the exploration of C—X -+ -+ A (A = O, S) halogen bonds. Knowledge of the
interaction strengths and bonding geometries between different interacting partners can be
seen as important tools for the XB community in designing new halogen bonded systems.
Especially understanding of the C—X* * - O XBs can help to engineer new halogenated drug
molecules with improved affinities and selectivity to protein-ligand complexes.'* This
results from the peptide bonds (—CO—NH-) that connect the amino acid building blocks of
proteins forming long chains and binding pockets facilitating C-X - - - O=C XB
interactions.'4

N-oxide oxygens and aromatic N-oxides, in particular, provide excellent model systems
for exploring the C—X - + - O XB interactions. The presence of three electron pairs on the
N-oxide oxygen allows for mono-, bi-, and tridentate coordination modes and easy
tunability of the acceptor properties.'”> We have previously reported C—I--"O-N* XBs
between methyl-substituted pyridine N-oxides and 1,w-diiodoperfluoroalkanes.!® The work

demonstrated how the XB strengths in crystal structure could be varied by (i) increasing
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nucleophilicity of the acceptor by installing electron-donating methyl groups, and (ii)
adding electron-withdrawing fluorines in the surroundings of the donor halogen.

A Cambridge Structural Database (CSD)!” search for a non-fluorinated molecule
namely tetraiodoethylene (C,l4) functioning as an XB donor revealed only 53 hits, against
acceptor atoms featuring halides,'®?2 nitrogens,>>?° sulphurs,3%3! seleniums,3>33 and
metal-bound halogens.>* To our surprise, there was only one report with O-atom
functioning as acceptor,>> suggesting that the I---O XB-bonding nature and interaction
strengths are less known compared to perfluorinated XB donor molecules, e.g.
1, o-diiodoperfluoroalkanes and 1,n-haloperfluoroaromatics.'>3¢ Our interest to explore
O-atom based XBs led to the investigation of C-I---"O-N* XBs between non-fluorinated
C,l4 and thirteen PyNOs, containing methyl-, and phenyl-substituents at ortho-, meta- and
para-positions to the N-oxide group [see Figure 1]. Analyses in the current investigation
relied primarily on two techniques: (a) single-crystal X-ray diffraction analysis, and (b)

computational studies.

( 4 ) (8) R, = -Ph
57 X\3 (9) Rz =-Ph
| R (10) R, = -Ph
Vi (11) Ry, Rg = -Ph
6 (12) R2, R4 = -Ph
L ) (13) Ry, R4, Rg=-Ph
(1) R1 - R6 =-H
NN
3=-Lhg —
(4) R4=-CH3 |
(5) Ry, Rg = -CHy !
(6) Ry, R4 = -CHj3 Coly
(7) R, R4, Rg=-CH3

Figure 1. List of XB acceptors, N-oxides (1-13), and XB donor tetraiodoethylene

(Caly).
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RESULTS AND DISCUSSIONS

Ten out of thirteen acceptor-donor combinations yielded single crystals suitable for
X-ray diffraction analysis, namely, 1+ CI4 - 10 - C,I4, while 11 - Gyl - 13 - C,I; were
obtained as gel-type materials. The distances and bond angles associated with I---O
interactions, as well as Rxg values, which are used to demonstrate that XB contacts are less
than the sum of the van der Waals radii of I- and O-atoms, are listed in Table 1. In each
XB-complex, all the four iodine atoms of C,l, participate in X-bonding with I---O distances
ranging from 2.741(6) to 3.045(7) A, that are comparable to those reported between
perfluorinated XB-donors and N-oxide acceptors in the literature (see Supporting
Information, Table S1 and S2) and mostly shorter than the I---O distance 3.004(7) A found
for C,l4+ (1,4-dioxane) system.’> The N-oxide oxygen in 1+ C,l4 - 10 - C,1, has stringent
U-XB-coordination mode contrary to its varying denticities, viz mono-, bi-, and tridentate,
observed with perfluorinated XB-donors.3”#? The C,I; donor is found to exhibit two kinds
of bonding modes that are abbreviated as side-by-side (vicinal, vic) and head-to-head
(geminal, gem) as illustrated in Figure 2. The former mode is defined when a p,-XB modes
for N-oxides are established between iodine substituents at C1/Cl’-positions and
C2/C2'-positions, and the latter, when a p,-XB modes are formed between C1/C2 and
C1'/C2" substituents. Curiously, the C,l; is disordered in 5 structures, namely both
2,6-dimethyl-substituted (5 *+ C;l4 and 7 - C,l4) and all phenyl-PyNOs XB complexes,
displaying both vic- and gem-bonding modes, in which gem is the slightly favoured mode.
Whilst, the other five XB complexes with ordered C,I, exhibit solely the vic-bonding mode.
This preferential behaviour might have occurred due to the (i) C,l4 ability to form two D,y
symmetry structures at orthogonal orientations,®? and (ii) steric constraints demanded by

substituents on PyNOs in the molecular packing.
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Figure 2. C,1, bonding modes in 1-D polymeric structures.

The asymmetric units of methyl-substituted XB complexes, 1+ C,l;-5°C;ly, and 7+ Csly,
all have 1:0.5 N-oxide:donor ratio while 6 - C,1, crystallized in a 2:1.5 ratio. The complexes
are 1-D polymers and have similar packing structures with N-oxide aromatics "orthogonal”
to planes of C,I; molecules [see Figure 3, 4, S1, and S2]. This alignment allows the
acceptor molecules from the adjacent 1-D polymers to stabilize the structure by C—H---"O—
N* interactions [ca. d(O™---H) =2.340 - 2.642 A, £(O™+--H-C) = 147.1 - 168.4°] in addition
to C—I---"O-N* XBs. The C—H:--"O-N" hydrogen bond interactions in N-oxide structures
reinforces network formations and have been regarded as important contacts in crystal
engineering studies.*+* The ys3- (one HB and two XBs) tridentate modes were not observed

in 5+ C,l, and 7 C,14 due to the absence of ortho-C—H protons [e.g. see Figure 4(a) and S2].

Instead, the (C—H)---C contacts between para-C—H and ortho-methyl carbon arise in the
packings of 5+ C,I4 and 7+ C,14, hinting a potential new HB synthon for crystal engineering
applications. In 6+ C,1,, the N-oxide is y3- (one HB and two XBs) coordinating, and unlike
other methyl-substituted complexes, an intricate packing behaviour is observed as shown in
Figure 4(b). The differences in molecular packing arise from the halogen---halogen
interactions between C,l; donors. Of the two crystallographically independent C,l4
molecules, only the symmetry-related full occupancy C,l4 donors interact with each other
for C—I---I'-C interactions at distances of 3.752 A [£(C-I---I') = 169.3°] and 3.884 A [2(C-

I---1") = 162.8°, I' = XB-acceptor], respectively.
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Figure 3. X-ray crystal structure packings of (a) 1-C;l, (b) 2+ C,l4. The black-dotted lines

45 are C—I---"O-N* XBs, and red-dotted lines represent C—H:--"O-N" interactions.

Table 1. Solid-state structure XB-bonding parameters for 1+ C,l; - 10+ C,14.

50 Complex  d(I---O) [A] 2(C-1---0) [°]  d(C---0) [A] Ryg!
g; 1Ol 2.7772) 178.43(13) 4.892(4) 0.79
=3 24 2.798(3) 175.16(11) 4.910(5) 0.80
54 .01 2.742(6) 177.5(2) 4.851(10) 0.78
55 24 2.812(6) 177.3(2) 4.916(10) 0.80
56 P 2.771(2) 176.02(16) 4.883(5) 0.79
57 24 2.798(3) 173.10(14) 4.905(6) 0.80
gg 4-Cl 2.794(3) 177.31(12) 4.911(5) 0.80
24 2.802(3) 176.49(12) 4.914(5) 0.80

5-Coly 2.790(4) 169.0(4) 4.884(14) 0.80
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2.928(4) 162.0(4) 4.964(14) 0.84
2.764(6) 177.2(3) 4.868(12) 0.79

6-Co 2.752(6) 178.2(3) 4.865(12) 0.79
24 2.741(6) 176.0(3) 4.860(12) 0.78
2.848(6) 168.0(3) 4.941(12) 0.81

o 2.795(4) 169.4(3) 4.899(11) 0.78
24 2.887(4) 170.6(3) 4.998(11) 0.83
8-Cl 2.832(3) 165.8(3) 4.934(9) 0.81
24 2.837(3) 164.4(3) 4.928(10) 0.81
2.836(6) 171.9(4) 4.940(15) 0.81

T 2.942(6) 165.0(4) 5.000(15) 0.84
24 2.755(7) 167.1(4) 4.870(16) 0.79
3.045(7) 172.4(4) 5.172(16) 0.87

2.800(9) 165.5(5) 4.882(19) 0.80

2.850(9) 166.3(5) 4.943(19) 0.81

2.840(9) 168.2(5) 4.949(19) 0.81

10- O 2.807(9) 166.3(5) 4.890(19) 0.80
24 2.787(9) 166.1(5) 4.875(17) 0.80
2.789(9) 166.2(5) 4.883(17) 0.80

2.859(9) 168.2(5) 4.972(17) 0.82

2.875(9) 167.0(5) 4.966(17) 0.82

IThe Rxg, is defined as [Rxg = dxp/(XvawtBvaw)], Where dxg [A] is the distance between
donor (X) and the acceptor atoms (B), X,ay and Bygy are van der Waals (vdW) radii [A] of

the corresponding atoms; the vdW radii determined by Bondi were used to calculate the

Rxp values.*¢
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45 Figure 4. X-ray crystal structure packings of (a) 5+ C,l4, and (b) 6 - C;14. The black-dotted
48 lines represent C—I---"O-N* XBs, and red-dotted lines are C-H:--"O-N*/C-H + - - C

interactions.

54 As depicted in Figure 5, the N-oxide oxygen of phenyl-substituted ligands in 9 - C,14
and 10 C,ly, is p3- (one HB and two XBs), while in 8+ C;ly, it is - (two XBs) coordinating.
59 Complex 8- C,l4 forms a 2-D sheet structure via bidentate C—I---"O-N* XBs and C-H-:-C

(ca. 2.74 and 2.75 A) contacts [see Figure 5(a)]. The ortho-quinoid structure in
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2-phenylpyridine N-oxides potentially renders the para-C-H protons on the
phenyl-substituents electronically active to result in a bifurcated C—H---C HBs between C—
H and m-system of C;I;. The asymmetric unit of 9 - C,14 contains two full N-oxide ligands, a
full C,14, and two independent C,I, molecules that are on two separate centers of symmetry.
Each N-oxide and a centrosymmetric C,I; donor bind through bidentate C—I---"O-N* XBs
form two parallel 1-D polymeric chains. In the packing, these 1-D chains interdigitate by
m-1r interactions generating a '"porous-like” network [see Figure S3] that has enough space
for the third, C,I; molecule to establish C—I---I'-“C XB contacts [note: I' = XB-acceptor,
3.659 A [£(CI--1") = 170.4°], and 3.833 A [£(C-I--I') = 166.7°)] as depicted in Figure
5(b) with green-dotted lines from the orange-highlighted molecule. The C-H---"O-N*
contacts [2.285 A] also help to stabilize the 1-D chains in addition to several weak C—H--I
interactions between acceptor phenyl ring and donor halogen. Asymmetric unit of complex
10 - C,1y, crystallized in the monoclinic space group C2, contains four N-oxide ligands, a
C,l4 and two C,14 molecules on 2-fold symmetry. The four iodine atoms of a C,I; molecule
are engaged in C—I---"O-N* XBs generating tight packing structure that is supported by the

7~ interactions between rod-like acceptor ligands [see Figure S41].
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Figure 5. X-ray crystal structure packings of (a) 8- C,ly, (b) 9 C;l4, and (c) 10+
C,l4. The black-dotted lines are C-I--"O-N* XBs, red represent C—H:--"O-N*

HBs, and the green are C—I---I'-C interactions.
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The accurate study by Lommerse et al.’! on C-X---O (X = F, Cl, Br, 1) type
interactions demonstrated that the more electron-withdrawing the sp3-carbon of halocarbon
is, the stronger the X-bond formation is. This fact explains the narrow range of C:--O

distances in 1,[]-diiodoperfluoroalkanes and PyNOs [see Figure S5(b), Type b] compared

to iodoperfluoroarenes and PyNOs [see Figure S5(c), Type c], which is in agreement with
the narrow range N---O distances when strong XBs are formed between N-iodosaccharin
and PyNOs [see Figure S5(a), Type a]. By comparison, the C---O distances of the
non-fluorinated C,I; donor vary in a narrow range for 1 - Gyl — 10 - C;1, [4.851(10) —
5.172(16) A, Figure S5(d)], making them more akin to Type b than Type ¢ XBs. This
comparison demonstrates the more efficient overlap of O-atom lone-pair and the p-orbital
of halogen in Type b relative to Type c. In addition to the electron-withdrawing parameter,
the m-bond also plays an important role to enhance the o-hole strength. This is verified by
calculating o-hole strength V,,, values of saturated haloalkanes, namely,
1,1',2,2"-tetraiodoethane (102 kJ mol!) and hexaiodoethane (113 kJ mol™") in comparison
to C,l4. Both saturated haloalkanes have Vg .. values smaller than C,I, (117 kJ mol™!, see
Figure 6). Furthermore, the V., of C,ly iodines is notably larger than those of
iodobenzene (67 kJ mol1),47 1,4-di-iodobenzene (108 kJ mol1),48
3,5-difluoro-1-iodobenzene (98 kJ mol ), 3,5-bis(trifluoromethyl)-1-iodobenzene
(115 kJ mol™),*” para-phenyl bound iodine of 1-iodoethynyl-4-iodobenzene (107 kJ mol~
N# or 1-bromoethynyl-4-iodobenzene (105 kJ mol™"),*® which can be accounted by the

shorter olefinic system.
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0.0

-0.018

1(-170kJmol")  2(-172kJmolt) 0%

>

Coly (+117 kd mol!)  CoH,l, (+102 kJ mol-')  Clg (+113 kJ mol-1)

Figure 6. Computed electrostatic potentials projected on the 0.001 a.u. electron
density surfaces of selected PyNO acceptors with Vg i values, (a) 1, (b) 2, and

donors (c) Cyl4, (d) CoHyly (e) Caolg with Vg pax values.

Monodentate bonding motifs of C,I4 halogen bond complexes were optimized with 13
PyNO acceptors. The C-I---"O-N*" XBs in optimized structures span a narrower range
2.756 — 2.887 A [see Table 2] than the XBs found in crystal structures [2.741(6) - 3.045(7)
A]. The XB distances of optimized structures are on average also shorter than in the
experimental structures which is to be expected given the bidentate p,-XB-coordination of

the N-oxide oxygens in the solid-state. In the cases of 2+ C,ly, 3- Cyly, 4 Cyly, 6 C,ly, and
10 - C,l,, the optimized halogen bonds are longer than those found in the solid-state

structures. This can be related to the previously observed trend that DFT calculations
predict N-oxide XBs longer than the corresponding experimental XBs,* but also to the
bonding arrangement in the optimized structures. In the absence of other interactions from
surrounding molecules, that are present in the solid-state, the PyNO acceptor molecules
bend in the optimized structures toward the non-halogen bonded end of C,I; molecule to
gain increased stabilization via dispersive interactions [see Figure S6]. This bending is

evidenced by some of the optimized complexes showing £(C—I- * - O) angles below 170°
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[see Table 2] and is likely to lengthen the XB, but increase the overall interaction between

XB donor and acceptor.

Table 2. XB distances, angles, and interaction energies (AEj,) of XB complexes optimized

at PBE0-D3/def2-TZVP level of theory.

Complex IO [A]  24(C-1+++0)  AEj[kJ
[°] mol™!]
1-Cly 2.756 172.3 31.9
2:Coly 2.836 161.5 37.2
3-Caly 2.837 161.2 37.7
4-Coly 2.813 162.0 37.2
5-Caly 2.741 1733 38.5
6-Caly 2.812 161.8 40.0
7-Caly 2.837 160.9 422
8- Caly 2.733 171.9 38.5
9:Caly 2.858 164.9 443
10-C>ly 2.887 160.2 39.2
11-Coly 2.752 175.5 45.7
12-Coly 2.747 174.8 43.1
13-Coly 2.744 175.7 46.5

The interaction energies used to describe the strength of halogen bonding are between
31.9 — 46.5 kJ mol™! for the optimized structures suggesting C,I; forms XBs with PyNO
that are similar in strength to reported I-I---"O-N* = 42.0 kJ mol!,’° and CF5-I-:-"O-N* =
33.7 kJ mol-'.3% Furthermore, despite the different V., values for C,I; [117 kJ mol™],
CF5I [129 kJ mol™'], and C¢FsI [134 kJ mol™!] (see Figure S8), the calculated monodentate

XB interaction energy of 1+ C,l4 [31.9 kJ mol~!] was found to be similar to complexes, 1
CFslI [31.1 kJ mol™'] and 1+ C¢FsI [32.3 kJ mol™!]. This result is a little surprising but more

of a reminder that the relative strengths of XBs are not solely determined by the Vg 4,
values but also by the polarization of the XB donors in the presence of the XB acceptors as
shown by Clark and HeBelmann.’! These observations agree with the CSD statistical

analysis on XBs between carbon-bound halogens and O-atom carried out by Lommerse et
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al., that suggested the interaction strengths of donors to follow the trend, X—X > (sp)C-X >

(sp?)C-X > (sp?)C-X.2

The XB distances and AEj, do not correlate very closely in the optimized structures
which indicates some of the optimized complexes are stabilized by other interactions in
addition to the halogen bonding. To investigate the relative strengths of XBs and other

interactions between C,l4 and pyridine-N-oxide a dimer structure of 1 C,I4 was optimized

and analyzed with the quantum theory of atoms in molecules (QTAIM) method> [see
Figure S7]. QTAIM analysis showed hydrogen bond interactions between PyNO ligands
and interactions from halogen bonded and non-halogen bonded iodine to m-cloud of the
pyridine ring in addition to the XBs. Halogen bonds were clearly the strongest
intermolecular interaction in the analysis while the others remained in a supporting role.
Adding electron-donating groups to PyNO increase the Vi, of oxygen as illustrated
in Figure 6 and increase the strength of XBs as shown by the calculated AE;, [see Table 2].
Halogen bonds of the phenyl substituted PyNOs are stronger than the methyl-substituted
and diphenyl- and triphenyl-substituted PyNOs are calculated to form the strongest halogen
bonds with C,l4. This contrasts with the experimental failure of obtaining crystals of

complexes, 11-C,l, - 13+ C,14. The discrepancy can be related to the size difference of the

XB-donor and acceptor molecules that is likely to hinder the efficient packing of the
complexes into a crystal structure.

It has been previously observed in systems of small XB-donors displaying multiple
XB-interactions that the presence of a second or third halogen bond can enhance the overall
strengths of halogen bonds.>*>¢ Here in the reported solid-state structures, the C,l4
molecules act as square planar tetrakis XB donors. To qualitatively estimate if having C,l4
act as donor to more than one XB influences the strengths of individual halogen bonds, we

optimized XB motifs of C,I; with multiple 1 as acceptors [see Figure S9]. Comparison of
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the interaction energies showed that having more than one XB acceptor to interact with the
C,l4 does not significantly change the strength of each XB and C,l4 can effectively act as
tetrakis XB donor [see Table S3]. In X-ray structures of 5+ C;l; and 7+ C,l4 - 10+ C,1,4, donor
molecules were disordered and showed both vic- and gem-bonding modes towards N-oxide
acceptors. To estimate the energy difference between the vic- and gem-bonding modes, we
have optimized dimer model structures for C,1; and 1 shown in Figure 7 (b and ¢ structures,
respectively). The vic-bonded dimer was calculated as the more strongly bound structure
between C,I4 and 1 with AE;, of 28.9 kJ mol~! per halogen bond in agreement with the

experimental crystal structure of 1+ C,l4 that shows only vic-bonding mode. However, the

energy difference between the vic- and gem-bonding modes is relatively small with the
AE;; of gem-bonded dimer being only 2.4 kJ mol! smaller per XB bond than the
vic-bonded dimer. The small energy difference between the two bonding modes agrees with

the observation of disorder in 5+ C;I; and 7- C,l,4 - 10+ C,1,4 crystal structures.

a b c

Figure 7. XB motifs featuring 1 and C,I; optimized at PBE0-D3/def2-TZVP level

of theory (a 1:1 XB complex, b vic-bonded dimer, and ¢ gem-bonded dimer).
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To compare the relative strengths of C—I---I'-C interactions between C,l4 molecules
found in 6 - C,14 and 9 - C,14 with the XB interactions between C,14 donors and N-oxide

acceptors, several attempts were made to optimize structures with two C,l, that would
have corresponded to the experimentally observed XB bonding. Optimized structures
tended to exhibit other interactions between C,I; molecules in addition to or instead of
C—I---I'-C interactions. The best optimized structure exhibiting C—I---I'-C interactions
had one of the C,I; molecules acting as a double XB donor towards two iodine atoms
on the other C,l4 [depicted in Figure S10] with AE;, of 15.2 kJ mol™! per XB. AEjy
estimated in the crystal structure geometry for the shortest C—I-+-I'-C contact (3.659 A)

found in 9 - C,I; was 14.5 kJ mol'. These results suggest that the C-I---I'-C

interactions are roughly one half in strength compared to the interactions between C,ly

and N-oxide acceptors.

CONCLUSIONS

In summary, the C—I---"O-N* halogen bonds involving tetraiodoethylene donor were
systematically studied against 13 aromatic N-oxide acceptors. The solid-state halogen bond
parameters demonstrate that the C—I---"O—N" interactions are directional and the distances
are close to those formed between perfluorohaloalkanes/-arenes and N-oxides, suggesting
the iodine of non-fluorinated C,l, is a strong halogen bond donor comparable to fluorinated
donors in crystals. It is possible to enhance the halogen atom o-hole strength not only by
using electron-withdrawing fluorine atoms but also by designing m-bonded small-molecule
systems. The C,I4-Vi nax value of 117 kJ mol! obtained by DFT calculations is comparable
with known fluorinated donors, for example 3,5-difluoroiodobenzene (109 kJ mol!) and
2,6-difluoroiodobenzene (107 kJ mol-"). Our results show that tetraiodoethylene has not
gained the attention it deserves in halogen bonding, and there remains a great deal to be

explored in using tetraiodoethylene as a non-fluorinated halogen bond donor for
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supramolecular design. Our results further demonstrate that different from perfluorinated
XB-donors that are prone to weakened XB interaction strengths due to F---F aggregation,
the tetraiodoethylene can be the ideal candidate to define inherent characteristics of XBs in

crystals by minimizing competing weak interactions.

EXPERIMENTAL SECTION

All solvents employed for synthesis and crystallization experiments were commercially
purchased and were used as received without any purification. Aromatic N-oxides, 1-4, 10,
and tetraiodoethylene (C,14) were purchased from Sigma Aldrich. Aromatic N-oxides, S, 6,
7, 8, 9, and 11-13 were synthesized by oxidation of their corresponding N-heterocyclic
compounds using procedures as reported by Katritzky and Lagowski.’” Single-crystal X-ray
data for halogen bonded complexes were obtained either by using a Bruker-Nonius Kappa
CCD diffractometer or a Rigaku SuperNova Oxford diffractometer. Full single-crystal

X-ray experimental details for complexes 1 + C)ly — 10 - Gl (CCDC numbers:

1992629-1992638) are given in the Supporting Information. All calculations were carried
out with Gaussian 16 program package®® and employing PBEO hybrid DFT functional,>°-62
def2-TZVP basis sets that utilize effective core potentials for iodine atoms,®%* and D3BJ
dispersion correction (PBE0-D3/def2-TZVP).%> Basis set superposition errors were treated
with the counterpoise method.®® The selected PBE0-D3/def2-TZVP calculation method has
been previously used to successfully model the interactions in other sigma-hole acceptor
complexes of substituted pyridine N-oxides by us**4° and others.®” AIMAIIl program was

used to determine the electrostatic surface potential extremes.5®
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The C—I:--"O-N" Halogen Bonds with

o Tetraiodoethylene and Aromatic N-oxides

16 Khai-Nghi Truong, Mikko J. Rautiainen, Kari Rissanen, and Rakesh Puttreddy

23 X R K
: %=~ K-

27 31.9 k) mol! 31.1 k) molt 32.3 k) molt

) 4

3 C,ls (+117kdmol)  CF4l (+129 ki mol')  C4Fsl (+134 kJ mol")

Non-fluorinated C,I; and thirteen aromatic N-oxides demonstrate C—I---"O-N* bond
41 lengths, and DFT calculated monodentate halogen bonding energies, that are in the range of
44 complexes formed by perfluorohaloalkanes/-arenes and N-oxides. The C;I; donor can be
47 ideal candidate as an alternative to well-known perfluorohaloalkanes/-arenes to define the

inherent characteristics of halogen bonds by avoiding unnecessary aggregation interactions.
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