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ABSTRACT: It is well known that the presence of an electron-withdrawing
substituent (EWS) placed near the halogen (X) atom on a Lewis acid molecule
amplifies the ability of this unit to engage in a halogen bond with a base.
Quantum calculations are applied to examine how quickly these effects fade as
the EWS is moved further and further from the X atom. Conjugated alkene and
alkyne chains of varying lengths with a terminal C—I first facilitate analysis as
to how the number of these multiple bonds affects the strength of CI--N XB to
NH;. Then, electron-withdrawing F and C=N substituents are placed on the
opposite end of the chain, and their effects on the XB properties are monitored
as a function of their distance from I. These same EWSs are added to the
ortho, meta, and para positions of aromatic iodobenzene. It is found that the
XB grows in strength as more triple bonds are added to the alkyne, but there is
little change caused by elongating an alkene. The cyano group has a much
stronger effect than does F. While F strengthens the XB, its effects are quickly
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attenuated as it is moved further from I. The consequences of C=N substitution are stronger and extend over a longer distance.
Placement of an EWS on the phenyl ring diminishes with distance: 0 > m > p, and the effects of disubstitution are nearly additive.
These trends apply not only to energetics but also to geometries, properties of the wave function, o-hole depth, and NMR shielding.

B INTRODUCTION

Recent years have witnessed an explosive growth in the study
of noncovalent bonds that are close parallels of the venerable
H-bond. In each of the chalcogen, pnicogen, tetrel, and triel
bonds, an atom of that same particular family of the periodic
table replaces the bridging proton of the H-bond.'*' Among
these interactions, the halogen bond (XB) is arguably the one
that has been acknowledged for the longest time**~” and has
engendered the greatest amount of scrutiny. Extensive study
has demonstrated that the XB owes its stability to several
factors.”* ™’ In the first place, the electron-density cloud
surrounding the X atom is quite anisotropic; while the overall
charge on the X atom is partially negative, there is a pocket of
positive potential that lies along the extension of the covalent
C—X bond, which is commonly referred to as a o-hole. This
positive region attracts the negative potential of an
approaching nucleophile, for example, its lone pair, leading
to a Coulombic attraction. As a supplement, there is stabilizing
charge transfer from the nucleophile lone pair into the 6*(C—
X) antibonding orbital, which is typically associated with C—X
bond stretching. An additional factor is the ubiquitous
attractive London dispersion energy, which contributes in
varying amounts to different sorts of XBs.

Because of its ability to deepen the o-hole on the X atom, as
well as reduce the energy of the antibonding ¢* orbital that
maximizes its stabilizing interaction with the lone pair orbital
energy, the presence of an electron-withdrawing substituent
(EWS) on the C atom to which the X atom is attached has
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been well established to strengthen the CX---Nuc halogen
bond. It can be anticipated that the displacement of the EWS
to another C atom, further away from X, would mitigate its
effect. However, it is unclear how strong this mitigation might
be. Would its effects be essentially eliminated if it is moved
only one C away? If not, then, how quickly do these effects
diminish as the EWS is moved away, and how far from X might
these effects remain before fading completely?

These questions are examined here in the context of
unsaturated carbon chains. It is thought that a series of
conjugated double or triple bonds ought to best be able to
convey the effects of an EWS along the chain, so the systems of
this type are considered here. Alkenes and alkynes of varying
lengths, containing a series of conjugated multiple bonds, are
constructed, with a halogen atom on one end. Also of interest
are halogen-substituted phenyl rings, which are very commonly
involved in halogen bonds. Their aromatic character provides
an interesting forum to consider the effects of an EWS in each
of the various positions relative to the halogen atom, where it
can exert not only an inductive effect but also modify the
stability of various resonance structures of the ring.
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B SYSTEMS AND METHODS

Conjugated unsaturated hydrocarbon chains of varying lengths,
both alkynes and alkenes, were constructed with an I atom on
one end, for example, the 4-carbon units HC=C-C=C-I and
H,C=CH-CH=CHIL. I was chosen as the halogen atom for
consideration as it typically forms the strongest halogen bonds.
These molecules place the I on a sp- and sp*hybridized C,
respectively. In some cases, the electron-withdrawing F and
C=N substituents were placed on the opposite end of each
chain, so their distance from I was determined by the chain
length. Examples of these substituted units are displayed in
Figure 1a and b. Note that two substituents were added to the
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Figure 1. Molecular structures of representative halogen-bonded
dimers of NH; with Lewis acids (a) NC—C=C—C=C-], b) F,C=
CH-CH=CH], and c) di-F-meta-substituted phenyl ring.

end of alkene chains and only one for alkynes. Another
unsaturated system of interest is the I-substituted phenyl ring,
which places the I on a sp>hybridized aromatic C. Substituents
F and CN were added to this ring at various locations, ortho,
meta, and para to the I The meta-difluorinated ring is
exhibited in Figure lc as an example. A NH; molecule was
used as the nucleophile that interacts through a XB with the o-
hole on the I atom, as shown in Figure 1. This unit was chosen
for its moderate basicity, which is coupled with its small size
that reduces the likelihood of complicating secondary
interactions. As another advantage, NH; is very commonly
used in this capacity in other studies of noncovalent bonds,
facilitating comparisons with previous calculations.

All calculations were carried out in the framework of the
Gaussian-09°° package. The MO06-2X DFT functional was
applied in conjunction with the aug-cc-pVDZ basis set and
with the fourth-row I atom represented by the aug-cc-pVDZ-
PP relativistic pseudopotential from the EMSL library.*”*’
Numerous previous studies support the accuracy and depend-
ability of this level of theory for related sorts of noncovalent
interactions.”' ~* The geometries of all species were fully
optimized and verified as true minima by the presence of only
positive vibrational frequencies. Interaction energies E;,, are
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defined as the difference between the energy of the complex
and the sum of the two monomers of which it is comprised,
holding their internal geometries as in the complex. E;,, was
corrected for the basis set superposition error using the
counterpoise procedure.””™>' The topology of the electron
density was analyzed via the Atoms in Molecules (AIM)>>*
treatment, via AIMAIL>* Maxima on the P 0.001 au
isodensity surface of the molecular electrostatic potentials
(MEPs) were located and evaluated with the Multiwfn
program.55 Nuclear magnetic resonance (NMR) chemical
shielding was considered within the Gauge-Invariant Atomic
Orbital (GIAO) context, again using the aug-cc-pVDZ basis
set for all atoms except I, for which the all-electron Sapporo
DKH3-DZP-2012 basis***” was applied so as to capture the
changes within the inner shells that lie close to the nucleus.

B RESULTS

Several representative complexes are illustrated in Figure 1 to
illuminate the nomenclature and the orientations. Full
coordinates are provided for all such complexes as well as
their optimized constituent monomers, and they are provided
in the Supporting Information.

Energetics. The analysis begins with the energetics of
dimerization. The interaction energies for each unsaturated
iodinated system with NHj are displayed in the first column of
Table 1. It is first evident that the alkynes form a stronger XB

Table 1. Interaction Energy (—E,,, Kcal/Mol) of XB
between Indicated Lewis Acid and NHj;, and Differences
between R-Substituted and Unsubstituted (R = H) Acids

H F F-H CN CN-H
n alkynes RC —C,—CI
0 6.95 7.47 0.52 9.16 221
2 7.56 7.49 —0.07 8.96 1.40
4 7.86 7.79 —0.07 8.85 0.99
alkenes R,C—(CH),—CHI
0 3.61 542 1.81 7.27 3.66
2 3.72 4.01 0.29 S.75 2.03
4 3.70 3.77 0.07 4.97 1.27
6 3.70 3.76 0.06 4.71 1.01
phenyl R-¢-I
o 3.65% 4.46 0.81 513 1.48
m 4.17 0.52 4.79 1.14
p 4.01 0.36 4.74 1.09
0,0 534 1.69 6.64 2.99
m,m 4.70 1.05 5.93 2.28

“unsubstituted C¢H;l

than the alkenes or aromatic systems. The interaction energies
of the former lie in the 7—8 kcal/mol range, with smaller values
of about 3.5 kcal/mol for the latter. With regard to the alkynes,
adding additional C=C bonds to the alkyne unit strengthen
the XB, whereas there is little effect caused by increasing the
number of double bonds in the alkenes.

The next column reports the XB energy when a F
substituent is added to the terminus of each chain. There is
a clear strengthening of the XB resulting from this substitution,
as indicated by the succeeding F-H column, which lists the
increase in interaction energy between the F-substituted and
unsubstituted Lewis acid. Placing an F atom on the
monoalkyne FC=CI increases the interaction energy by 0.5
kcal/mol, but this effect is quickly damped as the chain grows

https://doi.org/10.1021/acs.jpca.1c03817
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longer. F-substitution exerts a stronger effect on the alkenes, in
part due to the fact that there are two such F atoms added to
the end of the chain. Such a replacement increases the
interaction energy in the monoalkene by 50%, and there are
even small residual effects as more double bonds are inserted
between the F and L

The lowermost section of Table 1 shows how the bond-
strengthening effect of the F substituent on the aromatic ring
drops as the F moves further away from the I, from ortho to
meta to para. This sequence reduces XB strengthening from
0.81 to 0.52 to 0.36 kcal/mol. Disubstitution results in a
doubling of the effect: Two ortho or meta F atoms increase
bond strengthening by twice that of a single such replacement.

The last two columns of Table 1 reflect greater bond
strengthening that results when the F substituent is replaced by
the more electron-withdrawing C=N. In the first place, the
interaction energies are considerably larger, up to as much as 9
kcal/mol for the alkynes. Cyano substitution leads to
interaction energy enhancements of as much as 3.66 kcal/
mol. As in the F case, the alkenes are most affected by the
substitution. Again, the effect of the substituent follows the o >
m > p sequence in the phenyl ring, and disubstitution doubles
this effect. The tailing off of this magnification as the C=N
group is moved further away from the I is especially clear in the
last column of Table 1. Note also that this bond strengthening
persists even as the cyano group moves away from I by as
much as eight C atoms.

In the study of cooperative effects, there is often found to be
a good linear correlation®®” between the energetics and the
reciprocal of the number of molecules within a chain. It is thus
interesting to consider whether there is such a correlation here
between the interaction energy and the reciprocal of the
number of C atoms that intervene between the substituent and
the I atom on the Lewis acid. Indeed, a very strong correlation
was found here. The correlation coefficient R? is equal to 0.991
and 0.996 for the cyano substitution on the alkynes and
alkenes, respectively, and slightly smaller 0.95 for the
monosubstituted phenyl systems. The linear plots of these
species are illustrated in Figure 2. The higher sensitivity of the

4
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3.56x + 0.44 L4
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Figure 2. Relationship between the enhancement of interaction
energies caused by cyano substitution and the reciprocal of the
number of C atoms lying between the C=N and I groups on Lewis
acid

alkenes as compared to alkynes is reflected in the steeper slope
of the former, by a factor of 2, with another drop by 2 for the
phenyl system. The nonzero intercepts, albeit small ones,
amplify the lingering effects of the cyano group even on a very
long chain.
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Geometry and Wave Function Analyses. One would
expect that the noncovalent bond strengthening ought to be
accompanied by a shortening of the intermolecular distance,
particularly as the I and N atoms involved in the direct
bonding remain the same throughout. The intermolecular
bond distances are listed in Table 2, along with the changes

Table 2. Intermolecular R(IN) (A) Distance in Complex
with NH;

H F F-H CN CN-H
n alkynes RC—C,—CI
0 2.9520 2.9287 —0.0233 2.8860 —0.0660
2 2.9347 2.9369 0.0022 2.8923 —0.0424
4 2.9251 29279 0.0028 2.8945 —0.0306
alkenes R,C—(CH),—CHI
0 3.1456 3.0238 —0.1218 2.9692 —0.1764
2 3.1410 3.1206 —0.0204 3.0357 —0.1053
4 3.1366 3.1329 —0.0037 3.0691 —0.0675
6 3.1320 3.1290 —0.0030 3.0793 —0.0527
phenyl R-¢-I
o 3.1384 3.0721 —0.0663 3.0336 —0.1048
m 3.0996 —0.0388 3.0644 —0.0740
P 3.1148 —0.0236 3.0771 —0.0613
0,0 3.0139 —0.1245 2.9637 —0.1747
m,m 3.0717 —0.0667 3.014S —-0.1239

occasioned by each F or C=N substitution. These bond
lengths are in the neighborhood of 3.0 A and are slightly
shorter for the sp-alkynes than the sp-alkenes or aromatics.
The substitution of electron-withdrawing groups shortens
these distances, which is consistent with their energetic
strengthening. These bond contractions are largest for the
disubstituted alkenes where they can be as large as 0.176 A for
(CN),—C=CHI Also obeying the same trends as the
energetics, the bond length reductions are magnified for C=
N vs F, and the effects drop as the substituent moves further
away from the I along the chain. Note that this drop is a slow
one, particularly for C=N where it will persist for even longer
chains than those considered here. Also consistent is that the
ortho positioning is more effective than the meta or para
positioning, and there is near doubling resulting from
disubstitution.

There are several indicators of the strength of a noncovalent
bond. One of the most prominent of these is the electron
density at the bond critical point, within the AIM formalism for
the analysis of the topology of the electron density. These
densities may be seen from the first column of Table 3 to be on
the order of 0.014 to 0.020 au for the unsubstituted Lewis
acids, typical of halogen and other noncovalent bonds. The
densities are larger for the sp-hybridized alkynes as compared
to the alkenes and phenyl systems with their sp® hybridization.
These quantities mirror the increasing interaction energies as
more triple bonds are added to the acid, as well as the
insensitivity to the number of double bonds in the alkenes.
Also common to the energetics, the replacement of a terminal
H atom by F or C=N enhances pcp, much more so for C=
N than for F. Again, one sees a slow attenuation of the
substituent effect as it is moved further from the I, whether
alkyne, alkene, or aromatic.

As a supplementary means of evaluating halogen bond
strength, one can consider the magnitude of the second-order
perturbation theory energy E(2) for the transfer of charge from

https://doi.org/10.1021/acs.jpca.1c03817
J. Phys. Chem. A 2021, 125, 5069—-5077
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Table 3. Electron Density (10™* au) at the I*N Bond
Critical Point in Complexes with NHj

H F F-H CN CN-H
n alkynes RC—C,—CI
0 194 202 8 221 27
2 201 200 -1 218 17
4 205 203 -2 217 12
alkenes R,C—(CH),—CHI
0 140 172 32 193 53
2 141 147 6 171 30
4 143 143 0 161 18
6 144 144 0 158 14
phenyl R-¢-1
o 142 159 17 171 29
m 152 10 162 20
p 148 6 159 17
0,0 176 34 194 52
m,m 160 18 178 36

the N lone pair to the ¢*(CI) antibonding orbital. This
quantity is reported in Table 4 where its variation conforms to

Table 4. NBO Second-Order Perturbation Theory E(2)
(Kcal/Mol) for Transfer from the N Lone Pair of NH; to
the 6*(C—I) Antibonding Orbital

H EF F-H CN CN-H
n alkynes RC—C_,—CI
0 9.66 10.17 0.51 11.90 224
2 10.10 10.00 —0.10 11.585 1.45
4 10.38 10.31 -0.07 11.44 1.06
alkenes R,C—(CH),—CHI
0 S.41 7.64 223 9.06 3.65
2 5.46 5.80 0.34 7.42 1.96
4 S.51 5.57 0.06 6.71 1.20
6 5.57 5.62 0.05 6.51 0.94
phenyl R-¢-I
o S.44 6.54 1.10 7.24 1.80
m 6.04 0.60 6.7 1.26
P 5.83 0.39 6.48 1.04
0,0 7.75 231 8.96 3.52
m,m 6.56 1.12 7.80 2.36

the trends of other parameters. E(2) is larger for the alkynes
than for the sp*-hybridized carbons and increases as more
triple bonds are added to the chain, with minimal changes
accompanying additional double bonds. Cyano substituents
exert a more enlarging effect than F atoms, and the effects of
the latter die off more quickly with distance from I than those
of the former. Partly because of the disubstitution of the
alkenes, these chains are more affected than the alkynes by
substituents. There is once again a diminishment of the
substituent effect as it is moved from ortho to meta to para,
and the effects of disubstitution are roughly twice those of
monosubstitution.

It is commonly assumed that the strength of a noncovalent
bond is heavily influenced by the intensity of the o-hole on the
Lewis acid. This intensity is measured here as the maximum of
the molecular electrostatic potential (V) on an isodensity
surface with p = 0.001 au. The values contained in Table S
indicate that a much more intense hole is associated with the
alkynes, by roughly a factor of 2. These deeper o-holes are
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Table S. Intensity of the 6-Hole on the I Atom (V,,,,, Kcal/
Mol) on the p = 0.001 au Isodensity Surface of the Lewis
Acid Monomer

H H F-H CN CN-H
n alkynes RC—C,—CI
0 36.3 38.5 2.2 49.5 13.2
2 39.1 38.8 -0.3 48.3 9.2
4 40.6 40.3 -0.3 47.6 7.0
alkenes R,C—(CH),—CHI
0 17.2 274 10.2 39.4 22.2
2 17.6 19.8 2.2 31.8 14.2
4 17.3 17.9 0.6 27.8 10.5
6 17.2 17.8 0.6 26.2 9.0
phenyl R-¢-1
o 16.5 20.5 4.0 23.4 6.9
m 20.2 3.7 249 8.4
p 19.5 3.0 28.3 8.8
0,0 24.4 7.9 29.7 132
m,m 239 7.4 32.6 16.1

consistent with the interaction energies that are also about
twice as strong for the alkynes. Also consistent is that the
elongation of the alkyne enhances V,,,,, with little effect on the
alkenes. Substituent effects in the next columns of Table $
again echo much stronger effects of C=N vs F and a slowly
tapering effect as the substituent is moved further from the I
atom. The disubstitution in the alkenes results in a greater o-
hole enhancement than that is observed for the monosub-
stituted alkynes. There is one interesting distinction of the
phenyl data in Table S. Whereas the energetics and other
parameters discussed above diminished in the o > m > p order,
the sequence is reversed for the effects of the C=N group on
the I o-hole, where it is the para-substitution that yields the
deepest hole.

Another manifestation of the formation of a XB is the
change in the internal covalent bond length of the C—I bond.
As may be seen in the first column of Table 6, this bond is
stretched when NHj interacts with any of the unsubstituted
Lewis acids, and this stretch is considerably larger for the
alkynes. F-substitution has little effect on the magnitude of this
stretching, with only very small magnification. The stretching is

Table 6. Stretch Induced in the Internal r(C—I) Bond (A)
Caused By Complexation with NH;

H B F-H CN CN-H
n alkynes RC—C,—CI
0 0.022 0.025 0.003 0.029 0.007
2 0.023 0.023 0.000 0.028 0.00S
4 0.025 0.024 —0.001 0.027 0.002
alkenes R,C—(CH),—CHI
0 0.006 0.014 0.008 0.014 0.008
2 0.002 0.005 0.003 0.009 0.007
4 0.004 0.004 0.000 0.005 0.001
6 0.004 0.004 0.000 0.00S 0.001
phenyl R-¢-1
o 0.004 0.009 0.00S 0.008 0.004
m 0.005 0.001 0.006 0.002
P 0.005 0.001 0.006 0.002
0,0 0.014 0.010 0.014 0.010
m,m 0.007 0.003 0.009 0.00S

https://doi.org/10.1021/acs.jpca.1c03817
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larger for the C=N substituents, but only slightly larger than
that for the unsubstituted species.

Spectroscopic Aspects. One of the most useful
experimental indicators of the presence of a H-bond or other
noncovalent bonds is associated with the NMR chemical shift
undergone by the atoms involved in the bond. The change in
the shielding of the I nucleus upon forming each complex
listed in Table 7 displays some interesting patterns. In the first

Table 7. Change in the Chemical Shielding of the I Nucleus
(Ppm) Caused By Complexation with NH,

H F F-H CN CN-H
n alkynes RC—C,—CI
0 135.4 148.2 12.8 139.2 3.8
2 218.8 55.8 —163.0 —293.1 =511.9
4 —30S5.1 —345.1 —40.0 —216.8 88.3
alkenes R,C—(CH),—CHI
0 —241.9 —89.1 152.8 —47.6 194.3
2 —65.2 —166.0 —100.8 -176 —110.8
4 —108.8 —216.5 -107.7 —247.6 —138.8
6 —170.5 —148.3 222 -177.7 =72
phenyl R-¢-I
o —27.2 288.0 315.2 195.8 223.0
m -20.3 6.9 -21.0 6.2
P 42 314 —29.6 —2.4
0,0 124.4 151.6 140.6 167.8
m,m —28.3 -11 —53.0 —25.8

place, while the shielding increases when NH; is added to the
two smaller alkynes, this change is reversed to a strong
decrease for the longer HC=C—C=C—C=C-I. The alkene
shift changes are all negative but are unusual in that this drop is
lowest for H,C—(CH),—CHI. The effects of substitutions on
the dimerization-induced shielding changes are erratic. Where-
as F-substitution on the smallest alkyne increases the shielding,
an opposite drop in shielding occurs for the two larger alkynes.
The largest drop in shielding is noted when the HC—C=C-
CI is replaced by NC—C—C=C-CI. These I shielding
changes do not seem particularly useful as a general guide.
Much more consistent and potentially useful results are the
shielding changes in the N nucleus of the base. Table 8 reveals

Table 8. Change in the Chemical Shielding of the N Nucleus
(Ppm) of NH; Caused By Complexation with the Lewis
Acid

H F F-H CN CN-H
n alkynes RC—C,—CI
0 —23.2 —25.2 -2.0 —28.0 —4.8
2 —25.5 —25.7 —-0.2 —28.8 -3.3
4 —26.9 —-274 -0.5 —244 2.5
alkenes R,C—(CH),—CHI
0 —16.6 —-22.1 =S.5 —24.2 -7.6
2 —-174 —18.5 -1.1 —22.0 —4.6
4 —-17.7 —-19.0 -13 -21.9 —4.2
6 —-194 —20.2 -0.8 =22.5 =3.1
phenyl R-¢-1
o -17.6 —23.1 =5.5 -21.7 —4.1
m —18.9 -13 —20.0 2.4
P —18.6 -1.0 —20.6 -3.0
0,0 —23.1 =5.5 —24.8 =72
m,m -20.2 -2.6 -23.1 =55

that complexation with the iodinated acid leads to the
deshielding of this atom by approximately 17—29 ppm, and
the amount of this deshielding increases as the alkyne or alkene
grows longer. Substitution increases the degree of deshielding
in all cases, much more so for CN than for F. Also, the effect of
substitution is attenuated as the substituent moves further from
the XB site, as observed also for the energetics and other
properties. There is one small anomaly in that the CN-
substitution of the longest alkyne leads to an increase, rather
than a decrease, of the N shielding. Nonetheless, there seems
to be a strong linear correlation, with coeflicient 0.86, between
the interaction energy and the shielding of this N nucleus, as
exhibited in Figure 3, encompassing all complexes considered
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Figure 3. Linear correlation between interaction energies and change
in the shielding of the N atom of NHj resulting from complexation
with Lewis acid

here. The slope of this curve is such that each additional 1.7
ppm of deshielding of the N nucleus corresponds to bond
strengthening by 1.0 kcal/mol.

Also of interest would be the shielding of the C atom to
which the I is attached. This atom is deshielded by the
interaction with NH;, by approximately 7—17 ppm, as
indicated in Table 9. It is most deshielded in the alkynes,
less so in the alkenes, and even less in the phenyl group. The
effects on its shielding change caused by substitution are
generally negative, that is, greater deshielding, and this effect is
maximized when the substituent lies closer to the CI bond.

Another spectroscopic parameter that might be considered
for a direct correlation with the strength of the XB is the v(C—

Table 9. Change in the Chemical Shielding of the C Nucleus
of the CI Bond (Ppm) Caused By Complexation with NH,

H F F-H CN CN-H
n alkynes RC—C,—CI
0 —12.5 —-10.7 1.8 —14.5 -2.0
2 —-15.3 —15.6 -0.3 -15.9 -0.6
4 —15.7 —15.8 —0.1 —16.6 -0.9
alkenes R,C—(CH),—CHI
0 =74 —8.7 -13 —14.0 —6.6
2 —10.9 —10.9 0.0 —13.7 -2.8
4 -9.8 -9.5 0.3 —-11.8 -2.0
6 =9.7 —10.1 —0.4 —13.8 —4.1
phenyl R-¢-1
o —6.7 -7.8 -1.1 -8.5 -1.8
m —8.1 —-14 =7.5 —0.8
P =7.5 -0.8 —8.2 —-15
0,0 -83 -16 -9.0 23
m,m -86 -19 9.4 27
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I) stretching frequency. However, an analysis of this type is
clouded by the lack of a pure C—I stretching motion, as this
displacement is frequently coupled with other intramolecular
motions. For example, the C—I stretch in F,C=CHI is mixed
with C—C—F bending; the C—I stretch is coupled with the C—
F and C—C stretches in F—~C=C—C=C-1I. Nonetheless, it is
possible in most cases to choose a mode which contains at
least a large proportion of C—I stretch. With this caveat in
mind, Table 10 presents the changes induced in this stretching

Table 10. Change in the CI Stretching Frequency (Cm™)
Caused By Complexation with NH;,

H F F-H CN CN-H
n alkynes RC—C,—CI
0 —-32.0 —26.4 5.6 -21.1 10.9
2 —20.6 —16.0 4.6 —-13.2 7.4
4 -11.6 -9.4 2.2 -11.7 -0.1
alkenes R,C—(CH),—CHI
0 —-11.4 -3.2 8.2 0.7 12.1
2 0.0 0.2 0.2 -1.7 -1.7
4 S.5 -8.3 —-13.8 0.0 =S5.5
6 2.0 4.6 2.6 —6.6 —8.6
phenyl R-¢-I
o =25 5.3 7.8 59 8.4
m 2.9 29 1S 1S
p -03 -03 02 02
0,0 -0.9 -0.9 =31 =31
m,m 42 4.2 3.3 3.3

mode by the introduction of the XB to NH;. The uppermost
section indicates that the XB causes a red shift of this mode to
lower frequencies by an amount which diminishes as the
alkyne grows longer. The introduction of a substituent reduces
the amount of this red shift and by a larger amount for C=N
than that for F. Changes in the alkenes are less clear, but they
include a red shift at least for the smallest H,C=CHI. The
coupling of the C—I with other modes in the alkenes leads to
similarly complicated effects of substituents. Their effect
appears to reduce the red shift for the smallest alkene, with
more nuanced trends for the longer ones. With respect to the
phenyls in the lowest section of Table 9, the substituent seems
to reverse the shift from red to blue. This effect is attenuated as
the substituent moves from the ortho and then to the meta and
para positions.

B DISCUSSION

The effects of elongating the chains are consistent with the
standard considerations of electron withdrawal via Hammet
constants.®” Inductive field 6 and resonance oy, for each C=C
bond are equal to 0.22 and 0.01, respectively, so the addition of
each triply bonded unit is expected to enhance the withdrawal
of electrons from the I atom and thus deepen its o-hole and
strengthen the ensuing XB. The negligible effects of the
additional double bonds in the alkenes can be reconciled with
the small values of the opposite sign of its oy and o equal to
0.13 and —0.17, respectively. The more substantial effects of
the C=N substituents vs F are also consonant with op/0y,
which are 0.51/0.15 for the former and 0.45/—0.39 for the
latter. With regard to substituents C=N and F, it must be
emphasized that the alkynes and alkenes were subjected to
mono and disubstitution, respectively, so their larger effects
upon the alkenes must be viewed through that lens. With that
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in mind, it should be noted that the disubstitutions within the
context of the phenyl rings had much larger effects than
monosubstitution, nearly double in fact. Also, in the same line
of phenyl substitution, it would appear that proximity to the I
is the sole guiding factor, exclusive of resonance consid-
erations, as the effects clearly diminish in the o > m > p
sequence.

The effects of the C=N substituents are fairly strong and
diminish slowly as the alkyne or alkene chain grows in length,
and the C=N groups move further from the I atom. Their
effects diminish roughly linearly with the reciprocal of the
number of intervening C atoms. The increase in this number of
atoms from 2 to 6 decreases the effect of the substituent upon
the interaction energy by roughly half for the alkynes and by 2/
3 for the alkenes, so lingering effects will be exerted
continuously even for longer chains. The increase in
intervening C atoms between the C=N and I in the phenyl
rings exhibits a somewhat lesser effect on the energetics. The
displacement from the ortho to para position reduces its
strengthening by only 1/4. Not only is the effect of a fluoro
substituent milder than that of cyano, but its effects die off
more quickly with distance from I. These changes become
negligible for more than 2 intervening atoms in the alkynes and
4 atoms in the disubstituted alkenes. On the other hand, its
smaller effects within the phenyl group are appreciable even for
the para position.

There has been only modest study to date of halogen bonds
formed by unsaturated C—I bonds. The alkynic —C=C-I
group has been considered as the XB donor,®! particularly with
its applications to asymmetric cata?fsis. When the —C=C-I
group is attached to a phenyl ring, % it forms CI--N XBs to a
number of different N-bases, with R(I--N) distances in the
range of 2.7—3.4 A, with our computed distances to NH; of
2.9-3.1 A lying square in the middle of that range. The
authors found a downfield shift of the acetylenic C of
approximately 15—26 ppm, which comports well with our
calculated deshielding of 12—17 ppm. Alkenic C—I bonds have
been studied as well, as in their XBs with aromatic N-oxides.®
The placement of EWSs such as COOCH; on an iodinated
alkene has been shown to deepen the o-holes on I°* with
parallel repercussions for the XB.

Aromatic CI--N XBs have been the subject of a slightly more
extensive study, for example, with regard to azobenzenes,65 4-
iodotetrafluorophenylalanine,”® C4FL%” or the architecture of
the crystals formed between ortho-, meta-, or para-diiodotetra-
fluorobenzene and 2,7-dipyridylfluorene.”® Also, the ability of
these aromatic C—I groups to engage in strong XBs forms the
basis of an innovative class of highly selective anion-binding
agents currently under development.””~”* Unsubstituted
iodobenzene is capable of forming a CI--N XB with
quinuclidine,” with a R(C--N) separation of 2.93 A.

Bauza et al* have verified the stronger electron-withdrawing
effect of the cyano vs fluoro substituent in the context of
tetrafluoroiodobenzenes. Later calculations by this group®
verified this same pattern in iodobenzene, where the
interaction energy with NH; was found to be larger by 0.8
kcal/mol for the para CN vs F-substituted iodobenzene, which
compares well with our own difference of 0.7. This group also
confirmed our finding that m-substitution increases the
interaction more than does the placement of the substituent
in the p-position. Consistent with the data presented above for
NH,; as the base, the effects of different positions of an F
substituent relative to I on a phenyl ring diminish in the o0 > m
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> p order for NCH as the nucleophile,’® and the bond
strengthening increases as more such F groups are added to the
ring, which is a conclusion which was recently echoed by
Naghani et al.”” A similar pattern was noted’® for SF
substituents when halogen bonded to pyridine.

Concomitant with the experimental determination of
relevant crystal structures, the theoretical analysis’® of
carboxyl-substituted iodobenzenes verified the ability of this
EWS to deepen the o-hole on I, more so for a larger number of
such groups. The downfield shift of the C atom bound to I in
an XB observed in the calculations described above has been
observed experimentally,” and it lies in the 5—27 ppm range,
similar to the quantitative shielding changes of our calculations.
Another study”' considered aromatic CI within the context of
pyrazoles. The authors found the carbon atom attached to I to
be a good reporter group of the presence of an XB. Its
measured downfield shifts of 6—7 ppm match closely the
computed deshielding found here for iodobenzenes.

B CONCLUSIONS

While the elongation of an alkene by additional C=C units
has little effect on the ability of a terminal CI group to engage
in an XB, there is an increment in the XB strength arising from
each addition of a C=C unit. The placement of electron-
withdrawing F and C=N on the end of the chain opposite
from the C—I strengthens the XB, but this effect is ameliorated
as the EWS is moved further from I. The consequence of F-
substitution is smaller than that of C=N and extends only for
a short distance. The effect of cyano substitution is appreciable
even when as many as six C atoms lie between this EWS and
the C—I group. The EWS also strengthens the C—I XB when
added to iodobenzene, with an effect that diminishes with
distance from I: 0 > m > p. The alkenes containing two EWSs
on the chain terminus display larger substituent effects than
alkynes with only a single such EWS, and the aromatic systems
are least sensitive to substitution. These effects on the XB
energetics are mirrored in other properties such as the XB
length, the electron density of the AIM bond critical point,
NBO charge transfer into the ¢*(C—I) antibonding orbital,
elongation of the C—I covalent bond, o-hole depth, and
changes in the NMR chemical shielding of the relevant C, I,
and N atoms. Of the latter, it is the deshielding of the
nucleophile’s N atom that is most closely aligned with the
energetics.
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