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ABSTRACT: Halogen bonding is a recently rediscovered secondary
interaction that shows potential to become a complementary molecular tool
to hydrogen bonding in rational drug design and in material sciences. Whereas
hydrogen bond symmetry has been the subject of systematic studies for
decades, the understanding of the analogous three-center halogen bonds is yet
in its infancy. The isotopic perturbation of equilibrium (IPE) technique with
BC NMR detection was applied to regioselectively deuterated pyridine
complexes to investigate the symmetry of [N—I-N]* and [N—Br—N]*

halogen bonding in solution. Preference for a symmetric arrangement was observed for both a freely adjustable and for a
conformationally restricted [N—X—N]" model system, as also confirmed by computation on the DFT level. A closely attached
counterion is shown to be compatible with the preferred symmetric arrangement. The experimental observations and
computational predictions reveal a high energetic gain upon formation of symmetric, three-center four-electron halogen bonding.
Whereas hydrogen bonds are generally asymmetric in solution and symmetric in the crystalline state, the analogous bromine and
iodine centered halogen bonds prefer symmetric arrangement in solution.

B INTRODUCTION

Halogen bonding (XB) refers to the moderately strong,
directional, noncovalent interaction of an electropositive
halogen (X = Cl, Br, or I) and an electron donating species
(D) that can be neutral or anionic in character."” In the general
definition Y=X---D,* X is covalently attached to atom Y (Y = C,
N, X, etc.) and serves as Lewis acid that accepts electron
density from the Lewis base D. The Y—X:-D angle is
approximately 180°, and the distance between the halogen
bonding atoms (X---D) is shorter than the sum of their van der
Waals radii. XB interactions were observed first in the 19th
century by Guthrie,> and were investigated a hundred years
later in the solid state by Hassel.** This phenomenon had been
neglected for decades, and has only after its recent rediscovery
received immense interest,é_8 with two decades of studies
resulting in applications in a variety of research fields, for
example, crystal en§ineering,l’9_12 supramolecular chemistry,13
polymer sciences,'® liquid crystals,”'*'® conductive materi-
als,”'”'® and medicinal chemistry.'"®"">'**° Halogen bonds
have so far mostly been studied in the solid and gaseous
3931 and in silico.”' 7> Lately, the exploration of their
applicability in biological systems has started,"'**%*°72% yet so
far only a handful of studies of XB have been carried out in
solution.”® 3¢

The strong resemblance of XB to hydrogen bonding (HB)
has been frequently emphasized." As HB is by far the most
commonly used secondary interaction for directing molecular
recognition processes, reaching an improved understanding of
XB is expected to open up exciting opportunities for drug
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development, for example. In the assessment of the possible use
of HB and XB as complementary molecular tools, under-
standing their similarities and differences is a prerequisite.

A classic concern regarding HB is its symmetry.
Originating from its proposed relevance for enzyme cataly-
sis,”** HB symmetry has been studied intensely for decades.*'
Whereas asymmetric in solution ([N—H--N]* 2 [N--H-—
NJ]*),*® hydrogen bonds were shown to be symmetric
([N---H-+NJ) in crystals.*** In contrast, our understanding
of XB symmetry is still in its infancy.** Its dependency on the
local environment, such as steric and electronic factors, solvent
polarity, and the influence of counterions, has not yet been
addressed.

Herein, we present an investigation of the symmetry of
systems comprised of an electropositive bromine(I)or iodine(I)
bound to two nitrogenous electron donors. In such
[N--X--N]*-type systems, a halogen (X) may either be
centered between the two electron donors [N--X:--NJ*, or it
may be closer to one of the nitrogens [N—X--N]*. The former,
symmetric system corresponds to two N---X halogen bonds of
equal distance and strength and is characterized by a single-well
energy potential (Figure la), whereas the second corresponds
to a covalent N—X bond and a weaker, longer N---X halogen
bond. On the basis of the observations made for closely related
HBs,*' the latter system is expected to exist as a rapidly
interconverting mixture of the nonsymmetric tautomers [N—
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Figure 1. Energy potentials for the halogen motion in an N—X-N
system: (a) single-well, and (b) double-well. The potential energy
variation is shown as a function of the nitrogen—halogen distance.
Here, N—X refers to a covalent, N---X to a secondary bond.

X-N]* and [N---X—N]*, which correspond to the two energy
minima of a double-well potential (Figure 1b). Originating
from the shallow energy barrier between these geometries and
the rapidity of the chemical exchange process, most standard
spectroscopic methods give coalesced signals for such
equilibrating tautomers and are thereby incapable of differ-
entiation between a static symmetric structure, [N---X---N]*,
and a rapidly equilibrating pair of asymmetric geometries, [N—
X-~N]* 2 [N--X—N]". Isotopic substitution causes a slight
perturbation of equilibrium processes, but it does not affect
static geometries and it can therefore be utilized for
differentiation of such systems using NMR spectroscopic
detection.*® Model systems 1a,b and 2a,b (Figure 2) comprised

2 (2-d)

1 (1-d)

Figure 2. Whereas 1 permits free adjustment of N—X distances for
most favorable XB or HB interactions, the steric requirements of 2
enforce nonoptimal geometries for a symmetric N—X—N interaction.
For 1a and 2a, X = Br; for 1b and 2b, X = ; for 1c and 2¢, X = H.

of two pyridine-type Lewis bases binding an electropositive
iodine or bromine were studied. They permit linear N—X—N
necessary for XB,' but differ in the ease of
availability of N---X distances optimal for two symmetric XB
interactions. Importantly, 1a,b and 2a,b should not be confused
with iodonium or bromonium salts as they consist of a halogen
and two pyridines contributing to the N—X bond by a single
electron each.*”** Hence, the question addressed here is
whether the interactions of Br(I) and I(I) to the two
coordinating nitrogens are identical, interpretable as two
N--X halogen bonds (Figure la), or if one of the N—X
bonds is stronger than the other, yielding an asymmetric
complex having one classical covalent, N—X, and one classical
N--X halogen bond (Figure 1b). Whereas lab may freely
adjust to allow for the energetically most favorable interaction,
symmetric or asymmetric, the geometrical restriction of the 1,2-
diethynylbenzene moiety of 2a,b offers a slightly longer than
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optimal N—N distance for N—X—N interactions, and 2a,b is
thereby expected to possibly promote nonsymmetric geo-
metries. Symmetric complexes of 2 may be achieved by
energetically penalized adjustment of its covalent backbone or
by alteration of the N—X distances, which in turn prevent
optimal orbital overlap. On the other hand, 1a,b 4permits an N—
X-N axial rotation of the pyridine rings,** whereas the
aromatic rings of 2a,b are forced to maintain coplanarity, which
may facilitate conjugation of the fyridine 7-system to a p-
orbital of the coordinating halogen. 8 Here, the investigation of
the effect of geometric restraints on halogen bond symmetry is
presented. Data for the corresponding bis(pyridinium) triflate
HB complexes 1c and 2¢ (Figure 2), which are known to be
asymmetric,**** [N—H---N]* 2 [N--H-NJ*, are included for
comparison.

B RESULTS AND DISCUSSION

For symmetry investigations in solution applying the NMR
technique isotopic perturbation of equilibrium (IPE), mixtures
of selectivelg' deuterated and nondeuterated compounds are
required,*** and were prepared following the procedures
summarized below.

Synthesis. For the preparation of nondeuterated and
deuterated analogues of bis(pyridine)halonium triflates 1a,b
and 1lab-d the synthetic protocol of Brown et al. was
followed.* Pyridine and pyridine-2-d in dry dichloromethane
were reacted with Br, or I, in the presence of silver triflate,
affording mixtures of [N—Br—N]* complexes 1a/la-d or [N—
I-N]* complexes 1b/1b-d in high yields. Nondeuterated 1,2-
bis(2-pyridylethynyl)benzene halonium triflates 2a,b were
synthesized following the route depicted in Scheme 1.
Microwave-assisted Sonogashira coupling of diiodobenzene
(4) and 2 equiv of 2-ethynylpyridine (5) afforded compound 3
in high yield>" Formation of the [N—X—N]" triflate complex
with Br, or I, in the presence of silver triflate provided the
bromine(I) and the iodine(I) complexes 2a and 2b,
respectively, in moderate to high yields.>® For the generation
of the deuterated complexes 2a,b-d, first regioselective
deuteration of 2-chloropyridine (6) at C6 was achieved using
BuLi-Li-DMAE.** Subsequent rapid Sonogashira coupling with
TMS-acetylene, followed by KF-mediated deprotection® of the
alkyne resulted in 6-deutero-2-ethynylpyridine (5-d). Sonoga-
shira coupling of 5-d and 8 furnished 3-d in moderate yield.
The selectively deuterium-labeled [N—X—N]* complexes 2a,b-
d were obtained using the conditions given above for 2a,b.

NMR Spectroscopic Studies. Isotopic perturbation of
equilibrium (IPE) is a sensitive NMR spectroscopic method
that relies on the observation of secondary isotope effects for
distinguishing a single symmetric molecule from rapidly
interconverting asymmetric tautomers.*” Its major advantage
is that it succeeds even when the rapid exchange causes the
NMR signals from the individual tautomers to coalesce into
one set of signals, which in turn are virtually identical to those
of a single static structure. IPE has been applied successfully, for
example, to symmetry determinations of carbocations,”* O—
H--0>% and N—H---N*"** HB molecular systems, thiapente-
lenes,”” and metal chelating complexes.’ It requires sub-
stitution of a proton with deuterium (or, more generally, one
isotope with another, e.g.,léO with 180)61 close to the
interaction site, causing changes in the vibration spectrum of
the molecule, which eventually affect the observed vibrationally
averaged NMR parameters.®” IPE relies most commonly on '*C
NMR spectroscopic detection and on the analysis of mixtures
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Scheme 1. Outline of the Synthesis of 2 and 2-d (for a, X = Br; for b, X = I)”
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“Reagents and conditions: (a) 2.3 equiv S, Pd(PPh;),Cl,, Cul, Et,NH, DMF, MW, 120 °C, 9 min; (b) Br, or I, AgOTf, dry CH,CL, rt, N, or Ar,
10-15 min; (c) 0,7 equiv 5, Pd(PPh;),Cl,, Cul, Et,NH, DMF, MW, 120 °C, 4 min; (d) Pd(PPh,),Cl,, Cul, Et,NH, DMF, MW, 120 °C, 13 min; (e)
(1) n-BuLi, Li-DMAE, dry n-hexane, —78 °C, N,, 1 h; (2) MeOD, —78 — 0 °C, 30 min; (f) TMS-acetylene, Pd(PPh,),Cl,, Cul, PPh,, Et,NH, DMF,

MW, 120 °C, 27 min; (g) 7-d, KF, MeOH, rt, 16 h.

of a nondeuterated molecule and its deuterated analogue. In
such a mixture, each observed NMR signal turns into two, one
originating from the deuterated molecule and one from the
corresponding nondeuterated one, with a small shift difference
"Ao between them, where n denotes the number of
intervening bonds between the site of the 'H-to-*H substitution
and the investigated carbon (eq 1).

"Agbs = dc(D) — Sc(H) 1)

The observed shift difference consists of two independent
isotope shift contributions: the intrinsic isotope shift "A, and
the equilibrium isotope shift "A,, (eq 2).

Agps = Ao + nAeq ()
In both static and rapidly equilibrating systems, the isotope
substitution slightly changes the vibrationally averaged
equilibrium geometry and thus causes changes to the intrinsic
shift, "A,, on all nearby *C nuclei. It is usually small (<0.4
ppm) and negative as the *C NMR signal corresponding to the
heavier, deuterated molecule occurs at a lower chemical shift.
The magnitude of "A, attenuates rapidly as n increases. The
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second component, "A., is present only for rapidly
tautomerizing systems. Isotope substitution slightly changes
the vibrational zero-point energies (ZPE) of the two tautomers,
and according to Boltzmann’s law, the equilibrium constant K
between the tautomers. This in turn gives a contribution "Ag
to the isotopic shift that is significant and determined by eq 3:

Meq = D(K ~ 1)/[2(K + 1)] 3)

where D equals the chemical shift difference between the
signals of the tautomeric forms (halogenated N'—X and
nonhalogenated N, in this particular case). It is noteworthy that
sizable "Aeq need not be restricted to small n. According to the
, 63 1 .

van't Hoff equation,” K is temperature dependent, and so is
therefore "A.. To induce large isotope effects, selective
deuterium substitution was performed as close as possible to
the [N—X—N]" interaction site, at the C2 position of one of
the pyridines of la—c and 2a—c (see Figure 2). Here, the
monodeuterated analogues of 1 and 2 are referred to as 1-d and
2-d, respectively.

Isotope shifts "A, were obtained by acquisition of *C {'H,
*H}NMR spectra of the isotopologues of 1 and 2 dissolved in
CD,Cl,. Similar to previous, related*' measurements of
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intrinsic isotope shifts, mixtures of pyridine and pyridine-2-d,
and of 1,2-bis(2"-pyridylethynyl)benzene (3) and its mono-
deuterated analogue 3-d, respectively, were used as these
represent static structures ("Ay,, = "Ay) most similar to the
investigated XB systems 1 and 2. Isotopic shifts for the halogen
bonded complexes and for the static reference systems and the
most similar analogous equilibrating systems (N—H-N
complexes,””*® 1c and 2c) are reported in Table 1. Small

Table 1. Experimental *C NMR Isotope Shifts (ppb) at 298
K Measured for CD,Cl, Solutions

structure C2 ‘A, C3 %A, C4 3A, C5 *A s C6 3A
Pyridine —341 —140 0 +14 —15
la —-307 —139 +17 0 -29
1b —336 —145 +20 0 -30
1c -333 —126 +45 +20 =52
2a -315 —138 +23 0 -25
2b —334 —145 +24 0 —28
2c —-299 —133 +21 0 —=31
3 -333 —135 +13 +15 -17

equilibrium shifts are expected originating from (a) the very
small difference in the Lewis basicity of the two nitrogens that
is reflected by an equilibrium constant close to unity for the
potential tautomerization process [N—X--N]* 2 [N--X—
N]** and (b) from the comparably small chemical shift
difference (D, eq 3) of the halogenated and nonhalogenated, or
protonated and nonprotonated (ca. 8 ppm at C2),%* tautomeric
states. Such small equilibrium isotope effects do not permit
straightforward, direct differentiation between a static structure
and a tautomerizing system.** However, the similarity of the
observed isotope effects (IEs) at defined positions for the
corresponding XB complexes (la—2a, 1b—2b), for the
reference compounds for the static (pyridine, 3) and the
equilibrating systems (1c, 2c) indicate the comparability of the
two types of model systems. Originating from their large
magnitudes, the 'A_, and 2A_, values suffer least from
measurement errors, and their comparison among the various
compounds is therefore expected to provide the most accurate
conclusions. Yet, the magnitude pattern of the 3—4 bond IEs
may also be informative. In CD,Cl, solutions, comparable 'A
and %A, were observed for the static reference compounds
pyridine and 3 (Table 1), and for the iodine(I) complexes 1b
and 2b. The bromine(I) complexes la and 2a show
consequently the lowest IEs, which are comparable to or
lower than those observed for the equilibrating references 1c
and 2c. For distinguishing between a static geometry and the
corresponding tautomeric mixture (Figure 1), the temperature
dependence of the isotope shifts, expressed as the slopes of
"Aps Vversus reciprocal temperature,”> was studied (Table 2).
The small temperature coefficients for the CD,Cl, solutions of
1a,b are indicative of single symmetric structures, whereas the
higher coefficients of 1c confirm its expected asymmetry. In
similarity to lab, the temperature coefficients of the isotope
shifts of 2a,b are comparable and are closer in magnitude to
those of the static 3, than to those of the tautomeric reference
2c. Thus, IPE analysis indicates single, symmetric structures for
lab and 2ab in CD,Cl, solution, whereas it confirms the
asymmetry for 1c and 2¢.°”%®

The observed temperature dependence of the intrinsic
isotope effects of the static pyridine and 3 is well-explained
by the temperature dependence of solvent polarity.”® Hence,
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Table 2. Temperature Coefficients (ppm K) of the Isotope
Shifts Reported in Table 1, Observed for CD,Cl, Solutions

structure C2 Ay C3 %A s C4 3A s C5 *A s C6 3A s
Pyridine -5 -5 0 +2 -3
la -3 —6 0 0 -3
1b =5 -6 1 0 -3
1c —6 -10 ) —6 -7
2a =7 -9 -3 0

2b -7 -7 -2 0 -3
2c -10 —11 -3 0 +15

3 =S -7 -3 +2 -2

altered polarity of the environment affects the electron density
of the nitrogen lone pair by a dipolar mechanism. Similar
through-space polarization by dipolar interaction has been
reported previously, for example, for ethers.” As the overlap of
the nitrogen lone pair with the vicinal C—=H/C—D bond has a
significant influence on the magnitude of the IE,%® its
temperature dependence indirectly reflects the influence of
temperature on the polarity of the environment.

The importance of the local environment on symmetry has
been the subject of debates concerned with HB.*”* For
example, it was proposed that the symmetry of weakly binding
charged complexes might be affected by the disorder of the
local environment generated b7y a strongly binding asymmetri-
cally positioned counterion.*””® Such an effect is expected to
have the strongest influence in nonpolar solvents. To assess the
interaction strength of the [N—X—NJ]* XB center with the
triflate counterion, translational diffusion coefficients were
acquired for CD,Cl, solutions of the investigated molecules.
Diffusion rates for the [N--X:-N]* interaction sites were
observed by '"H NMR, and that of triflate anion by 'F NMR.
Comparable diffusion coefficients (Table 3) of the correspond-

Table 3. SN NMR Chemical Shifts, and 'H and ’F NMR
Translational Diffusion Coefficients

structure 5("N) ppm D('H) X 107° m*/s  D(”F) x 107"° m*/s
Pyridine —67.0 30.6 -

la —-142.9 13.9 14.2

1b —175.1 14.0 15.0

1c —134.1 20.3 14.4

2a —141.2 10.7 10.4

2b —165.0 10.7 11.7

2c —-1379 11.7 10.7

3 —64.5 14.5

ing positively and negatively charged species indicate tight
complexes for each investigated system. Hence, despite strong
binding, the triflate ion does not perturb the symmetry of the
[N—X—-N]J* XB in apolar CD,Cl, solutions. This fact is
explained either by a symmetric arrangement of the triflate,
with equal distances to the pyridine nitrogens, or by a close,
asymmetric orientation of the counterion, which is incapable of
breaking the strongly stabilized symmetric [N---X---N]* halogen
bond. The generally higher diffusion rates of the bipyridyl
complexes, la—c, as compared to the 1,2-bis(2'-
pyridylethynyl)benzene complexes, 2a—c, originate from their
smaller size, that is, smaller solvent accessible surface area.
Strong interaction with the counterion without loss of
symmetry suggests a significant energetic gain upon formation
of the static, symmetric 3-center-4-electron XB,*”! which
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observation is in excellent agreement with the previously
reported exceptionally high strength of analogous halogen and
hydrogen bonds, for example, [I-I---I]” and [F—H--F]~ of
160—180 kJ/mol."”

As a sensitive indicator for the changes of the nitrogen bond
order and electron density,”® the SN chemical shifts were
measured for free pyridine and for compounds 1-3 using
'H,'SN-HMBC experiments.”*”> For each compound, a single
nitrogen signal was detected (Table 3).

Upon complexation, alteration of the nitrogen chemical shift
was observed for 1—2, but to a different extent for the
protonated (pyridine—lc, —67 ppm) and the bromine
(pyridine—la, —76 ppm) and iodine centered (pyridine—1b,
—108 ppm) halogen bonded systems (Table 3). A larger
chemical shift change may be interpretable as a stronger
interaction and may imply an increasing covalent character in
the order H < Br < L. The "N chemical shift change upon
formation of the bromine centered halogen bond of 1a is
similar to that upon protonation (lc, Table 3), whereas the
iodine centered XB of 1b caused a >N chemical shift alteration
comparable to the shift change caused by N-alkylation (N-
methylpyridinium iodide, Sy;5 = —180.5 ppm). This latter
observation may be rationalized in several ways. (a) It may be a
result of stabilization of the [N—I—N]" interaction by o-overlap
of an empty iodine p-orbital and the filled nonbonding orbital
of the nitrogens simultaneously with an efficient overlap of a
filled p-orbital of I(I) and the nitrogen 7*-orbitals, which are
involved in the aromatic system of the complexing pyridines.**
Electron donation from the pyridine zz-orbitals to the bromine
or iodine d-orbitals may also contribute. This explanation is
supported by the coplanarity of bis(pyridine)halonium
complexes in crystals.****** (b) It may be due to an
exceptionally strong electrostatic N%.--I* interaction; however,
in light of the noncomparable smaller Ady upon protonation of
pyridine, this explanation appears less likely. (c) A large
chemical shift change may also be rationalized as indication of a
stronger halogen bond by resonance stabilization*' or (d) by an
increased covalent character.”® Geometry optimization, dis-
cussed in detail below, predicts dy_; = 2.3 A for 2b, which is
close to the sum of the covalent radii of N and I (2.1 A) and
significantly shorter than the sum of their van der Waals radii
(3.5 A). The ca. 10 ppm higher "N shift of 2b compared to 1b
may reflect its weaker N—I bonds, interpretable here as the
consequence of the steric restraint introduced by the
diethynylbenzene backbone that strives for longer than optimal
N-N distance for the symmetric [N--I--N]* complex.
Notably, the XB symmetry of 2b is retained. The *N chemical
shift changes of la and 2a reveal comparable, yet weaker
interactions. A less favorable interaction of the bromine(I)
complex 2a compared to la is further indicated by its
apparently lower stability in solutions.

Computation. For theoretical confirmation of the exper-
imental results, the equilibrium geometries and energies of la—
¢,** 2a—c and 3 were calculated using density functional theory
(DFT), employing the B3LYP exchange and correlation
functional.”’ " The LANLOS basis set®’ in conjunction with
the LANL2DZ effective core potential®* ** were used for Br
and 1, Pople’s 6-311++G(d,p) basis set™ ™™ for N and the
central H atoms in 2¢ and 3c, and Pople’s 6-311G(d,p) basis
set®® for the remaining atoms. Solvent effects were accounted
for by the Polarizable Continuum Model (PCM),***° with
CH,Cl, as solvent.*® All calculations were done with the
Gaussian09 program package.”® The delocalized electrons in
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the 3-center-4-electron bonds make a DFT description of la—c
and 2a—c challenging, owing on the one hand to the
incomplete description of nondynamic electron correlation in
these bonds,”" and on the other to the self- interaction error
inherent to DFT.”> However, reference calculations™ with
second-order Moller—Plesset perturbation theory (MP2)* for
la—c confirm that DFT provides a reasonable description of
these complexes.

Table 4 shows computed N—X and N—N bond distances for
la,b and 2ab, along with reference distances calculated for

Table 4. Computationally Predicted N—X and N—-N
Distances [A] for the Equilibrium Geometries of la—c, 2a—
¢, and 3°

Structure X dyx(1) dyx(2) dyn

: H 1.015
Q - Br 1.890 . s

X I 2.092

@ tc H 1.069 1733 2.802

! 1.291 1.291 2.582

4 la Br 2139 2.139 4278

| 1 2.301 301 4.602

@ le H 1.082 1.648 2.730

3. 1.287 1.287 2.574

& b Br  2.140 2.140 4280

U b1 2302 2302 4.604

2 H 1.049 1.911 2.935

1.316 1.316 2619

2a  Br  2.140 2.140 4280

M1 2303 2.303 4,602

3 - . " 4.680

“Calculations were done at the B3LYP level with the basis set and
ECPs described in the computational section, employing PCM with
CD,Cl, as solvent. Values in italics refer to unstable symmetric
structures. Those for la—c are taken from reference 44.

protonated (1c, 2c) and halogenated pyridine as well as for 3.
DFT calculations predict symmetric geometries for lab and
2a,b (Figure 3, Supporting Information) and asymmetric ones
for 1c and 2c, confirming the experimental findings. The N—Br
and N—I bond distances in 1ab and 2a,b are less than 0.3 A
longer than their counterparts in the hypothetic brominated or
iodinated pyridine, which indicates that the N—X bonds in 1a,b
and 2a,b show a significant covalent character. For the stable
asymmetric structures of lc and 2c, the elongation of the
shorter N—H bond compared to protonated pyridine is less
than 0.07 A, and thus closely resembles that in protonated
pyridine. A longer N—N distance was predicted for 3 (4.68 A)
than for the complexes 1a (4.28 A), 1b (4.60 A), and, most
notably, 1c (2.58 and 2.80 A for the symmetric and asymmetric
structure, respectively). As a consequence of the strain provided
by the backbone of 3, longer N—X distances and lower stability
for 2a—c as compared to la—c are expected. This conjecture is
only partially confirmed by computation (Table 4). The largest
difference between the complexes of the freely adjustable 1 and
of the rigidified 2 is predicted for the protonated complex. For
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Figure 3. DFT geometry optimization (DFT, B3LYP LANLOS)
predicts a static, symmetric [N---X---NJ]* 2a complex with dy_g, = 2.1
A. This distance is between the sum of the covalent (1.9 A) and the
sum of the van der Waals radii (3.4 A) of N and Br. Optimized
structures of 2b and 2c are shown in the Supporting Information.

the stable asymmetric structure, the longer N—H bond is
elongated by 0.35 A in 2c as compared to 1c, and the N—N
distance increases by 0.2 A. For the symmetric structure of 2,
the N—H distance increases by 0.03 A, and the N—N distance
adjusts by 0.045 A. Tt should further be noted that, in 2c, the
N—-H-N bonds become bent with a bond angle of 165°.

For 2a and 2b, the increase in the N—X and N—N distances
as compared to la and 1b is below 0.001 A. These findings
suggest that 3, in spite of its conjugated covalent nature, is
easily distorted. This proposal is supported by the X-ray
crystallographic studies of related substances.”* °® The
equilibrium geometry of 3 is influenced by Coulomb repulsion
between the lone pairs of the nitrogen atoms, which repulsion
is neutralized upon complexation of a cation in 2a—c. The
strain introduced by rearrangement of 3 from its equilibrium
geometry to the geometries found in 2a,b is slightly negative
(ca. —2 kJ mol™"). Remarkably, the comparably large geometric
rearrangement of 3 for forming 2c yields an estimated strain
energy of only 6 k] mol™" (for a detailed discussion of the strain
energies see Supporting Information). Consequently, the N—
X—N three-centered bond of 2ab shows comparable geo-
metries to those of la,b with the primary difference that a
coplanar geometry is enforced for the pyridine rings of 2a,b,
whereas free rotation around the N—X—N axis is allowed for
the pyridines of 1a,b.

Informative measures for the stability of the studied
complexes are provided by the computed frequencies of their
N—X stretching vibrations (Table S) and their estimated
relative stabilities (Table 6). The signature of the asymmetric
N—X—N stretching vibrations is consistent with symmetric
lab and 2ab and asymmetric 1c and 2c. Comparable
vibrational frequencies, with less than 10 cm™ difference,
were predicted for the Br and I complexes (Table S). As a
general trend, all frequencies of 2a,b are approximately 20 cm™"
(symmetric) to 30 cm™' (antisymmetric vibration modes)
lower than their counterparts in 1a,b. However, this difference
does not necessarily indicate a lower stability of 2ab as
compared to la,b, but may rather be the consequence of the
larger reduced masses for 2a,b. For 1c and 2c, the N—H and
N---H stretching vibrations show markedly different frequencies
(ratio >20), reflecting the large difference in their bond
strengths. This difference is more distinct for 2c¢ than for Ic, in
line with the calculated bond length alternations discussed
above. The estimated relative stabilities of the complexes la—c,
shown in Table 6, indicate higher binding energies for the
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Table 5. Computed Frequencies [cm™'] for the N—X and
N-—N Stretching Vibrations for la—c, 2a—c, and 3

Structlll'c X V}imh \"':ui\'mmc
H 3570.3¢
Q - Br 317.1¢ -
x* I 260.119
@ Ic H 2601.74 143.1°¢
i 241.0 i1052.3
' la Br 172.5 162.6
[:j 1b 1 167.0 166.8
@ 1e H 2374.34 124.4¢
Y. 216.0 i996.0
u 1a Br 172.8 162.4
i 1b I 167.1 166.4
2¢ H 2952.01 99.8°
214.5 i1313.3
2a Br 158.0 135.2
2b I 148.9 137.9
3 H 24.7

“Calculations done at B3LYP level with the basis set and ECPs
described in the computational section, employing PCM with CD,Cl,
as solvent. Values in italics refer to unstable symmetric structures.
Values for 1a—c are taken from the literature.** *Symmetric N—-X—N
stretching vibration unless otherwise stated. “Antisymmetric N—X—N
stretching vibration unless otherwise stated. IN-X stretching
vibration. °N---X stretching vibration.

halogen(I) as compared to the protonated complex (difference
60—70 kJ mol ™). It should be noted that the bond energies of
1a,b and 2a,b are comparable in magnitude to that of a covalent
bond. The difference between protonated and halogenated
complexes may be partly ascribed to the higher stability of
HOTf compared to BrOTf and IOTf. The computed bond
energies of 2a—c (AE) are approximately 20 kJ mol™' weaker
than their counterparts in 1la—c. At first glance, this result might
be ascribed to the reorganization energy of 3. However, this
energy is close to zero for the formation of 2a,b and about 6 kJ
mol™! for the formation of 2¢, as shown above. Also, the
observed energy difference is nearly constant from 2a to 2c,
whereas the reorganization energy increases from 2a to 2c.
Thus, the different formation energies are likely to originate
from electronic effects, for example, from differences in the
degree of delocalization of the 7-systems in the complexes of 1
versus 2. The AG values are equal (c) or slightly larger (a,b) for
2 as compared to 1, reflecting a smaller entropy loss upon
formation of 2a,c than of la,c, depending on the number of
entities associating throughout complexation.

A comparison of the energies for planar and twisted
conformers of la—c (Table 6) confirm the hypothesis that
the pyridine rings of 1a,b freely rotate around the N—X—N axis.
For 1c, the twisted conformation appears to be favored;
however, this prediction should not be overly trusted since an
incorrect treatment of the hindered rotation around the N—X—
N axis as soft vibration cannot be ruled out,”” and hence, the
entropy balance between the planar and the twisted forms may
be described incorrectly.
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Table 6. Predicted Stabilities [k] mol '] of la—c and 2a—c”

Structure Reference X AE AG
- H ~64.0 535
o +or (J+xot  Br 892 797
X | -60.1 -51.5
O
N H>  -1138 -68.2
s = 2 + XOTf
R LE > Br  -180.2 ~121.9
) I -167.6  -103.1
) )
&% wor @< om M 825 684
W N, M Br - . =125
U U | -1449  -113.0
® »
. Y. H 43 7.6
. 3 Br 0.2 0.0
@ ﬁj] | 0.1 0.1
0 »
\ N’
x* ?
i : H 6.4 4.6
[) M.
| |
H 223 7.5

“Calculations were done at B3LYP level of theory with the basis set
and ECPs described in the computational section, employing the PCM
with CD,Cl, as solvent. AE denotes the electronic energy, and AG the
Gibbs free energy at 298 K. Values for la—c are taken from reference
44. Underlined values are potentially flawed by the improper treatment
of a hindered rotation, such as soft vibration in the entropy term.””
b .
Refers to the asymmetric structure.

The inversion barrier for 2¢ is 16 k] mol™" higher in energy
than that for 1c (Table 6), in agreement with the fact that the
steric strain in 3 hinders inversion (the N—N distance is shorter
in the symmetric form of 2c than in the asymmetric one).
However, ZPE and entropy effects largely equalize this
difference between 1c and 2c. Further computational
confirmation for the symmetric XB geometries of 2ab were
provided by relaxed potential energy surface (PES) calculations
at the B3LYP/LACVP* level using CH,Cl, continuum solvent
model, as implemented in Jaguar (Schrddinger, Inc.), and
scanned for geometries with varying N—X distances in 0.05 A
steps. The PES scans predict a single energy minimum with
dy_p; = 2.19 A for 2a and dyy_; = 2.30 A for 2b, in contrast with
a double well potential for 2¢ with optimal dy_y; distances of
1.05 A and 1.96 A.

B CONCLUSIONS

Combined NMR spectroscopic and computational investiga-
tion indicates the strong preference for the static, symmetric
arrangement of bromine and iodine centered [N---X:-N]*-type
XB in solutions. Translational diffusion measurements revealed
a tight interaction of the positively charged halogen bonded
complex with the triflate counterion. Such close interactions
were previously concluded to be responsible for asymmetries
observed in crystals; however, they do not cause any observable
destabilization of the symmetric arrangements of 1a,b and 2a,b
in CH,Cl, solutions. Interestingly, related [N—Br—N]* systems
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. 44,50,98
are often asymmetric,” " whereas [N—I-N]* are symmet-

ric”® in the solid state. In contrast,[N—H—N] hydrogen bonds
are asymmetric in solution and symmetric in crystals.>® This
fact reveals that despite the often emphasized similarities of HB
and XB," there are distinct differences as well that may become
of vast importance in the development of XB to a
complementary molecular tool to HB in rational drug design
strategies. The higher stability of the symmetric arrangement of
3-center-4-electron halogen bonds compared to hydrogen
bonds in solutions may originate from a more efficient overlap
of the nitrogen lone pairs with the p-orbital*® of I* or Br" as
compared to the possible overlap with the empty s orbital of
H*. The advantageous orbital overlap yields a covalent
character for the investigated XB systems, revealed by "N
chemical shift data analysis as well as by computation.
Experimental findings were supported by DFT analysis
predicting symmetric [N--X---N]* arrangements for lab and
2a,b.

An important aspect of this work is that the systems studied
provide simple models for the investigation of 3-center-4-
electron halogen bonds. A well-known example for such a
halogen bonded complex is the I;~ ion, which has been the
tar%et of intense debate in the halogen bonding commun-
ity.'°”'%" The triiodide ion was previously reported both to be
symmetric (d_; = 2.90 A)'*>'*® and asymmetric (d;_; = 2.83
and 3.03 A)*1%4710% in the solid state, depending on its
environment. It is often cited as the strongest halogen bonded
complex (180 kJ mol™)." The suggestion of the exceptional
halogen bond donor strength of X** is further confirmed by this
investigation. Related trihalide ions, such as Br;~, I,Br~, and
IBr,”, were typically found to be asymmetric in crystals.'®* The
assessment of the symmetry of trihalide ions in solutions is
considerably more difficult than the investigation of the related
model compounds 1 and 2, and could therefore so far only be
predicted by computation.'®”’ """

A further impact of the present investigation is that [N—X—
N]* complexes are common reagents used in electrophilic
halogenations.’*""*~"*! Gaining an improved understanding of
the structure of such halogenation agents, for example, of the
Barluenga’s reagent,''>~''* is therefore of relevance in synthetic
organic chemistry. In these reactions, X* is transferred from an
[N—X—N]* bond to a C=C double bond through a [C—X—
C]* intermediate. Whereas the symmetry of the [C—X—C]*
intermediate has been extensively studied,'**”'** the symmetry
of the halonium transfer reagent has so far received little
attention,*#!12%126

The presented NMR and computational study of 1c agrees
well with the previous conclusions on hydrogen bond
asymmetry based on computational (DFT),"*” solution®”®
and solid state'”” NMR spectroscopic investigations. However,
the proposal of a general asymmetry of HB in solutions has
been questioned by the Limbach group, who based on solution
and solid state NMR studies argued that HB symmetry depends
on the local environment (counterion, neighboring molecules),
and that strong hydrogen bonds may be sgrmmetric or exhibit
only small deviations from symmetry.”>'>*~'*® Moreover, for
hydrogen bonds exhibiting tautomeric behavior, they proposed
that isotopic perturbation observed by NMR may not originate
from equilibrium isotope effects caused by zero point energy
changes, but from equilibrium averaged intrinsic or geometric
isotope effects arising from anharmonic ground state
vibrations.">" It should be noted that recent UV—vis
spectroscopic studies of Limbach'* support the findings of
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Perrin.*® The conclusion of hydrogen bond asymmetry based
on IPE studies has recently been further criticized by Singleton
et al,"** who by computational methods, yet ignoring the
related computational work of Ohta,'** proposed that IPE data
attributed to isotopic perturbation of equilibria may in certain
cases be better interpreted as the consequence of isotope
induced desymmetrization of symmetrical potential energy
surfaces. Spectroscopic observation (IPE) and computational
(DFT) prediction of symmetric geometries for 1ab and 2a,b
whereas of asymmetric ones for the closely related 1c and 2c do
not support this proposal. Furthermore, the magnitude of the
e scalar coupling determined through the N—H--N
intermolecular hydrogen bond (102 + 04 Hz) of bis-
(pyridinium) tetrachlorogallate [(Py-H---Py)(GaCl,)],"*’
closely related to compound 1¢, by solid state NMR best fits
to an asymmetric arrangement (dy,_np = 2.707 A, dy_y =
0.946 A, dy,_;; = 1.761 A). This observation agrees well with
the asymmetric geometry of lc (Table 4). The X-ray
crystallographic analysis of bis(2-methylpyridinium) tetraphe-
nylborate revealed an electron density pattern best compatible
with a single, symmetric, strongly hydrogen bonded geometry;
yet the possibility that the N—H—N hydrogen would occupy a
double well rather than a single well potential in crystal could
not be excluded.” This may be rationalized by (a) the
inhibition of dynamic characteristics in crystals,"””” or by an
inherent weakness of X-ray crystallography (b) to recognize
dynamic processes and (c) to accurately refine hydrogen
positions.'*> The alternative views on hydrogen bond
symmetry indicate that the analysis of weakly binding
complexes remains a challenge. Unequivocal determination of
HB and XB symmetry necessitates the careful, simultaneous use
of alternative spectroscopic and computational methods.
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Details on the synthesis depicted in Scheme 1, spectroscopic
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