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The nature of [N—CI-N]" and [N-F-N]" halogen
bonds in solution

Alavi Karim,*Marcus Reitti, Anna-Carin C. Carlsson, Jiirgen Gréafenstein and
Maté Erdélyi

Halonium ions are synthetically useful, transient species that may be stabilized by attachment
to two electron donors. Whereas studies of [C—X—C]"-type ions have greatly contributed to the
fundamental understanding of chemical bonding and reaction mechanisms, investigations of
the corresponding [N—X-N]" halogen bond complexes are only at an early stage. Herein we
present solution NMR spectroscopic and theoretical evidence for the nature of [N—CI-N]" and
[N-F-N]" complexes, and we discuss their geometries and stabilities in comparison to their
iodine and bromine-centered analogues as well as the corresponding three-center [N-H-N]"
hydrogen bond. We show the chlorine-centered halogen bond to be weaker but yet to resemble
the symmetric geometry of the three-center bond of heavier halogens. In contrast, the
[N-F-N]" bond is demonstrated to prefer asymmetric geometry analogous to the [N-H-N]"
hydrogen bond. However, the [N-F-N]" system has a high energy barrier for interconversion,
and due to entropy loss, its formation is slightly endothermic.

Introduction

Following the initial discussions of Noyes' and Stieglitz,? the
existence of halonium ions as reactive intermediates was first
postulated in the mechanistic investigations of electrophilic
addition of halogens to alkenes.® Over the past century, haloni-
um ions have gained wide utility in organic chemistry, provid-
ing access to organohalides of vast synthetic impact, for exam-
ple, in the material and pharmaceutical sciences. Studies of
these species have yielded valuable insights into the basic rules
governing the mechanisms of their chemical transformations.*
Being transient species, ‘naked’ electrophilic halogens lack
prolonged lifetime and are therefore typically studied as part of
three-center systems commonly stabilized by attachment to two
carbon atoms. These molecular systems may adopt linear or
triangular geometries. Since their description by Olah et al.,’
the solution structure of halonium ions has been heavily debat-
ed with spectroscopic and computational evidence provided
both for and against the static symmetric [C---X--C]" geometry
and the corresponding rapidly interconverting pair of asymmet-
ric [C=X---C]" = [C--X—C]" arrangements.®® Whereas the
former geometry is proposed to be stabilized by the covalent
character of its two identically long and strong C X bonds, the
latter is commonly referred to as a resonance-stabilized ar-
rangement. In addition to the comparably well-studied
[C-I-C]" and [C—Br—C]" ions, the first investigations of the

analogous chlorine and fluorine-centered systems were reported
9,10

only very recently.

This journal is © The Royal Society of Chemistry 2013

Stabilization of halonium ions by attachment to two nitrogen
atoms, instead of carbons, is as challenging as it is impactful.
The properties of iodine and bromine-centered [N-X-NJ"
bonds stabilized by two identical nitrogenous electron donors
were evaluated by X-ray,'' IR,'? solution NMR and in silico
techniques.'*'® They possess linear structures with two equiva-
lent N---Br or N---I secondary bonds in both the solid state and
in solution.''* These halogen bonds'’"" are unusually strong
and have, in addition to electrostatic, substantial covalent char-
acter.'*'*?® The analogous [N-H-N]" three-center hydrogen
bonds have been described as asymmetric in solution yet sym-
metric in the solid state,'® although a contradictory opinion has
also been expressed.”’ These bonds lack great strength.”? Thus
far, the symmetry and the strength of [N-X-N]" and [N-H-NT"
bonds are two of the few significant differences found between
the nature of hydrogen and halogen bonds, commonly reported
as fundamentally similar interactions.”***

The three-center [N-I-N]" complex, bis(pyridine)iodonium
tetrafluoroborate, has found applications in synthetic organic
chemistry as an electrophilic halogenation, cross-coupling, and
oxidizing agent.”> Along with its bromine centered analogue, it
has also been studied for the development of chiral halonium
transfer agents.”® Comparable [N—CI-N]* species, with the
much more reactive ClI" stabilized by two nitrogen donors, have
so far not been detected in solution but have only been evi-
denced by mass spectrometry as short lived species in the gas-
phase.?”?® The structure of the [N—CI-N]" species along with
that of the analogous [N—F-N]" system was computationally
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predicted by one group to be symmetric with two equal N—Cl
or N-F bonds,” whereas other workers have reported the
[N-CI-N]" complex to be symmetric but the [N-F-N]" ana-
logue to be asymmetric,'® i.e. encompassing a distinct covalent
N-F bond and another longer, weaker N---F halogen bond. The
[N—CI-N] bond was predicted to be asymmetric by Parra."> So
far no experimental evidence of the symmetry or asymmetry of
these bonds is available. Such electrophilic species are of con-
siderable theoretical interest, and upon careful optimization
may gain practical importance.>** The halogen bond is antici-
pated to develop into a molecular tool complementary to the
hydrogen bond for rational modulation of molecular recogni-
tion processes,” with direct applicability in crystal
engineering®® and drug design.?' This potential gives the under-
standing of the properties of the halogen bonds, including the
more difficult to investigate chlorine and fluorine-centered
bonds, critical importance. Three-center halogen bonds are of
particular interest because of their unusual strength.'>'*** Solu-
tion studies of halogen bonds are still scanty.'”**>* Herein, we
present the study of chlorine and fluorine-centered halogen
bond systems by a combination of solution NMR and computa-
tional methods, and we discuss their properties in comparison
to their iodine and bromine-centered analogues as well as to the
three-centered hydrogen bond.

Results and discussion

Synthesis

The bis(pyridine)halonium triflate complex was demonstrated
to be a suitable model system for solution investigation of the
iodine 1 and bromine 2 centered [N—X—N]" halogen bonds,'*!*
and was therefore employed for the exploration of the chlorine
3 and fluorine-centered 4 analogues. For preparation of 3, we
have modified the previously developed® synthetic route to 1
and 2. Bis(pyridine)silver(I) triflate, which had been generated
in advance and thoroughly dried under vacuum, was dissolved
in dry CD,Cl, solution and treated with Cl, gas while being
kept at -80 °C and agitated by ultrasonication for 30 minutes
(Suppl. Fig. S1). The mixture was then centrifuged to remove
chloride the

bis(pyridine)chloronium triflate 3 solution through a precooled,

silver precipitate prior to transferring
dry cannula into a precooled, dry NMR tube fitted with a sep-
tum, which was then immediately transferred into the NMR
magnet. Throughout the entire process, the solution was care-
fully kept moisture-free under an argon atmosphere and at -80
°C to avoid decomposition, which is readily noticeable by the
disappearance of the yellow color of the [N—CI-N]" complex 3.
Because of known difficulties associated with the use of F,
gas,*® we have not followed the above synthetic route for the
generation of the corresponding [N—F—N]" complex 4. Instead,
by mixing a CD;CN
fluoropyridinium tetrafluoroborate 8 with pyridine 4 at -35 °C.

we prepared it solution of N-

This solution was stable at low temperature for several days,

but gave a complex mixture at room temperature, in line with
the high reactivity of electrophilic fluorine. Low CD,Cl, solu-

2 | Chem. Sci., 2014, 00, 1-3

bility of 8 motivated the selection of CD;CN as solvent. DFT
calculations predict comparable geometry for 4 in CD,Cl, and
in CD;CN (Supplementary Information). The [N—X—N]" bonds
of 1 and 2 were previously shown to be unaffected by changing
the solvent from CD,Cl, to CD;CN. !

NMR

The formation of the bis(pyridine)chloronium triflate 3 com-
plex caused a considerable deshielding of the 'H and *C NMR
shifts of pyridine 9 (Table 1). In addition to the increased chem-
ical shifts, formation of 3 was indicated by the enhanced relaxa-
tion rate of the atoms close to the quadrupolar chloronium nu-
cleus. The longitudinal relaxation time (T;) of the pyridine H-2
protons decreased from 1.5 sec in bis(pyridine)silver(]) triflate,
the synthetic intermediate from which it was prepared, to 0.08
sec in compound 3 (Fig. 1). This rapid relaxation, along with
the limited lifetime (t;, ~ 10-12 hours) of 3 even at -80 °C,
prevented detection of the chemical shift of the pyridine nitro-
gen in the [N—CI-N]" complex. Upon increase in temperature,
rapid decomposition of 3 was observed, which prevented us
from measuring the temperature dependence of deuterium equi-
librium isotope effects of 3, in accordance with that previously
reported for 1 and 2'° for spectroscopic investigation of its
symmetry. Thus, for 3 no experimental distinction between a
static symmetric and a pair of rapidly interconverting asymmet-
ric structures was possible. In contrast to its iodine, bromine
and  chlorine-centered analogues, 1-3, pyridine N-
fluoropyridinium tetrafluoroborate 4 gave two sets of 'H, *C
and "N NMR signals (Fig. 2, Table 1), indicating that its pyri-
dines are in different chemical environments. One set, i.e. oy
9.22, 8.65 and 8.23 ppm, shows 'H-'’F scalar couplings, as
confirmed by '’F-decoupled 'H NMR spectra, indicating a
strong N—F covalent bond. In agreement with the literature on
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Fig. 1 The longitudinal spin-lattice (T;) relaxation rate of H-2 as measured by
inversion-recovery experiment at -80 °C in CD,Cl, solution and visualized by
plotting signal intensity vs time. The data points of bis(pyridine)chloronium
triflate 3 are in black (T;=0.08 s), those of bis(pyridine)silver(l) triflate in green
(T1=1.49 s), whereas those of pyridine 9 in red (T;=1.61 s). The exceptionally
rapid relaxation observed for 3 is the consequence of the quadrupolar moment
of chlorine(l).

This journal is © The Royal Society of Chemistry 2012

Page 2 of 8



Page 3 of 8

Chemical Science

ARTICLE

Chemical Science

RSCPublishing

Table 1 Observed NMR chemical shifts of the studied pyridine complexes.

Chemical shift (ppm)
Substance # X C.L Temp H2 H3 H4 C2 C3 C4 N F
™ 1 I OTf 25°C 8.79 7.64 823 1506 1283 1427  -175.1
E’ 2 Br OTf 25°C 8.74 7.76 824 1469 1282 1427 -1429
1 3 cl OTf  -80°C 887 8.02 846 1457 1294 1448 nd.
@ 4 F BF,  35°C 922 823 865 1371 1308 1474  -122.1 459
8.55 7.34 775 1502 1247 1371 688
@
- 8 F BF, 25°C 9.19 8.26 868 1372 1313 1481  -122.1° 470
0
S
L 9 ; 25°C 8.76 7.68 813 1454 1262 142.0 658"
@ ) 9.17 825 867 1372 1313 1489 1236 457
N \E 10 F BFr  25°C 871 8.06 862 1426 1287 1481 41853

* Data given for -35 °C for comparability, C.L, counter ion; n.d., not determined.

related compounds,’’ the corresponding '°F NMR signal at 45.9
ppm is broadened by multiple-bond proton-fluorine couplings.
This bonding pattern was further confirmed by 'H decoupled
YF NMR. The 'H, *C, "*N and '°F chemical shifts for the more
strongly bonded pyridine ring compare well to those of N-
fluoropyridinium tetrafluoroborate 8 (Table 1, Fig. S17-21).
The second set of pyridine signals of 4 at &y 8.55, 7.75 and 7.34
ppm do not show "H-"F couplings. Its 'H, '*C and "N NMR
chemical shifts (Table 1) are similar to but slightly different
from those of pyridine 9. The translational diffusion rate of this
ring (D('H) = 46.7 x 107" m%s) is significantly higher than
those of the N-fluorinated pyridine (D('H) = 41.2 x 107'° m%s)
and of the tetrafluoroborate counter ion (D('’F) = 41.3 x 1071°
m?/s). At the same temperature (-35 °C) and in the same solvent
(CD3;CN), N-fluoropyridinium tetrafluoroborate 8 diffuses
considerably faster (D('H) = D(*’F) = 120.3 x 107'° m?%/s) in the
absence of pyridine 9. Neither NOE between the protons of the
two pyridines of 4, nor HOE between the fluorine of N-
fluoropyridinium ion and the hydrogens of the weakly coordi-
nated pyridine was observed. The above data are most compati-
ble with a weakly interacting mixture of pyridine 9 and N-
fluoropyridinium tetrafluoroborate 8. Whereas the diffusion
data indicates independently moving pyridine rings for 4, its
slight chemical shift differences from 8 and 9 suggest very
weak coordination. The magnitude of >N NMR shift alteration
observed upon mixing 8 and 9 (-3 ppm, Table 1, Fig. S23)
better compares to that observed for conventional two-center
halogen bonds®® rather than three-center bonds of the heavier
halogens.13

We have also studied the commercially available pyridine
N-fluoropyridinium heptafluorodiborate 10 complex that gives

This journal is © The Royal Society of Chemistry 2013

a stable CD,Cl, solution at room temperature. Similar to 4,
compound 10 shows two sets of NMR signals (Fig. S10-16).
One of its pyridine rings possesses 'H-'°F couplings as well as
chemical shifts comparable to that of the N-fluoropyridinium
tetrafluoroborate 8 (Fig. S17-21) and of the N-fluorinated pyri-
dine of 4 (Fig. S4-9, Table 1). The second ring shows chemical
shifts that are dissimilar to pyridine 9, with the most significant
difference detected for its '>N chemical shift (-185.3 vs -67
ppm,"® 25 °C). In addition, significantly broadened 'H NMR
signals as compared to those of 4 and an additional broad signal
at 13.1 ppm (Fig. S15) were detected for this ring, which are
incompatible with its proposed pyridine N-fluorpyridinium
heptafluorodiborate structure.®® Its -185.3 ppm "N NMR chem-
ical shift better compares to that of N-methylpyridinium iodide
(81sn = -180.5 ppm)"® and of protonated pyridinium triflate
(8158 = -186.5 ppm) than to the chemical shift of free pyridine
(81sn=-67 ppm)."® These data along with the comparable trans-
lational diffusion rates for the two pyridines of 10 (16.9 x 107'°
vs. 16.6 x 1071% m?%/s, CD,Cl,, 25°C) suggest that the nitrogen of
this pyridine is quaternalized, likely with a substituent of com-
parable size to fluorine. Direct interaction of the nitrogen of this
pyridine with the B,F; counter ion is not supported by the
similar "'B and '°F NMR shifts of 8 (8 -1.2 ppm, 8 -151.7
ppm) and 10 (83 -1.1 ppm, 3 -150.7 ppm). Thus, this pyridine
of 10 is likely protonated and is thereby turned into a weaker
nucleophile than pyridine itself, explaining the stability of the
CD;CN solution of pyridine N-fluoropyridinium heptafluorodi-
borate 10 at room temperature in contrast to the rapid reaction
observed upon addition of pyridine 9 to N-fluoropyridinium
tetrafluoroborate 4 at the same temperature. Addition of pyri-
dine to the solution of 10 yielded a complex product mixture.

Chem.Sci., 2014, 00, 1-3 | 3
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Fig. 2 The "H,"°C HSQC spectra of bis(pyridine)chloronium triflate 3 (CD,Cl,, -80 °C) and of pyridine N-fluoropyridinium tetrafluoroborate 4 (CD5CN, -35 °C). Due to
rapid relaxation, the cross peaks of 3, to the left, are severely broadened. Its 'H NMR spectrum also shows the signals of bis(pyridine)protonium triflate, which is
formed upon moisture-induced decomposition. For 4, to the right, two sets of pyridine signals are seen: one shows distinct 'H-1F couplings whereas the second does

not.
The above observations support the structure N-
fluoropyridinium pyridinium tetrafluoroborate trifluorohy-

droxyborate [CsHsN'-F][CsH;NH'][BF,][BF;(OH)] for 10,
proposed by Banks, ef al.,** but not previously proven.

Computational Studies

In order to gain further insight into the nature of the halogen
bonds of complexes 3 and 4, we studied their geometric stabil-
ity computationally. To keep this study comparable to the pre-
vious investigations of closely related compounds (1 and
2)!31435 calculations were performed with density-functional
theory using the B3LYP functional.*'*> The LANLO8d basis
set*® in conjunction with the LANL2DZ effective core potential
(ECP)*"™* was used for I and Br, Pople’s 6-311+G(d,p) basis
sets’**? for N, F and CI and Pople’s 6-311G(d,p) basis sets**>!
for the remaining atoms. This construction of the basis set en-
sures that the basis set (i) is of triple-zeta quality including
polarization functions for all atoms, (ii) provides diffuse func-
tions for all atoms involved in halogen bonds, and at the same
time, keeps the size of the basis set still tractable. Equilibrium
geometries were calculated and characterized in CH,Cl, (¢ =
8.93) using the polarizable continuum model (PCM).**3* Se-
lected geometries were reoptimized for solution in CH3CN (g =
35.69). The surfaces of the solvent cavities were constructed as
solvent-excluded surfaces using the united-atom topological
model (Gaussian09 keywords Surface=SES, Radii=UAO0). For
the potential energy surface scans the geometry of the com-
plexes were held in a planar arrangement with regards to the

This journal is © The Royal Society of Chemistry 2013

two pyridines. The electrostatic potential maps were generated
using Spartan® and were computed on the 0.001 au contour of
the electron density. All calculations were performed with the
Gaussian09 package.*®

A DFT description of the three-center four-electron (3c4e)
bonds in the [N-X-N]" complexes is subtle due to the incom-
plete description of non-dynamic electron correlations in these
bonds on the one hand,”” and the self-interaction error inherent
to DFT on the other hand.’® In earlier work by our group,
B3LYP has been assessed against second order Meller-Plesset
(MP2) perturbation theory>® and have been proven to be a suit-
able model for these types of complexes. In addition, we have
performed test calculations for 3, 7, and pyridine with MP2 as
well as the M06-2X functional®® and B3LYP-D3, i.e. B3LYP
complemented with Grimme’s dispersion corrections.®' The
results for the N-X bond lengths and the thermochemical data
(see Supplementary Information) confirm that B3LYP with the
triple-zeta basis set described above provides a reliable descrip-
tion of the complexes 1-4. This finding is in line with Ref. 16,
where CCSD(T) calculations were found to yield geometries
and energies comparable to those from DFT. At this point, it
has to be noted that the description of the [N-X-N]" bonds is
rather challenging, and even advanced methods (e.g. CCSD(T)
and CCSD) may provide energies differing by more than 15
kJ/mol for a given reaction.'® In particular, the reference com-
putations demonstrated that the partial ionic character makes
the charged halogen bonds investigated here unusually short
and strong'>!*1635:62 56 that the contribution of dispersion inter-

Chem.Sci., 2014, 00, 1-3 | 4
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actions to the overall attraction is just a small correction, in
contrast to neutral halogen bonds for which these play a pivotal
role. The effect of the basis-set superposition error (BSSE) for
3c4e halogen bond was earlier proven negligible. ™

The [N-CI-N]" complex 3, similar to its iodine and bro-
mine centered analogues 1 and 2,"*'*** was predicted to be
symmetric (Fig. 3). Computed frequencies for the stretching
vibrations, given in Table 2, are consistent with the proposed
structures. The calculated frequency for the asymmetric N—X—
N stretching vibration in 3 depends on the computation method
quite sensitively, varying between 90 cm™' for M06-2X and 212
cm™' for MP2. This reflects the fact that this vibration probes
both the orbital delocalization and the charge transfer in the [N—
X-NT]" moiety. However, all methods used consistently predict
a symmetric structure for 3. The calculated frequencies for the
symmetric N—X—N stretching vibration in 3 are, in contrast,
within the narrow interval between 173 cm™ (B3LYP-D3) and
190 cm™! (M06-2X). The calculated N—C1 distance is 0.3 A
longer than the corresponding N—Cl1 covalent bond (1.726 A,
Table 2) of the hypothetical N-chloropyridinium complex 7,
and 1.3 A shorter than the sum of the van der Waals radii®® of

J J U J

Fig. 3 DFT geometry optimization (B3LYP/LANLO8d) predicted static, symmetric
[N-X-N]+ halogen bonds for the iodine, bromine and chlorine-centred
bis(pyridine)halonium complexes 1-3, shown from the left to the right, whereas
an asymmetric arrangement for the fluorine-centered 4. lodine is shown in
violet, bromine in red, chlorine in yellow and fluorine in green. The nitrogen-
nitrogen, and nitrogen-halogen distances of 1-4 are given in Table 2.

Table 2 Computationally predicted N-X and N-N distances [A], and stretch-
ing vibration frequencies [cm'] for the equilibrium geometries of the
bis(pyridine)halonium complexes 1-4 and the corresponding N-
halopyridinium 5-8. Computations done with B3LYP and with CH,Cl,
solvent model, unless otherwise stated.

# X dix dnox dn WN-X W-X-N
Vsymm Vasymm
N 1,1 2.303 2.303 4.604 166 167
l N 2, Br 2.140 2.140 4.280 173 165
x* 3,Cl 2.025 2.025 4.050 175 123
N, 3,CI* 2.025 2.025 4.050 173 121
) 3,Ccr 1.994 1.994 3.988 ) 185 212
3,Cr 1.982 1.982 3.964 190 90
4, F 1.360 3.499 4.860 32 536
N 5,1 2.093 260
O 6, Br 1.893 318
N ora ime T o8 -
8, F 1.360 534

“B3LYP-D3, "MP2, “M06-2X

This journal is © The Royal Society of Chemistry 2012
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the involved atoms (1.55A (N) + 1.75 A (Cl) = 3.3 A). It should
be noted that the bond shortening relative to the sum of the van
der Waals radii of the nitrogen and the involved halogen is 39%
for 3 (Cl) as compared to 37% for 2 (Br) and 35% for 1 (I).
These relative changes are significantly larger than the < 30%
shortening reported for conventional halogen bonds'*?*®* and
may be ascribed to the covalent character of the NX halogen
bonds of 3c4e systems.®>®® Natural population analysis®’ (Table
S4) predicts increasing charge delocalization with decreasing
halogen size of [N-X-N]* complexes: —0.59, —0.72 and —0.84
unit charges are transferred to the pyridine rings in 1, 2 and 3,
respectively.

For a more comprehensive picture of the stability of 1-4,
relaxed potential energy surface (PES) calculations were per-
formed by varying the distance between the pyridine N atoms
from 3.2 to 8.0 A with 0.1 A increments and N-X distances
between 3.2 A and 8.0 A with 0.1 A increments. In agreement
with the geometry optimization, for 1-3 a single energy mini-
mum was detected confirming the preference of three-center
systems for a static, symmetric geometry (Fig. 4). Accordingly,
the predicted potential energy surface of 4 shows two equal
global energy minima at N—F distances consistent with two
comparable asymmetric geometries that are separated by a
151.0 kJ/mol energy barrier, making their interconversion, as
described for the corresponding tautomerizing [N-H--N]"
complex,'>*> unlikely. Formation of bis(pyridine) fluoronium
complex 4 is endothermic with AG = 21.3 kJ/mol due to the
loss of entropy (AE = -2.7 kJ/mol). That is, at room temperature
4 is predicted to prevail as a mixture of uncoordinated N-
fluoropyridinium ion 8, possessing a covalent N—F bond, and
non-complexed pyridine 9. In contrast, the formation of the
corresponding halogen bonded complexes 1-3 from pyridine
and N-halopyridinium ions 5-7 provide free energy gains of
58.6 (1), 42.7 (2) and 9.5 kJ/mol (3), (Table S1), the energy
gains being 109.2 (1), 92.9 (2) and 57.5 (3) kJ/mol, respective-
ly. The overall energy change upon formation of these 3cde
bonds also includes the energy requirement for stretching the
N-X covalent bond of 5-7 to the bond length of the correspond-
ing symmetric complexes 1-3 (Table S2). With the estimated
22.3 kJ/mol stretching energy for iodine (2.093 A in 5 to 2.303
A in 1), 35.6 kJ/mol for bromine (1.893 A in 6 to 2.140 A in 2),
and 57.9 kJ/mol for chlorine (1.726 A in 7 to 2.027 A in 3), the
gross energy gain upon bond formation is ~110-130 kJ/mol.
These values are amazingly large energies for formation of
halogen bonds. The symmetric [N---X---N]" 3cde complexes of
1-3 are predicted to be 16-20 kJ/mol more stable than the corre-
sponding asymmetric [N—X---N]" complexes encompassing
conventional covalent and halogen bonds (Table S3). Converse-
ly, creation of a symmetric [N—F-N]" bond, on the saddle point
of the double well in Fig. 3, would require 140.7 kJ/mol stretch-
ing energy (1.360 A in 8 to 1.800 A) and an overall 138 kJ/mol
energy investment (Table S2-3). Accordingly, 4 does not form
a symmetric complex.

In line with previous observations, the magnitudes of the o-
hole of the halogens of 5-8 (Fig. 4) follow the order of I > Br >
C1>> F, with that of the fluorine of 8 predicted to teeter at the

Chem.Sci., 2014, 00, 1-3 | 5
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Fig. 4 The computed potential energy surface of bis(pyridine)halonium complexes describes the relationship between their geometry and energy. Upper row: The
potential energy as a function of the nitrogen-nitrogen, ryy, and the N-X distance is shown, where AR is the difference between the N;-X and N,-X distances at a given
run- The potential energy surfaces describing the halogen motion for the bis(pyridine)iodonium 1, bromonium 2 and chloronium 3 complexes, from the left to the
right, possess a single energy minimum reflecting a static, symmetric geometry whereas that of the fluoronium complex 4 shows two equal minima revealing its
preference for an asymmetric arrangement. Middle row: The 2D-slices corresponding to the N-N distance with the global energy minimum of each complex is shown.
Bottom row: The surface electrostatic potential of the halogen of 5-8 are shown visualizing the sigma hole I, Br, Cl and F corresponding to 531.8, 508.4, 464.0, and
343.4 kJ/mol, respectively. The surface was computed on the 0.001 au contour of the electronic density. Color ranges, in kJ/mol, are as follows: red, less than 350,

yellow between 350 and 390, green between 390 and 470, light blue between 470 and 490, and blue greater than 490.

edge of existence. This trend suggests that the [N-X-N]" bond
has a stronger ionic character the heavier the halogen atom is.
This suggestion is supported by other observations: (i) As men-
tioned above, the total transfer of electron charge into the halo-
gen increases in the order I < Br < CI. This charge transfer both
accounts for covalent bonding and decreases the electrostatic
attraction between the halonium ion and the pyridine rings. (ii)
The same trend, albeit less distinct, is observed for the charge
transfer to the halogen when 1 to 3 are formed from 5 to 7,
respectively (see Table S4): This charge transfer amounts to —
0.10, —0.11, and —0.12 for I, Br, and Cl, respectively. (iii) A
second-order perturbation theory analysis of the Fock matrix in
natural bond orbitals (NBO)® for 1 to 3 reveals that the delo-
calization from the N lone-pair orbitals into the N-X ps” bond
orbital is the leading contribution to the stabilization of the
halogen bond. The NBO second-order energy for this interac-
tion amounts to 808, 628, and 454 kJ/mol, respectively, for 1 to
3 (see Table S5). This decrease of the interaction energy with

This journal is © The Royal Society of Chemistry 2013

increasing atomic number of the halogen is caused by (i) a
decrease of the Fock matrix element between the two NBOs
and (ii) an increase of the energy for the N—X bond orbital (see
Table S5 for details). Altogether, our investigations support the
conclusions in Ref. 16 that the [N-X-N]" bond more resembles
a covalent bond for light halogen atoms but a dative bond for
heavy halogens.

Conclusions

We present the first experimental evidence for stabilization of a
chloronium ion in solution by attaching it to two nitrogens. The
chlorine centered 3c4e halogen bond prefers a static symmetric
geometry, analogous to that of the heavier halogens.'> The
corresponding fluorine centered 3c4e halogen bonded system
adopts an asymmetric structure, similar to the analogous
[N-H---N]" hydrogen bond. However, in contrast, its intercon-
version, [N=F---N]" [NF-NJ, is hindered by a high

Chem.Sci., 2014, 00, 1-3 | 6
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energy barrier. Its formation is thermodynamically disfavored,
in line with fluorine being a poor halogen bond donor.?*+7%-"!
The bonding of 1-4 resembles the transition state structure

of an Sy\2 reaction,’”

one of the most important transfor-
mations in organic chemistry. Thus, the linear arrangement of
the nucleophile, the central carbon atom and the leaving group
along with the number of electrons intimately involved in an
Sn2 reaction correspond to that of three-center-four electron
species.”*’* While the symmetric, linear N-X-N geometry is
the global energy minimum for 1-3, it is a high-energy transi-
tion state for the Sy2 reaction and for 4. The nature of 3cde
systems remains an unsolved enigma.” Model systems such as
1-4 provide valuable insights into the fundamentals of reaction
and chemical bonding theories. In addition to the value of
reaching an improved understanding of 3c4e halogen bonds
from a theoretical perspective, the rapidly growing awareness
of the wide synthetic applicability of electrophilic halogenating

agent825,26,75—77

indicates the practical importance of the studies
that we have reported above. Accordingly, fundamental insights
into the 3c4e halogen bond are of critical importance to several

fields, especially synthetic and medicinal chemistry.
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