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Assessment of the solution equilibria of [bis(pyridine)iodine(l)]* com-
plexes by ESI-MS and NMR reveals the preference of iodine(l) to form
complexes with a more basic pyridine. Mixtures of symmetric
[bis(pyridine)iodine()]* complexes undergo statistical ligand exchange,
with a predominant entropic driving force favoring asymmetric sys-
tems. The influence of ligand basicity, concentration, temperature,
and ligand composition is evaluated. Our findings are expected to
facilitate the investigations, and the supramolecular and synthetic
applications of halonium ions’ halogen bonds.

A halogen bond is the net attractive interaction of a polarized
halogen and a Lewis base." Even though this phenomenon has
been studied since the 1860s,> it has first recently received
increased interest and gained applications, for instance in supra-
molecular chemistry,* materials sciences,”” drug design,®* *° and
organic synthesis."™* [Bis(pyridine)iodine]BF; ((1),I, Fig. 1),
became a common synthetic reagent (Barluenga reagent).'’'>
This complex is held together by a three-center, four-electron
[N-I-N]" halogen bond, in which the halogen bond donor
iodine(r) is stabilized by two Lewis basic nitrogen atoms simul-
taneously.”® The binding free energy of such an interaction is
typically AG > —100 kJ mol~",'>'® higher than that of conven-
tional halogen bonding systems possessing a neutral halogen
bond donor (AG < —24 kJ mol ").""*°

The [N-I-N]" halogen bond shows a preference for forming
symmetric systems.'>'®>! The first asymmetric [bis(pyridine)-
iodine(1)]"-type complex has been achieved by iodine(1) complexa-
tion to a bidentate ligand that was designed to offer halogen
bond acceptors with distinctly different electron densities,
whereas preventing ligand scrambling by the use of a rigid
backbone connecting the two pyridines.>* A recent report pro-
vided the first solid-state proof for unrestrained asymmetric
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[bis(pyridine)iodine(1)]"-type complexes.>* These were synthe-
sized from a mixture of different pyridines, presuming a
preference for selective formation of the asymmetric complex,
and its trapping into solid-state by crystallization (Fig. 2).

Motivated by the above study, we report herein the assess-
ment of ligand-exchange in [N-I-N]* halogen bond complexes,
and of the preference of formation of symmetric versus asym-
metric halogen bond arrangements in solution.

Synthesis. The iodine(i) complexes (1-5),I (Fig. 1) were pre-
pared by mixing 2.0 eq. of the corresponding pyridine with 1.0
equivalent of AgBF, in CH,Cl,. Upon adding 1.05 equivalent of
Iodine to this solution, a precipitate formed. A purple colour,
caused by the presence of a slight excess of free iodine, indicated
the completion of the reaction. The solution was filtered, and a
colourless [N-I-N]" complex obtained by precipitation upon
addition of a 3-fold volume of n-hexane.

[Bis(pyridine)iodine(r)] -type complexes in the presence of free
ligand. A 1:1 mixture of [bis(5,6,7,8-tetrahydroiso-quinoline),
iodine(1)|BF, complex ((2),I) and free 5,6,7,8-tetrahydroiso-quino-
line (2) gave well-resolved "H NMR signals (Fig. 3a-c), indicating the
presence of two species in solution. To evaluate whether a potential
ligand exchange takes place, a 1D-NOESY experiment using a
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Fig. 1 Synthesis of the [bis(pyridine)iodine()]* complexes (1-5),l.
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Fig. 2 Reported synthesis of an asymmetric [bis(pyridine)iodine())]BF4
complex.??

selective excitation-pulse at 7.24 ppm, H—5 of (2),1, was performed.
Observation of 13% magnetisation transfer from the ligand of the
(2)I complex to the H—5 resonance of the free ligand 2 revealed
ligand exchange, in CD,Cl, solution at room temperature.

Next, [bis(2-fluoropyridine)iodine(1)]BF, ((3),I) and 2-fluoro-
pyridine (3) as well as their 1:1 mixture was studied (Fig. 4).
Pyridine 3 was selected for its exceptional weak Lewis basicity
(pPKo(3H") = —0.44),>> expectably resulting in formation of a weak
[N-I-N]" halogen bond complex. The 'H and *C NMR spectra of
(3),I showed broad signals, and the addition of 3 lead to further
linebroadening (Fig. S8 and S18, ESIY). In contrast to the mixture of
2 and (2),1, we could not observe separate sets of signals for the free
ligand (3) and the corresponding [N-I-N]" complex (3),1. The signal
coalescence revealed fast ligand exchange of 3. The different
behaviour of the two halogen bond complexes is explained by a
higher exchange rate of the (3),I complex, formed by the weaker
halogen bond acceptor 3, as compared to that of the (2),I complex
of the stronger acceptor 2. In addition to the exchange rate, the
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point of signal coalescence is further influenced by the chemical
shift separation of the signals of the free ligand and of that in its
iodine(r) complex, and by spectrometer frequency, as shown in
Sections S2.b—d of the ESLf}

[Bis(pyridine)iodine(1)]"-type complexes in the presence of a
different pyridine ligand. Upon addition of 1.1 eq. pyridine (1) to
[bis(2-fluoropyridine)iodine(1)|BF, ((3).1), the appearance of a new
species (Fig. 4c, red) was observed along with the disappearance of
the signals corresponding to free pyridine (1). Traces of (1),I could
be observed (Fig. 4c, blue), in addition to broad signals resem-
bling those seen for the rapidly exchanging 2-fluoropyridine (3)
within its free, (3),I and (1),(3);I forms (Fig. 4, green dots; for
(3)/(3),1 exchange, see Fig. S18, ESIt). The appearance of the new
signals, marked with red in Fig. 4c, indicates the formation of an
asymmetric (1);(3),I complex in solution, proving ligand exchange
in the halogen bond complex. The deshielding of the signals of
(1)1(3),I are consistent with the chemical shift changes that were
previously reported upon formation of an analogous asymmetric
[bis(pyridine)iodine]*-type complex.”*

Next, we added various amounts of pyridine (1) to a CD,
Cl, solution of [bis(4-trifluoromethylpyridine)iodine(i)]BF, ((4),I)
(Section S3.b, ESIf). Upon addition of >2 eq. of 1, signals
consistent with (1),I, 4 and 1 were observed, whereas signals
corresponding to (4),I could not be detected. This indicates that
upon addition of the stronger halogen bond acceptor pyridine (1),
the weaker halogen bond acceptor 4-trifluoromethylpyridine (4)
was replaced in the iodine(1) complex. When less than <2 eq. of
pyridine (1) was added, a mixture of (1),1, (4),I and (1),(4),I along
with 4-trifluoromethylpyridine (4) and pyridine (1) were observed
by comparison of their *H and >N NMR chemical shifts to that of
the pure compounds. The mixed (1),(4),I complex was identified
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Fig. 3 'H (500 MHz, CD,Cl,, 298 K) of (a) [bis(5,6,7,8-tetrahydroisoquinoline)iodine()IBF, ((2),l); (b) of 5,6,7,8-tetrahydroisoquinoline (2); (c) 1: 2 mixture
of (2), and 2; (d) selective *H NOESY NMR of the mixture with a selective pulse at 7.24 ppm.
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Fig. 4 H (500 MHz, CDsCN, 298 K) of (a) pyridine (1); (b) (1),l; (c) a 1.0:1.1 mixture of (3),l and (1); (d) (3),l; (e) and free 2-fluoropyridine (3). Fast

exchanging ligand 3 (green, dots).
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Fig. 5 N NMR shifts of selected symmetric and asymmetric [bis(pyridine)-
iodine()]*-type complexes formerly published by our group illustrate the effect
of asymmetric substitution on the resulting pyridine **N NMR resonance
frequency.?®

by comparison of its >N NMR chemical shifts ("N = —156 ppm
and —184 ppm) to those of (1),I (*’N = —174 ppm) and (4),I ("°N =
—167 ppm). The shielding and deshielding of the >N NMR signals
of (1);(4):I as compared to (1),I and (4),I are comparable to those
observed for a similar asymmetric [bis(pyridine)iodine(r)]™-type
complex (Fig. 5).>> We also observed mass signals for (1),
(1)1(4)11, and (4),1 as well as for their fragments (1),I and (4),I in
a 1:1 mixture of (1),I and (4),I in solution by ESI-MS (Fig. S30 and
S31, ESIY).

The molar ratios of (1),1, (1);(4),I and (4),I in CD,Cl, solutions
prepared by mixing (1),I and (4),I in different ratios (0.1:0.9,
0.3:0.7,0.5:0.5, 0.7:0.3, 0.9:0.1) was evaluated by integration of
the corresponding "H NMR signals (Fig. 6). The observed statis-
tical distribution of the species indicates a dominant entropic

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Observed mixture (y-axis) after mixing different molar fractions of
(4),1 in (1), (x-axis). On the y-achses, the resulting molar fractions of (1)l
(red), (1)1(4)1] (green), (4),! (blue) as well as ratios expected in case of an
statistical distribution of ligand 1 and 4 (black lines) are depicted.

contribution at 25 °C in the formation of the asymmetric (1),(4),I
complex from (1),I and (4),1. The equilibrium observed at 25 °C
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was unaffected by temperature change (5 °C-35 °C), twenty-fold
dilution, or addition of 0.88 eq. of the less basic 4-trifluoro-
methylpyridine (4) (Sections 3.c-h, ESI). Having this in hand
we tested our hypothesis on a 1:1 mixture of (1),I and (5),I to
compare our results with the previously reported findings (Fig. 2).
Indeed we could observe the presence of a statistical 1:2:1
mixture of (1),1: (1);(5)1: (5),I using 'H NMR, *C, and >N NMR
(Section 3.1, ESIT). The entropy-driven ligand exchange in mixtures
of symmetric [bis(pyridine)iodine(1)]"-type complexes takes place
and should also be anticipated for asymmetric [bis(pyridine)
iodine(1)]"-type complexes in solution, due to the principle of
microscopic reversibility.

This work proves that the halogen bond complexes of
iodonium ions undergo chemical exchange, with the exchange
rate dependent on the Lewis basicity of the halogen bond
acceptor. Their NMR spectra depend on experimental factors,
such as the spectrometer frequency, chemical shift separation
as well as the lineshape of the exchanging peaks (ESIf). The
exchange is revealed by line broadening for the complexes of
weak halogen bond acceptors, whereas it is more difficult to
observe for those of stronger acceptors. For the latter, the
observation of a single set of separate signals for the two
halogen bond acceptors involved does not necessarily indicate
the presence of a single, mixed complex in solution, but is
rather the result of the slow exchange of statistically distributed
complexes. Even if the mixed species can be crystallized from
such a solution,*® this may not indicate that only the mixed
complex would be present in solution. Accordingly, bidentate
model systems, which prohibit the scrambling of Lewis
bases,®?* such as those shown in Fig. 5, have great advantages
over pyridine complexes for fundamental studies, such as IPE
NMR.16’23

We conclude that a higher pyridine basicity correlates with a
lower ligand exchange rate, and that the mixing of two sym-
metric halogen bonded iodine(r) complexes leads to statistical
distribution of the pyridine ligands across the iodenium ions.
These findings are expected to support future investigations of
the halogen bond complexes of halonium ions as well as their
synthetic applications.
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