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Although much research has been devoted in recent years to the
study of intermolecular interactions of halogens, knowledge of
energetics has lagged behind knowledge of structure. Halogens are
common constituents of a wide range of organic and inorganic
molecules and are frequently found in their monovalent state at
the periphery of these molecules, where they are readily available
for noncovalent interactions. Depending upon their coordination
environment, halogens can exhibit Lewis basic or acidic character
enabling them to participate in two classes of strong, directional
intermolecular interaction, namely hydrogen bonds' and halogen
bonds.? Interest in hydrogen bonding involving halogens spans
coordination and organometallic chemistry,>® supramolecular
chemistry and crystal engineering,” and biochemistry,® whereas
halogen bonding has seen applications in areas such as crystal
design,’ molecular recognition,'® topochemical reactions,'' mo-
lecular conductors,'? and liquid crystals;'? their role in structural
biology has also been examined.'*

Structural studies have demonstrated that metal halide complexes
are excellent acceptors of hydrogen bonds' and halogen bonds."”
However, support for this assertion from experimental determina-
tions of interaction energies is very limited for hydrogen bonding®**
and entirely absent for halogen bonding. Without such data in the
form of equilibrium constants or enthalpies of interaction, op-
portunities for informed design are limited and calculations cannot
be compared to experiments. Metal fluoride complexes, specifically,
are now widely studied because of their unusual reactivity and their
relevance in C—F activation of organic molecules;'® they are also
well known hydrogen bond acceptors.***!” Indirect evidence based
upon complexes of other metal halides'® and on fluoride ions'®
suggests that fluoride ligands will also serve as halogen bond
acceptors.

Indicators of the strength of hydrogen bonding for metal fluoride
complexes can be found in structural data on their adducts of
HF?*5%° or water.®® In the case of cis-[Ru(PMe3)4(FHF),]°® the
distance between fluorine atoms of the coordinated bifluoride in
the crystal structure is almost unchanged from that of free (FHF) ™.

The objective of this study is to compare the strength of hydrogen
and halogen bonds formed by a metal fluoride complex in the
condensed phase, focusing on species analogous to those with
potential applications in supramolecular chemistry and crystal
engineering (Figure 1).

The fluoride ligand provides a direct NMR spectroscopic handle
free of spectral overlap that is very sensitive to its environment.
The metal fluoride complex chosen is trans-(tetrafluoropyrid-2-
yD)bis(triethylphosphine)fluoronickel(I1)*® (NiF), which is conve-
nient for the ease of synthesis, high solubility in most organic
solvents, and the presence of a single fluoride ligand. The hydrogen
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Figure 1. Species used in this work: (a) nickel fluoride complex (NiF),
(b) indole, (c) iodopentafluorobenzene.

bond donor is indole, which is a good hydrogen bond donor but
importantly not a good hydrogen bond acceptor,?' nor a potential
nitrogen donor ligand. lodopentafluorobenzene is a very good
halogen bond donor due to the fluorination of the ring, which greatly
increases the electrophilicity of the iodine atom.?? This compound
(CgFsl) has already found applications in liquid crystal design'?
and is a convenient precursor to a great variety of halogen bond
donors, due to the ease with which it undergoes regiospecific
aromatic nucleophilic substitution in the position para to the
iodine.> '3

Formation of the hydrogen-bonded adduct between NiF and
indole was analyzed by multinuclear NMR spectroscopy.>* For
indole, there is a downfield shift of the pyrrolic hydrogen in the
"H NMR spectrum characteristic of hydrogen bond formation and
smaller shifts of the signals of the other hydrogen atoms (Figure
2a). The fluoride ligand of the metal complex shows a substantial
downfield shift in the '°F NMR spectrum at & —371.4 rising by
ca. 20 ppm at high concentrations of indole (Figure 2b);*° very
small variations (<0.3 ppm) in the '°F chemical shifts of the organic
fluorine atoms of the tetrafluoropyridyl ligand and in the *'P
chemical shifts (ca. 0.1 ppm) of the triethylphosphine ligands also
arise. These changes demonstrate the retention of the fluoride,
phosphine, and fluoropyridyl ligands and provide direct evidence
for selective interaction with the fluoride ligand. Coordination at
nickel is excluded by the properties of indole and the lack of change
in other NMR parameters. No further spectroscopic changes are
observed within 48 h, indicating the stability of the system.

The variation with concentration of the signal for the coordinated
fluoride in the '’F NMR spectrum was used to determine the
equilibrium constant for adduct formation and its temperature
dependence in deuterated toluene (Figures 3 and S4).

The titration curves are fitted well by the following model:

Ni—F + D == [Ni—F++D] )
Ky
[Ni—F++*D] + D == [Ni—F+++D,] )

where D = indole, that is, the sequential formation of 1:1 and 1:2
complexes. The same measurement was made for the adduct
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Figure 2. (a) Indole signals in the "H NMR spectrum (500 MHz, toluene-
dg) for pure indole (top) and for the indole/NiF mixture (bottom). Solvent
peaks are marked with an asterisk. (b) Fluoride signals in the '°F NMR
spectrum in toluene-ds for pure NiF (top) and for the indole/NiF mixture
(bottom). Both spectra were measured at a temperature of 300 K.
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Figure 3. (a) Fit of the titration curves at different temperatures, showing
observed Of versus ratio of molar concentrations of indole and NiF in
toluene-ds; (b) Van’t Hoff plot.

between NiF and iodopentafluorobenzene in deuterated toluene. The
effect of the presence of the halogen bond donor on the NMR
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Figure 4. (a) Fit of the titration curves at different temperatures, showing
observed Or versus ratio of molar concentrations of iodopentafluorobenzene
and NiF in toluene-dg. (b) Van’t Hoff plot.

Table 1. Summary of Thermodynamic Parameters Determined?

Lewis AH AS° AH AS Y,

1 1 2
acid solvent K (kdemol 7Y (@emolmTKTY  K? (kdemol TT) (J7"-mol-K)
CgHgNH toluene-ds 57.9(3) —23.4(2) —44.5(8) 0.58(4) —14.8(8) —53(3)
CeFsl  toluene-dg 3.41(9) —16(1) —42(4)

CgFsl heptane  21.8(2) —26(1) —63(4) 0.22(4) —21(1) —83(5)

“ Errors are provided at the 95% confidence level. » At 300.1 K.

signals of NiF is very similar to that observed in the case of indole:
a substantial downfield shift of the coordinated fluoride signal and
small shifts for other nuclei. The iodopentafluorobenzene shows
small changes in the fluorine chemical shifts. In this case, only the
1:1 adduct appears to be present (equation 1, D = C¢Fsl; Figure
4). The measurement for the NiF/iodopentafluorobenzene system
has been repeated in heptane. The change of solvent has the
remarkable effect of allowing the formation of the 1:2 adduct, along
with the 1:1 adduct (Figures S7, S8, and S9). The values of the
equilibrium constant, standard enthalpy, and entropy for the
formation of all adducts are provided in Table 1.

Each process exhibits negative values of the enthalpy and
entropy in accordance with the models proposed. Where two
sequential steps are observed, the standard enthalpy change for
the second process is significantly smaller than for the first
process, as expected. The halogen bond interaction is very
sensitive to the change in solvent from toluene to heptane,
showing increased values of K, IAHI and IASI for the latter. A
plausible explanation is that, despite its low polarity, toluene
may interact quite strongly with iodopentafluorobenzene since
fluorinated arenes are known to form stable sr-stacked adducts
with nonfluorinated arenes.>® Weaker interactions via C—I+++7
halogen bonds also cannot be excluded.?” Analogous investiga-
tion of the solvent dependence of the hydrogen bond cannot be
accomplished since indole is insoluble in heptane. However,
interactions of indole with toluene via s-stacking or N—H*«+ 7/
C—H-+-x interactions®® are expected to be weaker than the
solvent interactions involving iodopentafluorobenzene.
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In conclusion, we have established that enthalpies of halogen
bonds formed by donors such as iodopentafluorobenzene with
Lewis bases (here NiF) may be as large as those for hydrogen
bonds formed by that Lewis base with indole. The energy of
these intermolecular interactions indicates that coordinated
fluoride is a strong hydrogen bond and halogen bond acceptor.
Implicit in the strong hydrogen bond is that the Ni—F bond is
highly polar. The hydrogen bond enthalpy is comparable with
that determined by Crabtree for intramolecular N—H««<F(Ir)
hydrogen bonds involving an aniline hydrogen bond donor,?*-*°
whereas to our knowledge the entropy of such an interaction is
previously unreported. The strength of the halogen bond is
consistent with our previous assertion that M—X-+-X'—C
halogen bonds are predominantly electrostatic in character, with
stronger halogen bonds expected for lighter halide ligands.'®
Important prior experimental studies of the energetics of halogen
bonds are limited to binding constant determinations for io-
doacetylene adducts with Lewis bases®® and to extensive gas
phase studies involving interhalogens as halogen bond donors.>"
However, computational studies include recent calculations for
gas phase halogen-bonded PhBr-++X™ adducts which determine
interaction energies to be greater for X = F > CI > Br, with
magnitudes as high as 64 kJ mol~' for the halogen bond
involving a free fluoride ion.*?

The strength of both classes of interaction, hydrogen bonds and
halogen bonds underlines their general importance in supramo-
lecular chemistry and suggests their utility for the development of
supramolecular control in transition-metal catalysts®® and for the
introduction of functional metal centers in the design of molecular
crystals. In particular, these results are important in the application
of hierarchical principles for supramolecular synthons,** used in
designing crystalline materials, as recently reported by Aakeroy>’
in discussing the competition between halogen and hydrogen bonds
in organic molecules.
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