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For the creation of new supramolecular structures in the organic
solid state,1 there is increasing interest in different types of stable
aromatic/aromatic bonding motifssof which there are two basic
classes extant with either face-to-face (cofacial)2 or edge-to-face
(perpendicular)3 orientation. The latter is particularly interesting
in that the intermolecular interaction between aromatic donor/
acceptor pairs can be envisaged as a (carbon)hydrogen bond to a
π-center.4 To optimize such aromatic/aromatic interactions for
crystal engineering, we envisaged the cooperative use of a phenyl
C-H donor bearing a positive charge in conjunction with a phenyl
acceptor bearing a negative charge to strengthen the hydrogen
bond by charge assistance.5 As such, we now report on arylated
cation/anion pairs comprising a novel series of highly colored
arenediazonium tetraphenylborate salts [ArN2

+BPh4
-] with ex-

ceptionally short (C-H‚‚‚π) hydrogen bonds, as determined by
X-ray crystallography and defined by the pair of geometrical
parameters shown below.6

Thus, Table 1 lists hydrogen bonds as short asd ) 2.2 Å,
particularly for theortho protons on the ArN2+ acceptors. When
the hydrogen bond is taken to the phenyl centroid of the BPh4

-

donor, the angleR is ∼160°. Such strong hydrogen-bonding
motifs lead to the three basic structural units illustrated in Figure
1. Thus the ion-pair structure in (a) involves a singleortho
hydrogen in the ArN2+ acceptor that is directed to the phenyl
centroid of Ph4B-, and it is a persistent feature in all crystal
structures. When a pair ofortho hydrogens are equally involved,
the linear ionic chain (c) threads through the crystal. The
involvement of the weakerpara hydrogen bonds leads to the
cyclic (ion) quadruplet (b). It is particularly noteworthy that the

unsubstituted benzenediazonium acceptor (PhN2
+) utilizes all three

types of hydrogens (includingmeta)7 to form the interesting
3-dimensional hydrogen-bonded network presented in Figure 2.

Strong (C-H‚‚‚π) interactions are inherent to all the supramo-
lecular assemblies listed in Table 1. Importantly, such C-H‚‚‚π
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(7) The relative C-H‚‚‚π distances ofd = 2.3, 2.5, and 2.8 Å for the
hydrogen bonds from theortho, para, andmetaprotons, respectively, follow
the same trend in their electron densities9 (as a measure of their relative
acidities).

Table 1. Hydrogen-Bonding Parameters for C-H‚‚‚π Association
in Crystalline Arenediazonium Tetraphenylboratesa

ArN2
+ d,b Å R,c deg motif

2.496 156.2 ion pairs

2.358-2.536 162.7-169.0 ion pairs
2.241-2.349 157.9-171.0 cyclic (ion)
2.441-2.570e 144.8-145.1e quadruplets

(2.784-2.874)f (115.6-137.4)f (3-d network)

2.408, 2.411 159.3, 162.4 ionic chains

a C-H bond lengths normalized to the neutronographic value of
1.083 Å fororthoprotons, unless indicated otherwise.b H‚‚‚i (centroid).
c C-H‚‚‚i (centroid).d Based on six nonequivalent units in two crystal
structures.e Para hydrogens.f Meta hydrogens.

Figure 1. Hydrogen-bonding motifs in crystalline tetraphenylborate salts
of (a) p-carbethoxy-, (b) unsubstituted, and (c)p-methoxybenzenediazo-
nium as ion pairs, cyclic (ion) quadruplets, and linear ionic chains,
respectively.
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interactions cannot merely result from crystal packing since the
same hydrogen-bonding motif is present in the four different
crystal structures of ArN2+BPh4

- (comprised of eight structurally
independent units). Indeed, the extended 3-dimensional network
in Figure 2 shows how strong (C-H‚‚‚π) bonds toortho, para,
andmetahydrogens in ArN2+ can dominate the crystal assembly
for effective solid-state engineering.

We attribute the unusually short (C-H‚‚‚π) hydrogen bonds
found in arenediazonium tetraphenylborates to the felicitous
confluence of (a) the pronounced electron-acceptor properties of
the cationic ArN2

+ and (b) the enhanced electron-donor properties
of the anionic BPh4-. Thus the “acidic” character of theortho
hydrogens was first reported in the pioneering X-ray crystal-
lographic analysis of benzenediazonium chloride by Ro¨mming8

which is strongly supported by our electron-density measurements9

and the theoretical calculations by Glaser.10 Indeed, the very short
C-H‚‚‚π distance ofd ) 2.24 Å in Table 1 is even comparable
to that found for the strongly acidic hydrogen halides, such asd
) 2.25 Å11 for F-H‚‚‚π in the hydrogen fluoride/benzene
complex (in the gas phase), andd ) 2.345 Å12 for Cl-H‚‚‚π in
the hydrogen chloride analogue (in crystals). Further, the anionic
BPh4

- as an excellent electron donor is an effective base in
hydrogen bonding, as demonstrated by Bakshi et al. with
alkylammonium and pyridinium salts.13,14

The donor/acceptor interaction inherent to arenediazonium
tetraphenylborates is also manifested by their vivid colors (Table
2), which derive from charge-transfer transitions arising from
intermolecularπ-π interactions of the phenyl groups in Ph4B-

with the cationic ArN2
+ in the bathochromic order:p-EtO2C-

> H > p-MeO-.15 Together with the highly directed (C-H‚‚‚π)
hydrogen bonding in Table 1, such delocalized charge-transfer
interactions can be readily modulated by substituent effects on
ArN2

+ (as well as substituents on BPh4
-)ssufficient to satisfy

the two principal criteria for effective crystal engineering.16

Although the unusually short hydrogen bond ofd ) 2.24 Å
between phenyl groups, as found in this study, is unique to
benzenediazonium tetraphenylborates, there are other examples
of rather short C-H‚‚‚π distances.17 However, even the shortest
C-H‚‚‚π contacts withd < 2.4 Å in the tetraphenylborates17 have
heretofore not been generally recognized as hydrogen bonds since
the structures were reported without explicit reference to such
unusually close interactions. As such, our findings will now allow
us to employ the charge-assistance concept in a more general
sense by anticipating the deliberate design of cationic/anionic
components as an effective strategy for strong hydrogen bonding
via edge-to-face interactions of aromatic donor/acceptor pairs.
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Figure 2. Repeating unit built by multiple C-H‚‚‚π interactions in the
structure of benzenediazonium tetraphenylborate. The 3-dimensional
hydrogen-bonded network derives from its extension along thex-axis
(and inversion/translation in theyz-plane).

Table 2. Charge-Transfer (π-π) Interactions in Arenediazonium
Tetraphenylborates

diazonium substituent

interaction p-MeO H p-EtO2C

Ar/Pha 3.4-3.5 Å
N/Phb 3.18 Å 2.97-3.11 Å 3.12 Å

(2.96-3.01 Å) (3.04 Å)
color yellow orange dark red
stability 2 h (23°C) 1 h (23°C) 2 min (0°C)

a π-π interaction in ArN2
+/BPh4

- ion pairs with a tilt of 6-16°.
b Nitrogen-π distance of diazonium terminus to the phenyl group in
BPh4

- with a tilt of 1-6° or (in parentheses) N-π distance with a tilt
of 16-41°.
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