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In crystal structures of tetraphenylborate salts with cationic XÈOH donors (choline, triethanolammonium
dihydrate, 6-ammonio-n-hexanoic acid monohydrate), the shortest intermolecular OÈHÉ É ÉPh hydrogen bonds
known as yet have been found, both in terms of the HÉ É ÉM as well as the OÉ É ÉM distances (2.17 and 3.07 A� ,
respectively, for normalized OÈH distance ; M\ midpoint of the aromatic ring). In these interactions the donor H
and O atoms reside roughly over the centroids of the acceptor groups. A supporting database study of very short
OÈHÉ É ÉPh hydrogen bonds has also been made (using the Cambridge Structural Database).

Hydrogen bonds with electrons in p bonds acting as the
acceptor are attracting much current interest, both in the
Ðelds of structural chemistry and structural biology.1 Most
important are those with the face of phenyl rings, XÈHÉ É ÉPh
(“aromatic hydrogen bonds Ï), which occur in many chemical
and biological systems. Such bonds in the solid state have
been found with a variety of donors (OÈH and NÈH,1 ClÈH,2
SÈH,3 acidic CÈH4), and their geometrical characteristics in
crystals have been described with statistical methods.5 The
role of XÈHÉ É ÉPh hydrogen bonds in heterogeneous arrays of
intermolecular interactions has been analysed for the arche-
typical example of the aminophenols.6 Functional importance
in biological recognition and as a Ðne-tuning mechanism in
enzymatic processes is documented for a number of exam-
ples,7 and occurrence in biomolecular hydration could also be
shown.8

A model system that is particularly rich in XÈHÉ É ÉPh
hydrogen bonds is the ammonium tetraphenylborate salts,

The anion carries four phenylR
n
N`H4vn ÉPh4B~.9h12 Ph4B~

rings with a total of eight aromatic faces as potential hydro-
gen bond acceptors. The negative charge is not localized at
the central B atom, but is diluted over the whole ion ; compu-
tations at the 6-31G* level obtained fractional charges of
about 0.23 e on B and 0.19 e on each phenyl ring.9 This makes
the Ph groups in stronger hydrogen bond acceptorsPh4B~
than phenyl rings in uncharged compounds. Therefore, it is
not surprising that the shortest aromatic hydrogen bonds
known occur in tetraphenylborates, with the extreme example
in examined by neutron di†raction (NÉ É ÉMNH4` ÉPh4B~
distance at 15 K \ 3.023 where M is the aromaticA� ,
centroid).12

There is a large bulk of experimental material on “normal Ï
aromatic hydrogen bonds with XÉ É ÉM distances in the range
3.2È3.6 whereas the short distance end of the interaction isA� ,
only poorly investigated. This lack of data is particularly pro-
nounced for OÈH donors. This is unfortunate because, for
hydrogen bonds in general, the shortest variants of a kind XÈ
HÉ É ÉA are typically of particular chemical interest, and carry
information that is important for the entire family. Exploring
the short distance end of N/OÈHÉ É ÉPh hydrogen bonding is of
relevance for understanding the properties of aromatic hydro-

gen bonding on the whole. Since is an exceptionallyPh4B~
good acceptor for N`ÈH donors, and also has been used suc-
cessfully for the preparation of CÈHÉ É ÉPh hydrogen
bonds,11,13 it is a promising candidate to study the short dis-
tance region also of OÈHÉ É ÉPh interactions. We have there-
fore prepared and studied a series of salts with cationsPh4B~
carrying hydroxy groups, with the goal to obtain short OÈ
HÉ É ÉPh hydrogen bonds. The aim has been not only to obtain
new structural data, but also to explore more generally the
possibilities to make OÈHÉ É ÉPh hydrogen bonds with desired
properties (here : short distance) on purpose.

Experimental

Samples

Tetraphenylborate salts were prepared following literature
procedures.9 Aqueous solutions of (Lancester)Na`ÉPh4B~
and chloride salts of the target cations were mixed in equi-
molar ratios. The precipitates formed were Ðltered o†, washed
with water, dried, and recrystallized by slow evaporation of
solutions in acetone. Crystals of sufficient quality for di†rac-
tion experiments could be obtained for the cations choline
(chloride salt from Sigma), triethanolammonium (chloride salt
from Merck) and 6-ammonio-n-hexanoic acid (chloride salt
prepared by slow evaporation of a HCl solution of 6-amino-n-
hexanoic acid from Sigma). The general observation was made
that this method is more capricious with cations carrying
hydroxy or carboxylic acid groups than with pure ammonium
ions, for which it is very straightforward.9 For a number of
interesting cations, no tetraphenylborate salts could be
obtained this way (cations of 3-hydroxypyridine, glycine, histi-
dine, methylhistidine, lysine, cysteine, arginine, glycylglycine,
carnosine, glucosamine). At least for some of the examples,
this could be due to the sensitivity of the tetraphenylborate
ion which may su†er attack on the BÈC bonds. For some
other examples, crystalline tetraphenylborate salts could be
obtained, but crystal structures were so heavily disordered
that hydrogen bonding could not properly be assigned (Ph4Bsalts of N-ethyl-3-hydroxy pyridine and 2-ammonio-2-methyl-
n-propane-1,3-diol).
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Crystallography

X-Ray di†raction data were collected at cryogenic tem-
perature (ca. 125 K) on a Nonius KappaÈCCD di†ractometer
with graphite-monochromated Mo-Ka radiation (j \ 0.710
73 to For compound 1 only twinned crystalsA� ) hmax\ 27.5¡.
were found in the sample, and Ðnally di†raction data on such
a crystal were collected for both lattice orientations (twin
operation : twofold rotation around [3 0 1]). The crystal struc-
tures were solved and reÐned with standard methods14 (no
absorption correction, anisotropic reÐnement on F2 of all
reÑections, hydrogen atoms bonded to C treated in the riding
model with the default bond length at the temperature of mea-
surement, hydrogen atoms bonded to N and O located in
Fourier di†erence calculations and reÐned isotropically). The
twin reÐnement for 1 was performed with SHELXL 97,14b
using data in HKLF5 format only to and reÐn-hmax\ 25.0¡,
ing batch scale factors. The data are not merged in this kind
of reÐnement, so that the number of independent reÑections
equals the number of measured reÑections. Relevant crystal
and reÐnement data are given in Table 1.

CCDC reference number 440/224. See http : //www.rsc.org/
suppdata/nj/b0/b004932h/ for crystallographic Ðles in .cif
format.

Results and discussion

Choline tetraphenylborate, 1

Choline, is an obviously interesting cationMe3N`C2H4OH,
in the present context. Since the ammonium group is quarter-
nary, the hydroxy group does not have to compete with any
hydrogen bond donors of similar or greater strength. In the
case that salt formation with occurs without cocrystal-Ph4B~
lization of water molecules, dominant OÈHÉ É ÉPh hydrogen
bonding can be expected. In the crystal structure of choline
tetraphenylborate, 1, this expectation is indeed fulÐlled. The
hydroxyl group points almost directly into the face of a
phenyl group, Fig. 1(a), with a distance of O to the aromatic
midpoint M of only 3.111(2) If the OÈH bond is normalizedA� .
to the standard value of 0.98 an HÉ É ÉM distance of 2.17A� A�
and an OÈHÉ É ÉM angle of 160¡ are obtained. These are very
short distances ; the HÉ É ÉM distance actually is just about the
shortest ever found in an intermolecular OÈHÉ É ÉPh inter-
action (see below). The oxygen atom is positioned close to the
ring axis, and the hydrogen atom resides almost exactly over
the ring midpoint. The angle between the OÉ É ÉM line and the
ring normal vector, u(O), is only 6.3¡. Further geometrical
parameters are given in Tables 2 and 3 ; note in particular that

Fig. 1 Crystal structure of choline tetraphenylborate, 1. (a) One
formula unit, showing the short OÈHÉ É ÉPh hydrogen bond. (b) The
shortest approach between the quaternary ammonium group and the

ion, associated with a pair of CÈHÉ É ÉPh contacts.Ph4B~

because of the close to centred geometry, the individual HÉ É ÉC
and OÉ É ÉC distances are all signiÐcantly longer than the cor-
responding distances to the midpoint.

The intermolecular interactions of the quaternary ammon-
ium group are also of interest. This group is found tightly
chelated between two phenyl rings of an adjacent Ph4B~

Table 1 Crystallographic data of tetraphenylborate salts 1È3

1 2 3

Anion Choline Triethanolammonium 6-Ammonio-n-hexanoic acid
Formula C5H14NO`C24H20B~ C6H16NO3`C24H20B~ É 2H2O C6H14NO2`C24H20B~ ÉH2OM 423.38 505.44 469.41
Crystal system Monoclinic Triclinic Monoclinic
Space group P21/c (no. 14) P16 (no. 2) C2/c (no. 15)
Z 4 2 8
a/A� 9.743(2) 11.2759(6) 33.832(16)
b/A� 13.474(7) 11.6163(4) 10.11(2)
c/A� 18.902(11) 13.0526(6) 17.45(4)
a/¡ 69.066(3)
b/¡ 107.08(3) 70.612(2) 117.750(2)
c/¡ 61.747(3)
V /A� 3 2372(2) 1378.8(1) 5283(16)
Measured reÑections 44 261 13 145 27 080
Independent reÑections 44 261a 6323 5947
R[I[ 2p(I)] 0.0871 0.0511 0.0553
wR(F2) 0.1811 0.1121 0.1250

a In the twin reÐnement the data were not merged.
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Table 2 Geometry of the hydrogen bonds. For XÈHÉ É ÉPh hydrogen
bonds, geometries are given with respect to the aromatic centroid M.
XÈH distances are normalized

HÉ É ÉA/A� XÉ É ÉA/A� X-HÉ É ÉA/¡

Compound 1
OÈHÉ É ÉPh(ring 3) 2.17 3.111(2) 160

Compound 2
O1ÈHÉ É ÉOw2 1.79 2.729(2) 160
O2ÈHÉ É ÉOw1 1.67 2.633(2) 166
O3ÈHÉ É ÉOw2 2.01 2.723(2) 128
NÈHÉ É ÉO1 2.34 2.841(2) 109
NÈHÉ É ÉO2 2.34 2.829(2) 108
NÈHÉ É ÉO3 2.14 2.700(2) 112
Ow1ÈH1É É ÉO1 1.82 2.782(2) 167
Ow1ÈH2É É ÉPh(ring 4) 2.53 3.299(2) 135
Ow2ÈH1É É ÉO2 1.75 2.685(2) 160
Ow2ÈH2É É ÉPh(ring 3) 2.18 3.068(2) 151

Compound 3
O1ÈHÉ É ÉO2 1.69 2.663(5) 175
NÈH1É É ÉO2 2.16 3.181(3) 169
NÈH3É É ÉOw 1.73 2.759(6) 173
NÈH2É É ÉPh(ring 1) 2.48 3.177(6) 124
OwÈH1É É ÉPh(ring 4) 2.43 3.296(6) 146
OwÈH2É É ÉPh(ring 2) 2.31 3.229(6) 157

anion, forming cationÈp interactions as shown in Fig. 1(b).15
These interactions are associated with a pair of surprisingly
short CÈHÉ É ÉPh contacts formed by the group attachedCH2to N`, with CÉ É ÉM distances of 3.49 and 3.41 HÉ É ÉM dis-A� ,
tances of 2.42 and 2.38 and CÈHÉ É ÉM angles of 168 andA� ,
159¡, respectively. This motif occurs in crystalline acetyl-
choline tetraphenylborate16 in very similar geometry.12

Triethanolammonium tetraphenylborate dihydrate, 2

Triethanolammonium was selected as a candidate cation for
short OÈHÉ É ÉPh hydrogen bonds because in crystal structures
it is always found in a bowl-shaped conformation in which the
oxygen atoms of the three ethanol moieties converge towards
the N`ÈH group, thereby shielding it from intermolecular
hydrogen bonding. At the outer surface of the cation only the
OÈH groups at the rim of the bowl are available as strong
hydrogen bond donors. Also the CÈH groups may donate
hydrogen bonds,1,17 but they are much weaker than those
formed by OÈH and are certainly not serious competitors.

In the crystal structure of the tetraphenylborate salt, 2, this
conformation of the cation is observed too, Fig. 2(a). The
geometries of the three intramolecular N`ÈHÉ É ÉO hydrogen
bonds are given in Table 2 (note that this represents a geo-
metrically close to regular trifurcated or “ four centre Ï18 hydro-

gen bond). Unexpectedly, the three hydroxy groups do not
form hydrogen bonds with anions, but only with co-Ph4B~
crystallized water molecules arranged around the rim of the
bowl. Pairs of inversion related cations form tetrahydrated
dimers, in which the N`ÈH vectors of the cations are anti-
parallel, Fig. 2(b). The rims of the two cations are not in direct
contact with each other, but are connected by water bridges

This pattern is not completely regularOÈHÉ É ÉOWÈHÉ É ÉOÈH.
because one of the hydroxy groups, O3ÈH, does not act as a
hydrogen bond acceptor. Each of the water molecules uses
one of its H atoms for hydrogen bonding to a cation, whereas
the other group points radially outwards from theOWÈH
dimer axis, and donates an hydrogen bond to aOWÈHÉ É ÉPh
neighboring anion. One of the two symmetry-independent

hydrogen bonds is very short with HÉ É ÉM andOWÈHÉ É ÉPh

Fig. 2 Crystal structure of triethanolammonium tetraphenylborate
dihydrate, 2. (a) One formula unit. (b) The tetrahydrated dication

forming four hydrogen[(CHO2H4)3NH)`]2 É 4H2O, OwÈHÉ É ÉPh
bonds ; H atoms bonded to C are omitted for clarity.

Table 3 The twelve shortest HÉ É ÉM distances found in intermolecular OÈHÉ É ÉPh hydrogen bonds

Compound Typea HÉ É ÉM/A� OÉ É ÉM/A� OÈHÉ É ÉM/¡ HÉ É ÉC/A� OÉ É ÉC/A� u(O)/¡ Donor Acceptor Ref.

TITKIQ Intra 2.15 3.03 148 2.36È2.82 3.17È3.45 6.4 C(sp3)OH (neutral) Bz 21
1 Inter 2.17 3.11 160 2.49È2.70 3.30È3.51 6.3 R`C(sp3)OH Ph4B~ È
2 Inter 2.18 3.07 151 2.51È2.63 3.20È3.52 8.0 H2O (R` ÈOH co-ord.) Ph4B~ È
PIPGIE Inter 2.18 3.14 164 2.47È2.72 3.37È3.50 2.9 H2O (Na` co-ord.) PhÈO~ 22
ZUTNEH Inter 2.21 3.14 158 2.48È2.71 3.40È3.47 1.5 H2O (Mn` co-ord.) Ph4B~ 23
TBATPB Inter 2.22 3.19 166 2.41È2.82 3.35È3.60 6.1 H2O (NH` co-ord.) Ph4B~ 19
ZOZPOT Inter 2.23 3.18 162 2.55È2.68 3.31È3.66 8.5 H2O (Li` co-ord.) Ph4B~ 24
GELQUJ Intra 2.25 3.23 172 2.03È3.14 2.84È4.08 33.0 C(sp3)OH (neutral) Bz 25
JOCDEK Inter 2.25 3.21 167 2.45È2.79 3.26È3.71 10.4 H2O (Tc` co-ord.) Ph4B~ 26
SEYYUQ Inter 2.25 3.09 143 2.19È2.86 3.17È3.60 10.3 C(sp3)OH (neutral) PhÈNH2 27
SOCLIF Inter 2.27 3.21 161 2.32È2.98 3.27È3.73 10.8 C(sp3)OH (neutral) Anthryl 28
TBATPB Inter 2.27 3.12 144 2.46È2.86 3.40È3.44 0.5 H2O (NH` co-ord.) Ph4B~ 19

a Inter-/intra-molecular hydrogen bond.
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Fig. 3 Crystal structure of 6-ammonio-n-hexanoic acid tetra-
phenylborate monohydrate 3 ; shown is one formula unit with a pair
of hydrogen bonds.OwÈHÉ É ÉPh

distances of 2.18 and 3.068(2) respectively (TableOWÉ É ÉM A� ,
2). Notably, the water molecule donating the shorter of the
aromatic hydrogen bonds accepts two conventional

hydrogen bonds, and is therefore more polarizedOÈHÉ É ÉOWand a stronger donor than the other one, which accepts only
one interaction. The water molecule forming theOÈHÉ É ÉOWshorter bond is placed almost exactly over theOÈHÉ É ÉOWring midpoint with an angle u(O) of only 8.0¡.

6-Ammonio-n-hexanoic acid tetraphenylborate monohydrate 3

The tetraphenylborate salt of 6-amino-n-hexanoic acid has
been prepared in the hope that water would co-crystallize,
possibly accept a strong hydrogen bond from the carboxylic
acid group and thereby be strongly polarized, and donate a
short OÈHÉ É ÉPh interaction. In the crystal structure of com-
pound 3, however, a di†erent hydrogen bond pattern is
formed. The cation adopts a folded conformation with an
intramolecular N`ÈHÉ É ÉO2C hydrogen bond, and the
remaining two N`ÈH donors form hydrogen bonds with a
co-crystallized water molecule and a phenyl ring of the anion
(geometries are given in Table 2). The carboxylic acid group
forms a conventional centrosymmetric dimer with a neighbor-
ing cation. The water molecule forms an interesting chelated
pair of hydrogen bonds with an anion, as isOwÈHÉ É ÉPh
shown in Fig. 3. Such pairs of hydrogen bonds appear to be
typical for tetraphenylborate salts of cations carrying bidend-
tate donors and have been found for water donorsXH2 ,12
several times.9,19 The hydrogen bond distancesOWÈHÉ É ÉPh
are HÉ É ÉM \ 2.31 and 2.43 respectively (Table 2). This isA� ,
still relatively short, but unlike those in 1 and 2 not among the
extreme values found in crystal structures.

Fig. 4 The OÈHÉ É ÉPh hydrogen bond with the shortest HÉ É ÉM dis-
tance found until now (HÉ É ÉM 2.15, OÉ É ÉM 3.03 crystal structureA� ) :
of a metacyclophane, as published by Ishi-i et al. ;21 the hydrogen
bond is intramolecular, and associated with steric strain.

Database study of short intermolecular O–HÆ Æ ÆPh hydrogen
bonds

To see how the OÈHÉ É ÉPh hydrogen bonds in compounds 1–3
compare with literature values, and in which kind of sub-
stances short OÈHÉ É ÉPh hydrogen bonds occur, a brief data-
base survey was performed. Using the Cambridge Structural
Database (CSD),20 the OÈHÉ É ÉPh hydrogen bonds with the
ten shortest HÉ É ÉM distances in the current literature were
identiÐed, and their geometries listed in Table 3 (update 5.18
of the CSD, October 1999, 207 507 entries, ordered and error-
free organic and organometallic crystal structures with
R\ 0.08, H-atom positions normalized). The HÉ É ÉM distance
range of these ten interactions is 2.15È2.27 The two shortestA� .
OÈHÉ É ÉPh interactions from the present work also fall into
this range, and are added to Table 3.

Of the twelve entries in Table 3, ten are from intermolecular
hydrogen bonds. Of these, the two OÈHÉ É ÉPh bonds from
compounds 1 and 2 are just about the shortest, both in terms
of the HÉ É ÉM (2.17 in 1) and OÉ É ÉM (3.068 in 2) distances.A� A�
The di†erence to the next longer examples, though, is only
small. Typically, the OÈHÉ É ÉM angles of short intermolecular
OÈHÉ É ÉPh hydrogen bonds are found relatively linear, and
angles u(O) are small. The donor and acceptor types forming
the hydrogen bonds are given in the last two columns of Table
3. Seven of the ten intermolecular bonds are with Ph4B~
acceptors, conÐrming the particular power of this anion to
accept aromatic hydrogen bonds. A di†erent ionic acceptor in
Table 3 is the phenolate ion in the crystal structure of sodium
phenolate trihydrate (HÉ É ÉM 2.18 and OÉ É ÉM 3.14 A� ).22

The far most frequent intermolecular donor in Table 3 is
contributing seven of the ten entries. At a Ðrst sight thisH2O,

is surprising because water molecules by themselves are not
particularly strong hydrogen bond donors, weaker than most
other kinds of XÈOH groups.18 On the other hand, the water
molecules in Table 3 are without exception directly co-
ordinated to cations, three to ammonium groups as in 3, two
to alkali-metal ions (Na` and Li`), and two to transition
metal ions. Such an ion co-ordination appears to be sufficient
to render water a strong enough donor to generate hydrogen
bond distances HÉ É ÉM(Ph) around or below 2.2 A� .

Despite the dominance of ionic compounds, there are also
two neutral substances contributing short intermolecular OÈ
HÉ É ÉPh bonds to Table 3. For one, (S)-1-(9-anthryl)2,2,2-tri-
Ñuoroethanol, the aromatic hydrogen bonds have been
discussed in detail in the original publication.28

Intramolecular hydrogen bonds must generally be treated
separately from intermolecular ones. The shortest OÈHÉ É ÉPh
bond ever found is intramolecular, with a HÉ É ÉM distance of
2.15 It occurs in a metacyclophane21 as shown in Fig. 4.A� .
The donor as well as the acceptor of this interaction are not of
strong types, and it must be suspected that the shortness of
the bond is not because of a particularly strong donorÈ
acceptor interaction, but rather because of steric compression
(not unusual for intramolecular hydrogen bonds).1 Indeed,
upon closer inspection it is seen that relevant parts of the mol-
ecule are substantially strained, so that the arrangement
cannot directly be compared with the intermolecular hydro-
gen bonds in Table 3.

Discussion
Using the strategy to combine the acceptor withPh4B~
cationic XÈOH donors, we have been able to produce very
short OÈHÉ É ÉPh hydrogen bonds on purpose, a kind of inter-
action that has as yet been generated only unintendedly. The
current short ends of intermolecular HÉ É ÉM and OÉ É ÉM dis-
tances are 2.17 and 3.07 respectively. Such distances wouldA� ,
in conventional OÈHÉ É ÉO/N hydrogen bonds represent fairly
long but not untypical H/OÉ É ÉO/N separations,18 showing
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that OÈHÉ É Ép and OÈHÉ É ÉO/N interactions have an overlap
region in their geometries.

The donor and acceptor types appearing in Table 3 do not
represent the strongest OÈH/p(Ph) donorÈacceptor com-
binations that one can think of. On the contrary, no particu-
larly acidic OÈH donor is present. Therefore, one may assume
that OÈHÉ É ÉPh hydrogen bond distances can, at least in prin-
ciple, be signiÐcantly reduced by bringing together stronger
(i.e. more polar) OH donors and Ph acceptors in crystals.
However, this is straightforward only at a Ðrst look. In fact,
one must consider that strong donors tend to avoid hydrogen
bonds with the relatively weak aromatic acceptors, and prefer
to interact with stronger conventional hydrogen partners (like
co-crystallized water molcules). This tendency will certainly
sharpen with increasing donor strength. Nevertheless, this is
not a fundamental chemical barrier, but more a technical obs-
tacle that might be a challenge to overcome with crystal
engineering methods.

An alternative way to reduce HÉ É ÉM and/or OÉ É ÉM dis-
tances would be to create intramolecular arrangements that
are even more strained than the one shown in Fig. 4, and this
might be of chemical interest as well.
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