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Abstract

Supramolecular C—-H---O and C—H---N hydrogen bonding interactions in metal complexes with dihydrobis(1,2,4-triazolyl)bo-
rate (3), hydrotris(1,2,4-triazolyl)borate (4) and dihydrobis(tetrazolyl)borate ligands (5) have been analyzed statistically and with
respect to their role in determining the crystal packing arrangement. The additional ring nitrogen atoms in these modified, multi-
topic poly(pyrazolyl)borate ligands are the origin of manifold C—H---O and C—H- - -N hydrogen bonds in this group of compounds.
A recurrent example is the orientation of metal-coordinated triazolyl rings from 3 or 4 along the cisoid ligand(O/N)—metal-
ligand(O/N) bonds because of C—H---O/N bonding. The additional nitrogen atoms play a dual role in enhancing the acidity of the
ring hydrogen atoms and serving as hydrogen-bond acceptors. In polynuclear tris(triazolyl)borate copper structures with hydrated

chloride anions or chloro ligands C—H- - -Cl contacts were observed.
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1. Introduction

There is a growing interest in the role played by weak
supramolecular interactions, such as C—H---O and C-H
---N hydrogen bonding, in determining molecular
packing and coordination as part of supramolecular
crystal engineering [1-8]. Many examples are already
known from purely organic structures and there is now
little doubt that the weak C—H- - -O hydrogen bonds are
major determinants of crystal packing [9-19] (for
theoretical studies on C—H---O bonds, see e.g. Refs.
[20-23]). Tt has also been recognized that C—H---O
interactions have a far from negligible role in organo-
metallic crystals where a large number of CO groups are
present. It was found that these weak interactions can
drive the crystallization process and select a particular
molecular structure [24—30]. In contrast, less is known in
this context with regard to inorganic coordination
complexes [31-33].

A key objective in the field of crystal engineering is
the control and manipulation of weak interactions in
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order to tune the properties of the bulk material.
Classical O/N—H- - -O/N hydrogen bonds are of course
the predominant weak interaction [1,24,34—38] (for O/
N-H---Cl see Refs. [39-47]). Even weaker control
forces are C—H---O/N hydrogen bonds, 7 - - interac-
tions [48-54], C-H---n [55,56] and even C-H---C
interactions [57,58]. Estimates for interaction energies
are 16—60 kJ mol ~ ! for O/N—H- - -O/N hydrogen bonds,
<16 kI mol~! for C—H- - -O hydrogen bonds, <2-20
kJ mol ~! for m- - -7 interactions and 4—10 kJ mol ~! for
C-H- - -7 interactions [1,48,55,59,60].

Poly(pyrazolyl)borate ligands (scorpionates) are ver-
satile ligands in physio-chemical, bio-inorganic and
structurally oriented coordination chemistry [61-69].
The parent compounds are dihydrobis(pyrazolyl)borate
(Bp, 1) and hydrotris(pyrazolyl)borate (Tp, 2).
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-(N-N)- denotes the third triazolyl or indazolyl ring which is oriented to the rear

In recent years we, and others, have been interested in
metal complexes with modified poly(pyrazolyl)borate
ligands and in their supramolecular architecture. These
modified scorpionate ligands are bis- and tris(1,2,4-
triazolyl)borate (3 and 4) [70—85], bis(tetrazolyl)borate
(5) [70,86,87], bis- and tris(imidazolyl)borate (6) [79,88—
90] or bis- and tris(indazolyl)borate (7 and 8) [79,91-93].
Further examples of functionally modified poly(pyrazo-
Iyl)borate ligands are fluorinated tris(pyrazolyl)borate
[94] and tris(mercaptoimidazolyl)borate [95-98].

We report here results of an extensive study of inter-
and intramolecular C-H---O/N hydrogen bonds in
crystal structures with the poly(1,2,4-triazolyl)borate
ligands 3 and 4 and the bis(tetrazolyl)borate ligand 5.
Furthermore, evidence for a C—H- - -Cl contact in poly-
nuclear copper complexes of 4 is given. The coordina-
tion chemistry of the ambidentate ligands 3 and 4 is
characterized by the formation of both metal chelates as
well as coordination polymers [99]. In addition, the
nitrogen atoms which are not utilized for metal co-
ordination tend to engage in O—H- - -N hydrogen bond-
ing with water molecules leading to the formation of
solvent stabilized crystal phases with extended water
substructures [70,72—74,87,100].

While information on C—H---O bonding is plentiful,
documentation of C—H---N bonds is scarce [4,32,101].
A brief discussion of C—H- - -Cl~ hydrogen bonding was
found for [Pt(CsHsN)4]Cl,-3H,O [7] and [Pt(1-O,N-
9{(2-Me;,N-ethyl)amino}acridinato)Cl] [46] (for C-H- - -
F see Refs. [31,102], for C—H- - I see Refs. [103]).

2. Experimental

The structures of the metal complexes of 3, 4 and §
which are given in Table 1 have been positively
evaluated with respect to C—H---O/N hydrogen bond-
ing. The synthesis and X-ray structural characterization
of the compounds has been described earlier; the
literature references and Cambridge structural database
(csp)-Refcodes are included in Table 1. Details of the
C-H---O/N bonding scheme were calculated by the
program PLATON [l104]. A csp search has been per-
formed using the QUEST3D routine on csD version 5.23
(April 2002) and two updates (257000 entries). The
search fragment was defined as HB(C,H,N3), or
H,B(CHNy)>+O or N with an inter- or intramolecular
C-H- - -O/N contact and H---O/N constrained between
2.0 and 3.0 A. For an intramolecular H---O/N contact
the number of bonds between H and O/N were
constrained between 4 (minimum) and 6 (maximum).
The results were depicted by the program csp visTA. It
can be noted that the csp search may come up with a
different number of C—H---O/N contacts than a pLA-
TON calculation. Structural drawings were created with
SCHAKAL [105] or pLATON/PLUTON for Windows [104].

3. Results and discussion

In general, the strength and effectiveness of a C-H- - -
O hydrogen bond depends on the C—H carbon acidity
[106,107]. For the ligands 3—5 it could already be shown
by '"H NMR spectroscopy and by AMI theoretical
calculations that the additional nitrogen atom of the
poly(triazolyl)borate and the bis(tetrazolyl)borate li-
gands versus the poly(pyrazolyl)borate systems 1 and 2
leads to an increase in the positive polarization of the
triazolyl and tetrazolyl hydrogen atoms [108]. At the
same time, the structures of the transition metal com-
plexes of 3—5 often contain a considerable number of
water molecules both as metal-aqua ligands and as
solvent of crystallization. The incorporation of water of
crystallization is obviously due to the presence of the
additional nitrogen donor atoms and the formation of
O-H- - -N bonds. In view of the large number of oxygen
atoms in these poly(azolyl)borate systems, they are good
candidates for the study of the possible role of C—H- --O
bonds in the crystal packing. The water molecules play
an important role in the stabilization of the crystal
phases. While the stronger O—H---O/N network was
immediately obvious and discussed thoroughly in the
original publications [70-74,76,77,87,100], the presence
and importance of C—H---O/N bonding in the struc-
tures of metal complexes of 3—5 emerged more slowly
during the course of our investigations. Hence, we
discuss the possible role of these weak but far from
negligible interactions here in a comprehensive paper.
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Compounds and csp-Refcodes
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Compound * Abbreviation Reference csp-Refcode
2 {Mn(n*-p-3)5(H,0),]-4H,0} Mn-3 [74] YOBROW
[Ni(n%-3),(H,0),]-2H,0 Ni-3 [72,74] ZITKAO
L A[Cu(n?p-3)2(H,0),]- 6H,0} Cu-3 [74] YOBRUC
LK -p-4)(1-H,0),] K-4 [71] WIGZUH
[Ca(n*-4),(H,0),]- 2H,0 Ca-4 [77] WONZAA
[Pb(n’-4)2(H,0),]-2H,0 Pb-4 [77] WONZII
2 [Pb(n°-p5-4)(NO3)H,0] Pb-4 771 WONZEE
% {IMn(n’-p-4),(H,0),]-4H,0} Mn-4 [72] ZITJUH
[M(n>-4),]-6H,O (M = Fe, Co, Ni, Zn) Fe-4 [70] YEBNUO
Co-4 [70] YEBPAW
Ni-4 [74] YOBSAJ (RT)
YOBSAJO01 (160 K)
Zn-4 [73] PONKEI
[Cu(n’-4),]-2CH;0H Cu-4 [70] WIGZOB
3 {[Cus(n®-ps-4)(1-OH),|Cl- 6H,O} 3 Cu-4 [76] RAXROX
2 {[CuCl(n’-ps-4)]- HO} 2 Cu-4 [76] RAXRIR
3 A[Zn(m-p3-4)5]- 1.5H,0} _Zn-4 [73] PONKIM
[PhsP=N=PPh;] " [Mo(n’>-4)(CO)s] Mol-4 [82] LASITY
[Mo(1°-4)(CO)»(n%-S,CNE,)] Mo2-4 [83] LATMEY
[Ru(n’-4)(CO),]o(Ru—Ru) Ru-4 [83] WIHCIZ
ZlAgM*-us-4)] Ag-4 [75] TETPUD
2 [K(M*ps-5) K-5 [86] SUHNEO
2 {IM(n?-p-5)»(H,0),]- 2H,0} Mn-5 [87] YOYZUH
(M = Mn, Fe, Co, Zn, Cd) Fe-5 [87] YOZBEU
Co-5 [70,87] YEBPEA (YEBPEAI10)
Zn-5 [70,87] YEBPIE (YEBPIE10)
Cd-5 [70,87] YEBPOK (YEBPOK10)
2 IM(n%-p-5),(NH3),] (M = Ni, Cu) Ni-5 [72] ZITKES
Cu-5 [87] YOZCAR

& " Describes an extended coordination polymeric network of dimension n; n™ refers to the number m of nitrogen donor atoms which coordinate
to metal atoms; p, indicates the number k of metal atoms which are bridged by the ligand (1 = p,); for Cu compounds two of the metal-ligand

contacts are elongated due to the Jahn—Teller distortion.

Our studies of hydrogen bonding rely primarily on X-
ray crystal structures which suffer from the known
deficiencies that the position of the hydrogen atom is
determined with the least accuracy and that the C-H
distances are systematically shortened by 0.05-0.10 A
[28]. The technique of structure determination by
neutron diffraction, where the H-atom positions are
determined with great accuracy [5,7], is, however, not as

General: C—H------- 0
Special: /
coordination from back C—H------- (e}

Y
coordination from side C—H------- b
C\H
coordination by two e H
C-H pairs “/,,—O“\H
"

routinely available, especially if for statistical purposes a
large number of non-bonded contacts needs to be
investigated, and necessitates the growing of large
enough crystals. Neutron diffraction data is only avail-
able for the nickel compound of 4 [100].

Geometrical criteria to assess the significance of a
particular C—H- - -O entity are still a matter of discussion
[8,28]. The C—-H---O bond is primarily electrostatic

S for H,O solvate water of crystallization
L for H,O aqua ligand

Sb for solvate H,O
Lb for ligand H,O

Ss for solvate H,O
Ls for ligand H,O

Sp for solvate H,O

Fig. 1. Schematic presentation of C—H---O bonding types in compounds of 3—5; the C—H---O angle can vary and is not meant to be 180°.
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Table 2
Selected geometrical parameters for C—H- - -O hydrogen bonds in selected metal compounds of 3 and 4%
Compound, Refcode ° Contact © H---O[A] C-H---0() Type ¢ Figure
Mn-3, YOBROW Cl-HI---01 2.79(5) 116(3) Ls Fig. 5(a)
C2-H2-- 01 2.77(4) 116(3) Ls
C2-H2---02 2.63(5) 144(4) Sb
Pb-4, WONZII (isostructural with Ca-4, WONZAA) C3-H3.-- 01 2.84(4) 118(4) Ls Fig. 6(a)
C9-H9---02 2.80(5) 129(4) Ls
C6-H6- - -0O3 2.47(5) 159(5) Sb
C8-HS.--03 2.53(6) 153(5) Ss
Mn-4, ZITJUH Cl-HI---01 2.85(5) 113(3) Ls Fig. 5(b)
Cl-HI---03 2.71(4) 129(3) Sb
C2-H2---01 2.88(5) 110(3) Ls
Ni-4, YOBSAJOI1 (isostructural with Zn-4, PONKEI) Cl1-H1---05 2.45(5) 163(4) Sp
C4-H4---04 2.53(4) 162(4) Sp
C5-HS5---02 2.58(6) 163(5) Sb
C8-HS.--04 2.35(5) 167(4) Sp
C4-H4---04 2.89(5) 110(4) Sb
Cu-4, WIGZOB C2-H3.--01 2.52(5) 167(4) Sb to MeOH Fig. 8
C5-H6---02 2.52(5) 162(4) Sb to MeOH
C6-H7---02 2.61(5) 124(4) Sb to MeOH

2 Calculated with PLATON, cutoff for H- - -O distances is < 3.0 A.

csp-Refcodes are defined and referenced in Table 1.

a o o

Types are sketched in Fig. 1.

which is evidenced by the orientation of the H atom
towards the lone pairs of the O atom. Hence, it falls off
much more slowly with distance than van der Waals
contacts and normal C—H- - -O bonds can lie somewhere

Symmetry relations omitted; see respective figure for a pictorial representation.

between H---O =2.00 and 2.80 A, accompanied by C—
H- - -O bending angles which cluster in the range 150—
180° (corresponding to C---O contacts of 3.0-4.0 A)
[8,28,109]. However, longer C—H-: - -O bonds have been

coordination from front C—H------- N Nf
C C
| AN
H "
coordination from side : including oblique contact Ns
: 9oxa N
N
H------- N
v
pair formation, c Np
complementary bonding | /C (N2p)
(also involving 2 different rings) N------- H
C
_.--N _.--N
contact to two nitrogen atoms C—H:zT__ R | or H:Z'_ - N2s
in same ring "N "N

in different rings, c—H
bifurcated

N2b

Fig. 2. Schematic presentation of C—H---N bonding types in compounds of 3—5; the C—H: - ‘N angle can vary and is not meant to be 180°.
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also justified and short C---O contacts can be observed
with small bending angles [1,110].

Structural parameters for the C—H:--O/N bonding
interactions in some of the metal compounds of 3-5,
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below a cutoff criterion of 3.0 A, are collected in Tables
2 and 3, respectively. Table 4 summarizes the parameters
for the C-H---Cl bonding in 3.Cu-4 and 2 Cu-4.
Different types of C—H---O/N bonding (cf. [5,7]) can

Table 3
Selected geometrical parameters for C—H- - ‘N hydrogen bonds in selected metal compounds of 3—5%
Compound, refcode ® Contact ¢ H-N(A) C-H--N() Type! Figure
Mn-3, YOBROW C3-H3-- N3 2.96(5) 108(3) Ns Fig. 5(a)
C4-H4- - N3 2.85(4) 108(2) Ns
Pb-4, WONZII (isostructural with Ca-4, WONZAA) C1-HI.--N6 2.95(5) 142(4) Ns Fig. 6(b)
C2-H2---NI10 2.96(5) 132(4) Ns, N2b
C2-H2--NI13 2.86(5) 127(4) N2s, N2b
C2-H2---N14 2.98(5) 143(4) N2s, N2b
C4-H4- - NI12 2.92(5) 122(4) Ns
C4-H4. - N9 2.69(5) 135(4) Ns—Nf
CIl1-HI11---NI5  2.95(6) 114(4) Ns, N2p
CI2-HI2-N5  2.90(3) 150(5) Ns
Mn-4, ZITTJUH C2-H2.- N7 2.74(5) 96(4) N2s Fig. 5(b)
C2-H2---N8 2.69(5) 115(4) N2s
C3-H3- - N3 2.84(5) 114(3) Ns
C3-H3---N2 2.56(4) 134(3) Ns
C4-H4. . N1 2.68(5) 98(3) N2s
C4-H4-- N2 2.91(5) 103(3) N2s
C4-H4-- N3 2.86(5) 108(4) Ns
C5-H5-- N5 2.60(4) 142(3) Ns
Ni-4, YOBSAJO1 (isostructural with Zn-4, PONKEI; also Fe-4, Co-4 and Ni-4 at RT) C2-H2---N9 2.71(6) 122(4) Nf, Np Fig. 7
C3-H3-- N3 2.72(5) 132(4) Ns, N2p
C6-H6- - N3 2.65(6) 127(4) Nf, Np
C7-HT7---N9 2.67(5) 125(4) Ns, N2p
»Zn-4, PONKIM C1-H2---N5 2.55(5) 148(4) Ns Fig. 9
C1-H2---N6 2.80(5) 109(4) Ns
C2-H3 - N6 2.72(5) 109(4) Ns
C3-H4---N9 2.77(5) 114(3) Ns
C4-HS- - N9 2.77(5) 110(4) Ns
C5-H6- - N2 2.81(6) 145(4) Ns
C5-H6 - N6 2.84(5) 117(4) Ns
C6-H7---N3 2.73(5) 111(4) Ns
Cu-4, WIGZOB C4-HS5---N9 2.42(5) 163(4) Nf Fig. 8
C6-H7---N6 2.93(5) 107(4) Ns
Ag-4, TETPUD CI-HI-- N2 2.91(2) 169(2) Ns,Np  Fig. 10
C2-H2 - N6 2.56(2) 163(2) Ns, N2b
C2-H2- - N7 2.73(2) 94(2) N2s, N2b
C2-H2---N8 2.92(2) 102(2) N2s, N2b
C3-H3-- N4 2.84(2) 158(2) N2s
C3-H3-- N5 2.74(2) 173(2) N2s
C4-H4-- N9 2.62(2) 125(2) Ns
C5-HS-- N2 2.62(2) 148(2) Ns
C6-H6- - N2 2.67(2) 146(2) Ns, N2b
C6-H6- - N5 2.66(2) 116(2) Ns, N2b
Mn-5, YOYZUH isostructural with C-H2-- N2 2.60(3) 165(2) Ns—Nf Fig. 11
Fe-5, YOZBEU C-H2-- N2 2.63(3) 158(2) Ns—Nf
Co-5, YEBPEA C-H2-- ‘N2 2.67(3) 154(2) Ns—Nf
Zn-5, YEBPIE C-H2-- N2 2.78(3) 158(2) Ns—Nf
Cd-5, YEBPOK C-H2-- N2 2.63(3) 164(2) Ns—Nf

2 Calculated with PLATON, cutoff for H- - ‘N distances is < 3.0 A.
® csp-Refcodes are defined and referenced in Table 1.

¢ Symmetry relations omitted; see respective Figure for a pictorial representation.

4 Types are sketched in Fig. 2.
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Table 4
Geometrical parameters for C—H- - -Cl hydrogen bonds in the copper
coordination polymers of 4°

Compound, Contact © H--Cl C-H---Cl Figure
Refcode® A) ©)
3 Cu-4, RAXROX 2.6(1) 161(8)

2 Cu4, RAXRIR Cl1-HI---CI2  2952)  98(1)
C6-H6--CIl2  274(2)  126(1)
C7-H7---CI2 3.092)  98(1)
C7-H7---Cll  2912) 161(1)
C8-H& --Cl2  3.012) 115(1)
C9-HO---Cll  3.042) 104(1)
CI2-HI2--Cll 2.782) 120(1)

Fig. 12

2 Calculated with pLATON, cutoff for H- - -Cl distances is < 3.1 A.

> csp-Refcodes are defined and referenced in Table 1.

¢ Symmetry relations omitted; see respective Figure for a pictorial
representation.

be discerned as shown in Figs. 1 and 2 and those
classifications have been included in Tables 2 and 3.

Figs. 3 and 4 show distributions of C—H---O and C-
H- - -N angles versus the H- - -O/N distance, respectively,
for the hydrogen bonds in the metal complexes of 3-5.
The C-H---O and C-H.--N distance distributions
generally are broad due to the inherent weakness of
these interactions; H---N contacts are observed at
relatively longer distances than H---O contacts.

The scattergram in Fig. 3 illustrates that the shorter
the H---O separations the larger the C—H---O angle.
With H---O bonds below 2.4 A the C-H---O angle
focuses around 170°. With longer H---O contacts
towards 3.0 A the C—H:--O angle narrows to 100°.
The narrowing of the C—H---O distribution around an
angle of 160°—170° as the H- - -O separation decreases is
similar to what has been observed for C—H- - -O bonding
in other compounds [1,2,5,6,8]. For the weaker C—H- - -
N bonds (scattergram in Fig. 4), there is already a large
angular distribution from 130° to 170° for H---N

CH---O/°

180

@]
17015
160
150
140 o o
130 @&
1201 e
110 5%
0 R R

Q0

O o é%o
0]
o

90
2.30 2.50 2.70 2.90
H---O/A

Fig. 3. Plot of C—H-:--O angle versus H---O distance for C—H:--O
hydrogen bonds in metal complexes of 3—5 from a csp search (the
H- --O cutoff was set to 3.0 A).
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Fig. 4. Plot of C—H-- N angle versus H-- N distance for C-H---N
hydrogen bonds in metal complexes of 3—5 from a csp search (the
H- - ‘N cutoff was set to 3.0 A).

contacts, which start above 2.4 A. This angular dis-
tribution widens with longer H---N distance down to
C-H:--N angles of 100°. The larger distance/smaller
angle correlation is less pronounced for C—H- - -N than
for C—H- - -O contacts.

The C—H- - -O/N bonding in metal compounds of 3—5
is, however, better illustrated through the presentation
of selected examples in addition to a statistical analysis.

Fig. 5 details the C-H---O/N bonding in the poly-
meric manganese complexes Mn-3 and Mn-4. Weak
hydrogen bonds are formed from each triazolyl ring to
the nitrogen or oxygen donor atoms of cis-coordinated
triazolyl or aqua ligands. The planes of the triazolyl
rings are arranged along the cisoid O/N-M—O/N bonds
with only little deviation of about 2°-20° between the
plane and the cisoid O/N-M-O/N bond axis. It is
suggested that these close to coplanar/colinear arrange-
ments are due to the hydrogen bonding contributions.
Packing considerations would otherwise prefer a stron-
ger tilted arrangement.

The structure of Pb-4 (isostructural with Ca-4)
together with part of the C—H---O/N bonding scheme
is depicted in Fig. 6. From Fig. 6(a) it is evident that the
relative orientation of the two tris(triazolyl)borato
ligands 4 around the metal deviates considerably from
what could be considered an ideal staggered arrange-
ment with respect to each other and also with respect to
the two aqua ligands. One of the triazolyl rings from
each ligand is clearly oriented towards one of the aqua
ligands—apparently through the C—H---O interaction.
The triazolyl ring containing Cl1-H1 and C2-H2
(unlabelled ring in Fig. 6(a)) is strongly tilted from the
B- - -Pb vector (Fig. 6(b)). The basis for this tilting may
be a series of C—H- - -N interactions which are pointing
in the tilt direction.

Fig. 7 should emphasize the pairwise C—H---N Ns—
N2p- and Nf-Np-type bonding interaction (see Fig. 2)
between neighboring metal-ligand octahedra in Ni-4 and
isostructural Zn-4 together with the related room
temperature structures of M-4 (M =Fe, Co, Ni, see
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Fig. 5. C—H---O/N hydrogen bonding networks around the manga-
nese centers in the coordination polymers (a) Mn-3, YOBROW and (b)
Mn-4, ZITJUH showing the triazolyl ring-plane orientation along the
cisoid ligand—metal-ligand bond axis; see Table 1 for definition of
csp-Refcode and Tables 2 and 3 for individual distances and angles. In
(a) Mn-3 the acute angle between Mn-O1 and ring(C1,C2) is 2°,
between Mn—N3 and ring(C3,C4) 19°. In (b) Mn-4 the acute angle
between Mn-Ol and ring(C1,C2) is 13°, between Mn—-N3 and
ring(C3) 4°.

Table 1). The pairwise C—H- - -N interaction surely helps
in the ordered layer arrangement of the complex
molecules in the bc-plane. Neighboring layers of com-
plex molecules are then separated by layers of water
molecules of crystallization [70,73,74,100]. The pairwise
interaction can either involve two different triazolyl
rings on neighboring complexes as seen in Fig. 7(a) or
does consist of a complementary C—H- - -N bonding as
shown in Fig. 7(b). The former pairwise C-H---N
interaction involving H7---N9 and H3.--N3 extends in
the b-direction. The latter complementary C—H---N
interaction involving H2---N9 and H6- - -N3 continues
along the c¢-direction. The metal complex substructure
can be described as being formed by 2D-grids of
molecules linked via C—H- - -N interactions.

The combined C—H---O/N network around a com-
plex molecule of Cu-4 is shown in Fig. 8. Here, methanol
solvate molecules act as acceptors for the C-H:--O
bonds. The Jahn—Teller distortion of the centrosym-

Fig. 6. (a) C—H-:--O and (b) part of the C—H- - ‘N hydrogen bonding in
Pb-4, WONZII and isostructural Ca-4, WONZAA; see Table 1 for
definition of csp-Refcode. In (b) the aqua ligands have been omitted
for clarity; see Tables 2 and 3 for individual distances and angles.

metric copper ion is perpendicular to the plane of
projection in Fig. 8, that is, the long Cu---N bonds are
to the triazolyl ring containing C2—H3.

In the structure of 3D-polymeric ,,Zn-4 the planes of
the triazolyl rings are arranged along the cisoid N-M—
N bonds much like seen before in Mn-3 and Mn-4 (cf.
Fig. 5). There is only little deviation of about 4-10°
between the plane and the cisoid N—M—N bond axis. It
is again suggested that these close to coplanar/colinear
arrangements are due to the hydrogen bonding con-
tribution (Fig. 9).

The 2D-polymeric network of Ag-4 exhibits a large
number of C—H---N hydrogen bonds which are illu-
strated in Fig. 10. The compound Ag-4 crystallizes in the
non-centrosymmetric space group Prna2; with a polar c-
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Fig. 7. The C-H:- N hydrogen bonding network around the octahedral metal complexes of Ni-4, YOBSAJO1 and also the isostructural M-4
compounds with M = Fe, Co, Ni (room temperature), and Zn; see Table 1 for definition of csp-Refcode and Table 3 for individual distances and
angles. Part (a) shows the C—H- - -N network from the pairwise interaction involving two different rings along the b -direction. Part (b) illustrates the
complementary C—H-- N bonding along the c-direction which would not have shown well in (a) because of the perpendicular orientation of the
involved triazolyl rings. In (a) these triazolyl rings with N9 or N3, respectively, are lying exactly perpendicular to the front and rear of the paper
plane, thus nitrogen atoms N9 or N3 can be superimposed by C6 or C2, respectively. Water molecules of crystallization together with the C-H- --O

contacts are not shown for clarity.

axis. The material was proven to possess non-linear
optical properties [75]. For the polar arrangement of the
building blocks in the crystal the weak C-H.--N
interactions together with other weak Ag: - -m(triazolyl)
contacts surely must play a role for the homopolar
orientation of neighboring layers.

Neighboring layers in the isostructural 2D-coordina-
tion polymers M-5 (M =Mn, Fe, Co, Zn, Cd) are
connected through C—H---N bonding as shown in Fig.
11. Besides, there is of course classical hydrogen
bonding between the aqua ligands on the metal and
water of crystallization [87].

A summary of the C—H---Cl contacts in the coordi-
nation polymers > Cu—4 and % Cu-4 is provided in Table
4. Fig. 12 provides a pictorial representation of the two
shortest C—H- - -Cl contacts in 2, Cu-4. Weak hydrogen
bonds are formed from triazolyl rings to the cis-
coordinated chloro ligands, similar as seen before in
the structures of the polymeric manganese complexes

Mn-3 and Mn-4 to the cis-coordinated triazolyl or aqua
ligands (cf. Fig. 5). The planes of the triazolyl rings are

Fig. 8. Combined C—H-: - -O/N network around a complex molecule of
Cu-4, WIGZOB; see Table 1 for definition of csp-Refcode. C—H- - -O
binding is to methanol solvate molecules (only CO shown for clarity);
see Tables 2 and 3 for individual distances and angles.
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Fig. 9. C-H-:--N hydrogen bonding network around the zinc center in
the 3D-coordination polymer ..Zn-4, PONKIM showing the triazolyl
ring-plane orientation along the cisoid ligand—metal-ligand bond
axis; see Table 1 for definition of csp-Refcode and Table 3 for
individual distances and angles. The acute angle between Zn—N3 and
ring(N9) is 9°, between Zn—N6 and ring(N3) 4°, between Zn—N9 and
ring(N6) 6°.

arranged along the cisoid C1-M(—N) bonds with only
little deviation of about 4°—5.5° between the plane and
the cisoid C1-M(—N) bond axis.

Fig. 10. Part of the C—H- - N hydrogen bonding network in the 3D-
coordination polymer Ag-4, TETPUD; see Table 1 for definition of
csp-Refcode and Table 3 for individual distances and angles. Contacts
C3-H3.- N4 and C3-H3: - N5 are outside of the chosen drawing and
not shown here. Nitrogen atoms N8 and N9 are superimposed with N9
lying on top of N8.

Fig. 11. The C-H-:- N hydrogen bonding network between neighbor-
ing layers in the 2D-coordination polymer of Mn-5, YOYZUH and the
isostructural nets M-5 (M = Fe, Co, Zn, Cd); see Table 1 for definition
of csp-Refcode and Table 3 for individual distances and angles.

4. Conclusions

Weak C—H---O/N hydrogen bonding interactions in
transition metal coordination compounds still have to
be investigated in a systematic manner compared to the
thoroughly explored organic and organometallic solids.
We have studied here the effect of C—H---O and C-H- --
N hydrogen bonds on the crystal structures of metal
compounds containing the poly(azolyl)borate ligands
dihydrobis(triazolyl)borate 3, hydrotris(triazolyl)borate
4 and dihydrobis(tetrazolyl)borate 5 (triazolyl refers to
1,2,4-triazolyl).

Intramolecular ligand arrangements as well as the
intermolecular orientations between metal complexes or
complexes and solvent molecules of crystallization can

Fig. 12. The two shortest C—H- - -Cl hydrogen bonding contacts in the
2D coordination polymer % Cu-4, RAXRIR showing the triazolyl ring-
plane orientation along the cisoid chloro-metal-ligand bond axis; see
Table 1 for definition of csp-Refcode and Table 4 for individual
distances and angles. The acute angle between Cul-CIl and
ring(C11,C12) is 4°, between Cu2—-CI2 and ring(C6) 5.5°. Also, one
of the C—H--‘N bonds is shown which complements the triazolyl
ring(C11,C12) contacts along the cisoid Cl1-Cul-N2 bond axis; H11
..N22.61(2) A, C11---N2 3.207(8) A, C11-H11---N2 123(1)°. Water
molecules of crystallization in 2, Cu-4 are not shown for clarity.
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be traced to C—H---O and C—H---N hydrogen bonds.
In particular the orientation of metal-coordinated
triazolyl rings from 3 or 4 along cisoid ligand(O/N)—
metal-ligand(O/N) bonds can be traced to C—H- - -O/N
bonding. Concerning water or methanol of crystal-
lization, the azolyl C—H donors can participate in the
coordination of water molecules in the same way and
with the same functionality, albeit weaker, as OH from
aqua ligands. The formation of C—H---N hydrogen
bonds may be responsible for the homopolar oriented
cystal packing of the building blocks in non-centrosym-
metric space groups.

Acknowledgements

This work was supported by the Deutsche For-
schungsgemeinschaft (Grants Ja466/4-1, 4-2 and 11-1)
and the Fonds der Chemischen Industrie.

References

[1] G.R. Desiraju, Acc. Chem. Res. 35 (1999) 565.

[2] G.R. Desiraju, T. Steiner, The weak hydrogen bond, in: IUCr
Monograph on Crystallography, vol. 9, Oxford Science, Oxford,
1999.

[3] K.N. Houk, S. Menzer, S.P. Newton, F.M. Raymo, J.F.
Stoddart, D.J. Williams, J. Am. Chem. Soc. 121 (1999) 1479.

[4] M. Mascal, Chem. Commun. (1998) 303
For C-H-- N

[5] T. Steiner, Chem. Commun. (1997) 727.

[6] G.R. Desiraju, Acc. Chem. Res. 29 (1996) 441.

[7] T. Steiner, W. Saenger, J. Am. Chem. Soc. 115 (1993) 4540.

[8] G.R. Desiraju, Acc. Chem. Res. 24 (1991) 290.

[91 G.R. Desiraju, B.N. Murty, Chem. Phys. Lett. 139 (1987) 360
In terminal acetylenes

[10] G.R. Desiraju, S. Kashino, M.M. Coombs, J.P. Glusker, Acta
Crystallogr., B 49 (1993) 880
In cyclopenta[a]phenanthrenes

[11] C.B. Aakeréy, M. Nieuwenhuyzen, J. Am. Chem. Soc. 116
(1994) 10983.

[12] T. Steiner, W. Saenger, J. Chem. Soc., Chem. Commun. (1995)
2087
In B-cyclodextrin complex

[13] T. Steiner, G. Koellner, K. Gessler, W. Saenger, J. Chem. Soc.,
Chem. Commun. (1995) 511
In B-cyclodextrin complex

[14] M.G. Davidson, J. Chem. Soc., Chem. Commun. (1995) 919
In phosphonium aryloxide

[15] V.R. Pedireddi, W. Jones, A.P. Chorlton, R. Docherty, Chem.
Commun. (1996) 997
Pair-wise C—H---O/O—H- - ‘N hydrogen bonding

[16] EXM.D. Keegrstra, V. van der Mieden, J.W. Zwikker, L.W.
Jenneskens, A. Schouten, H. Kooijman, N. Veldman, A.L. Spek,
Chem. Mater. 8 (1996) 1092
In 2,5-di-n-alkoxy-1,4-benzoquinones

[17] S.S. Kudova, D.C. Craig, A. Nangia, G.R. Desiraju, J. Am.
Chem. Soc. 121 (1999) 1936
In cubanecarboxylic acids

[18] M. Muthuraman, Y. Le Fur, M. Bagieu-Beucher, R. Masse, J.-
F. Nicoud, S. George, A. Nangia, G.R. Desiraju, J. Solid State

Chem. 152 (2000) 221
In 1,2-dihydro-N-aryl-4,6-dimethylpyrimidin-2-ones

[19] E.S. Meadows, S.L. De Wall, L.J. Barbour, F.R. Fronczek, M.-
S. Kim, G.W. Gokel, J. Am. Chem. Soc. 122 (2000) 3325
In lariat ethers

[20] Y. Gu, T. Kar, S. Scheiner, J. Am. Chem. Soc. 121 (1999) 9411.

[21] U. Koch, P.L.A. Popelier, J. Phys. Chem. 99 (1995) 9747.

[22] F.P.S.C. Gil, A M.A. da Costa, J.J.C. Teixeira-Dias, J. Phys.
Chem. 99 (1995) 8066.

[23] L. Alkorta, S. Maluendes, J. Phys. Chem. 99 (1995) 6457.

[24] D. Braga, F. Grepioni, G.R. Desiraju, Chem. Rev. 98 (1998)
1375.

[25] T. Steiner, B. Lutz, J. van der Maas, A.M.M. Schreurs, J.
Kroon, M. Tamm, Chem. Commun. (1998) 171.

[26] D. Braga, A.L. Costa, F. Grepioni, L. Scaccianoce, E. Taglia-
vini, Organometallics 15 (1996) 1084.

[27] J. Valdés-Martinez, A. Enriquez, A. Cabrera, G. Espinosa-Pérez,
Polyhedron 15 (1996) 897.

[28] D. Braga, F. Grepioni, K. Biradha, V.R. Pedireddi, G.R.
Desiraju, J. Am. Chem. Soc. 117 (1995) 3156.

[29] D. Braga, F. Grepioni, J.J. Byrne, A. Wolf, J. Chem. Soc.,
Chem. Commun. (1995) 1023.

[30] D. Braga, F. Grepioni, Acc. Chem. Res. 27 (1994) 51.

[31] X.-J. Yang, C. Janiak, J. Heinze, F. Drepper, P. Mayer, H.
Piotrowski, P. Kliifers, Inorg. Chim. Acta 318 (2001) 103
C-H-: - ‘F/O/N in Ru-5,5-substituted-2,2’-bipyridine complexes

[32] F.A. Cotton, L.M. Daniels, G.T. Jordan, IV, C.A. Murillo,
Chem. Commun. (1997) 1673
C-H- - N in bis(2,2’-dipyridylamido)cobalt(Il)

[33] M.M. Chowdhry, D.M.P. Mingos, A.J.P. White, D.J. Williams,
Chem. Commun. (1996) 899
For C-H---O in [Cu{5-(2-pyridylmethylene)hydantoinate},]-
2melamine

[34] M.J. Zaworotko, Chem. Soc. Rev. 23 (1994) 283.

[35] S. Subramanian, M.J. Zaworotko, Coord. Chem. Rev. 137
(1994) 357.

36] M.J. Zaworotko, Chem. Commun. (2001) 1.

37] B. Moulton, M.J. Zaworotko, Chem. Rev. 101 (2001) 1629.

38] C.B. Aakerdy, A.M. Beatty, Aust. J. Chem. 54 (2001) 409.

39] B. Dolling, A.L. Gillon, A.G. Orpen, J. Starbuck, X.-M. Wang,
Chem. Commun. (2001) 567.

[40] A. Angeloni, A.G. Orpen, Chem. Commun. (2001) 343.

[41] S. Haddad, R.D. Willett, Inorg. Chem. 40 (2001) 2457.

[42] A.L. Gillon, A.G. Orpen, J. Starbuck, X.-M. Wang, Y.
Rodriguez-Martin, C. Ruiz-Pérez, Chem. Commun. (1999)
2287.

[43] G. Aullén, D. Bellamy, L. Brammer, E.A. Bruton, A.G. Orpen,
Chem. Commun. (1998) 653.

[44] G.R. Lewis, A.G. Orpen, Chem. Commun. (1998) 1873.

[45] J.C. Marque Rivas, L. Brammer, Inorg. Chem. 37 (1998) 4756.

[46] W. Frank, G.J. Reiss, Inorg. Chem. 36 (1997) 4593.

[47] E. Ceci, R. Cini, J. Konopa, L. Maresca, G. Natile, Inorg.
Chem. 35 (1996) 876.

[48] C. Janiak, J. Chem. Soc., Dalton Trans. (2000) 3885.

[49] C. Zhang, G. Rheinwald, V. Lozan, B. Wu, P.-G. Lassahn, H.
Lang, C. Janiak, Z. Anorg. Allg. Chem. 628 (2002) 1259.

[50] E. Craven, E. Mutlu, D. Lundberg, S. Temizdemir, S. Dechert,
H. Brombacher, C. Janiak, Polyhedron 21 (2002) 553.

[51] C. Zhang, C. Janiak, J. Chem. Crystallogr. 31 (2001) 29.

[52] C. Zhang, C. Janiak, Z. Anorg. Allg. Chem. 627 (2001) 1972.

[53] C. Zhang, C. Janiak, H. Brombacher, Z. Naturforsch., B 56
(2001) 1205.

[54] M. Munakata, L.P. Wu, T. Kuroda-Sowa, Adv. Inorg. Chem. 46
(1999) 173.

[55] M. Nishio, M. Hiroto, Y. Umezawa, The CH/r Interaction,
Wiley-VCH, New York, 1998.



C. Janiak, T.G. Scharmann | Polyhedron 22 (2003) 11231133 1133

[56] C. Janiak, S. Temizdemir, S. Dechert, W. Deck, F. Girgsdies, J.
Heinze, M.J. Kolm, T.G. Scharmann, O.M. Zipffel, Eur. J.
Inorg. Chem. (2000) 1229.

[57] A.S. Batsanov, M.G. Davidson, J.A.K. Howard, S. Lamb, C.
Lustig, Chem. Commun. (1996) 1791.

[58] J.A. Platts, S.T. Howard, K. Wozniak, Chem. Commun. (1996)
63.

[59] J.W. Steed, J.L. Atwood, Supramolecular Chemistry, Wiley,
New York, 2000.

[60] H.-J. Schneider, A. Yatsimirski, Principles and Methods in
Supramolecular Chemistry, Wiley, New York, 2000.

[61] S. Trofimenko, Scorpionates—Polypyrazolylborate Ligands and
Their Coordination Chemistry, Imperial College Press, London,
1999.

[62] S. Trofimenko, Chem. Rev. 93 (1993) 943.

[63] P.K. Byers, A.J. Canty, R.T. Honeyman, Adv. Organomet.
Chem. 34 (1992) 1.

[64] N. Kitajima, W.B. Tolman, Prog. Inorg. Chem. 43 (1995) 419.

[65] G. Parkin, Adv. Inorg. Chem. 42 (1995) 291.

[66] D.L. Reger, Coord. Chem. Rev. 147 (1996) 571.

[67] M. Etienne, Coord. Chem. Rev. 156 (1997) 201.

[68] C. Janiak, Coord. Chem. Rev. 163 (1997) 107.

[69] C. Janiak, Main Group Metal Chem. 21 (1998) 33.

[70] C. Janiak, Chem. Commun. (1994) 545.

[71] C. Janiak, Chem. Ber. 127 (1994) 1379.

[72] C. Janiak, T.G. Scharmann, W. Giinther, F. Girgsdies, H.
Hemling, W. Hinrichs, D. Lentz, Chem. Eur. J. 1 (1995)
637.

[73] C. Janiak, H. Hemling, J. Chem. Soc., Dalton Trans. (1994)
2947.

[74] C. Janiak, T.G. Scharmann, H. Hemling, D. Lentz, J. Pickardt,
Chem. Ber. 128 (1995) 235.

[75] C. Janiak, T.G. Scharmann, P. Albrecht, F. Marlow, R.
Macdonald, J. Am. Chem. Soc. 118 (1996) 6307.

[76] C. Janiak, T.G. Scharmann, W. Giinther, W. Hinrichs, D. Lentz,
Chem. Ber. 129 (1996) 991.

[77] C. Janiak, T.G. Scharmann, T. Brduniger, J. Holubova, M.
Nadvornik, Z. Anorg. Allg. Chem. 624 (1998) 769.

[78] C. Janiak, S. Temizdemir, T.G. Scharmann, A. Schmalstieg, J.
Demtschuk, Z. Anorg. Allg. Chem. 626 (2000) 2053.

[79] E. Craven, E. Mutlu, D. Lundberg, S. Temizdemir, S. Dechert,
H. Brombacher, C. Janiak, Polyhedron 21 (2002) 553.

[80] I.T. Macleod, E.R.T. Tiekink, C.G. Young, J. Organomet.
Chem. 506 (1996) 301.

[81] Z. Xiao, R.W. Gable, A.G. Wedd, C.G. Young, J. Chem. Soc.,
Chem. Commun. (1994) 1295.

[82] K.-B. Shiu, J.Y. Lee, Y. Wang, M.-C. Cheng, S.-L. Wang, F.-L.
Liao, J. Organomet. Chem. 453 (1993) 211.

[83] K.-B. Shiu, J.Y. Lee, Y. Wang, M.-C. Cheng, Inorg. Chem. 32
(1993) 3565.

[84] K.-B. Shiu, W.-N. Guo, S.-M. Peng, M.-C. Cheng, Inorg. Chem.
33 (1994) 3010.

[85] G. Gioia Lobbia, M. Pellei, C. Pettinari, C. Santini, B.W.
Skelton, N. Somers, A.H. White, J. Chem. Soc., Dalton Trans.
(2002) 2333.

[86] C. Janiak, L. Esser, Z. Naturforsch., B 48 (1993) 394.

[87] C. Janiak, T.G. Scharmann, K.-W. Brzezinka, P. Reich, Chem.
Ber. 128 (1995) 323.

[88] C. Janiak, S. Temizdemir, C. Rohr, Z. Anorg. Allg. Chem. 626
(2000) 1265.

[89] Effendy, G.G. Lobbia, M. Pellei, C. Pettinari, C. Santini, B.W.
Skelton, A.H. White, J. Chem. Soc., Dalton Trans. (2001) 528.

[90] K. Fujita, S. Hikichi, M. Akita, Y. Moro-oka, J. Chem. Soc.,
Dalton Trans. (2000) 117.

[91] C. Janiak, S. Temizdemir, S. Dechert, Inorg. Chem. Commun. 3
(2000) 271.

[92] C. Janiak, S. Temizdemir, S. Dechert, W. Deck, F. Girgsdies, J.
Heinze, M.J. Kolm, T.G. Scharmann, O.M. Zipffel, Eur. J.
Inorg. Chem. (2000) 1229.

[93] A.L. Rheingold, B.S. Haggerty, G.P.A. Yap, S. Trofimenko,
Inorg. Chem. 36 (1997) 5097.

[94] H.V. Rasika Dias, W. Jin, Inorg. Chem. 39 (2000) 815.

[95] B.M. Bridgewater, G. Parkin, J. Am. Chem. Soc. 122 (2000)
7140.

[96] C. Kimblin, B.M. Bridgewater, T. Hascall, G. Parkin, J. Chem.
Soc., Dalton Trans. (2000) 1267.

[97] C. Kimblin, B.M. Bridgewater, D.G. Churchill, G. Parkin,
Chem. Commun. (1999) 2301.

[98] J. Reglinski, M. Garner, I.D. Cassidy, P.A. Slavin, M.D. Spicer,
D.R. Armstrong, J. Chem. Soc., Dalton Trans. (1999) 2119.

[99] C. Janiak, J. Chem. Soc., Dalton Trans., in press.

Review on coordination polymers.

[100] C.Janiak, T.G. Scharmann, S.A. Mason, J. Am. Chem. Soc. 124
(2002) 14010.

[101] Z. Berkovitch-Yellin, L. Leiserowitz, Acta Crystallogr., B 40
(1984) 159.

[102] LI. Padilla-Martinez, M. de Jesus-Rosalez-Hoz, H. Tlahuext, C.
Camacho-Camacho, A. Ariza-Castolo, R. Contreras, Chem.
Ber. 129 (1996) 441.

[103] G. Barbera, C. Vinas, F. Teixidor, G.M. Rosair, A.J. Welch, J.
Chem. Soc., Dalton Trans. (2002) 3647.

[104] (a) A.L. Spek, Acta Crystallogr., A 46 (1990) C34;
(b) A.L. Spek, pLatoN Version 29-11-98: L.J. Farrugia,
Windows implementation, University of Glasgow, 1998.

[105] E. Keller, scHAKAL 88/92, Program for Crystal Structure
Presentation, University of Karlsruhe, 1988/1992.

[106] V.R. Pedireddi, G.R. Desiraju, J. Chem. Soc., Chem. Commun.
(1992) 988.

[107] G.R. Desiraju, J. Chem. Soc., Chem. Commun. (1990) 454.

[108] C. Janiak, T.G. Scharmann, J.C. Green, R.P.G. Parkin, M.J.
Kolm, E. Riedel, W. Mickler, J. Elguero, R.M. Claramunt, D.
Sanz, Chem. Eur. J. 2 (1996) 992.

[109] T. Steiner, G.R. Desiraju, Chem. Commun. (1998) 891.

[110] T. Steiner, Chem. Commun. (1999) 313
For a caveat on C—H contacts to X =07 -H



	Supramolecular C-HO, C-HN and C-HCl interactions in metal compounds with multi-topic poly(pyrazolyl)borate ligands
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


