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Understanding the Peculiarities of Azide
and Thiocyanate Binding in Proteins:
Use of the Small Molecule Structural Data

LUBA TCHERTANOV"

Institut de Chimie des Substances Naturelles, UPR 2301, CNRS, 91198 Gif-sur-Yvette, FRANCE

The complexation and supramolecular recognition of
two polyfunctional anions, thiocyanate and azide,
have been analysed using the X-ray structural data
retrieved from the Brookhaven Protein Database (for
macromolecules) and the Cambridge Structural Data-
base (for small molecule structures). The following
structural aspects have been considered: — hydro-
gen-bond acceptor function of the anions; — analysis of
the coordination features of anions with the metals; —
influence of metal complexation on the H-donor
accepting properties of the anions. Lastly, a compari-
son of the modes of binding of the two anionic sub-
strates was carried out. Their extraordinary activity as
hydrogen-bond acceptors allows these anions to serve
as a strong bridge between different molecular frag-
ments. The coordination of thiocyanate or azide anion
by the metal atoms in coordination compounds gives
rise to a redistribution of anionic charge in both enti-
ties which in turn, controls the hydrogen-bonding
acceptor properties of the terminal atom of the anion.
The results presented in this paper provide structural
information of the role of anion binding in proteins
and to our knowledge, afford the first study of the
binding behaviour of thiocyanate and azide in system-
atic manner.

Keywords: Thiocyanate, Azide, Metal Complexation,
H-bonding, Enzyme, Statistical Analysis of Structural Data

INTRODUCTION

In the chemistry of life processes, anion binding
plays a central role since it concerns essential
aspects such as the activity of enzymes, the
transport of hormones, protein synthesis and
DNA regulation. There is, therefore, intensive
effort being devoted to the problem of anion
metal selectivity and non-covalent interaction
phenomena (molecular recognition). Several
comprehensive reviews on recent developments
in anion complexation have been published [1].
Anions metal selectivity and non-covalent inter-
action phenomena have been investigated by
numerous research groups [2]. The purpose of
this paper is a study of metal complexation and
molecular recognition of geometrically simple
linear thiocyanate (SCN)™ and azide N3 anions,
which is extremely important in biochemistry.
Indeed, both anions have been frequently used
as crystallizing agents in protein crystal growth
[3] and, much more importantly, are known to
be competitive inhibitors in many enzymes.
Understanding of the dynamics of biological
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processes would entail thorough analysis of the
geometrical features of anionic binding.

The examples of metalloproteins involving
these small inorganic anions (e.g. superoxide
dismutase, carbonic anhydrase etc.) clearly show
that in each case, anjon recognition is guided by
attraction to the metal ion and/or hydro-
gen-bonding interactions with the donor-groups
functionality. Preliminary analysis of anion sites
in crystallographically determined macromole-
cules shows that in some cases the interpretation
of the observed results is complicated or inade-
quate. It appears that the best way to study the
interactions with anions is to analyze their envi-
ronment through a survey of small-molecule crys-
tal structures. Analysis of interactions between
anion and metals and/or organic ligands using
the Cambridge Structural Database [4] and the
Brookhaven Protein Database [5] can provide
structural evidence for the role of these anions.

Both entities, thiocyanate and azide, are small,
triatomic, linear monoanions wherein the nega-
tive charge can be localized on one of the termi-
nal atoms or delocalized over the whole anion.
Both of them are the species with bidentate func-
tion and offer different modes of binding by
metals and/or H-bond donor groups: through
one of the terminal atoms (one or two times) or
through both of them, by both ends, (bridging
mode) [6]. The ambidentate character of thiocy-
anate (two different donor sites) and its biden-
tate function give rise to a wide variety of
coordination geometries (Scheme 1).

[
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SCHEME 1 Modes of metal-thiocyanate binding
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SCHEME 2 Modes of metal-azide binding

In azide both terminal atoms are equivalent
and its geometry is described only by two modes
of binding: through one of the terminal nitrogen
atoms (one or two times, A and B) or through
both of them (bridging mode, C) (Scheme 2).

The following structural aspects have been
studied: (i) peculiarities of coordination of ani-
ons by metal atoms (modes of coordination and
selectivity); (ii) hydrogen-bond acceptor func-
tion of the anions and (iii) influence of metal
complexation on the H-donor accepting proper-
ties of these anions. The first part of the paper
gives a survey of the relevant protein structures
which is mostly focused on the problems associ-
ated with establishing of anionic binding sites.
The second part includes the detailed analysis of
anion binding in small molecular structures. We
compare data from all known structures to pro-
vide detailed structural information about the
molecular recognition of azide and thiocyanate
in macromolecules and small molecule struc-
tures. We also wished to compare the structural
and accepting properties of azide and thiocy-
anate entities.

RESULTS

1. Anion-Binding Sites in Proteins

The analysis of the anion binding in proteins
with the known crystal structures was per-
formed. These negatively charged species can
participate in a broad spectrum of non-covalent
interactions, such as hydrogen bonding, van der
Waals interactions and hydrophobic interac-
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tions. What is actually happening around these
triatomic anion in proteins? Are the anion fur-
ther oriented by hydrogen bonding to neighbor-
ing atoms in the case of cation-anion binding?
What specific properties are responsible for tight
and selective binding of the ligands?

The PDB contains just a few examples of pro-
tein structures involving either thiocyanate (5
structures) or azide anions (14 structures); only
half of them were reported in papers. All cur-

rently available protein structures containing
these anions are listed in Tables I and II (for thio-
cyanate and azide respectively). These structures
vary with respect to the functional roles of the
proteins and the species from which they were
derived; some of the proteins were chemically
modified; others show several crystalline modifi-
cations. We will start with the analysis of the
proteins containing the SCN units.

TABLE I Macromolecular structures containing thiocyanate entity

Refcode Protein Fragment Source Resolution Reference
1TEW Lysozyme SCN Turkey EGG white 1.65 71
6EBX Erabutoxin-b SCN Sea-snake venome 2.0 [8]
2CA2 Carbonic anhydrase 11 Zn-NCS Human 19 [10]
2FAM Myoglobin Fe-SCN Sea hare 2.0 11}
2TCI Thiocyanate insulin Zn-NCS Sus scrofa, pig 1.8 [9]

TABLE II Macromolecular structures containing azide entity

Code Protein Fragment Resolution  References
1ASQ Ascorbate Oxidase (Oxidoreductase) NNN-Cu-NNN 2.3 [14]
1CVA Carbonic Anhydrase II (Lyase, oxo-acid) Zn-NNN 23 [17}
1HR3 Hemerythrin (Oxygen transport) Fe-NNN 5.5 [18]
2HMZ  Hemerythrin (Adizomet) (Oxygen transport) Fe-NNN 1.7 {18]
1ISC Iron(IlI)Superoxide Dismutase (Oxidoreductase) Fe-NNN 1.8 [12]

1IMNG Mn Superoxide Dismutase (Oxidoreductase) Mn-NNN 18 [12]
1RAY Carbonic Anhydrase II (Lyase, oxo-acid) Zn-NNN 1.8 [17}
1ISWM  Mioglobin (Fe) (Oxygen transport) Fe-NNN 1.8 [19]
1UGB Human Carbonic Anhydrase II (Lyase, oxo-acid) Zn-NNN 20 [17]
1UGF Human Carbonic Anhydrase II (Lyase(oxo-acid) Zn-NNN 2.0 [17]
1VNC Chloroperoxidase from the Fungus (Oxidoreductase) V-NNN 21 [13}
2MHR  Myohemerythrin (Oxygen transport) Fe-NNN 1.7 (18]
2NAD NAD-dependent formate dehydrogenase (Oxidoreductase) NNN 2.0 [16]
2TSB Azurin mutant M121A (Electron transport) Cu-NNN 23 [20]
SMBA  Mioglobin (Fe) (Oxygen storage) Fe-NNN 1.9 [19]
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1.1. Thiocyanate binding

Two proteins, lysozyme, 1TEW, [7] and erabu-
toxin-b, 6EBX, [8] were crystallised from thiocy-
anate and contain SCN in the anionic form. In
the hexagonal form of turkey egg white lys-
ozyme, the anion acts as a bridge between two
symmetry related molecules: a pair of H-bonds
involving the S atom (S...NH, and S...H,0O)
links the anion with an arginine residue of the
protein molecule and with a water molecule. The
other terminal nitrogen atom, by means of a pair
of H-bonds and through water molecules
(N...HOH) binds the anion with a symmetry
related molecule of protein. In erabutoxin-b, a
post-synaptic neurotoxin isolated from the
venom of the sea-snake Laticauda semifasciata, the
thiocyanate anion is located in a polar cleft
formed by three molecules (two crystallographi-
cally independent, A and B, and the third one
symmetry related to A. The contacts N...OG
Ser23B (2.68 A) and N...NH Arg33A (3.26 A) can
be interpreted as H-bonds with polar residues.
Sulfur is located as far as 3.31 A from the oxygen
of Cys54B and 3.43 A from the water molecule
which bridges two crystallographically inde-
pendent molecules. Thus, thiocyanate is seen to
act as an anionic bridge between the different
protein molecules.

In two proteins, thiocyanate insulin, 2TCI, [9]
and carbonic anhydrase, 2CA2, [10] we find SCN
bonded to zinc. In hexameric insulin, the linear
anion occupies a special position on the
three-fold axis and is located between three sym-
metry related protein molecules. The bond dis-
tance Zn-N and bond angle Z(ZnNC) are equal
to 1.69 A and 180° respectively. The terminal sul-
fur is located in a hydrophobic region. In the car-
bonic anhydrase complex, the SCN anion is
bonded to the pentacoordinated zinc along with
a water molecule and three histidine residues
(Zn-N 1.91 A, Z(ZnNC) 173°). The terminal sul-
fur sits in a hydrophobic pocket, but is at a dis-
tance of 4.1 A from a backbone NH (Thr199).
This is the site of the “deep” water which is sup-

FIGURE 1 Trinuclear copper cluster in 1ASQ. Two azides
(Azil and Azi2) coordinated to one copper cation as mon-
odentate ligands {See Color Plate V at the back of this issue)

posed to bind to Thr199 in the catalytic mecha-
nism, wherein SCN acts as an inhibitor. We
observe an intramolecular contact (HOH...N)
between two neighbouring zinc ligands H,O
and NCS.

In the sea hare myoglobin (Aplysia Limacina)
(ferric) complex with SCN, 2FAM [11], SCN is
coordinated to the haem iron through the S atom,
and the terminal nitrogen forms two H-bonds
with an arginine residue and a water molecule.

1.2. Azide binding

The enzymes with azide can be divided into sev-
eral classes on the basis of their biological func-
tions: oxidoreductases (1ASQ, 1ISC, 1IMNG,
1VNC and 2NAD); carbonic anhydrases (1CVA,
1RAY, 1TUGB and 1UGEF); oxygen transport
enzymes (1HR3, 2HMZ, 1SWM, 5MBA); elec-
tron transport enzyme (2TSB); oxygen binding
enzyme(2MHR) (Table II).

Oxidoreductases: The manganese and the iron
superoxide dismutases, 11SC from escherichia coli
and IMNG, from thermus thermophilus, HB8 [12]
have a very similar structure of metal-azide
binding site. Both cations (Fe™ and Mn*3) are
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SCHEME 3 Azide binding in the trinuclear copper cluster as
derived from a) crystal structure of 1ASQ ([14] and b) the
spectroscopic model ([15]

six-coordinated by three histidines and one
aspartate oxygen (carboxyl with monodentate
mode) and by azide and a water molecule. Azide
binds between two equatorial histidine ligands
to complete a distorted octahedral coordination
of metal centre. In the structure of haloperoxi-
dase from the fungus curvularia inaequalis (IVNC)
[13] a pentavalent vanadium cation is covalently
bonded to the protein by histidine (His496) at
one of the axial positions of the trigonal bipy-
ramidal metal site. The azide binds to vanadium
in the axial position, another axial and equatorial
positions are occupied by hydroxides. Ascorbate
oxidase from zucchini (1ASQ) [14] contains a tri-
nuclear copper cluster in two crystallographi-
cally independent molecules. No bridges
between the copper atoms in either of the clus-
ters were observed, the Cu...Cu distances vary-
ing between 3.6 and 5.1 A. Crystallographic data
show that two azides are bound to the Cu atom
through one terminal nitrogen (Figurel and
Scheme 3, a). It should be noted, that the struc-
ture of trinuclear copper cluster with quite dif-
ferent (actually bridging) mode of azide binding
was determined by magnetic circular dichroism
study and reported in [15] (Scheme 3, b).

The asymmetric unit of NAD-dependent for-
mate dehydrogenase complex (2NAD from
methylotrophic bacterium pseudomonas sp. 101) [16]
contains a dimer with two chemically identical
subunits related by a non-crystallographic
two-fold axis. NAD (nicotinamide-ade-

nine-dinucleotide) is bound in the cleft separat-
ing the catalytic domains and mainly interacts
with residues from the co-enzyme binding
domain. An azide anion is located near the point
of catalysis, in the proximity of NAD.

Carbonic anhydrases II (1CVA, 1RAY, 1UGB
and 1UGF) (Homo Sapiens) [17] catalyzes the
reversible formation of bicarbonate and a proton
from water molecule and carbon dioxide. Cata-
lytic sites are mononuclear, the zinc cation is tet-
rahedral, coordinated by three His-N ligands
(namely His94, His9% and His119) and azide
anion. Although azide often facilitates the crys-
tallization of carbonic anhydrase, this small
anion does not cause any significant structural
changes in the enzyme active site. Importantly,
the azide binding at pH 8.0 has implication for
the zinc-binding mode of the catalytic bicarbo-
nate ion, as a competitive inhibitor.

Oxygen transport and binding proteins are
structurally different. Non-haem iron proteins, as
hemerythrin (1HR3 from siphonosoma species
near siphonosoma funafati; 2HMZ, from sipunculid
worm) and myohemetytrin (2MHR from sipun-
culid worm) [18} include the binuclear iron cluster
which consists of two iron atoms bridged by a
u-oxygen atom. Both iron atoms are hexa-coordi-
nated. Two carboxylate groups of a glutamate
and an aspartate are bonded to both cations, the
other ligands are nitrogen atoms of three histi-
dines at one of the Fe cations, while the other one
is coordinated by two hystidines and an azide
anion. Mioglobin Fe (1SWM from sperm whale-
and 5MBA from sea hare) [19] is a conjugated
protein which is the oxygen transporting pig-
ment of muscule. It is made up of one globin
polypeptide chain and one haem group. This
haem group contains the iron cation surrounded
by four equatorial nitrogen atoms from pro-
toporphyrin and two axial groups, histidine and
azide. The azide is oriented towards the outer
part of the distal site crevice.

Electron transport enzyme: Azurin mutant
M121A (2TSB from escherichia coli) [20]. There
are four molecules per asymmetric unit in this
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form. Four copper clusters are quite similar. The
coordination is best described as trigonal bipy-
ramidal, with Cu*? tetracoordinated by two hys-
tidine ligands, azide and by sulfur of Cys112.
Evidently, the azide-containing proteins
exhibit a magnificent variety of cation sites hav-
ing a multitude of chemical and structural prop-
erties. Consequently, the azide roles differ both
functionally and structurally. With the exception
of NAD-dependent formate dehydrogenase

complex (2NAD), in all extracted proteins azide
is an exogenous ligand bonded to tetra-, penta-
or hexacoordinated metal atom (Fe, Zn, Cu, Mn
or V cations). In all macromolecules azide shows
an unidentate mode of binding to metal
(Scheme 2, A). Geometrical parameters of
metal-azide interaction are listed in Table IIL
The values of cation-azide distance vary from
1.80 to 2.19 A and bond angles MNN span the
range from 90 to 145°.

TABLE IIl Geometry of azide binding sites in macromolecules. Metal-azide interaction

PDB code Cation Unit® Distance, (A) M-N1

Angle, (°) MNIN2 Torsion, (°) MNIN2N3

1ASQ Cu*? A:a 2.19 124 146
Cu*? b 1.93 108 -62

Cu*? B:a 2.09 126 160

Cu*? b 2.02 109 ~114

1CVA Zn*? 2.04 ) 175
2HMZ Fe*? A 212 123 100
Fet3 B: 2.06 130 38

Fe*3 C: 2.14 125 -71

Fe®3 D: 2.04 124 -155

11SC Fe'3 A 2.09 117 -36
Fe*? B: 2.16 116 —45

1IMNG Mn*3 A: 2.30 141 42
Mn*3 B: 216 145 43

1RAY Zn*? 2.02 112 180
1SWM Fe*? 207 117 172

1UGB Zn*? 1.97 90 -177
1UGF Zn*? 1.80 116 -70
1VNC \Y 1.98 136 165
2MHR Fe*3 211 127 58
2TSB Cu*? A 2.00 142 131
Cu*? B: 2.02 132 45

Cu'? C: 207 144 177

5MBA Fe*3 2.08 122 176

a. A, B, etc are used to distinguish different subunits in the same protein molecule; a and b are used to distinguish different

fragments in the same metal cluster.
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We'll now focus our attention on other type of ~ positions and we consider the appropriate
azide interactions, viz., its non-covalent environ-  groups as possible hydrogen donors if the dis-
ment. It is to be emphasized that in most cases  tance N...HD(N/O) is within 3.4 A (Table IV).
we do not have information on the hydrogen

TABLE IV Geometry of azide binding sites in macromolecules. Non-covalent interactions around the fragment M-N1-N2-N3,
(N...H-N/O<344)

PDB code Unit? N; Donor group Distance, (A) N;...Donor Angle, (°) DNIN2

2NAD A: N1 Arg284(NH1) 312 163

N1 Arg284(NH2) 3.38 125

N1 His332(NE2) 3.34 119

N3 Asn146(ND2) 2.79 139

N3 1le122{NH) 2.97 110

B: N1 Arg284(NH1) 2.99 159

N1 Arg284(NH2) 2.99 120

N1 His332(NE2) 3.34 119

N3 Asn(ND2) 2.94 143

N3 He122(NH) 2.94 120

1ASQ A:a N3 H,O 2.53 121

N3 H,O 2.77 115

N1 H,O 2.98 108

b N3 H,O 3.09 119

N3 Hy,O 3.34 143

B:a N3 H,O 3.12 121

N3 H,O 3.30 136
b N1 H,O 3.38 98

N3 H,O 2.51 113

1CVA N3 Val199(NH) 3.16 103
1ISC A: N1 H,O 3.08 110
N3 His31(NH) 3.00 133

B: N3 His31(NH) 3.04 130

IMNG A: N3 Tyr36(0OH) 1.60 101
N3 H,O 3.20 119

B: N3 Tyr36(OH) 2.60 115

N3 HO 3.40 121

1IRAY N1 H,O 2,55 124
N3 Leul98(NH) 3.40 91

1SWM N1 His64(NE2) 291 115
1UGF N2 N,O 2.69 101
N3 Leul98(NH) 3.44 87

N3 H,O 3.26 115

1UGB N1 Thr99(0G1) 2.67 100
5MBA N3 Argb6(NH2) 2.79 146

a. A, B, etc are used to distinguish different subunits in the same protein molecule; a and b are used to distinguish different
fragments in the same metal cluster.
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The unique example of azide in discrete form
is observed in the structure of ZNAD. The struc-
ture of azide site in both crystallographically
independent molecules is similar and only one
molecule is presented in Figure 2, a. The azide
anion binds with the protein ligands via multiple
H-bonding involving both of its terminal nitro-
gen atoms (Figure 2, b and Table IV). One termi-
nal nitrogen atom participates in the strong
H-bonding with NH of main chain of Ile122
(N3... HN 2.97 in A and 2.94 A in B molecules)
and with amino group of Asn146 (N3... HN 2.79
in A and 2.94 A in B). The second terminal nitro-
gen atom is in a very good position with Arg284.
Both distances N1... HN {3.12 and 3.38 in A and
2.99 A in B) may be interpreted as a three-cen-
tred hydrogen bonding. The distance N1..NE2
3.34 A with histidine probably corresponds to a
weak H-bonding. The azide unit is nearly paral-
lel to the plane of the NAD nicotinamide aro-
matic cycle and the distances between azide
atoms and the cyclic atoms are in the range of
2.80 — 430 A. The short distance N3...H-Cy?
with Phe98 (N... HC 3.37 A) is also noteworthy.

It is important to emphasize that in carbonic
anhydrase II structures all zinc ligands patici-
pate in H-bonding. These non-covalent interac-
tions increase the zinc affinity by a factor of
about 10 [21]. In all structures azide is H-bonded
differently: a) by the only terminal nitrogen
(non-covalently bonded with a metal) with NH
of main chain of Val199 (N3... HN of 3.16 A) in
1CVA (Scheme 4, a); b) by the only nitrogen
atom bonded to Zn in H-bonding with Thr199
(N1...HO of 2.67 A) in 1TUGB (Scheme 4, b); ¢) by
both azide ends, with main chain of Leul89
(N3... HN of 340 A) and a water molecule
(N1...H,O of 2.55 A) (Scheme 4, c); d) by central
azide nitrogen atom bonded to a water molecule
(N2...H,O of 2.69 A) in 1RAY and e) twice
through one of the terminal atoms (N3...HO
3.36, N3... HN 3.40 A Leu198) in 1UGF.

In manganese and iron superoxide dis-
mutases, 1ISC and 1MNG, azide is H-bonded
mainly througth the terminal nitrogen atom.

NAD394

Phe98

(b)

FIGURE 2 NAD-depend formate dehydrogenase complex
(2NAD): a) Azide anion (blue colour) is located near the
point of catalysis (catalytic site) in the proximity of NAD
(yellow colour); b) Environment of azide. Hydrogen bonds
are indicated with dashed lines (See Color Plate VI at the
back of this issue)
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There are two hydrogen bonds in each of inde-
pendent molecules of IMNG: N3... HO (Tyr36)
and N3...H,O. In 1ISC the terminal nitrogen
atom of azide is H-bonded with His31 (N3... HN
of 3.02 A) and in A molecules there is a water
molecule at the distance of 3.08 A from the azide
N1 atom coordinated with iron.

In myoglobin structures only terminal nitro-
gen atoms are involved in H-bonding: N3... HN
(His64) of 291 A in 1SWM and
N3...NHy(Arg66) of 2.79 A in SMBA.

In the trinuclear copper cluster of ascorbate
oxidase 1ASQ some water molecules in the
proximity of the azide ligand with the N...H,O
distances varying from 253 to 338 A were
reported.

In proteins 2HMZ, 1VNC, 2MHR and 2TSB
the azide unit is in exclusively hydrophobic
environement, and forms a short contacts (less
then 3.4 A) with the carbon atoms of the cyclic
systems (Phe, His, Trp or Tyr).

This preliminary analysis of anion sites in pro-
teins with the known crystal structures shows
that in some cases the interpretation of observed
results is not straightforward. Anion coordina-
tion which is based on the deposited coordi-
nates, shows that the atoms used to satisfy the
electron density calculated from the observed
intensities do not give a chemically reasonable
description of anion site geometry. This is best
illustrated by the two above mentioned pro-
posed models of azide coordination in trinuclear
copper complex of ascorbate oxidaze. The large
cavity limited by three copper atoms of the clus-
ter seems to be sufficiently large to accommo-

R N‘N-Ns‘ D-H‘~

M 'H_D - N-N-N

M

a b

date another type of azide binding. At least one
azide can be bound to two copper atoms as a
bridge. Analysis of hydrogen bonding is the
most complicated part of the protein structure
study. The irregularity of azide environment and
considerable variations in in bond distances
between the azide atoms and donor groups in
the asymmetric units of proteins are observed
(Table IV). Thus the limited number and some-
times rather low accuracy of the crystal struc-
tures for anion-containing proteins does not
allow us to carry out a systematic and detailed
analysis of real patterns in anion interaction
geometry using only protein structural data. It
turns out however, that such analysis may bene-
fit substantially through the extensive use of
small molecule structural information.

2. Metal-anion interaction in small molecule
structures

This section deals with the results of the system-
atic analysis of the geometrical characteristics of
the azido, thiocyanato and isothiocyanato func-
tional groups and their immediate chemical
environments performed with the help of the
Cambridge Structural Database (CSD, [4]). The
main purpose of the study is the detailed
description of structural metrics relationships in
free and covalently bonded anionic entities
based on the atomic coordinates retrieved from
the small molecule structures deposited in CSD.
Some of the results (mostly concerning
metal-thiocyanate interactions) were reported
earlier {22].

SCHEME 4 Modes of H-bonding in M-NNN fragment
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TABLE V Number of SCN fragments with various modes of
metal complexation. Definition of interaction modes is given
in Scheme 1

TABLE VI Number of metal-azide fragments with various
modes of complexation. Definition of interaction modes is
given in Scheme 2

Metal/Mode A D E F G N total

1a:
Li 21 0 3 0 1 25
Na 18 0 1 0 1 20
K? 21 3 30 6 33
Rb? 0 3
Cs? 1 4
2a:
Mg 5 0 0 0 0 5
Ca 14 0 0 0 0 14
Sr 0 0 0 0 7
Ba 0 1 0 0 7
3a:
Al 2 0 0 0 0 2
T 1 2 0 0
1b:
Cu 89 8 0 3 36 118
Ag 0 6 3 8 13
Au 0 7 0 ¢ 1 8
2b:
Zn 21 0 0 0 0 21
Cd 12 1 1 0 10 24
Hg 0 17 0 © 8 25
6b:
Cr 54 0 0 0 2 56
Mo 153 0 0 ¢ 2 155
7b:
Mn 36 0 0 ¢ 2 38
Tc 4 0 0 0 0 4
Re 13 0 0 0 13
8:
Fe 49 1 g 0 1 51
Ru 2 0 0 0 2 4
Os 0 0 0 1 0 1
Co 94 3 0 0 1 98
Rh 0 4 0 0 0 4
Ir 0 2 0 1 0 3
Ni 188 0 1 0 8 197
Pd 16 17 0 O 5 38
Pt 1 8 0 0 0 9

Notes: The digits in bold characters, represent the number
of structures considered for the geometrical analysis.

a. Cations prefer to interact with n-system of thiocyanate,
(B and C modes of coordination, Scheme 1).

Metal/Mode A B C
Cu 73 47 20
Mo 36 2 0
Co 32 0 1
Ni 2 20 16
Mn 19 1 1
Fe 11 0
Zn 3 10 0
Sum? 196 80 38
AllP 270 109 50

Notes: The digits in bold characters, represent the number
of structures considered for the geometrical analysis.

a. Only fragments which occerences number is more 10
were considered;

b. Total number of retrieved fragments. All metals were
considered.

2.1. Modes of coordination

We probe metal-anion interactions within sev-
eral groups of elements of different size, charge
and valence state. The following metals were
analysed: alkali and alkaline-earth metals; the
zinc and copper metal groups, transition metals;
elements of group 7, trivalent metals. The search
for small molecule crystal structures containing
the metal-anion group resulted in 251 structures
with azide and more than 850 structures with
thiocyanate. Preliminary structural data analy-
sis shows that all modes of anion coordination
are realised; however the rates of their occur-
rences differ considerably.

The preferred types of interaction of the SCN
with the metal cations are unidentate either
through nitrogen or sulfur atoms (Table V, A
and D), or bridging (most favoured G type)
(Scheme 1) coordination modes. In 80% of all
reported cases the metal is bound through the
terminal N atom, in 9% through the S atom and
in the remaining 11% the SCN entity acts as a
bidentate ligand, i.e. it is coordinated at both
ends. The azide also shows a preference for
binding to a single metal center (62%) (Table VI).
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FIGURE 3 Pluto diagram illustrating coexistence of two dif-
ferent modes of coordination {(Cu-SCN and Cu-NCS) in
SAHDAU

However the rate of occurences of azides
bonded to two metal centres is significantly
higher (25%) than for SCN. Azide is coordinated
at both ends (mode C, Scheme 2) as well as the
thiocyanate, in 12%.

Although the anions are coordinated to a
broad range of metals, the major part of the
structures features coordination to Ni, Mo, Co,
Cu, Fe and Mn ions. Other metals are either
much more rare or occur in trace {or ultratrace)
quantities.

Thiocyanate binds with Ni, Mo, Co, Cr, Fe and
Mn through nitrogen. In a few cases (Cu, Ag, Cd,
Hg) its shows non-negligible bridging mode of
binding. S-Coordination was observed only for
Ag, Au, Hg, Pd and Pt complexes. The coex-
istance of two different modes of coordination in
the same crystal has also been reported in a few
cases (Figures 3 and 4). The peculiarities of thio-
cyanate binding with the alkali and alka-
line-earth metals deserve a special mention.

FIGURE 4 Pluto diagram illustrating coexistence of two dif-
ferent modes of coordination — by one terminal atom and /or
forming the bridge-bonding in BULTUX

Whereas the lighter elements bind neatly in the
A mode, heavier metals (M=K, Rb and Cs) prefer
to interact with the n-system of thiocyanate
(modes B and C) with no distinct acceptor S or N
atoms (Figure 5).

SCN
5o
[ e ] N C S
o o @.@_@
Lo | ““ %

POTCOE a7 ae

FIGURE 5 Pluto diagram illustrating lateral mode of coordi-
nation in POTCOE. Distances Rb...S 3.76, Rb...C 3.20,
Rb...N 3.17 A and bond angles £(RbSC) 58, £(RbCS) 96, £
(RbNC) 81° show B or C mode
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TABLE VII Mean values of the geometrical parameters with mean SD for the geometry of differently substituted azides.

Definition of interaction modes is given in Scheme 2

Mode/Parameter NNN A B C R?
N1-N2 1.158(5) 1.175(2) 1.202(5) 1.170(4) 1.220(3)
N2-N3 1.159(5) 1.151(2) 1.149(7) 1.171(3) 1.130(2)
N1...N3 2.317(7) 2.325(3) 2.3517) 2.370(5) 2.344(3)
LZ(NIN2N3) 179.0(3) 176.0(2) 178.0(3) 177.6(2) 172.5(2)
M-N1 2.050(8) 2.12(2) 2.18(2) 1.51(1)
M-N3 2.18(3)

Z(MNIN2) 126.4(5) 124.7(7) 131(2) 115.9(2)
Z(MN3N2) 131(2)
N obs 19 270 109 50 208

a. R=C B, P, SiandIin R-NNN compounds

TABLE VIl Mean values of the geometrical parameters with
mean SD for M...NNN. (Nitrogen cov. rad. = 0.70 Ay

Metal  Nobs M..N <(MNN) sum of cov.

Cu 73 1.996(9) 126.1(9) 2.05
Mo 36 2.09(1) 128(1) 2.10
Co 32 1.964(6) 122.3(8) 2.02
Ni 2 2.06(2) 128(1) 2.09
Mn 19 2.07(3) 129(3) 2.07
Fe 11 2.001(2) 127(1) 1.93
Zn® 10 1.99(1) 125(1) 201

a. All values for covalent and ionic radii from Wells {23].
b. Zn-NNN-Zn complexes were considered.

Azide shows a preference of binding in A
mode with Mo, Co, Mn and Fe cations. There is a
definite preference for binding twice through
one terminal nitrogen (B mode) in case of the Zn
complexes. With two cations, Cu and Ni, azide
shows all modes of coordinations.

Metal complexes with thiocyanate or azide
exhibit several coordination numbers and a vari-
ety of metal oxidation states. Cu and Ni have a
oxidation state of I in all cases with coordination
numbers ranging from 4 to 6. Co has oxidation
states II and 11l with coordination numbers 4, 5
and 6. Fe may have oxidation states Il and IIl and
coordination numbers 5, 6 and 7. Mn has oxida-

tion states II, III and IV and coordination num-
bers in the range from 4 to 7.

2.2. Geometrical characteristics of metal-anion
binding

In order to characterize the metal -anion interac-
tions we selected only the unidentate fragments
of type A and D for thiocyanate (Schemes 1) as
all other cases cover just a small portion of all
structures. In azide complexes all modes were
considered.

Each mode of azide binding is associated with
the characteristic values of M-N1 distance and £
(MN1N2) angle. Thus for the A, B and C modes
these values are 2.050(8), 2.12(2), 2.18(2) A and
126.(4)°, 124.7(7) and 131(2)°respectively (Table
VII). Further subdivision of structures according
to the type of cations indicates that the bond
parameters vary very slightly (Table VIII). We
did not find any obvious correlation betwen the
metal-azide geometry metrics and metal oxida-
tion state or coordination number.

The different situation is observed in thiocy-
anate complexes. The mean values of bond dis-
tance M...N and valence angle Z(MNC) for each
metal are listed in Table IX. The M-NCS frag-
ment geometry shows larger variations in the
M...N distance as well as significant variations
in the angles at the N atom.
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TABLE IX Mean values of the geometrical parameters with
mean SD for M...NCS. (Nitrogen: ionic rad. = 1.46 A, cov.
rad. =0.70 A)*

sum of fonic  sum of cov.

Metal  Nobs M..N <(MNC) radii® radii®

la:

Li 22 1.987(7) 168(2) 2.06
Na 20 2.38(1) 150(3) 241
K 28 2.85(2) 133(4) 2.79
2a:

Mg 10 2.093(8) 169(1) 2.11
Ca 31 2437(8) 160(2) 2.45
Sr 18 2.624(5) 161(2) 2.59
Ba 13 2.84(1) 152(4) 2.81
1b:

Cu(all) 135 2.03(1) 162(1) 2.05

Culclust)? 104 1.944(5) 166.1(6)

2b:

Zn 33 1.99(1) 163(4) 2.01
Cd 24 228(2) 152(3) 2.18
6b:

Cr 54  1.983(3) 170.6(8) 1.99
Mo 153 2.124(5) 168.5(5) 2.14
7b:

Mn 55 2.04(1) 171(1) 2.07
Re 41 2.163(8) 160(1)

VIl

Fe 74 2.043(7) 166(1) 1.93
Cof(all) 185 1.983(5) 167.8(6) 2.02

Co(III) 120 1.934(3) 169.4(6)
Co(II) 65 2.074(4) 165(1)
Ni(all) 301 2.043(4) 165.8(5) 2.09
Ni(4,5) 38 1.893(9) 171.1(9)
Ni(6) 263 2.065(2) 165.1(5)
Pd 15 2.027(7) 166(1) 211

a. All values for covalent and ionic radii from Wells [23].
b. The cluster corresponds to the most populated area.

The binding of thiocyanate anion with the
alkali and alkaline-earth metals (la and 2a) is
essentially ionic. The size of the cation may influ-
ence its disposition relative to the delocalized
thiocyanate (Figure 6): the smaller cations (Li*,
Na* and Mg*?) clearly interact solely with nitro-
gen, whereas the larger ones (e.g., K* and Ba™?)
prefer to interact with a larger part of the linear
anion (n-system of SCN). Thus, it appears that
there is a correlation between the jonic radius
and the M-NCS angle (Figure 7).

The interactions with other metals show a pre-
dominantly covalent character. Comparison of
the metal-thiocyanate geometry for different
metals within the same group shows that the
larger cations prefer interacting with many cen-
tres (n-system of C-N bond) as was observed for
alkali and alkaline-earth-metals. Thus, the cati-
ons Zn and Cd or Mn and Re show different
positions above the delocalized SCN (Figure 8).
The geometrical parameters of Zn...NCS [mean
1.99(1) A and 163(4)°] differ from those for Cd
[2.28(2) A and 152(3)°]. The mean values of bond
and angle distances Mn...NCS and Re...NCS are
2.04(1) A, 171(1)° and 2.163(8) A, 160(1)°.

Among the group 8 metals the thiocyanate
complexes were reported only for Fe, Co, Ni,
and Pd; all of them are M-N-bonded. Two clus-
ters in the cobalt complex correlation diagram
(Figure 9, a) correspond to different oxidation
states of Co: the larger Co-N distance [2.074(4)
A] indicates a six-coordinated Co(I) complex
while the shorter Co-N distance [m.v. 1.934(3) A]
is usually observed for 4- or 5- coordinated
Co(II) and for 6- coordinated Co(III). The geome-
try of Ni-complexes shows a good example of
geometry versus coordination number correla-
tion (Figure 9, b). The small cluster (38 observa-
tions) [1.893(9) A, 171.1(9)°] corresponds to 4 or 5
coordinated Ni(II), whereas the second cluster
(263 observations) with the larger distance
[2.065(2) A] and valency angle [165.1(5)°] corre-
sponds to 6-coordinated Ni(II) only. This is in
accordance with the well-known fact, that the
covalent radius for a given cation increases
together with the coordination number [23].
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FIGURE 6 Scatterplots of distances M...N wversus Z(MNC). (a) — alkali metals; (b) — alkaline earth metals. The circles are Li (a)
and Mg (b); triangles are Na (a) and (Ca); rhombs are K {a) and Sr (b); squares are (Ba). Black symbols correspond to the mean

values for each metal

TABLE X Average value of M...SCN geometry (with mean
SD) (sulfur: ionic rad. = 1.84 A, cov.rad. = 1.04 A?)

M Nobs M...S <(MSC) ionicradii  cov. radii

Cu® 16 2.57(7) 98(2) 2.80 2.39
Ag 10 2.53(8) 102(2) 3.10 2.57
Au 12 2.54(8) 102(2) 3.21 2.54
Hg 77 2.507(9)  99.0(4) 2.94 2.52
Pd 25 2.351(7)  106.2(8) 2.41
Pt 13 2.36(2)  106.4(9) 2.43

a, All values for covalent and ionic radii from Wells [23].

The geometry of M...SCN fragments shows
that M...SCN distances are in the range from
2.351(7) A (Pd) to 2.57(7) A (Cu) (which corre-
sponds to the predominantly covalent bonding),
and the valence angle Z/(MSC) is characterized
by a relatively small dispersion [98(2) -
106.4(9)°] (Table X). We can distinguish only two
different clusters belonging to Hg and Pd, Pt
(Figure 10). The discrete tail above 2.6 A corre-

sponds to interactions with the partial ionic char-
acter for some metals such as Ag, Au, Cu [23].

2.3 Structural metrics relationships
of covalently bonded azide and thiocyanate

The geometry and electronic structure of SCN as
well as its thiocyanato and isotiocyanato deriva-
tives have been studied in a series of experimen-
tal [24] and theoretical papers [25]. Theoretical
aspects and the electronic structure of covalent
azides have been reviewed earlier by Treinin
and Kaftory [26] and more recently by Klapotke
[27]. The structure of azido- and thiocyanato-
groups in solid state was also briefly covered in a
review of triply-bonded functional groups [28].
The large number of observations we collected
allows us to analyze the influence of covalent
bonding on the internal geometry of azide and
thiocyanate. We retrieved from CSD all struc-
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FIGURE 7 Correlation of the bond distances (solid line) and angles (dashed lines) versus ionic radii: (a) ~ alkali metals and (b) -

alkaline earth metals
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FIGURE 8 Scatterplots of distances M...N versus Z(MNC) in
the metal complexes of the 7b group. The circles are Mn and
triangles are Re. Black symbols correspond to the mean val-
ues for each metal.

tures with the NNN and SCN fragments bonded
to a metal or a non-metal atom as well as all
these units in the anionic form.

The average dimensions of the non-bonded
SCN are: S-C 1.624(4), C-N 1.137(5) A, Z(SCN)
175.7(4) (Table XI). Taking into account the
experimental accuracy, we assumed SCN group
to be perfectly linear thus complying with the
C.ypoint-group symmetry. In covalently
bonded thiocyanate we find practically no varia-
tion in the C-N bond length and SCN bond angle
regardless of the binding mode. But the S-C
bond is much more sensitive to both the mode of
coordination (by sulfur or by nitrogen) and the
nature of the partner. The extreme values [the
shortest in SCN-R 1.574(5) A and the longest in
R-SCN 1.683(5) A] belong to the bonds with a
non-metallic ligand (“pure covalent”). This
peculiarity may be explained by different contri-
butions of the limiting canonic forms in both
cases. Thus, the bonding in the SCN-R system is
determined primarily by the charge-smeared
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FIGURE 9 Scatterplots of distances M...N versus Z(MNC) in the metal complexes of the 8 group. Black symbols correspond to

the mean values for each metal
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FIGURE 10 Scatterplots of distances M...5 versus Z(MSC).
The preference areas corresponding to Hg and Pt, Pd are
shown

S=C=N-R and 'S=C-N'-R components rather
than by the '5-C=N"-R form, whereas the R-SCN
mode of coordination, on the contrary, features a
greater contribution of uncharged R-S-C=N
bonding pattern than that of the R-S'=C=N-
mesomer. Similar behaviour of the S-C bond
length is observed in metal complexes, although
the difference in these cases is less obvious
[1.621(1) A in SCN-M and 1.648(4) A in M-SCN].

The azide in the ionic form has a D.}, symme-
try, with a mean value of the Z/NNN 179(2)° and
N-N bond of 1.158(4) A. This corresponds well to
the proposed resonance between the three
canonical structures (Ia) - (Ic) [23]: (Ia)
"N=N"=N", (Ib)"N-N*=N and (Ic¢) N=N*-N". As
well as thiocyanate, the azide unit is nearly lin-
ear in all modes of binding with the metal (Table
VII). The average values of Z(NIN2N3) are
176.0(2) in A mode, 178.0(3) in B and 177.6(2)° in
C. In both unidentate modes A and B the differ-
ence between the N-N distances is not negligible,
0.024 A for A mode and 0.05 A for B mode. Com-
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parison of these distances with the metric of dis-
crete azide shows clearly that the NI-N2
distances are elongated by 0.02 -0.05 A and the
N2-N3 distances are shortened by 0.01 A. In the
bridging mode C both N-N bond distances are
identical, but both of them are elongated by 0.02
A as compared to the typical value for
non-bonded azide. In the azide covalently
bonded to non-metallic atom the distortion of
N-N-N unit is more evident, with the «
N1-N2-N3 of 172.6(2)° and with two signifi-
cantly different (A=0.1) N-N bond lengths,
N2-N3 of 1.128(2) A and N1-N2 of 1.222(3) A.
The relationships in these triatomic fragments
exhibit that the triple-bond character of the ter-
minal N2-N3 bond increases as the single-bond
character of N1-N2 decreases which may be
associated with the non-uniform contributions of
the limiting canonic forms, that of (2b) being
obviously overwhelmingly higher than that of
(2c): (2a) R-N=N*=N", (2b) R-N-N*=N, (2¢)
R-N*=N*-N"[23].

The covalent binding significantly influences
the values of all bond parameters. The equiva-
lent N-N bond distances and linearity of
non-bonded azide indicate that the most impor-
tant factor in the system is the n-delocalisation
over the triatomic unit (i.e. resonance). On the
other hand, in covalently bonded azide there is a
competition between resonance and a strong
negative (anionic) hyperconjugation [29] which
donates electron density from the filled ¢ (R-N1)
orbital into the unfilled, antibonded u*(NZ-N?))
orbital. Negative hyperconjugation is important
in charged and neutral systems as well. Substitu-
tion effect reduces the azide unit symmetry from
aD,,to CS'

3. How metal cations can modulate the
hydrogen bonding of thiocyanate and azide

The role of the metal cation in the three-dimen-
sional H-bond network is unclear. It may act as a

template, dictating the orientation of the remote
hydrogen bonding surfaces as a consequence of
the stereochemical preferences of the cation. On
the other hand, the metal cation may exert a spe-
cific electronic influence on the groups at the
remote hydrogen bonding site, thereby provid-
ing a means for tuning the strength of intermo-
lecular interactions. To be able to discuss the
H-bonding capability of the metal bonded anions,
we have to compare it with that in the discrete
anions. Our next immediate task is to present a
survey of the molecular recognition properties of
these functional groups derived from their
non-bonded interactions in the solid state.

TABLE XI Comparative analysis of the internal geometry of
differently substituted thiocyanates

fragment{parameter S-C C-N  <(SCN) Nobs

SCN-R? 1.574(5) 1.153(5) 176.8(3) 42
SCN-M (all)  1.621(1) 1.146(1) 177.09) 1724
(covl  1.621(1) 1.150(1) 177.5(1) 905
(ionic)* 1.626(3) 1.147(2) 177.(1) 155

Discrete SCN 1.624(4) 1.137(5) 175.7(4) 258
M-SCN 1.648(4) 1.152(3) 176.4(4) 227
R%-SCN 1.683(5) 1.147(4) 176.0(4) 30

a. R=C, B, P, Si and As in SCN-R and C in R-SCN com-
pounds;

b. -only covalent M...NCS interactions

¢ -onlyionic M...NCS interactions.

TABLE XII Multiple H-bonding of thiocyanate and azide in
small molecule structures

SCN M-SCN M-NCS NNN M-NNN

H-bond/

Acceptor s N N B N N
1HB 34 36 9 103 7 18
2HB 20 39 6 47 2 9

3 HB 11 15 3 24 5 1

4 HD 21 4 10 3

>4HD 2 3

total 88 93 18 187 17 28
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FIGURE 11 Graphical representation of the preffered areas for H-donor groups distribution around the S- and N-acceptors.
N-H and O-H donors were merged together (See Color Plate VII at the back of this issue)

The structures with discrete azide which are
also rich in donor groups are quite rare. How-
ever the number of relevant structures with dis-
crete thiocyanate is sufficient for reasonable
analysis. Both anions appear to show a similar
accepting behaviour: in fact both are able to
accept vitually all types of hydrogen donors,
O-H and N-H groups forming strong hydrogen
bonding. As well as metal cations, the donor
groups (D) can interacts with the anions either
through the terminal atom (acceptor center A) or
interact with the m-system of the anion. Each of
the anions is also capable of binding via both ter-
minal atoms, thus forming a bridge. It was found
that in most cases (80%) anions bind to donor
group through both acceptor centers. An accep-
tor center of the anion forms a total of one, two
or three hydrogen bonds.

Each acceptor centre of SCN participates in a
single hydrogen bond only in 38% of all cases; in
62% of all structures at least one of the acceptor
centres is engaged in multiple H-bonding: in
most cases, the nitrogen atom binds twice (39

occurrences) but three and four H-bonds are also
observed in some structures (15 and 4 cases,
respectively; see Table XII) [30]. The occurrences
of two, three and four H-bonds around the sul-
fur are observed in 20, 11 and 21 cases, respec-
tively. In three fragments sulfur shows five- or
even six-fold coordination with H-donor groups.
Obviously, the discrete anion forms an almost
equivalent number of H-bonds at both ends. The
relative orientations of the donor groups are dif-
ferent around sulfur and nitrogen (Figure 11).
The observed preference of N-metal coordina-
tion leads mainly to data for H-bonding through
sulfur. For metal-bonded isothiocyanate we
encountered 309 H-bonds from 184 terminal sul-
furs and only 30 H-bonds from 18 terminal nitro-
gens for thiocyanate. Very small number of SCN
groups bonded to the metal atom through sulfur
is not sufficient for a detailed statistical study of
the accepting properties of terminal nitrogen.
Consequently, we shall limit the discussion to
the comparable statistics on sulfur as H-acceptor.
However, the details concerning the H-bonding
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FIGURE 12 H-bonding of the azide in KESVOT. DH...N distances (&) are shown. Numbering indicates the symmetry-related

molecules (See Color Plate VIII at the back of this issue)

of nitrogen will be illustrated using selected
structures.

Table XII shows that the multiple H-bonding
involving sulfur occurs much more rarely for
M-NCS than for the discrete anion. A single
hydrogen bonding is observed in 55% of all
occurrences when SCN is metal-bonded (com-
pared to 38% for the discrete anion). The
strength of the hydrogen bond is only slightly
influenced by the metal linked to the anion [30].

Discrete azide also participates in H-bonding
through both terminal nitrogens, in the struc-
tures rich in H-donor groups it normally forms
multiple hydrogen bonds (Table XII). Number of
H-bonds vary from 2 to 7. A good example of an
extensive H-bonding pattern around the azide
anion in the complex with 1, 2, 3-triaminogua-
nidinium (KEZVOT) is shown in Figure 12.

In azides bonded to metal the metal-coordi-
nated nitrogen usually forms no more than a sin-
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gle H-bond; the terminal N atom is usually
involved in one or two H-bonds. Considered
structures of covalently bonded azide with
non-metal atom are rich with donor groups (70
structures contain one or more donor groups but
in most cases the potential H-bonding partner
prefers another acceptor group such as carbo-
nyl). It was found, that the terminal nitrogen
atom of a covalently bonded azide participates
in hydrogen bonding only in a few structures
(DAHLIH, FIZDIB and VIRZUR) forming a
very weak H-bond with a hydroxy group:
(N...03.10,N...H2.74 A and £ at H 109°) [31].

DISCUSSION

From a chemical point of view, all types of inter-
actions realized in small molecules are identical
to those observed in macromolecules. Thus it
appears natural to compare the observations
obtained by statistical analysis of structural frag-
ments in small molecule structures to those in
macromolecules.

Both anions exhibit a rich variety of binding
modes with their partners, metals or H-donor
groups. In discrete form both of them show an
extremely high H-bond acceptor properties with
respect to OH or NH groups. Free anions, SCN
and NNN, have intermediate dimensions which
correspond well to the geometry with the net
charge on both terminal atoms being the same,
i.e. both terminal atoms are electron-rich and
thus have excessive negative charge whereas the
middle atom is electron-deficient and, hence,
positively charged. This agrees with the
observed identical ability of both terminal atoms
to accept a donor group. Two proteins, lys-
ozyme [7] and erabutoxin-b [8] containing the
SCN in anionic form and the unique example of
discrete azide in the structure of NAD [16] and
also, a multiple small molecule structures,
clearly demonstrate a non-covalent bridging
function of these anions.

Both anions form strong complexes with met-
als. The preferred mode of binding is unidentate
coordination. The bridging type of bonding (i.e.
coordination at both terminal atoms) is realised
in the same proportion for both anions (12% of
all considered fragments). In unidentate mode
SCN shows a preference to be bonded only to
one metal, whereas azide in many structures
binds twice (with two metal centres). The ambi-
dentate function of thiocyanate gives rise to a
linkage isomerism, ie. to N-thiocyanato and
S-thiocyanato complexes. The observations indi-
cate that the SCN anion most frequently binds
through the nitrogen atom.

Both anions are highly selective ligands. In the
terms of “hard/soft” concept [32] we can con-
clude that azide binds preferably with hard
(Mn?*, Co®") and borderline (Zn**, Cu?*, Ni**,
FeZ*, Fe**, Co%") cations. The selectivity of SCN
is determined also by the different nature of ter-
minal atoms. Thus it binds through the sulfur
atom only with Hg, Pt, Ag, Au, Pd and Cu cati-
ons. The N-thiocyanato complexes are formed
with alkali and alkaline-earth cations (those are
mostly ionic interactions) as well as with the
Ni**, Co?*, Co®, Fe?*, Fe*, Mn**, Mn**, Zn®*
and Cu?* cations (covalent binding).

In the sea hare myoglobin (Aplysia Limacina)
(ferric) complex with thiocyanate {11], the SCN
anion was reported to coordinate the haem iron
through the sulfur atom. As our analysis of small
molecule complexes has shown, this looks like
the case of realization of a low probability event
(1 case out of 50).

Our analysis allowed to derive some quantita-
tive characteristics of the metal-anion interac-
tions. Thus in M-SCN fragments only variations
of metal bond distances corresponding to the
differences in the metal covalent radii appear to
be meaningful, whereas the angular parameter is
almost equal for all thiocyanate complexes
(=100°). The M-NCS fragment geometry shows
larger variations in the M...N distance as well as
significant variations in the angle at the N atom.
This analysis reveals the correlation between oxi-
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TCAGTU

KAPPEW

FIGURE 13 H-bonding of the terminal thiocyanate atoms in thiourea-family complexes: ZZZUGC, TCAGTU, ICTHFE and
KAPPEW. H-bonds are shown by dashed lines for only crystallographically independent fragments

dation state and the covalent radius in the Co
complexes and the correlation between coordi-
nation number and the covalent radius in the Ni
complexes (Figure9). In azide complexes the
M...N bond distance and the MNN bond angle
vary slightly for different cations.

The analysis of non-covalent interactions
shows that the involvement of covalently
bonded anionic group in multiple H-bonding is
much less probable than in the case of discrete

anions. This effect is certainly the result of metal
coordination, which provokes the redistribution
of negative charge and ultimately reduces the
H-bond acceptor function of terminal atoms; it is
observed both in small molecule and macromo-
lecular structures. Excellent examples presenting
the different modes of metal-complexation of
thiocyanate and H-bonding with the same thiou-
rea ligand are shown in Figure 13. M-SCN frag-
ment forms only two H-bonds in ZZZUGC01
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FIGURE 14 Graphical representation of the distribution of different type of partners (metals and H-donor groups) around the
SCN. The areas of metal cations which interact with SCN through sulfur (on the left) and through nitrogen (on the right) are
shown on the bottom of linear SCN. Hydrogen donor groups {(on the top) are distributed in diffused domains around sulfur
and nitrogen. The white crosses represet the hydrogen atoms, the blue and red crosses correspond to nitrogen and oxygen

atoms (See Color Plate IX at the back of this issue)

and three H-bonds in TCAGTU through the ter-
minal nitrogen atom while M-NCS fragment
accepts, through sulfur, multiple hydrogen
atoms from the five donor sites in KAPPEW and
from the four donor sites in ICTHFE.

Analysis of anions environment in protein
structures shows that the azide often binds to
side chain structures (Arg, His, Asn, Thr and
Tyr) and much more rarely forms H-bonds with
the NH groups of the main chain. In some of the
structures the anion environment is completed
by the interactions with water molecules. The
azide-donor group geometry are sifted to bring

out any preferred direction in which azide holds
a donor groups. Only in two cases the donor
group is oriented along azide axis direction, the
remaining 33 donor groups are considerably dis-
placed off the azide axis, so that the mean value
of Z(DN3N2) angle is close to 114°.

All statistical results for both types of anion
interaction (metal complexation and hydrogen
bonding) are summarized in a graphical presen-
tation of superimposed fragments (where all
fragments are superimposed to form a giant
“statistical molecule”) (Figure 14 and 15).
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FIGURE 15 Graphical representation of the distribution of different type of partners (metal cations and H-donor groups)
around the azide. The white crosses represent the hydrogen atoms, the blue and red crosses correspond to nitrogen and oxygen
atoms (See Color Plate X at the back of this issue)

The points corresponding to coordinted metal
positions in metal complexes are clustered along
the  preferred direction; the  H-bond
donor-groups localisations, conversely, form a
diffuse arc around the anions. The metal cations
bonded to the sulfur atom are clustered in a nar-
row angular domain with Z(MSC) from 98 to
106°, in contrast to a much more extensive clus-
ter at nitrogen which corresponds to the differ-
ent metal positions with respect to the linear
anion: the largest cations interact with the n-sys-
tem of the anion (the bottom part of Figure 14).
The dense metal cluster at azide nitrogen is
localized in the range of M...N distances
between 1.86 and 2.3 A and M...NIN2 angles
between 115 and 135° (Figure 15).

The relative orientations of the donors are dif-
ferent around sulfur and nitrogen for the thiocy-
anate (the top part of Figure 14). Although the
distribution areas of donors around sulfur and
nitrogen overlap, we can distinguish the princi-
pal binding zone of every acceptor centre: for
sulfur-acceptor, there is a cluster of donors in a
nearly perpendicular direction to the thiocyanate
bar, whereas for nitrogen-acceptor, all donors

gather mostly in the angular domain from 120 to
160°. The observed distribution of donor groups
around azide is much more diffuse (Figure 15).

The role of cation is more important in the
anion complexes but in covalently non-metal
bonded anion the effect of atom charge localisa-
tion is much more evident; in particular, the
delocalization has a dramatic influence on the
H-bond acceptor properties of the anion. This
may explain why we did not find the effective
hydrogen bonding for both covalently non-metal
bonded anions.

Quite recently, the first X-ray study of the pro-
tein complex of the azido-thymidine disphos-
phate (AZT) with the nucleozide diphosphate
(NDP) kinase was investigated in crystal by
Janin [33], in an attempt to understand why
NDP kinase is so inefficient in AZT activating in
comparison with the natural substrates, It was
concluded that the dominant factor in the low
activity of NDP kinase on the substrate (AZT) is
associated with the lack of azido group H-bond-
ing. Evidently, the above results are in a good
accordance with these observations.
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METHODS

PDB

The Protein Data Bank (August 26, 1998 version,
containing 6247 entries) was searched for thiocy-
anate and azide containing proteins using the
3DB Browser. The modes of searching by key-
word and text queries “thiocyanate” and “azide”
in the complete PDB text and the additional
search with associated group “thiocyanate” and
“azide” or SCN and N3 were used. A summary
of the currently available protein crystallo-
graphic structures with anions is provided in
Table I (thiocyanate) and Table II (azide). The
complete PDB file with crystallographic coordi-
nates for each protein structure was retrieved and
anion binding site was inspected by SYBYL, Ras-
Mol and Turbo-Frodo [34] computer graphics
packages. The anion...metal and anion...hydro-
gen donor group interactions were analysed for
all crystallographically independent parts of pro-
teins with the criteria of M/D...N(anion) < 3.6 A,
M/D...S(anion)< 4.0 A.

CSD

Related structures were retrieved from the CSD,
Version 5.12. Substructure search, geometry cal-
culation and data analysis were performed via
the programs QUEST3D and VISTA (CSD) for
three different groups of compounds: (I) ionic
crystals  containing  discrete  anion; (I
metal...anion complexes and (III) Ele-
ment...anion. The metal M was restricted to
groups 1A, 1A, IIIA, 1B, 1IB, VIB, VIIB and VIII
metals. The element EE was restricted to boron,
carbon, silicon, VA, VIA and VIIA groups of ele-
ments. Structures were accepted without any
R-factor screening, but were required to have
error-free coordinate set, to run successfully
through each of the CSD check procedures, and
to exhibit no crystallographic disorder. Poly-
meric complexes were excluded.

The following geometrical parameter were
calculated for thiocyanate: d1(N-C), d2(S-C) and
Z(SCN); for azide: d1(N1-N2), d2(N2-N3) and £
(NNN). The Metal...Anion interaction was char-
acterized by the additional parameters: d(M...A)
and Z(MAC) for SCN and Z(MNN) for N3. Lim-
iting contact criteria of M...N < 3.6 and M..5 < 4.0
A were used. Hydrogen Donor...Anion interac-
tion were analysed for each group of com-
pounds. The D-H distance (D=0, N) was
normalised using geometrical criteria [35]. The
following values were used as non-bonded con-
tacts criteria: D...N< 3.6, D...5<4.0 A and 90< £
(DHA) <180°.
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