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Past, Present and Future of the Clathrate Inclusion
Compounds Built of Cyanometallate Hosts*
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Abstract. One-, two- and three-dimensional CN-bridged metal complex structures made up of build-
ing blocks such as linear [Ag(CN);]™, square planar [Ni(CN)s]*~ or tetrahedral [Cd(CN)4]*~, and of
the complementary ligands such as ammonia, water, unidentate amine, bidentate a,w- diaminoatkane,
etc., are reviewed with an emphasis on their behaviour as hosts to afford clathrate inclusion com-
pounds with guest molecules and as self-assemblies to form supramolecular structures with or without
guests. The historical background is explained for Prussian blue and Hofmann’s benzene clathrate
based on their single crystal structure determinations. The strategies the author and coworkers have
been applying to develop varieties of clathrate inclusion compounds from the Hofmann-type are
demonstrated with the features observed for the developed structures determined by single crystal
X-ray diffraction methods.

Key words: Crystal structure, dicyanoargentate, Hofmann-type clathrate, inorganic host, metal com-
plex host, mineralomimetic chemistry, organic guest, tetracyanocadmate, tetracyanonickelate

Abbreviations for Ligands and Guests

mma: NMeH;

dma: NMe,H

tma: NMe;

mea: NH,(CH,),OH
en: NH, (CHz)zNHz
pn: NH,CHMeCH,>NH,
tn: NH,(CH,)sNH;
dabtn: NH3(CH;)4NH;
daptn: NH3(CH2)sNH;
dahxn: NH2(CH2)sNH;
dahpn: NH2 (CH2)7NH2
daotn: NH,(CH;)sNH;

* Presented at the Sixth International Seminar on Inclusion Compounds, Istanbul, Turkey, 27-31
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danon:
dadcn:
mtn:
dmtn:
detn:
temtn:
dien:
pXdam:
mXdam:
py:
ampy:
Clpy:
Mepy:
dmpy:
bpy:
quin:
iquin:
gxln:
Pe:
imH:
pyrz:
Mequin:
bppn:
bpb:
N-Meim:
2-MeimH:
dmf:
hmta:
o-phen:
den:
morph:
ten:
ameden:

TOSCHITAKE IWAMOTO

NH,(CHz)oNHz

NHz(CHy)10NH;

NMeH(CH;);NH;
NMe(CHz)sNH;

NEt(CH2);NH;
NMe,(CHz)sNMez
NH;(CH,),NH(CH,);NH,
p-CsHa(NH2CH2)2
m-~CsHs(NH,CH» ),

CsH;sN pyridine

NH,CsH4N aminopyridine
CICsH4N chloropyridine

MeCsHyN methylpyridine
Me,CsH;N dimethylpyridine

NC5 H4C5H4N bipyridine

C7HeN quinoline

is0~C7HoN isoquinoline

CsHgN3 quinoxaline

CsHii- pentyl

C3N>H,4 imidazole

N(CHCH);N pyrazine

MeC7HsN methylquinoline
Ci13H1aN; 1,3-bis(4-pyridyl)propane
C14HsN; 1,4-bis(4-pyridyl)butadiyne
C3;N2HsMe N-methylimidazole
C3N;H3;Me 2-methylimidazole
HOCNMe; dimethylformamide
C¢H12N4 hexamethylenetetramine
C12HgN3 1,10-phenanthroline
HN(CH,CH;),NH piperazine
HN(CH,CH>),0 morpholine
N(CH,CH, 3N 1,4-diazabicyclo[2.2.2]octane
NH2(CH;):N(CH>2CH,);NH N-(2-aminoethyl)piperazine

1. Imtroduction

From the end of the 19th to the beginning of the 20th century Alfred Werner had
rationalised the composition of the molecular complexes formed between metal
salt and inorganic or organic molecules as coordination complex compounds taking
stereospecific structures. For example, the en-luteo salt CoClz-3en = [Cd(en); ]Cl3,
was interpreted in terms of the ionic compound comprised of the chloride anion
and the octahedral cation of [Co(en);]*t in which the central cobalt atom was
bonded by six N atoms of the three en ligands through the so-called side-valence
value of 6, although there was still uncertainty about the bonding in Zeise’s salt,
K[PtCl3(CyHy)), discovered in 1827.
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Stimulated by the discovery of Zeise’s ethylene compound, Karl Andreas Hof-
mann examined the preparation of molecular complexes formed between metal salts
and organic molecules. As chance would have it, he obtained a mauve crystalline
product of composition Ni(CN),-NH3-CsHjg from a concentrated ammoniacal solu-
tion of freshly precipitated nickel hydroxide by passing the coal gas used for lighting
through the solution [1a]. Hofmann immediately assumed this and similar aniline
and phenol compounds, Ni(CN);-NH3-PhNH; and Ni(CN),-NH;-PhOH-H;0, to
be four-coordinate complexes of divalent Ni according to Werner’s coordination
theory [1b]. However, similar compounds with the composition Ni(CN),-NH3-G
were obtained only with those organic molecules G whose molecular volumes
were not greater than that of aniline. Hofmann’s conclusion was as follows: the
space-oriented valence force (covalent or coordination bonding) would not be able
to form molecular compounds like these; the molecule (G) might be attracted as a
whole and fill up a space upon the formation of the compound [1c]. His excellent
view was verified by Herbert Marcus Powell in 194952, half a century after his
discovery of the benzene compound [2].

The crystal structure of Hofmann’s benzene compound is shown in Figure
1 as a more generalised form of the Hofmann-type benzene clathrate. Since
there are two kinds of Ni atoms in the two-dimensional (2D) network, one in
a square planar low-spin Ni2t as the central metal of [Ni(CN)4]?>~ and the oth-
er in an octahedral high-spin Ni?tT coordinated with four N atoms from four
[Ni(CN)4]>~ entities and two N atoms from two NHj ligands at trans positions,
the formula [Ni(NH3);Ni(CN)4]-2C¢Hg should be given in place of the original
Ni(CN),-NH3-C¢Hg. The term clathrate first proposed by Powell for the quinol
compound 3C¢H4(OH),-SO; [3] was applied to interpret the structure of Hofman-
n’s benzene compound in which no direct chemical bonds were observed between
the 2D metal complex network and the benzene molecule. His concept of the
clathrate should be noted as an unprecedented view that a well-ordered chemi-
cal structure can be formed between two or more independent chemical species
without direct or strong chemical bonds.

The Hofmann-type host structure demonstrates a typical example of a 2D net-
work built of the square planar [Ni(CN);]?>~ entities and the second coordination
centres accepting the N-donation from the square planar entities. Such a multi-
dimensional structure involving cyanometallate anions and second coordination
centres, but without a secondary or complementary ligand like NH3 in the Hofmann-
type, was proposed by Keggin and Miles in 1936 for the three-dimensional (3D)
structures of Prussian blue and related complexes based on powder X-ray dif-
fraction data [4]. As shown in Figure 2, the proposed structures had also a cage
imprisoning K*, which cation had been speculated to be present owing to the
assumed compositions K,Fe!l[Fel(CN)s] and KFe'[Fe'l(CN)g]. Apart from their
validity, these structures in which a cube edged by —CN— bridges and cornered
by coordination centres accommodates a ‘guest’ cation might provide the earli-
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Figure 1. Hofmann-type benzene clathrate [M(NH;3);M' (CN)4]-2CsHg. M: at octahedral posi-
tion coordinated by two NH3 ligands in trans positions; M’ (CN)4: square planar tetracyanomet-
allate. In Hofmann’s benzene clathrate M =M’ =Ni.

est example of a supramolecular structure, although there should be electrostatic
interactions between the anionic host and the cationic guest.

Ludi and co-workers determined the single crystal structures for Prussian blue
and a number of related complexes using single crystals prepared with extreme care;
density measurements and chemical analyses were also carried out scrupulously
[5,6]. No crystals showed the Keggin—Miles structure. In the case of Prussian blue,
the primitive cubic unit cell has the a dimension of two Fe—CN—Fe spans, as
shown in Figure 3. The [Fel(CN)s]*~ entity that had been speculated to be at
the body centre position in the Keggin—Miles structure was missing; in place of
the N-ends of the missing entity, waters of coordination ligated from the inside
of the expanded cage in which additional water molecules were hydrogen-bonded
to the aqua ligands. The composition based on the single crystal structure was
given as Fell[Fe!'(CN)s]; - 2H20 (z = ca. 15) [5]. Ludi’s Prussian blue structure
is also another example of a supramolecular structure in which a cube of the long
spanned edges accommodates an assembly of water molecules with different roles,
as ligands and as space-fillers to stabilise the crystal structure.
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Figure 2. Keggin-Miles structures of Prussian blue complexes speculated for (a)
KaFe"[Fe"(CN)], (b) KFe™[Fe"(CN)], and (c) Fe"'[Fe"(CN)s]. Open circle: Fe; solid
circle: Fe'™'; line: CN group. Each of the large cubes has about 10.2 A of the edge length; each
of the octant (small) cubes is occupied by a K™ in (a), half of the octants arrayed with the T}
symmetry occupied by a K™ in (b), but vacant in (c).

Fz;%ure 3. Ludi structure of Fej'[Fe"(CN)s]s - zH,0 (z ~ 15). Solid circle: Fe'™; open circle:
Fe'; line between circles: CN group; the inside of the cube is filled up by hydrogen-bonded
assembly of H,O molecules six of which are coordinated to Fel',

The case of Prussian blue supports the fact that a solid state supramolecular
structure should be verified, interpreted and understood on the basis of the single
crystal structure. As will be exemplified later, it is often forgotten that similar com-
positions never assure structural similarities for inorganic polymeric compounds,
although that is a common occurrence for organic compounds. In this review, the
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cited compounds have been limited to those whose single crystal structures are
available, unless stated otherwise.

2. Strategies to Develop New Series from the Hofmann-Type Structure

Since a few reviews [7] have already described the development from Hofmann’s
benzene clathrate to the Hofmann-type, together with some details of our strategies
for developing novel series from the Hofmann-type, only the outlines are described
in this review.

One of the structural features observed for the Hofmann-type is the layer struc-
ture of the flat 2D networks with the protrusion of the unidentate ammine ligands
perpendicular to the flat network (Figure 1). The building blocks constructing the
Hofmann-type host [M(NH3);M/(CN)4] are divided into the three moieties, the
square planar [M'(CN)4]%~, i.e., a moiety comprised of the primary coordination
centre M’ and the primary ligand CN, the octahedral M as the second coordination
centre, and the NHj as the complementary ligand coordinated to M. Our strategies
are summarised as follows:

(1) to replace the NH3 by other unidentate ligands such as H,O, mma, dma, etc., in
order to regulate the lipo- or hydrophilic characters of the interlayer cavities;

(2) to replace two NHj3 ligands facing each other in the interlayer space by an
ambidentate bridging ligand such as a,w-diaminoalkane NH»(CH>),, NH,, etc.,
in order to increase the lipophilic character of the cavities and to regulate the
interlayer distance in the three-dimensional host;

(3) to replace the square planar [M/(CN)4]*~ by a tetrahedral tetracyanometallate
such as [CA(CN)4 ]2~ , [Hg(CN)4]>~, in order to build up the three-dimensional
host with CN bridges only;

(4) to replace the octahedral trans-[M(NH3),J** entity by two phenylalkylammo-
nium cations Ph(CH,),,NH5 in order to increase the lipophilic character of
the interlayer space;

and

(5) to replace the —CN— span by a —NC—Ag—CN— span, i.e., to replace the
[Ni(CN)41*~ by {[Ag(CN),]™ }, in the formula, in order to elongate the span
distance.

In these strategies, we almost always refer to the Hofmann-type host
[Cd(NH3), Ni(CN)4] as the theoretical prototype. Divalent Cd appears to be the
most suitable second coordination centre linked by cyanometallate anions to form a
multi-dimensional polymeric structure, the softness-hardness of Cd(II) as a Lewis
acid being most appropriate for accepting the N atom of cyanometallate as a Lewis
base.

As for naming of the derived series, Hofmann-L-type has been applied to
denote the structures involving the 2D network topologically the same as that of
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the Hofmann-type with ligand L for those obtained by strategies (1) and (2). For
example, Hofmann-H,O-type [Cd(H,0);Ni(CN),] host is obtained by strategy (1);
Hofmann-diam-type in general is for [Cd{NH,(CH;),,NH, }Ni(CN),] by strategy
(2) (n = 2-9), where ligand L makes the host three-dimensional. Hofmann-Td-type
is used to denote [Cd(NH3)M/(CN);] (M’ = Cd or Hg); those obtained by the
combination of strategies (2) and (3) are denoted as L-Td-type.

3. Structures of the Hosts Involving the Ni(CN)4 Entity and Related
Complexes

3.1. GENERAL

Brief crystallographic data along with the numbering of compounds are summarised
in Table I for those structures involving square planar Ni(CN)y.

The tetracyanonickelate(Il) anion, as well as tetracyanopalladate(IT) and tetra-
cyanoplatinate(Il), can behave not only as a cross ligand as in the Hofmann-type
structure to provide the four N-ends to the second coordination centres but also as
a bidentate bridging ligand using only two of the four N-ends at cis or trans posi-
tions; a unidentate ligation, though possible, cannot join in a catenation. Including
an imaginary mode T-1D using three N-ends, the catenation modes observed in
the known single crystal structures are illustrated in Figure 4. Except for T-1D,
all the modes have been observed in our crystal structures involving Ni(CN)y;
[Ni(en), PA(CN),4] [53] may be an example of trans-1D catenation observed for d®
square planar M'(CN)4 other than Ni(CN);.

The second coordination centres linked by Ni(CN)y4 entities are in some cases
additionally bridged by complementary ligands to reinforce the multi-dimensional
structures of the hosts and related complexes. For example in the Hofmann-diam-
type host, there are one-dimensional (1D) chains of —[Cd—IL—]., successively
linking the 2D networks; the catenation mode may be denoted as single-1D. Some
typical catenation modes possible for the combinations of the second coordination
centre M and bridging ligand L in the ratios of M:L of 1:1, 1:2 and 1:3 are shown
in Figure 5; the modes other than triangle-2D have been observed in our structures.

Since in some real crystal structures the catenation structures exemplified in
Figures 4 and 5 are deformed to a certain extent, or combined with one another,
there may be some ambiguity in representing these as 1D and 2D modes rather
than real 3D structures.

3.2. HOFMANN-TYPE ANALOGOUS 2D HOST STRUCTURES

When the secondary ligand L is bulky in the Hofmann-L-type, the interlayer space
is filled up by the ligands themselves to leave no spaces for guests, e.g., Hofmann-
tma-type complex 28, Hofmann-py-type complexes 31 and 32, etc. in Table I. The
topology of the Hofmann-type host is reserved but the 2D network is puckered to
some extent in the Hofmann-L-type complexes except for 28.
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Figure 4. Catenation modes of Ni(CN)s. Solid square with four bars: Ni(CN)4; open circle:
second coordination centre. From left top to right bottom: frans-(trans-1D), cis-(trans-1D),
cis-(cis-1D), trans-(cis-1D), double-1D, T-1D, close-2D, and expanded-2D.
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Figure 5. Catenation modes of bidentate ligand aa between second coordination centres (open
circles). From top to bottom: single-1D in M(aa) composition; double-1D in M(aa),; single-2D
in M(aa),; single,double-2D in M(aa),; triple-1D in M(aa)s; and triangle-2D in M(aa)s.

A 2D ice structure is found in the interlayer space of the Hofmann-H,O-type
hydrates [Fe(H, 0);Ni(CN)4]-4H20 14 and [Cd(H,0);Ni(CN)4]-4H,O 15; for the
latter the single crystal structure was reported independently by two groups [21,22],
although Ham et al. [22] did not describe the 2D network of the water molecules as
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2D ice. As shown in Figure 6, the host 2D network has the same topology as that of
the Hofmann-type, but the NH3 is replaced by H>O. The interlayer space between
the much puckered 2D metal complex networks is occupied by the intercalated
H,0 molecules which are hydrogen-bonded to the Cd-ligated H,O to form the 2D
network of HyO molecules with the hexagonal meshes in boat form configurations.
Since each O atom is able to provide two H atoms and two lone pairs for hydrogen-
bond formation, three of the four crystallographically independent O atoms should
be unsaturated in the use of H atoms and lone pairs with regard to the hydrogen
bonds; the remaining one is ligated to the Cd atom using one lone pair for the
coordination and the other lone pair and two H atoms for network formation.
Assuming each edge of the hexagons involve one H atom and lone pair, three H
atoms and one lone pair are missing in the network [21].

3.3. HOFMANN-DIAM-TYPE 3D STRUCTURE

The Hofmann-diam-type [CALNi(CN)4]-zG clathrates 36—71 where L is a biden-
tate bridging ligand such as diaminoalkane, xylylenediamine, etc. have the same
topology of the hosts as the stacked 2D networks of the Hofmann-type which are
spanned successively by a catena-u-(Cd—L—) linkage to give a 3D latticework.
With regard to a,w-diaminoalkanes NH,(CH;),NH; as L, the 3D structures have
been obtained for n = 2-9, among which well-defined single crystal structures
for odd-n hosts, n = 3, 5, 7 [36m] and 9 [36k], have recently been reported in
comparison with those for even-n. The structural features of the Hofmann-ca,w-
diaminoalkane-type clathrates for n = 3 have been interpreted in our series of papers
[36]. p-Xylylenediamine [37] and piperazine (den) [38] give the Hofmann-diam-
type host structures for certain guests, e.g., [Cd(pXda)Ni(CN)4]-0-MeCcHsNH,
61, [Cd(den)Ni(CN)4]-CsHg 62, etc.

The above-mentioned Hofmann-type and Hofmann-diam-type structures all
have a close-2D network (cf. Figure 4) with the square mesh spanned by CN
groups. [Ni(CN)4]*~ behaves as a cross joint using the four N-ends, each of which
is linked to the second coordination centre also behaving as a cross joint in the close-
2D network. The bridging ligand in the Hofmann-diam-type behaves as a catena-pu
linkage builder with the second coordination centre Cd to give an infinite single
skeletal chain —[Cd—IL~—], viz., in the single-1D catenation mode. However, in
the course of the investigations to develop the Hofmann-diam-type by strategy (2),
we have obtained a great variety of multi-dimensional supramolecular structures
involving [Ni(CN)4]*~ and the L behaving differently from the Hofmann-type
and Hofmann-diam-type; both novel host structures of clathrates and polymeric
complexes without guests have been obtained. Their structural features are outlined
in the following sections.
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D D

Figure 6. Structure of [Cd(H20);Ni(CN)4]-4H20 15. Top: a perspective view of the unit cell
with the puckered close-2D network of [CANi(CN)4] stacked along the @ axis intercalating
H>0 molecules; O atoms are shown with anisotropic peripheries. Botfom: 2D network of
hydrogen-bonded H>O molecules with tentative positions of H atoms.

3.4. ISOMERISM OF HOST STRUCTURES
3.4.1. [Cd(pn)Ni(CN)4] hosts

The host complex [Cd(pn)Ni(CN)4], whose composition is the same as that of the
Hofmann-pn-type [Cd(pn)Ni(CN),]-3/,C4HsN 39, 40, provides channel cavities
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Table IL [Cd(pn)Ni(CN)4]-5G clathrates 72-86.

Channel type Space group xG
U (snake-like) Ala 0.32C;H6 (72) 0.36C¢H 4 (73) . 0.5CsH;2 (74)
(urea-host-like) 0.5E4,0 (75) 0.5HO(CH,)%,0H (76) 0.5Me(CH,);Br (77)
0.36Me(CH,)Br (78)
T (nodal) Pnma 0.5CI,CHCHCL (79) 0.5MeCHCIEt (80) 0.5MeCHCICH,CI (81)
(thiourea-host-like) 0.5MeCHOHMe (82) 0.5CI(CH,),C1 (83)  0.5Br(CH,),Br (84)
0.5CI(CH,);C! (85)
Pr2ia 0.5(Me,CO-H,0) (86)

for aliphatic guests by adopting different structures in the catenation modes of the
Ni(CN)4 entities and in the ligating behaviour of the pn: 72-86 [39]. In comparison
with the Hofmann-pn-type, the close-2D network is twisted into the combination
of a double-1D extension and folded expanded-2D network at every Cd to which
the pn is chelated. As shown in Figure 7, the channel cavity is surrounded by the
double-1D extension of >[Ni<(CN—Cd—NC), >], at the top and the bottom
and by the Ni[—CN-—{Cd(pn)}— /4]4 moiety of the folded expanded-2D network
at the sides. The pn chelate ring is arranged point-symmetrically to give a snake-like
bending of the channel in the hosts of 72—78 with straight-chain aliphatic guests,
whereas the arrangement is mirror-symmetric to give a nodal structure in the hosts
of 6986 with branched-chain and dihalogeno-substituted aliphatic guests. These
channel structures are comparable with those of the spiral channel in the urea—host
inclusion compounds and the nodal channel in the thiourea—host compounds (Table
IT). Thus, the [Cd(pn)Ni(CN)4] complex exhibits the three different host structures
depending on the geometry of the guest molecules.

3.4.2. [Cd(danon);Ni(CN)s] and [Cd(dadcn),Ni(CN)4] hosts

The Hofmann-diam-type clathrates have been obtained for the o,w-
diaminoalkanes, NHy(CH,),NH;z, up to n = 9 [Cd(danon)Ni(CN)4]-'/2(o-
Ce¢HsMe,) 60 [36Kk], so far examined in our laboratory. Under similar preparation
conditions, danon (» = 9) and dadcn (n = 10) afford clathrates with the composition
[Cd(danon or daden);Ni(CN)4]-2G 87—111 for a number of aromatic guests, main-
ly of aniline derivatives [40], in which composition the number of diaminoalkane
ligands is doubled in comparison with the Hofmann-diam-type. As illustrated for
[Cd(daden),Ni(CN)4]-2(2,3-Me, C¢H3NH;) 106 in Figure 8, the host complex has
a layer structure of Cd atoms spanned by bridging diam ligands, the layer being
additionally spanned by ambidentate Ni(CN)4 moieties to afford wide and flat
channels for the guest molecules. As listed in Table III, catenation modes for the
diam ligand and Ni(CN); depend upon the guest molecule. With regard to the
diam ligand, double-1D, single-2D and single,double-2D catenations are observed
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Figure 7. Urea-like and thiourea-like hosts of [Cd(pn)Ni(CN)4]. Top: cross section of the
channels with a snake-like bending in which channel the pn chelate rings are arranged point-
symmetrically. Botiom: cross section of the channels with nodes of the pn chelate rings arranged
mirror-symmetrically.

for danon, double-1D and single-2D for dadcn; Ni(CN)4 behaves as trans~1D and
cis-1D linkage builders. However, the host structures are substantially similar to
one another with the layers of double-1D belts or single-2D or single,double-2D
network spanned by the Ni(CN)4 moieties. The reason why the linkage mode varies
with the guest molecule is uncertain. '
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Table III. Catenation modes of diam and Ni(CN)4 in [Cd(danon or daden), Ni(CN)4]-2G 87-111.

[Cd(danon),Ni(CN),]-2G [Cd(dadcn),Ni(CN),]-2G
G danon Ni(CN), daden Ni(CN),
PhNH, double-1D trans-1D (104)
o0-MeC¢H,NH, single-2D cis-1D (94) double-1D trans-1D (105)
m-MeCsHNH, double-1D trans-1D (101)
p-MeC¢H,NH, double-1D trans-1D (102)
m-Me,CsH, single-2D cis-1D (95)
p-Me,C¢H, single-2D cis-1D (96)
m-CIC;H,NH, double-1D cis-1D (89)
4-CNC¢H,NH; single-2D trans-1D (99)
2,3-Me,C¢H;NH, double-1D cis-1D (88) double-1D trans-1D (106)
2,4-Me,C¢H;NH, single-2D cis-1D (93) single-2D cis-1D (108)
2,5-Me,C¢H;NH, single-2D cis-1D (97) single-2D trans-1D (110)
2,6-Me,C¢H;NH, double-1D cis-1D (87) double-1D trans-1D (107)
3,4-Me,C¢H;NH, double-1D trans-1D (103)
3,5-Me,C4H;NH, double-1D trans-1D (92)
4-Me-2-NO,C¢H;NH, single-2D cis-1D (98)
2-Cl-6-NO,C¢H;Me double-1D cis-1D (90)
2-Cl-4-MeCgH;NH, single-2D trans-1D (109)
quin (CoH;N) double-1D cis-1D (91) single-2D trans-1D (111)
2,4,6-Me;CsH,NH, single,double-2D  c¢is-1D (100)

3.5. VARIEGATED HOST STRUCTURES INVOLVING THE Ni(CN)4 ENTITY

3.5.1. [Cd(en),Ni(CN)4]-2PhNH,; and related clathrates

The Hofmann-en-type host [Cd(en)Ni(CN)4] appears to be unable to accommodate
aniline molecule as a guest because the span length of the en between the close-2D
networks, ca. 8 A, is not long enough for the molecular dimension along the apparent
twofold axis, ca. 7 A in the scale of van der Waals contact. The aniline clathrates
[M(en),Ni(CN)4]-2PhNH; (M =Ni, Cu, Zn or Cd) 112115, the composition being
similar to those of the danon- and dadcn-bridged hosts described in Section 3.4.2.,
have a 1D chain structure of the host complex constructed of the bis-en-chelated
M and Ni(CN)4 behaving as a trans-1D linkage builder [41]. The interchain space
among the [—M(en),—#rans-NC—Ni(CN);—CN—], 1D chains is separated by
the protrusion of the en chelate-rings to generate the cavity for the guest aniline
molecule. Similar 1D chain metal complex structures are obtained without guests
[M(en); Ni(CN)4]oo for M =Ni 116, Cu 117 and Zn 118 with the catenation mode
of Ni(CN)4 in trans-1D [42] as well as in [Ni(en),Pd(CN)4] [53], whereas for Cd
119 the mode is cis-1D [43,44].

Although no well-defined single crystal structures are yet available for aniline-
and phenol-guest Hofmann-type clathrates, powder X-ray diffraction data suggest
they are isostructural. However, when the guest is phenol in the Cd-en-Ni(CN),4
system, the obtained clathrate, [{Cd(en) }2(en){Ni(CN)4 },]-4PhOH 120, exhibits a
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X205

2

Figure 8. Structure of [Cd(daden),Ni(CN)4]-2(2,3-Me2CsH3NH,) 106 as a view along the ¢
axis. Cd on the origin and its equivalents are linked along the a axis by double-1D catenation of
daden; the double-1D belts are interconnected through Ni(CN)4 in trans-1D catenation along
the be plane; the guests are intercalated between the double-1D belts stacked along the ¢ axis.

complicated 3D host structure [41], as shown in Figure 9. There are two kinds of en
and Ni(CN)y, different in catenation modes. The Cd atom is chelated by one en and
linked to another Cd by the other en; one Ni(CN)4 participates in the double-1D
catenation involving the Cd atoms; the double-1D linkages are linked by the other
Ni(CN)4 behaving as an ambidentate trans-u ligand.

3.5.2. [Cd(den)Ni(CN)4]-2G clathrates of non-Hofmann-diam-type and related
structures

3D host structures different in topology from the Hofmann-den-type are obtained
with some alicyclic and aromatic guests such as 1,4-dioxane, tetrahydropyran,
cyclohexanol, p-toluidine, etc. 123128 [38].

As shown in Figure 10 for the clathrate [Cd(den)Ni(CN)4]-!/2(den-PhMe) 127
and the non-guest complex [Cd(den);Cd(den){Ni(CN)4},] 128, the 3D metal com-
plex structures involve two sets of the expanded-2D networks interconnected at the
Cd atoms. In the clathrate host the Cd atoms in the expanded-2D networks are
additionally spanned by den ligands which behave as a single-1D linkage builder.
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Figure 9. Structure of [{Cd(en)}2(en){Ni(CN)4}2]-4PhOH 120. Cd and Ni are shown with
anisotropic sections; skeleton of the guest with solid bonds; O of PhOH with anisotropic
peripheries including those disordered from the symmetry requirements; Ni(1) in the double-
1D catenation and Ni(2) in the frans-y bridging.

The exemplified clathrate accommodates both aromatic toluene and alicyclic den
as guests in a 1:1 ratio, being a comparatively rare case of a mixed-guest clathrate.
The structure of the exemplified complex is derived from an apparent liberation of
the toluene guest from the toluene-den clathrate; the bridging den and the guest den
in the former turn to a unidentate den and bridging den in the latter, respectively.

3.5.3. [Cd(mtn)Ni(CN)4)- /G clathrates

A typical combination of expanded-2D and double-1D catenation of Ni(CN),
is seen in the 3D hosts of [Cd(mtn)Ni(CN)4]-!/2(cyclo-C¢Hyz) 129 [46] and
[Cd(dmtn)Ni(CN)4]-1/,CHCI3 130 [47] clathrates. The flat expanded-2D network
in which mtn- or dmtn-chelated Cd intervenes between the Ni(CN)4 entities extends
on the [001] plane of the tetragonal unit cell; the Cd atoms are involved in the
double-1D extension with the other Ni(CN); entities running along the {220}
plane. A square box-like cavity accommodating the guest is formed between the
expanded-2D networks walled by the double-1D extensions (Figure 11).
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Figure 10. Structures of [Cd(den)Ni(CN)4]-!/2(den-PhMe) clathrate 127 (top) and the non-
guest complex [Cd(den)Cd(den){Ni(CN)s}2] 128 (bottom). The structure of 128 can be
derived from that of 127 by the following virtual process: delete the guest PhaMe in 127; cut
off the single-1D catenation of den in 127 to give trans-bis-coordination of unidentate dens in
128; span the Cd atoms cut off of the single-1D catenation in 127 by the guest den to give new
single-1D catenation in 128.

3.5.4. [Cd(tenH),{Ni(CN)4},]-2PhNH,

In contrast with the ambidentate bridging behaviour of en NH,CH, CH,NH; and
den NH(CH,CH,;);NH, ten N(CH,CH;);N behaves unidentately as the monopro-
tonated ligand tenH™ in [Cd(tenH),{Ni(CN)4},]-4PhNH; 131 (Figure 12) [48].
The Ni(CN)4 behaves as a trans-1D linkage builder but the chains are intercon-
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Figure 11. Structure of [Cd(mtn)Ni(CN)4]-'/2(cyclo-CsHyz) 129 .The expanded 2D network
extends on the ab plane (left) involving mtn-chelated Cd atoms which join the double-1D
extension at the side of the cavity (right). The guest cyclo-C¢Hiz molecule and the methyl
group of mtn are disordered.

nected at every Cd atom to extend a pseudo-expanded-2D network from which
bulky tenH ligands protrude into the interlayer space between the 2D networks to
give a host structure resembling that of the Hofmann-type. The interlayer cavity is
walled not only by the bulky tenH but also the unbridged CN groups protruding
from the expanded-2D network. The expanded mesh size is thus counterbalanced
to imprison the guest aniline molecule in the interlayer cavity.

3.5.5. Cd-Ni(CN)4-pXdam-G system

Besides the  Hofmann-pXdam-type  clathrate  [Cd(pXdam)Ni(CN)4]-
0-MeCcH4NH; 61, clathrates and complexes 132-137 with a variety of com-
positions and structures crystallise under similar experimental conditions; a few
structures are exemplified in Figure 13 [37].

Double-1D >[Cd<(pXdam);>], catenation is seen in [Cd(pXdam),
Ni(CN)4]-m-MeCsHsNH; 132, [Cd(pXdam),Ni(CN)4]-(PhOH-H,0) 133 and
[Cd(pXdam);Ni(CN)4]-quin 134; the pXdam is doubled in their compositions
in contrast to the Hofmann-pXdam-type. The close-2D network in the Hofmann-
pXdam-type host is broken into trans-1D in 132 but into cis-1D in 133 and 134. In
the host structure of [Cd,(pXdam)3;{Ni(CN)4 },]-2C4HsN 135 three single spans of
pXdam extend from one Cd to three Cd atoms, the respective Cd atoms being inter-
connected further by two Ni(CN)4 moieties, one as a cis-1D and another as a double-
1D linkage builder, to afford a cage cavity for the guest pyrrole molecule. Aniline
is not accommodated as a guest but ligates to the Cd at #rans positions in complex
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Figure 12. [Cd(tenH)2{Ni(CN)4},]-4PhNH; 131. The 2D network is spanned by the trans-1D
catenation of Ni(CN)s among the octahedral Cd atoms, each of which is coordinated by a pair
of tenH ligands at trans positions. Skeleton of the guest PANH, is shown with solid bonds.

[Cd(PhNH;), (pXdam)Ni(CN)4] 136 whose 3D structure is constructed of single-
2D catenation for pXdam and cis-1D for Ni(CN),. A p-xylylenediammonium salt
(pXdamH»)[Ni(CN)4] 137 crystallises from the mother solution without guest sim-
ilar to the case of (dadenH),;[Ni(CN)4] 154, although the latter is the salt of the
monoprotonated diamine [51].

3.6. Cd-Ni(CN)4-DIAM SYSTEMS

In contrast to the 3D hosts of the Hofmann-diam-type clathrates
[CANH,(CH;),NHoNi(CN)4]-2G from n = 2 to 9 with the same topology, the
complexes of the general formula CANi(CN)4-2[NH2(CH;),NH,]-hH,O (h =0,
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Figure 13. Structures of [Cd(pXdam)Ni(CN)4]-0-MeCsH4sNH, 61 with the Hofmann-pXdam-
type host (top), [Cd(pXdam):Ni(CN)4]-m-MeCsHsNH, 132 with the host of double-1D
pXdam and trans-1D Ni(CN)4 spans (middle), and [Cd(pXdam),;Ni(CN),]-quinoline 134 with
the host of double-1D pXdam and frans-(cis-1D) Ni(CN)4 spans.
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1 or 2) without accommodation of bulky guests, have variegated structures differ-
ent in the catenation behaviour of the diamine and the Ni(CN)4 [44]. The o,w-
diaminoalkanes from n =2 to 7, and 9, though missing for 8, give a great variety
of multi-dimensional structures; the diamine behaves as chelating, or bridging in
double-1D, single-2D or single-3D mode, and the tetracyanonickelate(II) anion in
cis-1D or trans-1D, or as a discrete anion in the crystal structure.

As illustrated in Figure 14, en is chelated in the bis-en complex 119; two poly-
morphs, monoclinic and orthorhombic, have been obtained. The Ni(CN)4 moieties
involved in the cis-1D catenation are arranged in cis positions with respect to the
Cd atom in the 1D chain structure; the mode is cis-(cis-1D). The polymorphism is
due to the difference in the relative array of the 1D chains in the crystal structure.
The tris-en complex 122 has the structure of an ionic crystal, namely the packing of
[Cd(en);]** and [Ni(CN)4]>~. The mono-en complex [Cd(en)Ni(CN),4] 121 is left
after thermal liberation of the guest molecules from the Hofmann-en-type clathrate
as a crystalline powder; the isomorphous crystal is also obtained from an aqueous
solution at lower pH (by increasing the pH, the bis- and thereafter the tris-en com-
plexes crystallise out). The en turns from a bridging ligand in the clathrate host
to a chelating one in the complex upon the liberation of the guest; the close-2D
network is transformed to a 3D lattice in which one Ni(CN); is connected to four
en-chelated Cd atoms [45].

The tn-bridged complex 138 has a 2D network structure with single-2D catena-
tion of the tn ligands, but the Cd—tn—Cd bridge along one direction is additionally
spanned by cis-(cis-1D) catenation of the Ni(CN)4 moiety. A bis-tn-chelate struc-
ture of Cd(tn),, like Cd(en),, appears to be too bulky to keep the crystal packing
dense like thatin 119 and 120. The skeletal length of dabtn in 139 is too long not only
for chelating ligation but also for formation of a single-2D network adjustable with
cis-1D catenation of Ni(CN)y; the double-1D catenation gives a Cd<(dabtn), >Cd
span length appropriate for the additional span by a trans-1D Ni(CN)4 moiety. That
of the double-1D daptn span in 140 becomes shorter than the dabtn span because
of the flexibility of the daptn skeleton so that the double-1D span is reinforced by a
trans-(cis-1D) linkage of Ni(CN)4 to give a triple 1D chain structure. The increase
of the methylene unit by 1 from daptn breaks Ni(CN); catenation in the dahxn
complex 141; a discrete Ni(CN)4 moiety is intercalated between the double-1D
>[Cd<(dahxn), >]. extensions; the octahedral coordination of the Cd is accom-
plished by the two aqua ligands at frans positions. The water molecules in both
dabtn and daptn complexes fill up the spaces formed in the crystal packing.

The dahpn complex 142 has a fourfold interpenetrating 3D sub-lattice spanned
by a single bridge of dahpn; multiple interpenetration, in other words a self-clathrate
structure, is often observed for the lattice with relatively long spans, as mentioned
later in Sections 4 and 5. The pseudo-tetrahedral dahpn extensions from one Cd to
four other Cd atoms give a distorted diamondoid 3D sub-lattice; there are a pair of
two crystallographically independent sub-lattices in the unit cell; the sub-lattices,
four in total, interpenetrating one another are successively interconnected at Cd
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atoms in the nearest distance through ambidentate Ni(CN),4 moieties in trans-(cis-
1D) catenation mode. The water molecule is accommodated in the space formed in
the 3D structure. The structure of the danon complex 143 corresponds to the guest-
free host of [Cd(danon);Ni(CN)4]-2G in single-2D danon and cis-1D Ni(CN)4
described in Section 3.4.2. The danon skeleton appears to be flexible enough to
fill up the space by itself without any interpenetration. The absence of the daotn
complex suggests the skeletal length and flexibility are critical at n = 8 to give
either a multiply interpenetrating or a single framework complex structure.

Two complexes, [Cd(mea)(daptn)Ni(CN);] 144 and [Cd(mea)(dahxn)
Ni(CN)4]-H, O 145, involving an additional mea ligand, show further variations of
the catenation behaviour of the respective ligands and resulting multi-dimensional
structures [49]. In the former, the catena-y linkages of —{Cd-daptn-]o,, —[Cd-
mea-]o and —{trans-NC—Ni(CN),—CN—] sharing every Cd atom form a 3D
latticework, two of which are interpenetrated to each other to give a double frame-
work structure. The mea in the latter is chelated to the Cd atom so that the number of
the spans from a Cd decreases to 4: the 3D latticework is pseudo-diamondoid, like
that observed in the dahpn complex 142. The void space in the pseudo-diamondoid
lattice is filled up by two other latticeworks to give a triply interpenetrating frame-
work structure.

Table IV summarises the catenation modes of the secondary ligands and
Ni(CN)4 entities observed for the structures described in Sections 3.3, 3.4 and
3.5.

3.7. PHENYLALKYLAMMONIUM TETRACYANONICKELATES

Complexes 146, 147, 153, and clathrates 148—152 were obtained by applying strat-
egy (4) to replace the octahedral trans-[M(NH3),]>* entity of the Hofmann-type
structure by two phenylalkylammonium cations Ph(CHz)nNH;r (n=2,3and 4)
[50]. As exemplified in Figure 15, the complexes of the hosts and those without
guests have a layer structure derived from the Hofmann-type close-2D network.
The network is broken at every octahedral site by the phenylalkylammonium cation
which connects a couple of N-ends from two Ni(CN)4 moieties at the ammonio
group through hydrogen bonds to form a double-1D extension of >[Ni<(CN- - -H—
NH{(CH3),Ph}—H(: - -NC),>] arrayed in parallel in place of the close-2D net-
work. The phenylalkyl groups protrude from both sides of the double-1D belt into
the interlayer space.

In the anhydrate complex [{Ph(CH,);NH3},Ni(CN)4] 146 and two hydrate
complexes [{Ph(CH,);NH3}, Ni(CN)4]-23H,O 147 and [{Ph(CH,)4NH;},-
Ni(CN)4]-2/3H,O 153, there are two kinds of sheets formed by the array of
the double-1D belts; one is a double-decked and the other a single sheet.
In the double-decked sheet the phenylalkyl groups protrude always in the
same direction at both sides of each 1D belt, viz. in a double-Z mode.
From the single sheet the protrusion is possible either in the same (single-
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Table IV, Catenation modes of L and Ni(CN), in various structures.

Compound Ligand Ni(CN)4 H,0 Crystal structure
[Cd(en)Ni(CN),] 121 chelate (close-2D)-3D 3D latticework
[Ni(en),Ni(CN),]-2PhNH, 112 chelate trans-1D 1D chain
{Cu(en),Ni(CN),]-2PhNH, 113 chelate trans-1D 1D chain
[Zn(en),Ni(CN),]-2PhNH, 114 chelate rans-1D 1D chain
[Cd(en),Ni(CN),]-2PhNH, 115 chelate trans-1D 1D chain
[{Cd(en)}(en) {Ni(CN),},].4PhOH 120 chelate double-1D 3D latticework
single-pt trans-ps
[Cd(den)Ni(CN),)G 62 - 71 single-1D  close-2D 3D latticework
[Cd(den)Ni(CN),}-G 123 - 127 single-1D  expanded-2D 3D latticework
[Cd(den),Cd(den){Ni(CN),},] 128 unidentate  expanded-2D 3D latticework with
single-1D interpenetration of den
[Cd(mtn YNi(CN),]-/a(cyelo-CeHiz) 129 chelate expanded-2D 3D latticework
double-1D
[Cd(dmtn)Ni(CN),}-'/.CHCI; 130 chelate expanded-2D 3D latticework
double-1D
[Cd(tenH), {Ni(CN),},]-4PhNH, 131 unidentate  (trans-1D)-2D 3D Iatticework
[Cd(pXdam)Ni(CN),]-0-MeCsH,NH, 61 single-1D  close-2D 3D latticework
[Cd(pXdam),Ni(CN),]-m-MeC4H,NH; 132 double-1D trans-1D 2D network
[Cd(pXdam),Ni(CN),]-G 133, 134 double-1D  cis-1D 2D network
[Cdy(pXdam), {Ni(CN),},}-2C,HsN 135 single-2D*! ¢is-1D 3D latticework
double-1D
[CA(PhNH,)(pXdam)Ni(CN),] 136 pXdam single-2D  (js.1D 2D network
PhNH, unidentate
(pXdamH,)[Ni(CN),] 137 discrete  discrete fonic
[Ni(en),Ni(CN),] 116 chelate ~ trans-1D 1D chain
[Cu(en),Ni(CN),] 117 chelate ~ trans-1D 1D chain
{Zn(en),Ni(CN),] 118 chelate trans-1D 1D chain
[Cd(en),Ni(CN),] 119 chelate cis-1D 1D chain
[Cd(tn),Ni(CN),] 138 single-2D*? cis-1D*? 2D network
[Cd(dabtn),Ni(CN),]-2H,0 139 double-1D  trans-1D guest 2D network
[Cd(daptn),Ni(CN),]-H,0 140 double-1D  cis-1D guest triple-1D chain
[CA(H,0),(dahxn),}[Ni(CN),] 141 double-1D  discrete unidentate 1D chain
[Cd(dahpn),Ni(CN),]-H,O 142 single-3D  cis-1D guest 4-fold 3D latticework
[Cd(danon),Ni(CN),] 143 single-2D  cis-1D 3D latticework
[Cd(mea)(daptm)Ni(CN),] 144 mea  single-1D  trans-1D 2-fold 3D latticework
daptn single-1D
[Cd(mea)(dahxn)Ni(CN),]-H,0 145 mea chelate trans-1D 3-fold 3D latticework
dahxn single-2D
[Cd(en);][Ni(CN),] 122 chelate discrete ionic
(dadenH),[Ni(CN),] 154 discrete discrete H-bonded 1D chain
[meaH-(18-crown-6)1,[Ni(CN),] 155 discrete discrete ionic
{Cd(2,2’-bpy)Ni(CN),] 156 chelate close-2D** 3D latticework

*1. A graphite-like 2D network is given by trifurcate extension of the single-2D catenation.
*2. One single-1D array in the single-2D extension is additionally spanned by the ¢is-1D,
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Figure 14a—d.
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Figure 14e—g. Structures of CANi(CN)4-2diam-hH, O series. (a) [Cd(en);Ni(CN)4] 119 (mon-
oclinic form) with chelating en and cis-(cis-1D) Ni(CN)4 catenation. (b) [Cd(tn);Ni(CN)4] 138
with single-2D tn spans; a couple of the edges of the mesh are additionally spanned by cis-(cis-
1D) catenation of Ni(CN)4. (¢) [Cd(dabtn);Ni{CN)s]-2H,0O 139; double-1D dabta belts are
bridged by trans~(trans-1D) Ni(CN)4. (d) [Cd(daptn); Ni(CN)4]-H, O 140; double-1D daptn belt
is reinforced by trans-(cis-1D) catenation of Ni(CN)a. () [Cd(H,0)2(dahxn), J[Ni(CN)4] 141;
discrete Ni(CN)4 is intercalated between double-1D belts of dahxn. (f) [Cd(danon);Ni(CN)4]
143 with single-2D catenation of danon and #rams-(cis-1D) catenation of Ni(CN)s. (g)
[Cd(dahpn)2Ni(CN)4]-H, O 142 with trans-(cis-1D) catenation of Ni(CN)4 and single-3D span
of dahpn. (h) fourfold interpenetration of diamondoid sub-lattice spanned by dahpn ligands in
142 (solid bar is the linking by Ni(CN)4 in trans-(cis-1D) catenation).
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Z) or in the opposite direction (single-E); the anhydrate and the hydrates take
double-Z and single-E modes. As for the clathrate structures, so far deter-
mined, [{Ph(CH,),NH3},Ni(CN)4]-CsHg148, [{Ph(CH,);NH; }oNi(CN)4]-CsHs
152, and [{Ph(CH;);NH3},Ni(CN);]-PhNMe, 149 have the single-sheet stack-
ing with a single-E mode for both benzene clathrates but a single-Z mode for
the N, N-dimethylaniline clathrate; [{Ph(CH,),NHj3 },Ni(CN)4]-CHCl3 150 and
[{Ph(CH;),NHj3 }>2Ni(CN)4]-p-MeC¢H4NH; 151 have the double-decked sheets
with a double-Z mode. The respective clathrate structures without the double-
decked or single sheet are derived by a formal replacement of the phenylalkyl
group protruding from the absent double-decked or single sheet by the guest mole-
cules.

4. Supramelecular Structures Involving Tetrahedral Cd(CN),
4.1. GENERAL

Strategy (3) gives Hofmann-Td-type [Cd(NH3);M/(CN)4]}-2G and en-Td-type
[Cd(en)M'(CN)s]-2G M’ = Cd, Hg) clathrates from the Hofmann-type and
Hofmann-en-type upon replacing the square planar Ni(CN); by tetrahedral
M/(CN)4. The close-2D network in the Hofmann-type and Hofmann-en-type hosts
changes to the CN-bridged 3D latticework owing to the tetrahedral linkage of the
tetrahedral tetracyanometallate to the octahedral Cd. When M’ is Cd, i.e., in almost
all cases of our structures, octahedral Cd(o) and tetrahedral Cd(t) coexist with a
1:1 ratio in the Hofmann-Td-type and related structures.

In the course of our investigations to develop novel host structures with or
without use of secondary ligands, we have obtained multi-dimensional structures
built of the CN linkages among Cd(o) and Cd(t), and five-coordinated Cd(p) in some
structures, in various ratios. In comparison with the varieties of the structures, their
compositions are rather simple and can be denoted as adducts of cadmium cyanide
uCd(CN); - vL(or G)-wH,O for many of the compounds. Their crystallographic
data are listed in Table V, in which some related data of cyanocuprates(I) are also
included.

4.2. HOFMANN-TD-TYPE AND RELATED STRUCTURES
4.2.1. Structures with the ratio Cd(o):Cd(t) = 1.1

In the structures of the Hofmann-Td-type 201-203 and -Td-en-type 207 and 208,
the close-2D network in the Hofmann-type host is twisted at every tetrahedral M’
by ca. 90° changing the host to a 3D structure linked by the CN bridges between
the octahedral Cd and tetrahedral M. Two kinds of cavities, o and 3, are formed in
the 3D lattice. Cavity « is isostructural to that in the Hofmann-type with the shape
of a rectangular box; cavity 3 has the shape of a twisted biprism that is derived by
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Figure 15. Structures of [{Ph(CH,);NH;3 },Ni(CN).s]-PhNMe; 149 (top),

[{Ph(CH,):NH3 },Ni(CN)4]-*/3H 20 147 (middie), and [{Ph(CH2),NH; }>Ni(CN)4]-
p-MeCgH4NH; 151 (bottom). Anisotropic sections are shown for guest atoms; anisotropic
peripheries for the ammonio-N. Each of the double-1D belts involving Ni{CN)4and onium
groups runs perpendicular to the page. 149 has the sheet structure of single-E; 147 double-Z
and single-Z; 151 double-Z.



95

CLATHRATE COMPOUNDS OF CYANOMETALLATE HOSTS

Y T 06 06 06 00£'9 ooe9 (1009 wgud UNOWPD 97T

SAINIONLIS PIJE[II PUR SIIRAYIB[D I UIHU-BIIS
v v 06 (191901 06 (©)8yes  (DeeTL  (8)sSSHT 2120 [qde*(NO)PD]  sTZ
19 ¥ 06  (OvrLot 06 (©)6L96  (960TII (©)€L96 ui'zd [uxbs(NDPO]  $TT
19 ¥ 06 06 06 (©)so0'8  (@sLzer (1)STyL 920 [z14d4(ND)PD]  €£2T
S T 06 (1£6°06 o6 (Dosrst  (zoLzt  (€)9c0°Tl Zd HOUdy-[H{"(NDPOYH(wFpD] et
09 T 06  (8)806'S6 06 meioL Ovvze  (6)oTev'LY wiTd F{ONOWOIH(wep)PD] 122
09 v 06 (D8s'L6 06 (Dzeozr  (©¢reor (@e6TTll 270 [2{(uep){(ND)PO}Huap)PD]  0zT
9 T 06 Doz L6 06  (Owzor  (@ussor (D8L18 of'ed [E{e(unb)s(ND)PO} {H(umbypo}] 612
09 ¢ 06 06 06 (S)LLost seTyl  (WseTyl  wmwtyd SNOUdY - [{*(ND)'PO}*{(uap)PD}] 81t
09 + 06 06 06 ()€6zs1 (90958  (5)88°91 wpud BANUdY - [F{LNDY RO (usp)PD}] L1t
09 8 06 06 06 (98zost  (DzeLtz  (©eorel wo'zy *HPDS T-[H{HNDY PO (IND) {(uop)pD}] 91T
0% ¥ 06 06 06 (@ie6vl  (@riser  (Dego0T wwu g O H D [{UNDY PO HIND) {(usp)PD}] ST
09 ¢ 0zt 06 06  (@LITST 0Tyl (DToTH!1 9794 CHN'HPOSIW-0t-[{{(ND)'PO}E{(uspX(NDOIPD}]  ¥IT
09 ¢ 0zl 06 06  (£)9¢0°SI oIyl (£)s91vl 979d THNUJ € H{HINDY PO E{(uep)(NDIPOY] €12
9 9 071 06 06  (8)69Lcy L86'cl (D)L867¢l ogy [{-INDY PO} H{HAD(NDIPOY]  TIT
65 ¥ 06 (T 16 06  (DiLvvlr  @voev1  (D8LT8 uied [D*HOID*HD [*(ND)PO(ud)pD] 11T
85 91 06 06 06 (9600vz (@98rtt  (D9stvl o/'yr [F(NOXPO(uDPD] 01T
q.5 91 06 06 06 (WILLET 99ev1  (1)99€'vl pov/yf ["(ND)PO(u)PD] 60T
Vs v 06 (6)650°T6 06  (DLegst ®LoLozt (DLzotl 2D THNYAZ-["(ND)PO(us)PD]. 802
LS T 06 06 06 (DTIsSt $97°8 (15978 vd SHOT-[M(NOIPO(u2)PD]  L0T
S ¥ 06 (DeLss 06 (19988 (61091 (V69I'SI uited THNYAY - [FINOWP O CHNUDPD] 90T
9 ¢ 06 06 06 (@ectvl  (@8sevl  (D)98¢6 w23 [F(NDIPOHADPD] S0t
0T ¥ 06 Q2916 06 (@erzst  (Owectr  (SWsoTt 2/70 OSHP DT (INOIPOHO'HIPD]  #0T
S ¥ 06 (S)ocres 06 (nzeovt (DsLozl (B)isel Ty 2170 CHNYAZ-FINOIPO*CHNOPOD] €02
S (De6s (Dz68 (Dso06  (R619F1 (s)Les's (Svess id *HPOT[P(INOISHECCHNOPOT 20T
2 06  (6)9L6°06 06 (Dizovl  @wLrzr (D€90°T1 2/2D PHPOT[PINOIPOYEHNOPO] 10T
saxajduros pue sajed e paje[ou pue 3dL)-pJ-uuvmijoy
P Z ol ol ol G Y9 yw dnosg aoedg

"SoImyonys paye[al pue ¥(ND)PD Sutajoaut soxmonns oy 10j eiep orydesSofeIsA1D ‘A o|qel



“ejep uonosenip Ael-X Jopaod uo paseg \?

o)
5 9 ¥ 06 06 06 631°C1 68zt (Desrel we ol [f100-"aNT-[P(NONDPD]  6¥T
2 AT 4 06 06 06 £vTTI ezl (@l wgpd 00z (NOYuzZPO]  8YT
= A 4 06 06 06 YELTL veLzt  (DyELTl wepd UHPD-0p0T["(ND)SHPD]  L¥T
& 9 v 06 06 06 8EILTI 8cILTl {9)8EILTI wgpd 1100z ["(ND)BHPD]  9¥T
m L9 8 06 06 06 69Tl 69Tl (1e69zt wgpd 0%Rds 0-lX(NOPD]  svT
5 L9 8 06 06 06 SPo'Tl SyoTl  (8)SH9°TI s@i 0L gs 0-[{NOWDl  ¥¥T
8 9 8 06 06 06 LoLTl oLzl (@LoLTl uepd £40800-UNOPOY €T
= 9 8 06 06 06 LsLzl Lset @usLet w gpd ronD-[ANOPDl  THT
% 8 06 06 06 LTl LTt (DypL'Tl ugpd bz N (Yo ve) IR § 24
9 8 06 06 06 EpLTL epL Tl (DepL Tt wepd opra-ANOPDY  opT
9 8 06 06 06 epLTl ehLzt  (DepLel wepd OHDUOHD[*(NOWD]  6£T
% 8 06 06 06 LTl LTy (DTpl'el wepd 10%12%040-F(ND)PD] - 86T
9 8 06 06 06 SeLTL seLzt (DseLzl wgpd A0-0p.[F(NDPD  LET
79 8 06 06 06 zeLel zeLzl  (@zeLet wepd IOSWHD[HNDIPD] 92
79 8 06 06 06 1€L°T1 reLzt (DigLet u g pog ORND[ANDIPDL s€T
79 8 06 06 06 6zLTl 6zl (DLt ugpd AW THPD-0[4a [H(NOIPDL  pET
% 8 06 06 06 LIL'TI Lz (DLILet wgpd 09D H(NDIPD] €52
79 38 06 06 06 avAra! yiLzr  (DyILel wepd noo-F(NOXPOL  TET
9 3 06 06 06 769°Cl 69t (DT69el wepd DRgG-[ANDIPD] 1€
9 8 06 06 06 169°C1 1697t (D169°T1 u gpd IDFHOIORWHO[H(ND)PDl  0€T
79 8 06 06 06 899°C1 8991 (£)899°C1 w gpd
L9 8 06 06 06 8£9°CI 8¢9°71  (9)8¢€9°TI ugpd 1D [{NDPD) 622
9 8 06 06 06 8£9°CI 8¢9zl (£)3¢9°TL wepd
9 8 06 06 06 LY9TL Ly9'Tt  (9Ly9'zl wgpd OHD-[H(NOPOl 82T
9 T 06 06 06 68'S 68°S (%68°S we Yy d
€9 T 06 06 06 7006'S T006'S  (6)T006°S ey d
9 T 06 06 06 9806°S 9806’ (L)9806S wgud YNOMZ LTT
9 T 06 06 06 79 79 79 g pd
€9 T 06 06 06 10€9 10€°9 (D109 wg g d
Py Z o o o0 Vi Y¥/q y/w dnoi3 soedg
% panunuo)) ‘A dqel,



97

CLATHRATE COMPOUNDS OF CYANOMETALLATE HOSTS

L v 06 06 06 (hovgs (96T €l (@ceTe woud [enud "N [{ND)'PD] 9Lz
1L+ 06 06 06 (Dsv6'8  ()866'€l  (£)8T9°1C wwoud PHYPaNNT-[HNDYPD]  §LT
v 06 06 06 ©sLes  whiser  (9)ssgIe woug [aud-fons]-[“ND)PO]  bLT
2w v 06 06 06 (£)966'8  (Sdegcel  (S)z9gIz woud [oud-foNs]-I{ND) POl £LT
L v 06 06 06 (©)sc88  (@esprel (Lves'IT wou PHOT-FNSTHND)Y POl TLT
1L T 06 06 06 @1z Wyset (9ozoll u'lgud [PH?0-Hwep]-[{(ND)PO]  1LZ
1L'69 € 06 06 06 @1zLs Mpser (S)9zoitl wigud (D HOID*HD-HWwWp]-{4ND)PO] 0L
1L T 06 06 06 ©Ov998  (eugzer  (ESITII w'gud [IDHO=IDHD-sup.u- NI [{NO)*PO] 69T
IL € 0zI 06 06  (¥)gesog 058’8 (£)0s8'8 wey [(1oHO-HWRP]-[{ND)PD] 89T
IL € 0Z1 06 06 €90t 8LL8 (8L wey FotHI aNI- Lol L9t
L € 0zl 06 06  (€)980'1¢ 6v8'8 (D688 wey [FapNus-2ANT-(4ND)PD] 99T
$3ANIINA)S (€ MIPUWTW-I[0I7Z
89 ¥ 06 06 06 (Diss1t (eerer  weorst pow) PHD°H?OZ] [ HWu¥(ND)PO] 597
0L + 06 06 06 (De6T8  (Do9gil  (9spLoT woud SINS- O 1 (NDYPD]  #9T
89 ¥ 06 06 06 @uzs Diggtl (919L°0T woud NS [(OPDHND)PD]  £9T
89 ¢ 06 (€£)Les 06 st (©zoe  (©eLeLl wied PHO-fNHNTZ] F(ND)PO] 79T
0L ¢ 06 Wrioze 06 (Dvgzt Uyss  (€orst wjzd [F100=400-MNTIHE T (ND)PO] 19T
89 1 0Z1 06 06  (Dseovi crors  (LIsLoLs wey [F100=*100- N -BND)EPD] 092
89 ¥ 06  (DeT1ll 06  (Dogost  (Dieos  (D)I8y 0T wzd Hong-[(HWwWp)(ND)*PD] 65T
89 ¥ 06 (9811l 06  (@I81st ©L906  (S)Sop 0T wieD 100 (HBwWP)-(NOYPO] 85T
0L'69 t 06  (©09SIT 06  (Di6eg vl @zLre ($)685°0T uwir) IHD[(Hmwp)k(ND)EPO] LSt
89 06 (DSt 06 (S)6igvl Weize  (LY9907 uirD RO [{(HWwp)-(ND)YPD] 957
$2.4n3o1.13S 1aA¢e] MNtj-Ae]D)

L9y + 0z! 06 06  (9sveyi 338'8 (£)888°'8  oww/oq (O*H-0%0@)s 0-*(ND)PD]  ssT
L9 8 06 06 06 (EelLl g8zl (9esrel T'Tvd NOJd-[4ND)PO]  ¥sT
L5 v 06 06 06  ()sge1l vei'e  (Dyere T'vd Ig1d-[ANDIPD] €8¢
L9 ¥ 06 06 06  (Oveetl 8L6'8 (9)8.6°8 T'Tvd 10 HOUOHD [HNOPD] 25T
€9 ¥ 06 06 06 609'11 60911 (60911 we g of

4 06 06 06 1L9°11 L9111 (@D1Lo11 wg o ["sND-["(ND)uznD]  1ST
% ¥ 06 06 06 142711 ot @it ug p o] ["100-+9NNT-["(ND)uzn]] oSz
Py 7 oM ol of® P v/4 y/® dnou3 soeds

panunuo) ‘A J[qeL



"[0Z6] e1ep YIAIN WOl popustuiodas uaaq sey wuiwy dnoad ooeds oy "¢,

m ‘1 [ewSLIO S} UY Jey) Wwol pafueyd usaq sey Juplas Saxe 9], T«
m 8 ¥ 06 06 06 (Drecer  (Desll  (wwLTic Wy [F{S(NDIPO} (runppO]  £0€
B [4 06 06 06  (e)eELTt 0,00z (D0LOOT o/l HO'“HPO-0poy [{NDIPOY {{NOXOHDIPI}]  ToE
v, 6L ¥ 06 06 06 T9LST LSt (6)TILst usyd O%d9-L(*{E(NOIPDIND)I POYH{HO'HIPD}]  T0€
& 6L ¥ 06 06 06 199°S1 19961 (9)199°S1 ug pd 0439 [ {SINDPD(NDIIPOY{HO PO} 00€
m 8. 8 06 (6)TTLTEL 06 @vor's  (9zeLst  (99LUST wigd HO 9 THENDIPOHNDIPOFHOTHIPO] 66T
2 1808 T 06 06 06 (60T (18Ys8 (1)s69'8 gy HONg e [F{E(NDIPOIHOHIPO] 867
&= 6L ¥ 06 QLI 06  (Wiceel (908t (Dprovl 2/70 OLATLH{(NDIPOIHOHIPD]  L6T
8L 8 06  (B¥TIIL 06 (@evoel  (@LeLLl  (eisTyl 270 HOAMT[H{ENDIPIIHOTHIPD] 96
LL ¥ 06 ez 96 06  (s1oL8 8L  (©)9y0°TH (L0086 o/'ed JWpZ-[FNDIPOHO*HIPD]  S6T
LL 8 06 06 06  (@e8ssy  (Divyyl  (@Dr0s'8 pord [{F(NOIPDI{(NDYH(OSPINIPD] 6T
9L ¥ 06 (£)ov'06 06  (L6LOIE (D98 (£)L08'61 o/'td HENOIPOPudas] €67
SL 9 0z1 06 06  (P1ocve 066’81 (¥)066'81 ¢y [{NOYPOl'ydd] 6T
vL ¥ 06 06 06 1098°Z1 1098°C1  (6)1098°C1 w gpd [P(INOIPOTES 167
EEBELER ALY u_qu_EO—n.—oEE hunwo
€& v 06 06 06 (D6rs8  (0)0s8'81  (ELLTT  «tuvud [NOwvaw- 31 [S(ND)YPO] 062
IL ¥ 06 06 06 @sro6  (DegssLT (L1801 u'zqd [1D*HOD HO-Hwwa].[{(ND)POl 682
oy 06 (@816 06 (regsl (Dszoe (97061 od [N HD-d-SoNST4(ND)PD] 88T
L T 0zl 06 06  (©91L°0C 1588 (D)Ls8'8  owmf9d [ H D4 aNNT-HND)YPD]  L8T
IL otl 06 06  (8)9v50T SLL'8 @sLL'8  owuftod ot HOZ- NI [H(NDYEPD] 98T
IL T 0zl 06 06  (©)L95°0T y18'8 Wrigs  owwfod FEIOHIUDHDTOWNIAND)PD]  s8T
IL 174 06 06 (R)LEVOT ¥IL'8 ©pi1Lg  owmffod [nNogz- e IANT-[“(IND)EPO] 8T
1L T 0zl 06 06  (8)9¥5°0T SLL'S (e)sLL8  owuod [[100="HOTaNNT-[“(ND)PD] €8T
IL T 0zl 06 06 (€)L6°0T L3L'8 @L8L'8  owwtod [IDTHOID™HOT-Y9AN]-[{(ND)EPD] 78T
IL v 06 06 06 ©eLLs  (S)zogel (D6e ey woud  [I0PHOIOHD-OWHNIT-[{BIWNA{UND) PO} 18T
L ¥ 06 06 06 (£)898'8  (Me8el  (1)95TTT wpti ] [CaNEHPO-§ € ¥/ PINND-[{ND)PO] 08T
L v 06 06 06 (D688 (Dgst'el  (D19¥'TT woud Baud-famnNd-{HNDYPD]  6LT
v 06 06 06 @zess  (9)86¥cl (E)L9TTT wpud [CoW H* D)%/ PNNT-[{NDYPD]  8LT
ooy 06 06 06 @eLggs (QoLsel  (DogTTT woug [(GBNPH?D-0)%/ - oNNT-[HND)PO]  LLT
39 Z o ol o2 P Y9 Y dnos3 soedg
% panunuo) ‘A 9[qeL



99

CLATHRATE COMPOUNDS OF CYANOMETALLATE HOSTS

68 T 06  (S)H86°601 06  (L<£99zl  (6)0L6S'8  (6)6Z8€°TI u/zd [“NOYnD]-[F{uspoweH}H] 1€
88 06  (@o6Lol 06 (£)856°6 @698 (©)109°€1 wizo NOSW-[(NO)NDHO'HDPD]  8I€
L8 ¥ 06 06 06 10v6°T1 10¥6'C1 (610621 €od OHY1-[{(ND)DPDIH  L1g
adequip ND-(DnD Suiajoaur SIS
98 06 (9)¢956 06 (ezor6l  (9)816%1 (L)€z88 ofed OTH-WBIPZ-NOND-ANDIPOT  91€
98 T 06 (08866 06  (MersLl (6601  (£)0S10Z %] OHE-UBIpy-HNDIPOIT SIS
98 ¥ 06 (D830l 06 (Wesr'vl  (S)86L8  (9)810°0€ LUrée) HORdY - uspZ-H(ND)POS  pIE
98 ¥ 06 (DL 8ol 06  (Oorvl  (€)9288  ()Sy6'6T wied 400=0%DY -uIPZ-ANDIIPOS  €I€
98 06  (£)06°801 06 (L9styl (h1egs  (L)988°67 Wiz SHPDY - WRIPZ-HNOIPOS  TIE
§2.1NJ1oN13s —uowNM__uu_.__EN_Luo:o—h:uu_m—
S8 ¢ 06  (1)06's01 06 (QLesez (D668 (D1zeLt ted 3HUAZ-O°HZ-HUY-“(NO)PO6  TI€
8 ¢ 06 @cc s 06 (Qzezzl  (s)segTl @68 urzd BNPHOO-A-HWIZANDIPOE  0I€
8 ¢ 0zt 06 06 (Peze's 9IL’LT  (S)91L°Ll wi9d NFHPO- - HWIZ-HND)IPOE  60€
S8 F 06  ()TYOL 06  (©6Leer  (D6LErl (S0 el ui'zd O HD-0p240-HWZ-A(ND)POE  80€
8 v 06 (1)88°s01 06 (Dg6e vl (Dzesyl  (DssyTl ulted SNUL-HMIZ-ANDIPOE  LOE
v8 ¥ 06 (1)8s901 06 @etrrl  @LITvL (D69€TH u/'zd HPO-HWIZ-HNDIPOE  90€
$2AN30Nna)s ﬁouﬁw:nu_ONﬂﬁ_Em
€8 T 06 (§)9¢g7501 06 (®W9SI'I1  (6)2z8TEl  (9)L968°8 2/'td [{F(NO)PO}H{(eu)(ONDPO}]  SO€
18 ¥ 06  (1)SO+01 06  (D99cTl (V61971 (D8SE' 11 e/'zd HHO»(NOY PO} (maun)pD]  pog
Y Z o ol o YP Y9 o dnou3 aoedg

panuBuoy) ‘A d[qeL



100 TOSCHITAKE IWAMOTO

rotating a half of the rectangular box along the bisecting diagonal plane by ca. 90°
(see Figure 16).

The benzene and aniline clathrates are obtained for both Hofmann-Td- and
en-Td-type hosts [54-56]. Although it is difficult to accommodate aniline as the
guest in the Hofmann-en-type host owing to the short en span between the close-
2D networks, the en-Td-type host can accommodate aniline [54]. The 3D lattice
involving the tetrahedral Cd(CN)4 is more flexible than the Hofmann-en-type so
that the latticework is deformed to accommodate the hydrogen-bonded pair of
aniline molecules in the a and 3 cavities, as shown in Figure 16.

The replacement of the NH3 ligand in the Hofmann-Td-type by H,O affords
a 1,4-dioxane clathrate [Cd(H,0)>,Cd(CN)4]-2C4HgO, 204 [20] analogous to the
case of the Hofmann-H,O-type [Cd(H,0);Ni(CN)4]-2C4HgO, 13 [20]. A similar
analogue to the Hofmann-py-type complex [Cd(py)Ni(CN)4] 32 [29] is obtained
as [Cd(py)2Cd(CN)4] 205 [56] with the topology of the 3D structure the same as
the host of the Hofmann-Td-type clathrate. Cavity « in the flexible 3D lattice is
occupied by the py ligand but cavity 5 collapses with no room for any guest.

The residual complex left after thermal liberation of the guest molecules from
en-Td-type [Cd(en)Cd(CN)4]-2C¢Hg 207 gives a powder X-ray diffraction pattern
identical with that of complex 209 [Cd(en)Cd(CN)4] [57b], whose 3D structure
is a doubly interpenetrating latticework of the CN linkages among Cd(t) and en-
chelated Cd(o). The 3D latticework in [Cd(tn)Cd(CN)4] 210 also has the same
topology as 209 [58].

Aniline, being a complementary ligand that is more voluminous than
py, gives a 3D host structure different in topology from the Hofmann-Td-
type: two aniline ligands coordinate to the octahedral Cd at cis positions in
[Cd(PhNH,),Cd(CN),]-1/2PhNH, 206 whose cage cavity accommodates the ani-
line molecule as the guest [54].

Although its composition suggested a pn-Td-type host structure, the 3D host of
the [Cd(pn)Cd(CN)4]-CICH,CH, Cl clathrate 211 involves the pn-chelated octahe-
dral Cd linked by the tetrahedral Cd(CN)4 entities with a topology different from
the Hofmann-en-type; two guest molecules are accommodated in the cage cavity
[59].

4.2.2. Structural variations upon change of complementary ligand

A slight increase of the pyridine concentration in the mother solution
of [Cd(py),Cd(CN)4] (= Cd(CN),-py in composition) 205 affords complex
[{CA(CN)(py)2 }3{Cda(CN);}] 212 (= 5Cd(CN),-6py) with a ratio of Cd(0):Cd(t)
= 3:2 [56]. The Cd(o) atoms coordinated with the py ligands at trans positions are
linked by CN groups to form a triangle on the equatorial plane, while the dimeric
Cdy(CN); [= NC)Cd(t)(CN)Cd(t)(CN)s ] entity takes a staggered configuration
like the pyrosilicate anion Si;O7°~ with the central Cd-(CN)-Cd array perpendic-
ular to the equatorial plane of the Cd(o) trimeric unit. As shown in Figure 17, a
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Figure 16. Guests in o and 3 cavities of Hofmann-Td-type and en-Td-type hosts. Top lefi:
CsHs in [Cd(NH3)2Cd(CN)4}-2CsHs 201; fop right: PhANH; in [Cd(NH;3);Cd(CN)4]-2PhNH;
203 (both PhNH; molecules are disordered and hydrogen bonded to the NH3 of the host);
bottom left: CeHs in [Cd(en)Cd(CN}4]-2C¢Hs 207 (CsHs in 8 cavity is disordered); botiom
right: PhaNH; in [Cd(en)Cd(CN)4]-2PhNH; 208 (the PhNH; molecules in o and 3 cavities are
hydrogen bonded to each other).

CN-bridged 2D network is formed among the trimers and the dimers arranged alter-
nately up and down from the network. The adjacent networks spanned by the dimers
in the staggered configuration are stacked with a rotation by 60° so as to fill up the
interlayer space by the py ligands at the Cd(o) atoms. In the clathrate structures of
[{Cd(CN)(den)}3{Cd2(CN)7}]-3G (G = 0-MeCgH4NH; 214, C4HgO; 215) where
the Cd(o) in one network is linked directly to the Cd(o) atoms in adjacent networks
through the den ligands, the dimer takes an eclipsed configuration to generate cage
cavities for the guest molecules. The Cd(o) unit becomes dimeric in 214 and 215,
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and monomeric in 216 [59]. Isoquinoline, being considerably bulkier than py and
den as a secondary ligand, gives complex [{Cd(iquin); } { Cd(CN);(iquin), }»] 217
in which the frans-Cd(o)(iquin), and frans-Cd(p)(iquin), are alternately linked
by the CN bridges to extend a 1D belt like the double-1D extension observed
for Cd-Ni(CN)y4 systems [56]. The five-coordinated Cd(p) is further ligated by an
unbridged unidentate CN group. The replacement of iquin by den in the belt struc-
ture turns to a 2D structure, where the den ligand bridges between Cd(o) in one
belt and Cd(p) in the adjacent belt and vice versa.

Another kind of five coordination when a Cd(o) liberates an N-end of a CN-
bridge from an adjacent Cd(t) is observed for [Cd(tn),{Cd(CN)4},]-4PhOH 222
[58]. In its 3D lattice work apparently similar in topology to that of the en-Td-type
host, the N end of a CN bridge is not coordinated to Cd(o) but hydrogen-bonded
to the NH; group of the tn bridging between Cd(o0) atoms.

Robson’s group reported the 3D latticeworks built of Cd(o) atoms only, which
are linked by CN groups and bridging ligands pyrz 223, qxin 224, and bpb 225,
respectively [61].

4.3. MINERALOMIMETIC STRUCTURES OF Cd(CN); AND Cd,(CN),
4.3.1. Mineralomimetic chemistry

Clathrate hydrates are well known inclusion structures that occur in nature. Melano-
phlogite, isomorphous to clathrate hydrate I, is a rare example of a silica (SiO;)
mineral accommodating organic guest molecules. Clathrasils and zeosils are artifi-
cial inclusion systems mimicking clathrate hydrates and zeolites [90]. The structural
analogy between H,O (ice) and SiO; is also applicable to Cd(CN), (see Table VI).
They all have the AB; composition; A takes a tetrahedral configuration; B bridges
between A’s to give a 3D structure. Owing to the longer span of Cd—CN—Cd (ca.
5.5 A) compared with those of Si—O—Si (ca. 3.2 A) and O—H---O (ca. 2.8 A), the
3D structure of C&—CN—Cd spans with the same topology as those of Si—O—=Si
or O—H- - -O spans may generate a more spacious cavity than those of the latter
spans. In addition, since cadmium polycyanocadmates or isopolycyanopolycad-
mates of composition Cd,(CN), may involve both tetrahedral and octahedral Cd
centres in the crystal structures, structures of silicate and oxide minerals involving
both tetrahedral and octahedral centres can be mimicked by Cd.(CN),. Hence
the term mineralomimetic chemistry may be defined as the chemistry of building
mineral-like structures using materials that never give stable minerals in nature,
where the products have structures, properties, functions, etc. in some respects sim-
ilar to, but in other respects different from, those of natural minerals. A remarkable
difference of mineralomimetic structures from natural minerals is brought about by
the longer span of Cd—CN-—Cd which is favourable for accommodation of mole-
cular species of larger dimensions than the monatomic cations or water molecules
usually included in natural minerals. A number of examples have been demonstrat-
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Figure 17. Structure of [{CA(CN)(py)2}3{Cd2(CN);}] 212. Top: projection along the c axis;
the trimeric unit of [Cd(0)(CN)]s and base of the dimeric unit [(NC); Cd(t)(CN)CA(t)(CN)s]
in a staggered conformation form the puckered 2D network with approximately triangle and
pentagonal meshes shown with solid bonds. Botfom: a side view of the stacked networks from
which py ligands protrude to occupy the interlayer space.
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Table VL Structural similarities among SiO3, H20 (ice) and Cd(CN);.

Space group SiO, H,O Cd(CN),
Fd3m H-cristobalite ice I, Hec-host
P422 L-cristobalite Le-host
keatite ice 111, ice IX
P6s/mme H-tridymite ice I, Ht-host
€222, etc. L-tridymite
P6,(64)22 H-quartz
P3,(3,)21 L-quartz
Pm3m melanophlogite clathrate hydrate I
465i0,-8G 46H,0-[6X-2Y]
Fd3m clathrate hydrate 1T
136H,0-[8X-16Y]
Pn3 m* Cu,0: cuprite ice VII, ice VIiI neat Cd(CN),

* All the structures in this line have a double-interpreting latticework of self-clathrate.

ed for silica-mimetic Cd(CN),, clay-mimetic and zeolite-mimetic Cd;(CN),, etc.
[7d, 91].

4.3.2. Silica-mimetic structures

As shown in Figure 18a, neat Cd(CN); 226 as well as neat Zn(CN), 227 have
an anticuprite type (cuprite: Cu,O) doubly interpenetrating latticework structure,
the single latticework of which is isostructural to the high-temperature phase of
cristobalite (H-cristobalite), one of the polymorphs of SiO; [62—65]. A number of
clathrates with silica-mimetic host structures are derived through the replacement
of one latticework by guests [62,66,67]. The clathrates obtained, Cd(CN),-G or
Cd(CN),-0.5G may be the simplest in composition among the known clathrates.

The host structures of CA(CN),-G 228-243 and Cd(CN),-0.5G 244, 245 are iso-
morphous to H-cristobalite whose cavity has a Ty symmetry (see Figure 18b). The
guests accommodated in the H-cristobalite-mimetic host (He host) are tetrahedral
or pseudotetrahedral for the series of CMe4.,Cl, (n = 0-4); those of molecular
symmetries considerably lower than 7;; are also accommodated in the He host. In
the cases of 244 and 245, the di-isoalkyl ether guests randomly share the respective
isoalkyl groups in two neighbouring cavities.

The shape of the guest may influence the deformation of the host latticework
so much that the cubic Hc host (the space group Fd3m) is deformed to tetrag-
onal Lc host (L-cristobalite-mimetic: P4;212) in 252-254 like the thermal tran-
sition of SiO, from H-cristobalite to L-cristobalite. The H-tridymite structure is
mimicked when the guest is a long straight-chain aliphatic molecule Bu7O in
[CA(CN),]-0.5(Bu5O-H,0) 255. The Ht host (P63/mmc) gives a channel cavity
for BuO which appears to be hydrogen-bonded to H>O in another cage cavity
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Figure 18. (a) Self-clathrate structure of neat Cd(CN), 226 with doubly interpenetrating 3D
latticework. (b) The cavity of a T;; symmetry formed in He (high-cristobalite-mimetic) host
clathrate Cd(CN),;-CMe4 242 accommodating the CMes guest.

generated in the 3D latticework isomorphous to ice I, the ice frozen at 273.15 K
and 1 atm. Thus three of the six polymorphs, Hc, Lc, Ht, Lt, Hq (H-quartz) and Lq
(L-quartz), have been mimicked by the 3D host structures of Cd(CN); [67] (see
Figure 19).

As for the X-ray crystallography of the Cd—CN—Cd linkage structures, a prob-
lem is the discrimination between C and N in the Cd(t}—CN—Cd(t or p) linkage,
although in most cases the Cd(t)y—CN—Cd(o) sequence has been ascertained with
the Cd—N distance being longer than Cd—C. The Cd(t)}—CN—Cd(t) sequence
can be determined when the difference between both distances is greater than the
sum of three times their e.s.d.’s. Solid-state NMR is a powerful tool for resolving
the order—disorder problem as well as to analyse the motional behaviour of guest
molecules [82, 92, 93]. In general, the CN group inserted between two Cd(t) atoms
is in disorder.

Hc hosts are also possible for the combination of the tetrahedral coordination
centres other than Cd such as Hg, Zn, Cu(l), 246-252. The negatively charged
hosts of [CACu(CN)4]™ 249 and [CuZn(CN)4]~ 250 accommodate the neutral
guest CCly and NMe] in the tetrahedral cavities [62]; [CuZn(CN),]-[NMe,4] 251
has a neutral, guest-free structure leaving half the number of cavities vacant [62,63].
In these host structures the Cu(CN)4 moiety keeps its integrity as a C-coordinated
tetrahedron as determined by both X-ray crystallography and NMR [92¢].
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Figure 19. Cubic Hc-host (top left), tetragonal Lc-host (top right) and hexagonal Ht-host
(bottom) structures of Cd(CN),; Cd atoms are shown with anisotropic sections.

4.3.3. Clay-mimetic 2D layer structures

The layer of clay minerals is in general composed of an assembly of tetrahedral
and octahedral coordination polyhedra sharing oxide anions. In clay chemistry,
the notations T—O, T—O-—T, etc., have been applied to denote the coordination
polyhedra arranged across the layer structure: T for tetrahedral and O for octa-
hedral coordination centres. The layer structures, as in clays, are composed of
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Cd(t)—CN—Cd(o)}—NC—Cd(t) units, i.e., —O—T of Cd coordination polyhe-
dra sharing CN groups, as is illustrated in Figure 20. In 256-259, the negative
charge of the [Cd3(CN);]~ host is neutralised by the coordination of the cationic
ligand dmtnH* at Cd(o) so that the neutral guests are intercalated in the interlayer
space. The negative charge of the [Cd3(CN)s]?~ layer in 260 and 262, and that
of partially I~ -replaced at the vertex of Cd(t) in 261 is neutralised by the onium
cations intercalated in the interlayer space along with the neutral guests. The nega-
tively charged hosts of 263 and 264 have intralayer cavities that accommodate the
onium cations. The benzene molecules in 265 are shared between the intralayer
cavity and the concave cavity on the surface of the layer.

These clay-mimetic layers demonstrate typical examples of mineralomimetic
structures comprised of chemical species that never give stable minerals in nature;
they have similarities to and differences from the natural minerals. The similarity is
that the layer is composed of T—O—T units; the difference is that the surface of the
layer is covered by the vertices of coordination polyhedra in the mineralomimetic
structures but by the faces in natural clays. Another point of difference may be
in the chemical species: the mimicked structures contain only one Cd species
as the coordination centres, both tetrahedral and octahedral. In addition, a few
clay-mimetic structures accommodate the guests in the intralayer cavity.

4.3.4. Zeolite-mimetic 3D lattice structures

Zeolite-mimetic character may be demonstrated by the 3D structures built of CN
linkages among Cd(t) and Cd(o) atoms: a negatively charged 3D latticework host,
e.g., [Cd3(CN);]~, [Cd4(CN)e]~, accommodates cationic and neutral guests in the
polyhedral cavities with polygonal openings edged by Cd—CN—Cd spans. With
respect to the 24 structures solved for the [Cd3(CN)7]~ hosts 266-289, which
can be classified into six types according to the structural features, a commonly
observed feature is that the 1D chain of —(T—O—T—) runs on the mirror
plane of all the unit cells. The one exception is 288 (the space group Pa but
pseudo-hexagonal). The notation T—O—T has been used to denote a unit of CN-
bridged linkage —NC—Cd(t)—CN—Cd(0)—NC—Cd(t)— like that used in clay
chemistry, although in zeolite chemistry the usual meaning of T—O—T is the unit
of two tetrahedral centres bridged with oxide. The T—O—T unit in the zeolite-
mimetic structures is arrayed on a straight line, to a first approximation if slightly
bent, but the chain always bends at the T—T joint between the T—O—T units. The
three modes of bending, E-TOT, E-TT, E-TOT, Z-TT, and Z-TOT, E-TT have been
observed for the 1D chains in the zeolite-like host structures; E-TOT denotes the
mode bending towards the opposite directions at both T sides of the T—O—T unit
and E-TT towards the opposite sides at the T—T junction; Z indicates the directions
are the same. The 3D structure is given by the interconnection of the chains through
out-of-the-mirror-plane CN groups. In addition to the bending mode, the difference
in array of the bent chains generate four types of 3D structures in E-TOT, E-TT
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Figure 20. Clay-like layer structures of [Cd3(CN);(dmtnH)] (top), [Cd3(CN)s]?~ (middle),
and [Cd3(CN)7(H,0)]™ (bottom); the last accommodates SMe;“ guest in the intralayer cavity.

mode. When an E-TOT, E-TT chain on a mirror plane is assumed in an o (ortho)
mode of bending, the chain generated by a 2; screw rotation never coincides with
the o chain but in the mode of a (anti). Since all the unit cells can be seen to have
two net mirror planes on which the 1D chains run, the mode of the chain running
on the plane adjacent to the first selected plane may be denoted with a prime o' or
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Table VII. Classification of the zeolite-mimetic structures.

[Cd3(CN); ] host: Cd(0):Cd(t) = 1:2

Type: Compound*'  Space group(Z) Bending mode of 1D chain Cavities

1:262 - 264 R3 m(3) E-TOT,E-TT; 0-0’ [4%6]

11: 265 - 267 Pr2,m(2) E-TOT,E-TT; 0-a’ [415%"], [4'5%,]

I1I: 268 - 276 Pram(4) E-TOT,E-TT; 0-a’-a--0’ [4°5%6"], [68'], [5%6"]

v 277%2 Pram(4) E-TOT,E-TT; o(T)-a’(P)-o(P)- [4'5%6"], [4'5%"), [4°5%6"],
a’(T)-a(T)-0’(P)-a(P)-0’(T) {6781, [5%']

V:278 -283,284%  P63/mmec(2) E-TOT,Z-TT; 0-0° [67], [4°6°]

VI: 285 Pb2,m(4) Z-TOT,E-TT; o-a’ [4'5%", [4%6"]

[Cd4(CN)o]™ host: Cd(0):Cd(t) = 1:3

286 Prma(4) E-TT,Z-TOT,E-TT; 0-a’-a-0’ [4'5%], [4'5%6"]

*1. Shown as the number in Table V.

*2. [Cd3(CN),Cd;(CN);NMe;]-2[NMe;CH,CICH,Cl]; the chain involving Cd(p) is shown with (P) to dis-
criminate from that involving Cd(t) only as Cd(T).

*3, Distorted from the hexagonal symmetry to the monoclinic Pa(4).

a’. Thus the classification of the structures listed in Table VII is possible according
to their structural features. Some of the representative structures are illustrated in
Figure 21.

The interconnection of the 1D chains generates polygons cornered by Cd atoms
and edged by —CN— spans; these polygons enclose polyhedral cavities. The
cavity is denoted as [p™g™], i.e. enclosed by n of p-edged and m of g-edged
polygons. In the polyhedral cavities organic onium cations and neutral guests are
accommodated. An exceptional case is for type IV 281 in which NMej in a cavity
is not protonated but ligates to a Cd from inside of the cavity, the Cd(p) being in a
trigonal-bipyramidal five coordination.

Inclusion selectivity for C¢Hg (B), PhMe (T), three C¢HsMe, (X) isomers o-
(0), m- (M) and p- (P), and PhEt (E) was examined for fractional enclathration
crystallisation processes into types Il and V hosts. When the onium guest is NMe;;",
B-, T, O-, M-, and E-guest clathrates 275-279 are isomorphous to one another
of space group Prnam with comparable unit cell dimensions, but P 287 gives a
hexagonal (P63/mmc) structure. When the onium is SMegr ,B, T, and E 272-274
are orthorhombic Pnam as well as those of NMe] onium ones, but the host of P-
guest clathrate 288 is deformed from hexagonal to monoclinic Pa. From B—T—X
and X—F mixtures the selectivity of the NMej -host for the guest is in the order of
T>B>P 3> M>O0 and E>P > M>O respectively [94], but that of the SMej -host
P>T>B >» M>O0 and P>E > M>0 [95].

The nonacyanotetracadmate of 290 has a chain of T—O—T—T units; Kt is
accommodated as the cationic guest to neutralise the negative charge of the host
along with the neutral guest EtCN [73].
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Figure 21a—f. Representative cavity structures in zeolite-mimetic [Cd3(CN);]™hosts and
[Cda(CN)o]™ host structure. (a) SnMes or NMe,t in type I 266; (b) a pair of disordered
CH.CICH,Cl in type V 285; (¢) NMes™ and trans-CHCI=CHClI in type II 269; (d) NHMe; T,
CH,CICH,Cl, and unidentate NMes in type TV 281; {¢) NMes™ and two disordered CsHs in
type III 275; (f) temtnH* and CH,CICH,Cl in type VI 289.
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Figure 21g. The host structure of [Cds(CN)e]™ 290 as a projection along the ¢ axis; the 1D
chains of —{O——T—T—T—], running on the same mirror plane at z = 1/2 are shown with
solid bonds.

4.3.5. Other mineralomimetic structures

K>[Cd(CN)4] is one of the starting reagents used to prepare the crystals of cyanocad-
mate compounds with multi-dimensional structures. The salt has an AB»X,4 com-
position like spinel, ALMgO4. The crystal structure of Kp[Cd(CN)4] 291 was
described as a cyano-spinel: Cd takes a tetrahedral position coordinated with four
CN groups and K takes an octahedral position surrounded by six N atoms of the CN
groups in the space group Fd3m [74]. The dimeric pyrosilicate structure Sizog_
was mimicked by a discrete [Cdy(CN);]>~ moiety in [PPh4]3[Cd2(CN);] 292 [75]
and ino-silicate (SiO%‘)c>o by alinear chain of [Cd(CN); Joo in [SbPh4]2[Cd(CN)3 ]2
293, which formula represents the presence of two crystallographically independent
cations and anionic chains in the unit cell [76].

A variety of zeolite-mimetic and related structures have been reported for
the compounds with apparently simple compositions : uCd(CN), - »(L and/or
G)-wH,0. 3Cd(CN),-2Me,SO reported by Kim ef al. [77] is formulated as
[{Cd(Me;S0),(CN)},Cd(CN)4] 294 whose structure is closely related to the
Hofmann-Td-type. The 3D lattice involving Cd(o) and Cd(t) in a 2:1 ratio is
generated by introducing an extra Cd(o) next to the Cd(o) in the Hofmann-Td-
type; two Me;SO coordinate to each Cd(o) at #rans positions to fill up the cavi-
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ties. Cd(CN),-dmf-H,O, formulated as [Cd(H,0),Cd(CN)4]-2dmf 295 [77], may
be seen as a polymorph of the Hofmann-H,O-Td-type. The aqua ligands coor-
dinate to the Cd(o) at cis positions and are hydrogen-bonded to the guest dmf
molecules. The cis coordination of aqua ligands at Cd(o) is also observed for
3Cd(CN),-2G-2H,0 (G = Pr'OH 296 [78], Pr",0 297 [79]; Cd(0):Cd(t) = 1:2) in
which the alcohol and the ether guests are respectively hydrogen-bonded to the
aqua ligands. Coordination of aqua ligands at trans positions of Cd(o) occurs
in 3Cd(CN),-3Bu!OH-2H,;0 (= [Cd(H,0),{Cd(CN);},]-3Bu’OH; Cd(0):Cd(t)
= 1:2) 298 [80, 81], SCA(CN),-6Pi"OH:2H,0 (= [Cd(H;0),{Cd(CN),Cd-
(CN)3},]-6Pr"OH; Cd(0):Cd(t) = 1:4) 299 [78], and 8Cd(CN),-6G-2H,0
[{Cd(H,0), }3(Cd{(CN)CA(CN)3 }4)]-6G; Cd(0):Cd(t) = 3:5; G = Et,0 300, =
Pr',0 301) [79]. The structure of 298 can be interpreted in terms of another varia-
tion from the Hofmann-Td-type that replacement of two Cd(o) by a Cd(t) for half
the number of Cd(o) atoms in the Hofmann-Td-type generates this structure. The
expanded cavity accommodates the alcohol guest hydrogen-bonded with the aqua
ligand.

In the 3D lattice of 299, there are two sets of —(T—O—T—), chains, like those
observed for the zeolite-mimetic structures, running approximately on the [001]
plane of the C2/m unit cell. The chains do not run in parallel but cross at every
Cd(o). The interchain connection occurs at every Cd(t) to generate channel cavities,
in which disordered P OH molecules are assumed to be hydrogen-bonded to the
aqua ligands. In the isomorphous 300 and 301, which have a Cd(0):Cd(t) ratio
of 3:5, the five Cd(t) atoms form a neopentane-like assembly of Cd{—CN—Cd
(CN—)3 }4, the three outer N atoms of each —Cd(CN—); moiety being linked
to three Cd(o) atoms to generate the 3D host lattice. A pair of ether guests are
hydrogen-bonded with the aqua ligands from two Cd(o) atoms to form a square
array of O atoms.

The cristobalite-mimetic host of [{Cd(H;O)CN),}4Cd(CN),1-4cyclo-
CsH;10OH 302 (= SCd(CN);-4cyclo-CgHy;OH-4H,0) [82] has a Cd(p):Cd(t) ratio
of 4:1, i.e., four of the five Cd atoms in the 3D host are coordinated additionally
by the aqua ligands respectively, these ligands forming a hydrogen-bonded tetra-
hedron in one cavity. Each of the cyclohexanol guests accommodated in the four
adjacent cavities directs its OH group towards the face of the water tetrahedron.
Eventually, those species accommodated in the five cavities are arrayed to form a
big tetrahedron [(H20)4](cyclo-CsH;10OH)s.

Because of the rigid tetrahedral array of ligating N atoms in
hmta (hexamethylenetetramine), involvement of hmta with the Cd—
CN—Cd linkage structure resulted in three different 3D lattice struc-
tures as seen in [Cd(hmta){Cd(CN)s;},] 303 (= 3Cd(CN),-hmta) [81],
[Cd(hmta){Cd,(CN)s(OH)}] 304 (= 2Cd(CN),-Cd(CN)(OH)-hmta) [81], and
[{CA(NC)(hmta)},Cd(CN)4] 305 (= 3Cd(CN),-2hmta) [83].

A series of imH-ligated hosts, involving both imH-ligated Cd(o) and Cd(t),
show a variety of structures, depending on the guest, with the same composition
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3Cd(CN),-2imH-G [84, 85]. Benzene, toluene and cyclohexanone gives an iso-
morphous series of [{Cd(o)(imH)}{Cd(t1)(CN); (imH)}{Cd(t2)(CN); }]-G (G =
CgHg 306, PhMe 307, cyclo-CsH;oO 308) like the zeolite-mimetic host. However,
the host of the m-xylene clathrate [{Cd(o)(imH); }{Cd(t)(CN)s3 }2]-m-CcHsMe,
309 has a beryl(Al;Be;SigOgg)-like framework structure. The cyclosilicate struc-
ture unit of (SiO3)s is mimicked by the hexagonal ring of {Cd(t)(CN)s}s; the
BeQy tetrahedron sharing the O with the silicate unit is mimicked by Cd(o)(imH),
which leaves four coordination sites for the CN linkages from the out-of-plane
CN groups of the hexagonal ring. The guest m-C¢HsMe, molecules are accom-
modated in the channel formed by stacking of the hexagonal rings and the
positions of the Al atoms in beryl. [Cd(0){Cd(t)(CN)3;(imH)},]-p-CsHsMe, 310
has the AB; host composition which mimics the structure of rutile (TiO»).
Cd(o) like the octahedral Ti is in a six coordination from six Cd(t)(CN)z;(imH)
moieties, each of which extends three CN groups to three Cd(o)’s like O in
rutile. The beryl-mimetic and rutile-mimetic structures are illustrated in Figure
22. The ethylbenzene clathrate with the composition different from the others
[{Cd(0)(imH); }{Cd(0)(H20)}2 {CA()(CN)3(imH)}2 {Cd()(CN); }2]-2PhEt 311
has a clay-like layer structure involving intralayer cavities accommodating the
guests and ligands. Using dien (NH,CH,CH,NHCH,;CH;NH>) as complementary
ligand, a variety of clathrate structures have been obtained [86].

Tetrahedral Cu'(CN), behaves similarly to the tetrahedral Cd(CN) in several
multi-dimensional structures. A pyrosilicate-like dimeric structure of Cuy(CN);
similar to Cdy(CN); gives a pyrite(FeS;)-mimetic [Cd{Cup(CN);}1*~ 3D frame-
work structure in (H3; 014)-[Cd{Cuz(CN)7}] (= H3[Cd{Cuz(CN);}]- 14H,0) 317,
where 12 H,O molecules are hydrogen-bonded to make a rotaxane-like ring about
the pyrosilicate-like unit (Figure 23). The ring is further hydrogen-bonded to six
H,O molecules, each of which intervenes among three 12 H,O rings; the array of
the rings and intervening H,O is of the same topology as that of rutile [87]. The
layer host of the [Cd(H,0)3;Cu(CN)3]-MeCN clathrate 318 has a 2D network of
hydrogen-bonded H,O molecules coordinated at facial positions of the Cd(o) atoms
which are arrayed on the surface of the metal complex layer. In the onium guest
clathrate [H(Hameden),]-[Cus(CN)7] 319 [89], the anionic 3D host framework has
a polyacene-like 1D array of condensed hexagonal rings edged by a Cu—CN—Cu
linkage, these 1D arrays being interconnected by the CN groups bifurcated at the
Cend.

5. Supramolecular Structures Involving Linear Ag(CN);
5.1. GENERAL

Our strategy (5) is to use dicyanoargentate(I) [Ag(CN),]~ itself as a bridging lig-
and. The anion [Ag(CN),]~, and its dimeric condensate [Ag>(CN);]~, both behave
as a rod ligand to build up multi-dimensional structures by bridging between two
secondary coordination centres usually of Cd(o) atoms. Unidentate ligation of
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Figure 22q. Beryl-mimetic structure of [Cd(imH);{Cd(CN)3 }2]-m-CsHsMe; 309. Top: pro-
jection along the c axis; the guests in the channel passing the origin are so disordered that they
have not been shown. Bottom: Beryl-like [Cd(CN),], skeleton of the host.

Cd—NCAgCN is observed in the skeletal part of the multi-dimensional struc-
ture for several compounds; a discrete anion sometimes plays a role of a space
filler. The span length of Cd—NCAgCN—Cd, ca. 11 A, is doubled in comparison
with that of the M—CN—Cd span, ca. 5.5 A, so that a 2D network and a 3D
latticework spanned by Cd—NCAgCN—Cd generate respectively a wider mesh
and a more voluminous cavity in comparison with those edged by M—CN—Cd.
Eventually, the multi-dimensional structures involving Ag(CN), entities show a
great variety of topologies, e.g., 2D network embracing two 1D chains, interwoven
2D network by doubly interpenetrating 2D networks, interwoven 3D textile by two
sets of interpenetrating 2D networks, doubly interpenetrating 3D latticework, triply
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Figure 22b. Rutile-mimetic structure of [Cd{Cd(CN);(imH):}.]-p-CsHaMe; 310. Top: pro-
jection along the ¢ axis. Bottom: rutile-like [Cd(CN),],, skeleton of the host.

interpenetrating 3D latticework, etc. In spite of the varieties in structure, the compo-
sition of the self-assembled crystals is rather simple: aAg(CN)-bCd(CN); - cL-dG.
Table VIII summarises their structural data; the compounds have been formulated
to discriminate the Ag(CN), moieties differing in ligating behaviour as clear as
possible.

5.2. STRUCTURES DERIVED FROM THE HOFMANN-TYPE

The formal replacement of [Ni(CN)4]*~ in the Hofmann-type host
[CANH3):Ni(CN)4] by 2[Ag(CN)2]~ gives [CA(NH3){Ag(CN),}2] 401 [94];
the mesh of the close-2D network of [Ni(-—CN-—Cd;/4—)4]co is expanded to
[CA(—NCAgCN—Cd; /4-)4]oc Whichis abbreviated to [Cd{Ag(CN),},] hereafter.
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Figure 23. Structure of H3[Cd{Cup(CN);}]-14H,0 317. Left: pyrite-mimetic 3D latticework:
Cd is shown with large circle and Cu with solid circle. Right: rotaxane structure of hydrogen-
bonded 12 H,0 molecules about the central Cu—(CN)—Cu bond of the [Cuz(CN)71°~ moiety
in a staggered conformation.

The expanded space is filled up by the interpenetration of the networks puckered
and distorted to a considerable extent. The replacement of the ammine ligand by
bulkier py makes the 2D network of [Cd{ Ag(CN); },] almost flat, and the interlayer
space between the networks is occupied by the py ligands. The expanded mesh
of the interpenetrating network accommodates the guest C¢Hg in 402 and C4HsN
in 403 [95]. Complex [Cd(py)2{Ag(CN),},] 404 has a 2D layer structure of the
network with the insertion of the py rings into the meshes of adjacent upper and
lower networks [95].

The 4-Mepy clathrate [Cd(4-Mepy),{Ag(CN), }2}-4-Mepy 405 is obtained by
introducing a methyl group at the 4-position of the py ligand [96]. As shown in Fig-
ure 24a, the layer of the 2D host is interwoven by two puckered 2D [Cd{ Ag(CN),}»]
networks. The cross section of the layer has a shape approximated to a station-
ary wave of 26.945(10) A wavelength and ca. 4.95 A amplitude. The interwoven
structure generates an intralayer channel at the antinodal zone of the wave, and
the stacking of the layer generates an interlayer channel between the nodes. Both
cavities are occupied by the 4-Mepy ligands; the guest 4-Mepy is trapped in the
mesh of the network like a boat floating on the wave (Figure 24b) . From the
mother solution for 405, [Cd(4-Mepy)s{Agr(CN); }I[Ag(CN),] 406 crystallises
out, too. The complex has a 1D chain structure of the successive linkage between
the four-blade propeller of [Cd(4-Mepy)4]** and the shaft of dimeric condensate
—NCAg(CN)AgCN—; the discrete [Ag(CN)2]~ anion is accommodated in the
interchain space (Figure 24¢) [96].
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Figure 24. Top: projection along the ¢ axis of [Cd(4-Mepy)>{ Ag(CN); }2]-4-Mepy 405 showing
a ‘stationary wave’ structure of doubly interpenetrating network; middle: the interpenetrating
networks and the guests floating on the wave in 405; bottom: 1D chain structure of [Cd(4-
Mepy)4{Ag2(CN); }[Ag(CN).] 406 involving linear dimeric unit —NCAg(CN)AgCN— and
discrete [Ag(CN)2]™ accommodated in the interchain space.
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The methyl group of 3-Mepy in [Cd(3-Mepy)2{Ag(CN),},] 407 plays a
role of clasp between two of the 2D networks. The mesh of one network
is interpenetrated by the 3-Mepy ligand from another network so that the
two networks are adhered to each other to form a double layer. The dou-
ble layer is stacked to form the layered crystal structure [97]. In [Cd(4-
ampy)2{Ag(CN)2 }2]-2[Cd{Ag(CN), }{Ag(CN); }(mea)(4-ampy)] 408, the 2D
network embraces a couple of 1D chains of the —[Cd—NCAgCN—] unit in
which the Cd atom is ligated by a chelating mea, and one unidentate 4-ampy and
—NCAgCN to accomplish the six coordination [98]. Each mesh of the 2D network
is inserted by the unidentate rods of —NCAgCN from the 1D chains running above
and beneath the network. The self-clathrate structures of 407 and 408 are illustrated
in Figure 25.

A self-clathrate structure such as that in 408 is not observed for the struc-
tures involving 3-ampy ligands in the ratios of Cd:3-ampy = 1:2, 1:3 and 1:4,
in which structures the 2D network of [Cd{Ag(CN),},] disappears [97]. [Cd(3-
ampy)2{Ag(CN), }] 409 has a 1D chain structure. 3-Ampy behaves as a bridging
ligand to link the octahedral Cd atoms in a double-1D mode, i.e., four of the
six coordination sites of the octahedral Cd are ligated by two amino-N and py-N
from four 3-ampy ligands; the six coordination of Cd is accomplished by a couple
of unidentate —NCAgCN rods. The 3-ampy ligates unidentately to the octahe-
dral Cd in [Cd(3-ampy)3 { Ag(CN), }{Ag(CN), }] 410; the bridging —NCAgCN—
links the Cd atoms successively to form a 1D chain; the six coordination of
the Cd is accomplished by the equatorial ligation of the unidentate —NCAgCN.
[Cd(3-ampy)s{Ag(CN), },] 411 is a four-blade propeller-shaped molecular com-
plex trans-[Cd(3-ampy)s{ Ag(CN), }2] in which all the ligands are unidentate.

Two lutidines, 3,4-dmpy and 3,5-dmpy, also behave differently [97]. Com-
plex [Cd(3,4-dmpy)s{Agr(CN)3 }[Ag(CN),] 412 is isostructural to 406, though
the space group is different, with respect to the 1D chains of the four-blade pro-
pellers linked successively by the dimeric condensates; a discrete [Ag(CN),]™
is accommodated in the interchain space. The 2D network structure in [Cd(3,5-
dmpy), { Ag(CN),(3,5-dmpy)}] 413 involves the Ag in a three coordination with
3,5-dmpy which fills up the mesh of the network and the interlayer space between
the stacked networks.

5.3. IMIDAZOLE-LIGATED STRUCTURES

Imidazole (imH) and its derivatives N-Meim blocked at the pyrrole-
NH by a methyl group and 2-MeimH not blocked but substitut-
ed at the 2-position give the complexes [Cd(imH)4{Ag(CN)},] 414,
[CAGmH)s{Ag(CN)2}[Ag(CN)2] 415, [CAN-Meim)s{Ag(CN)2}21[Ag(CN);]
416, and [Cd(2-MeimH)4{Ag(CN); }1[Ag(CN),]-H20 417, respectively [99]. All
the Cdl4 moieties form a four-blade propeller structure with the ligands coor-
dinated equatorially to the octahedral Cd. 414 is a molecular complex with the
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Figure  25. Layer structures of  [Cd(4-ampy){Ag(CN):}2]-2[Cd{Ag(CN).}
{Ag(CN),}(mea)(4-ampy)] 408 (top) and [Cd(3-ampy)>{Ag(CN);}2] 407 (bottom). In the
former, the 2D network shown with solid bonds embraces a couple of the 1D chains above and
beneath the network. In the latter, the 3-Mepy ligands shown with solid bonds play a role of
adhesive between a couple of 2D networks adjacent to each other; the 3-Mepy interpenetrating
through the mesh provides the methyl group as a clasp to hold the couple of 2D network.
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NCAgCN—Cd—NCAgCN shaft. The propellers in 416 and 417 are linked by
bridging —NCAgCN— groups successively to form a 1D chain structure; a dis-
crete [Ag(CN),]™ is accommodated in the interchain space. Molecular complex
415 has an umbrella-like shape with the top and ribs of imHs and a shank of
—NCAgCN about the octahedral Cd.

5.4. STRUCTURES INVOLVING SECONDARY BRIDGING LIGANDS

Like the Hofmann-diam-type in the Hofmann-type series, secondary ligands hav-
ing a bridging function may give multi-dimensional structures spanned not only
by —NCAgCN— but also by the secondary ligand such as 4,4'-bipyridine (4,4'-
bpy), pyrazine (pyrz), etc. Complex [Cd(4,4’-bpy){ Ag(CN), },] 418 has a doubly
interpenetrating 3D latticework structure built of the stacking of [Cd{Ag(CN), }2]
2D networks pillared by 4,4'-bpy bridges (Figure 26) [100]. The 4,4’-bpy ligands
coordinating to Cd at trans positions in one network bridge between the Cd and the
Ag atoms in the second adjacent networks by interpenetrating the meshes of the
adjacent networks above and beneath. Another doubly interpenetrating 3D lattice-
work of the same topology is possible for 1,3-di(4-pyridyl)propane (1,3-bppn) in
[Cd(1,3-bppn){ Ag(CN), },] 419 [97]; the lattice structure is considerably distorted
from that of 418 owing to intervening of the flexible trimethylene skeleton between
the two pyridyl groups. Combination of the three rods —NCAg(CN)AgCN—, —
NCAgCN—, and pyrz different in span length gives a triply interpenetrating 3D
latticework structure in [Cd(pyrz){ Ag(CN); } { Ag2(CN); }] 420 (Figure 27) [100].
Each of the three catena-p ligands makes a single-1D array sharing the Cd atoms
to form a parallelepiped unit; each of the edges penetrates two faces of other par-
allelepipeds and each face is interpenetrated by two edges of the others to give the
triple interpenetration.

In contrast to these interpenetrating self-clathrate structures, the structure of
the aromatic guest clathrate [Cd(mXdam),{Ag(CN);}2]-0-Me,CsHsNH; 421 is
less complicated [97]. The host structure of the double-1D >[Cd(mXdam)]>]oo
catenation and unidentate ligation of —NCAgCN is similar to that in [Cd(3-
ampy)2{Ag(CN),}2] 409; however the double-1D span length of 10.303(1) A
is long enough to generate the cavity for the guest molecule in the interlayer
space (Figure 28). The 2D network of [Cd{Ag(CN), }] is recovered in the host of
[Cd(mXdam){Ag(CN),},]-0.75PhCl 422, where the bridging mXdam reinforces
one set of the Cd—NCAgCN—Cd edges to form a hetero-double-1D catenation.
The guest is accommodated in the interlayer space non-stoichiometrically [97].

5.5. DISTORTED Ag(CN);-SPANNED CUBES

3D lattices analogous to the CN-spanned cube of the Keggin—Miles Prussian blue
structures are constructed of Ag(CN), or Au(CN), spans between Cd atoms in place
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Figure 26. Doubly interpenetrating 3D structure of [Cd(4,4'-bpy){Ag(CN), }.] 418. Top: the
single 3D framework ; Cd is shown with anisotropic sections and Ag with peripheries. Bottom:
illustration of the double interpenetration; Cd is shown with anisotropic sections, Ag with open
ball, CN with bar, and 4,4'-bpy with lined bar.

of CN and Fe, although the cubes are distorted to some extent. Both self-clathrates
and organic mixed guest clathrates have been obtained.

An earlier example was reported for K[Co{Au(CN), }3] 424 [101] whose com-
position is analogous to one of the complexes assumed by Keggin and Miles [4]
KyFe[Fe(CN)g] = 2K[Fe(CN);]. Although the original paper never referred to
its supramolecular structure, it was axiomatic for those who were familiar with
crystallography to understand that this dicyanoaurate(I) complex had a triply inter-
penetrating and trigonally distorted latticework not only forming a self-clathrate
structure but also accommodating K cations in the interstitial cavities. Quite the
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Figure 27. Triply interpenetrating 3D structure of [Cd{pyrz){Ag(CN)2}{Ag2(CN)3}1 420 as
a view along the b axis. Each of the Cd—NCAgCN—Cd spans between the 2D networks
edged by C—NCAg(CN)AgCN-—Cd and Cd-pyrz-Cd spans runs through the meshes of two
networks to the third next: from 1to 1, 2t0 2’ and 3t0 3'.

same structure for Rb[Cd{Ag(CN), }3] 425 [102] was recently revisited, as well
as K[Cd{Ag(CN),}3] 423 [97]. The speculation that a CN-edged cube, though
trigonally distorted in the real structures, accommodates a Kt ion inside thus
materialised.

A precedent interesting structure mimicking H-quartz but with a sixfold inter-
penetration was also reported for a complex of AB, composition [Co{Au(CN), },]
426 in 1982 [103]; the structure has recently been revisited for [Zn{Au(CN), },]
427 [104]. Due to the longer span of M—NCAuCN—M than Si—0O—Si, a self-
clathrate structure is inevitable to fill up the more voluminous space to stabilise the
crystal packing without any other guests.

The single latticework of [Cd{Ag(CN)2}31~ may be stabilised upon accommo-
dation of voluminous guest(s) (one of) which should be cationic to neutralise the
negative charge of the host. As shown in Figure 29, the clathrates [M(15-Crown-
5),1[Cd{Ag(CN), }3]-2G M = K: G = C¢Hg 428 , C4H5N 429, PhNO; 431; M
= Rb: G = PhMe 430, PhNO; 432) demonstrate that the bis(15-Crown-5) com-
plexes of Kt and Rb™ are not large enough to fill up the cavity by itself but a
couple of the aromatic guests are also required. Upon increasing the ionic radius
of the alkali cation, viz., in the case of Cs™, the crown ether moiety should become
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Figure 28. Structure of [Cd(mXdam); {Ag(CN)2}2]- 0-Me2CsHs 421. The double-1D belts
of mXdam ligands sandwich the guest in the interlayer cavity separated by the protrusion of
unidentate —NCAgCN from the respective Cd atoms.

greater in size to form the bis-Cst complex of the crown. However, [Cs(18-Crown-
6] appears unable to give a stable clathrate structure but affords a cation-anion
complex [Cd,(18-Crown-6)][Cd(H20)2{ Ag(CN), }3] 433, in which the Ag(CN),
moiety behaves as a unidentate rod ligand.

5.6. TOPOLOGICAL VARIETIES IN Ag(CN),-SPANNED STRUCTURES

Table IX lists the structural features of the respective Ag(CN), and Agy(CN);
entities in our multi-dimensional complexes from discrete complexes to triply
interpenetrating 3D latticeworks, in which the behaviour of Ag(CN); and Agy(CN)3
is classified into the three categories: (1) discrete anion, (2) unidentate ligand and
(3) bridging ligand. The resulting structures present a great variety of topologies:
discrete neutral complexes 411 and 414; discrete anionic complex 433; discrete
cationic complex 415; cationic 1D chains 406, 412, 416 and 417; neutral 1D
chain 410; neutral 2D networks almost flat 404 and 422, and puckered 413; 3D
latticeworks 428, 429, 430, 431 and 432; double-1D belts involving secondary
ligands 409 and 421; a pair of adhered 2D networks 407; 2D network embracing
a pair of 1D chains 408; 2D layer interwoven by a pair of 2D networks 405;
interwoven 3D textiles of flat 2D networks 402 and 403 and puckered networks 401;
doubly interpenetrating 3D latticeworks 418 and 419; and triply interpenetrating 3D
latticeworks 420, 424 and 425. Linear Ag(CN); is the most simple and flexible in
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Table IX. Structural features of the respective Ag(CN); entities.

Topological feature

Compound

Discrete [Ag(CN),] {Cd(4-Mepy){Agx(CN)s} [IAZ(CN),] 406
[Cd(3,4-dmpy) {Ag:(CN)s} JJAZ(CN),] 412
[Cd(imH);{Ag(CN):} [Ag(CN),] 415
[Cd(N-Meim),{Ag(CN)2}.][Ag(CN),] 416
[Cd(2-MeimH).{Ag(CN);},][Ag(CN):| H,0 417
Unidentate Cd-NCAgCN

protruding from a 1D chain

trans-NCAgCN-Cd-NCAgCN
protruding from a discrete unit

trans-NCAgCN-Cd-NCAgCN
protruding from a double-1D chain

[Cd(4-ampy), {Ag(CN).}.}-
2[Cd{Ag(CN)}(mea)(4-ampy){Ag(CN),}] 408
[CA(3-ampy);{ A(CN)2} {AS(CN),}] 410

[Cd(3-ampy),{Ag(CN).}] 411
[Cd(imH),{Ag(CN),},] 414
[Cd(imH)s{Ag(CN),}1[Ag(CN),] 415
[Cd,(18-Crown-6)] [CA(H,0),{Ag(CNa}]

[Cd(3-ampy).{Ag(CN)}1] 409
[Cd(mXdam),{Ag(CN)a};]- 0-Me.CeH,

1D chain -[Cd-NCAgCN-],

[Cd(3-ampy); {Ag(CN)} {Ag(CN),}] 410
[Cd(4-ampy), {Ag(CN).}]-

2[Cd{Ag(CN).} (mea)(4-ampy){Ag(CN),}] 408
[Cd(N-Meim),{Ag(CN):}2|[Ag(CN),] 416
[Cd(2-MeimH).{Ag(CN)}:][Ag(CN),] 417
[Cd(pyrz) {Ag(CN)s} {Ag(CN),}] 420

1D chain -[Cd-NCAg(CN)AgCN-1,

[Cd(4-Mepy){Agx(CN)s}][Ag(CN),] 406
[Cd(3,4-dmpy){Ag:(CN)}][Ag(CN),] 412
[Cd(pyrz){Ag:(CN)s} {Ag(CN),}] 420

2D network [CAd(-NCAZCN-Cdy-)aln
single sheet stacked

interpenetrating 3D textile

[Cd(py).{Ag(CN),}]404
[Cd(3,5-dmpy),{Ag(CN),(3,5-dmpy)},] 413

[Cd(4-ampy),{Ag(CN),}2)-
2[Cd{Ag(CN), }(mea)(4-ampy){Ag(CN),}] 408

[CA(NH;),{Ag(CN),},] 401

[Cd(py){A(CN),};]-CcHg 402
[CA(py)2{Ag(CN),}.)-CH:N 403

2D network [Cd{Ag,(CN);} {Ag(CN),}1»

[Cd(pyrz){Ag:(CN):HAZ(CN),}] 420

3D latticework [CAd(-NCAgCN-Cdys6-)¢l»
single

triple interpenetration

[K(15-Crown-5),][Cd{Ag(CN);}51:2CsH, 428
[K(15-Crown-5),][CA{Ag(CN)2}5]:2CH:N 429
[K(15-Crown-5),][Cd{Ag(CN),}5]:2PhNO, 430
[Rb(15-Crown-5),][Cd{Ag(CN);}:]-2PhMe 431
[Rb(15-Crown-5),][Cd{Ag(CN);}:]-2PhNO, 432

Rb[CA{Ag(CN)y}s] 424
K[Cd{Ag(CN)a}s] 425
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Figure 29. Structure of [K(15-Crown-5);][Cd{Ag(CN):}3]-2C¢Hs 428; the distorted cubic
cavity edged by Cd—NCAgCN—Cd spans accommodates the [K(15-Crown-5)]* sandwich
complex cation and a couple of CsHs molecules; Cd, Ag, and K atoms are shown with
anisotropic sections.

structure in comparison with square planar Ni(CN)4 and tetrahedral Cd(CN)4 as the
building block to build up CN-linked multi-dimensional structures. By the present
stage of our investigations, the secondary coordination centre has been limited
only to octahedral Cd. As exemplified for clathrates 428432, the longer span of a
cage may be advantageous to accommodate the bulkier guest in a relatively simple
host structure. As well as selection of the secondary ligand, that of the secondary
coordination centre should be a key to develop host structures appropriate to the
accommodation of the desired guest.

6. Concluding Remarks

A so-called supramolecular structure may be traced back to the earliest recorded
artificial coordination complex in the field of inorganic chemistry—Prussian blue.
Zeise’s discovery of K[PtCl3(C2Hy)] and related complexes in 1827 gave a strong
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impetus to chemists in the 19th century to seek molecular complexes formed
between metal salts and organic molecules. Thus, one can appreciate that Hof-
mann’s discovery of Ni(CN),-NH3-C¢Hg in 1897 was historically not by chance
but natural. A long period of inactivity to the middle of this century was due to
the lack of tools for structure determination. After the pioneering work by Powell,
we owe our progress much to the advancement of X-ray crystallography in both
hardware and software.

In comparison with brilliant activities in organic and bio-organic host—guest or
supramolecular chemistry, there is much to be explored in inorganic structures.
The number of structures cited in this review is only about 300, with rather simple
compositions, but the structures display a great variety. In fact the coordination
structure of a discrete complex is simple in principle; complexity is generally given
by the complexity of ligands. As this review exemplifies, we have known a little
of inorganic polymeric structures even for those self-assembled from the systems
limited to the square planar, tetrahedral and linear cyanometallates.

Recent theoretical studies [106], and vibrational spectroscopic studies [107,
108] including those after Powell’s structure determination, contribute to under-
standing the host—guest interactions in the Hofmann-type and other clathrates. Solid
state NMR is a new tool to analyse static structures and the dynamic behaviour of
host-guest systems [93]. A temperature-dependent spin cross-over system of Fe(II)
has been found in [Fe(py)2Ni(CN)4] [9]. New structures may reveal new aspects
of solid materials.

Millions of organic compounds are constructed mainly from linkages among
sp, sp? and sp® C atoms. There is no reason why inorganic structures built of
the linkages among coordination polyhedra such as linear, trigonal, tetrahedral,
square planar, trigonal-bipyramidal, octahedral, etc., should be less complicated
than organic structures. It is our fortune that much more remains to be explored
not only for multi-dimensional inorganic structures but also for inorganic—organic
host—guest structures.
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