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INTRODUCTION

The bulk of the work published on the chemistry of zinc and cadmium in
the period under review has been concerned with the study in solution and in
the solid state of coordination complexes of these cations. Much of this mate-
rial is routine in character and will not be discussed in detail. While compounds
are classified in terms of the nature of the ligand bound to the metal, it has
not been possible to maintain this classification absolutely, and in some cases
it is not clear which donor group is utilised from those available on the ligand.
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12 1 HALIDE AND PSEUDOHALIDE COMPLEXES

The complexing of Zn?* and Cd?" by halides in agueous and non-agueous
media has been much studied. The dissociation constants of [H,ZnCi;} and
[H,CdCl,] in tribuiyl phosphate have been measured over a range of temper-
atures [1] Values of the overall formation constants 3, for the complexes
{ZnCl, 1" %7 (n = 1—6) in mixed water—dimethylformamide systems (0—30
mol dm 2 in H,0) decrease with increase in H,O concentration [2]. Interac-
tion with halide ions has also been studied {3] in dnf for Zn?" and Cd?". For
Zn?’, B,, values have been determined forn =1-—6(Cl" and Br™),n =15
(NCS™) and n = 1—4 (17}, whilsl for Cd?*, overall formation constants have
been determned for n = 1—5 with all these anicns. In all cases higher coordi-
nation numbers and formation constants were obtained in dimf than in water,
reflecting the weaker solvation by the former solvent, as evidenced 1n [2].
Theo carafal study of Zn—7Cl) siretching frequencies by Raman spectroscopy
r1 aqueous solutions of zinc chioride in hydrochloric acid sotutions has
allowed the quantitative study of [ ZnCl,]?>” formation [4]. The formation of
the specias HZn,Cl; - 3 Et;O in ZnCil,—Et,0—HCI systems has been established
{51. Heats of formation [6] in aqueous solutions of the iodo complexes of
both metals ({MI]", [ML,], [MI3]” and [MI,;]1*") have been measured by micro-
calorimetry techniques.

Some useful information has been published on the nature of cadmium—
halide complexes in solution. Large-angle X-ray scaitering measurements [ 7]
on solutions of Cdi, and Nal in dimethylsulphoxide show the [CdI;}>~ species
to be regularly tetrahedral {r{Cd—I) = 2.790 A}, the {CdIs]™ group fc be
pyramidal {r(Cd—I) = 2.773 A}, while in {CdI]’, r{Cd—I) was found to be
2.75 A. These results suggest that CdI; does not occur as 2 dominant species.
{For formation constant data, see [8].)

Raman measurements on concentrated agqueous solutions of cadmmum
halides show the presence of chloro complexes of tetrahedral and octahedral
symmetry, but the formation of only tetrahedral bromo complexes {9]. A
combination of solution and sohd state **3Cd NMR spectroscopic results have
allowed the compilation {10] of ''*Cd chemical shifis for the complexes
[CAX]*, [CdX,], [CdX;]™ and [CdX,]?", for X = Cl, Br or I. Cadmium NMR
studies on cadmium fluonde have also been reported [111.

Cadmium fluonde shows five polymorphic forms, with transitions at 550,
860 and 990°C [12]. The structure of the dimethylammonium pentachioro-
dicadmate(II), {{CH;).NH,]1{Cd.Ci:] - 2 H,O, involves {13] polymeric chains
of {CdCls} and {CdCli{H,0)} octahedra, the dimethylammon:um cations
being located in the space between the chains. The compounds [ NH;}[CdCl,]
and {(CH;);NH]{CaCl;]} also contain {14,15] infinite chains of {CdCls}
octahedra. The reaction of cadmium halides with cadmium metal and phos-
phorus is reported to give complexes of stoichetometry Cd P, X; (X = Cl, Br
orI)[16].

There is continuing interest in bimetallic complexes of the type MM'(NCS), - xL
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and MM'(NCSe), - xL; recent examples inciude [Cd(thiourea},] [Cd-
(SCN),]1 {171, ZnM'(SCN), - xL {M' = CdA(II) or Hg(Il}; L = trazolidine-
thione, thiohydantoin or ethylenethiourea, x = 2, 4 or 6) {18], MM’(NCSe), -
x L {M = Co(II) or Ni{II); M" = Cd(II) or Hg(!i}; L. = isothiazole, 4-methyl-
isothiazole or 4-benzylisothiazole; x = 2 or 4 [19], and [Zn1,]{Zn{NCS5),]
{L = 2-, 3-, 4-toluidine or anisidine) [20]. The complexes above with unspe-
cified stoicheiometnes fall into two structural types; those with discrete ions
e.g. [ML.][CA(SCN);] and those with bridging thiocyanate, e.g. [L,Zn-
(NCS),Hg(SCN); 1. The donor atoms of the thiocyanate and selenocyanate
groups (and of the ligands L} were determined by IR spectroscopy and con-
firmed by the calculation of softness parameters [18,19].

12 2 COMPLEXES WITH OXYGEN DONOR LIGANDS
12 2 1 Complexes with inorganic oxoanions

The heat of formation of zinc phosphate has been determined [21]. The
formation of the mononitrato complex of Cd(il) has been reported [22],
whilsi vibrational spectroscopy has been used o characterise the Zn{NQ;),—
water—ethanenitrile system [23]. Solubility isotherms for Zn{NO,),—ethyl
ethanoate—N,0, show the formation [ 24] of the species Zn(NO;); - N2Oy,
Zn(NQ;); - 2 N4, Zn{NQ3), - Et0,CMe and Zr{NO,); - 1.5 EtO,CMe.

Amongst the structures determined are potassium zincate, K;Zng0; [25],
which 1nvolves three-coordinate zinc, and the mineral bayldonite [26]. Bayl-
donite, {Cu, Zn);Ph{ AsQ,).(OH),, involves partial substitution of copper by
zinc. Its structure consists of two different interconnected sheets, a lead
arsenate and a copper octahedral sheet. The latter sheet 1s formed from three
crystallographically distinet {CuQ,{OH),} octahedra. One of these, the Cu(2)
octahedron, is subject to less distortion than the other two, and appears o be
the likely site for zinc substitution. Indeed, this Cu(2) site 1n bayldonite 1s
very simuar to the octahedral {Zn0,{OH),} group in adamite, Zn,AsQO,(OH)
[27].

The species Cd” and {Cd,]** are known, for example, in solutions of cad-
mium metal in molten cadmium halides, but are not well-characterised. How-
ever, crystallographic data are now available [28] on these species in Zeolite
A, which have been prepared by exposing fully Cd**-exchanged Zeolite A to
cadmium vapour. The crystal structure of the partially dehvdrated, fullv Cd?*-
exchanged Zeohte A, { Cd(H,0)*'1,{Cd?*];-A, shows that all six Cd?* 1ons are
associated with 6-oxygen rings of the alumingsilicate framework. Three of
these Cd?* extend into the large cavity and are three-coordinated by three
framework oxides. The other three Cd?’ ions are recessed into the Sodahte
un:t, where each is coordinated to three framework oxides and to a fourth
group {OH™) to give a near-tetrahedral structure. Upon exposure to cadmium
vapour, the three three-coordinate Cd?‘ 1ons react to give Cd* and Cd?* species.
Two different coordination environments are present for the [Cd,1** ion, but
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the Cd—Cd distance 1s the same in both cases, at 2.35 A. Each unit cell con-
tains 3 Cd?*", 3 Cd" and 1.5 Cd,** ions.

12 2 2 Complexes with carboxylic and related acid ligands

122 2 1 Mono and dicarboxylates. The enthalpy and entropy of complex
formation between Zn(Il} and picolinate and dipicolinate anions in agqueous
solution have been determined [29] by calorimetry, and from formation con-
stant data. The greater stability of the dipicolinate complex compared to the
picohinate complex reflects an entropy effect, and AH? is actually less favour-
able. These anions are well-known to have a low basicity to H* compared to
their complexing ability to metals. In the present case, this probably reflects
the coplanarity of the carboxylate anions and the pyridine ring, so that the
oxygen atoms are in a favourable position to coordinate.

Formation constant data have been reported for complexes with benzoate
{30] and aminoethanoate [311 (for Zn*"); with 3-(2-pyrrolylmethyleneamino}-
propionate, 2-(2-pyrrolylmethyleneamino)benzoate [32], phenylethanoate
[33], and phosphineethancate [34] (for Zn** and Cd?"); and with gluconate
{351, 2-, 3- and 4-hydroxybutyrate {36], 5(3)-methyipyrazole-3(5)-caz-
boxylic acid [37] and a range of monocarboxylates [38] (for Cd?").

Some detailed solution studies have been published for dicarboxylates,
including complexation of Cd** by adipate [39], bis(2-aminoethylether)-
N,N'-dimalonate [40] and by mixed ligands to give [Cd(en){adip}], [Cd({en)-
(adip).]*", [Cd(en).(adip)], [41], [Cd({maleate){SCN)]~, [Cd(itaconate),-
(SCN)]3", [Cd(adip}{SCN),1*" [42] and [CdL(3,0,)}*" (L. = malonate,
oxalate or succinate) [43], and by succinate/1,2-diaminopropane [43al.
Reports on the complexation of Zn?’ involve malonate J44], fumarate [45],
malelc acid copolymers [46], and phenylenediamine-tartrate mixed hgands
[47].

The formation of 1 : 1 complexes between ethylenediamine-N,N'-diacetic
acid {edda) and Zn(II) or Cd(II) have been studied by calorimetric {(AH) and
potentiometric techniques [48]. Earlier studies had omitted to allow for
protonation reactions of the ethanoato groups in the ligand. Thermodynamic
parameters for edda lie between those of nitrilotrnacetate and triethylene-
tetramine. Edda appears to undergo a slow metai-ion catalysed hydrolysis in
aqueous acid solution.

Aquabis(4-aminobenzoato)cadmium{Il) involves seven-coordinate cad-
mum, with two chelating carboxylate groups, a water molecule, and axial
positions filled by amino groups from ligands bound to neighbouring metal
centres {49]. Speciroscopic data have been given for 3-{alkylthio)}propionate
(L) complexes of Zn({I) and Cd(IT), [ML.] [50]-

The oxalatoc compiexes [M{C,0,)L.] (M = Zn or Cil; L. = substituted
pyridines or 4-toluidine) are polymeric with bridging oxalato groups [51].
The crystal structure of bis{2-methylimmidazole}-g-oxalatozine(II) - 0.5 H,O
wmvolves teiradentate oxalate bridges between the zinc atorns, with the two
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imidazoles cis-coordinated [52]. Zn(II) cyanoethanoate involves [53] a poly-
meric, octahedrahedral structure with bridging or chelating carboxylate
groups and an N-bonded cyano group. On reaction with 2,2"-bipyridine or
pyridine, the octahedral complexes { Zn{O,CCH,CN).(bipy}] or [ Zn{O,CCH,-
CN).(py).1 are formed, respectively. These contain bidentate carlLoxylate
groups, but no metal—cyano interactions. The zinc compilexes ZnLQ, (Q =
quinoline or diethylamine; H,L = phthalic or succinic acid) have been pre-
pared [54], as has the coordination polymer of 3,3'-benzidine dicarboxylic
acid (H,L), [Zn.(HL).L3l, {55]. Humic acid, an ill-defined polyphenolic car-
boxylic acid extracted from sub-bituminous coal, forms1:1,2:1and 3:1
complexes with Cd{II) [55a].

The thermal properties of chelate polymers of 2,6-diaminopimelic acid
(dap; 1) and 4,4'-diamino-3,3’-dicarboxybiphenyl (bbdc; 2) with Zn{II) have

NH, MNH2
Hog AN AN G e e
HO. OH
~c c

o] o

o Q

(1) (2)

been compared [56] with those of non-polymeric divalent metal chelates with
amino acids. This confirms the expected enhancement of thermal stability
when coordination polymerisation occurs, these results possibly being relevart
to the thermal stability of certain bacterial spores which contain dap. Zn(1I)
complexes of dap are more thermally stable than those of bbdc, possibly
because the latter chelate cannot pack as well, due to the intermolecular repul-
sions of the bipheny! groups.

In the complex ZnL., - 2 H,O (HL = 2,2,5,5-tetramethyl-3-imidazoline-3-
oxo-1-oxyl-4-carboxylic acid), L™ acts as a bidentate ligand via carboxylate
and oxo oxygen donors. When the 3-0xo group is not present, the ligand is
bidentate through the carboxylate and imino groups [57]. The IR specira of
Zn(Il) monoiodoethanoate show a chelating carboxylate group rather than a
bridging group, as found in a range of divalent metal iodoethanoates [58].
Other studies relate to the diaquaoxalato {59} and diaguabis(salicylato) [60]
complexes of zinc(I1). The cheiating ligand derived from the Schiff base
N,N’-bis(2-hydroxy-3-carboxybenzilidine)-1,2-diaminoethane offers two sites
for metals with —N,0, and —0,0, donors. The vanadyl/zinc binuclear com-
plex has been prepared {61].

12.2.2.2 Polydentate carboxylates. Formation constants have been mea-
sured for Cd(II} and the three unsubstituted benzene tricarboxylic acids, and
for the 1,2 4,5-benzene tetracarboxylic acid [62]. In the case of the 1,2,3-
benzene tricarboxylate ligand, there was evidence for a dinuclear complex.
Complexing of Cd(II} and Zn(II} by nitriloacetate (nta) and edta has been
studied further [63], while mixed ligand systems of nta with heterocyclic
bases [64] and a range of diamines [65] have been characterised. Ternary
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complexes of Cd(II) with citrate and 2,2’ -bipyridine are reported {66].

A number of tetraacetate ligands have been compared with edta, and for-
mation constants discussed in terms of structural features in the ligands. Thus,
constants for the formation of the 1 : 1 complexes of ethylenebis(N N ‘(2,6-
dicarboxy)piperidine) with Zn(Il) and Cd(II) are lower than those with edta
due to the stenc effects of the pipendine nng [67]. The influence of the
CH,C= CCH, structure on the chelating properties of 1,4-aminocbutyne-2-
tetraacetate has also been assessed [68]. Another development in the study
of edta has involved the preparation of simple derivatives, such as the tetra-
amde. This ligand 1s probably O-bonded via the amide function, but on depro-
tonation the donor atom changes to the amidate mtrogen [69]. Equil:bria in
acidic solutions of edta complexes of Zn{1I) and Cd(II) involve the formation
of mono- and polyprotonated complexes [70].

12 2 2.3 Amno acids and related compounds Solution studies include
Zn(II) complexes with L-hydroxyprohne [71], glutamate [72], glycine [73],
glycine/histamine, glycine/L-histidine {74], L-histidine/histamine [ 75] and
N,N'-dumethylglycine(HA)/2,2'-bipyridine [ 76] mixed ligands. In the last
case, complexes [ Zn{bipy)A]’, [ Zn(bipy),A]* and [Zn(bipy)A.] have been
characterised. Mixed ligand complexes of O-phospho-DL-serine, Zn(1I) and L
(L = histamine, 1,i0-phenanthrohne or 2,2"-bipyndine) have been studied to
model substrate, enzyme and metal ternary complex formation in the phos-
phoserme phosphohydrolyase catalysed hydrolysis of O-phosphoserine in the
biosynthesis of serine [77]. A binuclear complex of Zn{Il} and Cu(il) with
histidine has also been reported [78}. Complexes of Cd({II) include those of
L-hydroxyproline [ 79], DL-serine [80], glycine [81], aspartic acid (as the
protonated complexes) [82] and citrulline [82a]. Several compiexes with
amino acids are covered in recent general reviews on ligands of biological im-
portance [83).

The chelating properties ¢f the amino acid mimosine {{3); «-amno-f{3-
o

ﬁ,on

N~ oo™
CHCHNY,*
{3)

hydroxy-4-oxo-1,4-dihydro-pyridm-1-yl)propanioc acid) have been implicated
in its inhibition of various metalioenzymes, and hence in its biological activi-
iies such as the defleecing of sheep. In this context, formation constants have
been measured [84] for Zn{Ifj and Cd(Ii) with mimosine (3} and related
compounds {4—6). These derivatives formed monomernc complexes, in which

O O o)
OH OCHS OH
Pl P bl

h‘, l;l’ [olelely hll
1
CHCHaCOOH CH;_CHNHg‘ CHa

(1) {5) {6)
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metal binding by the hydroxypyridine group was favoured relative to the
amino acid group. With mimosine, dimeric complexes were major species.
Consideration of a blood plasma model indicates that mimosine binds zinc
fand copper) more strongly than do simpler amino acids, in accordance with
the suggestion that mirmosine exerts its biological action by depleting copper
and zinc levels in blood plasma.

Complexes studied in the solid state include [ Zn{N-acetyl-DL-leucinate},L,]
(L. = H,0O, pyridine, 3-methyipyridine or 4-methylpyridine) which involves
bidentate coordination of the amino acid via the carboxylate group [85],
Znl., - 2 HO (HL = glutamine, histidine [86] or N-acetyl-DL-tryptophan
[871), and {CA{L-Phe),1 - » H,O {88]. The L-phenylalanine ligand in the
complex of Cd(II) is bidentaie via NH, and CO, groups for the complex
dihydrate, and terdentate 1n the anhydrous complex, the second oxygen of
the carboxylate being linked to another Cd{II). Although the use of N-acetyl-
DL-valine (AcValH) [89] introduces the possibility of coordination via the
peptide group (7), the complexes [ Zn{AcVal),] and [Zn{AcVal),L,} (L. =

GHy COOH
CHyCH—CHNHCOCH,

(7}

pyridine, 3- and 4-methyipyridine, or 1,10-phenanihroline) probably only
involve coordimnation via the carboxylate group. The IR spectrum of [ Zn-
{elycineglycinate)X] - H,O has been assigned {90]. Cycloserine forms com-
plexes ZnL;X,, CdLX, and CdL,X, (X = Cl or Br) [91].

12 2.2 4 Hydroxamates, sulphonates, phosphates and related ligands. The
following substituted hydroxamic acids have been used to complex Zn{il)
and/or Cd{Ii}: 2,2-diphenylacetohydroxamic acid [92], N-3-tolyl-4-methoxy-
benzohydroxamic acid [93], and N-2-tolyl-4-X-benzohyvdroxamic acid (X =
Me, MeO, F, Ci, Br or NO,)} [94]1. Formation constants have alsoc been mea-
sured for several sulphonic acids [95], while the solid products [ML{H,O}]
have been characterised (M = Cd or Zn and L is the Schiff base derived from
benzoin and 1-amino-2-naphthol-4-sulphonic acid) [96].

The compounds Na,Znl, - 2 H,O and Na,Cd;L, - 6 H,O (where L = ATP)
have been prepared [97], and coordination via the mtrogen base and phos-
phate group established. Formation constants have been determined for the
ternary complex of Zn(Ii), ATP and 1,10-phenanthroline [98]. Ternary com
plexes usually involve metal-bridged ligands, but in some cases a ternary com
plex resuits from an aromatic ring-stacking between two suitable ligands,
with a metal bound to only one of them. However, a particularly enhanced
stahility of the ternary complex results when stackig and bridging occur. In
this context, it is important that ligand—ligand interactions were observed,
(e.g. by electronic or 'H NMR spectroscopy}. This has allowed the intra-
molecular equilibrium constant for the equilibrium between triphosphate,
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n?*, L-tryptophanate, 2,2’ -bipyridine or 1,10-phenanthroline to be deter-
mined by 'H NMR. The percentages of the stacked isomers decrease in the
order {Zn(phen)(ATP}]*", [Zn(bipy)}(ATP)]*", [Zn(bipy)}{(IPT)]*", [Zu(bipy}-
(UTP)}?~ (IPT = inosine 5'-triphosphate, UTP = uridine 5'-phosphate). This
series is the same as the sequence of stabilities for the metal-free adducts
[(phen){(ATP)]%™ > [(bipy)(ATP)1% = [{bipy)(IPP)}]*". These series refiect
the decreasing s1ze of the aromatlc-rmg systems forming the stacks [99].

The metal complexes of riboflavin-5’'-phosphate (flavin mononucleotide,
FMN) have been studied. Zn{FMN) - 2 H,O shows sorae perturbation of the
IR bands of the phosphate group, suggesting metal binding occurs at the
phosphate group [100]. Zn(ClQ,); forms the complex {ZnL;][ClOs]; (L =
diethyl acetylphosphonate) in which the ligand is brdentate through phos-
phoryl and acetyl oxygen atoms [1G1], and the complex {ZnL.{(C10.)][Cl0,]
{L = methyl methylphenylphosphmate) [1021. Complexes of tn-4-tolylphos-
phate (ttp) include { Zn(ttp},Cl.] {monomeric) and [(ttp);M(ttp),M(ttp);]}-
[ClO.1. {M = Cd or Zn} [103]. Studies on IR data (and electronic spectra for
transition metal species) indicate that ttp 1s a hgand almost as strong as the
triorganophosphine oxides, and is significantly stronger than tnnmethylphos-
phate. The increased donor strength of ttp probably reflects mductive and
steric effects. The complexing of Cd(II} by diethylenetnamine-N,N,N' . N"' ,N"'-
pentamethylphosphonic acid [104] and Zn(II) and Cd(II} by methyl diphenyl
phosphate {105] have also been reported.

12 2.3 Complexes with amides and related species

The interest in amides as ligands has centred around the factors that con-
trol the alternative binding modes adopted by these compounds. Binding of
Zn(If) enhances amide deprotonation of N,N-bis-{2'-pyridinecarboxamide)-
1,2-benzene (8; LH,) to give planar [ ZnL - H,0], having maximum electromc
delocalisation. Coordination of the amide oxygens i1s hindered by the resulting
decrease in the chelating ability of the ligand [106]. Zn(II) and Cd{II) com-
plexes with 2,6-dipicolinic acid hydrazide involve a tridentate ligand, with
two deprotonated amide nitrogers and a pyndine nitrogen acting as a donor.
The amide oxygen atoms are sterically unable to coordinate (9). The resulting

l 3
. N N o Q N Lo
)
My

= —NH(o- CEHd)NH NHZ NH>
(8) (9)
complex may be cyclised by treating with S-diketones {107]. The ligand
N-(2-pyridyl)acetamide forms octahedral complexes (ML X,} (X=Cl,Bror

I: M = Zn or Cd), that involve the carbonyl oxygen and heterocyclic nitrogen
donors [108], while thermochemical measurements have been carried out on
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these compounds [109]. IR and Raman studies on the complex [CALX,;] (X =
Cl or Br; L = N,N'-dimethyl-1-ethylimidazole-4, 5-dicarboxamide) show the
ligand to be oxygen bonded {110}.

Diacetylhydrazine (LH,) gives a cadmium complex [Cd{H,L)Ct,] - H;0,
in which the ligand is bidentate via the carbonyl oxygen atoms. On heating,
HCl is eliminated giving {CdL] {111]. The oxaly!dihvdrazide (L'H,) complex
of Zn(Il) involves the ligand in the keto form, {Zn(H,L")Cl,] - 2 H,0 {112],
while ligands CH,;(CH.,),,CONHNH, (L") are bidentate in complexes {CdL; 11X,
and utilise the carbonyl oxygen atomn [113]. The structure of dusothio-
cyanatobis(3-mtrobenzoylhydrazine)zine(II) involves N-bonded thioeyanate
and an N, O bidentate ligand (via the carbonyl oxygen) [114]. Other amides
studied include the aminobenzamides (with Cd?*) [115], while complexes
[ Zn{RCONHCOR')Cl,] have also been reported [116].

12 2. 4 Complexes with ketones and other carbonyl higands

Enthalpies of formation of metal pentane-2,4-dionaves (including Zn(il))
have been measured directly [117]. The adducts [Zn(acac),L] and {Zn-
(benzac);L.} have been prepared (L = piperazine, Et,NH, Et,N, Ph;N, urea
or thiourea) {1181. Powder EPR spectra for Mn{II}-doped compounds {M-
{acac)z{bipy)}] (M = Zn or Cd), [Zn(acac),{phen)}] and [Cd(acac).(phen)-
(H>O)1 [119] indicate that distortions from octahedral symmetry were
sreater for the bipyridine adduct than for the phenanthroline adduct, and
greater for Cd than for Zn. IR measurements confirm all the compounds to
be tris-bidentate, except for [Cd{acac),{phen){H,0]} which probably has
zoordinated water and a free carbonyl group. The Schiff base ligand formed
from B-diketones and isopropylamine forms a 1 : 2 complex with Znl, [119a].

Work published on monothio-f-diketones includes formation constants for
Zn(1I) and Cd(II) [120], dipoie moments for the Zn(II) complex with RC-
(SH)=CHCOCF; {121], and ''*Cd NMR data for pyridine adducts of Cd(II})
3-diketonates and thio-3-diketonates, which shows the influence of the sul-
phur and nitrogen donors on the chemical shift {122].

Zinc—oxygen and zinc—nitrogen stretching frequencies have been assigned
in the IR spectra of {ZnL,Cl,] (L = 2-pyrrolidone; n = 2 or 3) [123] and
[Zn{R-sal},;L,] {R-sal = substifuted salicylaldehyde; L. = H,0 or pyricdine)
[124].

Formation constants have been measured for Zn{lf) and the «-keto-enol
ligands, 3-hydroxy-2-methyl-4-pyrone and 3-hydroxy-6-hydroxymethyi-4-
pyrone (kojic ac:d} (125}, and for Zn{II) and Cd(II) with ligands derived from
2-hydroxy-5-methyl-acetophenone and -benzophenone [126].

12.2.5 Complexes with aglcohols and phenols

A particularly well-studied ligand is L-3,4-chhydroxyphenylalanine (L-DOPA):
this may coordinate like alaninate or a pyrocatechol [127]. Zn(II) appears o
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favour binding to L-DOPA, as to pyrocatechols [128]. Formation constants
have been measured for ternary compiexes Zn(Il): dopamine : alanine/pyro-
catechol f129]: Zn(11): L-DOPA : L (L = penicillamine, I.-alanine, glycine,
2,2'_bipyridine, citric acid, tartaric acid or sulphosalicylic acid) [130]); and
Zn{iI} and CA(II) with naphthols [131]} and chalkones [132}. The oxinate
ligand is monodentate to Zn{Il) through its phenolate group [133].

Formation constants have been obtained for the mixed ligpand complexes
[Cd(L),.(tr1s),]** (n = 1 or 2; L = piperidine; tris= tris(hydroxymethyl)methyl-
amine) {134}. Polynuclear complexes of the type M{Col,;] - 2 H,C have been
reported (M = Zn(II) or Cd(I1); H,L = 1-amino-2,3-propanediol) [135]. The
Schiff bases from tris and vamllin {136] and from salicylaldehyde and
anistdines {137] have been used to complex Cd{II} and Zn(II), respectively.

The complex of vitamin B, {pyridoxine) with CdCl,, {CdLCl;], involves
mfinite chains of chloro-bridged Cd(li}. The hegand is bidentate through two
oxygen donors and bridges via the thixd, so that each Cd atom is bound m a
{CdC150;} environment [137al.

12 2.6 Complexes unth ethers

Complexing of Cd(Il) by cryptands has been discussed in an endeavour to
find ligands that will bind Cd(II) selectively with respect to Zn(II) and Ca(II},
and so ultimately provide a suitable ligand for chelation therapy. The crvp-
tand (10) shows a remarkable selectivity, of [Cd] over [Zn], of 10¢ and of
[Cd] over {Cal of 5 X 107. Lehn has reviewed these aspects of the cryptands
{138]. Interaction of diazapolyoxa macrocycles (11} with Zn(II) have bheen

o oy (—0 o
N'\/o’\/o’\/w L 2,
r )]
(.I':Hg éHa Q'—0 O‘)‘>
(10} {11}

reported [139]. The soivate [ Zn{thf)s][ SbCl;], has been prepared [140], and
heats of formation and laittice energies have been obtained for complexes of
dioxane and morpholine with zinc fluoroborates [141].

12.2 7 Complexes with heterocyclic N-oxides

The complex with isonicotinate N-oxide { Zn(N-1sonicO),{0OH,).] - 4H,0
1s polymeric, the ligand bridging adjacent zinc ions and coordinating via the
N-oxide group and a carboxylate oxygen, whilst the species [{N-isomicO),Zn-
{OHZn{N-isomecQ);],, involves bridging aqua groups in addition, the zinc
being five-coordinate {142]. The analogous cadmium complex has a poly-
nuclear structure {143]. The dioxide ligands {144] phenazine-5,10-dioxide-
(N,N-phz0,) and qumoxaline-1,4-dioxide{N,N-quox(,) give monomeric com-
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plexes [ Zn(N,N-phzO.;}3(OH,).(Cl0O)}[Cl0,.] and [ Zn(N,N-phz0;),{OCH;),]-
[C10,]1, - 2 H,0, and polynuclear Zn{N, N-quoxQ,}3(Cl0,}, - 6 H;O. Other
studies include picolinic acid N-oxide (with Zn{ClO4),) [145], substituted
pyridine N-oxides (with Cdl;) [146], the sterically hindered 3-methyliso
quinoline N-oxide (with Zn(Cl0,);) [147], 2-pyridylcarbinol N-oxide (with
Zn(NO;),) {148] and 3,4,5-trimethyl-1-hydroxypyrazole N-oxide (with Zn(ii)}
[149].

12 2.8 Complexes with phosphine oxides

The vibrational spectra of zinc halide complexes (X = Cl, B- or I} with
Me,PO confirm the presence of the C,, {ZnX,0,} skeletal structure [150].
Complexes [ Zn{R3;P0),][BF:]; have been prepared {151] for R = Me, HOCH,,
Et, Pr, CMe,H or Bu, whilst complexes with trimorpholincphosphine oxide
{morpo) and chlorodimorpholinophosphine oxide {cdmpo) include [Zn-
(morpo);]}[ClOs]; - H;0, [Zn{morpo),][PF], - 2 H,O and {Zn(cdmpo).X,]
(X = NOj; or ClO,} where the ligand probably coordinates by the oxide group
and a morpholine N atom [152].

12,3 COMPLEXES WiTH SULPHUR OR SELENIUM DONOR LIGANDS

12.3.1 Inorganic sulphides

Ab initio molecular orbital calculations [153] on the binding of H,S and
[HS]™ to Zn(Il) suggest that sulphur-binding is less favoured than the bindinz
of H;0O, OH™ and NH,;, and also allow an assessment of the effect of coord:-
nation on the acidity of H,S.

12.8.2 Complexes with thiourea and related ligands

Work on complexes of thiourea and its derivatives has been concerned
mamly with the measurement of formation constants for interaction with
Zn(II) [154] and CA{IT) [154,155]. Enthalpies of formation for cadmium
complexes with thiosemicarbazide(L) and its 4-methyl derivative {156] have
been determined, and entropy changes calculated for successive compiexation
{using literature values for formation constants). The variations in these func-
tions have been interpreted in 2 model postulating coordination number
changes from six in { CA(H,;0)¢]*" to four in [CdL{H,0),1*" and {CdL,]*"
and back to six in [CdL;3]?". In all cases, the ligand is bidentate. New com-
plexes with thiosemicarbazides and refated ligands include the [Zn{O.CMe},1-
thiosemicarbazide complex [157], octahedral [ ZnL,X,] (I = ethylmethyl-
ketone thiosemicarbazone; X = Cl, Br, [ ox NO,) with bridging X and biden-
tate N,S bonded ligand, and tetrahedral { ZnL,][ClO,4}, [158], and [ ZnL'Cl, | -
H,O (L' = ethylacetoacetate semicarbazone) [159].

The 1 : 1 complex of Cd(Il} with the ethylenebis(dithiocarbamate) ligand



308

15 polymeric {160}, Soluticon studies on the compounds [ Bu,N][M(R.NCS;);]
{M = Zn or Cd; R = Me or Et) show {1617 the zinec complex (unltike the cad-
mium complex) to be some 90% dissociated into the neutral bis complex and
the free ligand anion. This is in accord with the structure of the solid com-
plex [162], which shows that only one dithiocarbamato group is bidentate,
the other two being formally unidentate. Cyclic voltammograms on [M-
(Et;NCS.;);]” show waves charactenstic of the irreversible oxidation of the
free [ Ei,NCS;]™ higand, the resulfing radical rapidly dimerising to the thiuram
disulphide, Mixed ligand complexes of Cd(I1) dithiocarbamates with nitrogen
donor hgands [163] have the storcheiometries [ CA(Et,NCS,).1.], [Cd-
(Et,NCS,),L,], [Cd(R,NCS,),L] and [Cd({R5NCS,).L1] (R.N = N-morphohne,
R3N = N-piperidine; L = quinoline, isoquinoline, 2,4- or 3,5-dimethylpyridine).
These involve coordination numbers five, six and seven. a-Benzoyl-3-phenyl-
thiocarbamide forms octahedral complexes [ML - x H,0O] with Zn(II) and
Cd{(II} in which the ligand coordinates via S, N and O atoms [164]. Forma-
tion constants have been determined for the terdentate ligand N, N -bis(mer-
captoacetyl)l,2-diaminoethane with Zn(I1) and Cd4(II) [165].

12.3 3 Complexes with thioether igands

Studies on higands containing this group have received fresh impetus from
the recent demonstration that one of the ligands to copper in plastocyanin is
a thioether group. Naturally occurring species are L-methionine and S-methyl-
L-cysteine, while biotin contains a thiophene group. Formation constants for
meatal . thioether interactions have been measured by observing the decrease
in the intensity of the visible spectrum of a Cu-thioether complex resulting
from the addition of a competing metsl ion. In this way, constants have been
determined [166] for Zn(II) and Cd(Ii) with 2,2'-thiodiethanol (HOCH,-
CH,SCH,CH,0OH), tetrahydrothiophene and diethyl sulphide Data have also
been reported for biotin {167], with enthalpies and entropies of complex for-
mation for the thiophen-2-carboxylate ion {168]. A comparison of data for
the last named ligand with those for ethylthioacetate and phenylthioacetate
suggests that aromatic sulphur donors have a greater tendency to form bonds
with these metals than do aliphatic sulphur donors. Some solid complexes of
thiophene derivatives have been studied {169].

Other measurements on Zn(I1} and Cd{II) complexes include formation
constants for aliphatic thioethers {170}, and calorimetry with dithicdiacetate,
3,3'-thiodipropionate, [171] and phenylthioacetate [1721.

12 8.4 Complexes with suiphur-containing amino acids and other acids

The coordination chemistry of L-cysteine and D-peniciilamine [173] and
glutathione {174] has been reviewed. Complexes of Zn(I1} and Cd{II) with
N-benzoylcysteine involve M(HL), stoicheiometry, with coordination occur-
nng via a deprotonated mercapto group and carboxyl oxygen, as shown by
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the use of IR spectroscopy [175]. Formation constants have been reported
for Zn(IT} complexes with L-cysteine and D-peniclliamine and with the

mixed hgands [176], and for Zn(Il} with cysteic acid [177]. The complexes
[ML1 (M = Zn or Cd; L = thiomalate) involve S, O binding groups and are -
probably polymeric [178].

12.3.5 Complexes with thione and mercapto ligands

These may be interrelated as tautomeric alternatives in certain heterocyclic
ligands. The folowing complexes with 1,4 6-trimethylpyrimidine-2-thione{L)
and 1-methylpyrimidine-2-thione(L’) have been characterised [179,180]:
[(ZnL;}X; (X =1, ClO, or BF,); [ML,X,] (M = Zn or Cd; X = Cl or Br);
[ZnL,;'X;) (X =Cl, Bror I); [CAL;'X,] (X = Br or I) and [CdL'Cl,]. The
1 : 3 complexes invoive bidentate ligands (with four-membered chelate
rings), while 1 : 2 complexes result from the presence of anions of greater
coordinating power. The 1-methyl derivative, while a weaker ligand, shows
greater variety in its coordination pattern. The IR spectra of the 1 : 2 com-
plexes show metal—halogen stretching frequencies in between those usually
observed for tetrahedral and octahedral halogen-bridged compounds. This is
interpreted in terms of M—N, M—X and long M—S bonds. However, the crys-
tal structure of tetrakis(1-methylpyrimidine-2-thione)zinc(il) perchlorate
shows that the zmc is tetrahedrally coordinated by nitrogen atoms of four
ligands. So in this case the sulphur atoms are not coordinated to zinc, the
r{Zn—S8) distances being 3.206 and 3.255 A {181}. The complexes [ML,Cl,]
{M = Zn or Cd; L. = 2-thiouracil) are probably pseudo-tetrahedral, with
{Zn—C1) at (319 or 337) and 287 cm ! and »(Zn—S) at 215 cm™? [182].

Some interesting polynuclear complexes of zinc(II) have been character-
ised: 2-pyridinethiolate (pySH) reacts with ZnCl, in the presence of sodium
hydroxide to give { Zn(pyS).} (183]. A large excess of base leads, however,
to the formation of oxohexakis-u-[ 2(1H}pyndinethionato}tetrazine(Il)
[LsZn 0], wnvolving N, S coordination of the ligand. Similar complexes werza
prepared for L = 2-thiazolidinethiolate, 5-methyl-2-thiazolidinethiolate and
1-methyl-4-imidazolethiolate. The following chlorozine complexes have also
been prepared: [{pyS};:Zn,Cl], [(PyS)sZn;Cl;] and [(pyS)ZnCl]. The last
compound is probabiy polymeric [184].

Other studies mvolve as ligands: various methyl subst:tuted 8-mercapto-
quinolines (with Zn(I)) {185]; 1-methyl-2-chloro-3-formyl-4-(phenylamino-
methylene}-5X-pyrrolones (with Zn(II); X = O, S or Se; the ligand bidentate
through X and the azomethine N atom) [186]; 1,2-bis(4-phenyl-1,2,4-
triazoline-5-thione-3-yi)ethylene glycol (to form ZnL{0,CMe), - H,O, which
is polymeric via C=S groups) [187]; 3-methy! and 3-ethyl derivatives of 4-
amino-5-mercapto-1,2,4-triazole (with Zn(Il) or Cd(II)) [188}; and 2-hydroxy-
5-methyithiobenzophenone {with Zn{I1} or CA(il}) [189].

The crystal structure of catena-bis| u-(N-methylpiperidinium-4-thiolato)]-
cadmium(II) perchiorate dihydrate §190] involves infinite chains of cadmium
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atoms, each of them tetrahedrally coordinated to four sulphur atoms of four
different N-methyl-pipertdinium-4-thiolato groups. Each sulphur atom bridges
two consecutive cadmium atoms {r{Cd—S) = 2.548 A}.

12.83 6 Compliexes with selenium ligands

In addition to the examples discussed above [186], work with selenium
donorts involves complexes with triphenylphosphine selenide, 2 MX, - Ph;PSe
and MX, - 2 PhiPSe (M = Zn or Cd; X = halide} [191].

12.4 COMPLEXES WITH NITROGEN DONOR LIGANDS
12 4 1 Complexes with azide, ammunes and various aliphatic nitrogen ligands

Formation constants for {Cd(N,),,]¥~ %" have been measured {n = 1—5)
[3}. For Zn(1I) or Hg(II}, only four or two complexes may be formed, respec-
tively. A number of structures in solution, of ammine and related complexes,
have been determined by X-ray diffraction techniques, supported by the use
of Raman spectroscopy. A study on aqueous solutions contaimning zine(Il) or
cadmium(11) chlorides and ammonia at various mole ratios revealed the
tetrahedral species [ Zn{NH;),]*" and [ Zn(NH,)5Ci}", which were character-
sed [192] with r(Zn—N)} = 2.03 &, and r(Zn—N} = 2.00 A and r{(Zn—Cl) =
2.30 A, respectively. No higher-coordination species could be observed. For
CdCl,, (with [NH3]/[Cd] = 9.9) the octahedral hexammine complex was
present {r(Cd—N} = 2.37 A} [123]. The same approach has been used to
study [194] [Zn{en},]*" and [Zn{en)};]**, which have tetrahedral and octa-
hedral stereochemistries with r(Zn—N) at 2,131 and 2.276 A, respectively. It
is noteworthy that Zn—N for the tetrammne complex is shorter than that
for [Zn{en).]?".

Thermochemical studies have been carried out on the halides of Zn(II) and
Cd(IT) solvated by propylamine, 1sopropylamine, butylamine or isobutyl-
ame {195}, and heats of formation determined. Formation constants are
now available for these metals with 2,3-diamino-2,3-dimethylbutane [196],
N,N'-dimethyl-1,2-diaminoethane [197], tnethylenetetramine [198], and for
the mixed complexes of Cd(II} with 1,2-diaminopropane and trimnethylene-
diamine(1:1:1and 1 :1:2)f199]. [ZnLCi,] {L = N-(2-aminoethyl)-1,3-
diaminopropane} has been characterised [200], whilst *N NQR data on the
Zn{Cl0,), complex with hexamethylenetetramine has been reported [201].

A normal-coordinate analysis of diformylhydrazine and its zinc complex
with deprotonated ligand has been reported [202]. The following complexes
with hydrazine derivatives have also been prepared: [ Zn{(malonic dihydrazide}-
Xz} - n H;O (X = Cl or 0.5 §Q4); [ Cd(succinic dihydrazide}{NCS),], where
the ligands are tetradentate and bridging [203]; [Zn{H,L)Cl,] and [ZnL(H,0)}
{H,L = succinyl di{acetone hvdrazone)} [2041; [Cd(HL)CL 1 - H,O and
[Cd(HL}),Br,] - 5 H,O0 (HL = 6-formyl-7-hydroxy-5-methoxy-2-methyl-
chromone-Girard T-hydrazone} [205]; and [ZnL.(H,0),] (L is the hydrazone
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derived from 2,4-dinitrophenyihydrazine and salicylaldehyde) in which the
ligand coordinates via the deprotonated hydroxyl group and the azomethine
nitrogen atom [206].

The in-situ alcoholysis of the easily-prepared compound Ph;P=NSiMe; in
the presence of anhydrous halides of zinc and cadmium leads to the forma-
tion of a range of complexes of triphenylphosphinimme Ph;P=NH (L) [207],
including [ ZnX.L],; (X = Cl, Br or I), {CdCl,L],, [CAI,L,]). - (CHCI;); and
[{Cd,Br,L;]. The presence of an intense P=N absorption in the region 1106~
1118 em™! of the IR spectrum confirms the ligand to be a two-electron
niirogen donor {Phy,=NH). The dimeric complexes are all trans halogen-
bridged structures. The 2 : 1 complex with Cdl, involves two types of phos-
phinimine ligands (as evidenced by two different N—H stretching frequencies |.
This is shown 1n 1ts structure [208}, which involves two {CdI,L,} units
linked by N—H --- I hydrogen bonds. The 3 : 2 complex with CdBr; is believeid
to have a polymeric structure in which {CdBr,L,} and {CdBr,L} unts are
linked wvia halogen bridges

Oximes and dioximes have continued to attract attention as ligands.
Attempts have been made to quantify the contributions of oxime deproto-
nation and oxime—oximato hydrogen bonding to the stability of metal
axime complexes. Thus a range of complexes, including zinc(if), of the
diamine dioxime ligand 4,4,9,9-tetramethyi-5,8-diazadodecane-2,11-dhone
d:oxime (H,dddo) and its O-methyl ester (Hddmo) have been studied poten-
tiometrically [209]. H.dddo coordinates in the oxime—oximato form [Zn-
(Hdddo)}®, and the hydrogen bonding has been studied for [ Zn(Hdddo)]Cl1O..
Hddmo gives the complexes [ Zn{Hddmo),1?** and [Zn{Hddmo){ddmo)]".

Formation constants have been measured for the compiexes with zinc(Il)
and cadmium(1I} of 2,4-dihydroxyvalerophenone oxime [210] and with
zinc(I1) of peoncloxime [211]. The species [Zn{HL),]} and {ZnL] + 0.5 H,O
‘H,L = 4-quinonedioxime) {212}, and { ZnL.(HL.)Ci] - H,O, [CdHLCL, 1,
[CdH,L'X,] (X = Cl or Br; L, = phenanthraquinone monooxime; L.’ = phen-
inthraquinone dioxime) [213] have been isolated.

12. 4.2 Complexes with aromatic compounds with nitrogen-containng sub-
itituents

Aniline complexes of ZnCl,; and ZnSO, have been examined by X-ray pow-
ler diffraction techniques [214]. Comparison with the analogous complexes
»f 4-toluidine (of known structure) suggest they have similar structures. Cal-
«ulations have been carried out on a number of aniline complexes, including
hose of zinc{(Il) [215]. The IR spectra {3500—150 em ™) of {Zn(aniline},X,]
X = Ql, Br or I) have been assigned with the help of ' *N labelling: »{Zn—N)
tretching frequencies occur win the range 450—350 cm™! [216]. The double
alts {CAL ][ ZnX,] (L = anihine, 2-, 3-, 4-toluidine or -anisidine) {217} and
he complexes [ZnL,] (L = various N,N'-diaryl-$-iminocamines} [ 218} have
reen prepared. The platinem(11) complex trans-{Pt(Cl)} (PEt;),(CH=NCH -
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4-CH3;)] acts as a monodentate ligand to CdCl, [219].

Formation constants are available for zinc(II) with some heterocyclic azo
dyes [220] and 2-hydroxy-1-naphthalidine-g-chloroaniline, and for Zn(II) and
Cd(11) with 2-hydroxy-1-naphthalidine-a-naphthylamine {221].

The ligand 1,4-bis { bis(2-aminoethyl)aminomethyi}benzene hexahydro-
chloride {222] (L; 12) provides two terdentate moieties separated by a rigid

lNH2CH2CH;JzNCHQ-Q—CHzN(CHZCHzNHz ),

(12)

bridge, and so offers the possibility of synthesising binuclear complexes. For-
mation constanis have been measured for interaction with severai cations,
inciuding zinc{II), and indicale that [ Zn,L] formation occurs.

A number of sterically hindered N,0Q,; and N, ligands have been prepared
in which a quadridentate Schiff base is capped by condensation of salicyl-
aldehyde or pyrrole-2-carbaldehyde with a series of bis(8-aminonaphthyl)-
alkyl ethers. These ligands combine the versatility of the Schiff base with the
protective features well-known for certain model porphyrin systems, and
appear to be of some interest. The zinc{Il) complex and other transition
metal compiexes have been prepared [222a].

12.4.3 Complexes with heterocyclic higands

12.4. 3.1 Pyridines. Complexes with pyridine and its derivatives have been
reviewed [223]. The sbructure of deca-p-ethanoatodioxobis(pyridine))hepta-
zinc{II)} involves seven zinc atoms, bridged by ethancate groups, in a hep-
tameric centrosymmetrical unit. In each of the two half-units, a central oxygen
is surrounded tetrahedrally by four zinc atoms (one of which is common to
hoth). Five of the six edges of this tetrahedron of zinc atoms are bridged by
ethanoate groups, the remaining one bemng open. The structure thus contains
three types of zinc; Zn(1) lies on the centre of symmelry in an octahedral
environment, Zn(3) is coordinated to three oxygen atoms from ethancate
and the pyridme nitrogen, whilst Zn(2) and Zn(4} are tetrahedrally coord:-
nated by oxygen atoms. The EPR spectrum of the copper-doped crystal has
been measured [224].

v{Cd—N) and »(Cd—X)} stretching frequencies have been assigned in the
far IR (> 30 cm™!) and low-frequency Raman spectra of [CdX.,{py}] (X =Cl
or Br) [225]. The results support a sttucture for this common stoicheiometry
comprising double-strand halogen-bridged polymeric chains, in which the
Cd(II} is bound by one pyridine ligand, two bicoordinate halogens and three
tricoordinate halogens. Complexes {226} and formation constant data {227]
for a number of substituted pyridines and quinolines have been reported.
Zinc complexes of nicotinamides have attracted particular attention [228]
and the crystal sttuctures of dichloro- and diiodobis(V, N-diethylnicotin-
amide)zinc{Il) have been published [229].
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12.4.3.2 Pyrimidines

Much coordination chemistry has been carried out with simple pyrimidines
and the nucleic acid bases. The crystal structure [177] of tetrakis{1-methyl-
pyrimidine-2-thione)zinc(Il) perchiorate bis{propancone) demonstrates uniden-
tate coordination by the non-methylated{N3) nitrogen atom, with r{Zn—N}
at 2.058 and 2.060 A. The structure of dichlorobis{1-methylcytosine)cad-
mium(II) [230] involves two Cd—Cl bonds (2.497 and 2.485 A) and two
Cd—N{(3) bonds (2.281 and 2.296 A} with approximately tetrahedral stereo-
chemistry. The zine(II) compiex with methyl-5-nitrosobarbituric acid has
been reported [2311}, as have formation constants for mixed ligand com-
plexes of Zn(II) and Cd(Il) involving cytosine [232} and 2-aminopyrimidine . -
[233], respectively.

Complexes with adenine and 9-methyladenine (to block the nitrogen atom
utilised in binding ribose or deoxyribose groups in nucleic acids) continue to
attract attention. [ Zn{9-Mead}X,) is tetrahedral, but { Cd(9-Mead)¥X,]} (X =
Cl or Br) is octahedral with halide bridges. The zinc complex is isomorphous
with the corresponding chioride, of known structure, and probably involves
Zn—N interactions with N1 and N7 atoms in the purine ring [234]}. Adenine
complexes [M{Had),X;] {X = Ci, Br, NO; or CiQ,), and those with depro-
tonated ligand, have also been reported [235,236].

12.4.3.3 Azoles

The complexing of zinc(II) and/or cadmium(Il} has been investigated for
the following azoles: 1-ethyl- and 1-propylimidazoles [237]; 1-vinyl-2-
hydroxymethylimidazole and -benzimidazole {238]; methylpyrazoles, which
act as bidentate ligands [239]; 1,2,4-triazole and 3-bromo-1,2,4-triazole,
which are bi- or tridentate ligands [240}; 3-nitro-1,2,4-triazcle, which is
either monodentate or bidentate via the ring nitrogen and the nitro group
i2411; 2,5-dimethyl-1,3,4-thiadiazole {242}, 2-amino-5-phenyi-1,3,4-oxa-
diazole [243]; and 5-aminoalkyltetrazoles [244].

Azoles with two different heteroatoms, used as ligands for zinc(Il) and
cadmium(1l), include diphenyloxazole (L}, which is N-coordinated in {M-
(L}, X3] (M =2Znor Cd; X=C}, Br, I, NO; or NCS; r =1, 2 or 4) [245],
3-(o-hydroxyphenyl)-5-phenylisoxazole [ 246], and 2,2'-0-phenylenebisbenzo-
thiazole [247].

12.4.3.4 Bipyridines and phenanthrolines

The Factors that contro! the stability of ternary complexes involving bipy
or phen continue to be studied. The methyl resonances of [Me;Si(CH;),850,]"
(n = 2 or 3) are shifted upfield by { Zn(bipy)}*' or by [Zn{phen)]*’, while
Zn?* caused no shift at all. This has been attributed [248] to a hydrophobic
interaction between the trimethylsilyl group and the heterocyclic aromatic
ring system. The effect of varying the n-acceptor properties of the bipyridine
ligand on the ternary complex with pyrocatecholate (pyro) and zinc{Il) has
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also been studied §249]. For the equilibrium
(M{pyro),]>~ + [M(dpx);)** = 2[M(dpx)(pyro)]

{dpx = 2,2'-dipyridylamine (dpa), 2,2'-dipyridyilmethane{(dpm) or 2,2'-
dipyridylketone(dpk)}, the formation constants decrease in the series dpk >
dpm > dpa. Thus, the enhanced stability of ternary complexes containing an
(-donor and a heteroaromatic N-base is dependent on the w-acceptor prop-
erties of the latter higand. Zinc and cadmium complexes with 4,4’-bipyridine
have been prepared [250].

1,10-phenanthroline has been used to separate quantitatively cadmium(II)
from zinc{1I) by extraction from an agueous solution into chloroform, and
thus in conjunction with the use of dithizone offers a selective meihod for
the determination of trace amounts of Cd in Zn [251].

12. 4.4 Complexes with macrocyclic ligands

The Zn(ll) complex of a 14-membered hexaaza macracycle has been pre-
pared by the template condensation of 2,6-diacetylpyridine with hydrazine
[252]. Reaction of this diacetyipyridine with 4,7-diazadecane-1,10-diamine
[253] in the presence of Cd(II) gives the complexed 17-membered pentaaza
ligand (13). This [CALBr]Br - 0.5 H,0 species involves a pentagonal pyramidal

N

0[]

N

4 Y
[?42]3 5H2]3

.
oM, 1
{13)

structure with axial bromide ligands.

The condensations of primary amines with carbonyl groups to give macro-
cyclic imnes in which the template ion is coordinated to the imine groups
are thought to procede via carbinolamine intermediates, which then undergo
elimination of water. Of considerable interest, therefore, is the isolation of a
zinc complex (14) of a dicarbinolamine, which appears to be such an inter-
mediate in the formation of the Ns-macrocycle. The carbinolamine complex
{15) has the carbinolamine C—0 and N—H bonds dispiaced to the same side

_ - - — s ! -
e ‘ HO Xy DH
[ |OH2| H Lomz aH
N / =N -~ N
/ \;‘Zn/ \ {NO3) /TN {NC3y)
R—N o7 TN\ N—R 2 Me—N RN N—MMe E]
—N N— = l\l._.—_g
A N\ N N4

(14)
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of the macrocycle [254].

The tetraazamacrocycle (16; LH,), with four ethanoate groups, 1s readily
prepared by treatment of the cyclic tetraamine with bromoethanoic acid
[255]. Its complex [ZnLH,] utilises two amino N-atoms and two carboxylates
as ligands. The fully deprotonated complex may be prepared in solution by
treatment with NaOH.

The compiex [ZnL{H,0),]*" (L = 2,2,4-trimethyl-1,5,9-triazacyciododecane}
loses a proton from an aqua group with a pK, of 9.56 [256]. Macrocycles
such as (17), with a pyridine group incorporated into the structure, react

CH3
“noc —cH \I/\[ P CHa
Y gl A NO
(Nf-t H?uj <:~
- H HH
00C —~CHp ™" I\/Ccuz-—coo- |\) CHay
CHy
(16) (17)

slowly with Zn*" compared to other 14-membered cyclic aliphatic tetraaza
systems {257], probably as a result of the rigidity introduced into their struc-
ture by the pyridine ring. Work on zinc(II} and cadmium(II) with porphyrins
has not been covered in this review.

12,5 COMPLEXES WITH CTHER GROUP(V} LIGANDS AND MISCELLANEQUS
SPECIES

Tetrahedral species { ZnX,L,;] (X = Cl, Br or I; L. = Et;P or Et,PhP) have
been inciuded in a general study on compounds with these ligands, involving
IR, and 'H, 13C and 3!P NMR spectroscopic measurements [258]. The struc-
ture of Cd,As;I involves As atoms in a helical structure, while the Cd atoms
are five-coordinate to three As and two I atoms, with r{Cd—As) at 2.62—2.74
A and r{Cd—1I) at 2.98—3.43 A [25b9].

The adduct [(Cp}.Nb(CO)H - Zn(BH,}.] [2601] involves hydrogen-bridged
Nb and Zn (Nb—H—2n = 107°) and direct Nb—Zn bonding {r{Nb—Zn) =
2.829 A}. Each [BH,;]  fragment is bidentate with respeck to the zinc. Several
syntheses have been described for MgZnH, [261].
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