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tzt = thiazolidine-2-thione
thn = thichydantoin

etu = ethylenethiourea
PPh, = triphenylphosphine
1Y = pyridine

en = ethylenediamine
trien = triethylenetetramine
dmu = dimethylurea

dmtu = dimethylthiourea
nit = 4-nitroisothiazole
pzd = pyrazine-2,3-dicarboxamide
eu = ethyleneurea

thf = tetrahydrofuran
diox = dioxane

anl and anil = aniline

EtOH = ethanol

MeOH = methanol

apy, amp and ampy = aminopyridine

tzd = thiazalidine-2-dione
pic = L -picoline

acet = acetone

dmf = N.N-dimethylformamide
dmso = dimethylsuiphoxide
ampyd and ampir = aminopyrimidine

A. INTRODUCTION

Complexes of metal thiocyanates and selenocyanates have been the sub-
ject of interest, and different workers have studied their different aspects.
Porai-Koshits and Tsintsadze [1] reviewed the structure of thiocyanate com-
plexes, and also included some selenocyanate complexes. Burmeister [ 2,3]
described the effect of a large number of ligands on the change of M—SCN
bonding to M—NCS, and also reviewed linkage isomerism §{4] which included
thiocyanate 1ons. Norbury and Sinha [5] discussed in detail the problem
associated with these effects. Balahura and Lewis [6] described the factors
important in linkage isomerism, and gave a detailed account of these factors,
which covered HSAB principle, steric, electronic, solvent and kinetic effects.
{n another review Burmeister { 7] emphasised the factors which were bonding
mode determinants for coordinated thiocyanate ions. He described physical
methods, diffraction studies, infrared spectroscopy, Raman spectroscopy,
clectron spectroscopy, nuclear magnetic resonance spectroscopy and photo-
clectron spectroscopy {ESCA); useful for determining thiocyanate bonding
modes. Norbury {8) compiled work on chalcogenocyanates of different me-
tal ions and described the basic knowledge of chalcogenocyanate ions includ-
ing their preparation, molecular geometry, molecular vibrations and spectro-
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scopic studies ete. Bailey et al. {9] discussed the infrared spectra of bimetallic
tetrathiocyanates and selenocyanates and described the effect of change of
metal on the infrared active bands associated with the thiocyanate or seleno-
cyanate ions. This review describes the Lewis-acid character of bimetallic
tetrathiocyanate and selenocyanate of CoHg{(XCN}, (X = S, Se) type, which
have hitherto not been discussed in any of the reviews and are of recent ori-
gin.

The structure of CoHg(SCN), has been crystallographicaily established by
Jeffery {10,11]. The cobalt and mercury atoms are surrounded by four nitro-
gen and four sulphur atoms, respectively, in approximately tetrahedral
arrangements, and the thiocyanate is bridged in between cobalt and mercury
in the form of a polymeric chain. NiHg(8CN), - 2 H.O is the only such com-
pound where nickel is octahedral due to coordination with two molecules of
water {12]. Forster and Goodgame {13—16] have been actively involved in
infrared, magnetic and electronic spectral studies of bimetallic tetrathiocy-
anates.

The corresponding selenocyanates have also been studied, but compara-
tively less is reported in the literature. Complexes of simple selenocyanates
were first reported by Nelson {17} and their bonding modes were discussed
by Pecile and co-workers {18,12] and Burmeister and Janaki { 20]. The crys-
tal structure of CoHg{SeCN); was reported by Turco and co-workers | 21]
who showed that selenocyanate ion is bridged between cobalt and mercury
similar to its thiocyanate analog. Burmeister | 22—3241 et al. studied linkage
isomerism in the complexes of various selenocyanates. Goodgame and
co-workers [ 25,26] have described electronic speciral and magnetic proper-
ties of [Co(NCSe).]*".

Both bimetallic tetrathiocyanates and selenocyanates of general formula
MM{XCN); M = Mn(li}, Fe(II), Co({il), Ni(il}), Cu(Il); M’ = Zn(1I), Cd(iI),
He(11), Pd(i1}; X = S, Se can be used as Lewis acids because the coordination
numbers of M and M’ in MM (XCN), are fouy rather than their maximum of
six. At attempt could therefore be made to raise their coordination numbers
to six, by reacting them with Lewis bases. In other words they could behave
as bi acceptors having two acceptor sites, one at M and the other at M'.

Rivest and co-workers { 27] first reacted CoHg({SCN}, with Lewis bases and
studied the products. They reported three types of complexes:

(i) Catiohic—anionic

[Co(LL},]{ Hg(SCN),]

(LL = ethylenediamine, 2,2"-bipyridine, 1,10-phenanthroline)
(ii) Monomeric bridged

PPh,  _NCS__ _SCN

Co
PPh;  NCS”  SCN

I {PPh; = triphenylphosphine)
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(iii} Polymeric bridged

; L
—~~ IO\ /Hg

TSCN NCS \

II {L = tetrahydrofuran, pyridine, aniline}

In the cationic—anionic type of complexes the thiocyanate bridge between
M and M’ breaks and a cation and anion of general formula [ML,]** and
[M(SCN},1*" respectively, are formed. In the monomeric bridged type, which
may also be called a dinuclear bridged complex, the polymeric chain of thio-
cyanate bridges is broken and only a dinuclear compound having a thio-
cyanate bridge is formed. In the polymeric bridged complexes the ligands
are attached to cobait, but the polymeric structure of the parent Lewis
acid CoHg{SCN); is retained.

Singh et al. extended the work to other bimetallic tetrathiocyanates, viz.
MM (SCN): M = Mn(11}, Fe(II}, Co(I1}, Ni{II}, Cu(il), Zn{ll); M’ = Zn(I]),
Cd(it), Hg(H), Pd(I1) and also studied the corresponding tetraselenocyanates
[28—46]. They observed that the nature of these tetrathiocyanates or seleno-
cyanates depends mainly upon the nature of M and A’ in MM(NCX), (X = §,
Se}, and also upon {he base strengih of the ligands. In the last five years much
work has been completed on this new class of bi acceplor. This article
describes the various studies that have been made in this field.

In MM (SCN),, both M and M’ are in their preferred tetrahedral coordina-
tion geometry, and the compound is energetically quite stable. Formation of
bimetallic compounds in which one metal prefers a tetrahedral geometry and
the other a linear geometry e.g. Ag(l}, has been reported by Tramer [47],
and recently developed by us [48—52]. These compounds have been shown
to have a zig-zag structure (I{I).

—Ag—S 5—
C C
N\\ /N
Co 193
N7 TN
C C
-5 5—Ag—

The Lewis-acid character of this class of bi acceptor, e.g. Co[ Ag(SCN}.1,
has also been studied, as they arc interestingly comparable with MM (SCN),.
We include coverage of such work here.

B. INFRARED SPECTRAL STUDIES

There are three ways in which a thiocyanate or selenocyanate ion can link
to a metal ion; {a) through nitrogen, M—NCX (X = S, Se}, (b) through sul-
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phur or selenium, M—XCN and (¢} through both nitrogen and X simultane-
ously, M—NCX—M'. Further bonding modes of thiocyanate ions have also
recetilly been described. Gazo and co-workers [53,54 ] have shown by X-ray
analysis that the sulphur donor of the thiocyanate ion can link to more than
one metal ion {IV}).

P M /M
M—N CS\ and M—N CS:M v
hY! M

On the basis of ''C NMR, and infrared studics sulphur can coordinate to
more ithan one metal ion at a time [55] (V).

M
SZM v
A

The nitrogen end of the thiocyanate ion can also link to more than one metal
ion [56] (VI}.
M M
-
N
C
8

Infrared spectroscopy has been a versatile tool in distinguishing the type of
bonding. Diagnosis of banding is characterized by the number and position of
C—N stretching, C—X stretching and NCX bending vibrations of NCX ion in
the infrared spectra. Because of same overlap of certain of these ranges, other
criteria such as the integrated intensities of the v modes should be em-
ployed [ 7]. These data are summarised in Table 1.

Far infrared spectra in the region 450—200 ¢cm™} can also indicate the type
of bonding in thiocyanates or selenocyanates. The strong band at 280—300

V1

TABLE 1

Diagnostic regions lor various types of thiocvanate and selenocyanate bonding {(em™')
[57—75]

Tvpe of bonding C—N(st) C—Xist) NCN(bend)  M—NCX(st)
Free NCS ion 2049—2066 T46—748 471—4864 -
N-honded NCS 2040—2080 780—860 460—190 290—-310
S5-bonded NCS 2090—2110 690—720 41¢—440 210—230
—SCN bridged 2110—2175 790—795 - —

Free NCSe ion 2071--2083 559 417 —
N-bonded NCSe 2040—2090 650—690 430—180 240—260
Se-bonded NCSe 2100—2120 520—580 100—425 180—195

—SeCN-- bridged 2125—2190 635—640 - -
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cm”' was assigned to M—NCS, M = Mn(I1)}, Fe{il), Co(Il), Ni¢I1}, Zn{i),
Cu(ll) in [M(NCS),}*" and at 200230 em™} to M—SCN in [M(SCN),}*". In
changing from T, symmetry in {M{NCS)};}*~ to Oy, in [M(NCS)¢]*” the band
assigned to vyy_ncs shows a negative shift and becomes weaker in intensity
f16]. If both vy . and vyy_g are present a bridging thiocyanate certainly
exists. in the case of selenocyanate complexes, these bands appear 30—40
cm™! lower than the corresponding thiocyanate bands.

MM'(SCN). forms three types of complexes and each of these can be dis-
tinguished on the basis of their infrared spectra. The number of characteristic

TABLE 3

Cationic—nnionic complexes of MM (SCN},; and their spectral data

{i} M in octahedral coordination geometry

The complexes of this series are [Co(bipy)a ][ Hg{SCN),41 [27], [Co{phen)}; ][ Hg(SCN} }
[27), [Co(phen); ][Cd(SCN)., - phen] [28], [Co(bipy}i][CA{SCN),] [28], [Co(nia), |[Cd-
(NCS)31 [29], [Co(3-cpy ) HCA(NCS), 1 [29]. Co(3-cpy)s }{CA(NTS)4 ] [29], Co-
(bipy ) H{PA(SCN), | {33 ], {Co(phen); [[PA(SCN).} [35], [Cof3-cpy)e H{Zn(NCS), ] [29],
{Cof--cpy 3o H{ Zn{NCS)a } {291, [Co(nia)s ){Zn(NCS)4) [29], [Colent)s J{Zn(NCS).1 {29},
[Colinh), HZn{NCS),] [29], [Colpy)s JIZnINCS), ] [28]. [Co{phen}, {{Zn{NCS), - phen]
{281, [Co(bipy); HZn(NCS)1] {281, [Ni(bit)s {{ Zn(NCS):] [456], [ Ni{mit)s I{Zn(NCS),}
[45), [Ni(nit)e )[Zn{NCS);] [45}, [Ni(ist)s ){Zn(NCS);] [251, [Ni(dml)e |[Zn(NCS)s]
[45), [Ni(abt)e HZn(NCS}), | [45], [ Ni(pza)s ][ Zn(NCS)] [30], {Ni(t«t)e J[CA{SCN), ]
[46], [Ni(thn}, [[CA{SCN);] [46], [Ni{etu}s [Cd(SCN),] {46], [Ni{phen}3]{PH{SCN};]
[35), [Ni(bipy)3J[Pd(SCN);] [35], [Cu{bipy }3]{ HE(SCN)4 ] {99), [Cu(phcn); 1{Hg(SCN),1
1991, {Zn(bipy)3]{PA(SCN);] {35, [Ni(PPh3)41{Zn(NCS)3] {341},

in all these complexes, one or two absorption bands are generally observed correspond-
ing to CN stretching mode in the range 2020—2110 em™!, two bands due to CS stretching
mode in the range 720—860 em~! and two bands due to NCS bending mode in the range
410—490 em~1. Dg values in case of cobalt complexes are in the range 880—99%0 ecm~!,
and in case of nickel complexes the range is 1010--1200 cm~!. The gy values of cobalt
complexes are around 5.00 B.M. and of nickel compicxes around 3.00 B.M.

tii) 8 in tetrahedral coordination geometry

These complexes are [Cofetu}3 ]JCA(SCN}; ) [46], [Col(thn)y HCJ(SCN),] {461, [Co-
(t2t)1][CA(SCN)s] {46], [Colamp): J[CA(NCS),} [30], [Co(2-apy )2 )[Zn(NCS).] [29],
[Co(ampy)2 [{Zn(NCS), ] [30], [Cd(py)4])[PA(SCN),} [35), [Cd(bipy):]{PA(SCN);] [35],
[Pd{py)a JIHg{(SCN},; ] [35], {Pd(bipy ). }[Hg(SCNW.) [35]).

In these complexes one or two bands appear in CN stretching region in the range 2040
em™!, two in C8 stretching region in the range 740—B60 em ! and two in NCS8 bending
region in the range 440—480 cm™!. Dg values of these complexes are in the range 400—
500 em~!, The pt ¢ vatlues of cobhalt complexes are in the range 4_.00—4.60 B.M.

(iii) M in square planar coordination geometry

These complexes are {Co{en)s jfCd{SCN){en)} [28], {Coftrien) J[CA{NCS).] 28],
[{Co(trien); {{Zn{NCS); | {28].

In these complexes one band is observed in the range 2010—2050 ecm™% (CN sLretching
mode}, two bands in the range 750—860 cm ™! {(CS stretching mode) and two bands in the
range 400—500 cm™! (NCS bending mode). The ¢y values of these complexes are in the
range 2.00—2.80 B.M.
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bands for each type of thiocyanate or selenocyanate bonding has been derived
by group thearetical calcuiations and the resuits are shown in Table 2.

In cationic—anionic complexes, the cation has either T4 symmetry
[M(L).i"* or O, symmetry [M(L),]** and the anion usually Ty symmetry [M™-
{XCN).1*". In the case of monomeric and polymeric bridged complexes, the
symmetry of the molecules is Co,., however, the number of bands in each case
differs. In some cases different symmetries have also been proposed {40].

In the case of cationic—anionic complexes, the thiocyanate ions are coor-
dinated to M’ through sulphur and in case of selenocyanate through selenium,
honee the M'—XCN bands are always in the region of X-bonded thiocyanate
or selenocyanate. When M’ is Zn or Cd, the bonding is through nitrogen of
thiovyanate. In the case of selenocyanates, the selenium is bonded to Cd and
nitrogen to Zn. The numbers of bands in the vey, Veox, Sxeox a0d Vys—xen
regions are preseuted in Tables 3 and 4. The position of py;_ 4o remains in
the 200—230 ¢m™* region and there is no band corresponding to vy _xes.-

Monomeric bridged complexes and their infrared spectral data are given in
Tables 5 and 6. These complexes are of two types, one in which M acquires
a tetrahedral coordination geometry and the other in which it is octahedyral
as shown in (VH) and (VIII). In the case of these complexes both bridged and
terminal NCX are present. The terminal NCX is generally X-bonded, the

TABLE 1

Cationic—anionic complexes ol MM'(NCSe), and their spectral data

(i) M in octahiedral coordination geomelry

Thuse complexes are [Col{py ), [[Zn{NCSe}.] {36}, {Co(bipy):[Zn(NCSe), - bipy}
136G, {Colniat), HZn{NCSe); 1 {37}, {Cofinh), HZn{NCSe};] {37, [Coicpy o HZn{NCSe};}
[37} [Ni{en);}[Zn{NCSe); - en] [38], [ Ni{trien}, ) Zn(NCSea); 1 [38], [ Ni{en); |[He-
(SeCN);] {38, [Ni{en); ][CA{NCSBe} (en)j [38].

¢ii) M in tetrahiedral coordination geometry
These complexes are [Co(py s HZn{NCSe),] [36], [Cdinia); }[He{SeCN);j [37],
[Cd{epy); 1 HE(SeCN), | [37 ]

(iii} Al in square planar coordination geometry

[Coen): [ He(SeCN)y - enj [38).

In these complexes, one to two bands are generaily observed each in CN stretching,
CSe stretching and NCSe bending regions in the rangas 2070—2015 cm™ !, 540—660 cm™t
and 390—140 em~¥, respectively. Dg values of octahedra! cobalt compilexes are in the
range 1020—1050 cm™} and octahedral nickel in the range 1140—1170 cen~!. Dg value of
the tetrahedral cobalt complex is 489 cm~!. The p. ¢ values of octahedral cobalt and
nickel complexes are around 5.20 B.M. and 3.00 B.M., respectively. j ¢ value of the
tetrahedral cobalt complex is 4.48 B.M. and that of square planar cobait complex is 2.0
B.M. Cd/Hy complexes arc diamagnetic.
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TABLE 5
Monomeric bridped complexes of MM (SCN); and their complexes

{t} &I in octahedral coordination geomeiry

These complexes are (nia};Co{NCS):Hg{ PPh3)2{SCN}> {44 ), {py )2{SCN})2Co(NCS) He-
(PPh3): [441], (nit)2Cof{NCS):CA(SCN): {32 ], (4-cpy }3Ca{NCS)Hg(SCN)» [29], {nia},Ni-
{NCS);Hg(SCN}: {321, (4-cpy aNi{NCS};Hg(SCN}» [32], (ctu)}sN}(NCS):Hg(SCN). (46],
{thn )y Ni{NCS})>Hg{SCN}> [46], (t=t);Ni{NCS)-Hg{SCN): [461, (vu)sNi{ NCS)> He(SCN )2
[39], (dmu)yNi{NCS 1 Hg(SCN}a [39], (dmtu};Ni{NCS)>He(SCN)» [39], (py):(SCN}-Ni-
(NCS)>Hg{PPh3)> [44], (nia)»{SCN)-Ni{NCS)-Hp(PPh3). [11 ] {ist )uNi{ NCS}.CA{SCN)»
{451, (nit}aNI(NCS)CABCN)z [451], (mit )y Ni{NCS):Cd{SCN},> [45], (dmi),yNi{NCS),Cd-
{SCN): [45]. (abt);Ni{NCS};CA{SCN)» [45], (hit);Ni{NCS5)2Cd{SCN}> [-15], {(p¥)z
{SCN)>Cu{NCS)-Hg{PPh}: [14], {nia)}{SCN)Cu(NCS)-Hg(PPh )~ [1-i }.

{ii}) M in tefrahedral coordination geomeltry

These complexes are {abt ) Co(NCS)-CA{SCN), (33 ], (Ph;P)Coi NCS1.CA{SCN)~ [ 3.
{3-apy }2Co{ NCS}>Zn{SCNj: [29], {(1-apy »Co{NCS):Zn{SCN}» {29], { PPh}>Cuo{NCS8),%n-
{SCN}; [341], (PPh1)» CotNCS);Hgf SCN)~ {27 ], {dmu ) Co(NCS)-Hir{SCN} (39, (pzd i Co-
{NCS}-Hg(SCN)> [391, {etu}.Cof NCS}-Hg{SCN}. {161, (t21)-Co{ NCS}-Hg{SCN}» [-16],
{thn}>Co{NCS5):Hg({SCN)x f46], (eu}),Co{NCS):Hg{SCN) [39], {(t2t).Zn{NCS).ip-
(SCNJ}: [46], (thn):Zn{NCS)Hg(SCN)> [46}, (etu)-Zn{NCS); Hg(SCN)a 46, {prd)zn-
(NCS)Hg{SCN}: {30}, (pv I SCNZn{ NCS)-Hg{PPh )2 23], (nin}{SCN)YZn(NCS) 1 1g-
(Pph_;)g f43 l

ftic} Al in square planar coordination geaonictry

{Ph P Ni{NCS}-Cd{SCN}; [34 ], (PhaP):Ni{NCS) HgiSCN), [27|.

In these camplexes, four bands are generally observed each due to CN streiching mode
in the region 2020—2170 cm™}, CS stretching mode in the region 720—860 cm-~? and
NCS bending modc in the region 400—480 cm~!'. Dg values of octahedral cobalt com-
piexes are in the range 1000—-1050 cm~! and those ol nickel complexes in the ranpe 1020~
1080 cm™F . uyge values of octahedral cobalt, nickel and copper complexes are in the range
5.0—-5.2, 3.0—-3.3 and 1.7—1.9 B.M., respectively. All Zn/Hg complexes are diamagnetic.
Dq values of tetrahedral eobait complexes are in the ranpe 360—160 ¢! and p.¢¢ values
in the ranpe 4.0—4.6 B.M. All the nickel square planar complexes are diamagnetic.

ligand is attached to M, and NCX to M’ through X.

. L . ;

L _NCX_ _XCN Ly _NCX_ _XCN
/NI\ /lw"\ /M\ /I“\..

L NCX XCN 54 {‘ NCX XCN

(Vi Ve

Because of the presence of both bridged and terminal bonded NCX, the
number of bands corresponding to the various modes of NCX, e.g. CN{st),
CX{st) and NCX{bend) is increased. The position of the M—SCN band remains
unaltered. The bands corresponding to vy, .nes shiow a negative shift in those
complexes where M changes its coordination geometry from tetrahedral Lo
octahedral [71] as shown in (ViII). In those complexes where the coordina-
tion geometry remains tetrahedral such as shown in (VII) the position of
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TABLE 6
Monomeric bridged complexes of MM'(SeCN),; and their spectral data

{ij M in octahedral coordination geonetry

These complexes are {bipy }>Co{ NCSe }>»Cd(SeCN};: [36], {py ) Cof{NCSe}Cd{SeCN}).
[361, {(3-cpy )3Cof{NCSe )2 Cd(SeCN )z [37], (p¥ }2{8eCN }2Co(NCSe }2Hg{PPh 3)» {441, {nia):-
{SeCN)»Co{NCSe)Hg{PPh3}: [41]), (mit}:Ni{NCSe)Hg(SeCN}> {42}, {p¥)2(SeCN):Ni-
{NCSe);Hg(PPh;}, {44], {nia):(SeCN}:Ni(NCSe};Hg{PPh ;)1 {44 ). (py }aNI(NCSe },C¢-
(SeCNY: [36], (3-cpy s NI{NCS5e)Cd(SeCN); [37], (nia);Ni{NC8e),Cd({SeCN}. {37].
{3-apy)sNi{NCSe)>Cd(SeCN), [37 |, (bipy }2Cu(NCSe)-Hg(SeCN)a [99), {phen).Cu-
{NCSe)-Hp{SeCN}> {99], (nia)yZn{NCSe};Hg(SeCN): {37 ], {p¥ }4Zn{NCSe)Hg{S5cCN},
137). {3cpy ):Zn(NCSe):Hg{SeCN): [37], {py)2(SeCN)2Zr{NCS5e),Hg(PPh ;) [41],
(niaj>{SeCN}2ZnNCSe }>-Hg(PPh}: [4d].

{ii) Al in tetrahedral coordination geometry
These compliexes are {PPh3):Co{NCSe):Hg{SeCN}: {34 ], {PPh;):Cof{NCSe}.Cd{SeCN)>
[34), {PPh;})»Co{NCSec})-Zn{SeCN): {34 ].

{iii) M in square planar coordination geomelry

{PPh3 1 Ni(NCSe ) Hg{SeCNJ)y [31], (PPh;3}; Ni{NCSe )} Cd(SeCN ) {34 ], {PPh;).Ni-
{NCS8e}.Zn{SeCN): [34]

In all the above listed complexes, three to four bands are generally observed due to CN
stretching mode in the range 2020—2190 cm™?, CSe stretching mode in the range 530—
660 crn ! and NCSe bending made in the range 390—480 cm™!. Dg values of octahedral
cobalt complexes are in the ranpge 1000—1050 cm™ ! and those of nickel complexes in the
range 1000—1100 em™!. t.¢r values of octahedral cobait, nickel and copper complexes are
around 5.00, 3.00 and 1.90 B.M., respectively. All Zn{Hyg complexes are diamagnetic. The
D}q values of tetrahedral cobait complexes are in the range 450—500 em™!.

Va—nes band remains almost unaltered. In the monomeric bridged complexes
the M(NCX}, unit invariably changes to L.M{NCX), or L;M(NCX}., hence
there is always an increase in the number of M—NCX bands due to change in
symmetry from T4 to Ca..

Polymeric bridged complexes are included in Tables 7 and 8 along with
their spectral data. In these complexes, only bridging NCX is present, hence
the bands corresponding to ven, Vex @2nd 8 nex modes are present in the range
prescribed for bridging NCX group, and the number of bands is less, com-
pared to monomeric bridged complexes. The bands corresponding to Yy—ncx
always show a negative shift because of the change of coordination geometry
around M from tetrahedral in Lewis acid to octazhedral in the complexes (1X).
The position of the vy-._gcpn bands are, however, not disturbed except in
those cases where the ligands are also linked to M'(X). The number of bands
due to ¥y -_necg Mmodes always increases due to a change in symmetry. In the
case of complexes where the ligands are also attached to M', the number of
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TABLE 7
Polymeric bridged complexes of MM {SCN), and their spectral data

A in octahedral coordination geomelry

These complexes are > (thi}aFe{NCS)HE{SCN}a< {271, »{py )2 Fe(NCS ) Hpg{SCN): =
(271}, >(nia)2Fe{NCS};Hg(SCN}:< {32], >(2-apm)2Fe({NCS):Hp{SCN)>~ [32}, > (th{}:Co-
(NCS):Hp(SCN).< {27 ], >(diox}2Co{NCS)sHg(SCN}:< {271, - {py):Co(NCS),Hyu-
{SCN)r< {27, = (anil}2Co({NCS); Hg{SCN}:< (27}, =(2-apy}:Cof{NCS), Hi(SCN}.-. {29
>(3-apm)}2Co{NCS}: Hig(SCN)2< {29, >(4-apy )2Co(NCS ), HR(SCN)> < {29], - {ent)rCo-
{NCS);Hpg{SCN).< [29], »{nia)}>Col{NCS).Hg(SCN},< [29], +(3-cpy )2 Co(NCS):He-
{SCN)a2< [29], >(ist}hCof{NCS)Hpg(SCN)a< {33 ], >(bit)Cof NCS)>Hg{SCN}»{bit)>~
[321, >(pza)}:Co(NCS)Hy{pza):(SCNY:< [30], »(2-amp}CofNCS).Hp{SCN}.= [301].
> (ELOH)2Co(NCS)PA{SCN}» < [35], (3-cpy}2Ni{NCS)2Hg{ 3-cpy )2 (SCN)2 -1 [321.
>{4-cpy ) NUNCSY - Hp(d-cpy }2(SCN):< 132], >{inh 1. Ni{NCS)-Hy{inh)>{SCN}.~ {32],
>(pza):Ni{NC8):Hp{pza){SCN)- < [30], >{ampy ):Ni{NCS8);Hpg(SCN);< [30}]. -{ist):Ni-
(NCS8):Ha(ist)2(SCN):< [45], >(mit)aNi{NCS)Hg(SCN)a< [45], > (hil)aNi{NCS}-Hy-
(SCN)a< [45], > (dmt);Ni(NCS), Hg(SCN)2< [451, > (abt)-Ni(NCS) HR(SCN )< {15],
(i) NI(NCS) . Hp{SCNJ1< {27 ], >(py )2NENCS):Hg(SCNJ)2< {27 ], ~{diox).Cu-
(NCS):HE{SCN)a<. (99], > (2-2py)2Cu(NCS)1H(SCN)s < [99], ={py )2 Zn({NCS):Hp-
(SCN)a< [271], >{thl )2 CA{NCE)H(SCNI:< [27), > (py hCd{NCS}-Hg{SCNj-~ [27 |,
>{MeOH I Zn{NCS).Pd{SCN}.< {351

It these complexes, two absorption hands are generally observed due to CN stretching
mode in the range 2060—2160 cm™!, twe bands due Lo CS stretching mode in the ranpe
720—790 cm~! and two bands due to NCS bending modle in the range 120—450 em™!. g
values of octahedral cobalt conplexes ave in the range B80—1030 cm™' and these ol
nickel complexes in the range 1000—1200 cm™?. p g values of cobalt, nickel and copper
complexes are around 5.00, 3.00 and 1.90 B.M., respectively. Zinc and cadimivm com-
pleses are diamagmetic.

TABLE §
Polymerie bridged complexes of MM’ (SeCN},; and their specteal data

Al in octahedral coordination geomelry

This series includes the complexes > {py }»Co{NCSej 2 He{ScCiN)z< {36, - (3-cpy)2Co-
{NCSec):Hg({SeCN}.< [27], >{3-0py):Col(NCSBe):Hg{ScCN):2< {37 ], ~(nia)2Co(NCSr}:Hp-
{SeCN}a< {37}, > (inh)-Co(NCSe)2Hg(SeCN)2< {37 ], >(ist}2Co({NCSe)zHa(ist)2(SeCN )~
[42], >{mit):Co{NCSe):Hg{SeCN )< {42]. -~ (bit)>Co{NCSc);Hg({SeCN}.= §42]. :-(ist}Co-
{NCSe)2Cd{ist)>(SeCN)a< [42], + (Hit}2Cof{NCSe)>Cd{SeCN)a= {12}, > {py}2Ni{NCSe):Hg-
{SeCNY»< {3G), >{3-cpr )2 NYNCSe)2Hig(SeCN 2= [37], > (3-apv)aNiU{NCSe )2 Hp{ScCN Y1~
371 >(inh):Ni{NCSe)-Hp(SeCN}a< {37 ], > (is1)aNi{ NCSc ) Hylist}1{SeCN) < [42},
= (hit}aNH{NCSe)sHp{ SeCN)2< {421, > (ist}aNI{NCSe)aCd{isl)>(SeCN < [42], »{mit):Ni-
(NCSe)}-Cd{SeCN)2< [42], >(bit)aNI{NCSe},Cd{SeCN).< [42], > Cu{NCSc ) Hp(SeCN )2
(991, >{th)2Cu{NCSe}»Hg(SeCN}» < [99}, ~{diox }aCu{NCSe}>Hp{SeCNJ}>< [99],
>{py)aCuf{ NCSe) Hg(SeCN)-< [99], »{nia)}rCu{NCSe)-Hy{SeCN)» < [99], ~(apy):Cu-
{NCSe}:Hg(SeCN}.< {99}

In these complexes, two absorption bands are peneraliy observed due to CN stretching
mode in the range 2100—2170 em~ !, two bands due to CSe stretehing mode in the range
560—6%0 cm~f and two bands duc to NCSe bending mode in the range 3830—450 cm™!. Dy
values of oclahedral cobalt complexes are in the range 1000—1050 em™? and those of
nickel complexes in the range 9500—1100 em™'. The peq¢ values of cobalt, nickel and copper
compiexes are around 5.00, 3.00 and 1.90 B.M,, respectively.
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In all three types of comiplexes, M—L stretching bands are observed in the
range 160—285 em™ ', however the positions of these bands cannot be used
to distinguish different types of complexes, they can only indicate cootdina-
tion of the ligands either to M or to M.

Recently [40] a new class of mixed dithio-diselenocyanates of general for-
mula MM'(NCS).{NCSe}., have been synthesized and their Lewis acid charac-
ter studied. They also form all three types of compiexes, and are included in
Tables 9--11. Because of the presence of both thio- and selenocyanate
groups, the point group of the complexes is changed {Table 2) and accord-
ingly the number of bands in vey, vex and §yex regions is also changed. The
numbers and positions of characteristic infrared spectral bands are given in
Tables 9—11.

C. ELECTRONIC SPECTRA AND MAGNETISM

Electronic spectra and various derived spectral parameters, e.g. Dg and B’
have been found useful in establishing coordination geometries around M
{M = Co, Ni, Cu) in the MM'(XCN}, complexes. Magnetic moments have simi-
larly been useful.

TABLE 9
Cationic—anionic complexes of MM{SCN).(SeCN ), and their spectral data {40

M in octahedral coordination geamelry

These complexes are [Co{py)e | CdiSeCN}:{SCN):1, [Co(py )6 }{Zn(S8eCN):{NCS5})2 1,
[Co(bipy ) J{Cd(SeCN)(SCN): |, [Cofbipy )1 [[Zn(NCSe)2(NCS): 1, [Ni{py }o 1{Cd-
{5eCN)(SCNJ- ], (Nipy)s JIZn{NCSe)a{ NCS); |, [ Ni{bipy)3 HHCd(SeCN}(NCS). |,
[Ni(hipy)s | [Zn(NCSe).(NCS)a 1.

In these complexes two bands are gencrally observed each due to CN stretching, CSe
stretehing and CS stretching modes in the respective ranges 2050—2110 cm ™!, 580670
em-! and T10—780 em~!, whereas three to four hands are observed due to NCX {X = 5,
Se) bending mode in the range 400—4980 em™!, D¢ values of octahedral cobalt and nickel
complexes are in the ranges 900—1000 em ™! and 990—1080 em ™, respectively. to¢(
values of octahedral cobalt and nickel complexes arc around 5.00 B.M. and 3.20 B.M.,
respeclively.




TABLE 10
Monomerie bridped complexes of MM{SCN)(SeCNJ> and Lheir spectral data

ti) M in octahedral coordination geomelry

These complexes are {bipy)2Co{NCSHNCSe Hir(SeCNXSCN) [0 (v 1:Co{ NCS)-
(NCSe)Hg(SeCNYSCN PP 3}» {43 1. (bipy )2Co(NCSKNCSe )i ScCNYSCN Y PPh ;)
(431, (py )y Col NCSY NCSe}CHSeCNISCNIPPh,): [431, (bipy1:Col NCSHNCSe)Cd-
{ScCNSCNIPPliy): {431 (pyv)sCot NCSKNCSeZn{ScCNYSCN ¥ PPh )z {43 | (hipy).Co-
{NCS){NCSe)Zn(SeCN )} SCN)PPh;)s [13 1. (bipy }:Ni{NCS)YNCSe)Hp(ScONHSCN) [0].
(py JaNi(NCSH NCSe Y p(SeCNNSCN)(PPh 3 )a [13 1, (bipy )2 Ni( NCSHNCSe ) i SeCN)-
(SCNYPPh ;}s [43]. (py Js Nit NCS ) NCSe }CA{SeCN)SCN)(PPh ¢ ); {131, (bipy):Ni(NC5)-
{NCSe)Cd{SeCNJSCN)}PPh 1)1 {13}, (py s Ni{ NCS}(NCSe)Zn({SeCN Y SCNY PPh ), {131,
(Hipy ) NHNCSH{NCSe)Zn{SeCNHSCNIPPh ). [43 1. {bipy }:Cu{ NCSHNCSeiHp{SeCN)-
{SCN)Y 99|

fii} Al in letrahedral courdination geomelry [-10f
These complexes are { PPh;)>Co{ NCS)NCSe)Hi SeCN Y SCN), (PPh 3):Coi NCS)-
{NCSeJCA{SeCNHSCN), (PPh3)Cof NCS K NCSe}Zn{SeCN I SCN ).

(iii} M in square planar coordinalion geometry

{PPh; 1> Ni(NCSHNCSeH{g(SeCNWSCN) [10]

in these complexes, three to fouar bands are observed each due to CN strotehing, CS
stretching, CSe siretching and NCX bending modes in the vanpes 207021580 em™},
T00—7S0 cm !, 510680 em™¢ and 390—.i70 oY, respectively. Dg values of octabhedrl
cobait and nickel complexes are in the ranges 990—1050 ¢! and 1020—1080 em- ¥,
respectively. doge values ol octabiedral cobalt complexes are around 5.20 B.AL and those
of octaheedral nickel complexes around 3.10 B.AL. Dg vatues of telrabedral cobalt com-
plexes ave in the range 160—500 em* and g viizes around 110 BN

TABLE 11
Polyvimneric bridpged complexes of MAT(SCN)-SeCN )y and their spectval data

{i) M in octahiedral courdination geametry

These compleses ave - (py )2 Co{ NCSHNCSe g ScCNHSUN) {101, CNEENCS )
(NCSe)YHE(SeCNISCN)Y- f40], ~ Ni{NCS)HNCSe)CUSeUNHSCN)- 0], NI{NCS)-
(NCSe)YZn(SeCNUSCN)Y2 {401, (v ) NI{NCSHUNCSe HIg{SCcCNUSCN)Y [10, Cu(NCSy-
{NCSe}Hg(SeCNNHSCN)-2 [99], L (thB):Cu{ NCSHNCSe M In(ScCNHSCTM ) 1994,
AAdiox > Cuf NCS NCSe JHg(SeCNYSCN )2 {991, - py PCUINCSHNCSe M SeCNKSCON)
[99]1. »(nia)Cu{NCS) NCSe ) Hp(SeCNYISCN)}= [29), - (apv)Cu{NC5) NCSeig{SeCN Y-
{SCN)< {991].

(ii} M in telrahedral coordination geomeiry

These complexes are - Co{ NCSHNCSe }Hig{ScCNYSCN )< [10], .- Cof NCSYNCSeMCd-
(SeCN)(SCN}< [40], - Co{NCS}NCSe)2Zu{ScCNYSCN)- [10].

In these complexes one to twe bands are pencrally observed due Lo cach CN stretching,
CSe siretching and NCX bending modes in the ranges 2110—2160 em™i 590-670 em”!
and 390—1490 em™1, respectively. Two to three bands are observed due to C3 stretching
mode in the range 700—790 em™!. Qetahedral cobult complex possesses Dy value of 975
cm~}. Dg values of octahedral nickel and telrahedral cobalt complexes wre In the ranees
990—1070 cm? aud 470500 em™ !, respectively. fore value of oclahedral cobuil com-
plex is 5.14 B.M. u.gs values of octahedral nickel and tetvabedral cobalt compleses are
around 3.10 and 4.30 B.M., respectively. U gp vaiues of octahedral copper complexes are
around 1.90 B.M.
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(i) Cobalt complexes

Octahedral

The electronic spectral parameters and magnetic moments of octahedral
and tetrahedral complexes are listed in various Tables. In octahedral cobalt-
{I1) complexes, three transitions namely Ty, = *Tuo {F)(v 1}, *Tig — “Aug(F)p:)
and “ T, — T, (P)(v;) are possible. Generally v, and v; are observed. v, 1s
hroad and v; is a multiple band and may be mixed with spin forbidden transi-
tions. v, is generally not observed, being formally a two electron transition
[ 76]. The bands due to v, are observed in the region 83400—12 000 cm™' and
those due to v¢; in the region 20000—23 000 cm™'. Using the values of v, and
v, vaiues of the spectral parameters Dg, B’ and § of the compiexes have been
calculated with the help of matrices of Tanabe and Sugano [77]. The values
reported here are quite appropriate for octahedral cobalt {11} [ 78]. We have
used these data only to establish the stereochemistry, not to distinguish the
nature of the complexes. In the monomeric bridged type of complex the
cobalt has generally been found to have a tetrahedral configuration whereas
in polymeric and cationic—anionic complexes, it has an octahedral configura-
tion. The magnetic moment values of octahedral complexes are in the range
4.9—5.2 B.M.

Since the cobalt has octahedral configuration in both cationic—anionic and
poiymeric bridged complexes, distinction between these two is more reliably
made by molar conductance data.

Tetrahedral

Tetrahedra! Co(Il) complexes have magnetic moment values in the range
4.2—4.6 B.M. Their electronic spectra contain inttense bands in the regions
14 00019 000 cm™! and 6400—8000 cm™! which arise from the transitions
“Ay, = T (PKv;) and “Azg - "Tig(F)(v:} respectively. The v, band splits into a
triplet when the cobalt has C.. symmetry [ 78]. Using v, and v, band energies
Dq. B and 8 values are calculated. The electronic spectra of the monomeric
bridged complexes provide an important indication to distinguish them from
polymeric complexes, because the cobalt in the latter case never has a tetra-
hedral configuration. In certain cationic—anionic complexes cobalt has a
tetrahedral coordination geometry because of the presence of a [CoL,)**
cation. A distinction between such cationic—anionic and mnonomeric bridged
compiexes is drawn on the basis of the number of bands appearing in the v,
region, though some times Co(1I} in T, symmetry also shows splitting of v,.
In cationic—anionic complexes the cation [CoL.}"* has Ty symmetry and
Mrequentiy only one band is observed for the v, transition. In the case of mo-
nomerie bridged type of complexes, the environment around cabalt changes
to L,Co{NCS). which has C,, symmetry, hence the v, band is split into a tri-
plet. The Dg values in the two cases are also different. The cationic—anioanic
and monomeric bridged complexes have accordingly been distinguished with
the help of electronic spectral data. Distinction between the two may also
be made on the basis of conductance data.



Square planar

Generally, the confipuration of Co(Il) complexes is determined by the
nature of the ligand field | 80]. Howover, Nishikawa and Yamada {81] have
reported that in some cobalt(II) complexes the steric requirement of the
tigand alone determines the configuration of the complex. Such a case has
been observed in planar cobait complexes. The magnetic moment of these
complexes is generally in the range 1.9—2.26 B.M. Nyhohn and co-workers
182,83] and Nishikawa and Yamada {817 have reported a low magnetic mo-
menit as one of the typical characteristics of cobalt(Il) having a planar con-
figuration. Relatively little is known about the electronic spectra of such com-
plexes. In salcomine and related complexes | 81] a sharp peak at 8333 em™'
has been considered to be diagnostic of Co(I1) complexes with a planar con-
liguration. This peak has been ascribed to an electronic transition from “Ba,
to “Ay,, or *E,. Nishida and Kida [84)] have made a comparatively detailed
study and have shown that in near infrared and visible region, these com-
plexes show three bands, mainly due to the transitions A, — “Bap,

Ay CEL and “A,, = E’,, appearing at about 4000, 7000 and 18 000 ¢y,
respectively. In our compiexes { 28], the bands at 5000, 7000 and 15000

em™! have similarly been assigned Lo the transitions “4,, = £, A~ "B,
and A P :E':_.g, respectiveiy. These complexes have magnelic moments of
aboutl 2 B.M.

Close examination of square planar complexces of cobalt(I!) in the litera-
ture reveals that Lthe ethylenediamine unit is present in most of the cases. Por-
haps it is this moiety which fulfilis the stereochemical veqguirement of the
square planar complexes of cobalt(ll). In the present work, ligands which
form square planar complexes are also ethylenediamine and triethylenctetra-
amine. The low spin complexes of these ligands with CoHg(SCN), were left
unexplained by Rivest and co-workers {271, but the compiexes can be con-
sidered to have a square planar configuration.

(ii) Nickel complexes

Nickel commonly prefers octahedral and square planar configurations.
Electronie spectral bands and magnetic moment valuos are dingnostic of these
configurations. in octahedral complexes threce transitions are observed [ 851
The bands in the vegion 23 500—31 340 cmy™ ' avise from the transition
3A,, ~ 2T (PHva), near 14 500—16 000 em ™' from A, ~ T, (F){v:} and
near 10 700—9000 enm™! from *A,, = * w {F){(#(). The v, bands arc often
split when there is departure from Q,, symmetry to a lower symmetry.
Furlani [86] and Balthausen and Liehr {87] first independently calculated
the energy levels of nickel in a distorted octahedral environment, and
showed that departitre from cubic octahedral symmetry resulls in the splitt-
ing ol orbital lriplets “TI,: and *Ty,, producing an increased number of clec-
tronic transitions. In cationic—anionic compiexes, the cation [ NiL.}™" has
O, symmetry, hence the v: band is not split. In polymeric bridged and mono-
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meric bridged complexes, the symmetry is often C,, due to the presence ol
(SCN),L,Ni{NCS), and L;Ni(INCS). units, respectively. This change in symme-
try may cause splitting of the v, bands and demonstrates a possible point of
distinction between cationic—anionic and bridged complexes. The sphtting
is, however, not observed when the ligand is nitrogen atom. The distinction
between monomeric and polymeric bridged type is difficuit on the basis of
the nature of the electronic spectral bands, however, it can be made, though
not very reliably, on the basis of Dqg values which differ in the two cases.

Magnetic moments of the octahedral monomeric and polymeric bridged
complexes span the range of effective magnetic mmoments observed for
nickel{il). Distortions in these complexes result in departure from cubic O,
symmetry to lower symimetry, yielding magnetic moments closer to the spin-
only value. In cationic—anionic complexes, where cubic symmetry is retained
the magnetic moments are not so close to Lhe spin-only value.

Square planar complexes

Most square planar complexes of nickel{1l) exhibit a strong absorption
band in the visible region between 15 000 and 25000 em™ t and in many
cases a second more intense band between 23 000 and 30 000 cm™'. These are
referred to as v. and v, bands [84,88-—~90]. Square pianar complexes of
nickel(i1) with suiphur donor ligands [91] generally exhibit an additional well
defined band of lower energy than v., referred to as v, [92—941. In square
planar amine complexes, the energy separation between the d, : . 2 orbital
and the next lowest orbital is invariably greater than 10000 ¢ny™’
[84b,95,96]. In the present study, the nickel has been found in square planar
geometry only in monomeric bridged or cationic—anionic complexes. This
geometry has not been observed in polymeric bridged complexes. Both in
monomeric {34} and cationic—anionic complexes [ 341} the nickel acquires a
square planar coordination geometry when the ligand is triphenyiphosphine,
but certain complexes of this ligand are also octahedral [40}.

(iit} Copper{Il} complexes

The majority of Cu{li)} complexes give rise to orbitally non-degenerate
ground states involving a static form of distortion, i.e., elongated tetragonal
octahedral having I};; symmetry. Such complexes exhibit one absorption
band in the visible region near 16 000 cm™' which can often be resolved into
three components, assigned Lo transitions from d,,, d,- and d,., d,.. to anti-
bonding and half filled d,2 — .z level [84b, 97].

in D; symmetry the 3T, (in Q) level is split into *E + *A,, whilst the °E,
level is unaffected. Thus we expect two transitions corresponding to “E ~ *E
and *E - A,. Certain trigonally distorted copper derivatives such as tris-
{dipyridyl) and tris{e-phenanthroline) copper{il) {(I; symmetry) give rise to
two well defined absorption bands near 6000 cm™ ' and 15000 cm™' {98]. In
our bridged compiexes [ 99] a broad band at about 15 000 em™’ is observed.
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In mt:omc—anionic complexes, however we observe bands near 6000 cm™'

and near 15000 cm™!' indicating the preseince of a trigonal oetahedral struc-
ture for Cu(ll) having D; symmetry [98]. Since the electronic spectra of only
a few of these copper complexes have becn studied |99, this cannot be used
as a reliable guide Lo distinguish bridged from cationic—anionic complexes.
However, on the basis of data available copper in bridged complexes has
approximately I, symmetry and in cationic—anionic approximately D,
symmetiry . On the basis of this difference, the twao can be differentiated hy
electronic spectra, but more reliably on the basis of conductance data.

D. QUANTITATIVE SOFTNESS AND STRUCTURE OF THE COMPLEXES

The application of quantitative softness values to the elucidation of struc-
ture of complexes of bimetallic tetrathiocyanates and setenocyanates is a
new approach discussed here in detail.

(i) Formation of the three types of complexes depends upon the nature of
M and M'. When both M and M’ belong to class ‘2’ type metals, the thiocy-
anate bridge in the tetrathiocyanate is ruptured on reaction with pyridine or
its derivatives, and cationic-—anionic complexes are [ormed. \When M
belongs to ‘a’ type and M’ to ‘b’ type metals, the thiocyanate bridge is

TABLIE 12
Helation between AE, T(M—M"} and nature of the complexes of MM (XCN); with
pyridine and its derivatives

M/M’ () 5 M) AE,T(M—M")  Possible nature of the
comploxes

Co/Hyg —0.22 —1.56 1.64 P.B.

Niftig —-0.28 —1.86 1.58 P.B.
ZnfHg —1.29 —1.86 3.57 P.B.
Co/Pd —0.22 —3.17 2.95 M.B.
Ni/Pd —0.28 —3.17 2.85 ALB.
Cd/Hg —2.27 —1.56 2.59 N.B.
Co/Cd —0.22 —2.27 2.05 M.B.
Ni/Cd —0.28 —2.27 1.99 M.B.
Zn/Pd —1.29 —3.17 1.88 M.B.
PdiHg —3.17 —$.56 1.69 C.A.
Co/Zn -—0.22 —1.29 1.07 C.A.
NifZn —0.28 —1.29 1.01 C.A.
Cd/Zn —2.27 —1.29 0.98 C.A
Cd/Pd —2.27 —3.17 0.90 C.A

C A Cataomc—amomc M._B. Monomeric bridged; P.B. = Polymeric bridged.
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retained and polymeric bridged complexes are formed [ 29]. Since M and M’
have different sofiness the stability of the thiocyanate bridge is related to
their quantitative softness value. The soltness values E, ¥ of M and M’ were
calculated by using Klopman’s equation [100] and the difference evaluated.
The difference was designated AEZ (M—M’) and related to the stability of
thiocyanate bridge in MM’ {SCN),; and subsequently to the nature of the com-
plexes. These results, presented in Table 12, clearly indicate the relation
between the nature of the complexes and AFE, T{M—M") [41].

{ii) This relation holds equally well for the corresponding tetraselenocyan-
ates in respect of their reaction with pyridine and its derivatives. However, it
has been observed that the nature of the compiexes formed by reaction with
bhipyridine is different in tetrathiocyanates and tetraselenocyanates. Telra-
thiocyanates form calionic—anionic complexes | 27], whereas the correspond-
ing tetraselenocyanates form monomerie bridged comiplexes {361 wilh this
ligand. This reveals a differonce in the stabilities of thiocyanate and selenocy-
anate bridges. Similarly, different behaviour was shown by MM'(NCS).-
{NCSe}, in respect of certain reactions {40]. To relate these experimental ob-
servations with the softness of M and M’ a new relation was developed [40].
The guantitative softhess values of —NCX and —XCN were added to the soft-
ness values of M and M, respectively. The softness values 5o derived were
termed as tota! softness designated by the symbol TE, t. The difference in
total soltness ATE, & (M—NM') of M and M’ was evaiuated and related to the
stability of thiocyanate and selenocyanate bridges. The calculation of total
sofiness and derivation of the difference was done by adopting the follow-
ing procedure.

MM (SCN ),

TE,H(M) = E, HM) + 4E,, 7(NCS)
TE,* (M) = E,5(M) + 4E,, 7(SCN}
ATE, F(M—M") = TE,*(M) — TE, 5 (M)

MAM{SeCN),

TE, (M) = E,HM) + 4E,, {NCSe)

TE, (M) = E,\(M') + 4E,, ¥(SeCN)

ATE S (M—M) = TE, (M) — TE, HM)
MAM(NCS).(NCSe),

TE F (M) = £,%(M) + 2E,,*({NCS) + 2E,, {(NCSe)
TE, (M) = E, /(M) + 2E,,*(SCN) + 2E,, %(SeCN)
ATE, S (M—M")y = TE,5{(M) — TE, (M)
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TE,* values of M and M’ and their difference in Lewis acids

&h
b

Complexes TE, ¥iM) TE, T (M) ATE, F (ML)
>CoiNCSe ) Hpi{SeCiN>< —35.94 —22. 54 13.43
FCof{ NCSHNCSe)HpiSeCN){SCN)< —34.25 —24.09 10.19
>Cof NCS}>Hg(SCN)>« —32.62 —25.67 6.95
= NI{NCSe}aHg{SeCN)2< —36.24 —22.561 13.73
> NI{NCS) NCSe Hu(SeCN)YSCN)< —34.58 —24.09 10,49
= Ni{NCS)Hpg{STN).< —32.92 —25.67 7.25
7 Co{NCSe}>Cd{SeCN)a< —35.94 —19.80 16.04
»Cof{NCSH NCSe)Cd{SeCN)(SCN}=< —34.28 —21.48 12.80
> Cof{NCS)aCd(SCN ). < —32.62 —23.06 9.56
> Ni{NCSe),CA{SeCN}>= —36.24 —19.90 16.24
>N{NCEYNCSe Y a{SeCNYSCN < —34.58 —21.48 13.10
> Ni(NCS).Cd{SCN}.< —32.42 —23.06 9.36
>Cof{NCSe)>2Zn({SeCN)2< —35.93 —15.858 17.06
> CofNCS)NCSe)}Zn(SeCNJ(SCN )< —34.28 —20.46 14.12
> Cof{NCSY.Zn{SCN .z —32.62 —22.04 10.58
> NHNCSe):Zn{SeCN )< —2G.241 —18.88 17 36
N;(NCS)(I\CSc)Zn(SuCl\')(SCr\ 1< —34.585 -—20.46G 1112
/N:(I\CS)_.{.n{SCN}g\ —32.92 —22.01 10.58

—NCS or —NCS¢ indicates N-bonded, —SCN or —SeCN indicates 5- or Se-
bonded. The quantitative softness vaiues of the various ligands of NCS or
NCSe have been calculated by using Kiopman’s equation

The resuits of total softness TE,,?
from them in MM'(SCN);, MM'{SeCN),; and MM'(SCN),(SeCN). are

by J—
I.il LI d0IE L4, 118 QiILieienie i :.u:.cu DOLFE LI OD l_‘ITE” {I‘OI 1"! F WFE iV gxia

Mablas T Mien Al 3%y

of M and l\'l and A’_\IL""ll\l

4+l o ftiramnc

a1 \1’ L R ._...’....I
¥i j Qeriveda
presented
o~ " AT "“d i\'! are

highest for tetraselenocyanates and lowest in tetrathiocyanates. This indi-
cates the following stability order for the —NCX—bridge {40}: MM’'(NCSe), >
MM {NCSe).(SCN). > MM'{NCS},. It is on account of this difference that
bipvridine and certain other ligands form different types of complexes with

these Lewis acids.

{iii} A difference has been reportied between the structures of complexes
of triphenylphosphine with CoHg{XCN), (X = 8, Se} and the qualitative
requirement of the H.8.A.B. principle [101]. Triphenylphosphine becomes
attached to cobalt or nickel as shown in {XI). Whereas according to the soft—
soft interaction [101] it should link to mercury as shown in {XII).

Ph,P~ _NCX_ _XCN

Ph,p”  NCXT  TXCN
XCN__NCX__ _PPh,
_Co_ /Hgi
XCN NCX PPh,

NH

When pyridine and triphenyiphosphine simultaneously react with CoHg-
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(NCS), the situation is different [44). Pyridine is attached to cobalt and tri-
phenylphosphine to mercury as shown in (X1i1}). These linkages are satisfac-
torily explained by ATE,*{(M—M’). The total softness of cobait and mercury
were calculated by adopting the following equations.

TE,*(Co) = E,*(Co) + 4E,, *(py) + 2E,,*(NCS)

TE,¥(Hg) = E,7(Hg) + 2E,, ¥(PPh,) + 4E,, }(SCN)

ATE,#{Co—Hg) = TE, *(Co) — TE. *(Hg)

The values of ATE,*(Co—Hg) in respect of alternative structure (XIV) was
also derived by adopting a similar procedure. The difference in total softhess

TABLI 14
ATE, M —M'Y values for probable and alternative structures of complexes

Complexes Ty pe TE,,i“\'l) TE,ti{l\'l') ATE,*-
{M—M")
(Fh4P).Co(NCS)-Hu{SCN)- A —29.95 —25.66 1.32
{SCN)}:Col{NCS}Hy{PPh,}: B —32.62 —25.52 3.80
{Ph;P):Co{NCS).Cd(SCN}» A —29 98 —23.07 6.91
{SCN}Co(NCS).Cd(PPh 1 ): B —32.62 —26.23 6.39
{Ph3P).Co{NCS}2Zn{SCN}» A —29 .98 —22 09 7.89
{SCN}, CofNCS ) Za{PPhi)» B —32.62 —25.25 7.37
(PhP). Co{NCSe} Hi{SeCN Y, A —31.G4 —22.50 9.1
(SeCN)>Co{ NCSe)-Hg{ PPh3)» B —35.91 —27.2] 8.70
(Ph;P)-Nif NCS).Hg(SCN)» A —30.04 —25.66 1.38
{SCN)Ni{NCS): Hp{PPh;)» B —32.68 —28.62 3.86
(Ph, PY-NigNCSe ) Hir{ SeCN1» A —31.70 —22 .50 9.20
{SeCN):NH{NCSei2He{PPh3)2 R —36.0 —27.24 5.76
{Ph P, Co(NCSKNCSe HE(SeCNHSCN) A —30 .51 —9.4.09 6.72
(SCN ) SeCNICO{NCSe )} NCSHu(PPh; ) B —31.28 —25.04 G.24
{Ph3P),Co(NCSHNCS)CA{SeCNYSCNY A —30.88 —25 .18 9.38
{SCNYSeCNICO(NCSc Y NCSICHPPh)- B —34.28 —25..14 8.84
(Pi1,P}-Co{ NCSY NCSe)Zn{ScCNKSCN) A —30.51 —20.51 10.30
(SeCN R SCNICO{NCS)HSeCNIZn(PPh,)> B —341.28 —21.46 9.82
{pv ) (SCN ) Co{NCS)>Ha{ PPh 3}, A —55.50 —25.82 26.68
{Ph ;P);(SCN1:Cof{ NCS)- Hpg{ p¥ }» B —46.18 —38.14 8.04
{SeCN)a{nia)Cot NCSe ) Hu(PPh 3 )- A —63.18 —27.24 36.19
(P ;P2 (SeCNYCof NCSe)» He(nia ) B —39.30 —11.12 8.38
{SCN):(nia) Ni{NCS)>Hg(PPi1 ), A —60.12 —25.82 31.30
(Pir ;P )1 (BCN ) Nit NCS )2 He(nia)» B —16.24 —42.70 3.54
(v )2ASCN);Cul NCS)Heg{PPh ;) A —36.0 —25.82 27.18
{(Ph P} (SCN}:Cu( NCE)Hg(py)2 B —16.68 —35.14 8.54
(01ia) >{SeCN ) Cu{ NCSe )-Hp(PPh; 1> A —63.88 —27.24 36.64
(Ph;P)-{Se¢CN}Cu{ NCSe):Hg{nia)- B —50.0 —41.12 8.88
(py }2{SeCN}Zn{ NCSe ) . Hg(PPh ; )» A —59.89 —27.24 32.65
{Ph;P3:(SeCMNY Zn{NCSe ) Hy{py s B —-50.57 —36.56 14.01

A = Probable structure; B = Allernative structure.
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of cobalt and mercury in respect of (X1} was higher indicating a g,f\'eatex“possi-
bility for this structure, and supporting the observed results [44]). ATE *-
{M-—M’) values for a number of other complexes have also been calculated
and the results are included in Table 14. Higher values of ATE HM—M)
have indeed been found in those struclures established experimentaliy.
P PPh
Py._ NCS., > SCN
Co
-~

g
. ™~ N
Py g, NCS phy, “SCN

(X0

sen PP nes Y ey
Co Hg

i . i
SCN PPh, NCS Py

{XEV)
E. Co{ Ap(SCN): . AND ITS ANALOGS

Co{ Ag(SCN),1. is also a bimetallic thiocyanate compound, but is structur-
ally different from MM {XCN},. In this compound, the cobalt prefers a tetra-
hedral and silver a linear {48} coordination geometry. Similarly, in other
analogous compounds, e.g. Co[Cu{SCN).]: {50], Ni[Ag(SCN).].: [52], Co[Ag-
(SeCN).1- {49] and { NiCu(SCN).1]. [ 51], the two metals have a preference
for different geometries. This class of bimetallic thiocyarnate or selenocyanate
is energetically less stable then CoHg{ XCN),, in which both the metals are in
tetrahedral coordination geometries. In synihesizing these bimetallic thiocy-
anates or selenocyanates and their complexes, care was always taken about
the choice of solvent. In water or other highly polar solvents, Cof Ag{SCN}.]:
or its analogs are not formed. Ethylacetate, ethylenedichioride or n-hexane
are used to prepare these compounds. In a systemnatic study it was shown
{ 48] that bases having donor numbers [ 102] and dieiectric constants less than
17 and 36, respectively, do not have any effect on these compounds. Bases
having donor numbers in the range 17—30 and dielectric constants below 36,
form polymeric bridged compiexes and retain the thiocyanate bridge. Bases
having donor numbers higher than 30 and dielectric constants less than 36,
rupture the thiocyanate bridge and form cationic—anionic complexes. The
compounds decompose into AgSCN and Co(NCS), in bases with dielectric
constants above 36, irrespective of their donoyr humbers. Dimethyiformanide
and dimethylsuifoxide which have dielectric constants higher than 36, how-
ever, form polymeric bridged complexes when used as ligands in non-poiar
organic solvents. The Lewis bases which form cootrdination complexes with
Co[ Ag(SCN),],, have higher covalent parameters (Cy) than electrovalent
(Eg} {103].

Cof Ag{SCN).]., Co[ Cu{SCN).1., Ni[ Ag(SCN).], and Cof Ag{SeCN},}.
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TABLE 15

Cationic—anionic complexes of MM {SCN)1 | and their spectral data M = Co(ll}, Ni(ii):
M’ = Ap(l}, Cu(l)

{i) Al in octahedral coordination geometry

These complexes are [Cofanil), [ AR(SCN- §s [45] [Colpy ). TIAg{SCN): L [15].
fCotnixa), |{ Ag(SCN}z2 {2 [48]), [ Co(bLipy ) HA{SCN): ) [48 ], [Co{phen};if Ag{SCN): 12
[48), [Cofnia)s IICu(SCN)2 12 [501]. {Colpy)s HCu{SCNY, 1; {501, [Co(phen)3 1[Cu{SCN}2 12
[50} [Cothipy); JTCu{SCN):I: [50). I Nithipy)a J] Ag(SCN)- | [92], [Ni(phen)s | Ag-
{SCN}: 1z {521, [ Ni(nio)s 1 AR(SCN): 1 {521, [Nilpy ), 1{ Ag(SCN):1: (521, {Ni(apy)el{ Ag-
(SCN), 15 [32] [Ni(anil), I[A(SCN)2 2 {527, [Niftu), )1 AR(SCN)2 1> [52], [Nifetu)y J[ Ag-
(SCN): |2 [52], [Ni(pzd)e I Ag(SCN)> 1 152, [Ni(py )11 Cu(SCN)z ]z {511, [ Nitnia),}[Cu-
(SCNJ:[: [51], [Ni(2-apy ) IICu(SCN)2J: {51 ], [Ni(3-apy)e I[Cu(SCN): ]2 [51), [Ni-
(1-apy )l Cu{SCN}:|> [51], [ Ni(pic), J{Cu(SCN)2}s [51 kL [ Ni{apm), JICuiSCN} 2 [511],
[Ni(bipy) ] {Cu{SCN)§> (01 ], [Ni{phen) 3 [Cu{SCN})-} D1 1.

{if) Al in detrahedral coordination geometry

These complexes are [Co(pichy [{Cu{SCN)s: {30} [Co{3-amp):][Cu(SCN).]- [20],
[Cold-apm )| [Cu{SCN}1l: [H0], [Cof{2-amp)2 JICu{SCN}-|» [AO], [Cot2-ampy): }[Cu-
(SCN)1 |2 [50].

(iicp M in square plarar coardination gecomelry

IN{PPhy)L HAgISCN)2 |- [52])

In these complexes cne to two bands are observed due to CN stretching modde in the
range 2080—23110 em~1, one to two Lands {CS stretching mode) in the range 720—760
<m~1 and one 1o two bands (NCS bending mode) in the range 120—460 em~!. Dqg values
of octahedral cubalt complexes are found to be in the range 900—1000 em~! and those ol
octahedral nickel compl:xes in the range 1000—1100 em™!. y,¢¢ values of octahedral
cobalt and nickel complexes are around 5.00 and 3.00 B.AL, respectivels. Dg values of
tetrahedral cobalt complexes are in the range 100500 cni™? and the e values around
4.50 B.M.

TABLE 16
Cationic—anionic complexes of Co[ Ag{S¢CN}: |2 and their spectral data [49]

fi} M in octehedral coordination geomeltry )
These complexes are [Co{nia), L Af{SeCN s, [Cotpy ) As(SeCN )z ]:, [Cof bipv);l-
[ Ag{SeCN}ala, [Colphen), ][ Ag{SeCNj: ..

{5i) M in tetrahedral coordination geomeltry
These complexes are [Co(-l-ampy )y || Ag(SeCN}ala [Co{pic)s] Ag(ScCN}2 1z, [Co-
2-ampy):1f Ag(SeCN)1 ]2y [Cotampn)z |[Ag{SeCN): 1.

In these complexes one to two bands are observed in CN stretching region in the range
2070—2110 cm-!. one band {CSe stretching) in the range 530—560 cm™! and one band
{NCSe bending) in the range 386—410 em™ . Dq values of octahedral cobalt complexes
are jn tire range 590—940 em™! and those of tetrahedral complexes in the range 390—450
em-!. f.g¢ vatues of octahedral and tetrahedral cobalt complexes are around 5.00 and 4.50
B M., respectively.
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TABLE 17
Monomeric bridged complexes of MM {SCNJa}> and their spectral data

(i} 3l in telrahedral coordination geonelry
[AB(SCN)2)1 - Co(PPh;): [4B).

fif} 8 in square planar coordinalion geometry

[Cu(SCN):]> - NitPPh;).: (5t

In these complexes two hands are ohserved eacl due to CN stretching, CS stretching
and NCS bending modes in the ranges 2080—2120 cm~', 720—760 cm~? and 110—150
cm~!, respectively. 2q and f ¢ values of cobalt complex are 16% em~! and 4.46 B.M.,
respectively,

have been synthesized, and on the basis of their infrared, electronic spectral
and magnetic properties, a zig-zag structure consisting of thiocyanate or seleno-
cyanate bridge has been proposed [438]. This structure was mainly based upon
its similarity with the crystal structure [104] of AgSCN.

M{M(XCN}:}, (M = Co(il), Ni(l1); M' = Ag{l}, Cu(l); X = S, Se) can also be
used as Lewis acid similar to CoHg{ XCN}., because the coordination numbers
of cobalt or nickel can be raised from four to six. Accordingly a number of
bases have been reacted with these Lewis acids and the complexes formed
classified in three groups and listed in Tables 15—19 along with their spectral
and magnetic moment data.

TABLE 18

Polymeric chain complexes of M{M{SCN):1; and their spectral data

(i) Af in octahedral courdination geometry

These complexes are [ Ag(SCN)a): - Colacet)> [48], [Ag(SCN).): - Coldiox): [48],
[ Ag{SCN):): - Co(dmt): {481, [ A(SCN):1: - Coldmsa)a [48), [Ag(SCN):i; - Co(thi):
(18], [ Ag(SCN}:J: - Co{ELOH ) [18), [Cu{SCN):]- - Co(diox); [48], [Cu(SCN)]: - Co-
(thf)> [501], [Cu{SCN)a}; - Cofdmf}: {50], [Cu{SCN}:]; - Co{dmso): [SO], [Cu(SCN):1> -
Co(ani!): [501, [ Ag{SCN):1> - Ni{diox): [52), {Ap(SCN):]: - Niacel)s [521], [Ag-
(SCNJ-1- - Nifdm()a 152}, [Cu(SCN)>}; - Ni{thf): [51], [CutSCN)1}» - Nitdmi)2 [S1], [Cu-
{SCN}-1; - Ni{dmso): [51], [Cu(SCN}1jy - Ni{diox}- [51].

(i) M in telrahedrai coordination geomelry

These complexes are [ Ag{(SCNjz): - Co {48, [Cu{SCNI):]:- Co {50].

In these complexes, Lwo bands are generally observed each due to CN stretiching, CS
stretching and NCS bending ntodes in the ranges 2120—2180em ™!, 720—780 em™! and
430—470 em™!, respectively. Dg values of oclahedral cobalt und nickel complexes are in
the ranges 960—980 cm~ ! and 960—1050 cm™?, respectively. g values of tetrahedral
cobalt complexes are in the range 160—480 cm !, u,q¢ values of ociahedral cobalt, tetra-
hedrai cobait and octahedral nickel complexes are around 5.10, 4.40 and 3.00 B M,
respectively.
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TABLE 19
Polvmeric chain compleses of Cof Ag{SeCN}:]: and their spectral data {49]

(i} M in vctahiedral coordination geomelry
[ Au(SeCN)z)s - Cofacet)z [Ag{SeCN): ;- Colthl):, [Ag{SeCN):i: - Co{dmso}:, [AR-
(SCCN)} l: - CU(.‘lnil)g, !.’\],’{Sl‘CN}:]: . Co{dmf):.

{ii} M in letrahedral coordinagtion gevmelry

[ Ag(SeCN)al- - Co

in thesr complexes two bands are observed in each CN stretching, C8e strelching and
NCSe bending regions in the ranges 2118—2155 em™!, 570—610 ecm ™! and 385—120 cm ™7,
respectively, Py values of octahedral cobalt complexes are in the range 590900 cm™}
and that ol tetrahedral complex is 437 em ™' . Yegr values of octahedral cobalt complexes
are around 5.00 B .M. Tetrahedral complex possesses the e value of 1.58 B.M.

(i) Polymeric chain complexes

All five Lewis acids. viz., Co[ Ag{SCN}.]., Co[Cu({SCN).]., Coj Ag(SeCN),}-,
Ni[ Ag(SCN).]:and Ni{ Cu{SCN).}]. so far reported, form polymeric chain
complexes. Such complexes are formed by weak bases such as ethanol, ace-
tone, tetrahydrofuran, dioxane, dimethylformamide and dimethylsuifoxide.
Aniline forms polymeric chain compound with Co[ Ag(SeCN}.), [49], but a
cationic—anionic complex with Co{Ag(SCN),J. [48]. These ligands link to
cobalt or nickei and raise their coordination number to six. The infrared
spectra indicate the presence of only bridged thiocyanate or selenocyanate.
The positions of the bands in the vex ex, Sxcx regions of these complexes
and of the parent Lewis acids are in the same range. This indicates that the
hasic structure of the parent Lewis acids is not altered. A negative shift is
however, observed in the vg, _xog mode, due to a change of coordination
number (rom four in the Lewis acid to six in the complexes {71]. The mag-
netic moments and electronic spectra also support a change in coordination
geometry of cobalt or nickel from tetrahedral to octahedral. Various ligands
which form these compiexes show [features of coordination through their
donor atoms. Cn the basis of these results the structure (XV) has been pro-
posed for the complexes.

—Ap—S S—
C ;5 C
NH\ | N
ol
N L N
C C
—8 S—Ag—

{NV)
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(ii} Dinuclear bridged complexes

These complexes have been reported only for Co[ Ag{SCN).]. j48] and
Ni[ Cu(SCN),]; | 51]. Triphenylphosphinc is the sole ligand which [forms such
complexes with both Lewis acids. Perhaps the bulky ligand obstructs the
formation of a polymeric chain complex, and subsequently dinuctear com-
plexes are formed. The infrared spectra of these complexes indicate the pre-
sence of both bridging and S-bonded thiocyanates. The electronic specira
and magnetic moments demonstrate the presence of a tetrahedral coordination
geomeiry for cobalt in Col Ag{SCN}.]. - 2 PPh,, and square planar geomeiry
for nickel in Nif Cu{SCN).]. - 2 PPh,. In the far infrared region the presence
of Co—P and Nj—F is detected. On the basis of these results the structure
(X Vi) has been proposed.

S—Ag—S
C C
N NHEECO/PPh_t
pPh;y” N N
C c
S—Ag—S5
[ S Y

(iii) Cationic—anionic complexes

These complexes are formed by all five Lewis acids reported so far. The
Lewis bases which form such complexes generally have strong base strengih.
Pyridine and its derivatives, phenanthroline and bipyridine are such ligands.
The infrared spectra demounstrate the presence of only S-honded thiocyanate
or selenium bonded selenocyanate. The far infrared region indicates the pre-
sence of Co—L or Ni—L bands. The electronie spectra and maghetic momoents
show that cobalt{li) or nickel(Il) are octahedral. On the basis of these ohscrva-
tions, a cationic—anionic formula consisting of the cation | ML,])*" (M = Co.
Ni} and anion [M{XCN).I. *(M = Ag(l), Cu(l}; X = 8. Se) has been suggested.
In certain cases the cation has a tetrahedral configuration {50,52]. The ligands
forming such cations are 4-aminopyridine, picoline and bidentate 2-amino-
pyridine and 2-aminopyrimidine.

F. COMPARATIVE STABILITY OF LEWIS ACIDS MM (NCNJ.1: (M = Co. Ni; M =
Ap, Cu; X =5, Be)

The Cof Ag{SeCN}.]. appears more stable than Col Ag(SCN}.]. in respect
of its reaction with certain bases. For instance, aniline, pyridine, dimethyl-
formamide and dimethylsulfoxide cause decomposition of Coj Ag{SCN).1.
into AgSCN and Co{NCS},, when added directly in the absence of any non-
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polar solvent. These ligands, however, do not decompose Cof Ag(SeCN}.].
but form well defined complexes. The fornmer is also decomposed by water
at room temperature, whereas the latter decomposes only after boiling in
water. This indicates that the selenocyanate bridge between Co and Ag is
more stable than the thiocyanate bridge. An approach based upon quantita-
tive softness can explain this difference in stability. Adopting the same proce-
dure as above the differences in total softness values of cobalt and sitver in
Co[ Ag(SCN)}.]. and Co| Ag{SeCN}.], have been derived in the following
manner.

TE,,*(Co) = E,*(Co) + ZE,, " (NCX) + ZE, X(L)
TE,¥(Ag) = E, 5(Ag) + XE,, ${XCN)
ATE, Y(Co—Ag) = TE,*{Ag) — TE,¥(Co) ... I

The ATE,*(Co—Ag) values obtained equal 32.84 for Cof{ Ag(ScCN).]: and
31.82 for Co[ Ag(SCN).].- A higher value for Co[ Ag(SeCN).]. is consistent
with the greater stability for the selenocyanate bridge, and explains the differ-
ence in behaviour of the two in respect of their reaction with various ligands.

The ATE,*(Co—Ag) values for the complexes L,Co{ Ag{SCN).]. and L.Co-
[Ag{SeCN).], have also been derived and the values are inciuded in Table 20.

In each case the ATE, ¥(Co—Ag) values are higher for the selenocyanate
complexes than for their thiocyanate analogs.

Adopting the same pracedure ATE, *(M—M'} (M = Co(II), Ni(1I}; M’ =
Ag(l), Cu(I)) has been calculated for all the Lewis acids, and tabulated in
Table 21. The ATE,*(M—NM’), suggest the following order of stability for
these Lewis acids in respect of their reaction with Lewis bases: Cof Ag-
(SeCN}.], > Co{Cu(SCN).]. > Co[Ag(SCN).J. > NifCu(SCN}.}. > Ni[ Ag-
(SCN),]-.

This order is in consonance with the observed results. Triphenyiphosphine
forms a bridging compiex with NifCu{SCN).1, {51} and a cationic—antonic
complex with Nif Ag{SCN)}.}. [52]. Since the bridge in NifCu{SCN).}. is
retained, it can be presumed that it has a more stable bridge compared with
Ni| Ag(SCNj.]..

TABLE 20

ATE, ¥F(Co—Ag) values in the complexes Co{ Ag{NCN}.]- - 2L

Complexes ATE, ¥(Co--Ag) ATE, ¥(Co—Ag)
X =8e X=5

Co[ Ag(XCN}11; 32.84 31.82

{acet}Co{Ap{XCN ], 53.94 53.12

{(thF}sCo[ Ag{XCN): s 55.80 55.02

(dmf)sCol Ag{XCN}: ]2 53.72 53.02

(dmso):Col Ag(XCN}a]: 54.50 53.60




TABLE 21
ATE,, {(M—M') values in the compiexes M[MY{XCN): |

Lewis acids TE, M) TE, (M) ATE, Y(M—A1n
Col Ag{SCN), |- 5134 1908 31.62
CofCul{SCN)- |- 01,34 15.97 32.37
Col Apg{SeCN ) |2 51.10 15.26 32.54
Nif Au{SCN}1 |- 50.48 19.08 3i.40

G. TRIMETALLIC THIOCYANATES PhiMHg{ XUCN},| (M = Co{Il), Ni{li); X = 5. S¢)

Scaife [105] was successful in synthesizing Hg[ M, Zn,, _,(NCS)]
M = Mn(Il}, Fe(ll), Co{ll), Ni{Il} and Cu(ll}, but these werc not further
studied. We tried to synthesize M CoHg(XCN},.| M = Zn{ll), CdA(11}, Phiil);
X = §, Se, but could only obtain Ph[CoHg{NCX)..] by direct reaction of three
thiocyanates viz., Hg{ XCN)., Co(XCN)}, and Pb{XCN}, [106—108]. The struc-
ture of these Lewis acids has been proposed on the basis of infrared spectral,
magnetic moment, electronic spectral and conductance studics. 1t has heen
ostablished that lead is in the form of a cation Pb7* and the other species form
an anion [CoHg{ XCN},}"". A bridged structure {XVii) has been proposcd for
the anion [106].

XCN_  _NCX Xen|
~Cor. \Hg/ '

~ -

P g . (XVI)
| XCN NCX XCN|

This compound has also been treated as a Lewis acid, because of the un-
saturation in the coordination numbers of cobait, mercury and lead. Upon
reaction with different types of Lewis bases, various complexes have heon
formed, and are listed in Table 22, In all the complexes whether they ave
formed with weak bhases like tetrahydrofuran, dimethylsulfoxide or strong
bases like pyridine, bipyridine, phenanthroline, bridging between cobalt and
mercury in the anion is retained and the structure of the Lewis acid and of
the complexes remain very similar { XV1il).

[SCN\\[{ _nNes_ k¥ son!

PbL4I ’/(fO\ /H ~ . (L = b;py’ phcn)
jscn” ] TNesT | seN

d

(NXVIID

Phenanthroline and bipyridine cause cleavage of the thiocyanate bridge
in CoHg(SCN). and lead to the formation of cationic—anionic complexes
{ 271. These ligands are, however, unable to cause cleavage of the thiocyanate
bridge in [CoHg{SCN)¢]*". This extra stability in case of [CoHg(SCN), }J*~



60

TABLE 22
Comipiexes of PLfMHg(XCN), ) and their spectral data (M = Co, Ni; X = §, Se)

{{) 0f in octafiedral coordination geometry

These comptexes are PLE{dmso):{SCN):Co{NCS}:Hg{SCN}:] {106}, Pb{tkD) H{SCN})Co-
{NCS):-Hg(SCN):1 [106], { Pb{py )s1[{py ) SCN):Co(NCS)-Hg(SCN): {1061, (Ph(nin},]-
[ (nin)a{SCN).Co(NCS}:Hg(SCN): [ [10G |, {Ph(d-ampy)4 }{{4 -ampy)2{SCN);Co{NCS):Hy-
(SCN1.] [106]. { Pb{bipy ): [ (bipy } SCN)-Co{NCS)Hg(SCN)x(bipy) | (106], {Pb(phen):i-
{{phen {(SCN)Cof{ NCS) Hg{SCN)2(phen}] [ 106 {. Phi{dmso):(SeCN}»Co(NCSe)-Hyz-
(SeCN)=] [107 ), [ Ph(py Ja11(py )2(ScCN}:Co(NCSe) :Hg(SeCN): ] [107], {Pb(nia)a]{(nia):-
{SeCN}.Co(NCSe)-Hi({SeCN)>] [107 ], { P{3-ampy):1{(3-ampy )2(SeCN):Co(NCSe)atlg-
{SeCN)-| [107 ], [Ph{1-ampy )y 1 (4-ampy )} 2{SeCN}1Co(NCSe ) Hg(SeCN),] 107 ], [PL-
{2-ampyd)s H(2-ampyd):(SeCN} Co(NCSe )  Hy(SeCN)» § [107 ], [ Pb{(bipy): Ji(bipy)-
{SeCN)2Co{NCSe)aHg(SeCN}2 | [ 107 ], | Pb(phen)a ][ (phen){SeCN)-Col NCSe)-Hy-
(SeCNJa] [107 ], Pbi{{dmso}:(SCN).Ca{NCSe ) Hg{SCN):] { 105}, [ Ph{py 1a}{{py):{SCN}:Co-
(NCSe)=Hg(SCNJ2j [108], { Pb(nia}s }{(nin)2(SCN):Co(NCSe):Hg{SCN): ] (108}, [Pb-
(3-ampv)a H(3-ampy }r{ SCN)Co(NCSe) Hg{SCN)-} [105}, [Ph{d-ampy }al[{d-ampy)a-
{SCN)Co(NCSe):Hg(SCN)2) [10S], [Pb(2-ampyd)a][(2-umpyd):(SCN}2Co(NCSe).Hy-
(SCN}21 {1081, (Pb(bipy): }H{{bipy XSCN}:Co(NCSe)-He(SCN}:{ {108], [Pb{phen)a]-
[{phen){SCN}CofNCSe)-HziSCN):| [108], Ph[(dmso):(ScCN)1Co(NCSe ) Hg(SCN)2 }
(1081, [Pb(py}:1{{py}:{SeCN}2Co{NCSc):Hg(SCN}2] {108 |, [Pbenin}a [[{xin)2{S¢CN)=-
Co(NCSe):Heg(SCN)» 1 [108}, [Pb{3-ampy )}1}{{3-ampy ) :{SeCN);Co(NCS8c}:Hg(SCN):]|
[108], {PL{2-ampyd)s H(2-2mpyd}:SeCN)Co(NCSe)Hg(SCN}:] [103], [Pl -ampy)a I-
[td-ampy)2(SeCN)Co(NCSe):Hg(SCNJ-} [108], [Pb{bipy):}{{bipy }{(SeCN):Co{NCSe} Hg-
(SCN}-1 [10S }, [ Ph(phen):]1[{phen }{SeCN) Cof NCSe ) Hg(SCN)» 1 [ 105 {, Pbi{EtOH).-
(SCN}:Ni(NCS)-Hg(SCN)1] {106 ], Phf (dmso){SCN): Ni{NCS):Hg(SCN),| [106), Ph-
[(thT):{SCN);Ni(NCS): Hig{SCN)2 | { 106], {Phipy )i [[(pr ) SCN) NIH{NCS)2 Hp{SCN): |
[106], [Pb(nia}s J{(nia):(SCN};Ni{NCS}>Hg(SCN): ] [ 106}, Phf(4-ampy)a J{{4-ampy .-
{SCN):Ni{NCS);Hg{SCN)] {106 ], [ Pb{bips}:][(bipy HSCN) . Ni{NCS)>Hg{ SCN }2(bipy) )
[106], [ Ph(phen):}f(phen)(SCN )2 Ni{NCS):Hg(SCN):(phen)} [ 106 ], Pb[(EtOH)s-
{SeCN}Ni(NCSe) - Flg{SeCN)-| {107 |, Ph{{dmso}:{ScCN}.Ni(NCSe) Hg(SeCN}-| [107],
[Pb(py Jal[(py):{SeCN); Ni(NCSe) Hg(SeCN) ] [107 . {Pb(nia)},;li(nia)2(SeCN):Ni-
{NCSe)>Hg(SeCN)»} {107}, [Pb{3-ampy )1 [[{3-ampy }2(SeCN}»Ni(NCSe) Hg(SeCN):|
[1971, [Pb(4-amp¥ Ja][{(+-ampy }:(SeCN ). Ni(NCSe):Hg{SeCN)a] [107 |, [P{2-ampyd 11 ]-
[(2-ampyd ) {SeCN )N NCSe):Hg{SeCN): | {107 |, { Phibipy): I{{bipy)}{SeCN) Ni{NCSe), Hyr-
{SeCN}1] [107 ], Ph{phen):[(phen}(SeCN)> Ni{NCSe), Hy(SeCN}, } {107 |.

(it} M in tctrehedral coordinalion geomelry

PLI(SCN):Co{NCS):Hg{SCN}.] [ 106}, Pb[{Ph3P}. Co{NCS},Hg(SCN),] [106}, Pb-
[{SeCN}:Co{ NCSe ):Hp(SeCN)21 {107 |, Pi1[{SCN).CofNCSe}: Hg{ SCN}, | [108], Pb-
{(Ph;P):Co{NCSe).Hg(SCN),] [108], Pb{{SeCN}:Co{ NCSe}Hg(SCN}a] [108].

(iiiy Al in square planar coordination geomeltry

Phi{Ph 3P} Ni{NCS).Hg(SCN).] {106}

Tn alf these complexes three to four absorption bands are observed due to CN stretching
mode in the range 2030—2170 cm™!. In case of thioeyanate complexes four bands appear
in the IR spectra due to CS stretching mode (710—850 em™ !}, and [or selenocvanate com-
piexes (530—690 em~!} due to CSe siretching mode. In case of mixed thio-selenocyanate
complexes four bands are observed in the range 600—850 em~* which covers both CS and
CSe stretching regions. In all the complexes three 1o four bands are observed in the range
-100—500 em™! due to CX strotching mode. Dg values of octahedral cobait and nickel
complexes arc found to be in the ranges 850—1050 em™! and BG0—1100 cm™!, respectively.
The gosr values of octahedral nickel and echalt complexes are around 3.20 B.M. and 5.00
B.M., respectively. Dg values of tetrahedral cobalt complexes are found to be in the range
440—190 em~! and p.¢¢ values around 4.20 B.M.
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has also been explained on the hasis of total softness values. The total soft-
ness values of cobalt and mereury in CoHg(SCN),; and [CoHg(SCN},]" ™ have
been calculated by adopting the procedure described in preceding paragraphs,
and the difference in the total sof{tness values of cobalt and mercury ATE, -
{Co—Hg) has been derived in both cases. The ATE,, *{Co—Hg) values in case of
CoHg(SCN}, and [CoHg(SCN),1°" are 4.43 and 8.84 respectively. The higher
value indicates greater stability of the thiocyanate bridge in [CoHg{SCN}.|*",
and explains the difference in behaviour of the two in respect of their inter-
action with phenanthroline and bipyridine.

H. LIGAND EFFECT. COMPLEXES OF MM {XCN): M = Co(ll), Ni(11}: M= Zn(il),
Cd{11}, Hg{Il}; X = 8, Se

The effect of different ligands on various MM'{XCN), has been divided
into three groups as mentioned Lelow.

(i} Strong ligands (ethvienediamine, phenanthroline, bipyridine}

Ethylenediamine always forms the cationic—anionic type of complex
irrespective of the nature of M and M’ in MM(XCN}.. Bipyridine and phenan-
throline also form cationic—anionic type complexes with all types of totra-
thiocyanates and selenocyanates with the exception of MM’ (SeCN}; and
MM {SCN}.{SeCN},. {M = Co, Ni; M" = Hg) where monomeric bridged com-
plexes are formed.

(ii} Weal: ligands (tetrahydrofuran, dioxane, dimethylformamide, dimethyi-
sulfoxide)

They form polymeric bridged complexes with all types of tetrathiocyan-
ates and selenocyanates. These ligands are quite weak and are unable to rup-
ture the thio or selenocyanate bridge of MM (XCN)..

(ifi} Intermediate ligands (pyridine and their derivatives)}

They form polymeric bridged complexes with CoHg(XCN), and NiHg-
(XCN};—CoCd(SCN),; and NiCd{SCN), form cationic—anionic complexes
with these ligands, however, their selenocyanate analogs form monomeric
bridged complexes. CoZn{SCN.} and CoZn{SeCN}, form cationic—anionic
type compiexes. COCA(SCN}.{SeCN). and NiCd{SCN}.(SeCN}. form niono-
meric bridged complexes. Isothiazole and its derivatives aiso act as bases of
intermediate strength. These ligands form polymeric bridged complexes with
MM (XCN), (M = Co, Ni; M’ = Hg; X = §, Se}. With CoCd{SCN), and NiCd-
{SCN), they form monomeric bridged compiexes, but with their selenocyan-
ate counterpart, polymeric bridged complexes are formed. However, CoZn-
(SCN)}, and NiCd(SCN), form cationic—anionic complexes with the same
ligands.
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TABLE 23
Reiation between base strength of lipands and nature ol complexes
Lewis acids Strong Weak intermediate
ligands ligands ligands
CoHp(SCN), C.A. P.B. P.B.
CoHg{SeCN), M.B. P.B. P.B.
CoHe(SeCN){SCN}» M.B. P.B. P.B.
NiHp(SCNJ, C.A. P.B. FP.B.
NiHg{SeCN):{SCN}: M.B. — F.B.
ZnHpg(SCN), - P.B. P.B.
CoPd{SCN); C.A. P.B. M.B.
NiPA{SCN}, C.A. P.B. M.B.
CdHp(SCN 1, - P.B. P.B.
CoCd(SCN), C.A. P.B C.A.
CoCd(SeCN), C.A.,MB. — P.B., M.B.
CoCd{SeCN){SCN)~ C.A, — M.B.
NiCd{SCN), C.A. P.B C.A., M.B,
NiCd{SeCN}, C.A. — M.B., P.B.
NiCd(SeCN}:(SCN). C.A. — M.B.
ZnPd{SCN}, C.A. P.E. M.B
PdHE({SCN}, C.A. M.B C.A.
CoZn({SCN}; C.A. P.B. C.A.
CoZn{SeCN), C.A. - CA.
CoZn(SeCN):(SCN)» C.A. — C.A.
NiZn(SCN); C.A. PB. C.A.
NiZn(SeCN), C.A. P.B. C.A.
NiZn{SeCN}»(SCNJ» C.A. — C.A.
ZnCd(SCN),; C.A P.B. C.A.

C.A. = Cationic—aniouic; M.B. = Monomeric hridged; P.B. = Polvmeric bridged.

Triphenylphosphine always forms monomeric bridged complexes, prob-
ably, due to the presence of buiky phenyl groups which cause steric hindrance.
In this case the base strength of the ligands plays a less important role than
the steric hindrance factor.

The relation between the nature of the complexes and the nature of the

ligands is shown in Table 23.
Double ligand complexes

Certain complexes have been reported 43,44] in which two different
ligands are attached to M and M/, respectively. These complexes have been
called ‘double ligand complexes’. In such cases the complexes are always of
the monomeric bridged type. Bipyridine forms cationic—aniotiic complexes
{401 with COM'(SCN),(SeCN}, and NiM'(SCN).{(SeCN). {M = Zn, Cd) but
when the same ligand reacts with these Lewis acids together with pyridine,
monomeric bridged complexes are formed [43] in which bipyridine is coor-
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dinated to M and pyridine to M'. This shows that the stability of the
—NCX-- bridge is increased in such a situation.

Complexes of M{M(XCN ).l (M = Co(Il), Ni(II); M = Ag(I), Cu(f);: X = S,

Se)

These Lewis acids show a slightly different behaviour towards various
ligands. Weak bases like dmf, diox, thf, dmso ete., form polymeric bridged
complexes, whereas strong and intermediate bases like py, nia, bipy and phen
always form cationic—anionic complexes with these Lewis acids. Aniline
forms cationic—anionic complex with Co{ Ag(SCN).}. and polymeric bridged
complex with its selenocyanate analog. Co[ Cu(SCN}.]- also forms polymeric
bridged complex with aniline. This shows that selenocyanate bridge is more
stable than thiocyanate, and the bridge in Cof Cu(SCN).]. is more stable than
in Co[ Ag{SCN),].. Triphenylphosphine always forms monomeric bridged
complexes with these Lewis acids. The single chain thiocyanate or selenocyun-
ate bridging between M and M’ appears to be weak in these Lewis acids com-
pared to the bridge in MM'(XCN},, because even the intermediate ligands
cause cleavage ol these bridges.

Complexes of PbfMHg(XCN),](M = Co({l), Ni(II); X = 8, Se)

In the case of [CoHg{XCN),] " the thio or selenocyanate bridge has extra
stability because neither bipy nor phen cause their rupture.
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