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A. INTRODUCTION 

Metal complexes of tetradentate Schzff bases (TSB), such as the sahcylaldi- 
mines, may act as bidentate chelating agents, coordinating through therr czs-oxygen 
atoms to form br- and t&nuclear metal complexes2-5. Thus, for example, the 
copper complex [i], derived from N,N’-1,2-propylene-bis(salicylaldimine) * cacts 
with cupric chloride to form the binuclear complex [ii] or with cupnc perchlorate 
to form the trinuclear complex [iu]. The compound [t] may be considered as a 

Coordm. Gem. Rev, 4 (1969) 391422 



392 E. SINN, C. M. HARRIS 

simple bidentate ligand with two oxygen atoms acting as donor atoms. The com- 
plexes [II] and [III] are then mono and bis chelated derivatives of [r]. When the 
metal complexes such as [iv] of bidentate Schiff bases (BSB) are used as ligands 

m the same way, a rearranged structure [v] is usually preferred (X = Cl, Br, 
N03)5-8. Copper(I1) sahcylaldimines of type [iv] also react with metal perchlor- 
ates, but the complexes analogous to [rh] are difficult to isolate. Copper(H) p-dike- 
tonates and ammoketonates form a limited number of complexes analogous to 
[ir] and [tit]‘. 

The mode of bndgmg 1s similar in all of the br- and n-i-nuclear complexes, 
and is worthy of detarled exammation. 

B. MODE OF BRIDGING 

The formation of various oxygen-bridged bi- and tri-nuclear complexes in- 

vokes the well-known abrhty of two-coordinate oxygen atoms in many metal com- 
plexes to raise their coordinatron number to three. Solutions of many nickel(U) 
salicylaldtmine complexes contam eqmhbrmm mixtures of monomeric and oxygen- 
bridged dimeric specres, the position of the eqmlibrium being dependent upon 
temperature’ ‘*11, concentration1 O-l3 and pressure14. These nickel complexes can 
become paramagnetic by raising the coordmation number of the metal atom from 
four in the monomeric complex to five or six in the oxygen-bridged dimers. By 
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suitable choice of conditions it is possible to isolate, in the solid state, both dia- 
magnetic monomerm [vi] and paramagnetic, oxygen-bridged polymeric [vu] forms 
of bis(N-methylsalicylaldimino)nickel(II)l 5, and of other analogous complexes’6. 
Similarly, the complex bis(N-methylsahcylaldimino)copper(II) exrsts in both a 
monomeric and an oxygen-bridged dimeric [viu] form”, while N,N’-ethylenebis- 

(s~icyl~dimino)coppe~~’ ’ and bis(~metbylsalicyIaIdimino)zinc~~* ’ are dr- 
merrc in the sohd state, the metal atoms linked by oxygen brtdges. 

Bridging in these compounds occurs via phenohc oxygens, and the abdity 
of tetradentate copper@) salicylaldlmme complexes such as [i], as well as of other 
metals, to coordinate via both oxygens to a metal in a hahde or perchlorate, IS 
no longer surprismg. Formation of the bmuclear compounds [v] from [iv] is hke- 
wise seen to be reasonable. However, three-coordinate oxygen atoms also form 
bndges between metal atoms in other bi- and poly-nuclear complexes. In pyridine 
N-oxrde complexes with copper(I1) hahdes, the oxygen atom is two-coordmate in 
some compounds, and three-coordinate in others such as [LX]~*-~~ whose structure 
resembles the phenolic complex dichlorodiphenoxytitanium(IV) [xl”“. Hydroxy and 
alkoxy complexes in which metal atoms are bridged by three-coordinate oxygens 

(1x1 w 

are quite common25”4 Anhydrous ~s(a~tyla~tonato)~ckel~~ [xi] is an oxy- 
gen-bridged trimer3 ’ n3 ’ mvolving octahedral nickel atoms; other nickel fl-drke- 
tonates form equilibrium mixtures of monomeric and oxygen-brrdged trimeric 

3 ‘v3* species . Similar complexes are formed with other metals38, e.g. the complex 
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with copper(H) is drmenc m the solid state3’, wrth cobalt(E) it IS tetrameric4’, 
and with iron(II)41 it is apparently hexameric. Simrlar bonding occurs in the com- 
plex [Cu(acac),]Cu(C104)z - 2Hz0 of probable structure [xii], and other/I-diketone 

(XII) 

analoguesg. The aminoketone complexes of types [xiii] and [xiv], when M = Ni(II) 
are normally monomeric’ ’ *424 5 in solution and in the solid unlike the corres- 

(XIII) (XIV) 

ponding salicylaldunines. However, some drmerisation can be induced under pres- 
sure m solutions of certain complexes [xrit]‘, indicating some oxygen bridging 
between the metal atoms of adjacent molecules. StmrlarIy, complexes of the type 
@IV] can coordmate via the two CLS oxygen atoms in the same way as in com- 
pounds [ri] and [ui], but not nearly as readily as the correspondmg salicyl- 
aldimine complexes. Presumably, certain compounds of type [xin] could react 
srmilarly with metal halides to form oxygen-bridged complexes. 

/o\ Clearly, Mlo,M bridging occurs more readily via phenolic than vra keto- 

amine oxygens. When a phenohc and a ketoamine oxygen occur in the same com- 
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plex, as in the so-cahed “tricoordinated” copper(n) complex of &etyIacetone-o- 
hydroxyanil [xv] and its analogues46-52, bridging occurs preferentially via the 

phenohc rather than the ketoamine oxygen4g*50. When two phenohc oxygens 
pernnt bridging, as in the copper complex of salicylaldehyde-o-hyclroxyami and 
Its analoguessl, at least two structural isomers [XVI] and [xvi~] are possible, and 
no choice can be made apriori. 

C. TYPES OF COMPLEXES 

The general types of compounds (MTSB)M’X2 [xviii] and (MTSB),- 
M’(CIO,), [xix] analogous to [ir] and [ni] span a large range of transition and non- 

M'(ClO_& 

“%O 
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transitlon metals M, M’ and a vmety of TSB ligands’-‘. The most interesting 
and most extensively studied of these two types of compounds contain copper(H) 
or nickel(U) inside the Schiff base as the metal M. When M is N@I), the complex 
l&and [xx] IS diamagnetic, and remains so when It coordinates to a nP+al M’ to 

form a binuclear [xviti] or trmuclear [xix] complex384. Such compounds include 
M’ = Cu(II), N$II), Co(H), Fe(U), Mn(II), where the metal exhlblts its normal 
hxgh spin paramagnetum, mdxcating that the hgands [xx] exert a fairly weak 
hgand field3*4*S3. 

The corresponding complexes when M = Cu(II) and M’ IS one of these five 
paramagnetic metals, generally have magnetic properties indicative of a discrete 
magnetic exchange mteractlon withm systems containing either two or three inter- 
actmg paramagnetlc atoms. Magnetic, and especially antiferromagnetic, exchange 
interactlons are frequently observed m oxyger bridged clusters of paramagnetlc 
mef&l-9'20-24'27'2s,30-34,46-ss 

, and may often be taken as indicative of this 
type of bridgmg 

In the compounds [xviii]-[xx], usually R’ = H, or sometimes CH3. The 
bridging group R may be more varied e g. branched or unbranched alkyl chams, 
or an aryl group with the bridgmg links ortho to each other3~4Pss9s6. Further 
possibilities such as a 2,2’-diphenyl bridgesgv4 exist. 

The formation of these complexes can usually be brought about simply by 
mixing a solution of the appropriate “complex hgand” [xx] (e.g. in chloroform or 
ethanol) with a solution of the desired metal halide or I zrchlorate (e g. In ethanol). 
In most cases, the resulting complex is precipitated immeaately. 

Formation of the complexes (MTSB)M’X2 [xviii] and (MTSB)2M’(C104)2 
[xix] is governed to some extent by the relative solubdities of the complex ligand 
MTSB [xx] and t5e bi- and tri-nuclear complexes [xvm] and [xix], and by the 
reIative stabilities of the complex hgands MTSB and M’TSB. If MTSB has a 
much lower stability constant than M’TSB, as when M = Zn(II), andM’ is a trans- 
ition metal such as Cu(II) or Nl(II), then the reaction of MTSB, say ZnTSB with 
a halide or perchlorate of M’, say Cu, yields only (CuTSB)CuX2 or (CuTSB)ZnX2 
with the halide, and (CuTSB),Cu(C104), l xH20 or (CuTSB),Zn(ClO,), - xH,O 
with the perchlorate 4*g. Because of this metal exchange reaction, compounds of the 
type (ZnTSB)CuX2 cannot be isolated. If M = M’ there is, of course, no problem. 
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When the relative stabilities of the complex ligand [xx] containing M or 
M’ are comparable, the desired complexes [xvii11 and [xix] can be isolated if they 
are removed from solution fairly quickly. Thus structural isomers (CuTSB)NiCI, 
and (NITSB)CUCI, having distinct spectral and magnetic properties [where TSB = 

N,N’-ethylenebis(saIicylaIdimine) (= ES) or NJ’-o-phenylenebis(salicylaldimine)] 
can be isolated; complementary complexes (CuTSB),Ni(ClO& - xH,O and 
(NITSB),CU(CIO,), - xH,O also form 4*5*gV55. In the complexes (NiTSB)CuCl, 
and (NtTSB)&u(ClO& - 3HzO the nickel(H) atom IS diamagnetic, and magnetic 
moments of 1.8-1.94 B-M., arising from the copper(H) atom, are observed. The 
temperature dependence of the magnettc properties of these complexes is in accord 
with the Curie-Weiss law x cc (I+@-‘, with small values of the constant 8, as 
expected of a normal paramagnetz~4*5*g. On the other hand, the compounds 
(CuTSB)NiCl, and (CUTSB),NI(C~O,), * xH,O have strongly temperature de- 
pendent magnetic moments, as a result of an antiferromagnetic mteraction between 
the paramagnetrc nickel and copper atoms2*4*5*g*55g56. 

When a complex MTSB has a much higher stability constant (e g. CuTSB) 
than the correspondmg M’TSB (e.g. SrTSB), the metal exchange reactron does not 
occur when MTSB reacts with a salt of M’. Thus, compounds of the type 
(CuTSB),Sr(ClO,), l xH,O (e.g. TSB = ES, x = 1.5) are formed readtly when 
solutions of CuTSB and strontmm perchlorate are mrxed4. 

Since the formation of compounds [xvni] and [xix] depends on several fac- 
tors, discussed above, and as the reaction is often carried out in mixed solvents, 
it does not seem profitable to determine the stablltty constants of [xviu] and [xix] 
m general. These compounds are usually fairly insoluble in organic solvents, and 
tend to decompose in solution. In some cases it was possible to measure the 
electrical conductivities in mtrobenzene solutton, and it was found that complexes 
of type [xviii] were non-electrolytes while those of type [xix] behaved as br-um- 
valent electrolytes, confirming that the hahdes X in [xviii] are coordinated, whiie 
the perchlorates in [xix] are notle4. 

Complexes of type [xviii] and [xix] have also been prepared with the substi- 
tuents 5-Cl, 5-Br and 5,6-benzo in the phenyl ring of the sahcylaldimine. When 
the nitro group was used as a ring substituent, the bi- or tri-nuclear complexes 
were not formed, probably because of the extreme insolubrlity of the complex 
hgand [xx] in this cases3. 

Bi- and tri-nuclear zmc@) complexes of types ~xvn~]~*~~ and [xix14 also 
form readrly when the appropriate ZnTSB “ligand” reacts with a solutron of zmc 
chloride or perchlorate. 

In section B we suggested that aminoketone oxygens could act as bridges 
between pairs of metals, but not as readrly as phenolic oxygens. This is borne out 
by the reaction of metal complexes [xiv] of tetradentate ketoamines with metal 
halides or perchlorates. Colour changes, and spectrophotometric titrattons indicate 
that complexing occurs readily in solution, but solid complexes are difficult to 
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isolate and are often unstable. The same conclusions apply to &dxketonates. 
Complex [xh] involving acetylacetone can only be formed from concentrated solu- 
tion, and IS hydrolysed rapidly in air. This hydroIysis is easily followed since the 
complex is grass-green, and, on hydration, reverts to the starting materials, cop- 
per(H) acetylacetonate and copper perchlorate, both of whrch are blue. However, 
rf kept dry, complex [xir] appears to keep mdefimtely. By contrast, the complexes 
[xviii] and [xur], using metal sahcylaldtmines as ligands, are usually stable in an-, 
but hydrolyse slowly when Immersed in water. Complex [xri] resembles [ii!] m its 
magnetrc properties: both show significant magnetic exchange interactions Metal 
complexes with aromattc analogues of @dIketones, such as o-phenohc aldehydes 
(saltcylaldehyde) and ketones also act as hgands to form multinucIear complexes. 
These reactions are under investigation at presentg. 

The reaction of meta derrvatlves of bidentate sahcylaldrmines [iv] wrth metal 
salts is much more limited in the range of metals that may be used. Multinuclear 
complexes of copper( nickel(H) and cobalt(I1) have been reported2*5*6V61, but 
no pure, stable compounds containmg dissimrlar metals have been prepared. In 
the case of cobalt(II), stable solid complexes were isolated only from the reactton 
of brs(ZV-t-butylsalicylaldlmlno)cobalt(II) with cobalt(H) chloride or bromtde. The 
nickel complexes are of consrderable interest because of the dependence of the 
magnetic properties of nickel(I1) upon environment: thus in trmuclear complexes 
derived from brs(N-n-alkylsal~cylaldmuno)n~ckel(II) complexes all the mckel atoms 
are paramagnetic, while the parent complexes are dtamagnetic. These complexes 
are still under investrgation but the copper@) complexes have been studred ex- 
tensively . 215*6-g Most of the copper(H) compounds in thus group are bmuclear as 
in [v], and are prepared by reaction of the appropriate bts(ZV-R-salicylaldrmino)- 
copper(H) complex with cupric chloride, bromxde or nitrate solutton. The effects 
of varrous nitrogen substituents R and of substrtuents m the phenyl ring of the 
sahcylaldtmine group have been investigated extensively2~5*6-g*62. The compounds 
usually form as lustrous black crystals and sometimes as greemsh-brown powders. 
All exhrbit pairwise antrferromagnetic interacttons. In some cases, crystalhne chlo- 
roform-solvated complexes (X-CuBSB), - 2CHC1, (e.g. X = Cl, BSB = N-benzyl- 
5,6+enzosalicylaldtmine) are formed; this chloroform can be removed by heat to 
leave the unsolvated complex (X-CUBSB)~, [VI”“. Crystalline chloroform soIvates 
are also known of other kmds of complexes, such as [xtx] and [xx], e.g CUPS. 
CHCI, where PS = N,N’-o-phenylenebrs(sahcylaldimme)3. 

Complexes of empirrcal formulae (MBSB),AuCl, and (MTSB)AuCI, (e-g 
where M = Nr) have also been prepared, but because of partial reductton of 
Au(II1) during reaction, the synthesis is difficult, and the resulting complexes are 
rarely pure. 
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D. ANTIFERROMAGNETIC INTERACTIONS 

(I) Binuciear complexes 

Magnetic exchange interacttons are frequently useful in elucidating the 
structures of polynuclear complexes of paramagnetic metals The temperature 
dependence of the magnetic susceptlbd@64-66 and the e.s.r. spectrum66-70 of 
copper(H) acetate Ied to the prediction of its bmuclear structure71*72. Both the 
complexes [ix] and [xv] exhibit pair-wise antrferromagnetic20*4g mteracttons be- 
tween the two copper atoms in each molecule and the binuclear structures were 
subsequently confirmed by X-ray work 22 23*4g*50_ These compounds structurally 
resemble complex [II] and other complexes of type [XVIII], and the pair-wise anti- 
ferromagnetic interactions observed in the series (CuTSB)CuX, (X = Cl, Br) are 
thus strong evidence in favour of structure [XVIII] for these complexes3. A more 
striking resemblance exists between structures [xv]-[xvui] and the binuclear com- 
pounds [v] with bidentate sahcylaldimmes, which have a fans arrangement of 

/O\ the coordmating groups with respect to the Cu,O,Cu skeleton, as opposed to 

the cis arrangement of the complexes [XVIII] with tetradentate ligands. Thus ex- 
change interactions are expected to occur m the complexes [v] if this structure is 
correct. Such interactions are observed. In fact, all the binuclear copper(H) 
complexes of types [v] and [xvm] exhibit pair-wise anbferromagnetic interac- 
ttons1-3*5-g*53~62*63*73-75, so that the temperature dependence of their magnetic 
susceptibrlities, xh(, per mole of binuclear complex, may be represented by the 
well known Bleany-Bowers equation 67*74 Fig 1 compares the experimental _ 
magnetic properties for a typical complex of type [xvii~] with those calculated 
from the Bleany-Bowers equation when J = - 166 cm-’ and g = 2 11 and NE, 
the temperature Independent paramagnetism of van Vleck73, is assumed 74 75 
to be 6x lo-’ c.g.s.u./mole. Other complexes behave similarly, and values of J 

and g are listed m Tables 1 and 2. 

(II) Trim&ear complexes 

Antiferromagnetic exchange mteractions m discrete trinuclear complexes 
were first treated by Kambe76, who postulated that the magnetic properties of a 
group of trinuclear acetato complexes of iron(II1) and chromium(III)77 could be 
explained in terms of spin-spin interactions, the strength of the interaction being 
the same between each pair of atoms in the group of three. This hypotheses was 
confirmed by subsequent X-ray work” which showed that in the complex 
[(H,O - Cr),O - (CH, - coo)&1 - 6H2O the metals are grouped around the cen- 
tral oxygen atom and bridged by the acetato groups such that the environment 
about each chromium atom is identical. 

Coordm. Chenz. Rev, 4 (1969) 391422 
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T°K- 

Fig 1. Temperature dependence of the maguetrc susceptrbdlty per mole of bmuclear complex 
xM, and of the magnetrc moment per copper atom &r, for the first compound hsted in Table 1. 
The curves grve the theoretical values of XM and ,usrr calculated from the Bleany-Bowers equation 
using J = -166 cm-’ and g = 2 11. 

Other evidence indicates4 that the most hkely structure for the complexes 
(MTSB),M’(CIO,), [XIX], which ~111 be discussed further in Section E, is one in 

/M’\ 
which the metals M M lie at the vertices of an isosceles triangle. (The 
possibility of a linear structure wi!l aot alter the treatment of the magnetic proper- 
ties.) Moreover, temperature dependent studies on a number of (CuTSB),M’- 

TABLE 1 

VALUES OF THE EXCHANGE INTEGRAL J AND THE AVERAGE Q-FACTOR IN THE BINUCLEAR COMPLEXES 

[XVIII] WHERE M = M’ = Cu, (CuTSB)CuCI1~nHzO AND R, R’ AND X ARE AS LISTED. WHERE 

THE COMPLEXES ARE SOLVATED. THE NUMBER OF MOLECULES OF WATER IS GIVEN BY n 

R R’ n X J(cm-‘) g Ref. 

_(CHdz- 
-W&k 
-CHzCH(CH& 
-o-phenylene- 
4mtchyk+phenyIene- 

_(CHz)t- 
-W&)3- 

-o-phenylene- 
-o-phenylene- 

-(CH2)6- 

-H 

1; 

-H 
-H 
-CH3 

-CHa 

-H 
-H 
-H 0 

Cl -166 2.11 2, 3 
Cl - 49 2.14 3 

Cl -106 2 15 3 
Cl - 97 2 07 3 
CI - 91 208 3 
Cl -236 2.35 3 
Cl -140 2.05 3 
Br -194 2 28 3 
Br - 95 2.09 3 
CI -139 2 29 6 
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TABLE 2 
VALUES OF THE EXCHANGE INnGRAL J AND THE5 AVEXAGE @FACTOR IN THE BINUCLEAR CORU’LEXJS 

[VI 

R R X J(cm-‘1 g Ref. 

-cH3 
-CH2CHa 
-@H&CHJ 
-<CJ&)@& 
-F&)&H3 
-<CK)7CH3 
-CH2CH (CH& 
-CH-(C&1, 
-CH*(CHa)CH&Hx 
-cyclohexyl 

-Cd& 
-CHICH3 
_(C&)2C& 
-CH(CHa)r 
-CH3 
-CH2CH3 
-CH(CHo)z 
-CH3 

-CH3 

-CH3 

-CH3 

-H CI 
-H Cl 
-H Cl 
-H Cl 
-H CI 

I:: Et 
1: :t 
-H Cl 
-H Cl 
-5-a Cl 
-5-Cl Cl 
-S-Cl Cl 
-5-Br Cl 
-5-Br Cl 
-5-Br Cl 
-5.6~lxnzo Br 
-S-Cl Br 
-5-Br Br 
-5X1 NO3 

- 149 2 17 ‘6 
-240 2 18 6 
-255 2.08 6 
-205 2.14 6 
-188 2 12 6 
-180 2.14 
-245 2 12 ri 
-145 2.17 6 
-155 2 11 6 
-220 2 18 6 
-180 2.16 6 
-140 2 14 8 
-188 2 35 8 
-138 2 38 8 
-220 2 20 8 
-200 2 30 8 
- 195 2 22 8 
-175 2 20 8 
-146 2 36 8 
-180 2 35 8 

-139 2 23 62 

(CIO,), complexes4, m which M’ IS diamagnetic, yielding such groupmgs as 

/Mg, 
cu Cu, have shown that the magnetic properties of thes compounds con- 
form well to the Curie-Weiss law x oc (T+B)- ’ with small values of 0. Hence, 
if there is any interaction between the terminal atoms, then it is never greater, 

/M’\ 
numerically, than -5 cm-‘. When the terminal atoms M of [xix] M M are 
diamagnetic, the magnetic properties are similar (Section C), and the 0 values are 
again small, indicatmg that there are no significant intermolecular interac- 
tions4*S5*s6. In view of the probable isosceles triangular (or linear) arrangement 
of the metal atoms, and the ftiure of the terminal copper atoms to Interact 
significantly when the central metal is diamagnetic, it would be unreasonable to 
assume equal interactions between each pair of metal atoms when all three metals 
are paramagnetic. 

J J 

/\ 
CU Cu 

spu-?,$ Jcucu sp,n',$ 

(XXI) 

Coordm. Chem. Rev, 4 (1969) 391-422 
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For the arrangement [xx11 of the metals55*56, where the spin quantum 
numbers and the exchange integrals are as shown, the magnettc susceptibility per 
moIe of tiimeric complex is grven by equation (1) 

Ns2B2 
5 a,e-WT 

XM=TX 
I=1 

i ble--EdkT 
+ Na (1) 

r=l 

where 

a, = ~~~(SM-l--q)2 bI = m-3 El = ~IJ-+J,--~~ 

b2 = b, = m-l Ez = W-tJ,--,-, 

a2 = a3 =~~~(~M-q)’ b4 = m+l E3 = SJcucu 

E4 = (2--n~)J+3Jcacu 

a4 = .C, (s~+l--d” 

m = 2Sni+2 

/ CU’\ 
Thus, m the system Cu cu (P -dg -d’), the suscepttbrlity per gram-ion 
of copper(I1) is gtven by 

Ng2P2 

K 

_ x e-2J/kT+e-2Jc~c~lkT+~~eJ/kT 

12kT ~-21lkT+~-2Jc~c~lkT~~~JlkT +Na (2) 

where Na IS about 6 x lo- ’ c.g S.U. as before, and Jcuc-. = Jcuecu = J. The 
agreement of experimental results with equation (4) is best when Jcucu is small or 
zero. Fig. 2 compares the observed magnetic results with the curves calculated 
from equation (2), using the hsted values of J and g, and assuming Jcucu = 0, for 
the complexes [nil, [xxii]-[xxiv] The complexes [xxu]-[XXIV] correspond to [xix] 
with M = M’ = CU and [xxri] R = --(CH2)3-, R’ = H, [xx&] R = -(CH2)2-, 
R’ = CH3, [xxiv] R = --(CH2&-, R’ = H. 

PI\ 
In the system Cu Cu (dg-d*-d’), S, = 1, and on substrtutmg m 

eqnatron (l), the susceptibrhty per mole of trinuclear complex is given by 

2Ng2P2 e-2JfkTCe-2Jc”c”I’CT+5e2JlkT 

x s-------x 
kT e -4J/kT 3e-2JlkT+3e-2JcucuJkT+5e2JlkT -I-1Va 

+ 
(3) 

Again the agreementwrth experimental results is best when Jcucu is small or zero. 
Fig. 3 gives the experimental and theoretical results for a typica dg-d*-dg 

complex when J = -64 cm-‘, g = 2.30, Jcuc- = 0 

/CO\ /Fe\ 
For the systems Cu Cu (dg-d’ -dg), Cu Cu (dg -d6-dg) and 
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1 I 0 1 

0 100 
I 

200 300 400 
T’K - 

Fig. 2 Temperature dependence of the mverse magnetic susceptlblhtles xM -I and of the magnetic 
moment pcrr (per copper atom) for complexes of type [x1x1 contaimng the system CuCuCu. 
0, [III], V [XXII]; A [XXIII], 0 [XXIV] (see text) The curves gwe the values calculated from the 
theory, usmg J = - 180 cm-‘, g = 2.15 for [in]; J = -230 cm-‘, g = 2 12 for [XXII]; J = 

-200 cm-‘, g = 2 13 for [xxui]. J = -40 cm-‘, g = 2 10 for [xx~v]. and Jc,,c~ = 0 in equa- 
tion (2). 

/Mn\ 
CU Cu (dg -d5-d’), SM IS 3, 2 and 3 so that equatton (1) yields equations 

(4), (5) and (6) respectively per mole of trmuclear complex: 

Ns*B* e-5JlkT+~~e-2JIkT+~~e-2JcucuIkT+3~e3J/kT 

x = 4kT * ,-5JlkT+2e-2JlkT+2,-2Jc,c,,lkT+3e3JjkT +Na (4) 

2Ng2fi2 e-6J’kT-j-5e -2JlkT_t5,-2Jc,culkT+14e4JlkT 

x =Fx 

kT 3e- 6J/kT+se-- 2J~kT+Se-2JcuculkT)7e4J/kT +Nx (5) 

Ns28* ~~e-7JlkT+35e-2JlkT+35e-*Jc~c~lkT+~~e5JlkT 

X=TT- * ~e-7JlkTf3e-2JlkT_t3,-2Je~~,lkT+~eSJlkT +Na (6) 

Fig. 4 compares the experimental magnettc results for a typical member of each 
of the groupings CuCoCu, CuFeCu and CulMnCu with the theoretical values 
calculated from equations (9, (5) and (6) respectively, using the hsted values of 
J and g when Jti, = 0. 

The effect upon the theoretical magnetic suscepttbihties and moments, of 
variations in the relatrve values of J and JCuCu has been investigated5’. This can 
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Rg 3 Temperature dependence of the magnetic susceptlbdlty per mole of tnnuclear complex 
;CH, and the magnetic moment pcsrr per trmuclear molecule, for a compound of type [xur] con- 
tammg the system CuNlCu The curves Bve the value calculated from the theory using JcUcU = 
0.3 = -64 cm-’ and g = 2 30 in equation (3) 

be seen schematically in Frg. 5 and Frg. 6 which show the energy levels available 
to the systems CuCuCu (d9--d9 - d9) and CuNiCu (dg - d* - d9) respectrvely, 
under three different cucumstances: J,--,-” = J, JcucU = 0 and the general case 
0 -K Jcucu c J. Frg 7 shows the calculated p=,, US. T curves for the CuMCu 
systems for varrous values of J,--,-” for a constant J. The influence of the value of 
J cucu on the magnettc properties becomes less as S, becomes larger. Thus in the 
systems CuCu’Cu and CuNrCu, the shapes of the theoretical x or ,u,, LX Tcurves 
are significantly different for different values of Jcuc,/J, and accurate expenmental 
results can gave a reasonable measure of this ratro. On the other hand, when 

SN = fi as in the grouping CuMnCu (dg -d5-d’), the relative values of J and 
J CUCU are less important m determuung the shapes of the theoretical x or peff us T 
curves than the experimental errors are in shaping the observed curves. 

An important property of J,,,/Jls that its effect on x and p,, is not hnear; 
its mhuence decreases as Jcucu decreases. Thus, when Jcucu - OAJ, the x and 
p,rr 11s T curves are not very different in shape to the curves obtained when 
J cucu - - 0. This is important in two ways: firstly the observation, in groupings 
CuM’Cu where M’ is diamagnetrc, that there IS httle interaction between the 
terminal metalszB4*’ (Sectton C) is confirmed; secondly, any interactions that do 
occur between the terminal metals may be ignored55*56. Jcuh may now be 
equated to zero, and the mathematical treatment constrained to the two para- 
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Fig 4 Temperature dependence of the mverse magnetic susceptibdities xhi- 1 and of the magnetic 
moments JQK <per trinuclear molecule) for complexes of type [xix] contammg the groupings 
CuCoCu, CuFeCu, CuMnCu The curves are calculated from equations (4)-(6) using Jcucu = 0 
and the followmg values of J and g: 

0 CuCoCu, R = -(CH,)-, R’ = -CH3, J = -24 cm-', g = 2 44 
E=192cm-L 

0 CuFeCu, R = l (CH,)-, R’ = -H, J = -15 cm-‘, g = 2 18 
E = 150 cm-’ 

a CuMnCu, R = -(CH&-, R’ = -CHx. J = -30 cm-‘, g = 2 12 
E = 360 cm-’ 

E is the energy difference between the highest and lowest levels avllable to the system. 

meters J and g. The parameter g is already constrained to values of acceptable 
magnitudes for the groupings of metals, as averaged over the three metals, and 
the only free vanable is the strength of the antrferromagnetrc interaction as meas- 
ured by the exchange integral J. Even under these conditions, the experimental 
data can be fitted with a small range of values of J and g. It would be possible to 
obtain unique values for one of the parameters only by constraining the other at 
a fixed value, and EPR measurements are bemg made in order to fix the values 
of g=. 

The EPR spectra indicate completely amsotropic g values, in good agree- 
ment with the low-symmetry structures proposed for these complexeszg4 (Sec- 
tion E). A difficulty with the EPR work is that the metai exchange reactrons, 
discussed in Section C, make impossible the preparation of “doped” samples in 

which the antiferromagnetic trinuclear complex molecules are dispersed in a 
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FIN. 5 Energy levels (schematIc) avaliabk to a~ interactmg system CuCu’Cu where JcUcu~== 
Jctvcu c J. For fevei (I) there is no Interactton The levels (n)--Qv) result from the spin-spzn 
mterachon with (II) JcUcU = J, (III) JcUcU = 0, and (w) 0 < JcUcu < J, and no magnetx field 
Levels (v) represent the case 0 < J cUcU < J when a magnetic fktd H is applied. 

medium of an analogous diamagnetic complex. In the binuclear complexes, the 
same difficulty arises, and no EPR spectra are observed at all. 

As a result of the fan& low symmetry of the enwonment about the three 
metal atoms, the orbital contribution to the magnetrsm should be correspondmgly 
small, a conclusion supported by the fact that the g values estimated from the 

--2J-;JCuCU-2c+H 
%!3=2 

i 
: 

‘! 

Fig. 6. Energy levels (schematic) available to an mteracting system CuNKu, where JcuNi = 
J NKcW = .A The levels (i)--(v) are analogous to those in Frg. 5 
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Fig 7. Reduced magnetic moment Jo’ (== IcJrlQ) plotted as a function of kT/J for the systems 
(a) CuMnCu, (b) CuFeCu. (c) CuCoCu. { ‘) CuNKu and (e) CuCu’Cu, where each of the metals 
are in the oxidation state (II). 

magnetic rest&s do not difTer55 too greatly from 2.0. The assumption that g, as 
used III equations (l)--(6), 1s constant over the temperature range, will therefore not 
lead to any siguificant errors. Thts approximatron would almost certainly be in- 
valid in analogous complexes containing rare earth metals, if these turu out to be 
antiferromagnetic. 

Theoretical treatment of both binuclear and trinuclear complexes has 
been confined to the first-order Zeeman sphtting, as is the common prac- 
~~~1~3~5~6~16~20~22~30-34~49.51-57.67~67~74~76~78~80~85_ Cont&utionoffie second_ 

order Zeeman effect is not highly temperature dependent in these systems (‘Yem- 
perature independent paramagnetism”), especiaily in the absence of appreciable 
orbital contnbution to the magnetism, and it may qtute reasonably be added as a 
constant Na. Opinions vary ” about the magnitude appbcable to metals other 
than octahedral copper(n) (6 x 10W5 c.g.s.u./mole). The susceptibdities for all com- 
bmatlons CuMCu, where M is a metal other than copper, are so large that it 
makes little difference what value of Na is used for M, provided a reasonable value 
is used. The values used in equations Q)-(6) were selected arbitrardy because they 
seemed reasonable from an extensive survey of the literatureT5 : 2 x 10”4c.g.s.u/mole 
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for CUNICU; 5 x 10m4 for CuCoCu; 2 x 10m4 for CuFeCu; and 1.2 x 10s4 for 
CuMnCu. 

Clearly the trinuclear model adopted here adequately explains the magnetic 
properties of the series of complexes. Antiferromagnetic interactions involving bi- 
and poly-nuclear copper compounds are quite common”, but the present series 
of tnnuclears contammg srmrlar and drssirmlar metals is the first of its kmd. Only 
one other observation of exchange coupling between dissimilar transition metals 
has been reporteds6. This arose from an EPR investrgation of a mckel-doped 
monohydrate of complex [ix]. 

E. STRUCTURES 

The binuclear complexes of type ~vm] with tetradentate SchitT bases are 
constrained by their nature to the structure postulated for them, and no reason- 
able altematrves present themselves. The existence of distmct structural isomers 
of the type (CuTSB)NrX, and (NrTSB)CuX, (Section C) rules out a possrble m- 
finite polymeric structure for [xviu] in which the metals M and M’ are in simrlar 
sites. In a crystal lattice, molecules of [xviii] would most likely pack on top of one 
another, with the copper atoms of each molecule as close as sterically possible to 
a halogen or oxygen of an adlacent molecule. 

A metal complex of a tetradentate salicylaldimine [xx], [xxv] may be re- 
garded as a bidentate complex hgand, whose steric requirements, when It is reason- 
ably close to planar, have been hkened3 to those of 2,2’-biquinolyl (biq) [xxvi]. 

wxw (XXVI) 

This steric requirement forces a pseudo-tetrahedral envrronment on the Ihalo- 
and dimtrato-complexes [Cu(brq)X,] and on [Cu(brq)J (C104)287 and leads to 
an unprecedented five-coordmate structure in the gold(III) complex Au(brq)C1388. 
Thus it appears from steric consrderatlons that if the complex ligand [xx], [xxv] 
is planar, then the metal to which it coordinates, in forming complexes of the 
type [xviii], is unlikely to have a planar configuratron Similarly, in the trinuclear 
complexes [xix], two planar complex ligands would not fit around the central metal 
atom in a trans-planar conf&uration. Simrlar sterrc hindrance, though to a lesser 
degree, will tend to oppose the formation of tetranuclear complexes having three 
complex ligands coordinated octahedrally. 

The trinuclear complexes of type [xix] usually form as di- or tri-hydrates. 
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If the central metal M’ in such a trinuclear complex is six-coordinate with two 

molecules of water attached, then the steric effects wdl most hkely require the two 
complex ligands to occupy cis-octahedral positions [xxvii]. This will place the two 

waters in c&coordination sites, and if the structure were a perfect octahedron, the 
three metal atoms would be at the corners of an eqmlateral triangle. Residual 
steric crowding between the two complex ligands will manifest itself in a distor- 
tlon of the c&octahedral structure such that the equilateral tnangle of metal atoms 
is flattened mto an isosceles tnangle, the apex of which IS formed by the “central” 
metal. While simple trans-planar and rrans-octahedral cotiguratlons are ruled out, 
other conceivable tram arrangements are represented by “chair” [xxviti] and 
“boat” [xxix] structures, which correspond to a linear and an isosceles triangular 

H 
0% 

H 

(XXVIII) (XXIX) 

arrangement respectively_ However, devlatlon of the three metal planes from co- 
planarity would need to be considerable in either of the structures [xxviii] and 
[xxix], and it is not certam that such sharp bending could occur at the linking 
three-coordinate oxygen atoms. On the other hand, at least one analogous com- 
plex 8g*go involvmg sulphur bridges is known from a crystal structure determina- 
tiongi to occupy a “chair” configuration: [xxx] jJC(MEA),]Ni++. However, steric 
hmdrance is not nearly so great in [xxx] as it is in the trinuclear Shiff base com- 
pounds. 

Coordin. Cfiem. Rev., 4 (1969) 391422 
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Recently Milbum, Truter and Vrckery g2 have determined the crystal struc- 
ture of (CuES),NaCIO,- C,H, (ES =N,N’-ethylenebis(sahcyladimine) and C,H, = 
p-xylene), an analogue of the compound (CuES)2NaCI04 - CHCls reported pre- 
viously4. The structure was found to correspond to [xxvu] above, which had been 
postulated as the most probable structure for the trinuclear complexes [xix14. 
Although it is best not to regard the sodium ion as coordmated in the normal 
sense, the sodium ion occupies the position M’ of the distorted4955 octahedron 
[xxvii], where M = Cu, surrounded by SIX oxygen atoms, four from the two 
complex ligands CUES (Na.. . 0 = 2.3 A) and two from the perchlorate ion which 
acts as a “bidentate” (Na.. .O = 2.6 A). The neighbouring trinuclear molecules 
are well separated, m agreement with the observation that there are no significant 
magnetic interactions between neighbouring trinuclear molecules m cases where 
M or M’ are paramagnetic4*55. 

It is possible a priori for the binuclear copper(H) complexes with bidentate 
salicylaldmGnes to possess the “tram” structure [v] or a “cis” structure analogous 
to [u]. However, entropy effects would make structure [v] more hkely. Moreover, 
since copper(H) strongly prefers a planar structure to a tetrahedral one, structure 
[v] which minimises steric interference with the R-groups on the nitrogens in a 
planar configuration is favoured over a tram structure which maximises steric 
crowding. This reasonmg is equally applicable to the parent Schiff base complexes 
[iv], whose structure has been shown to be tram m allcases investigated17*g3-gg. 
Tram structures are also preferred by four-coordinate complexes of other metals 
with bidentate sahcylaldimine both when they are planar and when they are 
pseudo-tetrahedral”~g3_ 

The electronic spectra of multinuclear complexes containing CuTSB as com- 
plex ligand neatly support the assignments of the general structures [xvih] and 
[xix] for these compounds4. The spectra of some of these compounds are listed 
in Table 3. An important feature of the spectrum of the pseudo-tetrahedral 
CuCl,‘- ion is theligand field transition at 8,5!lO cm-l, a region free from absorp- 
tions of the complex ligands CuTSB ioos4 (Table 3). It is reasonable to expect that 
a copper atom bonded to two halogens, and placed in an environment roughly 
approximating to the pseudo-tetrahedral one in CUCI,~ - would show a ligand field 
absorption in the neighbourhood of the CUC~,~- band at 8,500 cm-‘. Indeed, the 
complexes (CuTSB)CuCI, and (CuTSB)CuBr, all show a band in the region 
8,000-12,000 cm-l, which is absent in the corresponding CuTSB and its bi- and 
tri-nuclear complexes with non-transition metals which are not expected to have 
any absorptions in the ligand field region. In the trmuclear complex [xix], where 
M = M’ = Cu, R = ---(CH,),--, and R’ = H, there is a band at 11,200 cm-’ 
due to the central copper atom which is compatible with the proposed six-coordin- 
ate arrangement about this atom, two of the water molecules being coordinated. 

In structure [v], the bulkiness of the nitrogen substituents R should have very 
httle effect on the stereochemistries of the copper atoms and hence on properties 
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TABLE 3 

iI) LIGAND FIELD SPECTRA OF (A) COh¶PLEX LIGANDS CuTSB ([WC] WITH M = CU) AND OF THEIR BINUCLEAR 

COMPLEXES (CuTSB)MXz-nH~0, WHERE (B) M’ = Zn AND (a M’ = CU R, R’, X AND n ARE AS LISTED 

R R’ n X spectra - (cm’~ References 

-o-phenylene 

-o-phenylene 
-CH, CH (CH,)- 

_(CH,)r 
-<CH,)r 
2,2’-blphenyl 

-U-W4- 

-H 

-H 

-H 

-II 1 Br 17900 
-H 0 Cl 17800 
-H 0 Cl 16600 

-CH3 -- 16500 
-H -- 15200, 11500 (sh) 
-H 0 Cl 15400, 12000 

iA)Cu 

1 Cl 17700 

0 Cl 17700 

I Cl 17900 

(B) CuZn (Cl cucu 

18800 10800 

19300 18700 10700 

;:85 g;y 18300 (sh) 12ooo 

17500 (sh) 
18400 (sh) 11700 

18800 18200 10900 
17ooo 17100 9800 
- - 
- - 

- 17100. 14500 9300 

4,44, 60. 61. 
105, 106 
4, 44, 60, 61, 
105. 106 
4,44, 106 

4,44,106 

4, 44 
4,44, 60, 61 

4,44 
110 
4,44,60, 61 

(II) LIGAND FIELD SPECTRA OF TRINUCLEAR COMPLEXES [XIX] (CIIES)~M’(CIO~)~-~H~O WHERE 

ES = N,N’-ETHYLENEBIS(SALKYLALDIMINE) (I e R = -(CH2)2- AND R’ = -IT) 

Complex Spectra [cm- ‘) References 

CUES 17700 See above (I) 
(CuES)~Cu(C104)~-3H20 19500 11200 4.61 
(CuES)2Ba(C104)t 18500 4 
(CIIES)~S~(CIO~)~*I 5Hz0 18200 4 
(CuES)ZMg(C104;t-3H20 19400 4,61 
(CuES),AgClO,-2H,O 18400 4 

dependent on stereochemistry. In the corresponding cis structure the great steric 
interference between the two R groups should lead to a dramatic difference in 
properties in going from complexes with R = methyl or n-alkyl to those with 
R = isopropyl. In fact, very little dependence on the nature of the R group is 
observed in either the magnetic or spectroscopic properties of these complexes6-*. 
The values of the exchange integral .J for these complexes fall into a fairly small 
range (Table 2). It seems that for the complexes [v] without ring substituents 
(R’ = II), the J values are a little lower when R = set-alkyl than when R = 
n-alkyl, except in the cases of the methyl and the cycle-hexyl substituents, though 
in the latter case the experimental results and hence the 3 value are somewhat~less 
accurate than those for the other complexes6. The electronic spectra of these com- 
plexes show only a slight dependence on the size of R in the ligand field region. 
These results have been interpreted in terms of a slight distortion from planar 
towards tetrahedral as R becomes more bulky6 (Section F). No such distortion IS 
evident from either the magnetic or spectral data in these binuclear complexes 
with substituents (R’) in the phenyl rings of the sahcylaldimine group. Only the 
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trans structure [v] for the complexes with no rmg substituents (R’ = H), and for 
those with ring substituents (R’) can satisfactorily account for these results. 

The electronic spectra of the binuclear complexes with bidentate sahcyl- 
aldlmines, unlike those of complexes [xvih] and [xix], suggest a single copper 
environment, as would be expected for structure [v]. In structure [v] the copper 
atoms should not be too distorted from a planar environment, and the g values 
(Table 2) are in agreement with thi&‘. 

The synthesis of the complexes [v] from complexes [iv] and a copper(H) 
hahde or nitrate is generally carried out in the presence of solvents, such as 
ethanol or methanol, which can coordinate to copper@) ions and in which the 
CuX, (cupric halide or nitrate) is ionised. When solutions of a complex of type 
[iv] and of CuX2 are mixed, the colour change associated with the formation of 
[v] occurs very rapidly or immediately, wble the formation of a solid complex [v] 
takes from hours to weeks6-gV62, even though the concentration of the solution 
is many times greater than the solubllity of complex [v] would allow. This indicates 
that the rate determining step in the formatlon of sohd complex [v] is the coordina- 
tion of the halide or mtrate group prior to crystallisation. Two possible mechanisms 
suggest themselves for the initial reaction between the two solvated copper@) 
species : 
(a) Preliminary formation of a ci.3 complex. 

+ c”2+(sol”l xii== 

N 

Even though the copper atoms are in a tram arrangement about the copper m 
complexes [iv]17*g2-gg, distortion from planar towards tetrahedral symmetry of 
the copper atom will bring these oxygens closer than they would be in a truly 
planar complex. This ~111 in turn facilitate coordination to both oxygens simul- 
taneously. 
(b) Preliminary coordination to a single oxygen atom. This mechamsm seems the 
more hkely in the presence cf qoordmating solvents. 
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Similarly, in the formation of the complexes (MTSB)M’X2 [xvm] and 
(MTSB),M’(ClO,),, precipitation of the product is usually preceded by a colour 
change, suggesting a mecharusm 

MTSB + M’2 + - 7 (MTSB)M’2 + 2x, (MTSB)2M’X2 
(MTSB)M’2+ + MTSB = (MTSB),M” + ‘%$- (MTSB),M’(ClO,),. 

F. STEREOCHEMISTRY 

The room temperature magnetic moments of the complex ligands CuTSB 
([xx] with M = Cu) show a slight overall trend towards higher values with in- 
crease in the number of carbon atoms in the chain R linking the two cis nitrogen 
atoms in the tetradeniate Schiff base. The moments are 1.82 B.M. for the linkage 
-0 . . N-C-C-N . . O- (averaged over five compounds), 1.90 B.M. for the lmkage 
-0 _ _ . N-CC-C-N.. . O- (averaged over two compounds), and 1.94 B.M. for the 
hnkage -0.. .N-C-C-C-C-N.. .O- (where R = -(CH,),-, R’ = H)4*61. Thus 
trend is compatible with an increasing distortton away from a planar configuration 
with increasmg -N-R-N- chain length, and is to be expected from the steric re- 
quirements of the tetradentate Schiff bases 4p61 Stmrlarly, the higher magnetic . 

moments (1.90-l .92 B M.) for the N-set-alkyl and N-t-butyl substituted copper(I1) 
complexes [IV] (with no rmg substituents, R’ = H) than those (1.85-1.86 B.M.) 
of the n-alkyl analogues have been assoctated”’ with the greater dtstortron from 
planarity of the branched-allcylg8~gg than in the n-alkylg2gg5*g7 substituted com- 
plexes”l. A further example of this correlation of magnetic moments and stereo- 
chemistry is provided by the planar CUCI,~- ion in [Pt(NHJ)4]C~ClQ Or,rr = 
1.77 B.M.) and the flattened tetrahedral CuCl,‘- ion in Cs,CuCl, @,rf = 2.0 
B M.)“‘. Such a trend has also been observed in a series of copper(H) complexes 
with” blq [xxvi]. In a completely undistorted tetrahedron, copper(H) should have 
a room temperature moment of about 2 2 B M. “*l 03. 

The CuTSB complex with R = -(CH,),- and R’ = H is an exception to 
the trend of magnetic moments with increasing -N-R-N- chain length, but :ts 
structure IS probably polymeric4*’ O4 and may be regarded as a derivative of bis- 
(N-n-propylsalicylaldimino)copper(Ii) polymerised by joining the ends of the 
propyl groups. The very low solubrhty, the low magnetic moment, as well as 
the spectrum support this view4. 

The electronic spectra of the CuTSB complexes [xx] have been studied fairly 
extenstvely, especially in the ligand field region44*6L*1 05-108, and are typified farrly 
well by CUES (R = -(CH,),- and R’ = H), which has three very intensecharge 
transfer bands near 41,000, 35,000 and 27,000 cm-‘, and a weaker hgand field 
band at 17,500 cm-‘. A band corresponding to the latter is readily observable in 
most CuTSB complexes cable 3), and is often asymmetric, or has a small shoulder 
m a few cases, suggesting a further lower energy ligand field transition of lower 
mtensrty4*60. However, the position of this band could not be obtained with any 
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accuracy, and the higher energy band is the more important. The latter band 
shrfts to lower energies as the -N-R-N- cham is lengthened, indicating that en- 
vironment about the copper(H) atom is distorted from planar towards tetrahedral 
with increasing length of the -N-R-N- chain4*60*61 (Table 3). This is similar to 
the trend observed by Sacconi and C~ampolini~~~ in the copper(H) complexes 
with the bidentate copper(H) N-alkylsalicylaldrmines ([iv] when R’ = H), whose 
spectra in the ligand field region are given in Table 4. Further proof 1s provided 

TABLE 4 

L-IGAND FIELD SPECTRA OF COMPLEXES [IV] AND THEIR BINUCLEAR DERIVATIVES [V], WHERE R, R 
ANDXARBASLISTED 

R R X Spectra (cm-‘) References 

-CHS 
--CH+-CHJ 

_(CHAzCH3 
-GHz)&HJ 
-GHz)z-CH(CH3)z 
-CH2-CH-(CH3)z 

-CH (CH312 

-cyclohexyl 
-CH-(CHJ)CH5-CH3 

-C(CH& 
-CH3 

_(CH+),C& 
-cyclohexyl 
-CHJ 
-CH2 CHJ 

-CH (CH,), 
-cyclohexyl 
-CH(CHA 
-cyclohexyl 
-CHJ 
-CHs 
-CHB 

-CH3 

-H Cl 16900 15100 
-H CI 16400 15100 
-H Cl 16400 14800 
-H Cl 1640@ 14800 
-H Cl 16500 14800 
-H Cl 16ooO 12600 
-H Cl 14000 9000 
-H Cl 13400 8500 
-H Cl 13300 8600 
-H Cl 13100 8500 
-H Br (a) 
-H Br 16500 - 
-H Br (a) 
-5,6-benzo Cl - 14600 
-5,dbenzo Cl 15800 14100 
-5,6-benzo CI 16000 12700 
-5,dbenzo Cl 15700 13800 
-5-Br Cl 18100 15000 
-5-Br Cl 17500 15300 
-5Cl Br 17200 14600 
-5-Br Br 16200 - 
-H NOa (a) 
-5-CI NO3 (a) 

14800 
16100 
16000 
15900 
15500 
15600 
14200 
14100 
14000 
13100 
13200 
12800 
12800 
- 

14000 
14700 
15000 
16000 
15500 
15300 
14700 
15900 

12200 6, 60 
12600 6 
12500 6, 60 
12300 6, 61 
12200 60 
12300 6, 60 
11300 6 
11000 6, 61 
10900 6, 60 
10700 6 
- 7 

9800 (sh)7 
8500 (sh)7 

11200 8, 62 
8, 62 

11600 8, 62 
10300 8, 62 
12100 8, 62 
12600 8,62 
12600 8, 62 
12300 8, 62 
- 62 
- 62 

(a) See above 

by the spectrum 1 r o of the complex N,N’-2,2’-biphenylbis(salicylaldrmino)copper(II) 
([xx] with M = Cu, R = 2,2’-biphenyl, R’ = H), which fits well into the CuTSB 
series in Table 3 at the pseudo-tetrahedral end of the scale; that this compound 
indeed possesses a pseudo-tetrahedral structure has been established by X-ray 
analysis5g_ The electronic spectrum of the complex [xx] wrth R = -(CH,),-, 
R’ = H, M = Cu, does not fit into the series of CuTSB in Table 3. but resembles 
the spectra of the bis(N-n-alkylsalicylaldimino)copper(II) complexes in Table 
46*60*61*10g; this is further evidence in favour of a polymeric structure for this 
compound. 
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The steric requirements Lo** (Section E) of a planar complex hgand MTSB 
[xx], [xxv] make it unlikely that a metal M’, to which the MTSB coordinates, will 
be planar. These steric requirements must work equahy well from the opposite 
direction: if the metal M’ in such a complex as [xviu] were planar, then the com- 
plex hgand MTSB would probably need to be distorted from planarity. In a 
trinuclear complex, such as [xix], the complex ligands would need to be even more 
distorted if they were forced to be in trans-planar or truqs-octahedral positions 
about the central metal atom M’. Conversely, when the complex ligand is in- 
trinsically non-planar (e.g. when R in [xx] is a long chain, or when the complex 
ligand MTSB is five-coordinate e g. with a molecule of water m the fifth posi- 
tron”‘), the metal M’ need not be very distorted from planarity. Moreover, two 
adjacent metal atoms are unhkely to be bridged together as perfect tetrahedra, 
because of the close approach of the metal atoms that would be required. The 
metal-metal distance MM* in an oxygen-bridged structure MOM*O* [xxxi] is 
sven by equation (7) 

MM* = 2.MO. cos (7) 

If M and M* are planar metal atoms, OMO* = 90”, and MM* = MO ,/2. If M 
and M* are tetrahedral, OMO* = 109”28’ and MM* = 1.155 MO. Thus, assum- 
ing a (large) value of 1.9 A for MO rl*, MM* = 2.7 A for square planar metal 
atoms, and MM* = 2.2 Bi for tetrahedra. 

The geometries that may reasonably be expected from steric considerations 
may be summarised by the generalisation that: if one of the metals in a binuclear 
or trinuclear complex is in a planar environment, the adjacent metal will be 
distorted away from planarity, and if one of them is in a tetrahedral environment, 
the adjacent metal will be distorted away from a tetrahedral stereochemrstry. 
However, in the case of copper(B), although steric effects lead to distortion from 
planar towards tetrahedral stereochemistry about the metal atom, the degree of 
distortron IS generally much less than would be expected purely from steric 
consrderations. Instead, the ligands themselves undergo considerable distor- 
tion59*95*99 

. 

In the bi- and tri-nuclear complexes (CuTSB)M’X* and (CuTSB),M’(ClO,), 
([xvui] and [xix] with M = Cu), the ligand field absorptron peaks (Table 3) are 
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invariably at higher energies than in the parent CuTSB complexes, indicating as 
expected that the complex hgand CuTSB becomes more planar when it coordinates 
to a metal hahde or perchlorate. The spectra of the (CuTSB)MX, compounds also 
indicate the expected trend towards pseudo-tetrahedral structure of the copper, 
but to a lesser degree than m the uncoordinated CuTSB complex hgands. At the 
same time, a very slight shift to lower energies of the band due to CuCl, in the 
complexes (CuTSB)CuCl, is observed, indicating that the halogen-bonded copper 
atom (M’ in [xvrii]) becomes shghtly more tetrahedral as the -N-R-N- cham 
length increases. Hence the two copper atoms are not held too close together, and 
this confirms again that the copper m the CuTSB ligand IS fairly close to planar 

/O\ (the metal-metal distance m a system CU,~, Cu where one of the copper atoms 

is roughly planar and the other roughly tetrahedral, and where Cu-0 = 1.9 A, 
would be about 2.5 A, a reasonable dtstance m a copper-copper binuclear71P72 
derivative). The effect of sterrc interaction upon the configuration of the copper 
atom m the CuTSB ligand is not nearly as great as would be expected if the CuTSB 
molecule were rrgrd. Thus, a large part of the sterrc crowding must be relieved by 
distortron of the orgamc part of the CuTSB hgand. 

The hgand field spectra of the bmuclear copper(H) complexes [v] (Table 4) 
resemble those of the parent complexes [iv]. When there is no substltuent in the 
phenyl ring of the sahcylaldimine group (R’ = H) of complexes [v], there 1s a 
slight shift to lower energies of the main ligand field bands as the nitrogen sub- 
stituent R becomes more bulky. This sluft 1s similar to, but much less pronounced 
than the shift observed in the parent complexes [r~]~“, and IS compatible with a 
slight trend from planar towards tetrahedral stereochemtstry in the copper atoms 
of [v] as the R group becomes more bulky6*60*61. On the other hand, no such 
trend 1s observed when the substrtuents 5-chloro, 5-bromo or 5,6-benzo are in- 
serted m the phenyl rings of the salicylaldrmine groups of the complexes [v] Thus 
complexes [v] are essentmlly planar, and the sterrc crowding IS again largely re- 
heved by chstortions m the organic part of the molecules*. 

A comphcation to be considered IS the posstbdity that a water molecule 
present in some of the bmuclear complexes [xviu] may be coordinated to one of 
the metal atoms. In fact, there is little drfference between the spectra of (CUES)- 
CuCI, and (CuES)CuCI, * HsO. If water were coordinated to the chlorine-bonded 
copper, rt should result in a very crowded five-coordinated structure, and an 
appreciable change in the band near 10,060 cm-‘. However, when tetradentate 
and bidentate SchifY base and other complexes of copper(H) form adducts wrth 
water 113-115 or pyridinell6, the additional Cu-0 or Cu-N bonds are often 
elongated, aud the effect on the spectrum is not very great’ 1 ‘-I1 g_ Hence, if the 

water is coordinated at all, rt is coordinated to the CuTSB part of the binuclear 
molecule4. 

The Mijssbauer spectra of complexes [xix] where the central metal M’ = 
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Fe(H) are compatible with a distorted octahedral configuration about this atom, 
as in structure [xxvii]7g. 

It has been suggested lo5 that the stereochemistry about the oxygen atom 

bndging pairs of paramagnetic metals is important in determinmg whether magnet- 
IC exchange interactions occur between the metal pairs. Thus, appreciable inter- 
actions are observed when pans of metals (M) are joined by a linear oxygen, as 
in the system Ru-O-Ru in K.JRu~OC~,~] - H20iz0 or Fe-O-Fe in (FeTSB),O 
complexes121-1 2 5, whrle m the non-linear system Cu-O-Cu m CuES’ **126 no 
exchange mteractions are observed 3*1o5. However, there IS reason to beheve that 
the bond lengths in M-O-M systems are more important4. 

Most Cu-0-Cu linkages and many other M-O-M lmkages that lead to 
apprecrable magnetic exchange interactions are in fact non-linear (e.g. structures 

El, bl, WI, bl, bl, [=+b~l), and where the crystal structures were deter- 
mined, the M-O-M lmks were always found to correspond to fairly strong 
bonds2~g*20~34~46-56~76~7*~s6. On the other hand, the complex CUES crystalhses 
with pans of monomeric molecules joined by weak (2.4 A) Cu-0 lmks, and such 

weak intermolecular links have never been found to lead to any appreciable anti- 
ferromagnetism. 

G. INFRARED SPECTRA 

The infrared spectra of complexes of types [XVIII] and [xtx] are independent 
of the nature of the metals M and M’ and therefore provide further evidence 
for a similar structure for these complexes for various metals3-g*53*61, even when 
these are non-transition metals. However, the formation of complexes [v], [XVIII] 

or [xrx] from the appropriate parent compounds [iv] or [xx] leads to significant 
and consistent changes in the mfrared spectrum of the parent complex. These 
changes are sufficiently specrfic to be consrdered as diagnostrc of the bi- or trr- 
nuclear complex formation. 

The effects of coordination are expected to be greatest for bands associated 
with the bridging oxygens, and progresstvely less for linkages further from the 

coordination sites. This fact, and the large number of distinct but similar com- 
plexes available, have assisted in the interpretation of the infrared spectra of these 
complexes, and of earlier infrared work on the parent complexes [iv] and [xx] l2 ‘-I 32. 
By far the most dramatic change observed upon coordmation to the complex 
ligand is the shift (15-20 cm- ‘) to higher energies of the band which occurs 
near 1530 cm-’ in the MTSB complexes [xx] and near 1540 cm- 1 m the MSBS 
complexes such as [iv] 4 - g*133. If this band is assigned to the C-O vibratxon, the 

shift to higher energy IS compatible with the increasing constraint, introduced by 
the oxygen bridging. C-O hnks in metal acetylacetonates have vibrational ab- 
sorptions at similar energies’34, and similar shifts are observed upon formation 
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of complexes such as [xri]. Moreover, bis(N-methylsal~cylaldimino)zmc(II), a 
dimer wrth two bridging and two non-bridging molecules per dimerl’, has two 
bands in thrs region 13’ (1534-1553 cm-1)4 of which one may be associated with 
the bridging and one with the non-bridging oxygens. An earlier assignment of 
this band to the C=N vibrationl” is not compatible with the shift associated 
with oxygen bridging, with the occurrence of a band near 1530 cm-’ in metal 
salicylaldehydes4*‘, nor wrth the results of rsN data on some MTSB complexes13 6. 
The asstgnments of bands”’ near 1080 cm-’ and’28D’2g near 1340 cm-’ to the 
phenolic C-O vibration are now in doubt because all bands near these are in- 
sensitive to the change from two-coordmate oxygen in [iv] and [xx] to three- 
coordinate oxygen m bi- and tri-nuclear complexes [v], [xviii] and [xix]. On the 
other hand, the baud near 1340 cm-’ in MTSB complexes [xx] is strongly affected 
when R = -(CH,),- is replaced by R = o-phenylete, and it may therefore be 
due to the -CH, deformation 4_ Although the assignment of the band near 
1530 cm-’ to the phenolic C-O frequency 1s not completely confirmed wtthout 
“0 data, the shift in this frequency is certainly diagnostic of the formation of bi- 
and tri-nuclear complexes, whether it arises from the C-O stretch or not. 

The increasing constraint imposed upon the vrbrations in gomg from parent 
[IV] to the binuclear complexes [v] results in smaller but significant (5-10 cm-‘) 
shafts to higher energies, m bands near 1620,1480,1140 and 760 cm-‘. New bands 
appear near 1275, 1210 and 1150 cm-‘, the bands near 1190 and 970 cm-’ 
vanish and the band near 910 cm-’ is lowered m energy6-9*62*63. Complex forma- 
tton with MTSB complexes results in small shifts to higher energtes (O-5 cm-l) 
in bands near 1630 and 1140 cm-‘, a larger shift (N 10 cm- ‘) in the band near 
1025 cm-‘, whrle new bands appear near 1280, 1150 and 790 cm-‘, and bands 
near 950 and 730 cm- ’ vanish4. Some of the new bands most hkely arrse from 

C 
I 

some kmd of vrbrational modes of the M /O\ ,0/M skeleton, but more specrfic 

assrgnments do not seem profitable at this stage. 

H. OTHER TYPES OF “COMPLEX LIGANDS” 

A consideratton of the various types of stable multmuclear complexes that 
could be formed by the use of varrous metal derivatives of SchifT bases or p-dike- 
tonates indicates that the number of such multinuclear complexes potentially 
obtainable is of the order of lo’-10’. Only a small selection of these compounds 
have so far been prepared and examined, and though some generahsations have 
been drawn here, the possrbility exists of some as yet unsuspected propertres in 
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complexes of this type. The readmess with which some of these polynuclear com- 
plexes form from common inorganic reagents makes it surprising that they have 
not previously been discovered, even by accident. Although this review has deliber- 
ately been restricted to the multinuclear complexes introduced in Section A, the 
definition of “complex ligands” has obvrous extensions in the direction of certain 
other types of multinuclear complexes. Most notably the well-known work of 
Busch and Jrcha, and others, on the complex ~I(MEA),]N~~+ [xxx] and related 
compounds falls in this category *g-g1*137~138. Complex [xxx] contains three planar 
dragmagnetic nickel(H) atoms 8 ‘*‘r linked by three-coordinate sulphur bridges. 
Srmrlar complexes mr(MEA),]M” have been prepared137, where M”+ = cu+, 
Cu2+,Pd2+, Pt2+ and Cd2+; other bi- and tn-nuclear complexes containing similar 
sulphur bridges have been prepared, which, structurally at least, bear some resem- 
blance to certain of the complexes discussed in the previous sections’38-‘41. How- 
ever, no sulphur-brrdged analogizes of [XVIII], and no antiferromagnetically inter- 
acting complexes analogous to the oxygen-bridged polynuclears appear to have 
been reported to date. 

A somewhat different kind of complex hgand is formed by the series 
(X-FeTSB), ( w h ere X = Cl, Br) whrch commonly exists as oxygen-bridged mag- 
netically interacting dimers, but can also be isolated as five coordinated mono- 
mers 142-144. Thus single crystal X-ray studies have shown that (Cl-FeES), can 
have the dimeric structure143 [xxxir], or the analogous monomenc structure144. 
These complexes have two phenolic oxygens, in a cis arrangement about the iron 
atom, and the analogy with complex hgands of type [xx] is obvious. As expected, 
the (X-FeTSB)2 complexes form complexes with a number of metal halides and 

perchloratesg, though none of the polynuclear drssrmrlar metal complexes of this 
type have been reported to date. 
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