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This annual report differs fran that for 1979 [l] in the sense that it has 

been written in the context of that report, which highlighted the importance 

of the J&-Teller effect for copper(I1) chsnistry. Indeed, last year's 

review is frequently referred to in this article. This year's review is 

similar in that the same broad subdivisions have been used, but with one or 

two additional areas highlighted. A significantly shorter and less canprehensive 

review appeared in 1980, [2:, covering the same period. A substantial review 

on biological copper [3] also appeared in 1980 and will be discussed in Section 

7.5. A n&er of reviews have appeared containing a mention of sane aspects 

of copper chemistry, but interestingly in one entitled "Sane Trends in Inorganic 

Chemistry" [4] the only significant mention of copper chemistry was of lithium 

organocuprates, and a passing mention of the absence of any direct metal-metal 

bonding in dimeric copper(I1) ethanoate type structures: it is hoped that this 

rather unbalanced view will be, in part, rectified by this current article. 

It is perhaps apposite, at this point, to briefly consider the treatment of 
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copper chemistry inundergraduatetextbooks. 1980 was highlighted by the 

appearance of the 4th Edition of "Advanced Inorganic Ckmistry" by F.A. Cotton 

and G. Wilkinson 151. It includes an increase in coverage on copper fran the 

3rd edition (19 to 23 pages, plus 4 pages on biological copper), but the 

section suffers not only fran a shift in mphasis to cluster chemistry, but 

also from an akmst canplete remval of any reference to the relationship 

between the electronic properties and the stereochemistry of the copper(I1) 

ion. In this respect the 3rd Edition was mre balanced. The 3rd Edition of 

?&xkay and Mackay [6a] was due to appear as this article was written, as was 

a new text by Sharpe [6b], and these books will be discussed next year. 

However, in view of the tendency away fran basic structural chemistry, it wxld 

seem appropriate to include in these Annual Reviews a section that involves an 

update of one or n-ore areas of copper chemistry, in order to b&g current 

text-books up-to-date for the reader. In the present review, the question of 

Copper Stereochemistry has been selected. 

7.1 THE -asTRY OF CGPPEZR(I1) CGMPLEXES 

The stereochemistry of the copper(I1) ion was reasonably described in 1970 

[71, as in Fig. 1, with suitable examples to illustrate the structures. Alter- 
native exzu@es could readily be chosen, as in the various editions of Cotton 

and Wilkinson [5] at the start of the section on copper chemistry. But, with 

the possible exception of K2Pb[Cu(N02)6] (which, incidentally, is incorrectly 

discussed on p. 912 of the 3rd edition of 153 - the application of the dynamic 

Jahh-Teller effect to cubic K2Pb[Cu(N02)6] mspartiallyunderstoodeven in 

1966 181, no doubt was ever expressed about considering these as static non- 

tanperature variable structures, all established by roan temperature X-ray 

crystallography. As a consequence of the application of the J&n-Teller 

effect [9], particularly in the tirree potential well form which was discussed 

in sane detail last year 11; p_ 215-228; Fig. I], the six-coordinate stereo- 

chemistries of the copPer(I1) ion are very susceptible to the effect of 

variable temperature, as are their EPR spectra [lo]. Thus, the structures 

detailed in Fig. 1 my be listed in Table 1, according to their temperature 

variable and non-temperature variable types. Eight out of these fifteen 

structures are potentially temperature variable, and five of these I(i), (ii), 

(v), (vi) and (vii)) only arise [l,lO] as artifacts of the fluxional model and 

are best described as pseudo-stereochenistries of the copper ion (see 

Table 1). The elohgatedtetragonal and rha&icoctahedral andccmpressed 

tetrahedral stereochemistries are genuine structures, which can occur with a 

static structure, but can also be edified by fluxional effects (e.g. Tutton 

salts [lO,ll]). Cmsequently, Fig. 1 in ref. [7] should now be redrawn and, 
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TABLE 1 

Breakdown of copper(I1) Stereochemistries into their tampmature variable (A) 
and non-temperature variable (B) types. 

(A) Temperature Variable: 

(i) pseudo-octahedral 
(ii) pseudo-trigonal octahedral 

(iii) Elongated tetragonal octahedral 
(iv) Elongated rhanbic octahedral 
(v) pseudo canpressedtetragonal octahedral 

(vi) pseuciocanpressedrhakicoctahedral 
(vii) pseudo-cis-distorted octahedral 

(viii) pseudo-elongated tetrahedral 

Kd’b[Ou(NOn 16 1 
ICuCen>3llSO~l 
~‘WH&)~l[~zlz 
Ba2lIcu(HC02)61.4H20 
RbzPbkuWOz)61 
[Cu(dien)~lbQl~ 
~CUbipy)~(CNO)l [NOa 1 
[EtsNlz [O-CL 1 

(B) Non-Temperature Variable: 

(ix) Linear cuclzk3=J~) 
(x) Trigonal bipyramidal kw~3)2AgG=)31 

(xi) ~uare pyramidal [~~l[W~~)sl~pF.sl~ 
(xii) Square coplanar CaCuSikOl0 

(xiii) Rhanbic coplanar [Cu(3-b%-+acac)2] 
(xiv) Eight coordinate CaCCu(CHGO~)~l.GH~O 
(xv) Canpressed tetrahedral cs*~(=ucl~l 

if up-datedintennsof cunplexeswhoselcwtemperaturecrysta.llographyorEPR 

properties [lOI have been recently established, give an entirely different 

mumary of the stereochemistry of the copper(I1) ion. Only five structures 

involve genuine static stereochemistries, three can be static or fluxional, and 

six arise through fluxional effects and have no inherent existence as static 

structures (see Fig. 1). 

Probably, the best illustration of fluxional behaviour now involves 

CszPb[Cu(N02)61 <I), whose structure has been determined at roan temperature 

a/d b/A c/A T 

420 K 2.17 2.17 2.17 1.000 

293 K 2.070 2.227 2.227 1.076 

160 K 2.073 2.115 2.300 0.910 
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(293 K) [12], at 420 K 1131, and at 160 K 1141. At 420 K, the structure is 

cubic 1131 with a regular octahedral {CM,) chrarrophore; at 293 K, it is 

compressed tetragonal octahedral; at 160 K, it is elongated rhanbic octahedral 

with a tetragonalityt of 0.91 171, indicative of sane residudl fluxiondl 

hehaviour [lo]. 4ually significant [lo], the direction of the long axial Cu-N 

distance at 160 K corresponds with the equatorial Cu-N direction of the pseudo 

canpressed octahedral structure at 293 K, a change in direction that is 

consistent with the three types of behaviour, (a), (b) and (c), of the fluxional 

node1 described in last year's review [l; Fig. I]. 

This static/non-static sterochemical relationship is further complicated by 

the plasticity effect [l; (pp. 226226), 11,151 which, due to the non-spherical 

synrnetry of the copper ion, enables it (for a given set of ligands) to give 

rise to distortion isaners 1153, and to ranges of cation or anion distortion 

isaners, such as [Cu(dien)(bipyam)]X [16], [Cu(bipy)Sl]X 1171 or MfPb[Cu(NOz)c] 

[s]. This means that not only does the precise structure of a copper cation 

or anion vary depending upon the counter ion present for a series of static 

ccpper(I1) distortion isomers but, in fluxional systars (such as the Tutton 

salts 1111) the basic static structure involved in the three potential Well 

systems is not necessarily the same fran one complex to another. Consequently, 

the small differences in the EJT and Ez energies' of the bl~MI"[Cu(NOz)~] series 

of anion distortion iscmers [l; (Table 2), 181 are due to inherent differences 

in the underlying static {Cu?J,l chmn>phore stereochemistry, which are measured 

by the electronic spectra due to their short lifetime (ca. lo-l5 s) relative 

to that of the X-ray structural measuranents (cu. 1.0 s). It is then an 

intriguing possibility that the use of EXAIS spectroscopy [19] in these 

fluxional copper systarrs, due to the short time scale involved (cu. lo-l6 s) 

may yield bond length data which relate to the basic static structure of the 

ECuA',} mphcre, and not to the time-averaged structure of the 90° misaligned 

cbrcoophores, as'revealed by X-ray crystallography due to its significantly 

longe.rtimescaIe. 

If the pseudo-structures illustrated in Fig. 1 are now excluded from the 

discussion, the genuine stereochemistries of copper(I1) are reduced to the 

following five, if the uncamr, n linear (-coordinate) and eight-coordinate 

-tries are neglected: 

I Elongated tetragcnal (or rhanbic) octahedral 

II Square (or rhanbic) coplanar 

t 
Tetragonnlity <T) = 

mean equatorial Cu-L distance 
mean axial Cu-L distance 

and E2 are derived from optical spectroscopy. and discussed in [I]. 
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III Cunpressed tetrahedral 

IV Squarepyramidal 

V Trigonal bipyramidal 

Of these, the occurrence of stereochemistries II to V are no different from any 

ocher first row transition metal ion and only a regular octahedral stereo- 

chemistry is absent. However, as the copper ion in this structure is Jahn- 

Teller unstable [ZO], this static structure is replaced by the elongated 

tetragonal octahedral stereochemistry. Thus, although the consequences of the 

Jahn-Teller effect on the stereochemistry of the copper(I1) ion is parmunt 

in respect to the fluxional pseudo-structures, it only accouhts for one new 

stereochemistry in the static structures, namely, elongated tetragonal octa- 

hedral. The absence of a regular tetrahedral structure with a ‘I', degenerate 

ground state [20] has been accounted for by the Jahn-Teller effect, but spin- 

orbit coupling is usually considered [21] to remove the degeneracy of the 

electronic ground state of the copper(I1) ion in this stereochemistry, and the 

observed compressed tetrahedral structures of the copper ion are considered 

to arise due to the non-spherical symmetry of the copper(I1) ion [7] (see 

also Section 7.3.2). 

If the static stereochemistries, I to V above, are drawn out as in Fig. 2, 

they can be arranged horizontally in term of their basic coordination nmber, 

and vertically depending on whether the basic Cu-L, chramphore is subject to 

a trigonal bipyramidal [17] or tetrahedral 1221 sense of distortion. 'Ibis 

generates four additional types of distorted stereochtistries namely, trigonal 

or tetrahedrally distorted elongated tetragonal octahedral or square pyramidal. 

It is then these four types of distorted structures that predaninate in copper(I1) 

canplexes involving chelate ligands (especially macrocyclic ligands), where 

significant bond length and bond angle distortions occur, but for which the 

trigonal type distortions clearly outweigh the tetrahedral [l; Tables 4 and 51. 

It is unfortunate that the origin of these distorted structures (that are 

clearly intermediate between the regular structures of Fig. 2, especially when 

a22 copper stereochemistries are considered) are usually attributed to the 

constraints imposed by the chelate ligands in these canplexes. The question 

has already been asked 1151 "how far do the arrows of 115; Fig. I] and Fig. 2 

(above), represent continuous transitions fran one type of coordination to 

another?", i.e. square coplanar to tetrahedral, with structura2 pathways 1231 

not only between the regular static stereochenistries of Fig. 2, but also 

between the intermediate distorted structures. Each structural pathway is 

then det ermined by a "daninant" normal mode of vibration [24] of the skeletal 

structure (Fig. 3), or by a linear canbination of these to yield a sequence 

of crystallographically established structures, which represent individual points 
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SQUARE CmLANAR wm 

>c x 
b2u e 

TFUQZNAJLBSPYRAMIDm SQUAFtEPYFtAblIDAL 

l-4- * 

b 
2u 

e e al bl 

F'ig. 3: Selected Noxmal kuies cf Vibration of Regular Stereochemistries. 

in the structural pathway [23]. The cation distortion isuners of 

[Cu(dien)(bipym)]X2.nH~0 [16] and of the [Cu(bipy)nC1]X.ti.sO series, (1; 

(Table 4). 171 then represent indiviW structures along the structural 

pathway of regular trigonal bipyramidal to regular square pyramidal. As the 

constraints imposed by these c&elate ligands are so different (canpare Fig. 4 

and Fig. 5), it is difficult to imagine that these ccnstraints determined the 
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trigonal bipyramidal square pyramidal 

Fig. 4: The Structural Pathmy for the (CuNs) Chrumphore of the 

[Cu(dien)(bipyam)]Xp.nHzO Complexes fran trigonal bipyramidal to square 

pylY3Dlidal. 

same individual skeletal {CUV,) or (CufJ4C1) structures alone; rather it seens 

that these structures are determined by the e' modes of vibration, or a linear 

canbination of these 1171. Where non-equivalent ligancis are involved as in 

the [Cu(bipy)2Cl]X_nHzO series, then the alternative route A or route B (or C) 

type distortions (see Fig. 5) [17] will be determined by the appropriate linear 

combination of mdes of vibration (see Fig. 6 [25]): u3 + u,, fcr route A and 

v, + v8 for route B or C. Finally, the individual structures which map out a 

structural pathway nust involve slightly different energies and my be used to 

draw a structural profile 12.~1, connecting the total energy E, and some 

StNCturdL parameter, such as the N+%-N,, angle, c3, in the [Cu(bipy)2C1]X.nH20 

series. Extended Hiickel calculations wre used to estimate the relative total 

energies E (Fig. 7) for a [Cu(NH3),,C1]+ cation, using the mlecular geanetry of 

the individual [Cu(bipy)&l]+ and [Cu(bipy)2(OH2)]2' cations. 

In this way the seemingly wide range of stereochemistries of the copper(I1) 

ion may be understood if they are first separated in tern of fluxional 

behaviour and basic static stereochemistries, and then the static structures 

linked by the nomel nodes of vibration to yield structural pathways connecting 

the regular structures via the alternative tetrahedral and trigonal distorted 

StNCtUITS. Consequentially, by using this approach, the full potential and 

consequence of the Jahn-Teller effect is realised in the fluxional properties 

[lo] and plasticity effect (151 in copper(I1) sterexhanistry. 

7.2 -(III) C.33I%Im 

The ChenistrY of cOpper(III) canplwes continues to be relatively sparse. 
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ROUTE (A) 

VI. <al) v3 (al) 

ROUTE (B) 

Fig. 6: Sam of the non-ml o&es of vibration of {CWf2N;CZ} which enable 

distortions via routes A or B (see Fig. 5). 

SQUARE 
PYBAMID 
(ROUTE B) 

TRIGONAL 
BIPYBAMID 

SQUARE 
PYBAblID 
(ROUTE A) 

t 
E 

I 

9.0" loo0 llo" 120° 130° 140° 

a3 - 

Fig- 7: Structural profile of the rcu(bipy)zcl]+ (+) and [Cu(bipy)2(0H2)]2+ (0) 

cations. 
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The preparations of eune iodate and persulphate salts of copper(III) have been 

reported using oxidising conditions and strongly alkaline solutions 1261. 

Copper(II1) carrplexes of the tetra-aza+nacrocyclic ligand, 1.4,8,11-tetra- 

azacyclotetradecane-5,7-dionate(2-) (which contains two deprotonated amid0 

groups) have been generated in aqueous solution by chemical or anodic oxidation, 

and the copper(II1) cmrplex was characterized by its electrochemical properties 

[!B]. Copper(II1) cmplexes of dipeptide and tripeptide Schiff bases have been 

characterised by their electrode potentials [28], and copPer(II1) tetraglycine 

was studied by pulsed radiolytic techniques after reaction of the corresponding 

copper cuaplex with a variety of free radicals [29]. The entropy differences 

%-%, for several copper(III/II) peptide couples have been detemined fmn 

cyclic voltamnetric mxsuranents as a function of temperature in a non-isothexuxal 

electrochemical cell. The data suggest that there is a change Fn the &al 

coordination of water on oxidation of copPer to copper(II1) to give a square 

coplanar copper(II1) canplex, which in turn suggests that the copper(II1) state 

might well be stabilised in a hydrophobic protein environment [30]. 3ane redox 

reaction of copper(II1) tetraglycine 1311 and oligopeptides 1321 have also been 

reported. 

7.3 axPER(I1) czIEm3rRY 

7.3.1 Jab-TelLer Effect 

Problm associated with the key ccsrpounds in the saga of the application of- 

the Jabn-Teller effect to copper(I1) stereochemistry [l] still occupy the 

literature. A redetemaination 1331 of the crystal structure of K2CuF4 (probably 

the first canpouad with a ~ocmpressed tetragonal octahedral structure to be 

detenained by X-ray crystallography) has identified a mittidanain structure 

associated with the alternative orientations of the elongation direction in the 

anti-ferrodistortive ord&ing present. Using a single damin crystal the space 

group has been redetexmined as DZh'a-b~m(DZd*0-~~2). The effect of uniaxial 

stress [34] on the EPR spectra of Rb,Pb[Cu(NO,) 61 and K2Pb[Cu(N02)61 has been 
shown to change the direction of the g,, -factor, umsistent with the change 

fromaccolpressedto an elongatedtetragonal octahedral (cuN61 chramphore. 

This change is consistent with the predicted bebaviour of the three potential 

Well systars [l; Fig. l], and consistent with a change in crystal phase as 

predicted by the Cooperative J&n-Teller effect 1353. Probably the most 

interesting crystal structure to be detemined in the current year (on a Jabn- 

Teller system) is that of Cs,Pb[Cu(NOz)6] ~1) at 160 K 1141. Using neutron 

diffraction data, this y-phase was dmxmstrated to have a monocliaic space 

group and involve an elongated rhanbic octahedral (MS) chrampbore with a 
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tetragonality of 0.91 (indicating sane residual fluxional behaviour). This 

structure canpletes the crystallographic evidence for the three types of 

behaviour, (a)-(c), predicted by the potential Well system [l; Fig. 11, in one 

and the same canplex, namely CszPb[Cu(N02)6]. This now becanes a classic example 

of the Cooperative Jahn-Teller effect 1351, with an octahedral (CuH~} structure 

in the cubic a-phase at 460 K, a canpressed {CuN,) structure in the orthorhanbic 

B-phase at 293 K, and the elongated rhanbic octahedral (CW,) structure in the 

mncclinic phase at 160 K. Of equal interest is that the structure of the 

ammclinicphasemsdet exmined [14] by profile analysis of powder data, which 

nicely avoids many of the problems associated with single-crystal techniques 

(where a phase transition occurs at the low temperature it can generate a danain 

structure; see [lOI>. For fluxional cmrplexes involving a relatively small 

rmlecular weight, this technique has a great deal to offer. This is particularly 

true where there is no phase transition, but only a change in the {CuL,} 

g-try to increasing elongated rha&ic octahedral (as in the Tutton Salts [ll]), 

~XI approach that has been demonstrated in the neutron profile refinement of 

Rb2[C201,].Dz0~ at 5 K [36]. Such an approach has also been used in the neutron 

wofile refinement of a-Cu(OzM)z at 4.2, 80 and 296 K 1371, and these results 

a.resurrmarisedinTable 2. Not only do the ram temperature data cunpare very 

TABLE 2 

Neutron profile Refinement of the {CuCJ6) Chrmophore of a-Cu(OzCH)z at 4.2, 80 
and 296 K (371. 

4.2 K 80 K 296 K Single crystal 

rICu-O(l)l/ll l-947(5) l-949(5) 1.950(5) l-945(9) 

rICu-O(2)l/A 1.968(5) l-968(5) l-987(6) l-942(9) 

rfCu-O(3)l/fl l-987(5) l-985(5) l-993(5) 1.986(S) 

rtCu-O(4)l/A 1.944(5) l-941(5) l-938(5) l-928(10) 

r(Cu-O(3')17A 2.371(5) 2.389(5) 2.410(5) 2.397(8) 

r{Cu-O(1')1/II 2.781(5) 2.786(5) 2.797(5) 2.790 

Tetragonality 0.762 0.758 0.756 0.752 

favourably with the low temperature data, but the tetragonality of 0.76 indicates 

a virtual absence of any fluxional behavim in the (Cu06} chramphore, which 

has an essentially static structure at all three temperatures. Nevertheless, 

this paper demonstrates the potential of this technique to fluxional copper 

systars of low mlecular wight. 

An attempt to determine the low tanperature crystal structure of [Cu(dien)2][N0,]2 
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293 K 150 K 

N 

N\=yN I 

a/b 2.024 2.025 

b/i 

Yrn-Y c/ft d/A 

2.222 2.228 2.219 2.221 

N I N 
2.175 2.140 

f e/i 2.201 2.199 

N f/i 2.030 2.020 

T 1.098 1.085 

(2; [Cu(dien)z][Ncx]z) 

(2) 1381, \%hich has a pseudo cunpressed octahedral f&U,} chramphore at rccxn 
temperature, failed to show the predicted change to elongated tetragonal 

octahedral, and indicates that a temperature below 150 K will be required to 

produce this change. This result nicely illustrates the operation of the 

Cooperative Jahn-Teller effect 1351, as the EPR spectra of the copper(doped 

[Zn(dien)z][N03]2 (which is isamrphous and isostrucbral with the ccpper(I1) 

complex). does demnstrate a change of spectra (see Fig. 8) consistent with 

200 
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100 

Fig. 8: Temperature Variation of g-factors for [(Cu/ih)(dien)2l~NO~l2. 
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the change predicted [lo] for a flwional system. Despite the increasing under- 

standing of the Cooperative Jahn-Teller effect 1351, caution has been expressed 

concerning its operation in a range of molecular coordination canplexes, where 

the electronic and EPR spectra are shown not to vary significantly with copper(1 

concentration when doped (O-l-10%) in the isamrphous zinc(I1) omplex as a 

host lattice 1391. In smh systems, the doped Cub= chrumphore structure should 

be equated with the kncmn structure of the CuLz chramphore of the concentrated 

(lOS%) copper CcmpIeq and not with the structure of the Z"LJc chramphore 

of the pure zinc(I1) canple~~. The texm Non-Cooperative Jahn-Teller effect has 

been introduced to describe this type of behaviour. 

1) 

7.3.2 EPR Spectroscopy 

EPR spectroscopy continues to attract a great deal of interest with single- 

crystal studies making the mst impact. A beautiful paper [40] on the 

ku(PyNO)61& (X = IBF41, [ClO‘l or [NOa]) systm confim the preliminary note 

on this system as a dynamic Jahn-Teller system, with the cooperative effects 

being ferrodistortive for the [BF,]- salt, and with tvm different types of 

antiferrodistortive ordering for the [ClO,]- and [NO,]- salts. Estimates are 

made of the Jahn-Teller energy and radius of 2350 cm-' and 0.28 I(, respectively, 

and Extended Rkkel calculations predict the stability of the elongated 

distortion to be marginally higher than the canpressed type distortion, and 

give a reasonable prediction of the g- and A-factors. The EPR spectra of 

fluxional systems have been used to establish that the copper(doped 

[Zn(dien),]Xz systems 1411 are fluxional, and by extrapolation suggest that the 

{CW,} chrumphores of the pure copper(I1) canplexes have a fluxional elongated. 

rhanbic octahedral stereochemistry. The single crystal EPR spectra of copper(II)- 

doped [Zn(py-3-S03)~].4.H~0 were amongst the first EPR spectra of copper(II)- 

doped systems to be reported which were taken to indicate a compressed rhmbic 

octahedral fC~V,o,l chramphore. A determination of the crystal structure of 

[Cu(py-3-sO~)z].2R20 and [Zn(py-3-S09)2].4&0 has shown these to be isunorphous, 

but not isostructural, and the tanperature variation of the EPR spectra of the 

copper(doped bWw-3-SO~)~~.~20. has now shown that this is a flmional 

copper(I1) system with an elongated rhanbic octahedral (CLIHZO,} structure 1421. 

The rotational single-crystal EPR spectrwn of copper(doped 

[Zn(dien)(bipyam)][NOa]2 [43] is shown to be consistent with the mnoclinic 

space group P21/c, and equates with the static distorted {QINs) chramphore 

structure of the [Cu(dien)(bipyam)][NOx]z ccmplex. A detailed examination of 

the variation of the EPR and electronic reflectance spectra with copper(I1) 

concentration in the doped system shms no variation and justifies considering 

this system as a Non-Cooperative Jahn-Teller system [39]. A systematic analysis 



438 

of the g and A factors of a series of substituted bis(R-N-salicylaldiminato)- 

copper complexes [44] doped into the co rresponding pn.lladium(II) cunplexes 

(planar) and zinc(I1) complexes (tetrahedral) suggest a systematic decrease in 

the g,, and A,, values, which is justified by Angular Overlap calculations upon 

a rhanbic coplanar to tetrahedral model systen. This represents a very useful 

correlation, which lould have been enhanced if the variation of the corresponding 

electronic energies had also been included, especially as the change in 

structures involved, lie along one of the structural pathways illustrated in 

Fig. 2. In the past year, one of the -t interesting papers on tetrahedral 

ccpper(I1) has been prcduceci [45], involving the variable temperature single 

crystal RPR spectra of [(C2Hs)sR]2[CuClr] (see Fig. 9). At 4.2 K, the g values 

are axial with g,, >g1>2.0, and are typical of values for the conqxessed 

[CIXX+]~- anion. Atrcantemperature, isotropic signals are obtained (rvhich 

are very broad) at 2.29 and 2.16, but at intermediate temperatures (130-205 K) 

zuo magnetic sites are observed, both of which have g,_>g,, >2.0 and correspond 

to an "elongated" type [CIXL,]~- geanetry {Fig. 10(a)]. That the latter then 

changes to a normal type of EPR spectrum at 4.2 K (g,, >g1>2.0) suggests that, 

at the intermediate temperature, atx+d.imensional fluxional behaviouroccurs, 

involving txo carpressed tetrahedral [CuC1,]2- structures (Fig. 10(b)} (see 

[l; Fig_ I]), which has all the features of a pseudo dynamic Jabn-Teller effect. 

Thus, for the first time the tetrehedral copper(I1) stereochemistry can be 

considered to have either a static or fluxional stereochemistry (see Fig. l), 

and implies that the regular tetrahedral copper(I1) stereochemistry is Jahn- 

Teller unstable (a possibility that had been previously ruled out by the 

assumption that spin-orbit coupling removed the triple degeneracy of the T, 

ground state [21]). For this reason, a pseudo dynamic Jabn-Teller description 

seems to be the nore appropriate, but presumably can only apply to the elongated 

tetrahedral copper(I1) canple..es with equivalent ligands (i.e. [CuCl,12- or 

bmJ2->, and not to the tetrahedral structures involving chelate ligands 

(i.e. [Cu(bipyam)z][C1O,,]z or the [Cu(R-N-salicyladimi.nato)2] canplexes 1441). 

In this respect, it is of sane interest that large thexmal a&ion or disorder 

in the tetrahedral {CuS,] chrarophores of Cu$Zu11(2,kYdithiohexane)6[C10,,]2 

1461 has been interpreted as due to a dynamic disorder, rather than the nxn-e 

usual static disorder. 

The EPR spectra of [C'u(CPPh,)&12]. and of this canplex doped in the 

isanxphoue izinc complex. have been recorded at 4.2 K with normal g vnlues 

(2.46, 2.09 and 2.08), but with relatively low A values (40, 25 and 20 x 10m4 

cn-') which are associated with the covalency of the C&Cl bonds [47]. Single 

crystdlEPRspectrahavebeen reportedofcopperdopedinanhydrous sodium 

oxalate. and the principal axes of the hyperfine and g-tensors shm to be 

coincident [48]. The RPR spectra of canplexes of the type K[Cu(en)P][Fe(CN)6] 
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are of interest in that the solution spectra disappear with increasing concen- 

tration of the [Fe(Cnr)6]3- anion, due to increasing magnetic interaction between 

the copper cation and iron(IK1) anion f49]. The solution ERR spectrum of 

[at(py>+]fClO+]~ [50] stiws evidence for nitrogen hyperfine on g1 and gt suggest- 

ing that only one species is present in solution. (N-acetyl-D~valinate>copperopper(II) 

ccmplexes with a range of nitrogen bases have EPR spectra that indicate [51] the 

structure is of the dimeric copper ethanoate type, wWle the EZPR spectrum 

with cyclohexylamine as a ligand suggests a means for distinguishing between 

muatorial and axial nitrogen cuordination [52], Attempts to use the measured 

911 values for a series of square coplanar copper cxxnplexes with various 

macrocyclic ligands to estimate oovalency in the {CuU,} chrawophore have 

demxwxated that the approach is not very reliable 1533. A number of ERR 

spectra of other copper(I1) amplexes in solution have been repofted [ES--561, 

and the EPR spectrum of a seven-coordinate copper cunplex [C~(dapa)(H~O)~] 

1573 idapa = 2,~~a~tylp~i~nebis(s~~b~ne)~ has also been measured, 

but without any evidence that the ERR spectrum may be used to characterise the 

seven-coordinate geunetry. 

The first direct evidence for exchange in copper(11) tetraphenyl~~h~~n, 

with a Cu-0.1 separation of 8.8 I, has been reported in the observation of a low 

field, AM = 2 transition EPR signal at 77 K [58]. Beautifully resolved EPR 

spectra [&,SO} of the Mn2'-Cu2+ couple (obtained by doping the dineric 

[Cu(pyNO)Clz].HzO cunplex with manganese(I1)) have been interpreted in terms 

of antif- etic coupling of the ti2* spin (-$I with the Cu2+ spin (4). Eiy 

doping tetrakis(sl-benzoato,~*)b~(quinoline)dicopperO [61] with low 

concentrations of nickel(II), E@R spectra of the Ni"-Cur" pairs were obtained 

and interpreted with an effective spin Hamiltonian of S = 5, yielding g1 = 4.51; 

g2 = 3.44 and g3 = 2.24 (with th e g3 factor making an angle of 114' with the 

Ni-0.r direction). The coupling is ferranagnetic, consistent with the predaninance 

of a J x2-y ,2 2 2 uxlpling term. 

The EPR spectrum of the copper(X) ion involvfxi in a dimsric distorted 

trigonal bipyramidal/square pyramidal copper chrxmophore, bis(N,N-bisf2- 

(diethylamino)ethyl~-~hy&xxyethylamino-O)dicopper(II) diperchlorate, has been 

rewrded, by doping the concentrated copper cunplex (\&iich is diamagnetic) 

with a snail amount of zinc(U) to break open the Cu-Cu couples (3.044 A) [62]. 

The %u NQR spectra of CLU.72, KCu.F3 and RbCWs have been recorded (631, along 

with the pulsed EPR spectra of sane pseudo fiv~coordinate copper cxanplexes 

[64]. kWticentre contributions to the anisotropic hyperfine interactions have 

been recorded for Cu(dithioearbamate)2, including proton hyperfine couplings 

f653. bigand ENDOR spectra have been obtained for wppar rxanplexes doped in 

an appropriate diaamgnetic host lattice, but their increasing ccmplexity probably 

take them outside the field of interest of nest coordination chenists [66-691. 
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7.3.3 Mugnetism 

A most interesting review of magnetism appeared in 1980 [70], which should be 

canpulsory reading for all mgnetochemists, and indeed coordination chemists. 

It emphasises the importance of single crystal magnetic anisotropy memts, 

and the approximate nature and limitation of k-values, and puts into some 

perspective all the difficulties of calculating exchange interactions in 

magnetochemistry. Anumberof examplesincopperchemistryarequotedahdthe 

difficulties of calculating the exchange interactions in the classical 

rCu,(CHJ02),,(H20)2] dimer is emphasised. Although this review 1701 was 

described as a local view of magnetism, there is a place for these personal 

views of various aspects of coordination chemistry in the literature and this 

review clearly fills this requiranent. The second review on Field-ilependent- 

Magnetic Phenanena [71] was mch mre specialised, andatmsttimely survey of 

this developing area of basic physics. Magnetic susceptibility measurements 

dowu to liquid helium temperature are now routine, andtheemphasishasmved 

towards the canparison of series of cunplexes containing near equivalent 

bridging groups such as chloride ions 172731, the oxalate anion [74], the 

carbonate anion [75], the [SezOs]2- anion [76], and neutral bridging ligands 

such as the pyrazine molecule (771. In general the interaction may be anti- 

ferramgnetic or ferramguetic, with a predaninance of the former, but more 

than on&directionaI and one-type of exchange interaction may be present [72- 

771. In particular, in the seemingly simple complex [Cu(NH,)2(COs>] [75], a 

novel cluster approach to analysing the tm types of exchange interaction has 

been suggested. Clusters of six copper atoms give the best account, which 

yield intrachain coupling of -5.2 cm-', -1 
and interchain coupling of -2.6 an . 

In the bridging pyrazine UX@WC [77] of {Cu(p~)(NO3)3)~ (31, the susceptibility 

a = 1.98 A 

b = 2.01 A 

c = 2.49 H 

(3; ~cu<pm)<No3)& 
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data was fitted to the linear chain Heisenberg expression, using the experimentally 

detemined single-crystal g-factors; this use of physical data determined by one 

technique in another is to be encouraged. The magnetic susceptibility of a 

series of bis(5-X-uracil)copper(II) cuvplexes 1781, unsaturated carboxylate 

ccIIIpl==s 1721, and basic copper(I1) methanoates [80] have also been reported. 

The magnetic properties of sulphur containing ligands continues to be of 

interest; those for 5,5'-thiodisalicyclic acid [Sl], dimethylthiocarbamate [82] 

and diethylthiocarbamate [83] conplexes have ken reported. 

Magnetic susceptibility measurgoents on conper oxydiethanoate henihydrate, 

[Cu(O((NzC02)*)2].0.5H20. show a transition to a fe rrumgnetic system at 3.3 K, 

J = +4.66 cm-', in this &+dinrznsional layer structure (using a two dimensional 

Heisenberg relationship) [84]. 

The magnetic properties of dinrzric copper(I1) systems continue to attract 

attention but the canplete diamagnetism of u-carbonat~bis(2,4,4,%tetramethyl- 

1,5,!3-triazacyclododec-1-ene)dicopper(II) perchlorate (4) mt stand out as 

~-AXIS 
. 

N3 

I 

N3 

I 
1 N T,y 

\ 

i-‘,y”1 

I 2 

'\o/c\o'l 

exceptional [85]. The two copper centres are approximately square pyramidal, 

with an aluost linear Cu-&Cu angle of 176.6O to provide an effective route 

for exchange coupling that Illllst be antiferraragn etic in nature in view of the 

crystallographic two-fold axis through the bridging carbonate ion. With these 

guidelines, the orbitals of (5) are then suggested as suitable, with overlap, 

to provide an effective route for a strong exchange interaction. 

Less canplete antiferrar?agn etic exchange apling (J = -56 cm-i) occurs in 

the ~aminoethanol copper(I1) complex <6),.whicb involves O...H...O bonded 

planar {CuN20,1 monaners [86]. In the corresponding 2-amino-Zmethylpropanol 

cu@exes, (7), the additional water molecules increase the ICuNzOzl monauer 

units to square pyramidal ~CuiV,O,~. with O...H.. .O bridging links in the dimers 

to praluce J = -70 al-l, but there is no obvious relationship between the 

0 H . . . . ..O distances and the exchange coupling, J. In the centrosymnetric 

phenolEy-bridged dimer, [~*(~h)z(en)z(u-Bh)z].2PM3H (81, the Cu...Cu distance 

is 3.215 d and the magnetic properties are non&l, with no evidence of exchange 



444 

(5; Magnetic Interaction in (4)) 
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(8; [Cu2(0Ph)2(en)2(~-OPh)z1.2PhOH) 

1871. This paper also contains a useful list of references of the Cu(u-C)$Zu 

oxygen-bridged structures with the coordination numbers of the copper, their 

idealised gecmxry, the Cu-&Cu angles, the copper-copper separation, and ueff 

1871. 
A model for exchange coupling in the roof-shaped hydroxy bridged dinuclear 

cunplexes, ~cu,(m2),(ll-oH)212+, has been suggested 1881, and the exchange 

coupling in copper dimers involving purine type ligands has been reported 

1891. Super exchange coupling in di-u-brcnrz+ bis~bram(dimethylglyoxime)ropper(II)~ 

has been suggested [90] _ The tv,u crysta_llographically independent dimzrs of 

cater~-~-iod~bis(u-~2-{(~aminopropyl)amino}ethanolat~~V,N'-u-O})dicopper(II) 

iodide dihydrate (9) show an intraxmlecular antife rramgnetic coupling frun 

93.2303.2 K, with J = -65 a~-' 1911. 

(9; [Cuz(C$i13 NdO~IlI-2H~0) 

Increasing magnetic susceptibility data is being obtained on clusters 

containing four axygen-bridged copper atons with a Cuban-type structure (IO), 

as for [CCUX(CCHSH~NR~)I~I (R = hle, E?r or Bu; X = KO or NCS) [92] and 

rCcmrmTwli2NEt*)~~l.4CC1b c931 and also for the tetrameric (CukOX6Lc) (11) 

(X = E+r or Cl; L = Cl, Eir, pyN0, &so or ((CH~)ZN~&O) cunplexes (941. The 

cubane-type structures 1951 have been analysed on the basis of the isotropic 

Heisenberg-Dirac-van Vleck model, and a linear relationship between the 

exchange interactions of four non-interacting intracluster "dimeric" pairs with 

antiferxmagghetic interaction and the CL&&& bridge angle established. The 

interaction betwxm the W.imerid' pairs is, then, weak and ferrcmagnetic. 
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The use of tetradentate Schiff bases as ligauds to form biuuclear cuuplexes 

to study the relationship between structure and magnetic exchange continues in 

the ca@exes bis(1,1,1,5,5,~hexafluoropentane-2,4-dionato){N,N'-ethylenebis[2 

hydroxypmpiophenoneiminato-~,0(2)]copper(II))M~(II) @'(II) = Cu, Ni or Co) (12). 

The magnetic interactions are antiferrcrnagn etic and relatively weak, wed 

with halide-bridged canplexes [96]. The synthesis and exchange interaction Of 

the ;M"(Cul'L)~] type of tetranuclear complexes, (13; Lb 
II 

= co or Ni). with 

N,N'-bis(aminoalkyloxamidatccopper(I1) have been reported [z], and involve 

strong antiferranagn etic interactions. 

A series of triuuclear copper(I1) ccmplexes, with a suggested tetrahedral 
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{Cu,O1 chramphore, of the type [C~J(CSI)LS][C~OI,]Z [%I CL = X(=NOH)C(=NAr)R'} 

have been synthesised. and their mgnetic properties interpreted in terms of 

antiferrunagnetic interaction. 

In elastic neutron scattering has been used to detemine the spin wave of 

KCuFl [99], and the crystallcgraphic and mgnetic structures of materials with 

three-fold orbital degeneracy such as CaCupTi 0 4 ,z have been reported [loo]. 

7.3.4 EZectronic Properties 

A reasonable activity has occurred in the area of mpper(I1) calculations, 

and the INDO klecular Orbital method. as applied to all transition metal 

chlorides, has been revimed [loi], and includes a treatment of the [~u~l,]~- 

anion. A umre ca@ete IM30 calculation for the [M<NOz),]4- anion has been 

carried out and although broadly in agreement with the experimental results, 

the quantitative agreaoent is only approximate [102]. The electronic 

structures of the copper halides CuFz(linear), CuClz(linear), [cuc~,,]~-(T~,D~~ 

or D&) ku%]2-(Dqh) and [cuc1~]~-(9~h or Oh) have been studied by INEC, hS-Ka 

and ab initio-SCF (RHF and UHF) methods [103]. Noticeable differences are 

observed between the different calculations and the final ccmment isthatsuch 

calculations are "particularly difficult" for copper canpounds and that 

correlation effects will have to be included in a systematic way. Xa calculations 

have also been carried out on the (X(&H,,) species which have been isolated by 

matrix isolation techniques [104]. More success has been observed in 

calculating the a-electron energy levels of the tetrakis(perfluorophenyl)porphyrin- 

copper cuuplexes 11051, and of the charge-transfer spectra of copper 

imidazolate chranophores [lOS]. M&ecular orbital levels of the difluom3,3'- 

(trimethylenedinitrilo)bis(2-butanone oximato)boratecopper(II), (14) have been 

determined and the results are consistent with the slight tetrahedral distortion 

of the (CW,) chramphore [XV]. Consistent use of the angular overlap approach 

in reproducing the electronic energies, g-factors and Netic properties of 



448 

various copper(I1) canplexes [44,45,47] is noteworthy. 

7.3.5 Spectroscopic Techniques 

An extensive review of the vibrational fine structure of the electronic 

spectra of transition metal cmpounds has appeared, but the only copper data 

is that on [fGmethylphenethylanium]~[CuC1~] [1081. No polarised single- 
crystal electronic spectra of a pure copper(I1) canplex Wre reported in 1980, 

but the polarised single-crystal electronic spectrum of the copper(doped 

[Zn(dien)(bipyam)][N03]2 was reported 1431. but (due to the misalignment in 

the monoclinic unit cell) only a tentative one-electron orbital sequence was 

prepared, namely, dX2_y2>dyZ>dZ2>dxy. The infrared spectra [log] of the 

Baz2n, * c",uDG system has been used to show splitting of the Cu-C vibration as 

evide& for the J&n-Teller effect in the high synmetry system. Raman scatter- 

ing from layer type mighetic materials Cl101 of foxmmla [FWH~]2[CuCl~] have been 

measured around the magnetic ordering taqperature, andresonanceenhancedpeaks 

have been observed at 180, 250 and 280 m-l. X-ray photoelectron spectmecopy 

has been applied to copper cmplexes, and the spectrum of the bis(biureto)copper(III) 

anion has been reported and canpared with the analogous copper(I1) cauplex [ill]. 

The photoelectron spectra of a series of copper(I), (II) and (III) cunplexes with 

macrocyclic ligands has been used to suggest that there is about a 2 eV 

difference between the Cu 2p bonding energies of these three oxidation states, and 

that this can be used to identify their oxidation states in canplexes where the 

oxidation state my be mknown [112]. An APES study of [Cu(acac)z] in the gaseous 

state has been reported [113]: the satellite structure in the copper 3s level 

spectra VPere considered to.ari.se frcm a shake-up mxhanisn rather than fran 

mltiplet splitting. A WPFS study of gaseous copper(I1) nitrate has been 

reported and assigned with the help of ab initio molecular orbital calculations; 

the ionisation energies of the nitrate groups are consistent with those of 

Ti(NO,),, but with a higher negative charge [114] _ The X-ray photoelectron 

spectra of copper canplexes as models for mtallopmteins have also been reported 

11153. 

7.3.6 EXAFS studies 

TW reviews have now appeared on the.- spectroscopic technique (both 

written by physicists) which illustrate the application of this technique to the 

determination of the enviromnt of transition metal ions in biological systems 

[116,117]. While recognising the ~rtance of the FWSS technique in the 

detemination of the enviroment of transition metal ions in biological systema 

(where other means of obtaining this information are not available), it is also 
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important fmo a coordination chanist's point of view that the distances obtained 

are confirmed by recording the EXAK3 spectra of rmdel canpounds of known crystal 

structure. It is for this reason that it is rather disconcerting to find that, 

although the EXAES spectrum of CuSOk.5HH20 yields a mean Cu-0 distance of 1.95 A 

for the four inplane Cu-0 distance (compared with a distance of 1.97 A from the 

X-ray crystal structure), the EXAFS spectra failed to yield any evidence for the 

second nearest neighbour's oxygen ligands at 2.4 A [118]. The suggestion that 

these mre distant oxygen atars are involved in higher thermal motion than those 

at 1.95 d suggests that the EXAES spectra may be more fruitful if run at the 

temperature of liquid nitrogen. Whatever the reason, it is clearly desirable 

that the use of EXA.EZ spectra in biological systems be backed up by an appropriate 

choice of mdel compounds that reflect, as near as Ixassible, the types of ligands 

thought to be present and the gecn-etry about the copper(I1) atan. A nice 

application of the EXAFS spectra has been to the structure of copperchloroanilato 

and brumanilato complexes [119]. The branick ccmplex is particularly 

appropriate, as the EXAES spectra at both the copper and brcmine K absorption 

edgecanbeused. The spectra strongly support the planar ribbon structure 

(rather than the tw-dimensional layer structure) for these cmplexes. The best 

reported use of EXAES spectra in a copper biological system is in a study of the 

copper sites in native, cyanid+ and aside- bound bovine superoxide dimutase, 

and a canparison of these spectra with those of [Cu(im.idH).(NOd)z] as a t-r&e1 

ca?ipound [1201. The data fm each form of the enzymes wzre different, and 

although containing tw short Cu-N distances of ca. 2.00 8, also contained Cu-N 

distances of cu. 2.2 A, a distance that is unusual in ordinary copper 

cunplexes (but see Section 7.5). In the model ccmpound, the four Cu-N distances 

and one Cc-0 distance wre reproduced to 0.01 I(, but the second Cu-0 distance 

was not reproduced at all. EXAMS spectra have been recorded [121] for Cu/ZnO/A1203 

CO shift catalysts, prior to reduction; CuO is present, and after reduction Cu 

metal is detected with no evidence for C&O being formed. The EXAF'S spectra of 

iodine on clean copper metal surfaces have been reported [122]: on the (111) face 

the three-fold site (1%) is occupied, while on the (100) face the four-fold 

(ISa) (15b) 

(15; Iodine on <a) the (111) face and (b) the (100) face of copper) 

site (Mb) is occupied. The EZIAFS spectra of ruthenium and copper metals on 

silica supported catalysts have been determined, and show that FWZu clusters 

are present with the copper on the surface of the clusters 11231. A study has 



450 

been made of the chemical shifts of the K-absorption discontinuity of copper 

caqlexes in different oxidation states fran 0 to III, and offers the possibility 

of distinguishing these different oxidation states [124]. 

7.3.7 CrystaZtogmphy 

Thepredictedincrease in emphasis oncrystalkgraphyhascontinued. Using 

the breakdown of Figure 2, the five-coordinate geanetry is nest in evidence, 

with the square pyramidal geunetry clearly out-ueighing the trigonal pyramidal 

geanetry. Rather surprisingly, the regular square pyramidal geanatry yielded 

nine structures (see Table 3) characterised by near equal basal angles (L,& or 

TABLE 3 

ReguZar 6quarePyramidal.Copper(II)Structuresa 

Ophore p r(Cu-LS)/i 6 + F&f. 

IN&][WNG)SI[PFS]S ME. 0.27 2.193 164.OO 165.3O Cl251 

[Ecu(dien)),iFe(crr)~}].~~O CM5 0.28 2.21 163.8O 164.7O 11271 

[Cu(acac)(hfacac)(phen)l.MzO cuN2020 0.17 2.341 166.6O 168.9O Cl281 

[Cu(bipy)(02NClgX)2)(H20)1 m2020 0.18 2.227 167.4O 168.3O [1291 

[N(2amet)pipzH~][CuC15].2H20 CUCZ5 0.20 2.570 164.9o 165.1° 11261 

cCu(N.N’-Me*enN-O)(C20~)l.ZH20 cllN2020 0.06 2.495 170.4O -173.0° 11301 

b(bpb)(&O>lb WSO 0.19 2.286 161.1° 163.3O [ 1313 

C~(hfacac)a(ted)l CuOa,N 0.25 2.262 163.2O 1666.9O 11321 

Icu(caap)z(imicwl MS 0.35 2.141 158.2O 159.9° Cl331 

a Atom labelling and angles are defined in Fig. 11. b bpb = N,N'-bis<B- 
pyridinecarboxamide)-1,2-benzene. 

L2hr; Table 3), which in the different structures vary fran 158O to 173O, with 

the 1-r angles correlating with the shortest Cu-LS distance [125-1331. The 

crystal structure of [NK~][~u(NHI~)~~CPF~]~ (16) [125], represents the LoDst regular 

N 

a = 2.193 d 

b = 2.048 t 

c = 2.010 A 

N N 

(16; hLl[Cui~o) 51 bFs1 a) 



451 

square pyramidal structure, with five c-bonding ligands, and answers the twenty- 

year-old question of what structure the copper pentamnines have, and also 

identifies the origin of the pentamnine effect as amnxnia is added to an aqueous 

solution of copper( Likewise, the structure of [N-(2+mnoniumethyl)piper- 

aziniuMa][CuC15] (17) contains the regular square pyramidal pentachlorocopper(I1) 

a = 2.570 A 

b=2.2891( 

c = 2.323 A 

d = 2.297 t 

e = 2.340 A 

(17; [ni<2amet)pipzH~l[CuC151) 

anion 11261, with basal angles that are not significantly different, and are 

alnkxt identical to those of the pentamnLnecopper(I1) ion. An apparently 

regular square pyramidal structure also occurs in (thiamine-pyrophosphate)(l,lO- 

phenanthroline)aquacopper(II)dinitrate monohydrate [134] and in the copper 

canplex of the Schiff base of [Cu(CuH1SNnOsP)(H20)].H20 11351. By ccntrast, 

thenearregular trigonalbipyramida.lstereochendstryismost infrequent. The 

most regular is in [Cu(tren)(NH~)][C10k]2 (181, which again involves the 

a = 2.041 A 

b=2.81 A 

c = 2.023 I! 

(18; [cu<tren)<NB~)][ClO,]2) 

u-bonding {Curvs) chrarPphore 11251. (16) and (18) then represent the two 

extreme geunetries of the five coordinate (Cunr,} chranophore, and offer an 

interesting opportunity to cunpare the electronic properties of these two 

SrtraaeS. 

In view of the structural pathways of the Fig. 2, it is of interest that only 

one crystal structure which involves a tetrahedral distortion of the square 

pyramidal stereochenistry (see Pig. ll), namely a violet glutathione copper 
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trigonal distorted regular 

square pyramidal square pyramidal 

e = 170~. Q = 140' El = Q = 16~if2~ 

tetrahedral distorted 

square pyramidal 

9 = 170° , Q = 140° 

Fig. 11: Angular distortions of a square-based pyramidal CuL, chramphore, 

where 6 = L~&_ILI and Q = L&LI,. 

complex [136] with the axial fifth ligand direction mking ah angle of 22O to 

the nonml. to the four equatorial ligands (due to the bridging disulphide unit 

within the anion), has been reported this year. Much nrxe canmn (see Table 4(a) 

TABLE4 

8ams structural data on distorted five-coordinate copper cmplexes. 

(A) Square Pyramidal with Trigonal Distortionsa 

Chranophore P(CJ.I.LS)/& S cp Ref. 

-05 2.164 165.9O 147.6O [137] 

cwf203 2.18 162.2O 152.4O 11381 

ClN4 BP 2.547 164.8O 143.7O [139] 

(9) Trigondl bipyramidal kith square pyramidal distortionb 

Chramphore a2 a3 r(cu-N~)/A Ref. 

[Cu(ntbt) KNOz) 1 [NOS] cuN& 137O 104O 112.2O 2.120 11401 

[Cu(bipy)~I] [ClO,l CuNd 122.9O 122.8O 114.3O 2.100 11421 
[Mbiw)2Brl CBFQ 1 Q1N@- 134.5O 126.2O 99.4O 2.114 Cl421 

a Atom labelling and angles are defined in Fig. 11. 
b 

Atom labelling and angles 

are defined in Fig. 5. 

and [l; Table 51) is a trigoml distortion of the square pyramidal structure 

(Fig. 2). as in [Cu(dpen)pBr]Br (19) [139], which follows the structural pathway 
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a = 2.547 A 
Br 

b = 2.073 i 

c = 2.111 A 

d = 2.078 d 

e = 2.073 A 

(19; [Cu(dpen)zBr]Br) 

of the Berry Twist [l; Fig. 51. In a similar manner, the trigonal bipyramidal 

structure with non-equivalent ligands can be reasonably regular {cf. 

[Cu(bipy)zIr [141,142], Table 4(b)], with the angles al,uz and a3 at ca. 120°, 

but it usually occurs with a structure distorted towards asquarepyramidzit 

structure with the Cu-Nk bond representing the axial fifth ligand direction, as 

in ICu(bipy)&-][I%',] (20) [142]. In this canplex, the Cu-Ns direction is 

a = 1.996 A 

b = 1.995 II 

c = 2.114 A 

d=2.068ii 

(20; [Cu(bipy)nBr][BFt,]) 

significantly longer than the r rzaining Cu-N distances, 01 (see Table 4(b)) is 

significantly greater than 120°, and u, is significantly less than 120°. Even 

when the chelate ligand involved is a tripod type ligand, such as tris(Z- 

benzothiamlylmethyl)mine, this square pyramidal distortion of the basic trigonal 

bipyramidal ECuV&} chramphore occurs. as in [Cu(ntbt)(CN02)][N0,].~Hz0 (21) 

a = 2.059 A 

b = 1.938 w 

c = 2.058 A 

d = 2.120 I( 

e = 2.048 I( 

(21; ~Cu~ntbt~<ONOz~][NOs].~EzO) 
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[140]. As the chelate ligand constraints are so different in the cunplexes of 

Table 4, the directions of the&distortions (Fig. 2) are best considered to 

originate in the nodes of vibration of the nuclei? framework. 

Related to the tetrahedrally distorted five coordinate square pyramidal 

geanetry is the cunpletely novel geanetry of [Cu(edtb)][BFI,12 (22) (edtb = N,N,N’N’- 

tetrakis(2'-benzimidaz.olylmethy1)-1,2-diaminoethane) 11431. It involves a six 

a = 2.5 A 

b = 1.99 a 

c = 2.03 s 

6 = 165.6O 

Q = 142.9O 

(23; [Cu(edtb)lbFslz) 

coordinate {cuN6) chrccophore Mth four equatorial short bonds (ca. 2.00 1) and 

txo long bonds (ca. 2.5 A), b-it with the latter both constrained by the ligand 

to lie above the equatorial plane, to yield a bicapped square pyramidal stereo- 

chenistry which, in (22), involves a crystallographic t-fold axis of symnetry. 

The four equatorial bond distances involve a pronounced tetrahedral distortion, 

withaverymarked asymnetry in the bond angles of 165.6 and 142.9O: as the 

four equatorial bonds involve identical methyleneimidazole chelate links, there 

is no obvious reason why both the sense and magnitude of the equatorial distortion 

should be so different, unless the geanetry is determined by a soft mode of 

vibration of the nuclear fram&rk (Fig. 2). The structure of 

[Cu(bipy)z(CN02)][NOx].Hz0 has been redetermined to a higher accuracy 11441, and 

while the structure (23) has not changed, its description has changed fran 

distorted trigonal bipyramidal to distorted square pyramidal, and discussed in 

terms of the sense of the distortions illustrated in Fig. 11. An interesting 

feature of this structure is that it also has a tetrahedral distortion of the 

four equatorial ligands, which is closely caqarable to that of (22). In 

addition, the presence of a long bonded Cu-On bond of 2.832 f in (23) suggests 

that the nitrate ion should be considered as an asymmetrical bidentate ligand. 

as the difference {r(Cu-O&r(Cu-OI)) of 0.531 L!, is less than that of 0.7 f 

previously set up as a criterion for the bidentate function of the coordinated 

nitrate group [145]. As the structure of (23) is then considered to be six 

coordinate, its stereochemistry should best be described as distorted bicapped 
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a = 2.832 8 

b = 2.301 d 

c=3.0621( 

d = 1.896 d 

e = 2.023 A 

f = 1.973 A 
g = 2.051 d 

Cl = 170.7° 

@ = 140.7- 

=w=-e pyramid ami is clearly related to ~22). Ihe structure of 

~Cu(bQw)~(W0~)1.H20 CM) 1221 can also be describe as distorted bicapped 

a =. 2.367 1 

b = 1.959 ii 
c = 2.032 i 

d = 1.972 i 

e = 2.039 A 

e = 172.6O 

@I = 141.0° 

(24; ~CU<bipy)2<OS20~)].N20) 

square Pyramidal cm. It is then of interest to examine the geawtries of 

the ~CuN&O21 chmmphores in the pair of cation distortion istmers 

[Cu(bipy)~WWO2)~X (25) UC= [Cl%] or BF,I> I1461 and 

C~(bipy)~Cpy-2.~(~~)2)1.~20 (26) 11471. Inallthreestructuresthere 
are five short bonds and a sixth long bonded carboqlate oxygen ligand, but 
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(25) (26) 

1.977 1.965 

1.994 1.985 

2.168 2.115 

2.056 2.062 

2.648 2.866 

2.036 2.029 

111.6O 108.7O 

147.?O 138.9O 

loo.?0 112.4O 

(25; [Cu(bipy)~(O~CMe)][ClO~]) 
(26; [Cu<bipy)z(02C-2-py-6-COz)].4H20) 

the geanetry is best described as cis-distorted octahedral, with asynmetric 

distortion of the bidentate carboxylate group plus elongation towards square 

pyramidal (4+1+1*), with the Cu-Nr bond representing the axial fifth ligand 

direction. The pattern of distortion of the cunplexes (22) to (26) are then 
correlated using the structural pathmxy of Fig. 12 and the nomal modes of 

vibration of the parent tris(chelate)copper(II) cunplex represented in Fig. 13 

[25]. If S,= is the dcminant mode then the regular &s-distorted and bicapped 

square pyramidal stereochemistry are involved, but if a linear canbination of 

the S 
la and '2a 

modes are involved, then the tw distorted structures arise, 

namely, square pyramidal (4+1+1*) [148] or distorted bicapped square pyramidal. 

The square coplanar stereochemistry continues to attract attention, for the 

{CLUV,) chrawphore in bis(5,5_diphenylhydantoio)dianminecopper(II) 11491 

and the tram-{CWzCZz) chrcmophore in [Cu(diazepaxn)&12] (diazepam = 7-chlor- 

1,3-dihy~l-n&hyl-5phenyl-3H-l,4-benzodiazepam-2-one) [E&l, in ltiich atans 

fran the bulky ligands block the axial positions, have been investigated. The 

structures of the {cuN2S2} chrcmophores in {N,IY'-ethylenebis(monothioacetyl- 

acetiminato)~copper(II) [151,152], and the (Cu.5,) ctiphore in bis(fl,N-di- 

isopropyldithiocarbamato)copper(II) [153] have also been reported. The crystal 

structure of the CCuO,) chronophore has been established in Na2[Cu(C201)2].2H20 

11541, and in the fe rranagnetic polymeric structure structure of K2Cu(C03)2 [155]. 

The strictly planar cCu&) chmoophore in [Cci~-(CO)~Re(b&C0)~1~Cu] (27) has 

been maintained, but overall the mlecule involves a "chais+longue chair" 

structure [X56]. A planar trums-{Cu0~lf~) cmphore exists in the pair of 

distortion i saner-s of bis(N-cyclohexylsalicylidenei.minato)copper(II); the 

brown form is monaneric, and the green form dimeric, with a long 014 distance 

of 2.6 i to give a square pyramidal ECW2N20'1 chrazqhore 11571. 

The only nxonaneric copper(X) canplex reported with a tetra.hedral (CuPf,} 
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S 
la S2a 

Fig. 13: Sane noxmal aodes of vibration of [Cu(chelate)9]2+ 

structure, this year, is bis(2-pyridyl-2-pyrimidylamine)copper(II) with a 

dihedral angle of 5.38O, and includes a very mendable attempt to correlate 

the (MI,) structure with the electronic energies measured fran the electronic 

reflectance spectra [158]. 

.\ co F0 

c\ / t- 

*O\ \R(,CO 

CO/\ 

o~cu~o~_< \ 
0 _( \ co 

co 
co 

(27; [Ccis-(CO),Re(MeC0)2]Ku]) 

The 1980 literature contains the crystal structures of eleven copoer(I1) 

canplexes [159-X8] involving an elongated rhanbic octahedron (see Table 5). 

only one of which ([cLI(~~)~(cE'~cQ)~]) involves a tetragonality significantly 

greater than 0.85, suggesting a possible fluxional {CUL,) chrcemphore; in the 

remainder the stereochanistry is assumzd to be static elongated rhombic 

octahedral. An alnxxst tetragonal elongated octahedral (CUB) chran>phore (T = 

0.78) (with a tetrahedral distortion) occurs in bis-u-(benzoato-O,O')-u- 

bis(benzoato)bis-~-(~biltylaminoethanolato)bis(ethonol)tricopper(II) [169], 

and involves lxo further rhombic coplanar (C&U,} chronophores. SsJu formsa 

ccmplex with copper chloride, CuC12S,Ns (28) 11701, involving chains of 

bridging {CuCl1,1 units bridged by the nitrogen atans of the S5NI, units. The 

distorted elongated rhcrobic octahedral (CuiV202U2} chranophore <29) occurs in 

(l,~azacyclooctane)dinitratocopper(II), with bidentate nitrate groups 

involved in off-the-z-axis coordination [171], and with the equatorial {cUnr,O,) 
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TABlB5 

Elongated Bhaubic Octahedral Copper(I1) Cuqlexes. 

Chramphore Tetragonality Ref. 

[Cu(2,2-d~thylp~pane-l,3_diamine)~(C104)~] W2N202 

Bram-(2-hydroxyethyl)ethylenediamine)CuBr cuN2OBrBr2 

Bis(3,3_thiopmpauoatopropanoic acid)Cuu.2H20 (51020202 

Bis(isopmpylthio)ethanoatocopper(II) .ZHZO ~OzS2~2 

Cu(Hpyridaxamine)2(N09)2.H20 cuN20202 ’ 

Cu(pyridoxamine)n .2H20 cuN20202’ 

CUKzH2 UQ-07 12 cuo20202 

Bis(N-acetyl-DLtryptophanato)Cu(py)2.2H20 cuN20202 

CMpyridine)4(CF&02)2 cuNzN,Oz 

Cu(Cimstidine)Z(C1O,)~ cuNzfJ,Sz 

m(-207).m20 oL1020202 

0.778 

0.706 

0.804 

0.716 

0.770 

0.760 

0.864 

0.825 

11591 

b301 
[X311 
[1621 
11631 

11631 

11641 

11651 
11661 

11671 

I1681 

involved in a tetrahfxiral twist (as the mlecule has nearly t-fold symnstry). 

A cunparable geamstry also occurs in (N,N,N'N'-tetraethyl-1,2-diamino- 

ethane)bis(chloroethancate)copper(II) [172] and [Cu(teen)(NOB)2] [173]. Off- 

the-z-axis coordination of carboxylate anions generate a seven-coordinate 

(28; lCUCl2tS4N4) 1,; 
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a=2.50 A 
b = 1.987 A 
c =2.003A 

d = 1.979 ii 

e=1.975& 

(29; [Cu(N0~)2<1.5-diazacyclooctane)]) 

geometry in aquabis(3+nethylpyridine)clibenzoatocopper(II) (30) 11741 and 

bisaquabis(methylamine)ciibenz.oatocopper(II) 11751. TlCu& has been shown to 

have the Cs&& structure 11761. 

OH2 

R 

a = 2,302 A 

b = 1.964 A 

c = 2.023 B 

d = 1.924 d 

e = 1.991 A 

(30; CCu(S-?Jepy)z <OH~)(02cPh)~l) 

Neutron diffraction studies have been used to establish disorder in the [NH,,]+ 

cations of [NHI,]~[C~C~~].~IIZO 11771, and to ciet ermine the hydrogen bonding in 

copper dihydrogen diphthalate dihydrate 11771. 

Crystallographic studies on dimeric copper(I1) species continue actively, 

the structure of [Cu(2,~diacetylpyridinedioxime)],~BFI,]~.W20 (31) 11781 contains 

a bridged dime.r, involving rhanbic coplanar {CW,O) chranophores. The 

asyunxztric bridging [C0,12- anion in [CuzC12(teen)2(asym~~O~)l (32) 11791, 

establishes a dimeric structure involving different distorted five coordinate 

copper chranophores {cf. (4)). Bis(N-isopropyl-Z?-methyl-1,2-diaminopropane)-u- 

oxalato-oxalatodicopper(I1) monohydrate [180] involves an asymmetric bridging 

oxalate between a rhombic coplanar tCW,&} chranophore and a trigonally 
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a = 2.09 d 
3 = 2.40 & 

c = 1.97 A 

d = 1.94 Is 

(32; [Cu2C12(teen)2(asym-~-CO~)]) 

distorted square pyramidal cCuN21'J20) chranophore with a near trigonal angle of 

149.8O (cf. Table 4(a)). [Cu~(1,1,1,7,7,i"-exafluoroheptan~2,4,~trienato)~([3I,OH)~] 

I1811 contains a syrmetrically bridging d_imx with near r6guIa.r square pyramidal 

chmmphores, while [Cu(2.~bis~N-[2-(~~dazolyl)ethyl]iminanethyl~-~thyl- 

phenolate)2(H20)(CXI)][BFI,][SiF6]~.0.5H20 [182] contains tm less symetrical 

square pyramidal EC@,] chxumphores. In bis(N,IY-bis{2-(diethylamine)ethyl)-2- 

hyamxyethylamino-o)dicopper(II) diperchlorate [62], the alkoxide oxygens bridge 

two five ccordinate {CuN&] ch.raIDphores with trigonal distorted square pyramidal 

structure (basal angles of 160.6O and 138.7O). The structure of 

[Cu~(bpim)(NO~),(CIOz)(H~O)].H~O (bpim = 4,5-bi.s[(2-(2-pyridyl)ethylimino1methyl]- 

imidazolate) (33) [XU] is of interest in that a bridging imidazolate ion is 

pc103 

&&=~;YJ 
ON02 ON02 



involved between two square pyramidal ~CW$JO'} chramphores. Bridgingbetween 

two six-coordinate (CuSNOpCtO') chramphores is involved in (34) 11841. 

ci ci 

(34; [Cuz(N-(Z-ethylthloethyl)-3- 
amlnopropanol)~<0E~~C1~]) 

(36; [CuCo{(fea)2en)(OHz)l.gB~O) 

The dimeric [Cu~(FU202)b] unit still attracts attention, as in 

[CL&NH~!HKO~)~][C~~~] 11851, and in the 1,4-dizzabicyclo[2.2.2]octane and 

N,N-dimethylfom 'de adducts of copper(I1) ethanoate 11861, and these have ken 

shown to have Cu-Cu separations of 2.633 and 2.616 A, respectively: these data 

are in conflict with the reported magnetic rmnents of CQ. 1.90 pB at roan 

tmperature. Heteronuclear ccmplexes of copper(I1) also continue to attract 

attention, as in [CuCo((fsa)2en)(HzO)].GH*O (1Hr(fsa)zen1 = N,N'-bis(Zhydmxy- 

3-carboxybenzylidene)-1,2-diamincethane) (35) [US'], which involves a rhanbic 

coplanar {CuN&} chramphore and a square pyramidal (Co0,O) chramphore. 

The cubane type structure (36) of (2-amin*2dlethyl-l-propanolato)chloro- 

copper and bram- copper(I1) tetramers have been reported 11881, and involve 

(36; CCu~XI,<~2CMe2CB20~bl) 

adistortedsquamz pyxxmidalECuO~NX1 chramphores. Thisstructurealsooccurs 

in [(CUC~(CC~H~SC~H~CI~)}~] [189], and in tetrakis(dichloroethanoato-u-(2- 
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-dimethylaminoethanolato)copper(II)~ [190]. The tetrameric structure of 

[Cul(5'-IMp)~(phen)4(H20)sllNo312 (5-IMP = inosine nrmophosphate3-) also involves 

a square pyramidal chranophore [191]. Amixedcopper-n~lybdenumcubane-type 

structure occurs in <37).[192]. and the structure of (~Cu4W2S6}(PPh~)40~] is 

related to two fused cubane-type cages (38) 11931. ThestructureofCu,SnP10 has 

P 

\ 

s<j, ‘\/\ ,,o I W 

I 
S ,dUNP 

IMO,s 

CuNC’- \ I 
s<lp 

P-cu,s 'S 

P' \s/cu-p WA l/ 
OH \ I 

S 
/“\ 

P 

(37; [CCu(PPh~))~(MoS)S3C1]) (38; [~CU<PPh~)}4<W0)2S~J) 

been described as containing 

centre SnCu3 cluster [1943. 

7.3.8 Macrocyctic Chemistry 

adecaphcsphaadaman tane anion [PRO 16- and a four 

Continuing effort has gone into the preparation and characterisation of 

macrocyclic canplexes of the copper(I1) ion, particularly of mxonuclear 

canplexes [195-2021. 9quare coplanar ccmplexeshavebeen structurally 

characterisecl, such as 5,10,l5-triphenyl(22-oxobenzo[2324]cyclohexa[a,b]- 

porphinato(%)}copper(II) [203a] and {7-(2-pyridyl)-dibenzo[b,k][l,5,9,13]- 

tetrazacyclopentadeca[4,9]diene(2-)copper(II)} [203b], with the latter involving 

a tetrahedral twist (29O). The effects of coordinated anionic ligands have been 

examined on the blue-to-red conversion of the copper(I1) canplex of meso- 

5,5,7,12,12,14-hexamethyl-1,4,8,ll-tetrazacyclotetradecane using spectrophotanetric 

techniques [204]. X-ray crystallographyhasbeen usedto establishtheCu-Cu 

distance of 3.8 ifi in the cofacial dicopper hexyldiporphyrin 12051. Cis- and 

tim-isaaers of tetraazamacrocyclic copper(I1) canplw have been prepared 12061. 

where the cis and tram refer to the relative positions of the two double bonds 

in the [18]dienN, macrocyclic ligand (39). In the tuo isaners the differing 

strain of the C~NI, structure results in the cis form having a clear tetrahedral 

distortion (with a dihedral angle of 36_6O), while the angle is only 11.5O in 

the trans canplex. As with m>naneric coordination canplexes, macrocyclic ligands 

canpxoducefive-coo rdinatechxurmPhores,whosestereochemistrycanberegular 
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(39; ciS-[18]dieneNb) 

square pyramidal as in [~u(tbcyclen)Cl][NO~ I, withbasal anglesof148.5 and 

148.3O [ZG']. Equally, trigonally distorted cbramphores can also arise as in 

[cu(cren-N-tntr,)C11[C104] 12081, in which the ECu~V202C7.1 chraaxpimre has basal 

angles of 171.7O and 150.B" characteristic of a trigonal distortion, and in 

~dibenzo[b,o][1,5,9,13,17]pentaazacyclocica-4,13-diene~copper(II) diperchlorate 

[203b] the basal angles of 164.5 and 151.5' with a {CM,} chramphorearealso 

characteristic of a trigonal distortion. EM even with irregular coordination 

by macrocyclic ligands as in dichloro(l,4,7-triazacyclonona.ne)copper(II) (40) 

a = 2.246 I! 

b = 2.266 f 

c = 2.312 f 

d = 2.038 t 

e = 2.063 w 

(40; [Cu([B]aaeN~)Clz]) 

(4i; [CU~CYC~OPS) <CN) I.AMW 
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[Zag], Wt equal basal angles are involved (167.0 and 168.2'), whereas in 

[Cu(spamidine)Br2] [210], a trigoual distortion is present, with basal angles 

of 151.2 and 175.2O. Thecrystal structures of the fourth and fifth cmplexes 

in a series of five regular square pyramidal CCuN,L) chramphores of type (41) 

(see Table 6) [211,212] involving the cyclic quadradentate ligand cyclops have 

TABIS 6 

Structural Data on [Cu(cyclops)L]+ complexes 1211, and references therein]. 

L %u-W/i +X-L)@ P Basal Angles i?/cl? 

Hz0 1.940 2.253 0.32 160.9 ,164.l 19230 

I- 1.956 2.742 0.38 155.4 ,158.4 15748 

PY 1.97 2.170 0.40 156.1 ,156.4 16860 

m- 2.001 2.038 0.58 145.2 ,146.7 13605 

(TJ- 2.042 2.042 0.56 146.1 ,146.3 13698 

Icww51z+ 2.029 2.193 0.27 164.0 ,165.6 15300,11000(sh) 

a 
Bands In electronic spectrum. 

been detemined. The series is characterised by the formation of very regular 

square pyramidal structures (i.e. near equdl basaI angles), but with the 

copper(I1) ion lifted out of the plane of the four nitmgen~ligands by up to 

0.58 b. bkmover, the copper-axial ligand bond lengths are relatively short, 

when the different covalent radii of this fifth ligand are taken into account. 

There is a mxi5na difference of 0.2 A in Cu-LS distance, which correlates 

inversely with the increase in the p-value, andalsocorrespondswith adecrease 

in the man !msal angles fmn 162.5 to 146.2 (see Table 6) and an increase in the 

xtmm equatorial (3-N distances fran 1.94 to 2.042 f (a difference of m. 0.1 1). 

What is equally surprising is that this series of canplexes involves a consider- 

able shift in the baud maximum of the electronic spectra fran 19230 cn-' (in the 

hydrate) to 13698 un-' (in the cyanide complex), a difference of 5532 cm-'. This 

substantial difference enabled the authors to suggest an alternative spectro- 

chemical series for these strong axially interacting ligands, namely, 

H*O>I->py>NCO->CN-, a sequence that is mOre than justified by the structural 

data of Table 6, but which contrasts with the more usual spectrochemical series 

for these ligands of I-<H#m-<pya-: this suggests an almost canplete 

reversal in the tile of the cyanide l&and. Squally, unexpected is the very 

highenergy19Z30rm~1 for the [Cu(cyclops)(H,O)][ClO,] curplex, whose geanetry 

is not too dissimilar to that of the pentaamni ne copper(I1) cation 
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[NH,,][c~(NH,)~][PF~]~ (16) 11251, and yet Hhich has a baud maximum at 15300 an-l, 

with a shoulder at 11000 cm-'. In the copper amnine cunplexes 12123, only the 

square coplanar [cu(NH~)+]~+ structure has a baud roaxirmun.at 19000 cm-', and 

consequently, the value of 19230 cm-' for [Cu(cyclops)(H~O)][ClOlt] is most 

unexpected and appears to reduce to nonsense any possibility of a %pectroscopic 

criterion of stereochemistry", even in this series of closely related structures 

of known stereochemistry [213]. 

Elongated rhanbic octabeiral chrunophores can be observed in the {CuSaN&lr) 

chrmphore involved in the canplex of l,ll-diamino-3,6,9_trithiaundecane with 

CuEWz 12141, whereas a ECuNoU2) chrceopbore exists in [Cu(2,3,2-tet)][C104]2 

12151. Equilibrium and kinetic measurements have been applied to macrccyclic 

copper(I1) cunplexes. Edward's equation has been applied to the formation of 

adducts of copper(I1) macrocyclic tetr aamine ccmplexes with anions [216]. 

Proton transfer and nucleophilic displacenkznt reactions of the triply deprotonated 

tetraglycine cauplex of copper(II1) have been reported 12171, and the stability 

and kinetics 12181 of tetradeprotonated (cycl~(&alanylglycyl-B-alanylglycyl))- 

copper(I1) have been measured. The photoinduced oxidation of axial and macro- 

cyclic ligands in a copper(I1) complex have been reported [219]. The preparation 

of asymmetric imidazole-bridging dicopper macrocyclic canplexes (e.g. (33)) have 

been reported [220] and the enhanced stability of the imidazolate bridged 

dicopper(II) ion described; these ca@exes involve a binucleating macrocyclic 

ligand 12213. The preparation of imidazolate-bridged binuclear copper(I1) 

canplexes with tripodal ligands involving sulphur donor ataas have also been 

reported 12221. In a study of its redox behaviour, a dinuclear copper(I1) 

cryptate is reported to behave as a lz+o electron receptor site [223]. It has 

also been suggested that .in dinuclear copper(I1) cryptates 12241, when there is 

elasticity betwen the two mnonuclear chrunophores, the magnetic exchange may 

vary with the elasticity and may consequently be tanpera turevariable. A 

binuclear coPPer caaple~~ with a macrocyclic ligand has been shwn to undergo 

reduction to a binucle& copper(I) canplex, and that binuclear copper(I) cunplex 

is found to activate the dioxygen nr&ecule [225]. 

7.3.9 Preparative Chemistry 

The 1980 literature contains a significant number of papers on the preparation 

of series of mononuclear copper cunplexes, many straightforward (see Table 

7) [226-2411, but sane involving novel preparative techniques. 1tisunusual 

to see an extensive series of fluoride flexes 12421, as this anion tends to 

be ignored in aseriesof halidecanplexes, and yet this anion has yielded 

evidence for a Postulated dimeric bridged fluoride cunplex (42) [243]. The 

reaction of copper oxalate with 2,2'-bipyridine is very sensitive to the 
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TABIS7 

Preparation and characterisation of sane nmaneric copper CarrpIeXes 

Cmrplexorligand Characterisation Ref. 

isothiocyanato~l,l,l-tris(diphenyl- 

phosphinaaethyl)ethane)copper(II) 

Hydrazine cauplexes 

Hal*xanthate ccmplexes 

R-imino mines-4-amino-4methyl- 

pentane-2-one 

Dibenzyl-aspartate and glutamte 

Imidazole and dipeptides 

Copper(hypophosphites 

Zamino or 2,6-diaminopyridine 

c+hydroxycrotonophenones 

N-&my1 or N-methyl-1,2_di- 

aminopropane 

Squarate canplexes 

Zdimethylaminopyridine N-oxide 

2-hydroxy-3'-bram-4-methoxy-5'- 

methylchalkone ox- 

N-methyl-%picolinamine N-oxide 

N,N'-dimethyl-2-picolinamine N-oxide 

Substituted-aminoguanidine 

N-bonded NCS b261 

Redox reactions 

Oxidation and addition reactions 

Preparative 

Ester exchange reactions 

Spectrophotanetric 

X-ray; IR 

E3?R 

Preparative 

Optical activity 

12nl 
Iz=l 
m9, 
2301 

12311 

b32l 

12331 

b341 

[2351 

t 2361 

hlagnetic susceptibility; and EPR 

IR; EPR; electronic spectra 

Thermalanalysis; spectrophotamztry 

12371 

b381 

C2391 

IR, ERR; electronic spectra 12401 

Preparative 12401 

Magnetic susceptibility C241l 

conditions of preparation, but yields anhydrous and hydrated 1:l complexes, 

which readily undergo polymorphic changes [244]. Three modifications of 

dichloro{~(hyd.ro~thyl)pyridine N-oxide)copper(II) have been prepared and 

characterised by the temperature dependence of their magnetic susceptibility 

12451; the yellow and deep green modifications suggest a dimr-type zmtifeITO- 

magnetisn, while the greenish-yellow modification shows antiferranagnetic 

behaviour. A nunker of highly conducting Cu(chelate)('IUQ)~ canplexes have been 

prepared [246]. The preparation of a copper(I1) cunplex CuL2C12 with the 



photochruaic 2-(2',4'-dinitmbenzyl)pyridine l&and, L, has been reported 12471, 

and its photochemical reaction in dioxan examined. Theimportanceof ligand 

exchange chromatography in the ternary cunplexes copper(N-substituted L- 

proline-D/L-u aminoacids have been examined [248]. 

TABIE 8 

preparation and characterisation of sane dimeric copper(I1) ccnqlexes 

Cuaplexor ligand Characterisation Ref. 

[(Chelate>Cu(ua> Cu(chelate)] Air bubbled into a suspension of 12491 

Cue + chelate (bipy, phen, etc.) 

biphenyltriazine ='R; ueff; electronic spectra c2503 

u-Oxalato, u-Oxamido or u-Oxamato ulefi; electronic spectra 12511 
Amide bridged u eir; EPR 12521 

1'1,N-bis(2_diethylaminoethyl)-2- EPR evidence of a dZZ ground state 12531 

hydroxy ethylamine 

Bis(B_diketonato)Cu-diazole Electronic spectra 12541 

ICu~(CYClOPs) 2Llcc1okl Magnetism; EPR, possibly a 12551 

binuclear cunplex with single atan 

bridge 

Succinate cunplexes CCuz(IW~)4l-type dimem; u,ff 12561 

Table 8 reports the preparation and characterisation of sane dimeric copper 

ccrrrplexes [249-2561. 

7.3.10 .XiineSc and Redo+ Dar;a 

Metal arrmine formation with copper(I1) ions continue to be studied [257,258] 

and the effect of hydroxo cunplwces in the wpper(II) usathylaake system has 

been examined [259]. Complex formation in the copper meso-tartate system 

12601 has been determined in both acid and neutral solution. Stability cOnstaMs 

in non-aqueous solution 12611 have been reported for the CuCl, systw in 

dimethylforwamide, and for the chloride ion with [c~~(cB&c~),,] species in 

anhydrous ethanoic acid 12621. The metal-metal exchange reaction between 

bis(imincxiiethanoato--N,O,O')nickelate(II) and copper(I1) suggest [263] the 

involvement of m3r-e than one dinuclear intermediate. The kinetics of ligand 

substitution have been observed [264] for bis(N-tert-butylsalicylaldiminato)- 

copper in various alcoholic media using stopped-flow spectmphotometry. 

Ligand exchange reactions between copper(I1) and nickel(I1) chelates of different 
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sulphur and selenium containing ligands [265] have been reported. Ligand 

substitution by cyanate, chloride and brunide ions at five-coordinate copper(I1) 

centres have been follomd spectrophotaaetrically in the UV region in aqueous 

12661 and &&so solution 12671. Nucleophilic substitution of bis(%bram+2,4- 

pentanedionato)copper(II) has shown that the branide is replaced by succinimide, 

phthalimide, phenol or benzenethiol 12681. The electron transfer reaction 

bet~~een various copper(I1) cmplexes and tmo electron donors such as ascorbic 

acid and 3,E+di-t-butylcatechol have been examined [269]. blononuclear wpper(II) 

cmplexes with distorted tetrahedral or trigonal bipyramidal chratophores (and 

sane binuclear canplexes) ware readily reduced by the TV electron donors, but 

not mnonuclear planar wpper(I1) canplexes. With one electron donors such as 

IY,p1,!1;N'-tetramethyl-1,4_phenylenediamine or [Cu'(bipy)2]+, no reduction occurs 

with mononuclear planar chnmophores, but reduction does occur with dinuclear 

planar cunplexes [270]. Oxidations by the persulphate anion catalysed by the 

copper ion have been reported [271,272]. The mutual influence of ligands, 

and redox reactions, have been discussed for [Cu(pip)Xa] (X = Cl-, Br-, NOl- or 

CIOb-) in benzene solution [273]. The photooxidation of Zhydroxyacids by 

copper(I1) species in aqueous solution has been described [274], and the flash 

photolysis of copper(I1) ox&late in aqueous solution suggests that a CuCOz 

species is responsible for the transient absorption band at 385 MI 12751. 

Polarographic studies of the oxidised glutathionecopper(I1) system in basic 

solution show that the reaction 2CZZi + 2Cu(II) = GS8G + 2CuI readily occurs 

[276]. A pulsed radiolysis study has shown that there is a very snail kinetic 

salt effect on the reaction of Cu(Hnedta) with the hydrated electron 12771. 

While it has already been shown that the [c~(RH~)~]~+ cation catalyses the 

oxidation of thiosulphate ions by molecular oxygen, it has now been shown that 

the 1:l copper(II):bipy species is ten times faster than the copper(II):PVP 

system CPVP = poly(4-vinylpyridine)} [278]. The unusually slow redox properties 

of Cu" cobalamines questions their use as nodels in biological systems [279]. 

The photoinduced electron transfer between Ce3+ (aq) and Cu'+(ao) in sulphate 

solution has been examined by micro-flash excitation techniques [280]. The 

thermodynamic properties of copper(I1) tertiary ligand systans have been examined 

[281-2831. The kinetics of solvent extraction of copper g_'nyd.roxy-quinoline 

canplexes has heen reported [284]. Standard thermxlynamic data has been reported 

for the copper-sulphur bond [265] and for tm rrracrocyclic canplexes of the 

copper(I1) ion using 1,5,9,13-tetraazacyclohexadecane 12861 and 1,4,8,11- 

tetraazacyclotetradecane 12871. The heat capacity [288] measurements of 

bis(adiponitrile)copperopper(I) nitrate are a timely reminder that not all nitrate 

ions are ordered in the solid state. The use of EPR spectroscopy to establish 

the fonnation of transient [c~(CN>,]~- ions by ancdic oxidation 12891 is of 

interest, while the suggestion that a lipophilic copper canplex [LCu2-S-X-] acts 



as an anion transport carrier [290] emphasises that electrochemistry can play a 

part incoppercoordination chemistry_ Likewise the visible region photochemistry 

of copper c~lexes [291] adsorbed on optically transparent electrodes [292] 

mphasises that electrodes can play a part over and ahove those as the all 

important ion selective electrodes for the determination of copper. 

7.3.11 Ion Er&anged Copper Systems 

Despite all the new physical techniques available over the last ten years 

12931, little improvemnt in our understanding of the coordination chemistry of 

copperspecieson surfaceshasoccurred. The adsorption of the [c~(cxI),]~- 

anion on aluminas has been studied (2941 by ERR spectroscopy, and suggests that 

only a small fraction was chemisorbed on the surface. The electronic properties 

of the [Cu(en)z] 2+ ion on clay surfaces (2951 have been exam.inedandshcwntobe 

a function of the negative charge density of the minerals. The copper(I1) ion 

on silica gel foms yellow surface canpounds after heating at 900 OC in a 

dioxygen atmosphere [296]. On copper(I1) exchanged Y-type Zeolite 12971, a 

programned desorption at 603 K was due to physically adsorbed oxygen, while that 

at 773 K was considered due to the desorption of lattice oxygen, induced by the 

adsorption of gaseous dioxygen. The machanisn of ion exchange in zirconium 

phosphates has been reported to involve the dehydration of the hydrated copper(I1) 

ion [298]. The coordination of copper(I1) ion by chelating cation exchange 

resins, involving S-quinolinol groups in spheron oxim 1000, has been observed 

[2991. In the reduction of a copper(I1) exchanged zeolite. the activity of the 

catalyst is considerably increased if ammnia is used as the reducing agent 

c3001. The structure of C&12 and CuRrz cauplexes solubilised in cationic reversed 

micelles has been examined by the use of electronic and EPR spectroscopy [301]. 

7.4 BIOICGICAL C!CPpRR 

The appearance of a 30 page review 133 on this subject pmduces a very timely 

coverage of this area, but the overall impression gained suggested that there 

was little increase in the available knowledge of the coordination chemistry of 

copper in biological systems. It is to be hoped that the application of the 

EKAES technique, by coordination chemists, to these systms w-ill help to change 

this situation in the not too distant future. Probably the mst publicity that 

copper gained in the current year was due to the suggestion that ascorbic acid 

in cohjunction with copper(I1) ions may be selectively toxic to malignant 

mlanam cells 13021. and it has heen tentatively reported to halt -growth 
inmice. Hopefully, copper may have yet another part to play in chemotherapy in 

the future. A study of the binding site of the thiocyanate anion on copper(I1) 
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in superoxide dismtase 13031 has been reported using a wide range of physical 

techniques_ Four different copper(I1) species have been identified fran the 

interaction of the copper ion with the carnosine cauplex 13041, primarily 

using EPR ixchniques. Chemical and spectroscopic studies have been reported on 

the binuclear copper-active sites of newospora tyrosinase (3051, using EPR and 

electronic spectroscopic techniques and optical dichroisn. The interactions of 

copper(I1) with L-histidine and glycylglycyl-lhistidine have been eSxamined as 

a Mel for albumin [306]. 

7.5 azPER(1) CREblIsrRY 

The use of lithium dialkylcuprates for the regio- and stereo-selective 

y-substitution of allylic sulphoxides, and sulphones has been reported [307]. 

The use of copper(I) cunplexes (e.g. [Cu(bipy)z]Cl) in the catalysed reduction 

of 02 to water and the oxidation of alcohols, has been suggested as a model for 

the copper(I)-containing oxidase 13081. Copper(I) phosphine canplexes 

containing Cu-N bonds are of use in reacting with alkyl halides to foxm N- 

substituted cunpouhds 13091. A series of copper(I) cunplexes of Zamino-5 

methyl-1,3,4thiadiazole and 2.5-dimethyl-1.3.Pthiadiazole have been prepnreci 

[310]. Complexes of copper(I) and (pyrazolyl)borate ligands of formulation 

(CUn tL = W=+r Phz=‘Zp. HB(b&Pz), or Bpz,} have been reported [311]. The 

preparation of a water stable reversible CO1 carrier involving a oopper(I)- 

bicarbonate ccmplex has been reported [312]: 

The crystal structure of bis(6,6'-dimethyl-2,2'-bipyridine)copper(I) tetrafluoro 

borate has been detennined 13131; the {CWI,) chramphore has a tetrahedral 

structure, but with a significant distortion fran a regular structure (the 

dihedral angle is 80.90). A distorted tetrahedral structure also occurs in 

(diethylenetriamine)(hex-1-ene)copper(I) tetraphenylborate (43) [314], in 

N CNR 

\c”’ 

N’ ‘CNR 

(43; [Cu(dien) (44; [Cu<tmen) 

<hex-1-ene)][BPh+]) (45; [Cu(2,9-Me2phen)<B~4) I) 
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(~,~~,~:~'-tetramethyl-l,~di~oethane)bis(cycloh~~ i.sccyanide)comper(~) (441 

13143 and in (2,9-dimethyl-1,l@-phenanthroline)(tetrahydroboratokopper(I) 

tetraphenylborate (45) 13151. The reaction of mercaptohemothiazole in 

chloroform solution with solid [Cdx(H~O)~~[Cl0~~3 yields 

IGu'(C,H5NS2)(CloB8NzSs)]tC1011.~C13 (46>, which i.nVOlV@S can Un- sulphur 

insertion to form an -S-S-SIinkage 13361. A series of 2,4-dithiobiuret (dtbiH) 

cmplsxes. ~Cki(dtbiK)X]dmf (X = Cl, Ek or It, [Cu(dtbiHH)zAl (A = CXOLOC, NO3 or 

Cl) and [~2(R~&bi)~3tso~f have been prepared 13171, and the crystal structure 

of [Cu(dtbiH)Cl]dntf determined; the ECuClS3.S'~ chrcmophore has a triganal 

pyramidal structure. Addition ccxnpounds of Cu(I)/en/CO have been obtained and 

the crystal structure of [~~(en)3(~)~]~~h~~ has been determined (47) 13181. 

It involves a cent rosymxtric bridging dismr with a pseuciotetrabedrax {CuS,C) 

cwphore, v&iLe that of ~~(~)(~)(~~~)I (48) [3181 has a trigonaZ ~Ianar 

{CuBzC3 chramphore, with two additiondl rat&r long Cu-C contacts at 2.919 1. 

The structure of C(phenylau>)acetald~~,~')C(phenylazo)acetaldoxime- 

N,N'kopper(I) (49) contains a hydrogen-bonded O,..H...O (2.325 b) diiszric 

structure involving local tetrahedral fCu#,) chrcrncphores, with a dihedral angle 

of 94.4q [319]. The full structure of [CU~(kistamine),(CO):!I[BPho]z [3201 
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Ph Ph 

(4% 

{cf. [l; <32)]} has been reported. The structure of the tris(thiocyanato)di- 

cuperate(1) anion (50) involves a three-dimensional netuork of Cu(1) ions linked 

by bridging [KS] groups, with pyridinim ions occupying cavities in the netumk 

[321]; each copper(I) ion involves a tetrahedral {CuSJW) chramphore. A novel 

(50: [pyH][Cuz<SCN)3]-partial structure) (51; Cu2Rh6(C0)15 (NCMej2; the carbonyl 

groups have been omitted for clarity) 
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cluster canpound, (51), involving copper(I) bonded to three rhodium atoms and 

an ethanenitrile ligand has been reported [322], while the tetrameric 

~CU,(SC&)G]~- anion (52) involves a distorted trigonal planar (CUSS) chramphore 

(52; b'h~lz[Cu~W'h)sl) 

13231: the Cu(1) atans are arranged in a tetrahedron 

sulphur atans. 

within an octahedron of 

A pulsed radiolysis study has been carried out on the mechanism of the 

redos properties of copper(I) with 5,7,7,12,14,14-hexamthyl-1.4,8,11-tetraaza- 

cyclotetradeca-4,11-diene in aqueous solution; planar and tetrahedral (Cu?1,} 

chramphores are involved 13241. The photoluminescence from bis(2,9-dimethyl- 

l,lO-phenanthroline)copper(I) has been observed at roan temperature in C&Cl2 

[325]. In the themionic emission sources, mass spectrographic evidence for 

[W&)3]+, [CU(NH~)I.]+ and [CWHs)s]+ cations have been obtained, with the 

tetraamine cation predaninant 13261. Infrared evidence has been obtained for 

the formation of copper(I)-ethene cunplexes in Y-type zeolites [327]. 

The equilibrium between Cu'+, C!u" andCu'hasbeenexaminedbypassinga 

solution of Cu2+ through a column of finely divided copper metal [328]. The 

ligand l,6-bis(2'-benzimidazolyl)-2,5-di~hiahexane (53) has been used to prepare 

a number of copper(I) and copper cauplexes 13291. The infrared and 

(54; R = Me, Et, Pr, CRhlez or Chle3) 

electronic spectra of a series of copper(I) and copper cmplexes of 4,6- 

dimethylpyrimidine_2(lH)-one have been reported (3301. The tripod type ligands 

tris(2-a.Lkylthioethyl)amine <54), have been used to prepare a series of potentially 
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trigonal bipyramidal copper(I) and copper(I1) canplexes; the EPR and electronic 

spectra of the latter are consistent with this foxmulation [331]. The high 

temperature reaction of Cu, Kz[CO~] and sulphur yields the mixed-valence KCukSB 

13321, which crystallises with a unique double layered structure in which a22 

the copper atans involve @USA] tetrahecka irrespective of the oxidation state 

of the copper. KCu& shows a Robin and Day Class II behaviour. with an 

electrical conductivity characteristic o f a metal; this is also consistent with 

its magnetic properties and its metallic reflectivity. The structures of 

[Cu1(pna)][Bph4] or [~u~'(plla)(s~~)] @a = 2-pyridylmethylbis-(2_ethylthio)ethyl- 

amine) involve a trigonal pyramidal (CW2Sz) or square pyramidal (Cu?,S20) 

chranophore, respectively [333]. The condensation of 1,3-diaminopropane with 

2-hydroxy-5methylisophthalaldehyde in the presence of [Cu((HI,)6][C10L]2 yields 

a binuclear copper(I1) cuxrplex, !\hich upon electrochemical reduction, yields a 

mixed Cu(I), Cu(I1) cunplex (551, whose structure has been determined [334]. In 

(55; [CUZCXHXNLO~]C~. 3MeOH) 

B-site a = 1.974 I( e = 2.118 A 

b = 1.979 A f = 2.127 1 
c = 1.967 A g = 1.950 A 

d = 1.951 t h = 1.974 A 

0q8$yN 
A-site 

67.2°& 98.5" 
Jya7_sq 

0 N 

i = 2.278 ii 

j = 2.240 A 

k = 2.059 ii 

2 = 1.999 it 
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the mixed oxidation state canplex, the copper ion involves a rhanbic coplanar 

fCuFlz021 chramphore, but the copper(I) site is dis~~ufered. 65% being in the B 

site and 3% in the A site (55). In the B site the Cu is displaced 0.15 1 above 

the {iJ20,) plane tcnmrds an aranatic carbon atom (3.04 I() while the Cu in the A 

site is displaced 0.65 A towards the ame arunatic carbon (2.55 A): this A site 

isbestdescribedas squarepyramidal copper(I). The crystal structure yielded 

no evidence for thermal electron transfer in the solid state, but does not rule 

out photoassisted electron transfer. If so, an interesting .StNCtUrd feature 

of (55) is the significantly different Cu-0 distances, 2.00 A to copper(I1) but 

2.12-2.28 fi to copper(I): such long copper-oxygen distances are canparable to 

the Cu-C distances (2.17 1) fran the EXAMS spectra, of native bovine superoxide 

dismtase, and raises the question of the precise oxidation state of the copper 

involved in the native enzyme [120]. 

The synthesis magnetism, spectroscopic properties and crysml structure of a 

novel Cu(I), Cu(I1) cluster, [Cu:&u:l(C,,H~N~S)~ (MN),] (C,,H5N2S = l-methyl-2- 

mercaptoimidazole) has been reported (Fig. 14) [335]. The centrosymnetric 

cluster involves four tetrahedral fCu(I)S,} chranophores, four tetrahedral 

CCu(I)m,} chrcmphores, two linearly bonded CCu(I)N21 chrumphores and two 

square pyramidal ECu(II)M,S,S') chramphores, with the basal angles of the latter 

showing a clear trigonal distortion at 150.9 and 175.4O. The electronic 

properties of the copper(I1) site (gl = 2.04 (Al = O?), g,, = 2.24, A,, = 62G), 

and the electronic spectra in MeCX (Fig. 15) which shows a very intense peak 

at 15748 cm-' (E = 3800 9_ mol-' an-') are conparable to the known ljroperties of 

the 'type 1' blue proteins, which exhibit low A values and an intense band at 

15748 cl?, and only "fails" as a model cmpound in that the copper environ- 

ment is square pyramidal, rather than tetrahedral. Nevertheless, Fig. 14 mst 

take first prize as the closest model of the 'blue proteins' of the 1980 season. 

The crystal structure of the mixed Cu(I), Cu(I1) complex pentathallium(1) 

me-chlo~dodecakis(a-mercaptoisobutyrae(II) hydrate 

has been reported [336].* The Cl atan is at the centre of a cube of eigh Cu(I) 

ataas with the six Cu(I1) ataas above the six faces. The Cul atam involve a 

trigonal {CuS,) chramphore and the Cu(I1) ataus involve a tetrahedral {Cu&N2} 

chrcmphore. The brow-black crystals have a band at 20619 an-', which is 

interpreted as a %Cu(I) charge-transfer band. Tbecrystal structureof 

C~~C~:'CSC-!CH~)~M~~Z)IZC~-~-~S~~] 13371 is canparable, and iwolves a 

EClCu,Cu,) core; the Cu(1) atans are trigonal planar [CuS3) chramphores and the 

Cu(I1) are planar {cUnr,S,) chrcmphores. Thecanplexhasbeenshowntobewzikly 

ferranagnetic (J = 4.9-5.2 a~-'>, the coupling being t rammitted via a -%&(1)-S- 

pathway. The intense purple colour of this cu@ex was ascribed to a 5+Cu(II) 

charge-transfer baud 13373. 
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