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Hc 
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Tyr 
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NaOTs 
MPDP 

bpeap 
BICOH 

OOlO-8545/92/$15.00 

benzimidazole 
imidazole 
pyridine 
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hemocyanin 
histidine 
hemerythrine 
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carbonic anhydrase 
purple acid phosphatase 
toluene-4-sulphonic acid sodium salt 
m-phenylenedipropionate 
2-(bis[Z(pyrazol-1-yl)ethyl]amino}phenol 
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BiPhMe 

HBpz, 
H,Bpz, 
HB(3,5-Me,pz), 
HB(3,5iPr,pz), 
HB(3-t-but-5- 

Mepz), 
Hbpeac 
Hbimp 
HCAB-Me 

HL-Et 

mxyN, 
m-XY LPy, 

np3 
timm 
TIP 
TMIP 
2-TIC 
4-TIC 
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bis( 1 -methylimidazol-2-yl)phenylmethoxymethane 
hydrotris(pyrazol-1-yl)borate 

dihydrobis(pyrazol- I-yl)borate 
hydrotris(3,5-dimethylpyrazol-1-yl)borate 
hydrotris(3,5-diisopropylpyrazol-I-yl)borate 
hydrotris(3-t-butyl-5-methylpyrazol- 1 -yl)borate 

2,6-bis{bis[2-(pyrazol-l-yl)ethyl]amino}-p-cresol 
2,6-bis[bis( 1 -methylimidazol-2-ylmethyl)aminomethyl]-p-cresol 
2,6-bis[bis(l-methylbenzimidazol-2-ylmethyl)aminomethyl]-p- 
cresol 
N,N,N’,N’-tetrakis(1-methylbenzimidazol-2-ylmethyl)-2- 
hydroxy- 1,3_diaminopropane 
a,a’-bis{bis[2-(3,5-dimethylpyrazol-1-yl)ethyl]amino}-m-xylene 
a,a’-bis{bis[2-(2-pyridyl)ethyl]amino}-m-xylene 
tris[2-(diphenylphosphino)ethyl]amine 
tris( l-methylimidazol-Zyl)methoxymethane 
tris(imidazol-2-yl)phosphine 
tris(l-methylimidazol-2-yl)phosphine 
tris( 1 -methylimidazol-Zyl)carbinol 
tris( 1 -methylimidazol-4-yl)carbinol 

A. INTRODUCTION 

During my post-doctoral training under the guidance of Prof. L. Sacconi, it 
was my duty to investigate the virtually unexplored coordination chemistry of 
vanadium(I1) and chromium(I1). In the course of that work, I found that pyrazole 
and imidazole were suitable ligands for the stabilization of both vanadium and 
chromium in their oxidation number of two. Those early studies started my own 
interest in pyrazole and imidazole as ligands in the coordination chemistry of 
transition metals [l-lo]. Later, having in mind Sacconi’s well-known np, tripodal 
ligand [l l] and its synthetic scheme, my coworkers and I synthesized the tetradentate 
ligands tris (3,5-dimethylpyrazol-1-ylmethyl)amine [12] and tris[2-(3,5-dimethylpyra- 
zol-I-yl)-ethyllamine [ 131 (ligands XVIII and XVI, see Table 3) and investigated 
their complexes with most of the 3d metals [14-191. 

Numerous transition metal complexes with polydentate ligands containing 
pyrazole and related groups such as imidazole and benzimidazole have been reported 
and their number has greatly increased in recent years [20,21]. Apart from their 
intrinsic interest to the field of coordination chemistry, the polypyrazolyl ligands 
have been investigated for the purpose of synthesizing model complexes which mimic 
the metal environment in those metallo-enzymes and metallo-proteins that are known 
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or are supposed to contain imidazole groups from histidine bound to the metal at 
the active site. A number of comprehensive reviews concerning some aspects of the 
natural systems and of their modelling have appeared very recently [22-311. 

This review is intended as a survey of the work which has been done in the 
last decade in the field of polydentate ligands containing pyrazole and imidazole (or 
related groups) as main donor groups and of their metal complexes which may be 
relevant to an understanding of the active site structure and, what is most important, 
of the mechanisms of reactions promoted by the metal centre in the natural 
complexes. 

The imidazole bonding in metallo-proteins is often simulated, in model com- 
plexes, by chelating ligands containing pyridine, pyrazole, or benzimidazole donors 
because of their relative ease of preparation. The five-membered ring of pyrazole is 
reminiscent of that of imidazole, but their basicity is quite different (pK,: pz= 11.52; 
iz = 7.05, [32]). The advantage of pyridine and benzimidazole is due to their basicity, 
which approaches that of histidine (pK,: py = 8.75; biz = 8.47; His = 7.96 [32]). Pre- 
sumably, imidazole provides the best approximation to histidine as a ligand, but the 
synthesis of imidazole-containing ligands is, in general, rather difficult and may 
require specific multistep procedures which hamper the use of such ligands. 

B. DINUCLEATING LIGANDS 

A number of metal proteins are known to have an active site containing two 
metal ions coordinated to imidazole groups from histidine residues and held together 
by bridging groups. Perhaps, the best known examples are the dicopper proteins 
hemocyanin and tyrosine and the non-heme diiron protein hemerythrin. In their 
oxidised form (or met-form), the dicopper(I1) proteins contain two metal centres 
bridged by an exogenous peroxo group and by an endogenous oxygen-donating 
ligand [23]; on the other hand, the diiron(II1) protein hemerythrin has an 0x0 and 
two carboxylato bridges [22]. These bridging groups mediate strong antiferro- 
magnetic coupling between the metals. 

The best strategy to mimic the multihistidinyl binding of these natural systems 
has been to design multidentate ligands where two chelating units, separated by a 
suitable aromatic or aliphatic bridge, are held together. The length and the structure 
of the bridge have been chosen to fulfil two main requirements: (a) the ligand must 
allow two metal atoms to be accommodated at an appropriate distance from each 
other in such a way that ancillary ligands may coordinate to both metals and (b) the 
ligand should provide an endogenous donor group bridging the metal atoms. More- 
over, the ligands must be sufficiently flexible to accommodate different metal ions, 
such as copper, iron, or manganese, which have different structural and electronic 
preferences depending on their oxidation states. A summary of ligands satisfying the 
aforementioned requirements is given in Table 1. The synthetic strategy based on 
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TABLE 1 
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Dinucleating ligands with abbreviations and references 

R = H: I?L I-A 

R = Et: HL-Et I-B , 

R = He: HCAB-He 

m-XYLPyZ 

III-A [361 

III-B [371 

III-C [381 

III-D E361 

IV-A 1361 

1331 

X N-N 

x= IV-B 
I 
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TABLE 1 (continued) 

Y 

R = Me, RI = H V-A [393 

R = Me, R' = COOMe 

V-B r401 

x=y= VI-A 
N-N 

xty= VI-B 
N-N 

I 

x= 1 -cl Y= / 0 / VI-C 
N N-N 

R = R’ = H: Hbpeac VII-A 

R = R' = Me VII-B 

R = C6H5, R' = H VII-C 

R = r-C4Hg, R' = H VII-D 

[411 

1421 

r431 

[441 

1441 

1441 
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TABLE 1 (continued) 

Me 

Hbimp VIII r451 

IX [461 

R = Ii, Me 

RI = H, Me, cH2~bX [471 

I , 

XI 1481 

XII 1491 
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pre-organized dinucleating ligands has been successfully applied, in particular, to 
assemble dicopper model systems. 

(i) Copper(I) and copper complexes as modelsfor the active site of 02-activating 
copper proteins [23,24] 

A number of dinuclear copper(I) complexes of the type [Cu,(L)X,]Y, (L= 
I-A, I-B; X =CO, CH,CN; Y =CF,SO,, C104, BF,. L=II-B; X = CH&N; Y = 
CFJSOJ; see Table 1 for the key to the ligands) have been prepared and structurally 
characterized by X-ray investigations [SO]. These complexes are good approxim- 
ations to the distorted copper(I) coordination environment in deoxy-hemocyanin 
where two histidines are strongly bound to copper(I) and a third histidine may 
be bound more weakly [Sl]. For example, in the carbonyl derivative 
[Cu,(HL-Et)(CO),](CF,SO,), (1) (Fig. l), the copper(I)-tertiary amine bonds are 
2.59(l) and 2.31(l) 8, compared with the bond lengths of the copper(I)-heterocyclic 
amines in the range 1.96(1)-2.03(l) A [SO]. However, in contrast to compound 1, 

carbon monooxy-Hc has a CO : Cu ratio of 1: 2, presumably as a consequence of 
the steric constraints at the active site [23,52]. The copper(I) complexes with most 
of the ligands reported in Table 1 (the exception being the copper(I) complex with 
the ligand III-B [53]) are reported to react irreversibly with 02, in contrast to the 
reversible activation of O2 promoted by the reduced forms of both Hc and Tyr. 

Fig. I. Scheme of the coordination spheres in the cation [Cu2(HL-Et)(CO)J*+ (1) (HL-Et = I-B). (Adapted 
with permission from ref. SO.) 
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Modelling the oxygen activation by means of low-molecular weight and struc- 
turally simple complexes presumably requires a subtle and not yet foreseeable tuning 
of the steric and electronic properties at the metal centre [37,38,44]. This is nicely 
shown by the different reactivity toward O2 (Fig. 2) of the two structurally analogous 
copper(I) complexes [Cu,(mxyN,)](BF& (2) [38] and [Cu,(m-XYLPy,)](PF,), (3) 
[37] (mxyN, and m-XYLPy,, respectively, stand for ligands III-C and III-B in 
Table 1). The insertion of an oxygen atom in a C-H bond of the aromatic ring in 
the ligand III-B, formally simulates the o-hydroxylation reaction of phenols, pro- 
moted by tyrosinase. Dinuclear copper(I) complexes analogous to 2 and 3, having 
pz or N-Meiz donor groups (ligands III-A and III-D, Table 1) and mixed donor 
groups (ligands IV-A-IV-C), display different reactivity toward O2 depending on 
the experimental conditions, but neither hydroxylation of the aromatic ring nor 
reversible O2 binding has been detected [36,40]. On the other hand, copper(I) 
complexes with the ligands V, which contain either imidazol-2-yl [40] or imidazol- 
4-yl [39] groups, do react with O2 undergoing ready aromatic hydroxylation (4, 
Fig. 2). 

In order to mimic the function of Hc, the dinuclear copper(I) complexes 
[Cu,(L)](PF,) (5) (HL= VI-C and VI-D) and [Cu,(HL)](PF,), (6) (HL=VI-A- 
VI-D) have been reacted with O2 [42]. A scheme of the reactions is reported in 
Fig. 3. The supposed peroxo- (7) and hydroperoxo-derivatives (8) fail, however, to 
reproduce the spectroscopic properties of the oxy-hemocyanin. In the case of the 
sterically hindered ligands VII-B-VII-D (Table l), the dinuclear copper(I) complexes 
[Cu,(L)](BF,) are inert to dioxygen [44]. 

In conclusion, the picture emerging from the numerous investigations on di- 
nuclear copper(I) derivatives and on their reactions with O2 [23,37-40,42,44,47,54] 
is that, in modelling the function of a metallo-protein, the approach based on the 
structural resemblance between the donor groups in the active site of the natural 
system and those in the coordination environment of the synthetic complex is neither 
the only one possible nor necessarily the best one. As previously shown [37], in 
some model complexes the pyridine groups may be better approximations than 
imidazole to the histidine coordination. 

Starting from copper(I1) salts and some of the ligands reported in Table 1 (I-B, 
II, VI-A, VII-X), dinuclear complexes have been prepared for the purpose of model- 
ling the strong antiferromagnetic coupling between the two copper(I1) atoms occur- 
ring in the oxidised form of hemocyanin [33,34,41-47,55,56,57]. The X-ray structures 
of a number of such complexes have been determined to investigate how the nature 
of the exogenous bridging acetate, azido, nit&o, pyrazolato, methoxo, or hydroxo 
groups and the length of the ligand backbone influence the extent of the antiferromag- 
netic coupling between the two copper(I1) atoms. Details on the structural data and 
the exchange coupling constant values are given in Table 2. The two structurally 
similar azido complexes [Cu,(L-Et)(N3)](BF,), (9) (HL-Et = I-B, Table 1) [33,56] 
and [Cu,(bpeac)(N,)](ClO,),.THF (10) (Hbpeac = VII) [43] (Fig. 4) are essentially 
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Pz = pyrazole, 3,5_dimethylpyrazole 

Py = pyridine 

07 

CH3CN 

tic A, 

(41 

R= C02Me 

Fig. 2. Reactions with O2 of some dinuclear copper(I) complexes. 
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b) 

I OH’ 

o2 (-78-y 

CH,C12 

I H’, -780 

al X = pz; Y = py. X = 3,5-Me2pz; Y = py 

b) X = Y = pz. X = Y = 3,5-Me2pz. x = pz; Y = py 

X = 3,5-Me2pz; Y = py 

Fig. 3. Summary of some reactions undergone by copper(I) and copper(H) complexes. 

diamagnetic whereas in the analogous [Cu,(bimp)(N,)](ClO,), complex (Hbimp= 
VIII) [45], there is no appreciable exchange interaction between the copper(I1) ions. 
Complexes 9 and 10 match some essential features of the azido derivative of oxy- 
Hc, such as the diamagnetism and UV-VIS spectra [SS]. The alkoxide bridge in 
complex 9 and the phenoxide bridge in complex 10 could model the endogenous 
bridging ligand in oxy-Hc. 



TABLE 2 

Distances and angle within the Cu-0-Cu fragment and exchange coupling constant in some 
dinuclear copper complexes 

Cumpkx” Cu-u-cu cu*=**cu Cu-Ob -ZJC Ref. 
(degree) (A) @) (cm- ‘) 

[Cuz(bpeac)(CH,COJJ2+ 133.2 3.562 1.905 
1.976 
2.017 
2.013 
2.002 
1.927 
1.944 
1.87 
1.85 
1.89 
1.92 
1.994 
1.934 

0 43 

138.2 3.765 1800 43 

101.9 3,053 420 41 

L-Cu,PWW12 + 136.9 3,615 
[Cu,(L-Et)(N02)12 + 127.1 3.325 

>llOO 
278 

33 
57 

[Cuz(L-Et)fCH&U,)]’ + 130.6 3.459 - 24e 33 

94 45 
- 2.6” 46 

98.7 
109.3 

3.026 
3.156 

*Key to the ligands in Table 1. 
bEndogenous bridging oxygen except the exogenous hydroxo group in the last complex. 
‘The spin-exchange Hamiltonian has the form fi= -2JSr-Sz. 
%L = VI-A. 
‘Ferromagnetic exchange coupling. 
fL = IX. 

C. CAPPING TRIDENTATE AND TETRA~E~TATE LlCANDS 

Instead of using pre-organized dinucleating ligands, other authors have used 
either specifically designed or already known tridentate ligands to assemble dinuclear 
complexes of copper, manganese and particularly iron. This strategy is based on the 
“spontaneous self-assembly” f59] capacity of some metal ions in the presence of 
capping tridentate ligands and in suitable reaction conditions, These ligands are 
summarized in Table 3 together with other bi-, tri-, tetradentate and mixed-donor 
ligands. Tri- and tetradentate ligands obviously also fulfil the requirements for the 
formation of mononuclear complexes and to this purpose have been extensively 
employed. 

Dinuclear copper(I) complexes have been prepared with the ligands XIII-B, 
[Cu(timm)],(BF,), [WJ9 XIV-A and XIV-B, [CufL)], [76], as possible models for 
deoxy-Hc. In particular, [Cujtimm)]~’ reacts with CO affurding a carbonyl deriva- 
tive, [Cu(timm)CO] +) which has the same luminescence properties as the CU- 
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(10) 
Fig.4. ORTEP plot of the cations [Cu,(L-Et)(N#’ (9) (HL-Et=&B) and [Cu,(bpeac)(N,)]*’ (10) 
(Hbpeac = VII). (Reproduced with permission from refs. 56 and 43, respectively). 

derivative of Hc, in spite of the different CO : Cu ratio. Dinuclear ~-0x0 and p-peroxo 
complexes of copper(I1) with the ligands XIV-B and XIV-C are reported in Fig. 5 
together with some of the reactions they undergo. The spectroscopic features of the 
complexes [Cu(HB(3,5-Me,pz),)]2(02) (11) [77,78] and [Cu(HB(3,5-iPr,pz),)],(O,) 
(12) [v-(0-0): 11, 731 cm-‘; 12, 741 cm-‘; oxy-Hc, 744-752 cm-’ [79]; electronic 
spectra: 11, 530 nm (E = 840 cm2 mmoll ‘), 338 nm (E= 2.08 x 104 cm2 mmol- ‘); 
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TABLE 3 

331 

Di-, tri- and tetradentate ligands with abbreviations and references 

R=H XIII-A [60] 

R = Me: tilnm XIII-B 

l- 
R = H: HBpz3 XIV-A [611 

R = Me: HB(3,5-Me2pz)3 XIV-B 1621 
R = CHMe2: HB(3,5-iPr2pz)3 XIV-C [631 

3 

xv 1641 

R=H XVI-A [I71 

R = Me XVI-B [I31 

R = t-C4Hg XVI-C 1651 

XVII [661 

XVIII 1121 
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TABLE 3 (continued) 

p yN] tc 1 
k 

3 

RN-CH2 

2 

HoC- 

XIX R = H: TIP 1671 
R = Me: TMIP [67, 681 

xx 1671 

BiPhMe XXI 1691 

R=H XXII-A t701 

R = Me XXII-B 

BICOH XXIII [711 

XXIV R = H: 2-TIC 171,721 
R = Me 

4-TIC xxv [711 
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TABLE 3 (continued) 

JcH2CH2-cJ )* 

tJ 

/ \“” 

339 

XXVI [731 

bpew XXVI I [741 

XXVI I I 1751 

12, 551 nm (E= 790 cm’ mmol-‘), 345 nm (~=2.0 x 104); oxy-Hc, 570 nm (E= 
1.0 x lo3 cm’ mmol- ‘), 345 nm (E = 2.0 x lo4 cm2 mmol- ‘) [80]] and their diamagne- 
tism match the spectromagnetic properties of oxy-Hc in spite of the absence in 
complexes 11 and 12 of an endogenous bridging group which is believed to occur in 

N 

= HB(3,5-Me2Pz) 3- 
N 

N 

= HB(3,5-iPr2Pz) 3- 

H 

Fig. 5. Summary of some reactions undergone by copper complexes with ligands XIV-B and XIV-C. 
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the natural systems. The structure of complex 12 revealed the presence of a peroxide 
ion symmetrically coordinated in an unusual doubly side-on fashion (also described 
as p-q2 : q2). A remarkable feature of this complex is the Cu..Cu distance, of 3.56 A, 
very close to the 3.58-3.66 A values in oxy-Hc and oxy-Tyr, estimated ‘by EXAFS 
analysis [81,82], and much shorter than those found for p-1,Zperoxo complexes 
(4.359 A [83]). It is therefore suggested [84] that the bridging peroxide ion in both 
oxy-Hc and oxy-Tyr may have this type of coordination instead of the l,Zcoordina- 
tion usually accepted. In this connection it should be noted that, in the cobalt 

(Reproduced with permission from ref. 85.) 

complex 13 [SS], the dioxygen group is side-on coordinated as a superoxide. Also, 
the complex [Cu{HB(3,5Me2pz),}02]~l/SEt20 [86] is supposed to contain dioxygen 
as superoxide. 

The oxidative reactivity of the peroxo-complex 11 toward a variety of substrates 
has been investigated [87]. In anaerobic conditions, phenols and catechol are oxida- 
tively coupled. 

(ii) Copper complexes relevant as models for the active site of blue-copper 
proteins [29,30] 

A recent review by Bouwman et al. [29] is entirely devoted to the synthetic 
models of the blue-copper proteins formed by a variety of mixed donor N,S, synthetic 
ligands. Consequently, in this section only the most recent model complexes and 
other complexes which were not included in the aforementioned review will be 
reported. 

The active site of plastocyanin and other blue-copper proteins is formed by a 
copper atom pseudotetrahedrally coordinated by two imidazole nitrogens from 
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histidines, a thioether sulphur from a methionine and a thiolate sulpbur From a 
cysteine [88). The first synthetic complex which nicely mimics the donor groups in 
the active site of blue-copper (or type I) proteins was synthesized a decade ago [64] 
with the ligand XV and ~~tro~nzenthiolate as the ancillary ligand. The intense 
blue-coloured complex [Cu(L)(p-S-C6H4NOa)] (14) has a strong absorption band 

at 595 nm {s=4.1 x10” cm2 mmol-“), reminiscent of that at about 600 nm (s= 
1.5 x IO”-5.0 x lo3 cm2 mmol-“) of some blue-copper proteins [89]. The complex 

~Rep~du~ with permission from ref. 66.) 

&Ju(L)Ci]CI-2H20 (15) L=XVII) is five-coordinate with an N,SCl donor set [66] 
and the comparison of its electronic spectrum with that of the complex 
[Cu(L)Cl]BPh4 (L = XVI-A), having a N&I donor set [66], confirms that the 600 nm 
absorption in the blue-copper proteins is a thiolate S+Cu(II) LMCT transition. The 
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complex [Cu(L)(t-BUS)] (L = XIV-C; t-Bus = t-butyl thiolate) [90], which has not yet 
been isolated in the solid state, gives rise to an EPR signal similar to that found in 
the natural systems (Fig. 6). Two promising tridentate thioether-imidazole ligands 
have been prepared [91,92]. These ligands act as tridentate in a number of copper(I1) 
complexes, namely [Cu(L)X,] (L = XXIX-A, XXIX-B, X =Cl, Br, NCS, NO& 
[CU(L)C~]~(C~O& (L = XXIX-A) and [Cu(L),]Y, (L = XXIX-B; Y = Cl, Br, NO,, 

HNP%NH 
X X I X-A 

XXIX-B 

BFJ. Other examples of thioether-imidazole ligands and of their copper complexes 
have been reported by Reed and co-workers [93] and Driessen and can be found in 
ref. 29. On the other hand, the paucity of copper(I1) complexes containing thiolate 
groups is due to the easy reduction of copper(I1) in low molecular weight compounds 
in the presence of these reducing species. 

(iii) Dir&ear iron and iron(III) complexes as models for diiron centres in 
natural systems [22,28] 

Hemerythrin is a reversible O2 carrier which has a (p-oxo)bis&-carboxylato) 
diiron(II1) core in its oxidised form [22]. The coordination of the two iron(II1) atoms 

Fig. 6. EPR spectrum of the complex [Cu{HB(3,SiPr,pz),} (t-Bus)] (t-Bus = t-butyl thiolate) at 77 K in 
CH&I,. (Reproduced with permission from ref. 90.) 
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is completed by a total of five imidazoles from histidine residues and by a hydroper- 
oxide anion. The two iron(II1) atoms are strongly antiferromagnetically coupled. 

Some of the tridentate ligands of Table 3 have been successfully employed to 
assemble diiron(II1) complexes containing both oxo- and carboxylato bridging groups 
and their structural and spectromagnetic properties have been carefully investigated. 
The complexes [Fe,(O)(RCO,),(HBpz&JCH,CN (Fig. 7) (HBpz, = XIV-A; R = H, 
CH3, C,H&, reported by Lippard and his group [94,95], are among the first synthetic 
complexes which accurately mimic the coordination environment and the physical 
properties of the active site of oxy-Hr. Analogous diiron(II1) complexes have been 
reported with neutral imidazolyl phosphines and benzimidaiolyl amines (ligands 
XIX and XXII, Table 3) acting as tridentate ligands [68,70,96]. Examples of such 
complexes are reported in Table 4. The short Fe-O (~-0x0) bonds in these model 
complexes mediate a strong antiferromagnetic coupling between the iron(II1) atoms. 
Distances and angles within the diiron(II1) cores and antiferromagnetic interactions 
(Table 4) are not substantially influenced by the nature of the terminal donor groups 
(imidazole, pyrazoles or benzimidazoles) provided by the tridentate ligands and can 
be assumed to be typical values for the [Fe&-O)&-RCO,),] fragment. The di- 
iron(II1) model complexes for which the X-ray structure determination and magnetic 
investigations have been carried out have been found to possess relatively short 
Fe.‘.Fe distances and, consequently, a reduced antiferromagnetic exchange coupling 

TABLE 4 

Distances and angles within the [Fe,(O)(RCO,),] and [Fe,(O)(MPDP] cores, and exchange 
coupling constant in some diiron(II1) complexes 

Complexes” Fe-O-Fe Fe...Fe Fe-O -2Jb Ref. 
(degree) (A) (~-0x0, A) (cm-‘) 

[Fe2(0)(CH3C02)2(TIMP)1]z+ 122.7 3.158 1.79 240” 68 
CFe,(O)(CH,CO,),(HBpz~)~l 123.6 3.146 1.780 242 94 

1.788 
CFe,(O)(HCO,),(HBpz,),l 125.5 3.168 1.777 _ 94 

1.785 
CFe2(oX(CH,),CCo,},(L),1Z’d 117.0 3.075 1.803 232 70 
CFe2(0)(C6HSC02)2(L)212’d 118.7 3.079 1.777 234 96 

1.802 
[Fe2(0)(MPDP)(BiPhMe)2C12]’ 125.9 3.183 1.783 243 100 

1.790 
CFe2(o)(MPDP)(HBpz,),1’ 123.4 3.161 1.797 249 100 

1.793 

“Key to the ligands in Table 3. 
bThe spin-exchange Hamiltonian has the form Z-Z= -2JS,S2. 
‘Estimated in CH,CN solution. 
dL = XXII-A. 
‘MPDP = 16. 
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Fig. 7. ORTEP plot of the complex [Fe,(O)(CH,CO,),(HBpz,),]CH,CN 
ref. 94.) 

(Adapted with from 

compared with that found for met-Hr (Fe...Fe=3.21 A; 25= -268 cm-’ [97]). This 
must be taken into account in the efforts to improve the functionality of the models. 
Most important, functional models for the reduced form of Hr must possess a vacant 
coordination site at one iron( thus allowing the reversible binding of an oxygen 
molecule (as a peroxide or hydroperoxide anion). For the purpose of assembling a 
coordinatively unsaturated diiron centre, the bidentate ligand H,Bpz; (XXX) [61] 

xxx 
was used in addition to, or in place of, the tridentate one HBPz; ligand. However, 
the tetranuclear iron(II1) complexes [Fe,(O),(RCO,),(H,BPz,),lEt,N (R = CH3, 
C,H,) were obtained [98]. These complexes contain the (Fe,O,)*+ core (Fig. 8). 
Attempts were also made to assemble diiron(II1) complexes with a coordination site 
vacant or occupied by a labile ligand by using specifically designed asymmetric 
ligands. This approach gave the dinuclear complex [Fe2(0)C1,(L)]Cl2EtOH (L = 
XI, Table 1) [48] and the tetranuclear complex [Fe4(0)2(C6H5C02)4(BICOH)2- 
(BICO)JC12 (Fig. 9) (BICOH = XXIII, Table 3) [99]. The latter results seem to indicate 
that the unsaturation of the coordination environment around one iron centre in 
synthetic models results in self-aggregation with the formation of tetranuclear species, 
unless some steric hindrance is provided by the terminal donor groups. In the natural 
systems, the self-aggregation of the diiron moieties is presumably hindered by the 
steric demands of the protein envelope. The use of the very specific dicarboxylate 
ligand MPDPm2 (16), which has suitable steric requirements to occupy the 
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Ph 

Fig. 8. Scheme of the structure of [Fe,(0)2(C,H,C0,),(H,Bpz&J-. 

(16) 

positions of both acetate groups in the [Fe2(0)(CHsC02)J moiety, and of 
the ligands XIII and XXI (Table 3) has enabled the assembly of compounds such 
as [Fe,(O)(MPDP)(BiPhMe),Cl,] (17) (Fig. 10 and Table4)) [loo] and 

345 

Fig. 9. Scheme of the inner coordination sphere of the cation [Fe,(0),(C,H,C02)4(BICOH)2(BICO)J2+ 
(BICOH =Xx111). (Repioduced with permission from ref. 99.) 
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(18) 

Fig. 10. Schemes of the structures of ~Fe,(O)(MPDP)(BiPhMe),Cl,] (17) and [Fe,(O)(HCO,),- 
(BiPhMe),] (18) (BiPhMe=XXI; MPDP=16). 

[Fe2(0)(MPDP)(timm),C1,1 [loll where the sixth coordination position around 
each iron(II1) is occupied by a labile monodentate ligand. An analogous complex, 
[Fez(0)(HCO,),(BiPhMe)J (18) (Fig. lo), was obtained by air oxidation of the 
parent diiron(I1) complex [ 1023. 

Even if the stability of a moiety such as [Fe&O)(~-RCO,),] enables it to be 
obtained by a “spontaneous self-assembly” [59], dinucleating ligands facilitate this 
assembly. The complex [Fe,(C6H5C0,),(L)](C10,), (HL = I-A; 25 = - 52 cm- ‘; 
HL=I-B, Table 1) [103] has an endogenous bridging alkoxo group in the place of 
the exogenous 0x0 group. The ligand XII (Table l), which contains two chelating 
units analogous to XXI (Table 3), failed to give the usual ~-0x0 diiron group; instead, 
the tetranuclear derivative [Fe&O),(p-HCO,),(HCO,),(L)J has been obtained 
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[49]. The ‘H NMR behaviour of [Fe(L),]X, (L=XIII-A, XIII-B) has been 

investigated [104,105]. 
Dioxygen adducts of iron complexes are scarce and no X-ray structure is 

yet available. The iron(I1) complex [Fe(C,H,COJ{HB(3,5-iPr,p&}] is reported to 
bind dioxygen in toluene reversibly at - 20°C [106], whereas [Fe,(L-Et) 
(C,H,CO,)](BF,), (HL-Et = I-B, Table 1) reacts irreversibly with O2 [107]. In both 
cases, the formation of peroxo-bridged diiron(II1) species has been proposed on the 
basis of spectroscopic data. On the other hand, the iron(II1) complex [Fe,(L)(OH) 
(NO,),](NO,), (HL=I-A, Table 1) [108,109] on reaction with HzOz affords a 
compound formulated as [FeZ(L)(p-0z)(NO&](N03) (HL = I-A) [ 1081. 

Mixed valence iron(I1) iron(II1) complexes have been prepared and charac- 
terized as synthetic approximations to the active form of purple acid phosphatases 
(PAP). In the complexes [Fe”Fe***(bimp)(CH,CO~)~](ClOJ~~2H,O (Hbimp = VIII, 
Table 1) [ 1 lo] and [Fe1rFe11’(L)(CsH,C02)z](BF,), (HL = II, Table 1) [l 111, the high- 
spin iron(I1) and iron(II1) ions are weakly antiferromagnetically coupled. The hetero- 
bimetallic complex [Mn”Fe”‘(bimp)(CH,CO~)J(Clo,), has also been reported 
[112]. To model the coordination of phosphate in the oxidized form of PAP, 
the complexes [FezC12{0zP(OPh)z}(L)(CH30H)](C10,),~3MeOH (HL=I-A) (19, 

Fig. 11) [113] and [Fez(0)(O,PR,),(HBpz,),l(R = OPh, Ph) (20) [114] have been 
prepared. However, because of the differences between the spectral features of the 
latter model complexes and those of PAP, it is suggested that the natural system 
may not contain bridging phosphato groups [114]. 

(iv) Cobalt and zinc complexes as spectroscopic and functional models for carbonic 
anhydrase 

Carbonic anhydrase has a water molecule and three hystidinyl imidazoles in 
the zinc-coordination sphere and catalyzes the hydration of CO;! according to 

Ph 

(20) 

Fig. 11. Schemes of the structures of [Fe2C1,{02P(OPh),~L)(CHBOH)]Z+ (19) (L=I-A) and [Fe,(O)- 
{O,P(OPh),}z(HBpz,)J (20). (19 is adapted with permission from ref. 113.) 
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the reaction 

COz+HzO -+ HCO;+H+ 

The pK, of the coordinated water is about 7.5 [115]. Cobalt(I1) can be substituted 
for the native zinc, yielding a still-active enzyme with similar acid-base properties. 
A characteristic feature of the electronic spectrum of the cobalt substituted CA is its 
strong pH dependence. 

A cobalt(I1) complex containing a coordinated water molecule, [Co(H,O)(L)] 
(ClO& (21) (L = XVIII), was synthesized [116,117] and its structure (Fig. 12) deter- 
mined by X-ray diffraction [ 1181. The spectral behaviour as a function of the pH of 
the complex 21 (Fig. 13) presents a striking similarity with the spectra of cobalt- 
substituted CA. The deprotonation equilibrium of the cobalt-bound Hz0 molecule 
in 21 is estimated to have a pK,=8.9 in water, and results in the formation of the 
corresponding hydroxo complex. This pK, value, higher than that of CA, is presuma- 
bly a consequence of the greater coordination number (5) of the synthetic complex 
with respect to that of CA (4) and prevents any catalytic activity towards COz 
hydration in water solution at physiological pH. In fact, the mechanism of CO2 
hydration in the natural system is supposed to involve the formation of a zinc-bound 
hydroxide which acts as a strong nucleophile toward COz. The pseudotetrahedral 
model complex [Zn{HB(3-t-But-5-Mepz)s}(OH)] does indeed react with COz, afford- 
ing an unstable hydrogenocarbonate adduct [119]. 

Several cobalt(I1) and zinc(U) complexes with the polyimidazole ligands XX 
and XXVI have been investigated in 80% ethanol-water solutions owing to the 
solubility requirements of the ligands [73,120,121]. Titrimetric investigations indicate 
that the deprotonation equilibrium of a coordinated water molecule has pK, in the 

Fig. 12. ORTEP plot df the cation [CO(L)(H,O)]~+ (21) (L=XVIII). (Reproduced with permission from 
ref. 118.) 
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20 

Wavenumber (cm-’ x 10s3 1 

Fig. 13. pH dependence of the electronic spectra of complex 21 in water; pH values are (from the top) 
between 9.55 and 5.0. The pH of the solid line (8.3) is that of the solution of 21 at 10e3 mol dmm3 
concentration. The insert shows the variation of sbgO with pH. (Reproduced with permission from ref. 117.) 

range 7.6-7.8, depending on the ligand involved. These values are strictly similar to 
those found for CA. The zinc(I1) complex with the ligand XX is reported to catalyze 
efficiently the hydration of CO2 in a 80% ethanol-water solution at values of 
measured pH between 6.1 and 7.3 [120]. This result is, presumably, a direct 
consequence of the low polarity of the model system medium compared with 
water [ 1221. 

(v) Manganese and vanadium complexes as models for the active site in natural 
systems [25-27,3 l] 

Complexes of manganese(I1) [123], manganese(III), [75,124]; and mixed valence 
manganese(II)-manganese(II1) species [ 1251 have been structurally characterized by 
X-ray diffraction. Details on structural parameters and exchange coupling constants 
for some of the complexes are reported in Table 5. While dinuclear complexes with 
a Fe’**-O-Fe”’ bridge exhibit, in general, strong antiferromagnetic coupling, the 
metal ions are only weakly coupled in the dinuclear manganese derivatives. The 
oxidation of the complex [Mn,(O)(CH,CO,),(HBPz,),l with I2 produces a com- 
pound whose EPR spectrum exhibits a 16-line “Mn hyperfine pattern typical of the 
Mn(III)Mn(IV) trapped valence state and reminiscent of that found for an intermedi- 
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TABLE 5 

Distances and angles within the Mn-0-Mn and Mn Kg> Mn fragments and exchange 
coupling constant in some dinuclear manganese complexes 

Complexes” Mn-O-Mn Mn...Mn Mn-0 - 2Jb 
(degree) (A) (bridg., A) (cm- ‘) 

Ref. 

CMn~(bpeapMTW~l* + 99.9 3.256 2.156 < 0.4 123 
2.096 

CMn2(0)(CH3C0,),(HBpz,),lc 125.1 3.159 1.773 1 124 
1.787 

CMn,(CH,CO,),(bimp)l” 116.8 3.54 2.258 9 125 
1.887 

“Key to the ligands in Tables 1 and 3. 
bThe spin-exchange Hamiltonian has the form H = -2JS1.S2. 

‘Values referred to the sample with 4CH&N. 

ate state of the manganese centre in photosystem II [ 1241. Photosystem II is a redox- 
active manganese enzyme which catalyses the photosynthetic water oxidation/oxygen 
evolution in green plants. 

The manganese(I1) complexes [Mn,(L)(OH)Br,] and [Mn2(L)C1J (HL = I-A, 
Table 1) [ 1261 have not been structurally characterized, but their chemical behaviour 
is noteworthy because they catalyze the disproportionation reaction of HzOz. The 
reaction mechanism is supposed to proceed through the formation of a ~-0x0 
manganese(II1) intermediate 

[Mn:‘(L)Cla] + HzOz G [Mn:“(L)(O)Cl,] + Ha0 

[Mr$‘(L)(O)Cl,] + H202 + [Mr$(L)Cl,] + Ha0 + O2 

These reactions can be assumed to be reasonable approximations to the mechanism 
of O2 evolution in manganese pseudocatalase. 

From EXAFS data, it is assumed that the binding site in the bromoperoxidase 
enzyme consists of a vanadium(V) atom six-coordinated by two histidinyl nitrogens, 
a terminal oxygen atom and three additional light donor atms, presumably oxygen 
atoms from unidentified groups [31]. 

Complexes of vanadium with polypyrazolyl ligands in oxidation states between 
two and four have been reported [3,6,127-1301. However, in order to model the 
binding site of the bromoperoxidase enzyme, complexes of vanadium(V) must be 
prepared. Starting from the vanadium(W) complex VO{HB(3,5-Me,pz),}ClDMF 
and sodium phenoxides, after exposure to the air the vanadium(V) complexes 
VO{HB(3,5-Me,pz)$oC,H,-R), (R = H, p-Br (22), p-NOa, p-OCHa, p-CH(CH,),) 
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(Reproduced with permission from,ref. 13 1.) 

were obtained [ 1311. These vanadium(V) phenolato complexes are deeply coloured 
from green to violet owing to a strong LMCT band at about 400 nm. Since bromoper- 
oxidase lacks this spectral behaviour, the phenolate oxygen from a tyrosine residue 
is not considered to be a possible donor atom in the active site of the natural system. 
Further studies are needed on both the natural system and model complexes for a 
better understanding of the structures of vanadium enzymes. 

D. FUNCTIONALISED MACROCYCLES [I321 

A recent development in the coordination chemistry of the polypyrazolyl li- 
gands has been the attachment of the pyrazole or related groups to a macrocyclic 
framework. Besides their biochemical relevance in modelling the protein metal- 
binding sites, specifically designed functionalised macrocycles may have many poten- 
tial uses as, for example, sequestering agents, metal chelating agents for medical 
applications, selective metal transport agents. Until now, few macrocyclic ligands 
functionalised with biomimetic pyrazole and imidazole groups are known. They are 
summarized in Table 6. Recently, general high-yielding routes have been devised 
which enable imidazole and pyrazole groups to be added to preformed macrocycles 
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TABLE 6 
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X = CH;-N, 1 
_ 3 N 

x = CH& 

‘; 
Me 

Y= CH,-N, - 
3 N’ 

x= CH2Ph XXX111 r1391 

Y= CH,-N, - 
3 NM 

XXXI-A r1331 

XXXI-B 

XXX11 11381 

XXXIV [I401 

bearing secondary amine nitrogens [ 1333. Using these procedures, the ligands XXX1 
and XXX11 were prepared and their metal complexes investigated [134-1381. A 
striking feature of these ligands is their ability to complex either transition or alkali 
metal ions giving stable complexes. The structure of the six-coordinated [LiL]BPh4 
(23) (L= XxX1-A) [135], miL](ClO,), (24) (L = XxX1-B) Cl331 (Fig. 14) and [NiLlIz 
(L= XxX11) [138] and of the eight-coordinated maL]BPh, (25) [135,136] and 
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(23) 

(24) 

Fig. 14. Structures of the cations [Li(L)]’ (23) (L= XxX1-A) and [Ni(L)]*’ (24) (L=XXXI-B). (Repro- 
duced with permission from refs. 135 and 133, respectively.) 

[MnL](PF&(CH3),C0 (26) (L=XXXII) [137] (Fig. 15) have been determined by 
means of X-ray diffraction. Quite interestingly, the seven-coordinate 
[ZnL’](BPh,),*(CH,),CO and the six-coordinate lJ%L’](BPh,),*2(CH,),CO (L’= 
XXXV) have been obtained because of the spontaneous replacement of one pendant 
pyrazole group by an ethoxo group, which occurred in ethanol-acetone solution 
[138]. 

Metal complexes formed by the ligands XXX111 [139] and XXXIV [140], 
having a single pendant arm, may approximate the metal binding site of natural 
systems, where the metal ion is surrounded by four N atoms in a plane and by an 
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Fig. 15. Structures of the cations [Na(L)]+ (25) and [Mn(L)]‘+ 
permission from ref. 135.) 

(26) (L = XxX11). (25 is reproduced with 
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xxxv 
additional donor group from a side-chain of the molecule, in the fifth coordination 

site. 
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