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Awareness of the asymmetric nature of numerous dinuclear
metallobiosites and of the ability of the individual metal ions
to have quite distinct roles in the functioning of the metal-
loenzyme concerned has led to a search for carefully de-
signed unsymmetric dinucleating ligands that will give dinu-

clear complexes capable of acting as models for the metallo-
biosites. This review surveys progress made in the design
and synthesis of complexes capable of serving as models for
donor atom, coordination number and geometric asymine-
tries found at dinuclear metal centres.

There is now an abundance of information available in
the literature concerning the structures and roles of the
transition-metal-derived dinuclear centres present in cer-
tain metalloproteins and metalloenzymes. Such centres
may be homodinuclear or heterodinuclear in nature and
may also contain metals in different oxidation states. The
metals may have different roles to play in the overall func-
tioning of the site and numerous sites have been found to
be asymmetric in character. The search for designed un-
symmetric dinucleating ligands which would provide mo-
del complexes for donor atom, coordination number and

geometric asymmetries at dinuclear metal centres is well
under way and this microreview draws attention to recent
progress made in the area.

Site Asymmetry at Metallobiosites

Homodinuclear sites may be exemplified by those struc-
turally characterized in non-heme manganese catalase
[Mn,Mn]V; deoxyhemerythrin?; the hydrolase protein of
methane monooxygenase!l® and ribonucleolide reductase
B2 [Fe,Fe]™; methionine aminopeptidase [Co,Co]P; urease
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[Ni,NiJ%; leucine aminopeptidase!’), alkaline phosphatase!®
and phospholipase C [Zn,Zn]*®],

Representative heterodinuclear sites are those structurally
characterized in bovine erythrocyte superoxide dismutase
[Cu,Zn), purple acid phosphatase!''], human calcineurin
[Fe,Zn]!'?! and human protein phosphatase 1 [Mn,Fe]i'3!.

The roles of the individual metal ions present at a biosite
may be quite distinct in character. For example one metal
may play a structural role by helping to maintain the struc-
tural integrity of the protein, whilst the second metal has a
Sunctional tole through binding to a substrate!**. The role
of the metals may also be defined as cocatalytic, whereby
the two metal atoms in close proximity operate together as
a catalytic site!!>],

In order to facilitate these modes of behaviour the metal
ions can be present in chemically distinct environments. Re-
cently a classification of the potential coordination environ-
ments available to dinuclear sites has been made; four dis-
tinct groupings have emerged (Figure 1)I'®! and representa-
tive examples are shown in Figure 2.

Figure 1. A classification of metal coordination environments

found at transition-metal-derived dinuclear centres present in me-

tallobiosites (M is a transition metal and W, X, Y and Z are ligand
donor atoms such as N, O, S etc.)
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The classification is as follows:

(a) Symmetric — An identical number of donor atoms
of the same type are bound to each metal atom in similar
geometries. The dinuclear iron site in bacterioferritin has
been shown to contain a symmetric site in which each iron
atom 1is coordinated by a histidine-N atom, and three gluta-
mate-O atoms (two glutamate residues serve as bridging
groups between the iron atoms)!”).

(b) Donor Asymmetry — Different types of donor atom
coordinate to each metal atom. This can be found in me-
thionine aminopeptidase [N,O and O,]'%, in pD-xylose iso-
merase [Og and OsN]'® and in the Cuy site of cytochrome
¢ oxidase [N,S, and N,SO]!!?). In the hydrolase protein of
methane monooxygenasel® both sites have an OsN donor
array but there is an asymmetry induced as one metal has
a water molecule present and the second has a glutamate-
O atom in addition to otherwise equivalent donor sets.

™ The last two sites are actually trinuclear constellations, [Zn,Mg]
and [Zn;] respectively; it is the homodinuclear fragment that is per-
tinent to this discussion.
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(c) Geometric Asymmetry — There are inequivalent geo-
metric arrangements of the donor atoms about each metal
atom. This occurs in ribonucleotide reductase B2 where one
iron atom has a regular octahedral geometry whereas the
geometry at the second iron atom has both octahedral and
trigonal bipyramidal features because a chelating aspartate
may be viewed as occupying two donor sites to give a sever-
ely distorted octahedron, or as utilizing one equatorial site
of a trigonal bipyramid!. A further example is found in
purple acid phosphatase where the iron atom has an almost
perfectly octahedral coordination environment whilst the
zinc atom is in a distorted octahedral environment['!l, A
modification of this asymmetry is available when the donor
atom distribution within a given coordination geometry dif-
fers; for example in an N,4O square-pyramidal complex the
O donor could be either axially or equatorially coordinated,
giving rise to spatial asymmetry.

(d) Coordination Number Asymmetry — An unequal num-
ber of donor atoms are coordinated to each metal atom.
Examples of this asymmetry are found with deoxyhemer-
ythrin with five- and six-coordinate iron atoms/?, leucine
aminopeptidase with three- and four-coordinate zinc
atoms!”), urease with three- and five-coordinate nickel
atomsl®, and bovine erythrocyte superoxide dismutase
where the zinc atom is four-coordinate and the copper atom
is five-coordinate!'®,

Figure 2. Schematic representations of dinuclear metallobiosites

serving as examples of the four symmetry classes: site (a) is symme-

tric; (b) exhibits donor asymmetry: N,S; and N,SO; (c) shows ge-

ometric asymmetry: Oh and Ob/tbp; (d) has coordination number
asymmetry: 4 and 5
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To a first approximation the nature of the donor atom
may be restricted to simply O, N, or S atoms, but a more
accurate definition would specify the functional grouping
associated with the donor atom and so differentiate be-
tween O in water and carboxylate or S in a thiolate or thio-
ether. Combination of different types of asymmetry may
also occur at a dinuclear centre.

Although many examples of coordination complexes de-
rived from symmetric acyclic dinucleating ligands have been
prepared and investigated as potential model complexes for
metallobiosites, polydenate ligand systems that would give
necessarily asymmetric dinuclear complexes remained rare;

Chem. Ber.[Recueil 1997, 130, 433—442



Unsymmetric Dimucleating Ligands for Metallobiosite Modelling

MICROREVIEW

site asymmetry was often only accessed through good for-
tune. This, and the awareness of the asymmetric nature of
many metallobiosites, led to the suggestion that for model-
ling studies unsymmetrical dinucleating ligands should be
viewed as desirable targets?®!. This article presents an over-
view of the progress that has been made in this area of re-
search.

Unsymmetric Dinucleating Ligands: The Background

Since Robson introduced the concept of dinucleating li-
gands in 1970 there has been a steady increase in the num-
ber and type of such ligands synthesized?". The IR com-
plexes have been divided into two general classes (Figure
3)22 The first group consists of those complexes where the
metals share at least one donor atom from ligands contain-
ing adjacent sites, the central donor atom(s) of which pro-
vide a bridge; the ligands giving these bridging donor sets
have been collectively termed compartmental ligands. The
second group consists of those complexes in which donor
atoms are not shared and so isolated donor sets exist.
Acyclic compartniental ligands are further divided into
“end-off” and “side-off” ligands; the former provide only
one endogeneous bridging donor and so have an exogene-
ous bridging site available between the metal atoms,
whereas the latter provide two endogeneous bridges and
present adjacent dissimilar coordination compartments.

Figure 3. Schematic representations of dinucleating ligands: mono-

or bibracchial pendant arms may be attached to the N atoms in

the “end-off” compartmental ligands and to the X atoms in the

isolated donor sets; the spacers in the isolated donor sets do not
provide bridging atoms

a) Compartmental ligands b) Isolated donor sets
CN O C :>
X.Y =N,0,S)
“end-off" "side-off"

(N,YX,: X=N,0,5: Y=0S) (N;Y,0z Y=0.5)

“Side-Off” Acyclic Compartmental Ligands

These ligands, generally derived from the “2 + 1”7 con-
densation of a 1,3,5-triketone, B-ketophenol or 3-formyl-
salicylic acid with an a,o-alkanediamine, have been the
subject of review!?¥. They provide homo- and heterodinu-
clear complexes which as well as being donor-asymmetric
can also be geometry- and coordination-number-asymmet-
ric. For example the dinuclear nickel(IT) complex [Ni,L'} -
2-pyridine (1) derived from I-phenyl-1,3,5-hexanetrione
and 1,2-diaminoethane has nickel present in a four-coordi-
nate [N,O,] square-planar environment and a six-coordi-
nate [N4O,] octahedral environment®¥. Unfortunately
these ligands are relatively rigid with an invariant intermet-
allic separation which is usually close to 3.0 A; these
properties have not facilitated their use as biomimetic mol-
ecules.
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Scheme 1. The synthesis of unsymmetric phenoxo-bridge ligands
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“End-Off” Acyclic Compartmental Ligands

Much of the early work concerning this group of ligands
focused on the synthesis of homodinuclear copper(Il) com-
plexes of ligands, derived from the condensation of 3-for-
myl-5-methylsalicylaldehyde with a wide range of amines,
and was stimulated by the need to provide speculative mod-
els for the type-III dinuclear site in cuproproteins. The com-
plexes formed were usually symmetric, and where asym-
metry existed it had arisen fortuitously as in the complex
[Cu,L?Br]BrClO, - MeOH (2) in which both copper atoms
are five-coordinate™. One copper atom utilizes a bromide
anion as its fifth ligand to achieve a square-pyramidal ge-
ometry utilizing an N,OBr, set, whilst the second copper
achieves a trigonal-bipyramidal geometry with an N,O,Br
donor set by coordinating to a methanol molecule. There is
an exogeneous bridging bromide anion and the molecule
exhibits both geometric and donor asymmetry. Coordi-
nation number asymmetry was evidenced in [Cu,L?
OH(NO3);] - H,O (3) where one copper was five-coordi-
nate, having a water molecule present in addition to a ligand
donor set, and the second copper atom was six-coordinate,
with both nitrate anions acting as monodentate ligands!?®,

Scheme 2. Proposed structures for the semimet forms of hemery-
thrin; glu = L-glutamic acid; asp = vr-aspartic acid;
his = histidine
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Inequivalent copper atoms have also been found in com-
plexes having two sets of bibracchial pendant arms. In both
[Cu,LYCH;COO))(PFy), (4)*7 and [Cu,L*(H,0),]))C10,);
- 3 H,O (5)% the copper atoms were found to be square
pyramidal with equivalent donor sets, but a spatial asym-
metry had been introduced because one copper atom had
the bridging phenoxide oxygen atom occupying an axial po-
sition whereas it was equatorially bound to the second cop-
per atom. Geometric asymmetry was also noted in [Cu,-
LSOH)](BF,), (6) where the equivalent donor sets give rise
to square-pyramidal and trigonal-bipyramidal coordination
geometries at the metals?!.
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Unsymmetric Dinucleating Ligands: Recent Progress

Since 1990 much progress has been made in the synthesis
of dinucleating ligands with built-in asymmetric features.
The ligands fall into two classes: (i) those capable of pro-
ducing a phenoxo-bridge to link the two metals and (ii)
those which would provide an alkoxo-bridge.

(i) Endogenous Phenoxo-Bridge Ligands

The introduction of a single pendant arm into 5-bromo-
salicylaldehyde by the Mannich reaction followed by con-
densation of the resulting aminomethyl salicylaldehyde with
a primary amine (Scheme 1) afforded the unsymmetric di-
nucleating Schiff base proligands HL7, HLS, HL!!,
HL"“H,L'* and }12L‘4[3°>3'].

(!) _m

2HBr EN
NR NZ

(i) R2NCHZCH,NHR", CH20;q, ; (if}2-aminomethylpyridine, HC(OEt},

The first four of these “side-off ” compartmental ligands
are donor atom symmetric with N,O donor sets; one donor
set however incorporates two sp® N atoms and the second
has present two sp?> N atoms. The remaining pair of proli-
gands have one N>O and one NO, donor set.

Feringal®>3¥ later applied this synthetic procedure to the
generation of unsymmetric proligands such as HL® and
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HL'C derived from salicylaldehyde and 5-methylsalicylal-
dehyde, and showed that reduction of the Schiff base ligand
gave the corresponding diamino compound e.g. HL'®. Such
compounds were also prepared by reductive amination of
the monoaminomethylated salicylaldehyde with a second-
ary amine (HL!'®} or by slarting from p-cresol and em-
ploying sequential Mannich reactions using two different
amines (HL!7)33],

cH3 CH3

HL15

The reaction of these asymmetric proligands with cop-
per(1l) salts gave homodinuclear copper(1l) complexes; the
crystal structures of [Cu,Br(HCO,)L71ClO, - H,0 (7)B%31
and [Cu,(CH;CO,)LY|CIO,] (8)1*? have been reported.

Br CHg

K@N v -
I"N\ /O\ /IN N o LI
E /Cu(1)/Cu(2) l \CU/(1)\CIIJ(2)
AN e \\2// =
Me O O\ 7 Me o5\ 4
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The copper atoms present in 7 are both five-coordinate
and in distorted square-pyramidal environments. Each cop-
per is coordinated by the oxygen atom of the non-symmetri-
cally bridging phenoxide, and by atoms from two exogenous
bridging groups: a bromide and a formate. Coordination at
each metal is completed by interaction with two nitrogen
atoms from the appropriate pendant arm. Cu(l) is more
distorted towards a trigonal bipyramid than is Cu(2); the
indices of trigonality (t)**! are 0.4 and 0.29 respectivelyl®*,
The Cu---Cu separation is 3.24 A.

Complex 8 has a related structure in which there is a
more symmetric phenoxide bridge and two non-symmetric
acetate bridges, one of which is syn-syn bidentate the other
being monodentate. Each copper is five coordinate, which
the remaining donor atoms being the articular nitrogen
atoms. In 8, Cu(l) is less distorted towards a trigonal bi-
pyramid than is Cu(2), the t values being 0.07 and 0.25
respectively. The Cu--Cu separation is 3.029 A.

In addition to geometric asymmetry, spatial asymmetry
is also noted in both molecules. In 7 the square-pyramidal
environment at Cu(1) has a formate oxygen atom at its apex
whilst that at Cu(2) has the bromide anion at its apex; in 8
Cu(1) has an oxygen atom from the bidentate acetate at an
apex whilst Cu(2) has the oxygen atom of the monodentate
acetate at its apex.

The molecules exhibit small antiferromagnetic couplings
[/ = —42cm™! (7) and —15 cm™' (8)]. Although these va-
lues do not model accurately the strongly antiferromag-
netically coupled type-3 copper centres found in haemo-
cyanin and tyrosinase, it has been remarked that the pres-
ence of different environments for the two copper atoms
may be related to the different modes of bonding proposed
for the two copper atoms in tyrosinasel3333-36],

In order to introduce a wider range of oxygen and nitro-
gen donor atoms into the proligands and so extend the
range of this type of “side-off” ligand, the necessary Man-
nich bases have been prepared under non-aqueous aprotic
conditions prior to condensation, leading to proligands
such as H,L'® and H;L!'°B7-38], Related compounds such as
H,L? were synthesized by condensation of the func-
tionalized salicylaldehydes with secondary amines followed
by in situ reduction of the iminium species with sodium
borohydride®®, Tt was also shown that the tandem Man-
nich reactions starting from 4-chlororesorcinol would give
saturated unsymmetric dinucleating proligands as exem-
plified by H,1.21[38],

One of the problems associated with the design of un-
symmetric dinucleating ligands is that it is not always cer-
tain that the ligand will react to give a dinuclear complex
and this is shown by the reaction of H,L'® with copper

[*#] 1 is the index of the degree of trigonality within the structural
continuum between square-pyramidal and trigonal-bipyramidal ge-
ometries. If A is the apical donor atom of a square-based pyramid
then it should not be any of the atoms which define the largest two
angles (o, B) at the metal centre. Donor atoms B and C are associ-
ated with the greater basal angle (B) and atoms D and E with the
smaller basal atom (). T = (B — )/60 and is thereforc 0 for a
square pyramid and 1 for a trigonal bipyramid!34,

Chem. Ber./Recueil 1997, 130, 433—-442

Br Br
MeO. OMe
I R
A N OH I/
[ N OH TJ CH J l
l ) N \
= N
o HO' oH || h HO
OH #
Me
HL'® HoL™® HoL?®
perchlorate to give the mononuclear complex

[Cu(H,L¥)](ClO,) - 2 H,O - MeOH. The crystal structure
showed that the phenolic hydroxyl function had been de-
protonated with consequent protonation of the morpholino
nitrogen atom; the ligand behaves as a tridentate [O,N] li-
gand and binds to the copper atom through the alcoholic
and phenolate oxygen atoms as well as the imino nitrogen
atom!*%.
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It is also noteworthy that the [irst unsymmetrical non-
biological p-oxo diiron(Il) complexes [(HL??)FeOFeX,]X
(X = (l, Br) were constructed from a potentially dinucleat-
ing unsymmetric proligand HL?? that binds to only one of
the iron atoms. This iron atom is six-coordinated by the five
nitrogen atoms of the ligand and to the oxo-bridge, with
the second iron atom tetrahedrally coordinated to the oxo-
bridge and three halide anions*7],

Homodinuclear manganese(Il) complexecs of unsym-
metric phenol-based dinucleating proligands bearing ami-
no- and imino-pendant arms have been studied in pursuit
of complexes which can give catalase-like behaviour®;
manganese catalases facilitate the disproportionation of hy-
drogen peroxide into dioxygen and water. The proligands
HL?? and HL* were synthesized by the Mannich route and
provide donor asymmetric ligands in which one compart-
ment includes one sp? and one sp? nitrogen and the second
compartment includes two sp* nitrogen atoms.

The structure of the dimanganese(Il) complex
[Mn,L2%MeCOO),NCS] (9) shows that the manganese
atoms are separated by 3.376 A and that the geometries at
the two metal sites are different. Mn(1) is in a distorted
square-pyramidal geometry (t = 0.34) provided by the im-
ino-N, two acetato-O, the phenoxo-O and an amino-N
atom, whereas Mn(2) is in a distorted octlahedral environ-
ment provided by the thiocyanate anion, two acetato-O, the
phenoxo-O and two amino-N atoms. Three types of asym-
metry are involved: donor atom, coordination number and
geometrical.
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In reactions of these dinuclear manganese complexes
with hydrogen peroxide a catalase-like activity is found; a
dinuclear cis-[Mn(IV)(=0)], species has been detected as
an active intermediate in the disproportionation reaction
together with a less reactive [Mn(IDMn(IV)=0] spe-
ciesi*>*3 There is a significant difference between the behav-
iour of 9 and that of the symmetric Schiff base and amino
analogues, in that for the symmetric species the theoretical
yield (100%) of dioxygen is evolved whereas for the unsym-
metric species only 60—70% of the expected dioxygen is
evolved. It appears that a side reaction occurs to consume
H,0, when the manganese atoms are not in electronically
equivalent environments, suggesting that a symmetric en-
vironment would be required in the metalloenzyme.

N

pyr N \ \

pyr ) E pyr )
pyr oyr

kpyr . . kpyr pyr

In the course of his seminal studies on the interaction of
dioxygen with copper(I) complexes and its application to
our understanding of the interaction of dioxygen with hae-
mocyanin and tyrosinase, Karlin has made direct obser-
vation of reversible dioxygen binding by using a dicopper
complex of an unsymmetric ligand as a copper monooxy-
genase model*¥l. The complex [Cu,L>OH][PF], (10) is de-
rived from the proligand HL?3, which is itself synthesized
from the reaction of dicopper(I) complex [Cu,L?|[PF],
(11) with dioxygen.

The ligands provide unsymmetric environments due to
the difference in bond connectivity between the aromatic
ring and the pendant arms: one arm is directly connected
to the ring whilst the second arm is connected via a methyl-
ene group. The structure of 10 shows each copper to be
in a square-pyramidal geometry with an equivalent [N;O,]
donor set comprised of the ligand donor atoms and a bridg-
ing hydroxo group. The sites are slightly distorted (t = 0.14
for the copper in the —CH,~-linked site and 0.05 for the
copper in the directly linked site. The Cu---Cu separation is

HLZG
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3.037 A and there is a less efTicient antiferromagnetic coup-
ling in 10 than in the symmetric complex with two methyl-
ene connectors. The reaction of 10 with dioxygen is rever-
sible — four oxygenation/deoxygenation cycles being carried
out without severe decomposition — whereas with the sym-
metric complex the reaction with dioxygen is rapid and
irreversible.

Studies of the phenoxo-bridged dicopper(I) complex of
HL?*, [Cu,L**]PF (12), have produced, using the ferricin-
ium ion as an oxidant, a mixed valence complex [Cu(I)Cu
(IDL*][PF¢], which reversibly reacts with dioxygen to give
a superoxide complex [Cu,L>*(0,)][PFg],**’l. The thermally
stable hydroperoxo and peroxo complexes [Cu,-
L*(OOH)|[PF,), and [Cu,L**(Q0)|[PF¢), have been iso-
lated by low-temperature precipitation at —85°C following
the reaction of copper(I) complexes of HL?® with dioxygen.
The reaction of 12 gave the peroxide and that of
[Cu,HL*|[PF¢], gave the superoxide!*®. These studies have
added considerably to the knowledge base involving the in-
teraction of copper with dioxygen. The structure of 12(4%
showed the copper(l) atoms to be present in trigonal pyr-
amidal environments and it was speculated that the subtle
differences in the relationship of the two copper atoms in the
unsymmetric coordination environment may be important
in the stabilization of the above copper-peroxo complexes.

The proligand HL?” was designed to offer two different
suites of donor atoms to a pair of metal atoms”. The
structure of [CuL>’CI(HOE)](ClO,), - 4 H,0 - EtOH. (10)
revealed that the chloride and phenoxo-O atoms asym-
metrically bridge the copper atoms. Coordination of one
copper is completed by an amino-N and two imino-N
atoms of the N; arm in a distorted square-pyramidal array,
and at the second copper atom it is completed by an amino-
N and one imino-N atom of the N,-benzyl arm together
with an ethanol-O atom to give a very distorted five-coordi-
nate geometry. In the former the phenoxo-O is axial and in
the latter the chloride is axial. The Cu--Cu separation is
3.348 A and the copper atoms are not significantly magneti-
cally coupled.

N OH N

N
HL? bzm = @EH()—

Latour and co-workers have used the related proligand
HL? in a study designed to provide a model for semimet-
hemerythrin by having a free coordination site on one iron
atom of the dinuclear pairt*®, The semimet forms (Scheme
2)4%500 have present a mixed-valence iron pair [Fe(II)-
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Fe(III)]; NMR studies in solution have suggested that there
is a localization of the valencel*!l.

H
Q
[hisg]Fe"‘\/ \Fe”[hiSZ] R [hisalFe“\/ \Fe"'[hisz]
(luasp) H asn)”
(semimet)oHr (semimet)gHr

The complex [Fe(ID)Fe(1IDHL?(H,O)Mpdp)](BPhy), - 2
H,O (mpdp = 1,3-benzenedipropionate) was synthesized
from proligand HL?®. The structure of the cation reveals
two iron atoms bridged by the phenolate-O atom and two
carboxylate groups from the mpdp anion™®. The coordi-
nation sphere of the iron atom in the Njy arm [N;O4] is
completed by binding to all three nitrogen donors and that
of the iron in the Njy-benzyl arm [N,Q,] includes a water
molecule as well as the two articular nitrogen atoms. The
intermetallic separation of 3.409 A is close to that of 3357
A determined by EXAFS for the azide derivative of semi-
met hemerythrin®l, The strong asymmetry of the
Fe—O—Fe unit suggests that the valences of the iron atoms
are delocalized, with the Fe(I1I) in the N;O; site and Fe(II)
in the N,O, site. The latter is therefore in a site which is
accessible to an exogenous ligand, in this case water. The
site occupancy proposal was supported by Mdssbauer and
NMR studies.

N OH N N
EPY’ pyr— Epyr
NS
HL®
pyr= Q—

Valence localization was also found in the diiron complex
of proligand H,L?, [Fe(I)Fe(ITDHL*(mpdp)](BPhy)
(mpdp = 1,3-benzenedipropionate) (13)*3], The two iron
atoms are again in very different coordination environments
and are bridged by the cresolate-O atom and by the two
carboxylate bridges of mpdp. The iron atom in the N3 arm
[N3O4] is further coordinated by all three articular nitrogen
donors and that of the iron in the N,O arm [N,O,] is
bonded to the articular phenolate atom as well as to the
two nitrogen atoms of the arm. The intermetallic separation
of 3.417 A is comparable to that of 3.52 A determined by
EXAFS for reduced uteroferrinl®¥, The asymmetry of the
Fe—O—Fe unit, supported by Mdssbauer studies, suggests
that there is charge localization, with Fe(IIl) in the N,O,
site and Fe(II) in the N;Oj site.

The complex 13 has been described as a model for the
diiron purple acid phosphatases. Two forms of diiron unit
have been characterized in these enzymes — Fe(II)Fe(III)
(active) and Fe(IT)Fe(IIT) (inactive) — and an oxygen-rich

HLEB
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coordination environment similar to that in ribonucleotide
reductase has been proposed as likely. Electrochemical stud-
ies of 13 showed that there are stable Fe(IID)Fe(IH) and
Fe(IIT)Fe(IT) forms as in the purple acid phosphatases and
that the terminal phenolato ligand destabilizes the Fe(II)-
Fe(II) in terms of chemical reactivity, thus rationalizing the
observation that reduction of porcine purple acid phospha-
tase is accompanied by release of ironl>l,

(ii) Endogenous Alkoxo-Bridge Ligands

Unsymmetric pentadentate Schiff base ligands derived
from aminoalcohols were first used in studies investigating
the magnetic properties of dinuclear metal complexes. The
dinuclear copper(Il) complexes [Cu,L3X] (X = p-Cl, p-py-
razolate) have been synthesized from the proligand H3L.*°,
itself prepared from the condensation of salicylaldehyde
with 1,4-diaminobutan-2-01*>*7, In these molecules the
asymmetry arises from the availability of five- and six-mem-
bered chelate rings in the bridging ligand skeleton. Donor
set asymmetry was introduced into a related proligand,
H;L3!, by the introduction of salicylideneimine and acetyl-
acetoneimine terminal groups. The dicopper(I1) and dinick-
el(Il) complexes [M,L3'pz] (M = Cu, Ni; pz = p-pyrazol-
ate) were prepared and their physicochemical properties
studied*¥1. The above dicopper(II) complexes showed mod-
erate antiferromagnetic coupling.

&0

Asymmetry in dinuclear complexes involving proligand
HL3? arises from the formation of five- and six-membered
chelate rings in the bridging skeleton]. The dicobalt(II)
complexes [CO,L33(RCOO)[(C10,), - nH,O (R = CH,,
CeHs) have been synthesized and found to react reversibly
with dioxygen in acetonitrile. The structure of a resulting
dicobalt(Il) peroxo complex, [Co,L**(CH;COO)(O,)[(PF¢),
- CH;CN - H;O (14), has been determined and shows two
crystallographically independent dinuclear complex cations.
Although each cation is unsymmetric, disorder involving
the five- and six-membered chelate rings in the bridging
skeleton results in the presence of a mirror plane. Each co-
balt(I) 1s in a distorted octahedral environment provided
by a cis,cis-[N3Os] donor set and the metals are triply
bridged by the alkoxo-O, an acetate anion and the peroxo-
group. Dioxygen affinity for symmetric dinuclear com-
plexes, and its reversibility, has been shown to be highly
ligand dependent(®; that the dioxygen affinity of 14 is in-
termediate to that of the appropriate symmetric parent
complexes further illustrates this point.

A second unsymmetric proligand with potential for alk-
oxo-bridging, HL*, readily forms the diiron(II) complex
[Fe, L3 (CF;CO0)BF, ), - nH,0O°!. No structural infor-
mation is available for this complex, which reacts rapidly

o)
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with dioxygen in solution at —60°C to give a p-peroxo com-
pound. No reversibility is found and the p-peroxo com-
pound gradually decomposes within a few hours, even at
—100°C.

The proligand H,L** has present two adjacent, dissimilar
donor sets, NO, and N3O, The structure of the dicopper
complex [Cu,L**(CH,COQ)|CIO, - H,O - 0.5 NaClO,
shows that two geometrical isomers result from asymmetry
of the skeletal bridge carbon atom. In each isomer the cop-
per atoms are doubly bridged by the endogenous alkoxo-O
and the acetate anion; one copper is in a square-planar site
based on the NO, donor set and the second in a distorted
square-pyramidal site (1 = 0.5) derived from the N3O do-
nor set. The two isomers exhibit very weak antiferromag-
netic coupling and the Cu--Cu separations are ca. 3.43 A.

)

Cf
OH N=
HoL 34

Proligand HL?’ was designed in order to introduce coor-
dinative unsaturation at one metal centre within a dinuclear
complex!'®l. Reaction of HL* with copper(Il) perchlorate
gave only a mononuclear product [CuHL3?|(CIOy),
CH;CN but reaction with copper(Il) acetate gave
[Cu,L3(CH;COO0)|(CIO,); - 2 H,O (15). In this complex
the metal atoms are doubly bridged by endogenous alkoxo-
O and the exogenous acetate anion, and as a result of the
inherent asymmetry in the ligand one copper is in a dis-
torted trigonal-bipyramidal environment provided by an
N3O, donor set and the second is in a distorted square
planar environment provided by an N3O, donor set. In the

solid state one of the perchlorate anions is weakly bound
to the four-coordinate copper atom (Cu—O = 2.57 A), sug-
gesting that a vacant coordination site could exist at this
copper atom. The potential for site-directed reactivity at the
unsaturated copper atom was demonstrated by adding azide
ion to 15, whereby the azide-bridged complex
{[Cu,L*3(CH;COO);N;3(ClO4)y - 8.5 H,O was isolated
and structurally characterized. Complex 15 is regarded as
the first example of a dinuclear copper complex to be both
coordination-number asymmetric and to have directed reac-
tivity at one metal centre due to a constraint imposed by
ligand design.
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The same authors have used HL?® to prepare
[FeL33(CeHsCOO)(CH;0H), s(H20)o 5)(BF4):  (16), the
structure of which contains one five-coordinate and one six-
coordinate iron atom doubly bridged by the endogenous
alkoxo-O and a benzoate anion®®. The former site has a
distorted trigonal-bipyramidal geometry with an N3O, do-
nor set, the residual donors being two benzimidazole-N
atoms and an amine-N atom from one ligand arm; the lat-
ter site has an octahedral geometry and an N,0O4 donor set,
with the residual donors being one benzimidazole-N atom
and an amine-N atom from the second ligand arm together
with a methanol and a site which models as a shared meth-
anol and water molecule. Solvation occurs at the site with
the lower coordination from the ligand. Treatment of 16
with thiocyanate anion introduces tow N-bonded thiocyan-
ate anions at the sites previously occupied by solvent mol-
ecules to give [Fe,L3(CsHsCOO)NCS),], (17). The poten-
tial to introduce accessible sites for reaction at one metal of
a dinuclear pair is an important aspect in the development
of dinuclear complexes with coordination number asym-

metry.
9\
LQV oo \ I

Bz OHzMeOH

/\1/8\ /
NG/ \’t'/
L /Fe I \
7/ oy
(16) (17)

N
Oy
CHa
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The related proligand HL?*® has been used by Krebs and
his co-workers to coordinate to nickel and so produce a
dinuclear complex to serve as a model for the dinickel-
(D) site in ureasel®. The complex [Ni,L**(C¢H;COQ)-
(EtOH),](ClOy), - EtOH (18) has the nickel atoms doubly
bridged by the endogenous alkoxo-O atom and the benzo-
ate anion. One nickel is in a trigonal-bipyramidal environ-
ment [N30,] with the donor atoms from the bis(benzimida-
zole) arm completing the donor array, whilst the second
nickel is six-coordinate [N,Og] with the N atoms of the se-
cond arm and the two solvent molecules completing the
coordination sphere. The solvent molecules are in cis posi-
tions and the spatial arrangement is similar to that found
in 16 and 17. The Ni--Ni separation is 3.514 A and thus
is close to the 3.5 A reported for urease from Klebsiella
aerogenes'®l; this can be related to the possible formation
of a p-carboxylato-p-hydroxo-bridged dinuclear species in
urease under physiological conditions. A second model sys-
tem was derived from proligand HLY, [Ni,L*(CH;-
COO)H,0),)(ClO,); - H50 - Et,O - 2 EtOH (19)[*Y. Both
metals are six-coordinate and triply bridged by the en-
dogenous alkoxo-O atom, the acetate anion and a water
molecule. The water molecule is asymmetrically bound,
with the longer interaction (2.394 A) being with the more
sterically encumbered nickel atom. This nickel is that bound
to the three N atoms of the bis(benzimidazole) arm, and the
coordination geometry may be regarded as cither distorted
octahedral or square pyramidal if the elongated binding to
the water molecule is not considered. The coordination
sphere of the second nickel atom [NOs] is completed by
interaction with the articular ether-O, a pyrazole-N and a
water molecule. The Ni--Ni separation here is shorter at
3.171 A. Although neither 18 nor 19 has shown hydrolytic
activity towards urea, complex 19 has shown an accelerated
hydrolysis of the substrate 4-nitrophenyl phosphate. A
further model for urease, [Ni,L*¥(CcHs;COO),(CH;-
COOH)|(ClOy),; - EtO (20), is derived from proligand
HL31%3), The metal atoms are separated by 3.387 A and are
both six-coordinate; they are triply bridged by the endogen-
ous alkoxo-O atom, and two benzoate anions. One nickel
atom [N304] is further bound by the nitrogen-rich bispyri-
dyl arm and the second [NOs] by the articular ether-O, a
pyridine-N and a monodentate acetic acid molecule, the co-
ordination of which is stabilized by a strong intramolecular
hydrogen bond from the acidic proton to the endogenous
alkoxo-O atom. The acid is present at the site with the lower
coordination from the ligand, which may therefore be
viewed as the likely site for substrate interactions.
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The heptadentate proligand ligand HL?® has been used
to prepare {Fe (L>%)[0,As(CH;),]Cl,(CH;OH)}(CIOy), - 4
CH;OH (21), the first unsymmetrical p-alkoxo-bridged di-
nuclear iron complex!®®). The coordination environments of
the two iron atoms are different: Fe(l) is surrounded by an
N30-Cl donor set and Fe(2) by an N;O3Cl donor set, and
the Fe:-Fe separation is 3.535 A. The former set is com-
prised of two benzimidazole-N atoms and a tertiary amine-
N atom coordinated facially, and a chloride atom, a bridg-
ing alkoxo atom {rom the ligand and an O atom from the
bridging dimethylarsenito-group; the latter set is comprised
of a benzimidazole-N atom and a tertiary amine-N(CH3)
atom together with a chloride atom, a methanol group, the
bridging alkoxo atom from the ligand and an O atom from
the bridging dimethylarsenito group. The chloro and meth-
anol ligands are labile and complex 21 reacts with hydrogen
peroxide to give a peroxide adduct which is stable over sev-
eral hours. Complex 21 exhibits very limited catalase
properties but in the presence of hydrogen peroxide oxidizes
the diammonium salt of 2,2'-azinobis(3-ethylbenxothiazo-
line-6-sulfonic acid), which has been used to quantify the
enzymatic activity of peroxidases!®”, to its radical cation so
behaving as a functional model for peroxidase.

CHa
Y
rN HO N\] N
HN SN HNSN

L3

Conclusion

This is a burgeoning area of coordination chemistry not
only with respect to ligand design and synthesis but also
in the application of the formed dinuclear complexes, as
speculative, and to an extent corroborative, models for bi-
metallobiosites, Given that asymmetric coordination of me-
tal ions seems to be a prerequisite for the catalytic activity
of a dinuclear metallobiosite it is interesting to see the evol-
ution of complexes which mimic, in a predictable manner,
the differential functions of the metal ions at such a metal-
lobiosite. Additionally comparison of the physico-chemical
properties of the asymmetric complexes with those of their
symmetric parent complexes can give insight into the fine-
tuning available from subtle changes in ligation at dinuclear
metal centres.
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