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INTRODUCTION

This review covers the coordination chemisiry of iron for 1990, and is the first since the
1981 review published in volume 67 of Coordination Chemistry Reviews. All work cited in
Chemical Abstracts volumes 112 and 113 has been covered, which comprises publications from
1989 to late 1990 depending on the journal. Tn addition the following journals have been searched
independently from the period January to December 1950: J. Amer. Chem. Soc., Inorg Chem.,
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Angew. Chem., 1. Chem. Soc., Dalton Trans., J. Chem. Soc., Chem. Commun., inorg. Chim.
Acta, Polyhedron, J. Organometal. Chem., Organometallics, Helvetica Chimica Acta, Bufl. Chem.
Soc. Jpn., Chemische Berichie, New J. Chem., Australian J. Chem. and Canadian J. Chem.

The main change in the layout compared o previous years is that there is no subdivision by
oxidation state, only by ligand type. Many ligands have been used to prepare complexes in both the
+2 and +3 exidation states and the undesirable fragmentation of a single piece of work is thereby
avoided, In all cases where the oxidation state is not obvious it is explicitly stated. As always the
distinciion between ‘coordination’ compounds and ‘organometallic’ compounds is rather difficult;
as a general rule, any compounds containing a mesal-carbon ¢-bond (apart from carbonyl and
isonitrile complexes, and a few alkyl and aryl porphyrin complexes) or a ®-coordinated unsawurated
hydrocarbon (including cyclopentadienyl derivatives) are outside the scope of this review. Such
organomeiallic iron compounds are periodically reviewed in J. Organometal. Chem.. Within these
limits this review aims to be comprehensive, and any omissions or errors are engrely the faule of the

author.
11 COMPLEXES WITH CARBONYL GR ISONITRILE LIGANDS
1.1.1  Homolepitic carboryl or isonitrile complexes

The fluxional and isomerisation processes of Fe3(CO) 2 and Fe3(CO)j2-5Llp, both in
solution and the solid state, have been interpreted in terms of the ligand polyhedral model. Tt is
suggested that the carbonyl scrambling patterns in these comnpounds may be accounted for by the
M1 wriangle moving inside the ligand envelope, which may in turn underge polyhedral
rearrangements of a type normally associated with mononuclear coordination complexes [1].
Examination of the crystal packing in Fe(CO)s and Fe3(CO)g show that each molecule is
surrourded by a shell of twelve other molecules, with the close-packed cubooctahedral (ABC) and
anti-cubocctakedral geometries (AB) respectively [2]. A revised MO meatment of the bonding in
Feo(COQ)o explains the weakness of the Fe-Fe bond, due to anttbonding imteractions from
participation of CO n" orbitals in the bridge bonding network [3]. IR studies show that UV-
induced decarbonylation of Fe(CO)s in low-density polycthylene, polyvinyl chioride or
polyietrafluoroethylene films at 12K generates Fe(CO)3 and Fe{CO)4, which may react with the
polymeric medium or residual solvent molecules (CH2Cly, hexane, thi [thf = wrahydrofuran]) to
form a variety of adducts. The potential of polymer films for trapping and characterising unstable
species is discussed [4]. Single-molecule isolation of Fe{CO)5 has been achieved by codeposition
from the vapour phase with excess alkali halide vapour onto a ¢old substrate. The photochemistry
of "salted’ Fe{CO)s was compared 10 that of Fe{CO)s adsorbed onto atkali halide films; photo-
induced fragmentation, oxidation and reduction were observed |5]. FetCO}s reacts with
Fe(13CO)* in the gas phase 10 give [Fe (13CONCON%]* (x = 1-3; r = 0,1; s = 4-8). The kinetics of
these reactions were studied by Fourier-Transform ICR mass spectrometry; Y3CO is lost in
preference to 12CO during cluster formation. The results are interpreted with reference to the non-
fluxionality of [Fey{CO)rsl* clusters [6). The distribution of internal energy in [Fe(CQO)s])*"



{generated by collision-induced dissociation using Ar gas) was determined as a function of collision
energy and scattering angle [7]. The photoelectron/photoion coincidence spectira of [Fe(COglt {n
=0 - 5}, preduced from photoionisation of Fe{CO)s, have been recorded. The ionisation energy of
Fe(CO)s and CO bond dissociation energies in [(CO)-Fe(COXJ* were determined from them [8].

The activation of CO in the water-gas shift reaction was modelled by CO activation in
Fe(CO)s. Reaction of Fe{CO)5 with [E4yN][OH] in methanol at -78° yields [Fe{CO)(CO-H)]- and
[Fe{CO}{(COxMe)]", both of which regenerate Fe(CQ)s on protonation with CF3C0;H. Their
reactivity towards ExsN and Li* is discussed [9]. There is a separate report of Fe(CO)s reacting
with OH- to give [Fe(COM(CO:H))- (10}

Photolysis of Fe(CO)s adsorbed on hydrated alumina produces [HFe3(CO)j;]-,
{HFe(CO}4) and alumina-bound Fe{CO)4, as determined by IR experiments involving denterium
exchange [11). Fe(CQY)s is capable of catalytically carbonylating aryl iodides to benzophenones
under phase-iransfer conditions and 1 atmosphere pressure of CO; for example, o-icditoluene was
converied to 2,2-dimethylbenzophenone in 47% isolated yield [12]. Fe{COjs adsorbed on NaY
zeolite shows photoinduced catalytic aciivity for butene isomerisation fifteen times higher than
when adsorbed on KY zeolite. This indicates that the cationic electrostatic field plays an important
part in the catalytic process [13].

Fe(COa-xL1+x (L = 1,3-dimethyl-2-isccyanobenzene; x = (-4) were prepared from
Fe(CO)s and L [14]. Fe{CNCF3)s has been prepared and smdied by NMR specaoscopy; it is non-
rigid in solution even at -100°C. It decomposes at room temperaiure io Fea(CNCFa)g{i-CNCF3)3
[15]. New routes to Fe3{CO)12.0{CNR)x (R = tert-butyl, xylyl; x = 1 - 3) are described.
Fea(COYo(CNiBu)s has been structurally characterised, and vnexpectedly both isonitrile ligands
are on the same Fe atom, Fey(CO})1(CN'Bu) undergoes facile decarbonylation io give
Fe3{COY(12-12-CNiBu), which reacts further with two tBuNC to give Fes(CO){CN'Bu)3 and
with other Lewis bases L to give Fea{CO)g(CNIBu)L; (L = CN-Xylyl, P{OEt})3, PMeaPh) for
which structures are proposed on the basis of IR specira [16]).

1.12  Complexes also containing Si, Ge or Sn donors

The pentacoordinate complexes Fe(CO)3(8iCi }{PPh3) and Fe{CO)3(SiCla}{P{OPk}1) have
bean prepared and crysiallographically characterised; both have near-trigonal bipyramidal
geometries with the three CO ligands in the equatorial plane [17]. MesHSi-CH-GeMesH reacts
with Fe(CO)s under UV irradiation to give the five-membered cyclic product (1) [18]. The 4-
membered cyclic compound (2} reacts with aldehydes 1o give cyclic germanium exides and iren
carbonyls, and with quinones to give new germanium-containing heterocycles [19].

Reaction of RGeHj (R = Me, Et) with Fey{(CO) 2 at 50°C, or between RGeH3 and Fe(CO)s
at 140°C, results in Fe3(COl(u3-GeR),. Silanes give similar trigonal bipyramidal products but
these were poorly characterised due to instability. The trigonal-bipyramidal [p3-
8i(Fe(COCplzFealCO)s (Cp = 15 - cyclopeniadienyl) (3} was prepared from Fe(CQO)s, SiHy
and [Fe{C0)Cpl> and has been crystatlographically characterised [20].
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Reaction of [(CO)4FeGeBrzlz (4) with NagFe(CQ)4 in diethyl ether/pyridine gives
{{{(CO)sFe}2Gelpy)z] in good yield, with the two pyridines and two Fe(CO)4 units disposed in a
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distorted tetrahedral array around the Ge atomn [21].  Compound (5) reacts with Fex{CQ)s to give
{6} [22]. Compound (7} has been crystailographically characterised; the cyclopentene rings are

puckered [23].
I> (CO)d <I
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Fe2(CO)9 reacts with SnHy to give the known compound SnfFex(CQ)glr and a new
compound SnFes(CO)ig (8). The crystal structare shows an Fes triangle edge-bridged by an
SnFey triangle [24]. Reaction of Fe(CQ)s with N{SnMea)a gives c1s-Fe{CO};(SnMes)ds; the
analogous reaction with Fe(CO)4(CS) gives mostly fac-Fe(CO)(CS)HSnMes)z. 3C, 170 and
1199 NMR s[ectroscopic measurements were made to study the dynamic behaviour of these
compounds [25].
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Reactions of [EtaN]* and [{PhaPyNI* (PPN) salts of [HE¢(CO)4]- with several tin halides
have been studied; the results are summarised in scheme 1. The crystal structure of
[EtsN12Cl2Sn{Fe(CQ)4 }21 shows a tetrahedral arrangement of two chlorides and two Fe(CO)4
units around the Sn atom [26].

{R38nFe(CO),T

[CI(Ph), SnFe(CO),] ®

‘% (HEe(CO)sT _.....[EtQNh[CISn {Fe(CO);s 1]

(iiy
,/ {iv) i)
[PPN], [ClLSn{Fe(CO), 151

‘(\rii) [Ety Ny [ClySn (Fe(CO)4 )21

SnlFe, Oyl =
Scheme 1: Reactions of {HFe{CQ)q4}" with tin compounds.

(i} R38nCI (R = Ph, p-tolyl} (ii) Pha8SaCly (ili) SnCly (iv} 0.5 equiv. SnCly
(v} 0.33 equiv. SuCly (vi) SnCiy (vii) Cut

Three routes have been determined for the preparation of octahedral hydrido- stannyl
complexes of iron. Firstly, a silyl group can be replaced by a stannane: thus mer-
(CO)3{PPhy)Fe(H)SiMe3 and R3SnH react to give mer-(CO)3(PPh3)Fe(H)SnR3, and cis,cis-
(COY2(dppe)Fe(H)SiMes (dppe = 1,2-bisdiphenylphosphinoethane) reacts similarly 1o give cis cis-
{CO)>(dppe}Fe(H)SnR3. Secondly, R3SnH adds to Fe{CO)2[P(OPh)3]2 to give
{CO)3[P(OPh)3]oFe(H)SnR3 (cis or trans isomer). Thirdly, (CO)2LoFe(H)SaCl3 (L2 = dppe,
[P(OPh)1]p) are prepared by reaction of the corresponding dihydride complexes {COLaFe(H)s
with SnCls. Deprotonation of these Sn-substituted hydride complexes with KH gives
KI[(CO)3(PPh3)Fe{SnR3)] (R = Ph, Me) and K[(CO)zLaFe(SnR3)] (L2 = dppe, [P(OPh)3]2}
Reaction of K[(CO)3(PPh3)Fe(SnR3)] with CH3l gives the methyl-stannyl complexes
{CO)3(8nR3){PPh3)Fe(CH3), with R'3SnCl gives the bis-stannyl complexes
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(CON3(PPh3)Fe{SnR1)5nR'3), and with MeaSnClp gives mer-(CO)3(PPhy)Fe{SnMeyCl)), whose
crystal structure shows a roughly octahedral geometry around the Fe atom in which the two cis-
stannyl Ligands do not interact [27].

The reaction of [EuN]2[ClaSa{Fe{CO)s ) 2] with CIHgMo(CO)aCp gives the very unusual
heptanuclear complex [EtgN12{{ (CO)4FeSaClaFe(CO)y j7Hg), which has a linear’ backbone, i.e.
(CO)4Fe-SnCl-Fe(CO)4-Hg-Fe(CO)4-SnCls-Fe{COYy. The crystal structure shows that the
erminal Fe are square pyramidal, the internal Fe are octahedral, the Sn are tetrahedral and the Hg is
lincar [28].

1.1.3  Complexes also containing N, P, As, Sb or Bi donors

HFes(CO) 12N was used to prepare an iron-nimide film, by chemical vapour deposition at
160-180° onto glass. Messhauer spectroscopy, XPS and X-ray diffracton confirmed the presence
of the y-FeaN phase [29]. Fea{CO}g(L-PRNC(OYCgH4NH) (9) was prepared in very low yield
from the photochemical reaction of Fe{CO)s with azobenzene in toluene; the Fe-Fe bond 1s bnidged
by the anthranilic acid anilide, and there is a weak interaction between the amine hydrogen atom and

both Fe atoms [30].
O
AN
N

N

(CO)JeL‘Fc(CO)g
(%

Reaction of o,B-unsaturated ketones with cis-Fe(phen)2(CN)z (phen = 1,10-
phenanthroline) or CpFe(dppe)(CN) in the presence of Et20.HBF4 gives complexes containing §-
oxo-isonitzile ligands by (effectively) Michael reaction of the cyanide ion with the unsaturated
ketone. The products are cis-Fe(phen)2(CN-CR1R2-CHR1-C(O)-Ryq)p (for Ry = Ra =Me,R3=H
and R4 = CH:CMe3 the crystal structure has been determined and shows the expecied octabedral
N4Cz coordination environment) and Cp{dppe)Fe(CN-CRR3-CHR3-C{O)-Ry)7 respectively. In
both cases the carbonyl group could be reduced 31].

Fe{(CO)4L (L = PPh3, AsPhs, SbPhs, PMePh, P(cyclohexyl)s, PBuz, P{OPh)s, P(OEL),
P{OMe}3 ) have been prepared by reaction of Fe{CO)s with L in the presence of various cobalt or
iron catalysis [32]. 2-Pyridyldiphenylphosphine (pdpp) reacts with Fe(CO)5 and Fe2{CO)s t0 give
(pdpp)Fe(CO)4 in which pdpp ligates through the P atom [33]. Reacuion of [Fe(COL{H)SiPhs)
(L = PMe3) with L' {L' = PPh3, P{OPh)3, P(OEt)3, P(OCHMe2)1 ) in benzene yields the mixed
disubstituted complexes Fe{CO)LL'. H, however, L' = PMesPh, PMePh; or PEt3 a mixture of
[Fe(CO¥La], [Fe(CORLLY and [Fe(CORL'2] appears. 31P{1H] NMR shifts and 2Jpp coupling
constants correlate well with the ligand cone angles and pK, values respectively [34]). Trans -
Ee(CO)2(PMea)3 was prepared by reaction of anhydrous FeCly with PMes and then CO3 in the



presence of sodium sand [35]. The phosphinophosphazene N3P3ClyPhPPhs (10) reacts with
Fea{CO)g in toluene 10 give (10)Fe(CO)4 in which the phosphine P atom bonds to Fe [36].

Ph  PPh,
\/ ™
P

N/ %N 0,,, _‘,‘CO
I | "‘"Co
C1/7P\N¢P ci i ,Pth
Cl Ci
(10) (1)

The octahedral Fe{IT) complex {11} has been prepared and structurally characterised; it is
the first examnple of an iron carbonyl complex with two carboxylate ligands [37].

Nitrosylation of Fe{CQ)3L1 (L! = PhpP{CH2),PPh3, x = 1, 2, 3) and Fe{COuL2 (L2 =
PPhj, AsPhs) gives the five coordinaie products [Fe(COn{(NO)L 1J(PFg] and
[Fe(CO(NOYWL2)2][PFgl respectively; their geometries were determined by spectroscopic
methods [38). The coordinating behaviour of the chelating diphosphines (12} and (13), whose
bite angles were calcnlated 10 be greater than 120°, was examined. In Fe(C()3(12) the bite angie is
123.9%, with the P atoms occupying equatorial sites in a distorted trigonal bipyrimidal stucture. The
structure of Fe(CO)3(13) is better described as a square-based pyramid with a CO in the apical
position; the bite angle is 152.0° [39].

Hinee o ----OCII|CH2PPh2

Ph,P PPh,
(12) 13

Fe{CO)4G11-dppf) and Fex COYg(u-dppf) (dppf = 1,1'-bisdiphenylphosphinoferrocenc)
were prepared by reaction of Fe(CO}s with dppf in the presence of MeaNQ; Fe(C0)3(n2-dppf) may
also be prepared under more vigorous conditions [40H. Fe{CQ)a(n!-dppf), with a 'dangling’
ligand, is a good precursor for the buildup of polyheterometallic species such as (COMFe(u-dppfil
(L = Cr(CO}s, Mo(CO)s, W(CO)s, Mnp{CO)o) [40, 41).

The bidentate diphosphinoamines XoPN(R)PX; (L; R = Me, X = OPh; R = Ph, X = OPh;
R =iPr, X = Ph) react with Fe{CO)s to give Fe(CO:L in which L chelates. However under UV
irradiation in thf, L (R = Me, X = OPh) reacts with Fe{CO)s to pgive the bimetallic
[Fez(CO)s{ MeN[P{OPh)21z)2 (14) instead [42].

NaFe(CQ)4 reacts with sterically hindered RoNPCiz (RpN = diisopropytamino,
dicyclohexylamino, 2,2,6,6-tetramethyipiperiding) to give (RoNP)3COFea(CO)g (15), R =

7
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isopropy! in this example, by CO migration from Fe 1o P. The carbonyl group behaves in many
respects like a conventional ketone; many previously-reported reactions of these compounds are
discussed [43]. (15} may be reduced by Na/Hg amalgam in thf with P-N bond cleavage. This
allows new complexes to be prepared by reactions at the bridging P atom; the reactions are outlined
in scheme 2 [44].

(CO);Fe

(:0 ————
(PhO)ZP—{Fe}i-P(oph)2 \ /

/ N\ ~pL

MeN CO NMe o% TSNPy
\N I/ 7/

Fe(CO)3

Ph()),P —Fe —P(OPh P .
( Y2 ( Og)}z { » \N\-Nlprz
(14) (15)
(CO);Fe gmu———==Fe(CO); (CORFe—————Fe(CO
NN / TR / s
=< NP, =< 7 ~nipr,
N’Pr2
PiN-PCl,

(CORFe Fe(CO); R,PCH Me,Snlll

{CO);Fe gm——Fa(CO) (COy3Fe——=Fe(CO);
? \P/ ? NN P/
. Ty )
Iy VAL T ~xe

Pr,N
{crystal structure for R = tert-Bu)
Scheme 2 : Further reactions of (15)

The solution structures of [Fe3(COM 2. {P(OMelz},] (x =0, 1, 2, 3) have been examined
by 3'P and 13C NMR swdies. The mechanisms of fluxionality are discussed and probable
souctures for various isorners are proposed. An X-ray crystal sgucture of [Fes(COno{ P{OMe)3la]



shows it to have the P(OMe)3 ligands forming a nearly linear P-Fe-Fe-P amangement, with
bridging carbonyls between the unique unsubstituted Fe and a substituted Fe [45]. Fes(CO)o(lts3-
RP) (R = CHMep, CMe3) react with KOCN foliowed by Et3QBF;4 to give a variety of products.
The major products (16) contain an RPOE! fragment which acts as a n3-n2-ligand bridging an
Fes(CO)pH anit; (17) contains a p3-72-RPO ligand bridging an Fe3(CO)g triangle. Both producis
were characterised spectroscopicaily and crystallograpbically. In both cases, the OCN- acts as an
oxygen transfer reagent, and possible mechanisms for the reactions are discussed. Other by-
producis are Fe3(CO){pu3-RP)(-H)z and Fes{CO)12{u3-RP) (R = CHMe; cnly} [46]. The crystal
structure of this last complex Feq{CO¥12{1t3-PCHMez} has also been determined; it 15 a wigonal
bipyramid, with the PCHMez fragment in an equatorial position, and is described as a 'triple-
decker derivative of the 2x-ligand Feo(CO)s(u-PCHMe3) [47].
Et R
O—=P,

\_J

’/ > Fe(coy, ~Fe(CO);
(oo)sFe< | (o), c<|

Fe(COM Fe(CO)

(16} a7

Reactions of RXP-CH»-PRX (X = halogen; R = ErpN, PhoN, 2.4,6-tisubstituted phenyl)
with Fex{CO)g produce a variety of mono-, bi- and winuclear complexes (schere 3) [48].

N N
RXP-CH,-PRX RXP PRX X RXP PRX

+ F&z (00}9
FC(C0)4 FC(CO)4 FC(CO)4

RP/\

R (CONFe._ /\
I/ I RP—FPR
Fe(CO)3

™~
{CONFe . /\ PR \Fc(CO),;
(CONF %;ér-e{coh
(€O

Scheme 3 : fron carbonyl complexes based on RXP-CH»-PRX

[FesC(CO) 12{PMeoPh)a), an electron-rich derivaiive of FesC(CO) 5, was syathesised in an
attempt to increase the reactivity of the carbido carbon. Its crystal structure shows that the square-
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pyramidal FesC core is retained. Two of the phosphines occupy trans axial sites on the basal plane;
the third is also bound to a basal atom but in an eguatorial position, The carbido carbon is 0.2A
below the basal plane, which indicates partial localisation of the exaa electron density in the cluster
onto the C atom. The electrochemistry of this compound, ard of [FesC{CO}3(dmpe}] {dmpe =
1,2-bis-dimethylphosphinocihiane} both show irreversible two-electron reductions [49].

An improved synthesis of the known compound Fe3(CO)g{lt1-As); is the reaction of AsHg
with Fe(CO3}s at 110°C. By conirast the same reagents at 70°C give predominantly [Fea{CO)g(py-
As)lz{Fex(COJs] (18} {501

{COFe Fe{CO),

/ \ ‘
(C0)3 AS—Fe(CO},

{CO)4F3 \ E /

{C0)3
(18)

Oxidation of the cluster IR4NI3[ShFes{COlg) (R = Me, Et) with [Cu(MeCN)][BF4i in
acetonitrile gave the new compound [R4N][SbFea{COY 6] (19). The crysial structure shows that
the central Sb atom is in a distorted tetrahedral environment, bound to two Fe(CQ)4 units and an
Fea(COY3. 19 reduces back to the staring maierial with sodium amalgam. Photolysis of (19) (R =
Er) with UV light gave [EtyN]2[Sb2Feg(CO)20) (20), which could also be prepared from
[EtgN1[Feq{TO) 3] and SbCIs [S1].

Fe(CO)4

i-

Fﬁ(CO)Q { ]

[ hv (CO}3F3_ e ‘FG{CO}';
(CO)F AN -
aFe” Fe(CO) (CO)sFe e Fe(CO);
(CO)FE ¢ \ //
Fe(CO)‘,
(19} (20}

Reaction of MesSi(NtBujzECI {21) (E = §b, Bi) with {CpFe(CQO)2]- gives the stibanes and
bismuthanes Cp{CO)Fe-E(NiBu};SiMe; . For E = Sb, further reaction with Fez{CQ)g yields
[Fe(COX{{CO)2FeCp])Sb{NIBu)2SiMes (22) by complexation of the Sb lone pair to iron; the
crystal structure has been determined [52].
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lBlll
/N\ (thPFe\ :gu
Me,Si E—<CI Sp7”  =SiM
2 1\ / / "":N/ €2

N ' (CO)Fé u
| (E = $b, Bi)

Ry

an (22)

1.1.4  Complexes also containing 5, Se or Te donors

Reaction of Fez(CO);z, RSH (R = Et, CHMe3, By, {By) and En3N yields
[EGNHI[(u-COX-RS)Fea(CO)¢l, which reacts in ura with PhPCly o give (u-PhPCl){u-
R8)Feax{CO)g {23, R = 'Bu in this example). The crysial structure (R = tBu} shows the core to be
an FesPS butterily [33].

Ph CuCp'

/\

S5 {COn__P
MesC” Y‘Fy ~a S S
A \
Fe //\
Oy (COYFEE—— Fe(CO)
23 (24}

Feg{CO)s(S2) reacts with EtzN.HSnBr in ethanol to give [{Fe(CO)3j2{1t-SSnBr3)]?- and
with SnClz to give [Fe{CO)3(8)2128nCls [54]. Fea(COs(S2) also reacts with (thf)CuCp* (Cp* =
13- pentamethylcyclopentadienyl) to give (24) by insertion into the -8 bond [55]. 1-Peniene, 2-
peatene, 1,3-butadiens and 1,4-pentadiene insert into the 8-S bond of Fea(CO)g{S2) in a {2+2]
photochemical reaction {scheme 4) [56]; for the diene substrates, one double bond is unaffected, so
the reaction with 1,3-butadiene gives the product depicted with R = H and R’ = -CH=CHj. The
cyctic alkenes cyclohexene, cycloociene, cyclopentadiene, 1,4-cyclooctadiene and cycloheptatriene
behave in the same way to produce Fea(COlgL (HoL = cyelic 1,2-dithiol) [57]. The producis were
characterised by IR, 'H and !3C NMR specirescopy, mass spectrometry and one crystal sucture,
Fea(CO)g(82) also reacts with Grignard reagents to give anions, which react with o, m and p-
dibromomethylbenzene to give bridged species containg two FepSy butterfly units (scheme 53); the
crystal structure of the metal-bridged complex has been determined [58].

Decarbonylation of Fe{(C&)s in the presence of Fe3(CO)o(t13-8)2 produces Fea{COyo{u-
CO)(124-S)z. The crystal siructure shows a planar array of four Fe atoms with one W4-8 on each
side of the plane. Differences in the bond lengths between this and FexCoa(CO)11(04-8)7 are
rationalised by molecular orbital theory [59]. N,N'-thiobismorpholine {25) reacts with Fe(CO}s
vnder UV-irradiation in CH3OH to give the known compound Fe3S2(CO) by desulphurisation.
(25) also reacts with Fez{CO}g to give the adduct Fe(CO0)4{25), whose Massbauer spectrum
indicates a trigonal bipyramidal s@ucture with the S doror in an axial position. Reaction of (25)
with Fe3(CO)y1 (sic - whether the author means [Fes{CQ)11)2- or Fe3{CO);> is not clear) yields no
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characterisable products; S-N bond cleavage occurs on atiempted reaction with [CpFe(COla(thi})
[607].

i}

}/\ RCH CHR' %\

(CO)Fe——Fe(CO)y (COpFe———Fe{CO),
Scheme 4 : Photochemical reaction of Fex(CO)s{S2) with alkenes

RS sMgx [

PSSR

——Fe(CO) (CO)sFe Fe(CQO)
Br-Z-Br (Z=0,m,orp-
CH,C4H,CH,}

SR

RS\/X/S————ZM—"S\/X/

(CO)iFe Fe(CO)yy  {COxFe Fe(CO)s

(00)ch

Scheme 5 : Formation of bridged di-butterfly clusters from Fex(CQjgS2

(25)

Reaction of Fex(CO)y or Fe3(CO)12 with the dithiadiazole (PhCN2S82) yields
Fea(CO)e(PhCN282}, the crystal siructure reveals an EepS3 core with the typical butterfly structure.
Molecular orbital calculations suggest, and the crystal structure confirms, that the unpaired electron
is in a ligand-cented antibonding orbital [61]. A new compound [Fe(CO)]2{1-SSCH58) was one
of many products isolated from the reaction of Fe3(COY) 2 with styrene and clemental sulphur [62].
The bis-bridged complexes Fea(CO)g(-RE)1L-R'S) (R = PhiCHy, cyciohexyl, R’ = CH2CH»CN;
R = PhCH3, Me, R' = CHCOCHCH3) were reacted with PPhy and AsPhj to give various
products Fea(CO)g 4 Ly(U-RS)HU-R'S) (L = PPhy, x = 1,2; 1. = AsPha, x = 1); the products were
spectroscopically characterised [63).

The crystal structure of FeCp*(n!-dicCO); (dic = dithiocarbamate, SHCNMes)
confinms the unusual monedentate binding mode of the dic ligand. Irradiation generates the chelate
FeCp™*(12-dtc)(CO); the reaction was followed by electronic spectroscopy. Further photolysis of
the product with PPhs gives FeCp® (n2-dic)(PPhs) which was crystallographically characterised.

Thermal and photochemical reaction pathways for these processes are compared {64]. Conversion
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of the monodentate dic complex to chelating bidentate complex can also be achieved by chemical
oxidation or reduction and electrochemical reduction; the mechanisms for the different pathways are
discussed [65].

(26) (27)

Decarbonylation of Fe(CO)2L (26, Hal. = 2,2'-{ethanedithio} bis {benzenedithiol })
gives the dimer (27), in which the terminal thiolates now bridge the two metal centres {the aromatic
rings have been replaced by curved lines for elarity). There are ten possible isomers of (27); the
crystal structure of one enantiomeric pair has been determined. Each Pe atom is pseudo-
ocatahedral. The sieric environment of the binuclear site suggesis that (27) may be 2 good model
for exidoreductase enzymes: one side is encumbered by the bulky sulphur ligand, whereas the other
side is relatively unhindered, contains labile ligands, and may be capable of chiral discrimination
[66, 67]. The reactivity of the binuclear chirotopic site was further studied. Reaction of {27) with
[NOJ* gives the complex cation in which one CO is replaced by a nigrosyl. With neutral NO, a
three-clectron donor, the only product is the mononuclear complex Fe(NO)zL. in which L is
tridentate to satisfy the 18-electron rule. Reaction with PMes gives the mononuclear complex
Fe{COMPMe)sL. Reaction with MeLi under forcing conditions produces [Fe(CgHaS2)a02, in
which two planar [Fe(CgHsS2)21- moieties are connected via thiolato bridges, yielding a binuclear
complex with five coordinate Fe(ill) centres. The complexes were examined by Messbauer
spectroscopy [67]. The tendency of the thiclate groups of (26) 1o act as bridges has been exploited
in the synthesis of other binuclear and trinuclear compounds. Reaction of (26) with M(CQO)5(ihf)
(M = Cr, Mo, W) yields [Fe(CO)(i-LY{M(CO)sj] and (for tungsten only) [Fe(CO)2(u-
L){M{CO)s}3]. The crystal structures show that the M(CQ)5 fragments coordinate to the terminal
thielato groups of (26) in an exo manner; NMR spectroscepy shows that the configuration is
preserved in solution [68].

Face-capping $, Se and Te have been inserted into iron clusters. Treatment of
Fe3(CO)10{3-RP) (R = MezCH, MesC) with XCN- (X = §, Se, Te) yields the addition products
[Fe3(COMp(- PRYXCN)I-, which react further with Et3OBF4 to give [Fe3(COlo{p3-RP}u3-X)]
(28} in over 90% vield. The crystal siructures of (28} (R = MezCH, X = Te; R = Me3C, X= Se)
reveal a near-planar metallaheterocyclo-butadiene FeaPX unit, capped by Fe(CO)3. {28) are also
obtainable directly from Fe3{CO)q0(n3-RP) and R'XXR' (X = Se, Te) but in 60% yield and with
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formation of appreciable amounts (30%) of the compounds Fex(CO{1t2-RX)(12-RPXR") (29),
R = MeaCH, R'X = PhSe, mesityltelluroiato, which contain an FesPX butierfly core. For the
reaction of Fe3(CO)19(13-RP) with R'TeTeR' only, Fey(COMg(u3-RP)(u2-R'Te)s (30, R =
Me;CH, R' = mesityl) is a third product. The core contains an FeaP butterfly with two py-TeR'
bridging Fe-Fe edges [691.

R
P RRX)P, XR’
(CO)3F8Q> Fe(CO) (Cgé/
X |
l Fe
Fe(CO), (CO)
28 29
R
P TeR'
X
Fe
(COWFe" KCOp —Fc(CO);
TeR'
30

Several new syntheses of polynuciear tellurivm-containing cluster
corpounds take advantage of the ease with which coordinatively unsaturated groups add across the
reactive Te-Te bond of Fex{CO)s(i2-Tea) (scheme 6). Thus CHy {701, M(PPh3); (M = Ni, Pd,
P0), TiCsHs)p, RaSnCly (R = Me, Bu} and M3(CO);1, (M = Ru, Os) [71, 72, 73] groups may be
inserted directly into the Te-Te bond. The required Fea(COg(1p-Tep) may be prepared directly, or
generated in situ from Fe3Te2{CO) by additien of & (CO, PPh3) followed by loss of Fe(COXL in
the presence of incoming metal fragments [71). Alternatively, the Te-Te bond in Fea{CO)g(up-Tep)
may be reduced first by LIEtsBH 10 give the dianion depicted in scheme 6, which will react with a
variety of mononuclear metal complexes to give the same products [72, 73).

Reaction of Fez{CO)g(uz-Tep) with Ru(CO)(CoHy) (generated in sim from
photolysis of Ru3(CO}q2 in the presence of CoHya) gives FesRu(CO¥(1t3-Tejz. The complex
consists of a triangular FeaRu core with a face-capping Te ligand on either side, and shows similar
reactivity to Fes(CO{i13-Te)a, It reacts further with Ru¢COM(CaH,) to give FeaRu(COYplu-
€O)(u4-Te)o, which has been structurally characterised. It contains a square-planar FeaRuz core
with a u4-Te cap on each face, and a bridging CO berween the two adjacent Ru atoms. Simple
electron-counting indicates that there are 7 skeletal electron pairs, which is consistent with the
observed octahderal geomerry (74, 75].
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FepRuCON ity Tely — 2 Fo,Riutp(©0) (-CONite- Tl
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\ £ > cH, (v1) \ I (w) \ / M3

o /Te (Co)ll
(CO)
@ (i) [M Ru, Os]
((l-‘:O}s
e
""“ TeLi+ (i) ﬁ"“" Tc\
\ .\ hY /ML'Z
Fa £ —TeLi Fol" / —Te
(COx (CO)

M =Ti: L= CsHxs;
M = Sn: L = Me, Buy;
M = Ni, Pd, Pt: L = PPh,

Scheme 6 ; Reactions of Fex{CO}s{itz2-Tez) in polynuciear cluster synthesis.
(i} LiEesBH (i) MLyCly (i) MLzCL {not M = Sn}
(iv) Ru3(CO)yz or Os3(COY H{CHICN) (v) Ri{COM(CoHy) (vi) CHaN2

[FeaTealCOJsI2- (31) was prepared from Fe{CO)2(n%-L) (L = buradiene) by reaction with
KaTes in the presence of 2,2,2-crypt. The crystal structure of the dianion shows the twe Fe(CO)3
fragments bridged by u-Te and uz-n1-Tez ligands [76].

[2-]
Te
Z N
(CO)3FC —Fc{CO);,
N’

|
Te

1)
1.1.5  Complexes also containing other transition metals

[FeCo3(CO)12-2n{CaPha)al" (n = G,1) undergoes a single four-electron oxidation, In
electron-acceptor solvents (acetonitrile, propylene carbonate) a single two-clectron reduction oceurs,
in more electron-donating solveats (DMF) this splits to two distinct ore-electron reductions. The
reductive behaviour can thus be 'tuned' by choice of solvent {77]. Various Fischer-Tropsch
catalysts were prepared by supporting [HyFeCo3(C0)12](1-" (n = 0.1) on partially dehydroxylated
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Fe(CO, Fe(CO),
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a4
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Y’ \Fe{CO}3 r \Fc(CO)s r \Fc(C0}3
PhoPo / \ PhaPi / \ ProPy  / \
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Ph,P,  PPh PhP_  PPh PhP_ _PPh
Z v 2 2 \/ 2 2 v 2

{kinetic isomner) {thermodynarmic isomer)
Scheme 7 ; Trinuclear clusters from MCla{dppm) and PdM{pu-dppm)2Clz
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aminated silica [78]. Co2{CO}g reacts with Fe{CO)s and EiSH to give FeCo(CQ)gS, and with
Fe(CO)4PPh 1o give FeCox{CO)o(PPh) [79].

Phetochemical reaction of Fep(CQO)gS; with Cp'2CraCoS3(CONR (Cp' =17 - methyl-
cyclopentadienyl), which has a burterfly core, gives the clusier (32). It contains a 'pseudo-cubane’
CraCo254 core, in which the butterfly arrangement of metal atoms is emphasised for clarity in the
diagram. One Co atom is asymmerricatly bonded o an Fe2(CQ)sS2 fragment and the other o an
Fea(COYgS fragment [801.

MCly{dppm) and PAM(-dppm);Cla (M = Pd, Pt; dppm = bis-diphenylphosphinomethane)
react with iron carbonyl species 1o give a variety of mianguolar clusters according o scheme 7; ail
new compounds were characterised by IR, TH NMR and 31P NMR spectroscopy [81].

The irinuclear compounds PAMCoX(CQO)3{dppm); M = Pd, P; X = CL, I; dppm =
PhoPCHPPhy) and Pd;Fel{CO)(NO)(dppm); react with [Fe(CO)3(NO)- and [Co(CONu)-
respectively by displacement of the Pd-bound halide 1o yield [PAMCoFe(COlg(NOXdppm)2] {33),

rPth PPh2
Co(Co) |/ Fe(NO)
Phaf / \ _FCOpmoy TR / _Co(CO),

Pd——Pd
PhP PPt PhP_ FPhy
(33) (M = Pd, P1) (34)

(both clusters have a 113-CO on each face, omitted for clarity)

M = Pd, Pt} and [Pd2FeCo{CQis{NQ(dppm)z} (34). When M = Pd for (33), these are non-
interconvertible positional isomers. The unusual spectroscopic characteristics of these and similar
wetranuclear clusters are discussed {82]. Reaction of PtCly(COJL or Ptl.aClz (L = phosphorus
ligand) with [Fe(C0)4]2- or [Fex(CO)g]? gives mixed-metal Fe-Pt clusters with core compositions
FePta, FepPt, FeaPty or FePis depending on the nature of L and the reaction conditions.
FeaPt(CQ)g{PEt1}2 was crystallographically characterised, and consists of an FePio isosceles
riangualar core with the two PELs ligands on the Pt atom. Each Fe atom has three terminal CO
ligands, and a fourth OO which is semi-bridging to Pt [83].

A series of wetranuclear iron-iridium clusters has been prepared. [Felr3(CO)12) was
obtained by degradation of [Felr4{CO)y5}2", as well as by reaction of Fe(CQ)s with li4(C0) 1z in
alcoholic NaOH under C(; its crystal structure shows a temahedral core with nine tersminal CO and
three CO bridging the edges of the Felrs face. Condensation of Fea{CQjy with [I(COu]- yielded
[Fealra(C0)1212-. This also has a tetrahedral core, with an apical I{CQO)3 capping the Fealr basal
plane which again has a CO bridge along each edge. [Fezlr(CQ)12}2- reacts with Au(PPh3)Cl to
give [Fealra{CO}i2{ u3-Au(PPh3)}]-, which has a rigonal bipyramidal core with Au(PPhz) and
Fe(COj3 groups in the apical positions. The Felra equaterial triangle has a CO bridge along each
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edge, and Fe(CO)3 and Au{PPhj) fragments in the apical positions. Preparations of
[FezIrsH{CO) 12} and [Fe3ir(CO)Y 3] are also described {84].

[FeRu{C)g]?- was prepared by reaction of Ru{CQ)s with [FeCO)4}, and isofated as the
bis-{PPN]* salt. The crystal structure closely resembles that of [Rug(CO)g]?- but with disorder at
the metal atom sites. For comparison purposes the structure of {PPN]3[Fe2(CQ)g].2MeCN was
also determined, and consisis of two trigonal bipyramidal Fe cenwes in a staggered conformaiion
joined at apical sites [85]. The crysial swucture of FepOs(CQj12 is very similar o that of
Ee3(C0)y72, with two bridging carbonyl ligands along the Fe-Fe edge of the wiangte [86].

Fe{CO)s5 reacts with Pi(COD)z o vield PizFe3(CQ)Yy5 (35), PtFex{COg(COD) and
PtsFea(CON2(COD); (36). 35 is a raft in which Fe{CO)4 groups bridge each edge of the Pi3
rriangle. (36) contains a Pi tetrahedron with a2 P{CO) bridge along one edge; each edge of the
bridge is in mrn bridged by Fe(CO)4 groups (87, 88]. HgrFe(C0)480, and HegpFe(COMLSO, (L
= thiourea) were prepared and characierised by IR spectroscopy [B9].

Fe(CO)4
Fe(CO), {COp;——piCO)
(COYPi—Piu(CO) {COD)(CO)PIT“ T Fe{CO)
(COD)(CCiﬁt"‘"""(gb) N
CO)E Pt—Fe(CO,
(CO),Fe ‘ &5 N e(COly ol
35) (36

Reaction of trans-PdClo{PRCN)2 with (37), an octabedral complex with a
monodeniate dppm ligand, gives the binuclear complex (38) in which the mimethoxysilyl group
exhibits a previously unseen n2-U3-$i0 coordination mode. The erystal structure shows octahedral
geomenry at the Fe centre and square-planar geometry at the Pd centre. In contrast, reaction of
P{CrHa X PPh3}y with (37} gives (393 {901,

PhP, /\
PhyP PPh,
> | «°] AN
Ph,P OC——Fe Pd——Cl Ph,P - PPh,
Hun, | oCO oc” | I oc lc‘ © L P
Sl 0 < b I L1 3
co”” | ™~co : ”

| MeO” § N, o °c | |

Sl(OMe}g Meé < I3 H

(37) (38) (39)

Scheme 8 outlines some reactions of Fe(C0O)3(Si{OMe}1}n!-dppm) in the preparation of
binuclear complexes. The Fe-Cu complex has been crystaliographically characterised [91).
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Cy————Fe(CO)
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Scheme 8 : Reactions of Fe(CO)3(Si{OMe} 3)(n!-dppm)

[Et4N][HEe{CO)a] reacts with MCly (M = Za, Cd, Hg) 1o give [(CO)4HFe-M-FeH(CO)],
which all undergo proton abstraction with n-butyllithivm to give [{CO)gFe-M-Fe(C0)4]%-, which
were stabilised as the [PPN]* salts. For M = Hg the crystal structure has been determined; the
complex is almost lingar (Fe-Hg-Fe angle = 178.7°). Each Fe atom displays rigonal bipyramidal
geometry. The two sets of equatorial CO ligands are eclipsed, resulting in D3y, symmeiry. The
possible exisience of two conformers for this anion and the presence of Hg-CO backbonding are
discussed on the basis of qualitative MO theory. [(CO)MFeHgFe(C0)4]2- undergoes redisaribution
reactions with [M{CO)3Cpi2Hg (M = Mo, W) to give [{CO}FeHgM(CORCp]- [92].

PP, CO
(CO) F!/\\Fc(OO)g
O/C\ *\Ci) Ph}P\ \co 3 "
[~ g
(CONFe Fe(CO); (COMFE Fe(CO)
NG ? NG > o 1=éQ1:e{Co)3
i i "N
X X PP NCO
40) (41) (42)

The ‘spiked’ triangular clusters [Feo(CO¥s{(u-CO¥(u-HegX)]- 40), where X =

Mo(C0)3Cp, WCO);Cp, Ma(CO)s, Co{CO)4 or Fe{CO)Cp, are prepared by reaction of
[Fea(CO)g]2- with HgXCl; no ligand redistribution occurs. Similarly the reaction of jFe2{CO)s(u-
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CO)(3:-PPhp)]- with HgXCl gives [Fea(CO)e(u-CO)(u-PPha)pn-HgX)} (41), but this undergoes
spontaneous higand redistribution to HgX7 and [Hg{Fea(CO¥{(u-PPha}} 2] (42} [93].

[EuNI[HFe{CO)4) also reacts with Au(PPh3)CI to give [EtgN][Feg(CO)g(t1-AuPPhs)],
which is the first example of an FepAu cluster. The crystal structure has been determined. The
complex is isoelectronic to [HFe3{CO)gl", but with H- replaced by an AuPPh; fragment [54]. The
FeAuy clusters [(PhiP)Au)Fe(CO)(PR3) (R = OMe, GEt, OPh, Me, Ph) are produced in the
reaction of [HFe(CO3(PR3)]- with Au(PPh3)Cl. The crystal struecture for R = EtD was
determined. The structural parameters for this compound are compared with other similar MAug
compounds [95].

Deprotonation of the methylene group in {FeL{dppm)(CNPh)3]™* (L = PPhj, PANC,
n=2 L=Cl,I n=1}with KOH gives the comresponding bis-(diphenylphosphino)methanides
[FeL{(PhP);CH}{(CNPh)3]t" 1)+, These react with Au(l) complexes to give new dimetatlic and
trirnetallic species containing Au-C bonds. For example, [FeL{(PhaPY}2CH(AuC)) }{CNPh)3 ™+
(43: L = PPh3, m = 1; L = C1, m = (3} are prepared by reaction of the appropriate methanides with
AuCl{tht) (tht = tetrahydrothiophene). Two methanide carbons may atiach to one Au centre to give
a linear’ trinuclear complex, as in {[Fel {{PPha)CH J{CNPh)3jzAu}* (45), or both methylene
protons may be replaced by Au(PPhs} groups to give {FeL [(PPh)C{AuPPh3) }(CNR 3| (44
L =PhNC,R =Ph,n =2; L = p-CN-CgHsMe, R =p-iclyl, n =2, L =Cl, I, R=Ph,n = 1). For
R = Ph and L = (l, (44) has been structurally characterised; the Fe is in a distorted octabedral
¢nvironmenl with the isonitrile ligands meridional. The bridging carbon is distorted tetrahedral, and
there is a close contact between the two Au atomns [96).

PhNC H o [m+] RNC Ph, AuPPh, (0]

l Phy RN |
PhNC;,h. o pﬂ ¥ C!u,,. E ot P>/
~Fe' - f
L | SvpT L[ N

% Ph %,
PENC 172 AuC RNC 2 AuPPhy
(43) @4
PhNC CONPh [+
PANC l P2 p | onen
fuy,, At) P ) fre ot
- Fe’ \CH—"'Au—Hc/ Hee, Fe'
i | “p— S~p?” | W
PRINC M2 Phy Enen
{45)

1.2 COMPLEXES WITH HYDROGEN OR HYDRIDE LIGANDS

IHFe(CO}4]" undergoes rapid axial/equatorial CO exchange in the solid state, observed by
3¢ magic-angle-spinning NMR. This process is virtually indeperdent of the counter cation, and is
in conwast to the solid-state behaviour of Fe(CO)s which shows no such fluxionality [97).

FeCla(depe); (depe = 1,2-bis-diethylphosphinoethane) reacts with NaBPhy and Hs in
ethanol or thf to give a mixwre of trans-FeHCl{depe),, [FeCt(nz—Hg)(dcpc)ﬂ* and Lrans-
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[Fe(H)(n2-Hy)(depe)a]*; in the presence of NaOEt or NEt3, rans-{Fe(H)(n2-Ha)(depe)a}t is the
major product. Also the krown complex Fe{H}2(depe)z, which is difficult to prepare by other
routes, may be readily prepared from cis-FeCla(depe)z by reaction with H» and NaOEt or
NaOCMes. The proposed mechanism for these reactions involves heterotytic cleavage of 12-
coordinated dihiydrogen [98]. FeCla(dmpe)z reacts with NaBHy in ethanol to give
[Fe(H)(Hz)(dmpe)s]* in a similar reaction to that just described for the depe analogue, The n2-Hp
ligand is labile and may be displaced by Ng, CO, MeNC or CyHy; [Fe(HX N2} dmpe)a]* has been
crystallographically characterised and has a }inear, end-on Np ligand. Reaction of
iFe{H){(Hy)(dmpe)z2i* with TG0 or T8 resuits boik in dispiacement of Haz and insertion of ihe
substrate into the Fe-H bond 1o give [Fe(dmpe)2X2}+ where X7 is 2 chelating formate or
dithioformare ligand [99).

The influence of the phosphite ligand and the metal ion on the properties of the known
complexes [FeH(n2-Hy)L4)* (L = PhP(OEt)y, P(OEt)3, P(OMe)y) are discussed |100], The
dihydride Fe(H)2(PP3) (PP3 = P(CH2CHCHoFMes)s, a etradentate tripodal ligand which

constrains the two hydrides to be cis) protonates o form a tnhydndc in the D- cxchangcd

isotopomers HD» and HpDD low-1emperature NME
and one N2-Hs ligand [101].

Such ‘classical' and 'non-classical' modes of hydrogen coordination may be distinguished
electrochemically. Fe(H)2(PP31') (PP3' = P(CH2CH>PPh2)3, a tripodal teradentate ligand} was

proven by NMR studies on it and its deuterated isotopomers to behave like a classical cis-dikydride.

F
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it may be oxidised electrochemically 1o the mono- and di-cation without loss of H*. This 15 in
contrast to the behaviour of the N2-H; complexes [(PP3YM(H2)]* (M = Co, Rh} which deprotonate
when electrochemically oxidised. [Fe(PP3YH]* was also prepared; it undergoes {wo metal-centred
reductions. The first reduction compound [Fe(D{H){PP37] was examined by X-band ESR
spectroscopy {102]. {Fe(PP3)(H};] reacts with Au{PPh3)C] or [Au{PPh3)]* 1o give the hydrido-
bridged binuclear species [(PP3)Fe(H){(u-H)Au(PPh3)]*. It is thought to contain an Fe-Axt bond
with a pp-H bridge {103).

Thea crmirtire i
10¢ STUCiure U'l Llo,L

g

diffraction. The uauvsual orientation of the H-H bond (staggered with respect to the cis Fe-P and
Fe-H axes) is rationalised by extended Huckel calculations, which reveal a stabilising overlap
between the filled Ope-p and the empty ¢ .y orbitals. This nascent bond formation also explains
the H-/H; fluxionality of the complex [104]. Neutron-scattering experiments and high-resolution
neutron spectroscopy were also used to determine the behaviour of the Fe(Hz)H fragment in trans-

[FC(H)(ﬂZ'Hz)(dPPe)][BFﬂ The results suggest a planar rotation of the 112 Hj Ilgand with one

art et hat TS T
1FCSAonT; SIENC anG \.dv\..uuun.o \.Uuuxuuuuna (1%

The cyclometallated dppe complex (46) and cis-FeHy(dppm); both activate the N-H bonds
of amides, to give rrans products of the type (47) (R = CF3, CgFs5, CHj3 and others), The reaction
rates and product stability depend on the natures of the amide and phosphine ligands [106].

|Felii{dmpe)Clyj[FeCly] was prepared by photochemical oxidation of Fe{dmpe);Clz and

[y
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crystatlographically characterised. The cation has an octahedral geometry with the two chloride
ligands trans to one another [ 107].

P H
Ptn, ..\H Pfu., IL _,‘.\P) P P
1 [ g = dppm, dppe
HN
“Scor
(46) {4T)

HyFe(CO)[P(OR)s]2 (R = Me, Et, Ph} are formed in high yield from the reaction of
K{HFe(CO)4) with P(OR)3 in aqueous thi, and have a cis-dihydrido-trans-diphosphite disposition
of ligands [108].

The hydrido-bridged heterobinuclear complex [(CO)sFe{u-H){-PCy2)PL{PEt3)?] {Cy =
cyclohexyl) was prepared by reaction of [Fe(COM{PCy)?]- with trans-PtCI(H)(PEt3)2. Protonation
with HBF4.E130 gives the stable dihydrido-bridged compiex [(CO)3Fe(p-Hia(u-PCyz)-
Pt(PE12)21§BF4] which has been fully characterised by 3P and ' NMR spectroscopy and IR
spectroscopy. With HCI by contrast, coordination of the anion causes elimination of Hp after
protonation to give [{CORCIFel-PCy2)PH(PEL3),), which has also been fully characterised by 3P
and 'H NMR spectroscopy, IR speciroscopy, and an X-ray structural analysis {109].

1.3 COMPLEXES WITH NITROSYL LIGANDS

Three complexes containing the Fe(NO);* moiety were prepared from [Fe(Ha0)g]2+, The
binuciear complexes {Fe{NO) L}z {LH = benzyl mercaptan, 2-mercaptoethanol; both bridge the two
Fe centres) show two reversible reductions; the mononuclear Fe(NO):L' (L' = 2-
aminobenzenethiol) shows only onc reduction and electrochemical behaviour consistent with
clectropolymerisation [110]. Sixieen complexes LFe{NO); (LH = a 1,2-diimine), all also
containing the Fe(NO)»* moiety, were prepared. All are intensely coloured and strongly
solvatochromic. All show at least one reversible reduction, and a reversible oxidation. The
compiexes were studied by NMR, UV-visible and ESR spectroscopy. The crystal structure of
Fe(NO}:{BuN:CHCH:NiBu) was determined, and shows a roughly tetrahedral coordination
arcund the Fe centre. An MO description of the bonding in these complexes is discussed [111).

[Fe(NO)2Cll; with one equivalent of dppe gives [Fe(NO);Cl]2{1i-dppe). the first
structarally characterised binuclear complex with dppe as the single bridge between two non-
bended metal centres. Both metal atoms are in a near-tetrahedral environment. Reaction with a
second equivalent of dppe gives Fe{NQ)2(dppe), again with a tetrahedral coordination environment
for the Fe atom [112]. {Fe(COXNO)(CH3CN)(PPh3)2][BF;].CH2Cl> has a roughly trigonal
bipyramidal coordination environment arourd the Fe atom, with the two PPh3 in apical positions
and CO, NO and CH3CN disordered in the trigonal plane. Comparison of the sgucture with
Fe(COXNOYH)PPh3}2 shows that formal substimtion of H- for CH3CN canses several gecmelric
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changes which are explained in terms of electron-pair repulsions [113]. [Fe(NOIL][BF3) (48),
HoL = bis{2-[2-mercaptophenylthio]-ethyl}amine, undergoes a primarily ligand-centred one-
elecizon reduction by NaHj or azide ion. The resultant nineteen-electron species Fe{NO)L has a
strongly bent Fe-NO group and weakened Fe-L bonds [114],

l;“

114]
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(48)

Fe(NQ)2(PPhoH); has been shown to be a useful starting material for the preparation of
new polynuclear phosphido-bridged complexes. It can be doubly deprotonated with butyllithinm to
give [Fe(NO)z(PPhz)2]?, which reacts with cobaltecene to give (49) and with CpMCiz (M = Ti,
Zr) 1o give (58) [115]. Fex{NO){p-PPho); has also been used in a similar way, Reaciion with a
source of hydride causes Fe-P bond cleavage und reasrangement to give a monoanionic complex
with a terminal phosphine; deprotonation then gives the dianion [Fep{NO)3{u-NG)(PPh2)(e-
PPhs)}2-, whose reactions are summarised in scheme 9 [116].

The iron-nirosyl heteropolytungstaies [PW1Fe(NOY03915-, [PoW 17Fe(NO)0g115,
[SiW11Fe{NO}Q3016 and [(PW¢Oa4)2(Fe(NOY)1i12- were prepared and characierised [117]. The
crysial structure of [PhaAsiFeaSe3(NQ)7]- has been determined, and consists of a flattened Feq
tetrahedron, with the three equivalent faces each capped by Se. The apical Fe carries a single
nitrosyl ligand and the others carry two each {118]. Fe(NO)>XL and Fe(NO)XoL (X =Cl L, L =
HMPA, dppe, PPh3) react with molecular O9 to yield nitrato complexes. These transfer oxygen to
a variety of substrates; the reactivity is dependent on the nature of the phosphorus ligand [119].

Cp
thP—(IJO Cp ghz
(NO),Fe Fe(NO), \M/ \FG(NO}z
\CoéEl’th CP/ \P/
Ph;
Cp

(49} (50)
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Scheme 9 : Polynuclear complexes prepared from Feg{NO jq( pt-PPhz )2
1.4 COMPLEXES WITH HALIDE LIGANDS

NaFeF3 was prepared and has a perovskite structure isotypic to GdFeQOs [120]; stmilarly
CsFeFi is structurally isotypic to BaTiOs (121]. The pentaflucroferrate(Ill) compounds KafeFs
|22}, BaFeFsg [123], RbaFeFs {124] and (CH3NH3)zFeF5 [124] have been structurally
characterised, and all contain chain souctures of linked FeFy octahedra: by contrasi the hydrated
MaFeFs. TH20 contains discrete {FeFgj3- and [FeF4{H20%1- anions cubically arranged around the
{Mn({HzO)gl%+ cations [125]. CuFeyFy 2H20 consists of infinite sheets of comer-shared FeFg
octahedra linked by Cu polyhedra [126]. The structure NaPbFeaFg is compared to that of
Fesbyg. 2H20 [127].

FeCls.thf has been prepared and found by X-ray analysis to have a tetrahedral
stereochemusiry [128]. Anhydrous FeClz may be prepared by dehydration of the hydrated salt with
Me3SiCl [129]. Detailed variable-energy photoelectron spectroscopic studies have been carried ot
on {FeCla]?- and jFeCly)- , yielding information on their electronic structure and orbital energy
levels. The relevance of these resulis to the solution redox chemistry of these species is discussed
[130, 131].

4-Cl-pyH]3[FeCls)2Cl (4-Cl-py = 4-chloropyridine) contains a cubic array of slighidy
distoried [FeCly}- tetrahedra, in which the § = 5/2 centres undergo antiferromagnetic couplings
along all directions at 2.73K. The 4-bromopyridiniurn analogue behaves similarly [132], as do [4-
Cl-pyH[11FeBr4]2Br (which contains [FeBral- teirahedra) and [4-Cl-pyH]3Fe2Cl; aBry7 7 (which
contains mixed-ligand [Fethalide)4] tewahedra) {133]. Antiferromagnetic ordering is also observed
at 1.3K in [Me3sNH][FeBra(H2O¥:1Br, which contains chains of Bra-bridged iron(Ii} centres, each
m 2 prans-Fe(H2OmBry distorted ociahedral environment {134).

Fely was prepared by photochemical oxidation of Fe(QO)ai2 under argen in hexane; it
reacts with iodide ion to give [Fely}, and with RCl (R = Me3C, 1-adamaniyl, 2-norbormyl) to give
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FeCls. Fel exists in solution as a p-iodo dimer, and in the solid state as a polymeric structure
containing [-bridged tetrahedral Fely cenwes. It decomposes 1o Felz and Iy when exposed to water
or light [135].

1.5 COMPLEXES WITH CYANIDE OR OTHER PSEUDOHALIDE LIGANDS
1.5.1  Complexes with cyanide ligands

A wide variety of pentacyanoferrate(Il) complexes, of general formula [FefCN)sLI"-{n =3
for neutral L, n = 2 for cationic L, etc.) have been examined; some results are summarised in Table
1 [136 - 151]. Reaction of Naz[Fel(D{CN)sNHa] with 2-pyridinealdoxime (L} gave the cyano-
bridged binuclear complex Nas[{CN)sFe(I{CN)Fe(ll)(CN)1L].8H20, in which L acts as a
bidentate ligand to one Fe [152]; this is in direct contrast to the mononuclear complex with 4-
pyridinealdoxime [142].

The complexes {Ru(bpz)s[FelE(CN)sl;12-38 {n = 1-6; bpz = bipyrazine} were surface-
attached to various electrode surfaces. Under illumination the electrodes yield a photocurrent,
which is explained in terms of charge-transfer quenching of the Ru(IE)-bpz excited state by the
pendant pentacyanoferrate groups [153].

The redox potentials of nine [Fe(CN)sL12-3- couples have been measured (L = AsPhg,
SbPhj3, various phenyl-substituted PPh3 derivatives). For the phosphines, the redox potentials are
sensitive to the inductive effects of substituents on the phenyl rings {1534]. The kinetics of ¢lectron-
transfer between [Fe(CN)gl¢- and [Fe(CNJg)3- [155], Cr(II1} [156] and [Co(NH3)4{NHR)X](3-P)+
(X = N3, R=H:; X =CI, R = H, CHa, is0-C4Hg} [ 157] have been examined and thermodynamic
activation parameters evaluated for each. 13C and 14N NMR studies on K4[Fe(CN)g].3H2O have
shown that the NMR shifts can be used to deduce the coordination environment of the metal fon
[158]. IR and Mcessbauer studies were yndertaken to determine the electronic state of the iron
complexes IFe(CN)gI™ (n = 3,4) and [Fe{l(CN)sNOJ2- when incorporated into hydrotalcite-like
materials MggAlx{OH}16(N03)2.4H>0 by anion-exchange [159].

Sodium nitroprusside Nap[Fe(!I}{CN}5{NO)] is a potent vasodilator which is used in
conjunction with anaesthetics such as thiopental. The interactions between Nap[Fe(CN)s(NO)] and

H H
O N\r SH O NYS
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(51}:R=H. (52):R=Et
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the thiopental amaloguees thiobarbituric acid {51) and diethylthiobarbituric acid (§2) were
accordingly studied. The thiobarbiturates act as thicnes at physiological pH, forming simple
adducts with nitroprusside in which the § atom ligates to the Fe(Il} centre in a manner analogous to
thiourea [160].

The reactions of nitroprusside with pyrimidires, purines, nucleosides and 3'-nucleotides
were siudied spectrophotometrically; in particular, the effects of illumination, ligand concentration,
temperatere and pH were examined. The observed reactions could be accounted for by
decomposition of the nitroprusside anion to [Fe{CN)5(H20M® (n = 2.3), which then undergo
further substirution reactions with the other ligands [161].

Three new mixed-metal polymeric compounds have been reporied, all consisting of infinite
three-dimensional networks containing Fe(CN)g units linked 10 main-group meral cations by
cyanide bridges. In [(G2+)g s{Me3Sn)3Fel{CN)glos (G2+ = methyl or benzyl viologen) and
[{G*+}Me3Sn)iFelllCN)gl.., the cationic guests (G2* or G™*) are encapsulated in the cavities
formed by the network of Fe(CN)s and MesSn units. The charge-wansfer spectra of these
componnds were recorded [162]. [(Me3Sn)z{Me1Sb)FelllNCN)g) was prepared by coprecipitation
of Me3SnCl, Me3SbBrq and Ky[Fe(CN)gl from water, or by ion-exchange of the known polymers
[A{Me3Sn)3Fe{CN)gleo (A = EuN*, [(13-CsHs)Col*, MesSn*, NHy*) with MesSbBra. The IR

SHECa SuSSest a st rn- rirn] dicrhartion Af Foaff Rl nhe AR Qe hailding hi
SPOCITa SUEECST 4 slatstca: Wsinoution Of 1 \.,\\.,:vun;o -k O0 i DHLGHIE 08

three-dimensional aetwork [163]. [(Me3SnaFelD{CN)s.2H,0 dioxane]oo. crystalhsed from Hg(}—
dioxane solutions of Me38nCl and K4Fe{CN)g, consists of a three-dimensional network of two
non-tinear chains [Sn-NC-Fe-CN-Sn-NC-Fe-CNioo and [Sa{OH7}-G{C2He ) O-(H20}18n-NC-Fe-
CNjeo {O{CoHs)20 = dioxane} which are linked at their joint, octahedrally coordinated Fe atoms
[164].

The redox reaction of [PH{NH1)4){NG1)y with K3Fe{CN)g in water yields the ainuclear,
cyano-bridged complex [Pt{NH1li2[{NC)sFe{CNIPY{NH3) 4 NC)Fe({CN)s] 9OHO containing two
Fe{ll} and one PHIV) cenires, all cetahedrally coordinated. Each complex anion H-bonds w0 two
cations vig a terminal cyanide ligand from each iron. The electronic spectium shows an Fe{il)-
P1{IV) inter-valence charge transfer band at 470nm; excitation at this wavelength causes electron
transfer from Fe(Il) 1o Py(lV), regenerating (PtNH1)412* and 2{Fe(CN)gl>- [ 165).

Vanadium hexacyanoferrate {VHCE) is an elecochromic materizl similar n siruciure w0
Prussian blue. Electrochemical and spectroclectrochemical studies of VHCF films show that the
elecrochromic reaciion is due only io redox proecesses at the Fe centres rather than the V{IV)
centres 1661

Detailed 1H and 13C NMR studies on the low-spin complexes [Fet!(CN)4(en)]- and
[Fe(MI{CN)s{Mezen)]- {en = 1,2-cthanediamine, Mesen = N N'-dimethyl-1,2-cthanediamine)
between 185 and 323K showed that the complexes have non-Curic magnetic behaviovr. The ESR
specirum of fFe(CN)afen)}- at 4K in conjunction with the NMR data allowed determinanon of the
Fermi contact shifts 8600 | the dipolar shifis 8P, and the g-values and spin-orbit coupling constant
for the complex {167]. The chair-to-chair interconversion of the six-membered chelate ring in
[Fe{CN)4(pn}]- (pn = 1,3-propanediamine) could be studied by 'H NMR of the paramagnetic



Table 1: Summary of complexes [FellB(CN)sLI™

Nature of L

Vazious

N-heterocycle

2-aminopyrazine

NHis, pyridine, [NoHs]*,
[HaNCH2CHoNH3+

Neuiral, protonated & N-

methylated 4.4-bipyridine; 1-{4-

pyridyl}-pyridinivm; 1,2-bis(4-

pyridyl})-ethane; 1,2-bis(4-

pyridyliethene

Aniline

4-pyridinealdoxime

NO*, NaHs#, NH3, HzO,
[HaNCH;CHy NH;30*, pyeidine

Adenosine, 1-methyladenosine,
tubercidin, 2-amino-pyridine,
3-aminopyridine

8.

Azoles, benzazoles

3-pyrazinecarboxylate

Studies performed
FAB Mass Spectrometry used to study ligand-
removal and redox reactions

Theoretical studies on MLCT interactions

Formation kinetics; presence of linkage isomers;
kinetics of isomer interconversion

Kinetics of reaction with cyanide in the solid state;
Meessbauer spectroscopy (for L = NHz)

Kinetic and spectroscopic studies on complex
formation; pH dependency of kinetic behaviour;
relation of kinetics 10 size and namre of L

Preparation, kinetics of formation and oxidation
by [Fe(CN)g]3-, spectroscopic properties

Preparation, kinetics of formazion and substiution
by CN-, speciroscopic properties

Thermal decomposition behaviour studied by gas
chromatography, Mcessbauer and IR
SPECTrOSCOpY

Preparation, MLCT specizum, kinetics of
formation/dissociation, reversible electrochemical

oxidagons

Formation by nucleophilic substiution in gaseous
plasma

Relationship between ligand pK, and oxidation
potential of complex

Kinetics of formation in various solvents

[138]

[137]

[138]

[139]

[140]

(141

[142]

[143]

[144]

[145]

[146]

{147}
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complex, since the two forms have large differences in chemical shift values; the activation
parameters for the interconversion were deduced and compared 10 those of [Fe(CN)a(en)]- [168].

Thermal and photochemical substitution of the NGy ligand in Ka[Fe®D{CN)3(NGy)) have
been examined [169]).  The kinetics of the reactions berween [Fe{CN)sOH)3- and CN-, and
between [Fe(CN)g]* and triethylenetriaminehexaacetic acid were examined at 2 variety of pH
values, and their respective activation parameters determined [170].  The kinetics of oxidation of
lysine, arginine and histidine by alkaline {Fe(CN)g]>- were examined; the reactons are first-order in
subsirate and oxidant.  The amino acids are oxidised to a-keto acids in two steps, vid an imino-
acid intermediate [171]. A series of complexes [Fe(CN)sL™ (n =2,3; L. = glycine, imidazole,
miglycine, histidine) have been examined as possible models for peroxidase and catalase enzymes.
Thke kinetics of HoQ» decomposition catalysed by these complexes was examined over a wide pH
range and conforms 1o the Michaelis-Menten-type kinetics characteristic of enzymes [172].

Detailed ESR studies on [Fe(CN)g)3" in 2 KCl lattice showed that there are two principal
Fe(Ill} environments, which correspond to different configurations of the charge-compensating
cations in the lattice. Both centres are very anisotropic; the g-values, ligand-field splittings and
orbital reduction factors were obtained for each. In addition the 13C and '¥N coupling tensors were
determined [173]. Charge-density measurements by X-ray diffraction of CsaK[Fe(CN)g] yiclded
detailed information on the bonding in the [Fe{CN)g}3- fragment and the degrees of o-donor and -
acceptor behaviour. The results were confirmed by ESR spectroscopy and neutron diffraction
studies [174]. The crystal saucture of Bi[Fe(ID{CN)4).4H70 has been determined [175).

1.5.2  Complexes with other pseudohalide ligands

Buff's 'ferrocyanaethyl’, first made in 1854 by reaction of gaseous HCI with Hy[Fe(CN)g}
in ethanol, has been crysiallographically characterised. It is a homoleptic hydrogen isocyanide
complex, with an octahedral [Fe(CNH)g)2* core stabilised by very strong hydrogen-bonds between
each isocyanide H-atom and an ethanol molecule in the second co-ordination sphere [176].
MoiFellX4L] (M = K, Na; X = OCN, SCN, N3; L = pyridine-N-oxide, 4-picoline-N-oxide or L-
ascorbic acid) were prepared and characterised. They are all 1:2 ¢lectrolyies and probably have a
square-pyramidal geometry [177].

A positive kinetic sali effect was observed in the reaction between Fe{ITl) and SCN-ions in
a variety of electrolyte solutions at  different concentrations; it is ascribed to fon-solvent
interactions [178]. The reaction of Fe(Il) at an Hg elecirode was studied in solutions containing
SeCN-[179].
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1.6 COMPLEXES WITH N-DONOR LIGANDS

1.6.1  Complexes with N-heterocyclic ligands

The trispyrazolylborate ligands {53-87) are finding increasing use as face-capping
analogues of cyclopentadienyl. The sterically congested complex FeD(53)5 has been prepared and
structurally characterised. Each ligand caps one face of an essentially octahedral complex; the bulky
phenyl groups result in longer Fe-N bonds than are found for less substituted ligands such as 55,
which results in a relatively high Fe(lI)/Fe(IH) oxidation potential. The magnetic behaviour is
consistent with a high-spin 6 configuration [180]. Fe(ID(54)C] has a distorted teirahedral
coordination geometry, and reacts with AgBFy to give FeI(SF [181]. {Fe(ID(55)CI3]- and
[Fe!D(56)Cl3) have been prepared; X-ray analysis of the former shows the expected haif-

Ry 14
HB (24) Rl = H; R'}_ = 06}15
N (25) Ry =H; R, = tert-Buyl
| \ {26) Rij=R,=H
27) Ry =R, =Me
| (28) R, = R, = iso-Propyl
3
R;

(53): Ri = H, Ry = CgHs. (54): Ry = H, Ry = tert-butyl. (551 R1=Ra=H
(56} R = Rz = Me. {(87): R| = Rz = iso-propyl

: : i
N N
R'= ;,C— R?= | /\C— R? = ] }\c_,..
N N/ N/
Me
)
N
= 2-pyridyl
Ry = 2-pyridy " \c_
Rg = 2-hydroxy-5-niophenyl ‘//
N

{RICH,)3NR = (58) (R = H), (59) {R = CHz): (R6CH;)»NMe = (60):
(RICHz)aNCHCHN(CHR Y, = (61): (RZ)3P = (62): (RD)3P = (63): (RICH2)3N = (64):
(RICH2)2NCH2R? = (65} (RACH2)2NCH2RS = HL(66): (R*CHa)3N = (67):

(R2)z = 2,2"-biimidazole, (68): (R!); = 2,2-bibenzimidazole, (69): R2CH2R2 = (70):
RZCORZ = (7))

sandwich octahedral structure, and the latter reacts with NaNj to give [Fe{(56)¢N1)1]- which has
a similar coordination geometry [182]. Five coerdinate Fe(57)(PhCO7) reacts with CH3CN to



30

give an octahedral adduct in which the benzeate coordinates in a bidentate manner. It also

reversibly binds dioxygen in toluene at -20°C; the Raman spectrum of the oxygen addoct indicates a
u-peroxa- h‘mdm’f] his-Fe(II) vnpcipe_ However it doeg not bind CO and thos mimics in part the

behaviour of some iron-containing oxygen trassport proteins [183].

The highly asymmetric complex [FeD(61)OFe(iNCl3]+, in which (61) acts as a
pentadentate higand with one non-coordinated imidazele, shows much soronger antiferromagnetic
coupling than is normally seen for a singly-bridged p-oxo species. Analysis of orbital interactions
shows that the large coupling may be explained by the low symmetry of the complex [184].

In the octahedral complex Fe(59)Cl3 the tridentate ligand coordinates meridionally. In the

nrasenca of ru alate hy rantract (S8Y (whicrh differe anly by tha shoence of a2 methyl oroun) reacts
presence Ot prvalate Dy conirast, (38} (whlon CUuiers oruy 0¥ the aD0sence o 4 eyl group) reacts

with Fe(Ill) to give the symmetrical dimer {Fea(58)2(1-O) [ 1-tBuCO712][ClO47s in which (58)
acts as a face-capping Jigand. This is one of many examples of binuclear Fe(lIl) complexes
containing |i-oxo and p-carboxyiato bridges, whick are currently under intense examination as
possible medels for the active sites of many non-heme iron proteins. Each Fe(Ill} centre isin a
roughly octahedral environment, with the ligand (58) folded up to bind in a face-capping manner,
and the other three coordination sites occupied by the oxo and two carboxylato bridges. The
feature of the Fe(IIN-OQ-Fe(lIN core unit {185, 186]. Ligand (60), which is methylated on the
benzimidazole groups, also acts as a widentate face-capping ligand and supports the same binuclear
structures. A series of complexes [Fez(6)(1-O)(pu-RCO2)2)[C104]7 were prepared with various

(‘nmnlpv shows nr}nfﬁrrnrpqgnpt-r f‘nuphna hetween the 'hlnh r.nln Fe(IID centres, whichis a rum.r'al

bridging carboxylates by a simple carboxylate exchange process, and their electronic and IR specira
reported [186]. The similar complexes {LoFelDy(u-Odp-OAc)P (L = (6d), n = 3; L= (65),n =
3; L =(66), n = 1, OAc = acetate) were prepared and show typical antiferromagnenc behaviour;

some cyclic voltarnmetry studies were alyo performed [187].

The tris-imidazol-2-y] phosphines (62) and (63) act as terdentate face-capping N-denor
ligands to Fe{Ill} with no coordination through the P atom, and can support binuclear oxo- or
hydroxo-bridged Fe(lII) cores, although {63) results in more stable and easily isolable products.
{Fea(6330(0AC);11Cl0O4]2 has been prepared and siructurally characterised (as its
acetnottrilefethanol solvate), the structure is typical. [Fez(63)O(E1CO2)2][PFg ]2 was also prepared
and exhibits antiferromagnetic coupling. The hydroxo-bridged complexes
[Fea(63HOHXRCO2)213+ (R = mathyl, ethyl) also show antiferromagnetic coupling but it is much
weaker. The electronic and Meessbauer spectra suggest that protonation of the oxo-bridge results in
lengthening of the Fe-Oyyo bonds and concomitant shortening of the trans Fe-N bonds. These
results confirm earlier interpretations of NMR data for the complexes | 188].

FeDy (6712 (1t -OMp-L)I{CLO4Y4 { (67) = wris(2-pyridylmethyl)amine, a tetradentate
tripodal ligand, L. = acetate, benzoate, diphenylphosphate} have all been structurally characterised.
Since the capping ligand (67} is reradentate, only one bridging ligand in addition to the y-oxo

"

group is necessary to complete the coordination spheres of the Fe(IIl) cenires. The orientation o
(67) is different at each end of the complex, which means thar the two Fe(III) sites are inequivalent,
unlike the majority of these binuclear complexes; on one Fe the amine N atom is trans to the oxo

bridge, while at the other end a pyridine ligand is trans 10 the oxo bridge. This inequivalence is
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retained in solution. The clecironic, magnetic and Maessbauer properties of these complexes are
very similar to those of ({t-oxo)diiror(Iil} proteins, as well as those of the triply-bridged (u-
oxoY{p-carboxylato)s dimers, which shows that these properties are not significantly affected by the
number of carboxylate bridges and ihe inequivalence of the Fe(IIl) sites [189]. The relationship
berween speciroscopic and magnetic behaviour, and the geomerry of the Fe(TTE)-O-Fe(II) core, was
studied systematically for the series of complexes [Feflily(67)2(-O)u-LY]*+ (L = carbonate,
hydrogen maleate, diphenylphosphate, diphenylphosphinate, maleate, phthalate, all of which act as
bridging ligands). In particular, the complexes with L = carbenate, hydrogen maleate and phthalate
were structurally characterised and reveal a steady increase in Fe-O-Fe angle and Fe-Fe distance,
due to the increasing bites of the bridging ligands. Magnetic moment measurements showed no
apparent correlation in this instance between the magaitude of the coupling constant J and the
structural parameters; however elecironic specira showed a steady blue-shift of the absorption
features with increasing Fe-O-Fe angle [190).

The wridentate face-capping ligand hydro-trispyrazolylborate (55) has also been used to
prepare similar complexes, but with phosphate and phosphinate bridges betweena the Fe(lIll)
centres. This is to model the possible behaviour of enzymes such as purple acid phosphatase and
ribonucleotide reductase, where binding of a phosphate group 1o the Fe(lI[}-O-Fe(Il) core is
thought to occur. [FefilDy{55)2(1-O)p-Liz1 (L = diphenyliphosphate, diphenylphosphinate} were
easily prepared by displacement of acetaie by the appropriate acid from the pareni complex
[Fe(llB;(55)2(u-O)p-OAc)sl. The crystal structures are similar to those already described, but the
Fe-O bond lengths are longer than in the analogous dicarboxylato-bridged complexes, so the anti-
ferromagnetic exchange is weaker. The Mcessbauer and electronic spectral parameters for the
complexes resemble those of the dicarboxylato-bridged complexes, bui are different from those of
purple acid phosphatase, which suggests that the enzymes may not have phosphate bound at the
core after all [191].

[BeDLX5H (L = (64), (67), N.N'-bis(2-pyridylmethyl}glycine; X = Cli, Br} are capable
of C-H bond zactivation in alkanas and thus catalysing alkane oxidation. Thas, cyclohexane reacts
with [Fe(67)Cla]* and 'Bu-QOH to give cyclohexanol, cyclohexanone, chlorocyclohexane and
{Bu-peroxocyciohexane. C-H bond cleavage is at least partially rate-determining; an FetVi=0 or
Fe('V)=0) species may be involved, as in heme oxidations [192).

2,2'-bibenzimidazole (69) forms a high-spin cctahedral complex [Fe(69)3]2+ with Fe(ll).
It also forms Fe(69)2C1; and Fe{69)2(HCO?)2, which are thought to be cis on the basis of steric
hindrance considerations and Mceessbauer specoscopy. By contrast the complexes Fe(68),Cl;
and Fe(68)2(HCO3)2, with the smalier ligand 2,2"-biimidazole, are thought to have trars
stuctures. Fe(68 y{OAc)y consisis of a mixture of ¢is and frans isomers, and is spectroscopically
the maest similar to the iron{Il) sites in photosystem II. The relationship between distortions in
coordination environment and Meessbauer spectra are discussed [193].

The colourless, high-spin iron(il) complex [Fe(70)3]2+ oxidises in methanol or ethanol
solutions in air to give [Fell(71)312%, in which the -CHg- group of each ligand is oxidised to a
ketone. The mechanism, and the casalytic role of the iron centre, are discussed [194).
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Bleomycins {BLM) are glycopeptide-derived antibiotics which, as complexes with redox-
active metals, can bind and activaie O2; the resulting ‘activated’ species degrade DNA, Thus
Fetl'{BLM) reacts with Qg to form & complex containing reactive, coordinated oxygen. The rates
of DNA degradation by this species at various pH values were determined. A similarly active
species was formed from the reaction of Fel!™(BLM) with HoOo, and its rates of DNA degradation
were compared with the previous example. At pH 5.8, the Fellll{BLM)-H20, system is as active
as the Fe(D(BLM)-0O9 system [195]. In the absence of the DNA substrate or other reducing agent,
the activated complex formed from FelllBLM) and Oz decays in a few minuees to give
FelIBLM) and water, i.c. a four-electron reduction of oxygen. 170 NMR spectroscopy was
used to monitor this reaction, and confirmed that H2O is a by-product of aercbic FelfI{BLM)
oxidation and also of Fe{BLM)-mediated DNA degradation [196]. 10-Hydroperoxy-8,12-
octadecadienoic acid will also activate Fel(llD{BLM) with concomilant homolytic O-O bond scission;
however the conversion is less efficient than with HyOz. Also, this new 'activated’ oxygenated
species does not degrade DNA, and so is assumed to be different from the preduct formed by
FelTBLM) and HaOq [1971. (72), which is similar to the binding site of bleomycin, acts as a
tridentate ligand to both Fe(ll) and Fe(Iily. [Fe(72)219% (n = 0, Fe(if); n = 1, Fe(lil}} both have
similar structures in which the iron centre is coordinated by two ligand molecules birding in a mer
geometry, through pyrimidine, imidazole and (unusually) deprotonated amide N atoms. This
suggests that the B-hydroxyhistidine moiety of bleomycin remains coordinated to 1ronh in vivo
during Fe(I}/Fe(ll) redox cycles. Both complexes are low-spin, and show reversible
electrochemical behavicur | 198].

N N — Noe——
| b
\ N \ / \ / R
N N
O
(723 {713): R = Me. (74} R = CgHs.

(15): R = Z-pyridyl

(Fe(}L3](PFglz (L = (73), (74), (75) ) were prepared; in all cases the ligands are
bidentate and chelating, via the pyridyl N atom and N2 of the wiazine. For L = {73) and (74}, both
fac and mer isomers were detected in the expected proportions. The metal-centred oxidation
potentials are about 200mV lower than those for the analogous Ru{ll) complexes, whereas the
ligand-based reductions are at simitar potentials [199]. Fe{76)2(NCS)2 and [Fe(76)3)2* { (76) =
3,3'-bipyridazine) have been prepared and are low-spin due to the srong ligand field of {76).
(FeD(76)3iFe(NCS)],
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[Fe{1D(76)3][Fe{NCLs] and [FellB(76)3]{Fe(liNCl4]2 were also prepared and contain low-
spin catioas and high-spin anions. All of these complexes were characierised by magnetic and
Meessbauer measurements. The crystal structure of [Fe(76)3][CiO4)2 was determined, and is
notable for the particularly short Fe-N distances. These are ascribed to both the strong ligand field,
and the absence of steric effects from Hg protons [200].

The 'host' complex frans-fFeIDL4{(SCN);] (L = 4-methylpyridine) is zeolite-like, in that the
crystals contain a network of three-dimensional cavities which accommodate 'guest’ molecules such
as benzene or xylenes [201]. Tetrakis{2-pyridyl)-1,4-diazine (77, a potendally binucleating ligand
with two terdentate binding pockets) has been used 10 prepare mono- and binuclear complexes with
Fe(Il). Both [Ee{(CN)3(77)]- and [{Fe{CN)3}2{77)]?- show intense solvent-dependent MLCT
transitions in the visible region, and ligand-based x-n* wansitions in the UV region; they have one
and two reversible Fe(II)/Fe(iil) oxidations respecdvely. Despite the 0.25V difference between the
oxidation potentials in the binuclear complex, no inter-valence iransition band was observed for the
mixed-valence species [202).

A resonance Raman study on [Fe(bipy)3]12+ (bipy = 2,2-bipyridine) under excitation into
two different d-x" bands was performed to examine the skeletal vibrations of the bipy ligands. The
resulis are consistent with the coefficients and phase relations for the ligand LUMO that have been
calculated by exiended Huckel theory, and are also consistent with similar spectral assignments for
[Relbipy)312* and [Os(bipy)3i2*. The band intensities were found to be very dependent on the
excitatbon wavelength [203].

The kinetics and mechanism of the oxidation of [FeL3]2* (L = phen, bipy) with 82032
have been examined; two different mechanisms occur, both being dissociative and oxidative [204].
The kinetics of ligand substitution of jFe(phen)z)3* by EDTA (H4EDTA = ethylenediamine-
NN N' N'-tetraaceticacid) have also been studied with a rotating disc elecode [205]). The
kinetics of aquation of [Fe(Br-phen)z]2+ (Br-phen = 5-Bromo-1,10-phenanthroline) have been
detertnined as a fonction of both temperature and pressure, yielding activation parameters. The
isocheric, isobaric and isothermnal activation parameters are compared [206]. The intercalation of
[Fe(bipy)3]2+ and [Fe(phen)3]2* into montmorillonite clay was examined by electronic
spectroscopy [207].

A new series of ligands has been prepared by per-alkylation of various macrocyclic and
open-chain amines (NHs, ethylene diamine, 1,4,7-miazacyclononane [=tacn], cyclam, hexaaza-18-
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crown-6}) with 2-bromomethylbipyridine, Thus, ammonia reacts o give the wipodal ligand (78)
and tacn gives (79); several metal complexes have been prepared and characterised by
clectrochemistry and elecronic spectroscopy. [Fe(78))2* is an analogue of [Fe(bipy)3]2t with
higher kinetic stability since ligand dissociation is much harder. Unlike [Fe(bipy)3)2*, it undergoes
a reversible one-electron at a low potential, which is ascribed to the weak coordiration of the apical
N-atom. Other ligands give polynuclear complexes of varying swichiometries, for example
RpNCHCH2NR; (R = -CHy-2-bipyridyl) forms [FesL1][SO4]4 (208].

Reactions of the hydroxyl radical (gencrated by pulse radiolysis of an N7O-saturated
aqueous solution) with [Fe(bipy):l2+, [Fe(bipy)2{CN}z], [Fe(bipy)a{CN)4)2- [Fe(CN)g)4 and
[Fe(4,4'-Me2bipy)3)?* have been examined by time-resolved electromic spectroscopy and
conduclivity measurements. For [Fe(bipy}3]2+ the first step involves addition of OH" to give a
ligand-centred radical; [Fe(CN)g]% by contrast undergoes an electron transfer reaction to give
[Fe(CN)gI3- and OH-. The mixed cyanide-bipyridine complexes react by boih mechanisms
simultaneouwsly [209).

(78} {793

Excitation of {Fe(DL(CN)4)2- (L = bipy, 4,4"-dimethylbipy) with 266nm light produces the
oxidised species [Fell™(CN1- and 2 solvated electron, €aq", which has a characteristic absorption
at 600nm. A second reaction between €aq” and the starting material {Fel.(CNJa}2- causes a ligand-
centred reduction of the complex, giving [FeL(CN )3, Spectrophotomerric studies showed that
[Fel.(CN)413- appears at the same rate as €aq” disappears. The pH dependence of eaq” formation in
the initial step was examined [210],

Fe{phen}a(CN); is very solvatochromic, due to differing degrees of interaction of the
exiernally-directed N lone pairs with different solvents; hence it is an excellent indicator of solvent
polarity. There is a good correlation between Apgx for the compiex in different solvents with the
solvent acceptor number {211].
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The interactions of metal ions with biomolecules such as nucleotides and vitamins are
carrenily recieving much attention. {Fe(Dy(80)1]{CI04)6.4H20, [Fe(l{8031{CI04]3.2H0 and
1FeD(80);]Cl3 were prepared and have ncrmmal magnetic moments at room temperature. They are
thought to be six-coordinate linear polymers, in which the 2'-deoxyadenosine behaves both as 2
terminal monodentate ligand (through N7) and a bidentate bridging ligand (through N1 and N7)
[212,213). In [Fe(t(81)4)§504) the ¢ytosine is a monodentate N-donor {214). Fe(82);X3.H20
has an octahedral geometry in which two theobromire ligands act as monodentate N-donors [215].
In the complexes FelHD(HL);LX2 (HL = (83), (84) ) both xanthine and hypoxanthine are
monodentate, via one of the imidazole nitrogen atoms. Spectroscopic characterisation suggests a
cis-FeN4X2 arrangement of ligands [216]. Pseudo-tetrahedral Fe(MPP) X7 (MPP = 3-methyl-5-
pheaylpyrazole; X = Cl, Br) contains, by analogy with the Co{II) and Zn(il} complexes which
were structurally characterised, monodentate MPP ligands [217). Tetrahydrothiamine (85) forms
the complex FellID(85)(Hy0)Cl3 with Fe(Iil) in which (85) acts as a mondentate N-donor, but
through which nitrogen atotn is unclear; its phosphate esters behave similarly [2181,

Q o
HN N\ N N
0)\J;II§> I\N I g\>

(83), Xanthine (84), Hypoxanthine
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(B5), Tetrahydrothiamine: R = H. Phosphate esters: R = PO3H3, P20gH

Deuteration of 8-aminoquinoline {AQ) at the amino position has helped to elucidate the IR
spectra, and hence determine the geometries, of its complexes. [Fe{AQ)1IClO4}z was prepared
and deduced to be the fac isomer on the basis of the IR spectrum [219]. Similarly the spectrum of
Fe(AQ)2(H20)2Cl, was fully assigned, and the structure of the complex determined to be trans-
fFe(AQ)2H2012ICL [2201. [HgiFe(lLg]iNO3}: (HL = 2-pyridone) was prepared, in which L is
a bidentate bridge with coordination to Hg through the O atom and to Fe through the N atom. The
crystal structure of octahedral [Fe(HL)g}INO313 was also determined [221].

The electron transfer reaction between Fe(Ill} and NADH is known to produce a transient
blue intermediate, due 1o formation of Fe(IlT}-NADH n-complexes. A similar biue species was
observed during the reaction between Fe(IIT) and 9,10-dihydro- 1 3-methylacridine {an analogue of
NADH but without the amide group) and is aiso ascribed 1o formation of a n-complex [222].

1.6.2  Complexes with imines and oximes

Electronic spectra of Felf{HdmgioLa (Hadmg = dimethytgloxime; L = N-heterocycle) have
been compared with the spectra of analogous [Fe{lI{CN)sL)3- complexes; the energies of the
MLCT bands correlate with the electronic properties of L and the Fe(II)/Fe({III) redox couples of the
complexes [223]. The kinetics of formation of Fe{Hdmg)z, and of its subsequent reduction 1o
[Fe(Hdmg)2], have been studied by stopped-flow spectrophotomeiry {224].

The mixed-metal complexes Felll$n(Hehd)gClatH20)s, FelllySbHehd)gCl(H>0)s and
Fell);Bi(Hchd)gCl(FH0)a (Hachd = 1,2-cyclohexanedionedioxime) were prepared and
characierised by IR and Meessbauer specira, thermogravimetric analysis and magnetic susceptibility
measuretnents, and all contain a low-spin Fe(Ng core [225]. [Felll¢Hbd}La1CLR/2C10 (L =
pyridine and derivatives; Hobd = a-benzildioxime) was shown by potentiometric titragon to contain
zero-vatent chlorine. Confirmatory evidence was provided by the preparation of [FellllHbd}91.1iz
and [FeUID(HEd)(py)]13.1/217 (Hafd = e-furitdioxime; py = pyridine) [226). Rare constants and
activation volumes for the alkaline hydrolysis of [Fe(gmi)3]2+ (gmi = gloxal-bismethytimine, 2,5-
diaza-2.4-hexadiene) were determined in water/tert-butanol mixtures. From the dependence of
these parameters on the solvent composition, the change in affinities of the complex for the solvent
components between the initial and transition states, and the degree of preferential solvation, were
determined [227].

The low-spin Fe(II} complexes rrans-FeQ{MeCN)z (3 = (B6), (87}, (88) ), have been
prepared by reaction of the parent Fe(oximate)s complexes with BF1. The axial ligands could be
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substinuted to give trans-FeQLL' (L.L' = l-methylimidazole, pyridine, PBu3, CO, P(OBu)s,
Me3zCNC). Their MLCT spectra and rate constanis for axial ligation are similar to the parent
Fe(dioxH);LL' (dioxH; = dimethylgloxime, naphthoquinine dioxime, benzoquinine dioxime)
complexes; however the Fe(II)/Fe(I) oxidation potential is 500mV greater. The kinetic data for
the MeCN derivatives in MeCN and toluene are compared with other FeNg complexes {228).

The structures of the clathrochelate complexes Fe(i89) (R = OH, F, alkyl, alkoxy; X =F,
OH, OMe, OEt, OBu, QPh) were deduced by Meessbaner specroscopy and one ¢rystal structure.
The complexes were characterised by 1H, 13C and !B NMR spectroscopy, and IR and UV-visible
spectroscopy. The coordination geometry around the iron is a distoried trigonal prism, with
distortion angles of 20 - 30°, The closure of the macrobicycles by the capping boron atoms results
in a change of various physical properties ascribable to the macrocyclic effect; these include a
decrease in the Massbauer isomer shift, increased Debye temperature, and increased exiinction
coefficients and narrower linewidths for the MLCT transigons (229].
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(RC=NOH}z = dimethylglyoxime, (86)
{RC=NOH)> = benzoquinone dioxime, (87} Fe{89)
{RC=NOH)> = naphthoquinone dioxime, {88)

The redox reactions of Fel(90) with [ColIEDTA) and [Colli)(phen)3j3+, and between
[Fe(lD(903)* and [Col!U(phen)3])2*, were studied at various pH values and with constant ionic
strength; the second-order kinetics are discussed in some detail. The possibility of stereoselectivity
in such electon-transfer reactions was investigated, by reacting the chiral complexes [Fe(91)])°* (n
= (3,1} with racemic [Co{phen)3]®* {m = 3,2). Selectivities of berween 2% and 11% were found,;
the behaviour of these chiral iron complexes is compared with that of the isostructural Ni(HI} and
Ni{IV) complexes [230].
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The octahedral Fe(IIl} complex Fe(92)CiH20 was prepared and speciroscopically
characterised [231). A series of Fe(Iil} Schiff-base chelates was prepared from 2-pyridine-
carboxaldehyde and o-, m-, or p-(HaN)2CsHy in the presence of FeCly {e.g.iFe(93)Clz])* ); they
were found to catalyse the epoxidation of alkenes by PhIO [232).

1.6.3  Complexes with macrocyclic ligands

The macrocycles (94) and (95} have been prepared and their Fe(Ih) complexes characterised
by IR and UV spectroscopy {233, 234},
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Reaction of F-hydroxymethylpyrazole with 1,4,7,10-terraazacyclododecane gave the
potentially cctadentate ligand 96, which reacts with FeCla to give Fe(96)Cly. Spectroscopic
characterisation suggests an FeNg coordination sphere in which two of the pyrazolyl ligands are
uncoordinated [235). The polyazamacrocycles 1,4,7,10-1etraaza- 1 8-crown-6, pentaaza-15-crown-
5 and hexaaza-18-crown-6, with cthyl or hydrogen substituents on the N-atoms, were prepared and
covalentty bound to silica gel via one of the N-atoms. The bound ligands have strong, selective

(96) (7 (n=1)98)(n=2)
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interacdons with soft heavy-metal cations and protons, these interactions are similar to those of the
unbound macrocycles. The silica-bound ligands can separate part-per-billion guantities of heavy-
metal cations from large excesses of alkali and alkaline earth cations in waier [236],

1.4,7-Trazacyclononane (tacn) and its derivailves are popular as trideniate face-capping
ligands, in the same way as the irispyrazolylborate tigands mentioned earlier. The complexes
[(tacnyFedMa(u-O)3s-804)], {(acnyFeliDy(u-0)(1-503)2] and {(lacn)Fe@{u-O)-SeOs);]
are sulphato-, sulphito- and selenito-bridged analogues of the (u-O)p-carboxylato)s-bridged
binuclear Fe(IIf} complexes used as enzyme active site models. All three complexes bave been
structurally characterised, and all show smong antiferromagaetic couplings. The tris-sulphato
bridged complex [{tacn)aFe(B(t-SO4)3) has also been prepared; the antiferromagnetic exchange is
very weak, as would be expected in the absence of a 1-oxe bridge {237].

The heterobinuclear complex [{tacn)Fe(M{p-O¥pu-OAchRu(Mestacn)}[PFg] (Mestacn =
N,N',N"-trimethyl-1,4,7-triazacyclononane) was prepared from Fe(tacn}Cl3, Ru{Mejtacn)Cl3 and
sodium acetate in methanol, and has been structurally characierised. Magnetic susceptibilty
measurements show arn § = 2 ground state, which is consistent both with an FedIV)-Ru{Il}
formulation and a swongly antifertomngnetically coupled Fe(III}-Ru(lIil} formuolation. However the
electronic, ESR and Moeesshaver spectra unequivocally support the latter formulation [238].

The low-spin Fe(H]) complex [Fe(97)1Br3.4H>0 has been structurally characterised. The
Fe centre is in a distorted wigonal prismatic Ng environment {239). By contrast the Hgand (98),
with a four-carbon chair between the two face-capping macrocycles, forms
[Felli); (98)204(OAc)41[PFgly and the solvated anatogue [Fell (98)>02(0AC)4)[PFg]s. 2MeCN,
both of which have the structure depicted in Figure 1 [240].

NLN—(CHZ)‘;

\/ \‘:/

Ne——=—N——(CHps NN
N

Figure 1 : Schemaric diagram of [Feft(98),0:(0Ac)a]{ PFgla

iFe(l1i99))*, which has a hemine-like coordination environment, tends to form neueral,
covalent monoadducis Fe(99)X by axial ligation of X~ (X - F, Ci, Br, [, NCS). With a vaniety of
other neutzal or anionic ligands, octahedral Jow-spin diadducts are preferred. This behaviour was
examined in H20 and CHCI3 [241]. |Fe(100)Clj- contains iron in the 4+ oxidation state. Ithasa



square pyramidal structure, with the Fe(IV) centre slightly above the plane of the four amide
nitrogen atoms. Maessbauer spectroscopy confirmed the oxidation state, and the complex shows an
rreversible Fe{TV}-Fe(I) reduction at a low potenial [242],
O
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The macrocycles 101 and 192 were used o prepare binuclear, thiocyanato-bridged
complexes of some first-row wansition-metal ions incleding Fe(Il). The thiocyanate adopts the
vausual nl-pa-N bridging mode.

thiocyanate bridge is poor at mediating magnetic exchange processes [243}.

Magnetic susceptibility measurements suggest that the
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The sepulchrate (103) was prepared by [2+3] condensation of tris(2-
ethylaminojamine with glyoxal using a group fla wemplaie ion. The Fe(fI) compiex is diamagnetic
{244). Complexes of a series of first-row transition metal ions with eleconic configurations from
3d! to 3410 with the sepulchrates {104) were examined magnetically. The Pe(Ill) complexes are
low-spin, whereas the Fe(Il) complexes are either low or high-spin depeading on the ligard apical
substituent; they should thus be good systems for studying spin-equilibria [245].

( 3 {/\/}

{103) (104) (X =Y = NHy, NHi*; X =Me, Y = H)

1.6.4  Miscelianeous N-donor complexes

An unusual 2-coordinate Fe(ll) complex Fe[N{Mes)(B[Mes}z}ls (Mes = 2.4,6-
mimethylphenyl} has been prepared, in which the borylamide ligand is highly sterically hindered.
The N-Fe-N angle is 166.6°; the deviation from linearity is ataibuied to the tendency of the elecwron-
deficient metal cenme o seck cleciron density from the aromatic ligand substituenss. The complex
was further characterised by electronic and NMR spectroscopy, and magnetic moment
measurements [246]. Table 2 summarises the remaining complexes with N-donor ligands.

1.7 COMPLEXES OF TETRAPYRROLE MACROCYCLES

1.7.4 Phthalocyanines

Three polymeric Fe(Il) phthalocyanine (FePc) complexes were prepared by reaction of
FePc with the bridging ligands 4,4'-bipyridine, trans-1,2-bis-(4-pyndyl)ethene and 1,2-bis-(4-
pyridyljethane. Their IR and elecoonic specira are discussed in comparison to FePe and FePciLa (L
= pyridine, 4-cyanopyridine) and are shown &0 depend on the degree of x back-donation [254].
Similarly, FePc was pelymerised by reaction with pyrazine, 4,4 -bipyridine, trans-1,2-bis-(4-
pyridyljethene, 1,2-bis-{4-pyridyllethane and 1,3-bis-(4-pyridyl)propane in a separate study;
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magnetic, electrical conductivity and compressibility studies were performed and the crystal-field

splitting parameters determined [2551. Since many such polymeric complexes are insolubie in

organic solvents, new FePc derivatives containing a rerz-butyl or two 2-ethyl-n-hexyl groups on

each phenyl ring have been prepared. These may be converied to the normal polymers with a

variety of bridging ligands, but are soluble in organic solvents. The poelymeric sguctures were

confirmed by Maessbauer and NMR spectroscopy and thermogravimetric analysis [256]. FePe
reacts with imidazole in two consecutive first-order processes to give the octahedral bis-axially
coordinated adduct {257].

2,3

Table 2 : Complexes with N-donor ligands (N = oxidation state of Fe)

Ligand

2-acetylpyridine hydrazone

2-acetylpyridine thiosemicarbazone

Diiminosuccinonitrile

Schiff bases formed from isatin and
aming acids

3,4-diaminobenzene sulphonic acid

Studies performed
IR, proton NMR, ESR, X-tay

powder diffraction, conductivity

Spectroscopic & thermal properties;
antifungal activity

Reaction of unstable iron(II) complex
with ether; crysial structure of

product

IR and electronic specird, magnetic
Moments

Electronic spectra, stability constant
IMEaseremenis

Polyaminoarnides, from condensation of Oxidation kinetics

EDTA with HoyNCH,;CHyNH; and
HoNCHyCH;NHCHCHaNH,

Ethylene diamine

Formation kinetics

[247]

(248]

(2491

(259

£251]

1252}

[253)
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The perchlorinated complex FelNL, (HoL = hexadecachlorophthalocyanine) was prepared
from terrachlorophthalic acid and wrea in a template reaction with FeCly. Tts magnetic properties are
similar to those of unsubstituted FePc. The elecwochemistry at a highly-criented pyrolytic graphite
electrode shows a metal-centred oxidation, and a pH-dependent reduction which is thought to be
ligand-centred. The IR spectra, electronic spectra, spectroelectrochemistry and electrocatalytic
oxygen-reduction behaviour are discussed [258]. The Fe(lil) compiex of a terasutphonated
phihaiocyanine can displace the heme group from the active site of horseradish peroxidase; the
process was monitored by electronic specwoscopy. Circular dichroism spectroscopy shows that the
helical content of the protein remains much the same; Le. the structure of the enzyme is preserved.
The Fe(il) form, produced by reduction of Fe(III) by dithionite, reversibly binds O2 but in other
respects has minimal enzymic activity [259].

R = H, Fe(305), R = C1gH2), Fe(106)

Fe(108) and Fe(106) have unusuai electronic spectra, showing strong hypochromism in
the Q-band region compared 1o FePc. Fe(196) is capable of 4-elecron reduction of O3 to water in
neutral and alkaline media [260],

FePc may be doubly oxidised to FePcCla, in which the Fe(Il) is oxidised to Fe(llf) and the
P¢ dianion is oxidised 1o a radical monoanion. The crystal structure is similar to the parent FePr,
but with a slightly shrunken Ng square core and shorter Fe-Cl bonds than for Fe(Il) analogues
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[261). Messbauer spectroscopy was used to stady the synthesis of FePc within NaY zeolite
[262].

Fe(167)

The iron{[T) complex of 9,10-phenanthrenocyarine, Fe(107), was prepared by a template
reaction of 9,10-dicyanophenanthrene with Fe{CO)s in 1-chloronaphthalene. It has similar
spectroscopic and electrochemical properties to the analogous 1,2-naphthalocyanine and Pe
complexes, and reacts with isocyanides RNC (R = CMes, cyclohexyl, PhCHz, MeaPh) to form
axially substituted diadducts. Fe(107) also reacts with 1,4-diisocyanobenzene to give a linear
polymer [263).

Fe(If) complexes of a series of fourteen Pc derivatives containing various electron-releasing
substituents were studied by Meessbauer spectroscopy. The & and AEg values were used to
determine o- and ©- bonding parameters for each complex, which correlate well with the the sum of
the Hammett o-values of the substituents on the Pc backbone [264].

1.7.2  Porphyrins
The interest in iron porphyrin complexes continues unabated, principally as models for

heme proteins. For convenience this section is split into three parts: studies on complexes where
the presence or behaviour of axial anciliary ligands is of particular interest; oxygen, peroxide and
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superoxide complexes as enzyme models; and "miscellaneous’, which covers spectroscopic and
magnetc studies, catalytic acavity, and a few unusual new compounds.

1.7.2.1 Axially ligated porphyrin complexes

The study of the behaviour and effects of ancillary axial ligands in iron porphyrin
complexes is crucial to understanding how heme proteins work, since wide variations in the
biological roles of different heme proteins are intimately associated with changes in axial higation at
the heme site,

The niovel trinuciear complex [(108)-Fe(TPP}-(108)]*, in which an FedIl)-TPP core (TPP
= meso-tetraphenylporphyrin) core is bis-axially coordinated w two Cu(Il} complexes vig imidazole
bridges, has been structurally characterised and examined by magnetic susceptibility and
Mezssbaver measnrements. The analogous CaliD-Fell-Cu{l and Ni(th-Fe(HNi(™) complexes
have also been prepared, in order to study the behaviour of the bis-Cu(il) and the Fe(fil)
antiferromagnetic coupling between sthe two Cu{ll) centres below 20K, In the latter, where the
Ni{il} centres are diamagnetic, the magnetic and Mcessbauer properties are consistent with an S=1/2
Fe(ill) centre. The parent CullD-FellM-Cull) complex has a susceptibility at 300K which is the
sum of the two analogues, but shows ferromagnetic Fe-Cu coupling at lower iemperaiures |2651.

Ph

(J08):R=ClL (109):R=H

The 'capping’ of a porphyrin (Figure 2; the phenyl rings are in the meso positions) prevenis
dimerisation at the capped face whilst aliowing a substrate to bind within the cavity formed by the
blocking group. The effects of the capping benzene ring on axial ligation were examined. [t was
found that the rigid mese-phenyl groups also cbstruct the face opposite the cap, so that axial
ligation at both sites is hindered; far example, |Fell){cap)(amine);] complexes couid only be
formed with small, flexible amine ligands, and [Fe(cap)Cl} would not easily bind axial imidazole
ligands. {Fe(D(cap)(Cl04), having only a weakly coordinaling anion, reacts with one equivalent
of the Cu(ll) complex {109) to give an adduct which is proposed as a model for the imidazole-
bridged Fe-Cu site of cytochrome ¢ oxidase {266].
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Fe((TPP)L (L = 1-vinyl, 1-benzy!, 1-methyl, 1-acetyl or 1-rimethylsilylimidazole) were
prepared and characterised by Messbauer and electronic spectroscopy, For L = 1-vinylimidazole
and 1-benzylimidazole the crystal structures of the adducts have been determined. Both complexes
have crystallographic inversion centres at the Fe(II), which means that the two bound imidazoles
must be parailel, Comparison of these two structures with several analogous Fe(IIl) complexes
shows similar trends in the orientation of the axial L. groups; a possible electronic reason for this

N L/

X0

X = ~(CH, ),-0-C(0)-

Figure 2 : Schematic diagram of the ‘capped’ porphyrin complex Fe(cap)

behaviour is discussed {267}, In contrast, Mcessbauer spectroscopic studies showed that two
equivalents of the histidine derivatives (110)-(113) bind to the Fe(Il}) complex of protoporphyrin
IX (PPIX) such that the imidazole rings are not parallel. Cytochrome b is known to contain two
axial histidine residues at the heme site so these complexes were studied as possible models. The
axial ligands bind as sterically hindered imidazoles, with weak Fe-N bonds; the Moessbauer
parameters for these complexes are similar o those for the low-spin Fe(HI) cytochromes. The
imidazole plane orientations are thought to be influenced by the steric strain introduced by the
histidine side-chains, and by electrostatic interactions between charged side-chain groups and the
pendant propionate groups on the porphyrin skeleton [268, 269]. The Maessbauer properties of the
complex with {£10) as axial ligands were shown to be sensitive to intermolecular H-honding
between the amino side-chain and the imidazole NH, which affects the ligand's electronic properties
[269].

The crystal structure of [FeUID(TPP)(Melm)2][ClO4] (Melm = 1-methylimidazole) shows
that the axial imidazoles are pearly (but not quite) coplanar. This is quite unusual since axial
imidazoles are often precisely parallei due 1o crystallographically imposed inversion symmetry (as
in ref. 267). There is a thombic distortion of the FeNy core, resulting in a characteristic ESR
spectrum from which crystal field parameters could be determined {270].
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119 ; R! =H, R? = NH,, R® =CO,H (Histidine}

RI\N CHOHRIR? 0y pt H, R? = NHC(O)Me, R? = CO,H
\ {N-acetylhistidine)
<\ 112 : R} =R* = H, R? = NH, (Histamine)
N 113 : R! = Me, R? = CH,0H, R? = CHE)CO,H
{Pilocarpate)

{PPEX)Fe(thf); is a rare example of & high-spin octahedral Fe(II} porphyrin complex, with
the Fe(li) probably ia the N4 plane (in high-spin complexes the Fe is normaily slightly out of the
plane). The Mcessbauer spectrum of the complex in frozen solution is very similar to that of the
TPP analogue, which is alse high-spin. The quadrupole splitting values are affected by the
porphyrin basicity [271].

The axial ligation of [(X4TPPYFeCl] (X4TPPH2 = meso-tetrakis(4-X-phenyl|porphyrin; X
= Cl, H, Me, OMe) by imidazole, 2-methylimidazole and 2-ethyl-4-methylimidazole was studied
kinetically as a function of temperature. Imidazole and 2-methylimidazole bind twice to give six
coordinate complexes; the 4-ethyl-2-methylimidazole binds only once to give a five coordinate
complex. Electron-donating para substituents or the phenyl rings increase etectron density at the
pyrrole nitrogen aioms, and so slow down adduct formation. Mechanisms for these processes are
proposed based on the kinetic measurements [272].

Iz an effort to quantify ©- and n-bonding effects in axial ligand binding to Fe-porphyrin
complexes, the binding constants between {(PPIX)Fe(!ll and various substituted pyridines and
imidazoles were determined by spectrophotometric titration. Mcessbauver spectroscopy was also
employed. Both techniques show that bis-axial, octakedral low-spin compiexes are formed by all
ligands with the exception of pyridine-N-oxide. The binding constants increase linearly with the
ligand pKj, and are also related 1o the Mcessbaver quadrupole sphitting vatues {2731,

The five co-ordinate 2-methylimidazolato and six co-ordinate {imidazole)(imidazolato)
adducts of the "picket-fence’ Fe(ll) complex of mesao-tetrakis{o-pivalamidophenylporphyrin have
been prepared and structurally characterised. In the monosubstituted complex, the 2-
methylimidazole lies within the picket-fence cavity and the Fe(Il} centre is high-spin. In the six co-
ordinate disubstituted complex it s probable that the deprotonated imidazolate resides within the
cavity, and that the Fe{ll) centre is low-spin {274]. The Fe(Il} complex of the same picket-fence
porphyrin was reacted with nitrite to give low-spin [Fe(NQO2);L])", whose siructure has been
determined. One nitrite is N-bound within the picket-fence cavity; the other is on the open face of
the complex, and is shielded by formation of a tight ion-pair with the bulky cation [K{18-crown-
6)(H20)]*. The complex was also studied by IR, NMR, ESR and electonic spectroscopy. The
inlermediate mono-nite complex is high-spin; the association constanis for the formation of the
mone and bis-nitro complexes are reporied as a function of the cation [275]. This behaviour is in
direct contrast (o that observed when nitrite reacts with the Fe(llI) complexes of the "unhindered’
porhpyring TPP, OEP (H2OEP = octaethylporphyrin) and TTP (HyTTP = meso-tetrakis|p-
tolyl}porphyrin). in these cases the initial nitro complexes react further with nitrite in solution by an
oxygen-transfer reaction, 1o give ritrosyl complexes as the uliimate products {276]. This secondary
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reaction is prevented in the previous example by the picket-fence barrier on one face of the complex
and ion-pairing with the bulky cation con ihe other.

The Fe(lI) complex of meso-tetrakis-(2,6-bis-pivaloyloxyphenyl)porphyrin is a bis-fenced
complex with four pivaloyloxy groups protecting each face. Axial ligation of various imidazoles is
considerably depressed compared to Fe{(TPP); the mono-substituted complex binds oxygen
reversibly at 25°C {277]. Replacement of one bulky pivaloyloxy group by a hydroxy group
reduces the steric hindrance at one face sufficiently to allow easy formation of a 1,2-
dimethylimidazole complex, which also forms a dioxygen complex at 25°C {278}

The series of Fe(Il} basket-handle porphyrin complexes depicted in Figore 3 was used io
investigate the effects of steric hindrance on CO and O2 binding to heme models. The basket-
handle is constrained to lie centrally across the porphyrin face by the bulky pivalamido groups.
With the free face of the complex occupied by an axial 1-methylirnidazole ligand, the binding of CO
and O ko the hindered face was made successively more difficult by decreasing the leagth of the
basket-handle. It was found that the free energy changes (AG) are nearly idertical for CO and Oo,
50 1o steric discrimination occurs, but the relative contributions of AH and AS associated with the
ligand binding are very different for the two substrates. The reaction profiles and kinetics are
discussed in detail [279]). A similar attempt to produce a heme model capable of discrimination
between CO and O was made by using the cross-strapped Fe(JI) perphyrin complexes depicted in
figure 4. The shorter C7 chain is ‘crushed’ under the longer C14 or Cygchain.  With the free face

9}

N—
H

o

Figure 3 : A series of basket-handle porphyrins with stericaily hindered faces
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occupied by 1,2-dimethylimidazole, the complexes bind Oy and CO reversibly at 20°C; the adducts
have been spectroscopically characterised, The binding affinities are discussed in terms of the polar

¢ffect of the amide groups, H-bonding of the amide groups to Oy and the steric effects of cavity size
[280].

o

-.-."C
ECth \S

C=0

n=14o0ri8

Figure 5 : A Bis-basket-kandled porphyrin as a cytockrome ¢ model
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Two bis-basket-handle Fe(TII) porphyrin complexes have been prepared, similar to those in
Figure 3 but with a handle across each face of the complex. The handles consist of saturated Cj2
chains, anchored at the ortho positions of the meso-phenyl rings by etheric or amide linkages.
Their conversion io mono- and di-hydroxy derivatives in DMSOQ/water was studied by
potentiometric and spectrophotometric methods, and the stability consiants of the resulting
complexes determined. Kinetic and thermodynamic factors affecting the formation of these
hydroxo complexes are discussed {281]. A similar bis-basket-handled porphyrin (Figure 5) was
prepared as a model for cyctochrome c; the -SMe group held in place by cne of the handles
overcomes the normally poor binding of thioethers 1o iron. The enforced coordination of the axial
SMe group and the hydrophobic environment of the imidazole are both characteristics of
cytachrome ¢, and consequently the Fe{ll) and Fe(IH} complexes show spectroscopic and
electrochemical properties similar to those of the native protein [282].

The Fe(lll) complex of an N-methylated porphyria, [Fe{NTTP)CI}* (NTTP = N-methyl-
tetratolylporphyrin}, has been structuraily characterised. The Fe(llI) has approximately square-
pyramidai geometry, with the chioride at the unique apex. The N-mesthyl group is directed 1o the
face opposite the chloride; as a result of the asymmerry induced by this group the macrocyclic core
is considerably distorted from planarity. Several six-coordinate, low-spin complexes with stzong-
field ligands {cyanide, imidazole, substituted imidazoles} have been spectroscopically characterised.
This indicates that the sterically hindering methyl group does not prevent addition of axial ligands
on the same face of the complex; however the rotation of imidazoles about the Fe-N bond is
prevented, which renders all of their ring protons inequivaleni by NMR spectroscopy. Various
synihetic procedures are described [283]. The asymumerric dimer [(NTPP)Fe(ID.Q-FelI(TPR)]+
(NTPP = N-methyl-tetraphenylporphyrin), has also been structurally characterised. The Fe{llI} in
the methylated porphyrin is again in a distorted square pyramidal environment; the coordination
envitonment of the other Fe(Hil) is normal. The Fe-O-Fe linkage is bent, with an angle of 165.4°
[284].

The orientation and axial rotation of axial ligands has significant effects on the NMR spectra
of heme proteins. These effects have been studied in the Fe{Ill) complexes of Am-TPP, a
derivative of TPP in which on¢ phenyl ring has a bulky dialkylamido substituent at the ortho
position to hinder parially one face of the complex. The substiuents vsed are R-C{0}- (R =NMea,
3-azabicyclo-[3.2.2jnonane). In the low-spin complexes [FelllIlAm-TPP)(NMelm);}*, the
dialkylamide group prevents one of the axial N-methylimidazole ligands from rotating freely and
locks it into one orientation at low temperatures. The NMR specira show a novel pattern for the
pyrrole protons and an usnusually large spread of signals [285].

Fe(III} complexes of TTP with axial 1-adamantyl, 4-camphane and ters-buiyl ligands were
prepared and characterised by NMR spectroscopy. The paramagnetic NMR spectral patterns are
compared with those of sirnilar complexes containing axial aliphatic amines. Reaction with Oz in
toluene at -70°C gives a mixture of three products; (TTP)FeDOH, (TTP)Fe(EDOFeMB(TTP) and
the atkyl peroxo complexes (TTP)Fe(HIXOOR). These last complexes are of interest with regard to
the mode of action of peroxidases, lipoxygenases and other enzymes in which Fe-catalysed O-O
cleavage occurs. The abseace of an &-hydrogen atom on the ertiary atkyl groups prevents thermal
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decomposition to (TTP)FeIDOH and RyC=0, aliowing the peroxo complexes to be detected by
NMR. Treatment of {TTP)Fe(lI(OOR) (R = 4-camphyl) with pyridine at -70°C gives
(TTPYFe(V)=0 by homolysis of the O-0 bond {286]. Fe(IlI) complexes of protoporphyrin IX
dimethylester and various meso-tetra-arylporphyrins with axial nitrophenoxide or
nitrothiophenoxide substituenis have also been examined by NMR spectroscopy, in order to
identify specific features of the spectra which may help in assigning the spectra of other heme
proteins and model systems. ArS- and ArQ- coordination were studied since some mutant
hemoglobins have axial tyrosinate ligands at the heme site. The change from ArS 10 ArOr
coordination gives different spectral characteristics for both the axial ligands and the substituents on
the porphyrin skeleton; the axial ligand resonances were assigned fully. The relaxation of the aryl
protons in the complexes of tetraarylporphyrins does not follow the simple r 5 fall-off expecied for
the effect of the paramagneiic cenme, 5o other ligand-centred relaxation processes must be
occurring. On the basis of these results, some low-field resonances in the spectra of mutant
hemoglobins have been assigned [287).

The FeV)=0) intermediate in various heme protein catalytic cycles is thought to be stabilised
by axial anjonic ligands. Accordingly the reactions of |Fel!THOEPYOMe)] with phenols, thiols and
carboxylic acids were monitored spectrophotometrically. It was found that increased acidity of the
substrates ROH and RSH correlates with a higher stability constant for the adduct. The high-spia
five coordinate products were studied by resonance Raman specirscopy, the porphyria-Fe CT band
maxima are a linear function of ligand pKa. The electronic spectra show a hypsochromic shift with
increasing ligand pKa [288).

The reaction of Oz with Fe(lll) complexes of TTP comaining axially coordinated aryl
groups has been studied by 1H NMR and ESR spectroscopy. Reaction of Fe(TTP)(p-CgHsCHs)
with Q2 in toluene at room temperature produces principally the phenoxide complex, whereas at -
60°C in chloroform no phenoxide formation is detected. Instead the main products are
{FeVXTTP)(p-CgHaCHy)* and FellUXTTP)C, on warming, the Fe(IV)-aryl complex converts to
the Fe(HD-N-aryiporphytin complex. Mechanisms for these reactions are suggesied {289} The
syntheses of the first alkyl and aryl-bridged binuclear Fe(IIl} porphyrin complexes are described;
these are of interest since ¢-bonded alkyl and aryl porphyrin complexes are possible intermediates
in the caralytic cycle of cytochrome Pysg. For example, Fe(lIXTPPICI reacts with half an
equivalent of 1,4-dilithicbutane or 1,4-dilithiobenzene o give the corresponding bridged dimers
which were detected by NMR spectroscopy. Both of these react with Oz at room temperature to
give binuclear p-oxo-bridged Fe(Ill) complexes. By contrast the analogous dimeric complex with
meso-tetrakis-(pentafluorophenyl)porphyrin (FagTPP)Fe-CgHy-Fe(FagTPP} is stable to both CO
and O7 at room temperature [290].

An NMR spectroscopic study on the synthesis and reactivity of g-alkyl Fe(iI}-porphyrin
complexes has been camried out. Reaction of (TPP)Fe{!!)C] with LiHBEt; in CHCly yields
(TPP)Fe{lDEL; reduction to {{TPP)FefIVEL]- may be accomplished, with concomitant rapid electron
exchange between the Fe(IT) and Fe(Ill) alkyl complexes. The (paramagnetic) [{ TPP)Fe(DE(]- is
reoxidised by g {291). CO inserts into the Fe-C bond of ¢-alky! porphyrin complexes, which

were in turn produced from the reaction of electrochemically generated Fe(0) and Fe(l) complexes
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with alkyl halides. For example, reduction of (OEP)Fe(lIDCI o FelI) at -1.6V in the presence of
EtBr gives [(OBP)Fe(IDErf~. Oxidation of this to Fe(IIl) uader CO gives [(OEP)FeICOEY].
Decompesition of the products is erhanced by the binding of €O to the resulting Fe(lI) complex.
Similar CO insertion does not occur in o-aryl complexes [292].

Other work on axially-ligated iron-porphyrin complexes is summarised in Table 3 [293 -
3161.

1.7.22 Complexes with oxygen, peroxides and superoxides

A model for cytochrome Pysg is provided by the Fe(Il) complex of a porphyrin which has
three "picket-fence' type o-pivalamidophenyl groups in meso positions, and a flexible tail' with a
terminal thiolate ligand at the fourth mese position. The Fe(Il} is in a six co-ordinate environment,
with the thiolate tail' and a molecule of methanol in the axial posidons. The presence of the thiolate
ligand makes the complex a very efficient catalyst for O-O bond cleavage of hydroperoxides [317].

The Fe(lil} complex of mesoporphyria (IX) - mesoferrikeme - has been examined as a
peroxidase model. Two-electron oxidants such as hypochlorite react with iwo equivalents of
mesoferriheme; this is a two-electron oxidation of a monomeric heme to give an Fe(V)Q
intermediate, followed by a rapid reaction with a second heme equivalent to give the dimeric
product FelfY:-O-Fel¥), A competing side-reaction is oxidative degradation of the intermediate.
The effects of various substituents on the porphyrin ring, which increase the tendency to
dimerisation and therefore prevent degradation, are discussed. The Fe(V).0-Fe{V) dimer oxidises
phernol in two distinct one-electron reactions, regenerating mesoferriheme [318)]. Deuteroferriheme
is also a good model for peroxidases. The Fe(IVi-oxo dimer intenmediate {which is the species
acrually responsible for substrare oxidation) has been observed to decay slowly back to the starting
Fe(lil) complex even in the absence of subswares, although the reducing agent responsible for this
is unkaown. This regencration of the siarting complex has been examined by observing the
recovery of optical density using stopped-flow spectrophotometry. Two parallel mechanisms
appear to be operative. In the presence of excess initial oxidant {OCl-, C1O;-, peroxoacids) some
porphyrin ring degradation occurs [319].

The compounds [BugN][{Fe(p-ClaTPP) }2{ Cu(MNT)212]).nCslg (r = 1,2,3; p-Cl4TPP =
meso-tetrakis[p-chiorophenyllporphyrin, MNTH? = ¢is-1,2-dicyancethylenedithiol} are proposed
as models for the active site of cytochrome ¢ oxidase, since they contain sulphur-bridged
Fe(IH}(porphyrin)-Cu(ll) linkages; they differ only in the number of benzene solvent molecules,
and all have similar crystal stractures. All contain a neuiral trinuclear Fe(1IH-Cu(Il)-Fe(IT) unit, in
which a pair of Fe{Ill)porphyrin fragments sandwich a [Cu()MNT}]2- anion via a sulphur atom
from each MNT ligand. The charge is balanced by the anion [CulID(MNT)2]-, which is weakly
associated with the trinuclear sandwich, Magnetic susceptibility measuremenis and Meessbauer and
ESR specira indicate that the Fe(IIl) centres are in a spin siase intermediate between S =32 and S =
5/2. The very weak ESR specmra {only 5% of the ‘expected’ intensity) supports their validity as
models for cytochrome ¢ oxidase, which is ESR silent [320].
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The reaction of HyO3z with meso-tetrakis{2,6-dichloro-3-sulphonatophenyl}-
porphinatoiron(Il) was studied in HzO and D20 over a wide range of pH/pD values. Three
different reaction pathways occur depending on the pH; measurements of the kinedic isotope effect
were used to help establish the mechanistic details [321]. Reactions of the same complex with alkyl
and acyl hydroperoxides were also studied, and desailed mechanisms proposed [322].

Cleavage of the ©O-O bond at the active site of cytochrome Pasg is known to require acid
catalysis. To determine the feasibility of water or alcohols participating in this process, solvent
polarity, acidity and isotope effects in reactions of various Fe(lil) porphyring with HyO3, tBuQOH
and peroxy-acids were examined. The observed effects of these parameters on the reactions of
hydroperoxides and peroxy-acids with Fe(IIT)-porphyrin complexes, all of which involve O-O
heterolytic cleavage, are similar to those observed for naturally occurring systems. The resuits
suggest that water may participate in acid catalysis at the aciive site of cytochrome Pysp [323].

Electrochemistry, electronic spectroscopy and magnetic momen! measuremenis of the
superoxide complex [Felll(QCPYO2)]" (OCP = meso-tetrakis|2,6-dichlorophenyl]porphyrin}
established that the electrochemical activity is centred on the [C2] ligand rather than the metal. The
complex has a covalent bond betwaen the superoxide radical anion and an unpaired d-electron on
the Fe{Il}. Similar conclusions were drawn for the O2 and OH complexes [324},

The resonance Raman (RR) spectra of (P)Fe{llD-0-O-Fe(HI}P) (P = TPP, OEP and other
substituted porphyrins) were recorded at -80°C; on warming to -40°C complete conversion to the
ferryl complexes (PYFe{T¥)=0 occurs [325]. A similar study was carried out on the complexes
Fe{TMP)}O3, {TMP)Fe-O-O-Fe(TMP) and (TMP)Fe=0 (H;TMP = meso-teirakis[2,4,6-
mmethylphenyl]porphyrin), which are formed as intermediates during the antoxidation of Fe{TMP}
to Fe(TMP)OH; their RR and electronic spectra were recorded at -80°C [326].

Reaction of FellT(TPP)C1 with Hy( in alkaling media produces {Fe(M{TPPYOHOOH))
whose spectroscopic properties are similar 1o those of a horseradish peroxidase [337]. Similarly
reaction of FelID(OEP)O;)py) with ascorbate produces [Fe("!(OEPYOHYOOH))". The complex
was characterised by electronic and ESR spectroscopy, and should be a practical modet for an
intermediate heme-hydroperoxide complex of cytachrome Pasp §328].

]

\ Fe(TPP)Cl1
+ 0y ———
[MeyN]JOH| CHO

N -~
H N

H

O
.

via /
[
Scheme 10 : Qxidation of skatole by Fe{TPP)CI
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The oxygenation of 3-methylindole (skatcle) 10 ¢-formamidoacetophenone by Fe(TPPYCl in
the presence of tetramethylammonium hydroxide and Qs (scheme 10) parallels the catalytic activity
of trypiophan dioxygenase. Study of the reaction by ESR and electronic spectroscopy at -78°C
allowed detection of the intermediate species [Fe(lD{TPP)(OMe}(0QQ-skatole)} and
iFedH)(TPPY(OO-skatole}z]-. A mechanism for the reaction is proposed [329].

Reduction of the Fe(lll) complex of the picket-fence porphyrin meso-tetrakis{o-
pivalamidophenyhporphyrin, Fel.Cl, by Zn amalgam gives Fel!DL (in PhMe or CHCls) or
Fe{IDL(thf}; (in thf). Fel reacts with Oz in PhMe or CH3Cl; to give the five coordinate adduct
FeL.(D9), and similarly FeL(ihf); reacts with Oy in thf to give the six coordinate FeL{O2){(thf); in
both of these the €7 is bound end-on. Both of the dioxygen adducts were further reduced by
Na[AlH2(0CH2CH0Me)2] to give the peroxoiron complex {FeL{O)Y, in which the Op2- is
now bound side-on o the Fe(lil). Proionation of this species with HBF4.Et20 is solvent-
dependent. In thf the product is LFe(IV)O, but in toluene/CH3Clz the product is the f-radical
FellV)=0 species [LFeO]* which is unstable and shows weak spin-pairing between the Fe(IV) and
the lipand radical monoanion. [LFeQl* could also be prepared by direct oxidation of FeL.Cl with
m-chloroperoxybenzoic acid. The catalytic and spectroscopic properties of [LFeQ]*and LEeO are
discussed [330] (see also ref. 350 for a similar example). A bis-ferced analogue meso-terakis-
{2,6-dipivaloyl-oxyphenyl)porphinatoiron(Il) has both faces 'protected’ by picket-fence pivaloyl
groups, which are joined to the meso-phenyl rings by ester linkages. The complex stably and
reversibly binds O3 in toluene at 25°C; the bulky substituents preveat formation of p-oxo ditners at
either face. A kinetic study of Oy association and dissociation showed that the affinities of the
hindered axial sites for O and imidazole are similar to those of heme proteins [331).

The Fe(IIl} complex of meso-temakis-(N-meshyl-4-pyridyl)porphyrin was electrochemically
oxidised to the FellV)=0 species. The process was followed by electronic spectroscopy in an
OTTLE cell at low pH [332). The Fe(lil} complex of TMP-N-oxide undergoes a double
protwnation of the oxygen atom followed by HyO elimination to give [Felll)(TMP)]2+, which is
isoelectronic with FelY)=0 species. Such a dication has been suggested as an intermediate in the
reaction of Hy(» with horseradish peroxidase [333].

The membrane-spanning porphinatoiron({ll) complex Fel (L. = meso-tetrakis[2',6'-di{20"-
hydroxy-2",2"-dimethylicosanoyloxy)phenyl]porphyrin) was prepared as a model for membrane-
inirinsic proteins and characterised in a liposornal bilayer. The complex with 1-dodecylimidazole
embedded in a phospholipid bilayer forms an adduct with Oz at 25°C in water [334],

1.7.23 Other porphyrin complexes

A series of porphyring containing three 4-pyridyl groups and a 4-nitrophenyl, 4-
aminophenyl or 4-hydroxypheayl in the meso positions have been prepared, and various @ansition-
mezal complexes {including Fe{Il)) prepared which have moderate cyiotoxic activity against
ieukaemia cells, possibly due to the generation of reactive oxygen species. The cytotoxicity is
increased by methylation of the pyridyl groups. The external fuctional groups function as ‘handies’
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which should allow covalent astachment of the compilexes o other molecules for targeting specific
nucleic acid sequences [335].

The 'tuffling’ of 2 porphyrin riag which occurs in many natural and synthetic heme
complexes - especially sterically hindered ones - is of great structural interest but very hard o detect
by conventional spectroscopic means. However 37Fe NMR showed that the Fe chemical shift in a
variety of Fe{ll) porphyrin complexes is very sensitive to these slight distortions in the pyridine
core geomewy, due to d-orbital perturbations, and is therefore a useful structural probe [336]. Ina
similar vein, MCD spectra were found to be much more sensitive than electronic specira to
variations of the phenyl substituents in Fe(il) complexes of various meso-temakis-(p-substituied
phenylporphyrins [337).

The charge distribution in Fe(D(TPP) was derived from a detailed X-ray diffraction study.
Deformation density maps indicate preferential occupancy of the d,2 and dxy orbitals, agreeing with
previous MO calculations, and are therefore consistent with the observed § = 312 {3A2g} ground
state. By contrast, FePc hasa 3Eg ground staie due to axial intermolecular Fe-N interactions [338].

The epoxidation of 1-alkenes, 1,1-disubstituied alkenes and styrenes by Fe{QCP)Cl results,
as a side reaction, in the irreversible formation of N-alkyl complexes, and thus models the suicide
inactivation of cytochrome Pasg. The partition aumbers for vanous subsirates {i.e. the number of
successful catalyst turnovers per suicide event) were calculated, and resemble the results for
cytochrome Pysg; they are very sensitive to the nature of the subsirate alkene [339]. These partition
numbers were further studied as a funcion of steric and electonic properties of some substituted
styrenes and of different aryl substituents on the porphyrin. The transition state geometries for
epoxidation and N-alkylation are different and might be expected to be sensitive to the nature of the
2,6 substituents on the meso-phenyl rings, since it is groups in these positions which cause steric
hindrance over the porphyrin faces. It was found that the partition numbers are only slightly
sensitive to the steric nature of the porphyrin, and insensitive to the electronic properties of the
porphyrin and the olefin substrate. The N-alkyl porphyrins isolated in three model sysiems show
the same regiochemical behaviour as the N-alkyl derivatives of cytochrome Pysg. On the basis of
these findings possible mechanisms for the nwo competing processes are discussed [340}.

Fe((p-Cl4 TPPYC reacts with PRCHRCHN; at -30°C 1o give a bridged carbene complex
with a PhCH7CH moiety inserted into the Felll'l-N bond. This compound is spectroscopically
similar 1o a previously reported Fe(IiI} porphyrin complex with a vinylidere C=CAry fragment
inserted into the Fe-N bond; both have 8 = 32, On chemical or electrochemical reduction, the
bridged carbene complex gives a diamagnetic carbene complex {p-ClyTPP)FelN(CHCH,Ph} with
an Fe=C bond. By conirast oxidation of the initial bridged carbene breaks the Fe-C bond o give a
CH=CHPh group attached to the N atom (an N-vinyl complex) with the double bond in the E
configuration. The formation of the bridged carbene and its oxidative transformation to the N-vinyl
derivative provide the first model for formation of N-vinyl-heme during the cytochrome P45
metabolism of PhCH;CHN,. Possible mechanisms for the conversion are discussed; the
complexes are characterised by elecrochemistwy and NMR spectroscopy {341).
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Fe(FooTPP)CL oxidises aldehydes o carboxylic acids in the presence of MCPBA by a
hydrogen-atom transfer mechanism involving an Fe{lV)=0 intermediate [342). Fe(pfpp)Cl also
performs benzylic oxidations of substituted benzenes and silanes in the presence of iodosylbenzene.
Again, the mechanism probably involves hydrogen-atom iransfer rather than electron transfer
[343].

Weak antiferromagnetic coupling has been observed between Fe(HT) and the oxidised ligand
radical monoanions in the six-coordinate complexes [{OEP)Fel[ClQ4s]2 aad [(OEC)Fel{CIQu)2
{(OEC = octacthylchlorin), In the five-coordinate complexes [(OEP)FeCl][SbClg],
KOEC)FeC1)[SbCis} and [KTPC)FeC1)[SbClg) (TPC = tetraphenylchlorin) the coupling is rather
stronger, All five complexes have an § = 2 ground-state, from antiferromagnetic coupling of § =
572 (FellD) and 8 = 1/2 (ligand radical). The difference in the values of J for the five- and six-
coordinate complexes is due to the different symmertries of the ligand radical orbitals. The relevance
of these results 1o the magnetic properiies of horseradish peroxidase and myeloperoxidase
compound [ are discussed [344].

The remaining reported complexes are summarised in Table 4 [345 - 364].

1.8 COMPLEXES WITH O DONOR LIGANDS
1.8.1  Complexes with carboxylic acids and derivatives

Bastc iron(Lil) acetate has long been known 1o contain the minuclear, oxo-bridged caticn
[FesO(OAc)(H201]*. The mixed-mesal analogues [Fe( Dy MADO(CAC)s(HZ0)3).nH0 (M = Mn,
Fe, Co, Ni, Znr) have been prepared [365]. The mixed-valence complex
[FellBiFelICiaCCO)6(CH3OH R I{H,O) 5 has a dynamic temperature-dependent struciure,
involving electron motion at the three Fe centres and disorder of the H20O molecules and CCly
groups [366]. The monochloroacetate analogue of iron{Ill) acetate
[Fe3O{ CH2CICO2)6(H 03] [NO3] reacts with Fe(NO333.H20 in methanol to give the wnusual
decamer [Fe{OMe)»{CH;CIO0, 30, containing a planar, cyclic array of ten Fe atormns, each joined
to its neighbour by two methoxide bridges and a carboxylate bridge [367]. A trinuclear, oxo-
bridged complex is formed from the reaction of Fe(NQ3)3 with o-phihalic acid. Maxssbauer and
magnelic susceptibilty measurements indicate distorted octahedral high-spin Fe(ITI) centres [368].

Carbohydrate moieties in glycoproteins are involved in various biological regulative
mechanisms which may involve metal ion complexation. Accordingly complexes of Fe(lIl) with
the glucopyranosyl ester of glycine were prepared, and the structural effects of adding proteciing
groups (aceiyl on the sugar hydroxyls, amide on the amino group) were examined. The core
structure of the complex of the "unprotected ligand is similar to that of basic iron acetate; structures
of the other complexes are proposed on the basis of elemenial analyses [369].

Reaction of the Lewis acid FeCly with BraCOqH (HA) gave FeClA;, which was
spectroscopically characterised, and shown to retain Lewis acid characier by forming an adduct
with pyridine [3701. A detailed X-band and Q-band ESR study was performed on a series of iris-
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chelate complexes of oxalate, malonate, a-ketovalerate, w-hydroxybutyrate and acetylacetonaie o
give a fingerprint library of spectra of octahedrally distorted, § = 5/2 "FeQg" complexes. The
spectra are very sensitive to the counterion, lattice solvent molecules and lattice distortions [371].
Complexes of bromomalonaldehvde (HBM) were prepared for comparison with complexes of
aitromalonaldehyde, which has similar steric properties but is more electron-withdrawing,
Felll{BM)2(H30), was prepared, and is readily dehydrated to Fell'}(BM),. The magnetic
propertics of Fe(BMj}2 in the solid state indicate an octahedsal geometry, which could only be
attained in a polymeric soucture with oxygen bridges; this is similar to the hehaviour of Fe(acac)s.
Fe{BM}, readily reacts with water, pyridine and other Lewis bases 1o give Fe(BM)L7.
[AsPhsl[Fe(BM)3l was also prepared, and is a 1:1 electrolyte with a high-spin Fe(Iil) centre [372].
An elecrochemical synthesis of KalFe(H(C204)3].3H20 using a sacrificial Fe electrode in oxalic
acid sotution is described [373). The compositions, stabilities and distributions of dimeric, mixed-
valence Fe(Il)/Fe(Ill} complexes of 4- and di-tarirate were determined as a function of pH. The
influence of the degree of protonation on dimer complex structure and properties is discussed. The
magnetic, optical and redox properties of the mixed-valence complexes are nop-additive 13741,

Jelat

: I
ey

Figure 6 : A series of synthetic siderophores

{n=123

OH
Hy(114)



63

The series of compounds in figure 6, all of which contain poly-oxyethylene chains with
terminal hydroxamic acid groups, were prepared as iron(II) sequestering agents. The tris-
hydroxamic acids form more stable complexes with Fe(III) than the bis-acids, although the latter
transporied Fe(lll) more guickly in experiments using an HpO-CHCI3/CCl4 [375]. The
siderophore cryptand H3(E14) contains three hydroxamic acid groups, which in the complex
Fe(114) are all directed into the cavity, conferring an octahedral Fe()g geomeiry on the metal ion.
The nature and pH dependence of the electronic spectrum are very similar to those of
desferriferrioxamine B, a natural siderophore [3761.

Complexation of Fe(IH) with /-a-alaninehydroxamic acid (118} {377} and di-aspartic acid-
fi-hydroxamic acid (116} [378] has been investigated by spectrophotometric methods as a function
of pH and of metal/ligand ratio. Ligand {118) coordinates via the hydroxamate oxygen atoms
only, and {116) is thought to act as a tridentate ligand vig the hydroxamate oxygens and the
carboxylate. This is in conrast 1o the behavionr of these ligands with other transition-metal fons,
where mixed N-O coordisation occurs.

H,N 0 o NH,
HO
SN CO,H
HN—OH H
(115) (118)

The polymeric complexes (FellDL3.2H20Q), (L = salicyl-, 5-chlorosalicyl-, 3,5-
dichlorosalicyl- and benzo-hydroxamic acid} were prepared, and characterised by elemental analysis
and electronic spectroscopy. The effects of the ligand substituents on the Mcessbaver parameters
are discussed [379]. The mononuclear complexes Felg (L = benzo-, salicyl-, 5-bromosalicyl- and
3,5-dibromosalicylhydroxamic acid) have also been prepared and characterised; the ligands are
tridentate {380].

An attempt to resolve 2 series of iris-hydroxamate complexes of Fe(Ill} into their
geometrical and diasterecisomers was complicated by their kinetic lability [381]. The Fe(Il)
complexes of o- and B-naphthalenesulfinic acids (R-SO2H) were prepared; their IR spectra indicate
bidentate O,0¥ coordination [382].

1.82  Complexes with other O donor ligands

9,10-Phenanthrenequinone (117) reacts with [Li{TMEDA)jI[Fe(Cp)}{COD)] (TMEDA =
N,N, N N'-tetrarnethylethytenediamine) to give [L{TMEDA)]2[Fe(cat)z], where Hacat is the
doubly reduced catechol form of (117). By contrast, direct reaction of (117) with FeCl in
TMEDA gives [(TMEDA)Fe(cat)(SQ)] where SQ is the once-reduced semiguinone form of (117).
The complexes were characterised by magnetic measurements, elecronic, IR and ESR
specroscopy [3831.
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The bimesallic chain compound depicied in figure 7, in which each Fe(il} is in an octahedral
FeOg environment, has been prepared and its magnetic properties examined in detail. It shows
characterissic one-dimensional ferrimagnetic behaviour, with an additional inter-chain
antiferromagnetic interaction apparent at low lemperatures, and also weak ferromagnetism below
10K [384].

N N
pet
o0 i o
H,0

Figure 7 : A linear Fe(ll)-Cu(l}) chain compound

Iron complexes of lawsens (HE18} and various derivatives have been prepared and studied
as possible models for the ferroquinone complex of photosynthetic bacteria and photosystem(il).
Felll118)2(F20)2 has been structurally characterised, and is a trans-octahedral complex with axiat
compression and a rhombic distertion. The two lawsonate ligands are in the fully oxidised form
and chelating bidentate, through the phenolate oxygen and the adjacent carbonyl oxygen. Each
complex molecule has a wtal of cight hydrogen bonds to its six nearest neighbours, involviag the
free carbonyl, the phenolate oxygen, and axial water molecules; there is thus a three-dimensional H-
bonding network. However, ihe high-spin Fe(Il) centres are magnetically isolated and the magnetic
moement of the complex is normal for an S = 2 system. By contrast, in the complex of 3-
aminolawsone Fe(T}(119):(CH10H), {119} coordinates in a chelating bidentate manner through
the phenotate and amino groups; both carbonyt groups are free, and the ligand is in the fully
oxidised form. The magnetic suscepubility measurements show strong antiferromagnetic coupling,
whose temperature-dependence is best explained by magnetically isolated dimers in the solid. Each
Fe(H} would have an axial interaciion o the phenolate oxygen of the other complex in the dimeric
unit, completing the octahedral coordination sphere of each Fe(ll) and establishing an FeyO»
bridge. This interaction makes the complex rather inscluble. Mmssbaver and elecironic
spectroscopic studies were also performed [385]. Six other high-spin Fe(Il} complexes
FeL3(H20Y; of lawsone and derivatives all show the same mode of bidentate (phenolate, carbonyl)
coordination as the parent complex. The spin-state of the metal, and the oxidation states of the
metal and ligands, were determined by magnetic susceptibility, electrochemical, and spectroscopic
measurements [386]. Maltol, H{120), behaves as a chelaiing bidentate O,0 donor; the solubality
of Fe(121)3 in methanol-water mixtures has been investigated [387].

The chiral ripodal ligand (121), in which each side-chain contains a chiral leucine residue
condensed to a f-keto amide binding site, has been prepared and its coordination chemistry

investigated. The chirality built into each arm means that the two coordination isomers are
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diasterecisomeric, and 121 forms complexes of high configurational purity with Fe(IIl} and other
metals . The three deprotonated B-diketonate binding sites confer an octahedral geometry on the

ceniral metal ion. Electronic and CD spectra show transitions that arise from exciton coupling
among the three binding sites [388].

1§ ] 0o e}
OH OH
° ||
R o Me
o

9,10-Phenanthroquinone Lawsone, H(118) (R =H) Maltol, H{120)
(117} Aminolawsone, H(119) (R = NH3)

iso-Bu O QO
H
N
N N
H 3
O
{(121)
COH
HO —0O on
H
W OH H
H H
CH O H OH
2"-hydroxychalcone, {122} Galacturonic acid, (123)

The oxo-cenred hexanuclear Fe(ill} complex [MesNI[O{ Fe{OCH2)3CMe}g] was isolated
from the reaction of CHaC(CH20H)3 with Pe(II) in the presence of [MesNJ[OMe]. The crystal
structure shows that the six Fe(IlI) ions are ociahedrally disposed arourd the central oxo-atom.
Each wris-alcohol (fully deproionaied} caps three sites ai each Fe(IIl} and has two bridging contacts
1o adjacent Fe atoms, all of which are in octahedral Og environments. The bonds from the Fe atoms
to the oxo centre are unusually long. The siructure shows that polyhydric alcohols may be as
effective as carboxylates in supporting oxo-centred polynuclear sruciures [3891,
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PPhs is oxidised by O3 in the presence of Fe(ClO4)3 in a swichiomeiric reaction. The
Fe(IIT) is irreversibly reduced to Fe(il), resulting in formation of [Fe(PhaP0O)4]{C104] [390].

Complexes of other O-donor ligands are summarised in Table 5 [391- 414].

Thermogravimetric studies have been performed on the complexes
(NH2)3[Fe(I(Cy04)3].3H20 [415), tris{N-benzoy!-N-phenylhydroxylamineliron{Ili} [416],
FeD{Cy04)2.2HO [417] and [FeaMn(OAC)g(OH)g]. 12H0 [418].

The following mixed-metal oxides have been studied: BagNdaFesOgs, BasSrlazFe50:s
and BasSrNdoFeqO 5 [219), BaglasFesOys5 [420], [FesCosW 17070H 11130 (4211,
BiPbSr2Fe) M 0g4. (M = Co, Ni) [422], SiFe;3015 [423] and [{CH1}gN]»[FelllD; (H,0)4
UMo120421. 18H20 [424].

COH  CO,H

OH OH
n=2-6; (124} - {128)

1.9 COMPLEXES WITH 5 DONOR LIGANDS

A variable-energy photoelectron spectrscopic siudy of [Fel!l)$415- has been carried out.
The results give detailed information on the electronic structure and orbital energy levels in the
complex, and show that it has similarities to [Fe(C)4]" [425). Single-crystal polarised absorpticn,
MCD and ESR spectroscopy were used to elucidate the electronic structure of JFe(MIX SR (R =
2.3.5,6,-MegCgH), which is a model for the oxidised active site of rubredoxin. The extenis of 0
and % bonding behaviour are discussed, and full assignments of the ligand-field transitions and
charge-transfer spectrum are given. The electronic spectrum was found 1o be strongly dependent
on the orieniations of the R groups [426].

The coordination behaviour of the crown thioethers (1293, (130) and (131) was studied in
order to see the effects of structural alterarions to the ligand backbone on complex formation. The
crystal structure of [Fe(£29)2)2+ shows that each ligand coordinates in the expected facial manner,
conferring an octahedral geometry on the Fe(IT) ion. Surprisingly however the two six-membered
rings have a gauche rather than an gati relationship; the complex is therefore chiral and, unusually,
spontancously resolves on erysiallisation. §Fe(138)2]2* is thought to have the six-membered
chelate rings in an and configuration and therefore be optically inactive, by analogy with the Ni({I)
complex which has been structurally characierised. [Fe(131)2)2* did not crystailise, but the
electronic specirum is indicative of octahedral coordination. In terms of ligand-field properties and
metal-ligand bond lengths these ligands are intermediate between the known nine- and twelve-
membered trithia-crown-ethers [427].
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O S S S S
(129) {139} (131)

Fe(16-ane-S4)I7 and Fe{l6-ane-54)Brs (16-ane-54 = 1,5,9,13-tetrathiacyclohexadecane)
have been prepared, and are high-spin complexes with Massbauer parameters very characteristic of
five coordinate Fe(Il). However the crystal struciure of Fe{16-ane-S4)I; shows that the Fe{Il) is in
the S4 plane with vnusually long (2.9A) interactions to the axial jodides, and may therefore be
regarded either as a square-planar ionic or an octahedral covalent structure {428). The complex
{Fe(9-ane-83)] 2+ (9-ane-S3 = 1,4,7-trithiacyclononane) was oxidised with [NOI[PFg) in a strongly
acidic medium. Although the resulting Fe(III) complex is unstable and rapidly reduces in air, it
could be crystallised from the acidic reaction mixture and is stable in contact with the acid. The
crystal structure shows an efongation of the Fe-S bonds relative to the Fe(ll} complex, which is the
farst direct evidence for «w back-bonding in thioether ligands [(429]. The rate constant for electron
self-exchange between the low-spin complexes [Fe(9-ane-$33)2+ and {Fe(9-ane-S3}13+ were
measured by 13C NMR line-broadening experiments at low temperature. The results are roughly
consistent with the predictions of Marcus-Hush theory [430).

A new route w alkyl and aryl thiolate complexes involves protonation of FeHz(dmpe)? by
the {acidic) thiol, followed by displacement of the weakly-bound 12-H; by the thiolate anion. The
products FeH(RS}dmpe)2 and Fe(RS)2(dmpe)z (R = aryl, alkyl) exist as an equilibrium mixture of
cis and trans isomers, apart from the complexes with chelating dithiolates which are necessarily cis.
The coordinated thiclates readily exchange with free thiol in solution. The crystal structure of
Fe{dmpe)a(edt) (Haedt = 1,2-ethanedithiol) has been determined [431].

The elecrochemical behavicur of Fe(sacsac); and Fe(sacsac)2{CO)2 {Hsacsac = pentane-
2,4-dithione) has been examined. Fe{sacsac)s is reversibly reduced to [Fe(sacsac)z];
Fe{sacsach(CO¥ undergoes an irreversible reduction with concomitant loss of CO, which becomes
reversible under a CO atmosphere. Two-electron oxidation of Fe{sacsac)(CO})z results in the
formation of [Fe(sacsac}{COWI*, with conversion of the other sacsac ligand to a 3,5-dimethyl-1,2-
dithiolium cation [432].

The dimeric complex K4[Fe{dto)2(NO}2.2H20 (Hadio = dithiooxalic acid) has been
structurally characterised, and has the structure depicted in Figore 8. The dimer is rather loosely
bound (the long Fe-$ distance is 3.82A), with strong Fe-N bonds; each iron is displaced 0.54 out
of the 84 ring towrds its nitrosyl ligand. The ingamolecular antiferromagnetic interaction is
surprisingly strong considering the long Fe-§ superexchange pathway, and suggests that sulphur
bridges are very efficient at mediating such interactions [433].
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The dithiophosphinate anion 132 acts as a chelating bidentate ligand to Fe(Il). The
complexes trans-Fe{132)2X3 (X = thi, tetrahydrothiophene, methanol) have been prepared and
structurally characterised; all are similar, with near-octahedral geometries ar the Fe(ll) centre [434].
Fe(#¢133)3 has also been prepared and spectroscopically characierised [435].

NO (4+1

Stren,,., L omS jﬁc
T _

Figure 8 : Structure of the anlonic part of Kgf Fe{dio}2{NO)j2.2H20

P/O/ i ~p i
HS/\\S HS/\\S

H(132) H(133)

The silicon isothiocyanaie compounds MexSI{NCS)4. {(x =0 - 3) have been prepared and
examined as ligands for Fe(ill) [436]). The thermmal decomposition of the polymeric complex of

Fe(lil} with N, N'-bis(dithiocarboxy )piperazine was studied, and follows first-order kinetics [437].
1.10 COMPLEXES WITH MIXED-DONOR LIGANDS

1.10.1 Complexes with mixed N,Q donor sets

The popularity of oxo- or carboxylato-bridged binuclear Fe(ilI) complexes as models for
the active sites of many iron-containing proteins has already been mentioned. The following
examples are all directed towards the same goal, but in these cases the bridging oxygen atom is
provided by, and is an integral part of, the polydeniaie ligand. In [Fex{134PhCO23UBF4]2 the
two iron(ili) centres are in trigonal bipyrarmidal environments, coordinated by two imidazole and
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one amine nitrogen atoms and the bridging alkoxide from (134) and the bridging benzoate. The
magnetic susceptibility data indicate high-spin ons with a sirong antiferromagretic coupling, which
is typical of the Fet'D-O-Fe(D core. Due to the vacant coordination site on each iron, the complex
reacts irreversibly with dioxygen at -60°C to give a symmetrical bis-Fe(Ill) peroxo-bridged complex
[438].

Et\
RN /\l’/\NRz \
R = CH
ou 2 <\
N
H({134)
N N
N N
H H
OH
H{135)

In [Fellli}y(135),(PRCO2)21{CY04)2 cach iron atom is in a distorted octahedral N3O»
coordination environment. Unlike many other wipodal ligands, (135 does not 'face-cap'; instead
the two benzimidazole and amino N-donors of each ligand bind in a planar arrangement with the
imidazoles #ans 1o one another. The alkoxide residues of each ligand both act as bridges, giving an
Feox{OR); core, and each iron atom rather unusually has a terminally-bound benzoate o complete
the coordination sphere. The antiferromagnetic exchange is refatively strong for an alkoxo-bridged
complex. The physical and speciroscopic properties of the complex, and the speciroscopic
properties of the mixed-valence Fe{II}-Fe(f1I) species (prepared by reduction with cobaltocene), are
similar to those of methane monooxygenase, which may have a p-alkoxo rather than a pu-oxo bridge
[439). The septadentate binucleating ligand H{136} was used 1o prepase the mixed-metal complex
(Fe@DMn{I136)(t-0Ac)2][Cl0a]2 as a model for heterobimetallic cenwes in purple acid
phosphatase and uieroferrin. Each octahedral metal jon is ‘capped by two imidazole and an amine
nitrogen atoms, and two j-acetaio bridges and the w-phenolate bridge complete the N1O3
coordination spheres. Both metal centres are high-spin, giving an S = 5 spin state with weak
aniferromagnetic coupling. The complex is electrochemically active, showing a reversible Fe(IlI)-
Fe(Il} reduction and an Ma({)-Ma(I11} oxidation [440].

In order to examine thoroughly the relationship between structural and magnesic properties
in these enzyme models, four closely-related Cu(II}-Fe(Ill) complexes were prepared and
characterised. [Cu(DFe(l)137XEWCC);][PFgl: has the expected structure with a phenolate and
two propionate bridges, and each six co-ordinate meial atom face-capped by an amino and two
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pyridyl nitrogen atoms. Replacement of a bridging carboxylate by a methoxide in
[Ce(DFeIB(137)(0OACHOCHS)] [BPha)2 results in several important swuctural changes. The

E:

A\
N
Hi36: R = |
<\
N

HI137:R = |
R,N OH NR, g
H,C N

methoxide ton is bound only o the iron atom, leaving a five coordinate copper(Il} cente in a square
pyramidal environment with the bridging phenolate at the apex. Both metal-phenolate bonds are
lengthened, resulting in a considerably increased imter-metal distance. In addition
[CuUFedill(137%OAc);)[BPha)2 and {CulllFe(I)(1 373 EtCO2)(OCH4)][BPha]2 were aiso
prepared; the former exhibits weak ferromagnetic coupling, having an § = 3 ground state, whereas
the latter is antiferromagnetically coupled, with an § = 2 groend state [441]. In 2 similar vein the
series of complexes [Fe(lDM(137)(RCO2)2]iBPhglx (M = Felll), ZnlD: R =B, Ph;x = 1: M =
Gallll), R = Ex, x = 2) was synthesised to serve as models for the diferrous forms of Fe-oxo proiein
ceatres. The bis-Fe(Il} complex with R = Et was structurally characterised, and has the expected
N303 environment at each metal with & phenolaie and two propionale bridges. Electronic, NMR,
ESR and Messbaver spectroscopy indicate the presence of two high-spin Fe(ll) cenires with
ferromagnetic coupling. Most interestingly, the signal at g = 16 in the ESR spectrum is similar to
those reported for various binuclear iron proteins in the diferrous state {442],
[FeliDNIDI37)(ELCO ) [BPhs 3 is again structurally similar to its related complexes and has
been thoroughly characterised. The ground state is § = 3/2, from antiferromagnetic coupling
between high-spin Fe(IlT) (§ = 5/2) and high-spin Ni(il} (S = 1) [443].

[ZaDFelIDI37){O2P(OPh)2}2){ClO4]7 is a possible model for the active site of purple
acid phosphatases. It contains one p-phenoxo and two [-diphenylphosphato bridges, and has an
inter-metal distance longer than the carboxylato-bridged analogues; the cyclic voltammogram shows
one reversibie Fe(Ili}-Fe(I) reduction. The diiron analogue [Fel'BFeflHN137){O2P(OPh)21}]
IC104])2 shows antiferromagnetic coupling, with a coupling constant similar to that of reduced
interoferrin phosphate, and two reversible redox processes. Both complexes were characterised by
electronic and Mcessbauer speciroscopy [444].

A general method for assembling (1t-0x0)-bis-{it-carboxylato}-diiron(lil) compiexes
containing iabile, monodeniate terminal ligands has been devised, using the bridging ligand
H3(138) to provide the two carboxylate bridges. The complexes FepQ(138)L2Cly were thus
prepared (L = {139}, (140}, (141) ). Insicad of the more usuat face-capping of all three terminal
coordination sites of each metal by a single chelating polydentate ligand, each metal is now bound
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10 a bidentate ligand and a (labile) chloride. These complexes mimic not only the essential structural
features of the enzyme active site models, but alse the coordinative unsaturation necessary for
substrate binding. The crys:al structures of two of the complexes (L = (1393, (141}) show that the
chloride ligands are both cis te the #-oxo bond, the position where Oy binding occurs in
hemerythrin, and all complexes undergo ligand exchange reactions at the terminal coordination sites
similar to those observed in p-oxo-diiron proteins. Sech complexes could not be prepared with
conventional mono-carboxylate ions as bridges [445]. Instead, reaction of {139) with Fe(QAc)
gives an unusual irinaclear complex (139)FelB)(p-OAc)FellDin-OAc);Feli139) which has been
sucturally characterised. The terminal Fe(Il) ions are in trigonal bipyramidal five coordinate
environments, each bound to a bidentate (139) and three carboxylaie bridges; the cenwral Fe(ll) is in
2 near-octahegral FeOyg environment. In each set of three bridging acetate ions two bind in the
normal bidentate manner and one, very unusually, is monodentate [446].

HO,C CO,H
Ha(138) (139), R = Ph; {140), R = N-methylimidazole

/\\/

——N N
(4L

Compounds (142} and (143) are bidentate ligands with one imidazole and one phenolate
donor, Their Fe(IH} complexes were mostly characterised as oxo-bridged binuclear species
[Fe{L)2]120 by their magnetic susceptibility and ESR behaviour, which show sirong
antiferromagnetic coupling. Electron-releasing ligand substituents (methyl, methoxy, or
dimethylamino at positions X, Y, or Z} cause the phenolate-Fe(IlI) charge ransfer bards to move
to lower energy, and the (irreversible) metal-based reductions to move to more negative potentials
[447].

The six ligands (144)-(149) were synthesised as possible iron-chelating pharmaceuticals.
Electronic speciroscopy and potentiomeiry show that at physiclogical pH the ligands are
predominantly neutral, allowing passage through cell membranes and hence access to ingacellular
iron pools [448], The siability constants with Fe{lil) were measured for (144), {145), (148) and
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(149}, at pH7.4, all four ligands have logP values between 27.7 and 50. By comparison,
transferrin has a logB value of 25.6 and desferrioxamine B, the strongest iron-chelating drug
currently in ese, has a logB value of 28.6 [449].

Z e
5 N
Y
N/j : i :N/
HG X HO

H(142) ; X, Y, Z = electron-releasing groups H(143)
Q QO
)’I\ N N
R NH” SR @)LNH/ ¥
HO N HO.
~ OH F =
S T
Me N X
(144}, R = 4-pyridyl; (145}, R = pheny) {148), X =CH; (149}, X =N

(146}, R = 4-methoxyphenyl
(147), R = 3-fluorophenyl

Alihough (154) can act as » binucleating ligand, the unexpected mononuclear complex
Fe{150)Cl3 has also been isclated. The ligand is terdentate via a phenol oxygen, and imine and
pyridyl nitrogen atoms bound in a mer configuration; the other two nitrogen atoms do not
coordinate. Three chioride ions complete the octahedral coordination sphere {450].

To probe further the effects of mutiiatom bridges on the magnetic properties of binuclear
iron complexes, [Fe(tlily(saten)sL.] {salen = (151); L = oxalate, 2,5-dihydroxy-1,4-beazoguinone
diaaion, 3,4-dihydroxy-3-cyclobuiene-1,2-dione dianion [=squarate]) have been prepared in which
L acts as a bridging Jigand. The complex with a squarate bridge has been structurally characterised,
and contains two [Fellll{salen}(CH3OH)] units in which the salen is behaving normaily as a planar
N30; donor, bridged by the u-1,3-squarate dianion. Each Fe(III) is in a distorted octahedral
environment; all of the complexes are weakly antiferromagnetically coupled [451]. The
monoauclear iron(Ill} complexes Fe{salen)NG», Fe{salen}SCN}, K[Fe(salen}{CN}2] and the
binuclear complexes [Fe(salen}(NO3}iz and [Fe(salen)}20 were prepared and studied by NMR and
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Meessbauer spectroscopy and cyclic voltammetry [452]. The behaviour of iron(IlI) has also been
studied in the heterobinuclear complex (thf)(TPPYCHI.0O-Fe(lD(salmah) (salmah = 152). Salmah
is a pentadentate ligand, which effectively restricts solvation to the Cr(IH} cenue only. The
coordinated thf may be displaced by a variety of Lewis bases; equilibrium constants for these
reactions were determined. Weak antiferromagnetic coupling was observed (453]. [Fe("X153)X]
and [(153)Fe({)ZFe(1)(153)]fBPhal; (X = Ci, NCS, NCO, N, pyridine; Z = pyrazine, 4,4'-
bipyridine, 1,2-bisf4-pyzidylJethene) were characterised by electronic and Miessbauer spectroscopy
and magnetic moment measurements; all of the complexes are high-spin (5 = 5f) [454].

l
N OH

7\ <_§
_ \ /7
{1590)
il\l N

o Ny

OH HO

Hy(151); R = CHyCHy
Hp(152); R = (CH)sN(Me)(CHa)z Hy(155)
H2(153); R = (CH);NH(CH}),

H3(154); R = 0-CgHy

Fe(Il) complexes of (151), {154) and (155) form bimetallic adducts in which the oxygen
atoms act as bridges. Thus Fe{155) reacts with MCl;.{(thf), (M = Fe, Zn) to give
[(shf)Fe{155)MClo]. The crystal structure for M = Fe shows that the original iron atom is in a
square pyramidal geometry coordinated by the planar tetvadentate ligand with an axial thf, and the
Fe(OClp centze is tetrahedral. Similarly, the crysial structure of [ClFe{154)FeCl{(thf)2] reveals two
five coordinate cenaes; the Fe{lI) bound to (154) is in a square pyramidal environment with axial
chloride, and the Fe®O)Cl(thf); is wigonal bipyramidal. Reaction of these Fe(Il) complexes with
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metals in a higher oxidation state results in ligand migration. Fe(158) reacts with TiCls.2thf to
give Ti(155)Cl; and FeCl3, and TiCl3 behaves similarly. The ligand migration proceeds via initial
formation of a bimetallic complex through the two oxygen bridges [455].

Various iron phenolate chelates are prototype liver-enhancing agents for NMR imaging, and
are tFansported in the blood bound to human serum albumin (HSA). Na[FetlI}156)} (both meso
and racemic forms) and K[Fell1}{157)} were prepared to study the relationship between struciure
and binding affinity with HSA. All three complexes have a ¢is-N2Og geomeiry reminiscent of
EDTA complexes, with the phenclates mutally ¢is and the carboxylates mugually rans ; the crysial
structure of K|Fe{liD{157)) was determined. The structure-affinity relationships were studied by
dialysis and proton NMR relaxation measurements. [Fe(157)]- and racemic (RR + 88} [Fe(156)]
both bind to HSA at the same site; the ¢is-equatorial phenolate rings result in 2 compact, cylindrical
shape which may be complementary with the binding cleft on the protein surface. By contrast the
binding of meso-[Fe(156)] is much weaker, since the relative orentations of the phenotaie rings in
this case result in a bulky shape which is less compatible with the binding site. All of the
complexes show increased relaxivities for their outer protons on binding to the proiein surface
{456].

HO,C

o . RIe— 7 \ ——COH

N N
HO HN
R? OQH HO R?
1 i
COH R R
Ha(356) Ha(157) : R! = R2 = H; R3 = CO»H

Ha(158) : R1 = R2 = CH3 ; R3 = CO2H
Hy(159) : Rl = Me; R2=1Bu , R} = COH
H4(160}: R! = RZ = Me ; R3 = CH0H

The stability constants of the complexes of Fe{llI) with {158), (159} and (160) have been
measured to determine the suitability of the ligands, which all have an 'EDTA-type' framework, as
chelating agents for biological use. The ligand protonation constants and complex bio-distribution
have also been examined. It was found that alkylation of the aromatic ring increases ligand basicity
(as measured by the protonation constants) at the cost of decreased metal-ion affinity due to steric
hindrance. The reduction of one acetale to an alcohel group in {160) decreases the affinity of the
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ligand for M{HI} ions by 4 to 6 orders of magnitude. The effectiveness of these and other related
Yigands in binding Fe(III} in agueous media at physiological pH are compared [4537). Fe(IID)
complexes with the ligands (161)-{165) were prepared as models for iron proteins containing
bound tyrosinate at the active site, and their resonance Raman spectra were recorded during
excitation within the phenolate-to-Fe{IIl} charge transfer band. The spc'ctra are dominated by
phenolate vibrations; there is a correlation between the Fe-phenolate oxygen bond length and v(Fe-
). The spectra are also sensitive to the spin siate of the Fe(HT) [458].

CO,H CO,H
HO HN HO HN

(R = 2-pyridyD)

HO HN HO N HO N(CH,R),

(161) (162) (163}
HN NH
HO,C CO.H
—N N— N—
\ OH HO / HO
(164} (165)

The series of complexes FeLy (L = {166) and the derivatives depicted) all have square-
planar geometries in which the N atoms are mutually trans, and all are low-spin (8 = 1}
Spectroscopic characterisation of the complexes revealed some interesting magnetic behaviour; they
have an anomalously high magaetic moment al room temperature, but are antiferromagnetically
coupled at low temperatures, Together with the Miessbauer parameters, these results indicate the
presence of at least two Fe sites with both ferrimagnetic and antiferromagnetic interactions [459].
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The iron complexes of the series of amides depicted in Figure 9 were prepared and characterised by
1£5 NMR as simeple models of the biding sites in non-heme iron proteins [460).

o \_ 7/

Y

Y = H (H168), 2-Cl, 3-C, 4-C1, 2-Me, 3-Me, 4-Me

Figure 9 : Series of amides used in models of non-heme iron proteins

The syntheses of several mone and binuclear Fe{lf} complexes with the bis-acyl hydrazone
ligands (167), (168) and (169) have been carried out. The complexes were characterised by
infrared, electronic and Maessbauer speciroscopy, and [Fe(167)Cla. H2O . (toluene)p 5] was
crystallographically characterised. The ligand behaves as a planar pentadentate N3Oz donor, with
two axial chlaride ions giving a pentagonal bipyramidal geometry [461].

Ferroverdin is a naturally occuring green pigment which is thought 10 contain an octahedral
Ee(Il} centre with three benzoguinone-oximate ligands {rather than the isomeric airoso-phenolate
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form). It has been modelled by the complex Nﬁ[Fe(l‘?U}g,], which reacts with a variety of dications
1o give the trinuclear species M{Fe(170)3]z (M = Mg, Ca, Mn, Fe, Co, Ni, Zn, Cd). Both Fe(Il}
ions are low-spin; the M(IT) jons are octahedrally coordinated by the six oximate oxygen atoms of
two fac-[FeL3]- fragments and are, where appropriate, high-spin. The ability of the parent complex
to bind additional metal ions in this manner may account for the reported variations in the iron
content of ferroverdin [462,463). The N303 coordination sphere in Na[Fe(UI}(171)3] (another
ferroverdin analogue} and Fe(llD{171)3 selectively stabilises low-spin Fe{II) and Fe(TIl) in fac and
mer geometries respectively. Mismatched combinations generated by chernical or electrochemical
oxidations er reductions undergo spontaneous isomerisation to the more stable forms [463,464].

R 0 o] R
(167}, R = 2-hydroxyphenyl: (168), R = 2-pyridyl: (169), R = 2-thiophenyl

= OH OH

o—2z

H(170) H{171) H3(172)

The tetranuclear cluster FeM{Fe(i(172)(CH30H)(0Ac)]3.3CH30H has a structure
which is described as an analogue of an MUID-(9-crown.3) complex. Each salicylhydroximato
ligand is trianionic and tetradentate, donating the carbonyl and hydroximate oxygen atoms to one
Fe(IIl), and the phenolate oxygen and hydroximate niregen atoms to another. This results in a
cyclic (Fe-0O-N-)3 arrangement of atoms, akin to a 9-crown-3 ring in which the carbon atoms are
replaced by Fe and N. Unlike any other metallomacrocycics, the ‘ethereal’ oxygen atoms are
capable of coordination 10 & central metal ion, in this case the central Fe(IIl). The structure is
further stabilised by three pa-acetato bridges between the central iron and the ring iron atoms. The
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complex exhibits both intra- and inter-cluster aniiferromagnetic interactions and has an 8 =5
ground state [4651.

OMe Ph Ph
OH
o /
R\( V’_N OH
CH=NOH N—N
H(173) R = phenyl, H(174); R = p-anisyt, H(175)

Fell(173)3(H0); and [Fe{D(173),(H20)2]Ct are octahedral complexes in which the o-
vanillin oxime behaves as a uninegative bidentaie chelating lipand [466). A series of complexes
FelIDL; (L = Schiff-base figand derived from S-nitro or 5-chiorosalicylaldehyde) were prepared
and characterised spectroscopically; they are high-spin, with the L acting as N,C donors, and have
mild fungitoxic properties [467), FellDL.CL2H0 (L = (174) or (175), Schiff bases derived from
benzoin and substituted oxadiazoles) are octahedral with the ligands behaving as uninepative
tridentate O,N,N- donors [468].

A series of winuclear complexes in which the dianion of dimethylglyoxime acts as bridging
ligand have been prepared {figure 10). The Fe(lil} at each end are in a distorted fac-N10D3
environment, coordinated by  terminal Mez-taca ligand and three oxygen atoms from bridging
dimethylglyoximates. The central M{IT) (M = Mn, Fe, Co, Ni, Cu, Zn} is in an Ng environment,
with three chelating dimethylglyoxime ligands. Magnetic moment measurements show that
antiferromagnetic exchange occurs between the terminal high-spin Fe(IIl) ions [469).

I\

O—~N —-o\
M N\o - FeL;

L F/ N
x? CQ‘O/ \\o \/N,

O—N
\ / Ly = NN, N"-trimeihyl-
1,4,7-triazacyclononane

Figure 10 : Series of trinuclear Fe(lif}-M(li})-Fe(ill} complexes

-~
~ +
~

The coordination chemistry of amino acids and their derivatives is of continuing interest.
The Schiff base H(176), formed by condensation of pyridoxal with L-tryptophan, forms the
complex [Fe{lHX176);]* in acidic aqueous solution; such complexes are of interest as possible
reaction intermediates in the racemisation and decarboxylation reactions of amino acids in living
systems. The kinetics of formation were siudied by a stopped-flow circular dichroism method:
complexation proceeds through six parailel pathways. Ligand displacement by EDTA was also
studied kinedcally [470). The interactions of various metal ions including Fe{iIT} with L-prolyl-L-
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leacinehydroxamic acid and L-prolyl-L-leucyl-glycinehydroxamic acid, (177) and (178)
respectively, were stadied at a variety of metal:ligand ratios. {177) forms principally a I:1
complex, and a small amount of a 2:1 ligand:;metal complex in which it is assumed that hydroxo
ligands are alsc preseat ('conventional’ hydroxamate coordination would give a 3:1 complex). The
bulkier Hgand (178) formed only a 1:1 complex with Fedlll) {471]. [Fe(DLL(CH)(H,O)NHz0 (L
= (81), cytosine; L' = glycinate) has an octahedral geometry in which both cytosine and glycinate
are N,O-bidentate [472). Cytosine also acis as a bidentate N,O ligangd in the octahedral complex
[Fe@DL 00X (X = C, 177 804) [473].

COH
/!
N ~
H
OH
HO = |
S
N
H(176)
o
O N
o HN
HN
H
N AN HO” N N o
HO N
0
arn (178)

Kinetic studies have been performed on some temary complexes of Fe(TlI) with a variety of
N and O-denor ligands by spectrophotometric methods. The ligand systems studied are 1,10-
phenanthroline with catechol, Tiron (179) or gallic acid (i80) [474], ethylene
diamine/catechol/EDTA [475], 1,10-phenanthroline/kojic acid (181) [476] and 1,10-phenanthroline
with salicylic acid or S-suifosalicylic acid [477].

The ternary complexes [FelIDLE(H20),] (L = (182) to (185}, HoL' = salicylic acid, o-
hydroxyphenylacetic acid, 3-methylsalicylic acid) were prepared as models for the iron binding site
of lactoferrin; the carboxylate donor mimics an aspartate ligand, imidazole mimics histidine and the
phenol donor mimics tyrosine. The crystal structure of [Fe(183)L'(Melm)y] (HpL' = 3-
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methylsalicylic acid), Melm = N-methylimidazole) reveals a mer-octahedral N3Oz donor set around
the Fe(IIl) in which the two Melm ligands are ¢is to one another. These modet complexes have
similar spectroscopic, electrachemical and reactivity properties to the mansferrin enzymes {478].

CH OoH
HO SO3Na HO. OH HO
O CH,OH
SO;Na COH
(179} {184 {181}
Rl
N
>
N

H(182»: R!=H,R2= o-CgHsOH. H{183): Rl =H, R2 = CHy-0-(CgH4OH)
H(184): R! = H, R? = o-hydroxy-m-methyl-(CgHz) H(185): R! = Me, R2 = CHy-0-(CgHsOH)

The trinuclear, oxo-centred mixed-valence complex [FefllBFellMO(OAC)g(py)3)(py) was
doped with [Fe(ID,CollDO(OAC)s(py)3)(py) to form [Feib FellDy sCol) s(OAC)s(py)3)py). in
order to study the effect of 'guenched disorder’ in the crystal on the phase transition of the Fes
complex from valence-wwapped to valence-detrapped. The Fe30 and FeaCoO complexes were both
crysiallographically characterised; in both cases, the M0 complex units and pyridine solvate
meolecules are alternatively stacked along the crystallographic Ca axis. Adiabatic calorimetry, NMR
speciroscopy and Massbauer spectroscopy were all vsed 1o determine the temperature at which
valence-derapping occurs in the 'disordered’ Fe3O complex [479). The temperasmre-dependence of
the behaviour of the mixed-valence state was also examined as a function of alkyl chain length on
the bridging carboxylates, since it is known that relatively small structural changes in these
wrinuclear oxo-centred carboxylates may cause large changes in their delocalisation behaviour.
Accordingly Fe(D,Fe(NOXg(py)3 (HX = myristic, palmitic, stearic acids) were prepared; X-ray
powder diffraction indicated that all three have a layer sivucture. Mgessbauer spectoscopy showed
that all three undergo a valence-detrapping phase transition. In the absence of latice solvent
molecules therefore, it is the long alky! chains that communicate the intermotecular interactions
agsociated with the vatence delocalisation (480, The mixed-metal complex
{FedID,NiDO(0AC)s(py)3](py) has been crystallographically characterised and has the expected
structure with a planar FeoNiQ core [481).
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Picolinate (PA} and 2,6-pyridinedicarboxylate (DPA) complexes of Fe(I) are known to
catalyse the decomposition of superoxide in aqueous media. Accordingly their electron-transfer
properties and complexation with Oz and Ha0On have been studied in non-aquecus media. {n DMF
and pyridine/facetic acid solvents, Fe(PA); and Fe{DPA) react with HyO2 and On to form
1.oFeOFelg, LyFe((30) and LyFeOFely Hy(); (L = PA, DPA). Electrochemical and magnetic
measuremenis and electronic spectroscopy elucidated the mechanism of formation of
{PARFeO(OO)Fe(PA); from (PA}FeOFe(PA); and H2O5. This complex will oxidise methylene
groups to ketones and converts diphenylacetylene to benzil, and in DMF decomposes to singlet Op
and (PA)FeQFe(PA)). Kinetic data for the oxidation of Fe(PA); and Fe(DWPA), and for reductions
of (HDPA)};FeQFe(HDPA); are reported [482, 483]. Fe(IXHDPA); also reacts with molecular
oxygen o give (HDPA}Fe(OO)Fe(HDPA),, which shows the same catalytic oxidative properties
as those of the (DPA)FeOFe({DPA)H,0; system; for example, it oxidises ¢cyclohexane to
cyclohexanone, but in the absence of a substrate slowly decomposes to the catalytically inert
(HDPA)FeOFe(HDPA)?. In addition, the dioxygenation of catechol and benzoin parallels the
activity of catechol dioxygenase enzymes [484].

The autoxidation of Fe(II} complexes by O3 is significantly facilitated by the presence of a
chelating ligand. A detailed kinetic study was performed for the oxidation in the presence of
EDTA, N-(hydroxyethyl)-cthylenediaminetriacetate, and diethylenetriaminepentaacetate as a
fanction of complex concentration, Oz concentzation, pH, temperature and pressure. All of the
observations are consistent with a mechanism in which O reacts rapidly with Fe(IDL o give
FeliDL O, followed by one of three parallel reaction steps [485]. Iniermediate Fe(Ill)-peroxo
complexes have been detecied by ESR in a study of [FellI{EDTA)]- as a superoxide dismutase
model. The reaction of [Fe(IEDTA)- with HyOs, tBe-O0H or 8Bu-OO0H leads to a side-bound
Fe(llI)-peroxo complex or anr end-bound hydroperoxe complex. These react further to generate an
Fe(il}-superoxo species. On the basis of these observations a reaction mechanism is proposed.
The existence of the complex [FeE{EDTA%)((02-)]3- has been proposed by other workers but the
mode of Op binding was previously ancertain [486].

An Fe(ID/EDTA complex has been covalently attached to a cysteine residue in bovine serum
albumin. In the presence of HaO2 the iron chelate cleaves the pepiide backbone at a siie that 1s
spatially adjacent bug remote on the primary sequence; analysis of the fragmentation therefore gives
information on the tertiary structure [487]. In a similar vein, Fe{ID/EDTA was covalently attached
to a pyrimiding oligodeoxyribonucleotide which birds to the major groove of DNA and allows site-
specific cleavage by the iron chelate [488].

EXAFS and X ANES spectra of complexes of Fe{lIl) with EDTA and EDDDA (H4EDDDA
= ethylenediamine-N,N'-diacetic-N,N'-dipropionic acid) in neutral or weakly acidic agueous media
showed that the EDDDA complex is predominanily six coordinaie, whereas the EDTA complex is
predominantly seven coordinate with an additional HzO ligand [489). Similar resalis were obtained
when Raman spectroscopy was used 1o determine the solution structures of FellID-EDTA
complexes at a variety of pH values. [n neutral solution, these resulis also indicated a seven
coordinate sizucture with a hexadentate EDTA and one coordinated water. In acidic solution ene of
the carboxylate groups protonates and dissociates 1o give a six coordinate structure with
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pentadentate HEDTA and one coordinated water. In alkaline soluticns an Fe-O-Fe dimer could be
detected, in which each Fe{lll) cenure is six coordinate with a pentadentate ligand {490]. The
crystal structure of [FetlI(HEDTA)(H20)] reveals a pentadentate N2Q3 ligand with a dangling
carboxylic acid group, and a water ligand completing the coordination sphere, as in acidic solution
{491]. The crystal structure of Na[Fetlll)(PDTA}j (H4PDTA = propane-1,3-diamine-tetraacetic
acid} reveals the expected Na(O2 octahedral coordination by the hexadentate ligand [492).

The two hexadeniate macrocycles H3{186) and H3(287) give monomeric, pseudo-
octahedral complexes with Fe(lil) {and other metal ions); Fe(186), Fe{187) and Fe(187)(Hacac)
(Hacac = peniane-2 4-dione} were all prepared and characterised, the crystal structure of the last
example reveals the expected fac-N303 coordination, with the pendant arms forming six-membered
chelate rings. The cyclic voltammogram shows a quasi-reversible mesal-based reduction. All of the
Fe(1IT) complexes are high-spin and show phenolate-iron{Iil} charge-transfer bands in the visible
region [493]. A potentiomerric study of the interaction between Fe(TI[} and Ha(188} showed that
the complex has the highest siability constant at physiological pH so far reported for any artificial
siderophore (logP = 49.98) {494).

HO. OH

Me N Me

HO OH OH OH
= 7|\*
R R AN Me
H3(186} : R=H. H3(187) : R = tert-buiyl H1(188)

Complexes with other mixed N,O donor ligands are summarised in Table 6 [495 - 509).
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N= SO.H

OH

\

RN=—N N
OH OH

(194) {(195) (R = CgH3-2-(OH}-5-(CO2H)
{196) (R = 8-guinolinyl)

1.10.2 Complexes with mixed N.S donor sets

2-Formylpyridinethiosemicarbazone (H197) is the simplest member of a series of
conjugated, ridentate N,N,S donors which exhibit antitemour activity and inhibit DNA synthesis;
the active forms of these drugs are thought 1o be their iron complexes. Mcessbauer studies on
[FetiH197),13+, (Fe((H197)212+ and [Felll(197),] show that all complexes are low-spin.
The reducing nature of the ligand is shown by the ebservation from kinetic studies that either excess
free ligand or a coordinated ligand may reduce Fe(II) to Fe(H) [510]. The reagent [Fe{I(198)3],
where {198) is an anionic, bidentate N,S-donor, has been studied as a mansmetalating reagent for
Cu(l) weiranaclear complexes, to produce new mixed-metal clusters. Stoichiometric wansmetalation
of the cubanes L4CusXa (L = N,N'-diethylnicotinamide; X = Cl, Br) by Fe(198)3 is preceded by
electron transfer from Cu(l} to Fe(IIl) to give LaCullaCulDFe(D(198)7,X 4. This product may
undergo fusther transmetalations with other wansition-metal (Fe, Co, Ni, Cu, Zn) complexes of
(198) 1o give a variety of mixed-metal binuclear and winuclear complexes; alternatively, oxidagon
by O3 generates {y-ONp-0)LaCusFe(OH)Xy which can in turn undergo further transmetalations
i511].

— HSYSME
\_7\ L
N N—-NH -
N
NH, /“\
s
H197 H198

The series of complexes FeL2(CO)2 (HL = o-NH2CgH4SH, HSCH2CH2NH; or
HSCHyCH(NH2)(CO2E) and FeL.1(SPh)2(CO) (L! = ethylene diamine, 2,2"-bipyridine) were
prepared. Fe{COMx{o-SCgH4NH2)2 and Fe(SPh)2(CO)z{en) were both crystallographicaily
characterised and have an octahedral geomety containing two ¢is-CO ligands, two cis-N ligands
(trans to the CO) and two trans-S ligands. All complexes lose CO on heating; this is partly
reversible {512].
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The Fe(lll} complexes [Fe(k199)2Cl21CI, Fe(l99)3, [Fe(H»241);Ci3]CI,
Fe(H200)Cl; and Fe(H200)(200) have been prepared and characterised. The first three all have
octahedral geometries in which the ligands are bidentate N,S donors; Fe(H20§)Clp is high-spin
tetrahedral; and Fe(H200)(200} is low-spin octahedral, with each ligand behaving as a widentate
N,3.,0 donor. [Fe(H201)2CI]Cl exists as a mixture of S = 1/ and S = 3/5 spin isomers [513].

The crysial stucture of [FelD(202)][BPhy]; reveals a distorted octahedral geometry with
the N atoms trans. The crystal contains a racemic mixture of stereoisomers |514].
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Fe(203); (EH283 = isonitrosothiocamphor) has been prepared [515]. In Fe(204)3 the
ligands behave as bidentate N,S doners; the complex is low-spin octahedral {516). The
moncanionic ligands 205, 206 and 207 2ll behave as bidentate N,S donors in the complexes
FeDL,Cl, [Fe{IDLy(OIPr) ] and Fe(DL3 [517] Trans-Fe(dioxH)Ly (dioxH - a-benzildioxime,
dimethylgiyoxime; L = thicacetamide, thiourea, 2-aminothiazole) all exhibit intramolecular H-
bording [518].

H205 : R = 2-pyridinyl
H206 : R = 2-furyl

H207 : R = 2-thienyl
\—N SH

1.10.3 Complexes with other mixed-donor ligands

M{DFe(l)y(§03)3.6N2H4.2H20 (M = Mg, Mn, Co, Ni, Zn) were prepared and
characterised by IR spectroscopy, and their thermoanalytical properties studied; they vadergo
atutocatalytic decomposition at lower temperatures than the corresponding monometallic complexes
[519]. The mixed-valence trinuclear clusters [Fe3OLg(H20)3] .[2HL], HL = the anthranilic acid
derivatives H(208) or H(209), show antiferromagnetic exchange inieractions [520]. Felll}(210);
is octahedral, with each ligand behaving as a tridentate N,$,0 donor [521]. N-(2-pyridybfuran-2-
aldehye thiosemicarbazone (211) and N-(2-pyridyljthiophene-2-aldehyde thiosemicarbazone (212)
both form complexes [FefIDLCI)CL. Mcessbauer, electronic spectral and IR spectroscopic studies
show that both ligands act as tetradentate donors (N,S,N,O and N,§,N,S respectively) in the high-
spin, octahedral complexes [522]. [Fe(}(213)CICY is high-spin, with a dimeric thiolo-bridged
five-coordinate structure with weak antiferromagnetic coupling [523].

H208 : R = 3-difluoromethyl-2-thiophenyl
R H209 : R = 2,3-dimethylphenyl

N -~
H
CO.H
Me
n )\ . _NH NH
MeS N g -
\n/ NN COH R/\ N T I S
S 3 N /
H210 H211 : R = 2-furyl

H212 : R = 2-thienyl
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Fe(1IXL,L1).nH,0, Felll(LL 2} .nH20 and [Fe(IDLL2)*+ (HL = vitamin U; HL! =
cysteine; HLZ = S-methyl cysteine) were prepared and characterised by IR, electronic and
Muessbauer spectra [524].  In [(PhyP)2Cu(trio)|3FeID (Hotrto = trithicoxalic acid) each
mithjooxalate ligand bridges the Cu(l) and Fe(l[I) centres; the precise mode of coordination is
unknown [525]. In thf, Grignard reagents or Mg halides react with Fe{acac)y (and other transition-
mezal acac complexcs) w give the rather unexpected products (thDaMg(acac)FeXo (X = CL, Br).
The Fe(Il) is tetrahedral, coordinated by two cis-positioned oxygen atoms from the octahedral
(thf);Mg{acac)y moiety and two halides {526,527]. The cyclic hydrazido bis-Fe(III) complex 214
was prepared from FeCls and NN, N'-tris¢trimethylsilyl)benzamidine in CHCl3 sotution. The

crystal structure shows that the Fe atoms are members of two fused, planar, heterocyclic rings

[528].
MeHN S 5 NHMe
Y \Fe/ \\l/
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M%NYNM% NH HN
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The ability of thipurea derivatives to stabilise neutral Fe-S clusters has been examined.
Reaction of Felz with 1,1,3,3-tetramethylthiourea (L) in thf gives FelsLj, which is
pseudoterahedral and has C; symmetry, and Fealyby (215). 1,2-{Methylthiourea)cyclohexane
{L1) reacts with Fels in acetonitrile to give FeplsL 12 (216), in which iwo bidentate ligands
coordinate to two Felz units to form an 18-membered ring, with the metal atoms in
pseudotetrahedral environments. FelzL and I3 react in CH>Cl» 10 give 217, in which two ligands
have coupled. All four new compounds have been crystallographicatly characterised [529].

Iron complexes of X2PN(RPXs (R = Me, Ph, X = OCH»CF3, OPh: R = MegCH, X = Ph:
R = Ph, X = p-OCgH4Br} were characterised by IR and 'H, 3!P and 13C NMR spectra [530].
{Fe(NCS8¥3{Ph3PO)2] and [Fe{NCS8)3(p-TolzAs0D)z] (Tol = tolyl) react with HgCly in acelone to
form [Fe(NCS)3(PhiPQO)2(HgCl3)3]).2MexCO and [Fe{NCS)3(p-Tol3AsQ)2(HgCly)3]. HO
respectively; all four compounds were siudied by IR and ESR spectroscopy 1531]. The reaction of
FeCl3 with bulky phosphine ligands PR3 (R = cyclohexyl (Cy), CMez) afforded stable
mononuclear, pseudotetrahedral adducts FeCl3{(PR3) which were characterised by standard
spectroscopic and magnetic techniques. Reaciion of FeCl3(PCys} with ethanol gave only the
phosphonium salt [PHCy3][FeCly], whereas for R = CMej the novel dianion [Fep{u-OFEt);Clgl?
was isolaied and has been structurally characterised. The dianion exhibits five co-ordination around
the two non-bonded Fe atoms, which are antiferromagnetically coupled [532). RB(NCS)2 (R =
Me, Ph} are prepased from the reaction of RPCly with AgSCN in CHCly. They are unstable in the
absence of solvent, but form stable complexes with various transition metals; magneiic
measurements and reflectance spectra suggest that in [FelHIDLCICI, the ligand chelates via the P
and S atoms §533].

The effecis of replacing S atoms by Se¢ in dithiocarbamate complexes of Fe(lil} were
examined for FeLy (HL = RyN-CXYH; X = Se; Y = 8, Se). The complexes were characterised by
Massbaser and magnetic measurements at room temperature, and the results compared to the
analogous complexes with [R2N-CS82]- and [RoNCSO]- ligands. Several distinct &rends were
observed; the isomer shift values vary with doror set in the order OS<S;~SeS~Sen, the quadrupole
splittings decrease in the order OS<87<88e<8e7, and the magnetic moment values increase in the
order 08>87>88e >8esy [534].

111 IRON-SULPHUR CLUSTERS
1117 Fe-§S cubanes

Many properties of 'naiive’ FesS4 clusters are specific to a particular, uniquely
differentiated Fe atom, which raises the problem of how one Fe ‘subsite’ may be chemically distinct
from the other three. In order to model this behavious, the tridentate ligand Hz(218) was prepared
and shown to bind to three of the four ion sites in [FesS4{218)CI2- |, thus rendering one subsite
distinct. This clusier was reacted with ten different bidentate or tridentate ligands to give the
products [FeqS4¢218)L1R", in order to examine the effects of the high coordination aumber at the
unique subsite, and of cluster charge, on the cluster properties. It was found that the [Fe4S4]2+/3+
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oxidation potentials were 300 - 700mV more negative with a polydentate L1 than in the reference
compound [FesS4(218)(PhS)I2. In addition, the electron distributions in the clusters were found
to be skewed towards a ferric-like unique subsite (L! = pyridine-2-thiolate, MepNCS7, benzene-
1,2-dithiclate) or a ferrous-like subsite (L) = 1,4,7-triazacyclononane, hydro-trispyrazolylborate)
compared to the symmetrical, delocalised reference cubane. These data approximate the intrinsic
effect of differeat ligand sets on unique subsites in native clusters |535].

24

R! R! R!
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H3(218) : R! = Me, R?2 = H. H3(219) : R = H,R2 =By, H3(220):R!=R2=H
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1

The factors affecting the ability of Ha(218) to act as a wridentate donor to FeaS4 cubanes
were explored. The preparation and molecular structure of the selenivm analogue
[FesSea(218X(SENI2- reveal the flexibility of the tigand, since the [FeSeq}2* core is approximately
10% larger than the [FesS4)2* core. Hi(219) forms complexes with cubanes similar 16 those of
H3(218}). 'H NMR evidence indicates that in these complexes, the steric directing effects of the
ring substituents {methyl, tertiary butyl) cause the six peripheral rings 1o be oriented in such a way
that the three thiol groups are all turned inward over the cental benzene ring. These ligands are
thus predisposed to a 'cavitand' conformation suitable for cubane binding. H3(220), which lacks
these steric directing effects, gives polymeric complexes when reacted with [FeaS4(SEfa]2-. These
resulis are supported by detailed molecular dynamics calculations and conformational analyses of
the cluster structures 15361,

[FeqS4(218)Ci12- undergoes site-specific substituiion reactions with a large varisty of
ligands. The products show trigonal symmetry by NMR spectroscopy, and have an S = ( ground
state in common with the starting material. By coniras!, reaction with the strongly n-acidic
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isonitriles RNC (L) gives [FeqS$4(218)L3] (R = Me3C, Me, Et, CgHy1, 2,6-MesCgHiz).
Mceessbauer speciroscopy shows that the cluster with R = Me3C contains a unique, six-coordinate
low-spin Fe(1l) subsite, and a spin-isolated [Fe384iC fragment which is electronically very similar
1o some naturally occurring Fe3Sy clusters. This fragment has an S = 2 ground state arising from
antiferromagnetic exchange between a high-spin Fe{IH) (S = 5/2) and a delocalised Fe(1Ly/Fe(lIl)
pair with § = 9/2. Localisation within the Fe3S4 fragment to a mapped-valence Fe(TIl) site and a
delocalised Fe(ID-Fe{Ill) pair occurs below 260K, The occurrence of this delocalised pair/Fe(ill}
ground state in several proteins as well as this model swongly soggests that the state is an ingrinsic

Y indurad har th ybend By roamnarienn citacnanifis
property of the [Fe3$419 cluster core, and not induced by the protein. By comparison, site-specific

substitution of [FesS4(218)C1}12- with cyanide gives [FesS4(LS1)(CNYI2-, with only one extra
ligand binding az the unique Fe(Il) site [537, 538). Reaction of the non-site-differentiated analogue
{Fes84C14]%- with MesCNC gives FegS4C1h(Me3CNC)g, in which two of the Fe sites are in
tetrahedral 83C1 geometries and the other two are in octahedral 8313 eavironments; each of these
latter Fe sites is identical by Massbauer spectroscopy to the unique FeS3L3 site in [FeqS4{218)La}
[538].

In order to examine the factors which stabilise the water-sensitive [Fes$4)3+ core of the
high-potential iron-sulphur proteins in the 3+ oxidation state, a series of FegS4 clusters with
attached dipeptides (containing cysteine and a hydrophobic amino-acid residue) were exarmined
electrochemically. It was found thas the resisiance 0 decomposition of the 3+ siate correlates with
the hydrophobicities of the amino acids in the ligand envelope, and that the redox potentials become
more positive as the eleciron-releasing ability of the coordinated cysteinyl groups decreases [539].
The effects of solvent {in terms of donor number, DN, and accepior number, AN) on the redox
properties of FeaSa clusters was also examined; the redox potentials correlate well with a linear
combination of solvent DN and AN [540]. Also, the redox potential values of a variety of Fes4Ss
clusters are linearly related {541].

The high-potenatial iron protein model [FesyS4¢8-2,4,6-{1Pr}3CgH2)4]", in which the Fe4Ss
core is in the +3 oxidation state, was prepared by controlled-potential electrotysis of the +2
analogue and studied by variable temperature magnetic susceptibility. It obeys the Curie-Weiss law
between 5 and 15K, but at higher temperatures antiferromagnetic coupling appears. The data could
be fitted accurately with a theoretical model. The JiFe(III}-Fe(1it}} and J[Fe(1ID)-Fe(IT}] coupling
constants are somewhat higher than normal, due to the contraction of the FesS4 core on oxidation
[542]. [FesCp4Sal is part of five-member redox series. It was oxidised to the +1, +2 and +3
oxidation states by controtled-potential electrolysis, and the products were characterised by
electronic spectroscopy [543]. [Cp"2(PhaCa82)0FesS4] , which contains two dithiolene ligands,
has been prepared and crystatlographically characterised. The FeaS4 core is highly distorted, and
has a structure consistent with localisation of Fe-Fe bonds, with three long and three short contacts.
It is past of a five-member redox chain comprising the +2, +1, 0, -1 and -2 oxidation states [ 544].

FeqS4 cubanes have been inserted nto a series of macrocyclic surrounds which coniain
pendant thicl groups (Figure 11); a varicty of macrocycle sizes and links between the ligand
skeleton and the thiol groups have been employed [545, 546, 547). This results in a positive shift
of the -1/-2 redox couple compared to other cubanes, and stabilises the core towards reactions with
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to an extent which depends on the macrocyclic ring size and the "goodness of fit' of the Fe Sy core
within the shielding macrocyclic cavily [546]. Some of the clusters with a 36-membered
macrecyclic surround are capable of electrochemical reduction of CQO7 to formale, at a potential
700mV less negative than that normally required for COz reduction [547]. A similar set of
encapsulated FeqS4 cubanes contain four phenyl rings in the 38-membered macrocyclic chain,

giving a hydrophobic, cyclophane-like exierior to the complexes [548].

(CH;},

N_fo l (S) (amide)
S—R
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£
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Figure 11 : FeqSy cubanes encapsulated in macrocycles
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A20Fe4S5sCla) (A = EugN, BugN) reacts with Liz$ to give Aq[(Feq84C13)28), a sulphide-
bridged dicubane. The crystal structure (A4 = [PhaP]31BugNE;) shows that the tetraanion consists
of a (Up-82)-singly bridged double cubane with C; symmetry, and has a structure very similar (o
that proposed for the active site of some nirogenase enzymes [549).

The crystal structure of [Fe(DMF)g]{BusN]2[FesS4Brs); has been determined; the anion
has the expected cubane structure [550]. Reaction of the polymeric species
{ (PhaPyfFesSaltmbdi]} (Hatmbdt = 2,4,6-trimethylbenzene-1,3-dithicl) with MolVXOCa(th)y
gives a molybdenum-oxo-containing agglomerate {(PhaPlaiFesS4(tmbdi}2(Mo(VI0)g 76] . in
which the {Mo(VO)3*cation is coordinated to the sulphur ligands binding the [FesS4J2* core. The
agglomerate exhibits catalytic activity for the reduction of azobenzene o hydrazobenzene, and
phenylacetylene to phenylethylene, by {EuNj(BH4i [551]. (EyN]2[FesS4(S2CNER M4 has been
syathesised under anaerobic, anhydrous conditions. The crystal structure shows the cubane-like
Fes84 core, with a disulphide chelate on each Fe atom, The Mcessbaver, IR, electronic and X-ray
photoelectron spectra are reported, as well as the electrochemical properties [552].
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1.112 Heteromertailic cubanes

[MooFez84{82CNE2)51.MeCN coniains the cubane-like MosFesS4 core, with each metal
atom attached to a bidentate chelating disuiphide ligand. In addition, a fifth [SoCNE#1- ligand
bridges the two Mo atoms, which are therefore both six coordinate; the Fe atoms are five
coordinate. The MogFe)S4 core has a formal oxidation level of +5 [553]. X-ray photoelectron and
Mezsshauer speciroscopy, and comparison of the M-8 bond lengths, suggest that both Mo centres
have the same oxidation state (formally +4) whereas the Fe centres are different (+2 and +3) [554].
[MoFe384(5:CNMez)s] .2CHCHp has a similar structure, with the fifth chelating disulphide Yigand
bridging the Mo atom and an Fe atom. The synthesis is described as a spontanecus self-assembly
from Na{MeaNCS9), FeCly and (NH4)2MoS4 in which the coordination behaviour of the bidentate
dithiocarbamate ligands is responsible for the formation of the single-cubane structure. In addition
a series of clusters [MFe384(RaNCS2);1% (M = Mo, W, Fe; x = 4,5,6; n = 0,1; Ry = Meg, Etp,
C4Hg, CsHyg) was prepared, which has allowed the formation of oxidation levels of +4, +5 and
+6 for the MoFe3S4 core in addition o the previously reported +2 ard +3 levels. A comparison of
the structural parameters of seven members of the series, whose structures had been previously
reported, was performed, The clusters were cheracterised by Moessbauer and NMR spectroscopy
and cyclic voliammewy. In the [MoFe38415+ core, each Fe{Ill) interacts magnetically with the other
maetals in the core; in the reduced [MoFe3S4]%+, the extra electren is delocalised over all four mesals
[555].

[MoaFeSa(H2(0)1g]%* has been prepared from Fe metal and [Mo3S4(HO)]4*; it has a four
coordinate Fe site and six coordinate Mo sites. The solution magnetic susceptibility shows two
unpaired elecirons, but the complex is ESR silent; the Messbauer specirum is consistent with a
high-spin Fe(Il) centre, antiferromagnetically coupled 1o the Mo atoms giving an overall spin-siate
of zero, Reaction with chloride ion produces [Mo3S4(H20)5C113+, from ligand substituzion at the
tetrahedral Fe site. Oxidations with [NH4)[ColllD(DPAY,] (DPA = dianion of 2,6-dipicolinic acid}
and [FedH0)g]3+ were also examined [556]. [MoiFeSa(H0)9]4* reacts with O in solution to
give [MeaS4(H20)g]4+ and Fe(il) in a two-electron redox process. The mechanism was
determined by specirophotometric and kinetic studies [557].

The nawure of substrate binding to a double cubane core has been examined. The reaction of
{[MoFe384CIa(Clacat)]z(ur-S)uz-OH)Y }5- (HyClycat = tetrachlorocatechol) with NoHsCI or
R3SiCN gave {[MoFe3S4ChnClicatylz(uz-Sia-X) §4- (X = NoHy or CN respectively). The basic
dicubane structure is flexible enough to be able lo accommodate bridging ligands with very different
steric requirements between the two Mo binding sites. This illustrates the feasibility of introducing
nitrogenase substrates (such as N2Hy) in an end-to-end bridging mode within two cubane suburits
at the enzyme active site [558].

[MoaFe7Sg(t-SEs(SEDgI3- contains two MoFe3S4 core units with a Mo(u-SEt)sFedy-
SEu03Mo bridge; its reaction with ethy! cysteinate hydrochloride was followed by !H NMR
SpecLroscopy, since cysteine is the amino acid which most commonly ligates to iron-sulphur
clusters in biclogical systems. The initial product is the terminal chloride-substituted cluster
[MogFe7Sa(i-SEt)gClgl3-, which reacts further to form a novel terminal cysteinate-substituted
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cluster [MogFe7Sg{p-SEt)gleld (HL = cysteine) [$59]. The iron-bridged dicubanes
[Mo2Fe7838(SR}12]% (R = Ph, o-,m-,p- tolyl) were prepared and spectroscopically,
elecirochemically and stucturally (R = Ph, m-10lyl) characterised; different thiolato Yigands enly
cause significan: ssmctural variation at the Fe{SR)g bridge. 1H NMR spectroscapy and magnetic
susceptibility measurements indicate virwally no magnetic interaction amongst the three magneltic
centres, i.e. an Fe(SR)g bridge and two isolated [MoFe384(SR)3] units. Reaction with acyl
chloride in acetonimrile yields [MoFegSgClg(SR)31%-, in which the iron bridge has been removed;
this is the first example of such a chemical conversion. The compound (R = o-talyl) has been
structyrally characterised; uniiie the variation of thioiate substituents, the presence of terminat
chiorides induces structural changes over the whole cluster. In addition, the very similar
differences of Ep.c for the first and second cubane units in [Mo2Fe75g{SR)i21% and
[Mo2FegSg{SR 513" imply that both structural types show the same degree of synergism between
the two core subunbits. Synergism in Fe-Mo-8 clusters is thus proposed to play an important role
in their structure-reactivity relationships [ 360, 561]).

An MoFe3S4 core has been inserted into macrocyclic tetrathio? ligands (Figure 12}, the
bridged Mo-SR group 1s shown for the first ime 1o be reactive toward nucleophiles [562].
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Figure 12 ;: Macrocycle-encapsulated MoFesSq cluster (R = CH2CH3, p-CgHy)

An extension of the heterometal MFe384 senies is provided by synthesis of three rhenivm
analogues. [RepFegSg(SENg)3 contains two cubane-type ReFeaS, cores, bridged through the Re
atoms by three yt7-SEr bridges, and has a 5-member electron ransfer series. |ReaFesSg(SE 212
and [RezFe78g(SEt)12]*" both contain rigonal (1a-SEt)3-Fe(l-(us-SEi)z bridges between the Re
atoms of the cubane subunits, which are in oxidation states +4,+4 and +3,+3 respectively. Both
clusiers are parts of a 4-member redox series. [RezFegSg(SEt)3(SPhlgl3- and
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[RezFe788(SEt)6(SPh)g)2- were prepared by displacement of terminal [SEt]- by [SPh]- [563].
Linear Fea(ua-Q)4(SEt)4)3- (Q = 8, Se) reacts with Ni(PPh3)3 to give the heterometallic cubane
{Fe3Ni(j3-Q)a(PPhs)n¢SEt)aplB3-"- (n = 0,1) which were characterised by X-ray crystallography,
NMR, ESR and Meessbauer spectroscopy and magnetic susceptibility measurements [364].
Reaction of {E1aN)} WSy, FeCly and NaS:CR3 (R = pyrollidine) yields [WFe384{S2CR)s].2DMF
which was crystallographically characterised. The Massbauer speciram indicates two types of iron
atom in a 2:1 ratio [565],

[FeqTea{SPh)413- has been prepared and crystallographically characterised, and has a
cubane core siructure. The ground state has § = 3/2, arising from (formally} three Fe(ll) cenizes
and one Fe(IIl); the ESR and NMR properties of the cluster are discussed. The increased Fe-Fe
distance in the [FesTeq]* core compared to [FeqSal* and [FesSesl* result in a smaller

antiferromagnetic coupling [566].
1.11.3 Other iron-sulphwr clusters

The anion {Fea(u-8903)2(N0)412-, in which the iwo Fe centres are bridged by two (L2-1!-
5) thiosulphates, was prepared and structurally characterised as the [PPN]* salt. It adopis a
conformation in which the two pendant SO3 groups lie in a trans arrangement on opposite sides of
the FeSy ring. 15N NMR spectroscopy confirmed that this conformation is maintained in solution.
The dianion reacts with RSH to give good yields of Fex(u-SR)(NOQO)4 [367, 568].
Naz[Fes(8S203)2(NQ)4] reacts with Naz8 in water (i.e. SH- ) to give a mixture of
Naz[Fez282(NO)4] {which might be expected by analogy with the thio! reactions) and
Na[Fe4S53(NO}7], which are easily separaied since only the latter is soluble in ether. These
compounds are, respectively, the red and black Roussin salis. Na[FeqS3(NO)7] reacts with arene
diazonium salts [RN21IBF4) and the alkylating ageats [R30O]iBFs] (R = Me, Et} o give [Fex{p-
SR}2{NO)4]. However reaction with [MesS]IBEs] or [Me3SQO][BF4] resulis orly in cation
metathesis. The crystal structure of [MeaS][FeqS3{NO)7] was determined; there is no incipient
cubane formation due to cationfanion interaction. The siructural parameters are compared with
those from other stuctural determinations of [FesS3(NO)7)- with different cations [5681.

The electrochemical behaviour of some of these Fe-5-NO compounds has been examined.
Fe(SR)2(NO)4 (R = alkyl) undergoes two reversible, one-electron reductions to the mono and
dianion; the morocanion was characterised by ESR spectroscopy, and the reactivity of the dianion
with &ialkyl phosphites was studied. {Fe3S32¢{NQ}s)?- undergoes two, reversible, cne-electron
reductions; for [Fea(5203)2(NO4)2- only the first reduction is reversible whereas [FesSa{NO71-
undergoes three, reversible one-electron reductions. In all cases the oxidations are complex and
irreversible, [Fe(NO}S2:CNR2)7] loses NO afier its one-eleciron reduction [569]. Fe(S04).7H0,
NaNO» and cysteine reaci to give [FegS3(NO)7]", which can only arise from cleavage of C-S bonds
in cysteine; the yield of the reaction is improved if sodium ascorbate is added to the reaction
mixtuze. S is similarly captured from several other molecules such as cysieine derivaidves, amino-
penicillanic acid and thicurea [570].
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Reaction of (NHa)aMoS4 and FeCly with HOCH>CH>ONa in ethylene glycot (L) solution
foliowed by treatment with BugNBr gives the trinuclear heterometallic cluster
{BugN]3{MozFeSg0O). L which was characterised crystallographically and by the standard
spectroscopic methods. The anion consists of an Fe atom bonded to an MoS; unit via two §2-
bridges, and to a MoQS2(S3) unit also by two §2- bridges. In addition there are two Fe-Mo bonds.
The cluster catalytically reduces C3H; in the presence of KBHy [571).

A new model for the interpretation of Miessbauer parameters in reduced [Fei$4)® clusters
has been proposed [572].

The 'basket’ cluster FegSs(p-SPhY(PBu3)4(SPh), was prepared by the reaction of
{BugNiafFesSa(SPhis] with Fe(SPh){PBus)y in acetonimile/thf. The crystal structure shows the
presence of an [FegSgl* core, consisting of six FeaS; units fused into the form of an FegSs basket
by sharing edges with an Fe-S(Ph}-Fe bridge as the handle. All six Fe atoms are tetrahedrally
coordinated, with formal oxidation staies of five Fe(Il} and one Fe{ill) [573, 574]). The
elecirochemical behaviour and NMR and ESR spectra are discussed |574].

The synthesis and characterisation of a series of FegSg ‘prismanes’ has been descnbed.
[FegSe(p-R-CeHaO)gl3 (R = OMe, NMep, COMe) have a rhombic dodecahedral core, which may
be envisaged as consisting of two FesS3 puckered 'chairs’ sitting one on top of the other, with a -
substituted phenolate is attached to each iron atom. The crystal swucture of [EyN]3[FegSg{p-MeO-
CgHaG)g) has been determined. The three S atoms 10 each face of the prism can act as a widentate,
face-capping donor set to other metals. This has allowed synthesis of the adducts [FegSg(p-R-
CeHyO)g{ M(CO)312]M (M = Mo, 1 = 3, R = Me, OMe, NMey; M =W n=3 R =Me; M = Mo,
n = 4, R = Me, OMe, COMe) in which an M{CQ)3 unii is attached 1o each face of the FegSg core,
resulting in an elongation of the core along its six-fold axis; two crystal structures (M = Mo, n =4,
R =C0OMe, M =W, n=73 R = Me) have been determined. The Mo adducts are proposed as
precursors for synthetic analogues of the Fe/Mo/S site of nitrogenase. The elecwonic and
Maessbauer spectra and electrochemical properties are discussed in detail, and are in gencral
sensitive to the nature of the parag nng substituents. Stongly electron-releasing grops (e.g. NMe2)
facilitate the dissociation of one M{CQ}3 fragment, leading to heprametallic clusters [575].

The basket-core clusters FegSg{PEt3)aL7 (L = halide, thiocyanate), which are topological
isomers of the prismanes but not isoelectronic, have been kaown for a while. Since the formation
of these polynuclear clusters is generally very dependent on the nature of the terminal ligands L and
the reactant stoichiomewry, an attempt was made o see if the same core structure would self-
assemble in the absence of any ancillary ligands other than PEt3. A 1:4:1 mixture of
iFe(H20)6]IBF4l7 - Et3P - Li28 in thf gave a 14% yield of [FegSs(PEts)g)[BF4] which has beea
crystaliographically characterised. The [FegSgj* core has a basket-core structure similar to those
already known, with a few minor dimensional differences. It has crystallographically imposed Cg
symmetry but is nearly Ca,. All Fe atoms are four coordinate, with an S3P coordination sphere;
twe Fe atoms are tetrahedral, whilst the others are better described as being trigonal planar with an
axial phosphine ligand. The basket-core topology has thus been shown o support the [FegSgl*
oxidation level as well as the known §FegSg]2+. Higher oxidation levels (+3, +4) are only found in
prismanes. [FegSe{PEi)glIBF4) does not show clean electrochemical behaviour, but reacts with
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chloride or chlorinated solvents to give FegSg(PE{)4Cl2 and with O or § to give the known species
[FegSa{PER)g]2+ and [FegSg(PEt3)g]* which both have an octahedral Feg core structure with an $
cap on every face [576].

[PrsN]gNasFe 5S30.14MeCN was prepared by the reaction of FeCls, Na|PhNC(O)Me]
and Li5S in the ratio 1 : 3.15 : 1.78 in methanol/ethanol followed by recrystallisation of the product
from acetonitrile. The crystal structure consisis of discrete Pz4N* tons and two Na* ions weakly
associated with the cluster anton [NagFe13830)8-, which has a quite unprecedented cyclic structure.
It is constructed by the fusion of 24 non-planar FezS; rhombohedra in edge- and comer-sharing
modes such that there are 20 15-8, 8 13-S and 2 j4-5. Every FeS4 unit is tetrahedral and the 18 Fe
atoms are essentially coplanar, leading to a cyclic toroidal stucture with no terminal ligands. Two
Nat ions are bound to the interier § atoms of the cluster. The cluster is mixed-valent (14 Fe(Til)
and 4 Fe(II)) with a singlet ground state arising from antiferromagnetic coupling; the Mcaessbauer
spectram indicates substantial delocalisation. Molecular orbital caleulations show that the cluster
has a quasi-band structure with the orbitals divided into 24 well-separated blocks. The reactivity of
the cluster to various thiols is discussed. The cluster size and structural relationships to Fe-$
phases means that [NapFejgS1p]8- is on the boundary between molecular and solid-state materials.
A conceptual model of cluster buildup arising from sequential connection of FepS7 rhobohedra and
FeSy tetrahedra is presented, which suggests that many new core topologies which have not yet
been observed may be accessible [577].

1.12 COMPLEXES EXHIBITING SPIN-EQUILIBRIA

An X-ray structural determination shows that [Fe(liD(221);]{BPhy] has a distorted
octahedral N4Oyp geomemry provided by two Iridentae ligands binding in a meridional manner, with
the O atoms ¢is to one another and the imine airogen atoms trans. The bond lengths are consistent
with the complex being high-spin (HS) at room temperature. Variable temperature magnetic
susceptibility measurements show a gradual but complete high-spin to low-spin (HSLS) cressover
(S = 5/2 t0 § = 1/2) with decreasing temperature; the ESR spectra are consistent with the presence
of two HS sites and one LS site. The AH and AS values for the spin transition are similar to those
for related complexes of Schiff-base ligands [578].

[Fe(mtz)glIBF4]z (miz = l-methyltetrazole) undergoes both thermally indeced and light-
induced HSLS (S = 2 o S = 0} transitions which were observed by Macssbauer spectroscopy.
Both the crystal siructure and the Mssbauver specirum show two distinet Fe(Tl) sites (A and B -
both HS) below 160K. On cooling from 110K o 60K the A sites undergo a thermal HSLS
@ansition; the B sites remain HS down 1o 4.2K. At 20K, the A sites (which are aow L8) underge
a LIESST (Light-Induced Excited State $pin-Trapping) LSHS transition on irradiation with a
Xencn-arc lamp; the light-induced HS state is stable for hours below 40K. By conirast the B sites
(which are HS at 20K) undergo a HSLS transition with red light, giving a LS-trapped state which
is indefinitely stable below S0K. This is the first example of light-induced formation of a
mesastable LS state in 2 HS Fe(ll) complex [S79].
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Fe(222)5(NCS)2 and Fe(222):(NCSe}> both undergo thermally-induced HSLS transitions
on cooling. They also give rise to LIESST effects on excitation with a He-Ne laser, Ne-He laser or
tungsien-filament lamp at 6K. These spin-trapped excited LS states were studied by variable-
temperature FT-IR specwoscopy, and are stable for several hours at 6K [580].

[FeL3]2* (L = 2-[pyridin-2-yl]quinoline (223) or 6-methyl-bipy), both show anomalous
magnetic properties consistent with a temperature-dependent HSLS transition. Two forms of
[Fe(223)31{Cl0O4]7 were obtained; one is HS between 300K and 89K, whereas the other shows a
gradual HSLS transition over the same temperature range. The crystal siructure has been
determined. [Fe(6-Me-bipy)3][X2] (X = CiQ4, BF4, PFg) show some spin-pairing at low
temperatures, but are aot completely LS at 89K, Two distinct sites for the HS species at low
temperatures were detected by Moessbauer spectroscopy, arising from ordering of the anion sites in
the crystal lattice. The structure of the complex cation shows considerable distortion, with the
ligand molecules twisted about the interligand bond. These effects are due to the methyl group on
the ligand, which induces a steric barrier to coordination and also causes greater inter-ligand
repuisions than in complexes of bipyridine, and this is presumably responsible for the accessibility
of the HS state. The steric effects of the fused benzene ring in (223} are predicied to be similar
[581].
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Crystals of Fe(arnp)3Cla. E:OH {(amp = Z-aminomethyl pyridine) were prepared doped with
Mn(Il). The Mn(lI) ESR signal may be used as a probe for spin-crossover in the Fe{ll} system.
There are three Mn(lI) environments in the crystal, each giving a separate ESR signal; the intensides
of these signals varies with temperature [582).

The continuows HSLS wransitons of [Fe(D2amp)3}Cla.EiOD (Dramp = 2-aminomethyl-
pyridine with -ND3 rather than -NH2) and of [Fe{amp)3]Clz.MeOH are isobaric above their T
values, but at or below T, they exhibit a rather complex behaviour due to an elastic interaction
between the HS and LS molecules in the crysial. [FegZn|_x{amp)3]Cl2.EtOH shows a two-step
spin transition below Tg, which has been studied by Mcessbauer speciroscopy at several values of x
between 0.78 and | and at different applied pressures. The unusual transition behaviour is an
intrinsic property of the process itself, rather than (as with the other cases) being wiggered by latice
properties [583],

[Fe(btz}2(NCS8)2].H;0 (btz = 4,4'-bis-1,2,4-triazole) has a two-dimensional network
structure with bridging biz ligands and rrans thiocyanates; the crystal soucrure has been determined.
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The hydrated material shows an abrupt HSLS eransition at 123.5K on cooling and 144.5K on
warming, whereas the dehydrated material is permanently HS, The spin tansition was followed by
doping Cudil) into the lattice, and using the Cudll) signal as a probe for the Fe(ll) HSLS iransition.
When the Fe(Il) centres are HS, the Cu(T) signal is poorly resolved due to exchange broadening;
when the Fe(ll) centres are LS, the Cu(Il) signal is well resolved [584].

The crystal struciure of [Fe(224)][Cl04]».2/3H0 reveals two crystallographically distinct
Fe sites, of which one has a higher HS content (as evidenced by bond lengths and trigonal
distortions). The complex undergoes HSLS transitions at a rate faster than the Meessbauer
timescale, The T¢ value is 365K both in solution and the solid state, indicating that there are no
intermolecular interactions involved in the spin transitior. The rapid HSLS interconversion is
autributed to a large trigonal distortion induced by the steric constraints of the ligand, which casses
an unusually large spin-orbit interaction between the 1A and 5T staes [585].
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(224) (R1 =RZ =H); 225 (R! =H, R2 = CHy) (228)

(226) (R! = R2 = CHz); 227 (RIR? = [CHzl4 )

Relaxation times for HISLS transitions in a variety of Fe(Il} complexes have been measured
as a function of temperature and pressure in order to determine the activation volumes for the spia
ransition, since the detailed reaction pathway followed by this process is still obscure. To assess
the role of radial and twisting motions in the crossover process, a series of complexes with
sterically constraining ligands (225)-(227), exhibiting varying degrees of conformational freedom,
were examined alongside complexes of smaller ligands with fewer structural constraints (228)-
{230). The activation volumes for the spin transitions of these complexes in several solvents were
determined, together with the corresponding aciivaiion enthalpy and entropy values. In the
complex [Fe(22N§CIO4]2 the ligand impedes rhomboidal twist motion, and in DMF solution it
was found that the relaxation time for HS to LS crossover increased significantly with pressure,
and that the activation volome is positive. This is ia contrast to all of the other complexes, which
have negative activation volumes for their HS to LS wansitions. A mechanism for spin crossover is
proposed, involving both radial and angular motion. In the case of [Fe(227)](ClO4)2 there is a
larger contribution from the radial pathway since twisting is impeded by the cyclohexy! ring; this
accounts for the different activation parameters compared to the other complexes [586].
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Fe(231);X; (X = (I, Br, NCS), {Fe{231)2(Cl04)21.2H70 and {Fe(231)3][Cl04]; were
prepared and characterised by elecironic spectroscopy, varizble temperature magnetic susceptibility
and Mcessbaver specooscopy. Whereas Fe(231)2X 2 are HS, the other two complexes show
intermediate magnetic moment values which are consistent with a HSLS equilibrium [587).

The formation of local domains within {Fe{phencph)?}{Cl04])2 (phencph = 1,10-
phenanthroline-2-carbaldehyde phenylhydrazone) has been studied by magnetic susceptibility and
detailed hysteresis measvrements. Domain forrnation within a material results in a dismibution of T,
values and s one of the causes of such hysteresis effects. The temperature-dependencies of the
Muazssbauer parameters, X-ray powder diffraction spectra and magnetic susceptibilities were
measured, resuliing in AH and AS values for the HSLS spin transition. The results cannot be
accounted for by simple theories of nucleation and domain formation [588].

The crystal soucture of Fe(phen)2(NCS ) has been determined at 293K and 130K in order
1o detect structural changes associated with the HSLS wransition. No change in crystal symimetry
was found between the two temperatures, but a large reorganisation of the Fe(ll) environment is
evident. The wansition form HS 10 LS on cooling results in shoriening of all of the Fe-N bonds,
and a change in the bond angles giving a more regular octahedral geomerry about the Fe(IT) [58%].

The abrupt HSLS transitions observed in [Fe{py)(bpym}¥NCS);1.apy (bpym = 2,2
bipyrimidine) and the phenanthroline analogue [Fe{py)z(phen)(NC8)2]. apy were studied by
variable-temperature magnetic susceptibility, Massbauer speciroscopy and calorimetry. The crystal
structure of the HS form of [Fe(py }2(bpym}{NCS ;1. Vapy was determined at 293K, the py ligands
are frans 0 one another and the NCS- groups are cis. The occluded pyridines have high thermal
motion andfor a positional disorder. [Fc(py)g(bpym)(NCS)g],‘f.n,py has a very sharp HSLS
transition, with the T, values being 113.5K (temperature decreasing) and 116.3K {(temperature
increasing), [Fe(py)z(phen)(NCS);)./2py also has an abrupt HSLS wransition centred at Tg =
106K; the temperature dependence of the Massbauer spectra provides evidence for the structural
change in the lathice associated with the transition (c.f. crystallographic observation of the same
effect in ref. 589}, and also shows that the bpym complex is more nearly octahedral than the phen
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complex. The enthalpy and entropy changes associated with the spin transition were determined
from calorimetric measurements. It is suggested that previous reports of the magnetic behaviour of
Fe(py)a{phea)(NCS); were erroneous, and are consistent with the samples used containing
considerable amounts of Fefphen)2(NCS)z and Fe(py)s(NCS)2 [550].

The Fe(lll) complexes of a series of bulky thioselenocarbamates FeLs (L = 85¢CNR2
monoanions; NR2 = N(benzyl),, pyrollidino, piperidino, morpholino, dicyclohexylamino) were
examined by variable-temperatere magnetic susceptibility measurements between 8 and 310K. The
dibenzylamino, piperidyl and morphelyl derivatives show a HSLS crossover starting at room
temperature, with complete conversion to LS at 77K. The dicyclohexylamino derivative is LS at all
temperatures, whereas the pyrollidyt derivative shows crossover behaviour at 8K. The ESR
spectra of these complexes diluted (1:99) in a diamagnetic host lattice of Co(III) or In(Ill) were
recorded between 120K and room temperature. These specaa may be used as fingerprints to study
the effects of temperature and matrix on the HSLS transitions. All of the ESR spectra show two
broad signals at g =~ 2 and g = 4 from the § = 5/2 species, and a sharp signal at g = 2 from the S =
/5 species [591].
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