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INTRODLUCTION

This review follows breoadly the same format as that covering 1979 which was
yublished in Vol. 35 of this journal. The literature coverage continues from
where that for 1979 ceased. Thus work cited in Chemical Abstracts Vol. 31
{Nos. 21-26), Vol. 92 and Vol. 93 (Nos. 1-18) is reviewed. However, parers
published in J. Am. Chem. Soc., Inorg. Chem., J. Chem. Soc., Dalton Trans., J.
Chem. Sce., Chem. Carmmn., and J. Organomet. Chem., bave been covered up to the
end of 1980.

The division of the review reflects current interest in iron cheanistry. Thus
there remains a considerable interest in carbonyl and related law valent conplexes
and the interest in the biological rfle of iron continuwes to grow. The nmumber
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of publications concerning classical coordination and inorganic chemistry of
iron appears to be decreasing although, amongst those published, there reawins
sane interesting new findings, Of particular interest are a small number of
very detailed studies of spin equilibria in iron caomplexes, and these are
gathered together in Section 1.8.

1.1 CARBRYL, THIOCARBONYL, ISONITRILE AND RELATED OOMPIEXES

Undoubtedly the most novel publications in this area are those concerming
the isonitrile analogues of pentacarbonyliron{0), [Fe(CNR)s]. Stome and
coworkers have presented full details of such camplexes, prepared by reduction
of FeBr, in the presence of excess RBNC (R = Qk,, (iMe;, Et or 2,6-MeCeH3). A
structural study has shown the gemetry of [Fe((N(Me;)s) to deviate from an
idealised trigonal bipyramid, and that the equatorial ligands are non-linear
(C-N-C = 135°). Reaction with PPh; yields {Fe(CNR).(FPhi}], and isonitrile
metathesis has also been effected (equation 1), [Fe((NCMe;)s] can also be

{Fe(CNEt}s] + 2RNC

(Fe{MNEL);((NR).] + ZEtNC (1

(R = 2 6-MazCsH3)}

protonated by H{EF,] or the metal hydrides {MuH(CO)s] and [OsH:(C0),] {11.

Reaction of [Fe(CO)s] with xylylisonitrile (XyNC) in the presence of
catalytic amounts of transition metal salts vields [Fe(C0).(Q¥Xy)] in greater
than 90% vield at 45 "C whereas, in the absence of such catalysts, the yield
is less than 5%. In benzene under reflux, [Fe(CO);{CNXy).}, [Fe(CO){(CXy)al,
[Fe(COY(MXy).) and [Fe((MXy)s] are obtained. The mechanistic sequence shown
in Scheme I is advanced for the reaction catalysed by CoCl,.ZH,0 [2],

cor1,, ZH,0] + RNC -

FelCO)s + {cOc1z(mc)..]

[(OC)e.Fe(u—CO)OoClz(ENC) 1 (nsd) _:cnonc
Iaﬂc \
[(OC)aFe(u—m)(u-mc)mz(mC) [GDCIz(RNC)n(CO)]

[Fe(OO):(RNC)]

SCHEME I: The proposed mechanism for the formarion of [Fe(CO),(RNC)].



The first stable thiocarionyl derivation of [Fe(CO}s] has been prepared by
treating {Fe(CO) (P(Ph);}.¢(CS2)] with PBus. In CHCl; or CgHs, replacement of
coordinated phosphite by the phosphine occurs, but in OCl,, the phosphine does
play some rSle in desulphurisation giving low yields of [Fe(C0).{P{QPh);}.{(CS)].
This camplex adapts the expected trigonal-bipyramidal structure with phosphite
ligands in the axial sites {3].

{FeBr(C0):(cp)] alsc reacts with a wide range of isonitriles to form
(FeBr(TWR)z(cp)] and, in the presence of excess isonitrile, [Fe(CNR)a{cp)] .
When [Fe(CO)(thf} cp))" is enployed, [P‘e(CO)a_n(mR)n(cp)]+ {n =1 or 2) are
formed. [FeBr{QWR).{cp)] undergoes a one electron oxidation reaction, the
product isolated being {Fe(@iR):(ep}]”, although as many as six intermediates
could be seen by N¥MR spectrascopy, among which may be [Fe(CNR)z(MezCO)(cp)]"
and [(ecp)(RNC),Fe(~Br)Fe((NR).{cp}}*. In ethanenitrile, {Fe(QR),{(Me(N){cp)]
is formed [4]. Photolysis of [Fe(CD)(GWHe)z(cp)]"' in the presence of an excess
of the ligands L leads to [Fe((¥e);L(cp}]’ (L = PPh,, AsPhs, StPh,, py, Me(W
or C;H,). Similar reactions of [Fe(CO)z(NCMe)(cp)]+ led to sequential displace-
ment of both CO ligands in all cases except ethene., There was no evidence for
replacement of the isonitrile ligand, and nu evidence for thermally induced
substitution in either cation. In the absence of light the sequence shown in
equation 2 is abserved (L = Me(N or py) (5].

+

{Fe(aMe)L,(cp) )™ {Fe(awe);L{cp) ) — - {Fe(tMe)s(cp)]™ (2)

An ¥-ray crystallegraphic study of [Fez{CO),{n5-CsMes)z] has confirmed the
expected similarity to the cp analogue {r{Fe-Fe) = 256.0 pm}, the main
difference being that, unlike the c¢p compound, thers are no significant
variations in the C-C bond lengths of the C:Mes rings. This may have a bearing
on the different catalytic praperties exhibited by the two complexes {6). The
structure of [(cp)(OC)Fe(u-COX}(u-CS)Fe(CO){cp)] has also been reported. The
bridging thiocarbonyl proup has an elongated C-S8 bond of 160 pm. The Fe-Fe
distance of 250.5 pm is to be compared with 253.1 and 248.2 pm for the (u-CO}:
and (u-CS):; analogues respectively. The cp lipands are mutually cis [7]. A
IVPES study of the electronic structure of [Fe:(CO).{cp).], supported by ab
initio MD calculations, has been published {8].

[Fes¢(CO); (R (cp)z) (R = Me, Et, GiMe,, CMe, or Ph) have been shown to exist
as isoperic mixtures in selution containing both terminal and bridging ANC forms
and to be flhwxdcnal., The bridpge-terminal exchange process follows the Adams--
Cotton mechanism involving synchronous gpening and closing of bridges. Proton-—
ation and alkylation of the complexes lead to [Fe.(CO);{(CNRR®')(cp).1* (R* = H,
Me or Cidse,) [o].

Evidence has been presented for two different primary photoproducts fram the
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(quantum yield ~0.05) and by dimer hamolysis to yield [ e(CO)z(CD)] (quantum
~0. 0 [ h e ['l:ba""l (COY, rm-.ﬂ and

s

the former reacts with PPhi via a second intermediate to form [Fea(CO)3{PPhj;){cp)z1.

The second intermediate is thought to be an isomeric form of the phosphine-
containing product which is believed to contain a {u>-CO). unit but no Fe-Fe

bond {103.

[Fe,(CO).(cp)a} also reacts with SbF; to yield either [{Fe(CO).(cp)}sSbFi™
or [{Fe{COY2(cp)}SbOShb{Fe(CO)2(cp)is}2Y, which were isolated as {SbF.1~, [Sb,F,1~
or [SbsFyz 1™ salts. The latter cation reacts with iodine to form
[{Fe(CO)2(cp)}:5bI}[I;], whereas with AsF;[{Fe(CO)z{cp)):AsF:]fAsF,] is formed,
which on treatment with water and alecchols gives the cations [{Pe(CO)z(Cp)}zAS(G{)zr,
[{Fe(CO)2(cp)}a4s(OMe)2]” and [{Fe(COY2(cp)}2asF(CEL)]™. [Fez(CO)u{cplz] also
reacts with R:AsX to give [{Fe(C0)2(cp)}:AsR.]", and with RASX: to give
f{Fe(CcO)2{cp) Y2as(RIX}" T11l.

The cations {Fe(CO);L(cp)]" {L: = aldehyde, ketone, ester or amide} have been
prepared by the reaction of [Fez(CO)s(cp)z] or [FeBr{CO}:(cp)] with Ag[PFs] in
the presence of I, or by ligand exchange with [Fe{CO):(cp)( isobutylene)]+. In
all cases coordination to the metal is by o denatien from the ketonic carbonyl,
rather than by 7 coordination of this group [12]. With 2,3-diazanorhornene,

[Fes (CO) 4 (cp)2 ] undergoes the reactions shown in Scheme IT [13].

room 0 :
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SCHEME IT1: Reaction of [Fen{CO},{cp):] with 2,3-diazanorbornene.

Interest in the generation of metal carbonyl radical cations and anions
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[Fex(CO) Lz ]*, whereas with halide ions, X, [Fe(CO);L:] and [Fexz(CO) q_nLn] are
formed. The radieal cation, [Fe{CO):(PPh;)2]" also undergoes some novel radical-
radical reactions and redox reactions with paramegnetic and diamagnetic ligands.
With NO, there is quantitative formation of [Fe(CO)z(N'O)(PPhg)z]+, whereas with
NO, mer,trans-[Fe(NO:)(CO)s;{(PPhs)z]" is produced. On heating the latter, CO;

is evolved and the nitrosyl cation formed. Reaction with MeNC{S)SSC{S)NMe: {a
source of MepNCS,- radicals) glves [Fe(CO)z(FPh, )z(SzG\II-Iez)]+, whereas with
[Me;NCS,]7, a mixture of this cation ond {Fe(CO),{PPh,):] is cbtained [14].

Polarographic reduction of [Fe(CO), L (cp)I" (L = PPhy, n =1 or 2; L = MeNC,

n =1, 2 or 3} shows increasingly anodic one-electron reduction waves as CQ is
successively replaced by L: this effect is greater for MeNC than PPhs;. The 19—
electron reduced species lose a molecule of the ligand L, dimerise or decompose
[13]. An EPR study has been made of [Fea(CO)lz_'nLn} {L = CO, P(OR):, or PR3},
{Fe,Ru(CO) 2 ], [FeRU-(COY12 ], TRU3(CO)12 ] and {0s3(COYy; | which have been reduced
either chemically or electrochemically, or photolysed; the corresponding radical
anions were characterised at low teamperatures. However, iron-containing radical
anions readily undergo what are believed to be disproportionation reactions to
vield iron{JI), iron(-Y¥) and iron{-1I) species via the dianions [Fes(CO)lz_nLn]z_.
Solutions of [Fex(CO)s) in ttif, on reduction, give the same EPR spectrum as that
from [Fe:(COY12 1, and this arises fram [Fe,{(CO): 17, which can be produced in

thf solutions of both [Fez(CO)¢] and [Fes;(C0Y2 ], even in the absence of added
reducing agents [16]. The photo-disscciation spectrum acconpanying conversion
of [Fe(C0).]" to [FE{CO)z]: has been reported [17].

A structural study of [Fe{CO).(FPh3)} shows the phosphine ligand to occupy an
axial site in the distorted trigonal bipyramidal coordination sphere [18].
Photolysis of crans-[Fe(CO};{P(OAr);}z] (Ar = Ph or 2- or 4-3eCeH,)} leads 1o loss
of CO and the formation of red products which cannot be isclared, but which
react with donor ligands, L, to form [Fe(CQ)2{P(OAr);}.L] (L = CO, PRi, P(OR}i,

NR, €S2, S02, tcme or Ry;C;) and with addends, XY, to yield [Fe{CO):{P(Oar);}.({X)Y]
(X¥ = H;, Dy, HCY or 5nCi,). With OC1,, red intermediates are formed which
subsequently vield [Fe(CO):{P(0Ar);}:Ci.l and [Fe(CO).{P(OAr),}C1], the latter
containing a metallated lipgand. The red intermediates are believed to be the
metallated hydrides, [Fe{P(OC¢H.X)(0Ar};}{P{0Ar);}C0).H] (X = H or Me) [18].

The ligand PPh,(CH:Site3) reacts with [Fe;(C0O);; ] to give [Fe(CO),{PPh,{CH,Sie;)}}
and AsPh,(CH,SiMe;) Teacts with [Fe:(CO)sl to yield [Fe(CO},{AsPh,(CH,Sille,}}] [20].
{Fe{CO),(n"~cot)] reacts with 2,11-bis{diphenylphosphinamethylYoenzolclphenanthrene,
PP, to yield [Fe(C0),(PF)] [21]. {[Fe(CO):;{PhPHFPh2)], [(OC) Fe{P(H)PhP(H)Ph}Fe(CO)4]
and [Fe(COY,{PPh(PPh),}] have also been reported., The last of these shows NMR
evidence for coordinative migration of the metal atan fram the medial to the terminal
phosphorus atam [22].

The secondary phosphine complex, [Fe(CO).(PPh.H}], reacts with [Rh,Cl:(CD}.]1 to
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give a nuwber of products, one of which has been characterised by X-ray
crystallography as (1). In this campound the Fe atom and Rh' and Rh® have

O
(COYs
-~ Fg C 0

[7 O \_ oo ™, / Fe(CO),

P—PRh*—pP
(co)
{1: P=PPh;) (2; P=PPhj).

18-electron configurations, while Rh® is 16-electron, a difference which is

reflected in the variocus Rh-P bond lengths. In solution, (1) rearranges to

(2), which, in turn, reacts with CO to form [Rh2(CO):(PPh:),]. In the absence

of CO, this last campound is unstable with respect to {Rh,{(CO)e(PPhz).1 [23].
The reactivity of the phosphido camplex, [Fe{CO):{PPh:)}{cp)], with rhodium

and iridium compounds has also been exsmined, With RhCl;.3H.0 or [Bh.Cl(cod)-],

the cation (3) is obtained; the iridium analogue has also been prepared. The

= q+
Pha
NN A°
/
\c ™
o P Fe ——cp
Ph,
C
O
{33

cation ¢3) exhibits an extensive chemistry in donor solvents (L = thf, ¥eC0,
ete.) that arises as a consequence of solvent coordination to rhodium, leading
to the formation of species containing no bridging CO ligands. This chemistry
is illustrated in Scheme III [24].

The related arsido camplex, [Fe(CD):{AsMe;){cp)] can be prepared fram
Me,AsCl and Na[Fe(CO):(cp)]. The reaction also yields [{Fe(CO).(cp)}zAsMe;]Cl
(ef. [11]), but the former can be cbiained in quantitative yield from treatment
of Na[Fe(CO)2(cp)] with [Mo(Q0)s{asde,)(cp)] [23].

{Fe(CO)s] reacts with primary and secondary aliphatic amines to form both
1:1 and 1:2 adducts. It is suppested that the amine must be at high enough
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concentration to undergo self association by hydrogen bonding before adduct
formation occurs and that the adducts have ion-pair and ion cluster structures
{26]. with methyl-substituted imidazoles, imid, [Fe{CO)s! forms
{Fe(imid)s][Fe:(COYs]. [Fe(imid)s]{Fe(CO).12, [Fe(imid).}{Fe(CO).] and
[Fe(imid)»(C0O):). The crystal structures of the first two compounds have been
determined [27].

Matrix isclation UV photolysis of [Fe(CO).L] (L = Me;N or py) gives [Fe(CQ);L],
which has a structure of C;;u symmetry. This isomerises to a structure of C:s
symmetry after IR photolysis [28]. The heterodimetaliic diazine complexes
[{{OCYsMIZ{Fe(CO).}] .{(M = Cr or W; Z = pentamethylensediazine) are prepared by
treating [Fe{CO),{thf)] or [Fe {(C0),] with [M(CO):Z1 [29].

With 1,2-CM.(AsMe;),, [Fe,(C0)s] forms (4) which exhibits a very asymmetric

o o]

</ S recco
as 7 e(COj; Y] e(C0Js
( >\Fe/ ‘ (o) Fe// LEeccoy,
As / ‘\ \ s{/

5 Fe(CO
c ' (CO)s
(0] (0]

£4) {5; X = CO)
{6; X = 50)

structure. The presence of semi-bridging CO lipgands arises presumably as the
unigue Fe has an excess of negative charge because the arsenic atoms cannot
back bond as efficiently as CO. The semi-bridging CO ligands can accept this
excess charge [30].

When [Fe:{COYy» § is treated with methanolic NaDH, followed by acidification
in the presence of Na,{S0;], ¢5) is formed. Similar treatment of [Fe(CO)s]
gives a precipitate of {Fe;(C0)sS:1, but if precipitation is induced with PhMe,
(6} is isolated which contains the first example of a cluster bound [SO] group
{31]. Reaction of {Fe3;{C0}2 ] with CS; at 80 °C under a CO/Ar atmosphere gives
(7) which may be considered as a butterfly arranganent of the Fe, unit with a
broken edge {32]. Variable temperature NMR of [Fei(CO)s(X).] (X = S, Se, Te
or NMe) show two distinguishable steps in the CO exchange process. In the first
the CO ligands on the a2pical iron atom attain equivalence and then those on the
basal iron atoms become equivalent. Substitution of these carplexes with Group
VB donor ligands is easier at the basal iron atoms and the products,
[Fe;{C0)el{X2)]}, are formed via the adducts [Fe;(CO)sL(X):}, which are thought
to have the structure (8). A kinetic study of substitution of [Fez(CO)e{p-S)2]
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also suggests the formation of an intemmediate, [Fe»(CO)sL{u—S):], which can
lose CO or react further with L [33].

The structure of {Fe;(CO)s(u-Se;)} has been reported and the Fe-Fe, Se-Se
and Fe-5e bond lengths of 257.5, 229.3 and 236.4 pm, respectively, campare with
analocgous values of 255.2, 200.7 and 223 pm for the {u-S;)-compound. These
differences are all well within the change in covalent radius on moving from
5 to Se [34]. The reactivity of [Fe:(CO)s¢u~-Xz)}] (X = S, Se or Te) has bsen
studied and reactions occur mainly at the X-X bond, thereby mimicking organic
disulphides. Thus reaction with other metal camplexes follows equation (3),

Ly,
N
5
s ol
lme//\reﬁ. + ML'L — —Fe/ Fe 2 (3)

where MLm = Ni(dppe), Pd(PPh;)a, Pt(PPhjy); or Co{SnMe;)}{cp). Identical products
can be obtained by reaction of ML Cl, with [Fez(CD)s(u—SzJ]z_. an improved
synthesis of this apion has been reported as part of the sequence of reactions
outlined in Scheme IV {35].

\ 5{8\ NN -\ ;S(S{
._...Fe/-_-_Fe-— —[%l]—- —Fe/ Fe-—/- -LB‘—{EL?J'——I-‘E—/—-—FE{—
- - ~ -~ ~
CF;COH CF;C0:H
- s ATE
\F/Hﬁﬂ\ ~ NN
——Fe FE wrr ——Fg ———=Fg ===
o -~ e .

SCHEME IV: Some reactions of [Fe(CO)e(u-S:)].
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Reaction of [Fei{CO)sS2] with 1-Cu Hzs 8H gives a 25% yield of a mixture of
syn— and anti—[Fe,(CO}s(1-SR),] and 2 small amount of {Fe (C0)e(u-S).} [36].
[Fe,(COYe(1-SPh).] has been cbtained by treatment of [Fe {CO},] with PhNHNSO, a
finding in contrast to that employing FhN=5=0 which gives a low yield of
[Fe.(CO)s(PhNS)Y] [37].

Photoreaction of [Fep(COY.{n®-CsH,Me),) with S gives the binuclear complexes,
{(n5-CsH,Me)oFea{u-S2)2], ¢9) and (20) [38]. The clusters (11) and (12) are

S
/ 3
Mecp 5.5 4
N -~ )\Fe— Mecp Mecp— ji\"%l’e_”ecp
S

Fe
oc” N\g
{9} (10}
R
S
Fe({CO)
/87“5 — ©0cys#o" | 3
Fe 5 Fe\—S 3 ~3
| I | '\l | TS Fe(C0)s
s Fg ™S —Fe (OC)Fe </
14
{11; cp groups (12)

omitted for clarity)

chiral in solution and thus nmust have rigid Fe-S frameworks. As an earlier
study demonstrated similar behaviour for [MoFeCo{CO):S(cp)}, it is likely that
this is a common feature of sulphur-bridge clusters [39].

BC NMR studies on [Fe»{CO)e{p-SR}>], [Fe,(CO)s(PBu;)}{u-SR).] (R = Me or Ph)
and [Fe {CO)s{1-X)2] (X = S or Se) have shown that the solid state structures
are majintained in solution. [Fez(CO);,(u—SPh)z] is present in two isomeric forms,
the it form predomineting: these isomers could not be separated [40].

In order to ascertain the influence of the bridging groups onh the basicity
of the metal-metal bond, protonation of [Fea{CO)},La(u-a)(u-a')] (L = PPhnMea_n;
A = A' = SPh, PPh: or PMe,; A = SPh, A' = PPh.) has been studied. Replacement
of the first SFh group by FPh, markedly increases the basicity, but introduction
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of the second PPh; unit has no additional effect [41]. The structure of
{Fe,(CO)e(u—C1)(u-PPh:)] has been determined and the Fe—Fe bond length of
261.9 pm is slightly shorter than that of the diphosphidc analogue [42].

Two-electron reduction of [Fe2{CO)s(n-FFh:):] yields the analogous dianion
which contains no metal-metal bond; cleavapge of this bond leads to a complete
flattening of the Fe,P; ring [43). {Fe:(CO)s] reacts with P(S)(Ph)CH,CH,CHLS
to yield the complexes ¢13) [44].

L{OC) Fe=="=%Y ~Fe{O),

p

Ph

€13; L = €0 or P(S){(Ph)CH,CH,CH,5)

cis—[Fe(CO)2{CeH.82)212 and cis—[Fe(CO).(MeSCsH,S)2] react with Pie; to form
(Fe(CO)2(PMe1)2(CsHuS2)21% and [Fe(CO).(PMe;)(MeSCeH.S),] respectively. A
similar reaction of [Fe(MeSCsH,S) ;] vields [Fe(PMe,)(MeSC:H.5)2].
[Fe(CO)z(CEHa.Sz)z " also reacts with 1,2-C;H.Br; to give (14) and similar

3
8 | (\|/C°
( .
S/Fr 0 (/I\
S
{14} (15}

treatment of [Fe(CO),(S:C:H.)}2" yields (1s) [45].

Reaction of [Fez(C0)s] with MeC(MHR)S (R = H or Ph) gives [Fe(CO).{SC(NHR)Me}].
In a related reaction, [Fe{CO).(cp)}{(CQiMe)}] reacts with CSX (X = O, §) to yield
[Fe(CO)2(cp) (SC(XNHMe}] and [Fe(CO) (S (MMe)(cp)] [46]).

Force econstant calculations for the Fe-Fe, Fe-3 and S===0 bonds of
((0C) s Fe{u-S0, JFe(CO)}, ] are campatible with strong electron donation from the
802 ligand [47]. Reaction of [Fe;(CO},(PMe;)2(p—SMe):2] with SO; yields leads
to [Fez(C0),(PMe:)2{u-5Me),(u-50,3], in which the 50; molecule replaces the Fe-Fe
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bond. Interestingly, the Fe-350:; distance is 222.6 pm compared to 235.6 pm for
the Fe-SMe bond length [48)}. [Fe(CO)2{P(OR)3}2(SC2)] (R = Ph or 2-CeHuyMe) both
exist as a mixture of isamers in solution. In the soglid state both exhibit
planar geometry of the 3; group and trigonal bipyramidal coordination of the
metal; however, in one case (R = Ph), the eqguatorial ligands are [{80;)(CO0)]
while in the other they are ((SOz){P(OR};}.] (42]. ([Fe(C0}2(50:)(cp)]” reacts
with ROSO:F to form [Fe{CD):{S(D).0r}{cp}] (R = Me, Et, Pr or CHMe;) which is
also formed from {Fe{CO).(H,0)}(cp)]’ ana NaS(0)0R [50].

{Pe(#CS)(COY2(cp)] interconverts with the SCN isomer both in the solid and
in sclution. It has been previously suggested that this involves a bridged
Fe-fS.. ... Fe intermediate. However, determination of the ¢rystal structure of
this molecule shows the shortest Fe..... 5 distance to be 425 pm and this is
clearly inconsistent with the gperation of such a mechanism in the solid state
[51]. {Fe(m)(CO)z(cp)] reacts with both Me;NBH I and B;H; to vield
fFe(CO):(CNBH, .NMe2 )(cp)iI and [Fe(CO);(CNBH:)(cp)}, respectively [52].

In diethyl ether (dielectric constant, 4.3}, Nal[Fe(CO0}.()] exists predom-
inantly as contact ion pairs with the sodium atom showing a preference for the
cyanide site. These are converted to solvent-separated icon pairs on addition
of 15-crown 5, or by dissolution in thf (dielectric constant, 7.4) [53]. Treat-
ment of [Fe(CO}sl with Li,[Ph.CO] gives [Fe(C0).]%™ I[s4].

An X-ray diffraction study of the [Fei(CO); 1*" anion as its [NEt.1* salt,
shows it to adopt the structure shown in (16). The anion shows only one C

(CO);
Fom

ZINS

{0C) Fe —-—l-—-Fe{COJ 3

C
O

{16}

resonance in its NMR spectrum and this has led the authors to suggest a new
possible mechanism for carbonyl interconversicn involving a synchronous move—
ment of a terminal axial CO, and both bridging CO ligands, over both triangular
faces [55].

Photolysis of [Fe{C0)s] and {Os,H:{CO) ] gives [FeOs,(COY,;3H,] in 95% vield,
but reaction of [Fes;(C0)p ] with [V(CO}¢] under similar conditions yields cnly
[Fes(CO};h HI™ [56]. Interaction of [Fes(C0);: ] and [Fe(CG)s) with surface
alumina and silica yields the supported hydrido complex M-HFe {CO),, (M = AL(O-) 2
or Mg(O—)y ) [57]. The pk_ values (in parenthesis) have been reported for the
following hydrides: [Ru.(COM2H.] (11.,7); [FeRui{CO);»H.] (13.4}, [Ru(CO)isHa]
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(14.7), [FeRui(CO)y;H21 (14.3); [0s.(COY1zH,} (12.0), [FeH.(CO).] (12.4) and
[0sH,(C0).] (12.8) [58].

Photolysis of SiCl;H and [Fe(CO)s] gives cis—[Fe(C0).(SiCl;}.], whereas
reaction with {Fe;(CO)s] in the presence of Et;N is reported to yield
[Si{Fe(00},}s]. Treatment of [Fe (CO)s) with Si,Me,H, produces
[{0C)Fe(u-CO)(u-SiMe, )Fe(CO)1] [59]. Reaction of [Fe(CO)»{cp}]” with eyclo-
SisMeq(SiMe,Cl) and cyeilo-SisMesCl(SiMe Cl) yields [ayelo-S5isMe(SiMe, {Fe(CO)2(ep)i]
and [eyelo-Sisile, {Fe{CO)z{cp)}(SiMe{Fe(CO)2{cp)})] respectively [60). A similar
reaction involving PbR,C1 gives [PbR.{Fe{CO):(cn)}} (R = Me or Et) [61]. When
{Br.Sn{Fe{C).(cp)}] is treated with [Co.(CP)a], [Brsn{Co(CO}.}{Fe(CO):{cp)}]
is formed [62].

[Ni(cp}.] reacts with various iron carbonyl compounds to yield (17}, (18)

cp (CO},

Ni 79\
/ é—m\

Fe cpiNi \/ Nicp

©C) I-‘e/_.___.l\Nicp \Fe/

~NL- (COY;

Q

{17} (18}

and {(cp):NiFe(C0),]1 [63].
Reaction of [Fe;(CO) ]2_ with palladium(II} and platinum{1I) salts gives
{Fe.M(C0)1s 12~ (29; M = Pd or Pt). If a large amount of platinum(Il) salt is

0 0

c c
(©c) J-*e"\\ ‘Qrﬁacco)a
\
M
\

‘ !
0o i}
0C} 3Fe\ ‘f \ Fe(C0);

C
- O 0 —

{19)

employed, [Fe,Pti(CO)s;s 15 and [Fe Ptg(COYz 12~ are obtained. Using [Fe.(CO)i. 127,
a complex mixture of products is cbtained, from which both [FeePds(CO)s 1% and
{FePds(C0)2. H]Y  have been isolated. The latter has a trigonal prismatic array
of Pd atams with the six lateral surfaces capped by six iron atams. O©f the
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twentv—four CO ligands, twelve are terminal (two per Fe), six are doubly bridging
Fe-Pd edges and six are triply bridging {FePd,} faces. The hydrogen atom was
not located [64].

Treatment of [FeBr{CO);{n3-C,H.R}] {R = H or 1-Ph) with zinc dust followed by
[AuC1(FPPh;)] yields [Fe(CO)i{Au(FPh;}}{n?-C;H,R)]. The allyl-containing complex
exhibits pentagonal bipyramidal, Cs, coordination with the Au(PPh;} ligand
located on an edge between two CO ligands. The Au-Fe-CO angles are thus very
acute (71°) [65]. When the monomer, [{NH;);ZnFe(C0).] is heated in the solid
state, anmonia is lost and [{ZnFe{CO),}.] is formed. This, in turn, takes up
bipy to yield the complex [{bipy)Zn{p-Fe(Q0).}.Zn{bipy)], the structure of which
has been determined [66]. [L.GaFe(CO),} (L2 = (py):, bipy or tmen}) and
[¢thf)EtGaFe(CO).]; have 2lso been reported [67).

Vahrenkamp and coworkers have continued their detailed studies of -E>R bridged
polymetallic compounds and have reported that [Ru;(CO)z ] reacts with
[{Fe(CO)2(cp)}(ashie,)] to yield [Ruy(CO),,  (AsMe,{Fe(CO),(cpi}),] (n =1, 2or
3). [{Fe(CO).(cp)}{AsMea)}] 21s0 reacts with {Co(CO):{cp)] in a 1:1 ratio to
give [{Fe(CO),(cp)}{MeyAs)Co(CO){cp)]; however, when a 2:1 ratioc of these
reagents is used, (20) is formed. [(OC),Fe(u-AsMe;)M{CO}.] reacts with Me,ENMe.

cp
cp Mes CL
AS ——
\Fe ;\,CO
C/ \AS Fe.____...'CO
o] Me |
cp
(20)

(E = P or As) to form the open chain compounds [(OC).Fe(u-AsMe, YMn(CO), (EMe.NMe, )],
and similar reaction witl3 Me,AsC] pgives the salt

[{0C) o Fe u-AsMe» YM(CO)Y, ] [ (OC) JFelu-AsMe, IMnCL{CO),]. Nuclecphilic cleavage of
the metal-metal bonds of [(OC).Fe(pu-EMe,M] {M = Co{CO);, Fe(CO){NO), Mn(CO),,
de(CO)2(cp), or W(CO}2(cp); E = As or P} can also be achieved with (b casder )]

{M' = Fe{CO):(cp) or M(CO):(cp} (M = Cr, Mo or W)}, yielding

[ (OC)  Fo(u-EMe, )M u-Ashe. )M'] [68].

The anions [Fe{CO).(CONR,}]™ (R:N = piperidinc or pyrrolidino; R = Me) reacts
with NiBr, to give the sguare plenar nickel complex, [{{CC).FeCONR.} NiJ [€9].
Similarly, reaction of [{ep)Fe(CO)(CMeO}(OCHMe,0)H] with BF, yields ¢21) in which
the chelate ring is boat-shaped rather than planar [70].

The unusual canpound (22) is obtained in low yield fram the reaction of
[Fe;(COY1 | and EtNO,. A structural study has confirmed that the EINC fragment
acts as a six-electron donor in bridging all four iron atams {71]. The structure
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of (23, obtained from [Fe;(CO)s} and tetramethyl-3-thietanone has alsc been
reported [72].

Finally, in this section, the stoicheiometry of the products of "total™
decomposition of [Fe:(CO);2 1 in dnf and dmso have been determined. They are
{Fe20;(H;0)s(dmf)] and [Fe,0;(Hz0)31(dmso}(C0O)] and both contain Fe-O-Fe linkages
{73].

1.2 NITROSYL OOAPLEXES

Photolysis of {Fe{CO)s} in non-polar solvents containing NO gives rise to an
EPR spectrum assigned to the free radical complex, [Fe(CO)(NO);}-. There was no
evidence for the formation of [Fe(CO);(NO}- {74]. Electrochemical reducticn
of [Hg{Fe(CO};{NO)},] gives Hg and [Fe{CO);(NO)]™; however, electrochemical
oxidation yields Hg”' and [Fe(CO)s(NO)]l-. Electroreduction of
{ {BuNC},Pt{Fe(C0),N0},] yields [Fe(CO);N0] and [(BUNC).Pt{Fe(CO);NO}}- [75].

The formally 19-electrcn camplex, (24), has been prepared by treatment of

~Or ~Or

N—N NN

/ I ON\ / \ /NO
MezGe\a /NO / \

JO-Fe ON \ / NO

(;\Hz- NMEZ AO)\

{29) (25}

[Fe¢N0O),I] with the sodium salt of the pyrazolylgallate. An X-ray structural
determination confirmed the structure and showed the presence of two bent FeNO
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units (Fel0 ~160°) [76]. Similar treatment of [Fe(NOD),I} with Na[CsH;N.] yields
the paramagnetic 17-electron dimer, {25). The iron atams have distorted tetra-
hedral geometry, the [Fe(N-N);Fe] ring having a boat conformation. Thus the NG
groups can be viewed as pseudo—-axial.md poeudo-equatorial; the former has FeNO
~170°, while that of the latter is ca. 160° [77].

Protonation of [Fe{CO};{N0O)] or [Fe{CO):(NOY(PPh;)]  with triflucrcethancic
acid, in the presence of excess FPh;, gives [FeH(CO)}NO}{PFPh;):] which, on
reduction with sodium amalgam, gives [Fe{CO)(NO}{FPh,)2}1 . Treatment of
[Fe(CO); (NO){PPh;)]~ with H[BF,] in the presence of excess FPh; and CO yields
the cation [Fe(CO):(NO)(FPhs;},]" {78]. Treatment of [Fe{CO):(ND)]™ with
[RC:H.N2]1" at —78 °C leads to [Fe(CO)z(NO)(N,CeH.R)], which could not be isolated,
bur cn treatment with FPh, gave the isolable [Fe(CO)}:(NO)(N,CsH.R)}(PPh;)] (R =
4-Me, 4-MeCQNH, H, 4-F, 4-CF,, 4-CHisCO, 4-NO: or 3-F). MoOssbauer data suggest
the [ArN z]+ ligand is a stronger o-donor and a weaker w—acceptor than [1‘.\30]+ [72].

(Fes(NO},(p-NH;},] is obtained by treatment of [Fe(NO),Cl] with
Na{AlHz (OCH,CH,OMe},] and it is likely that this compound is that reported in
1960 as [Fez(NO)Y.(NH):] from the reaction of [Fe:{(CO)<{NH:).] and NO [80]. The
related dimer [Fe(NO}.(u-NPh:)]: is obtained fram [Fe(NPh,),{dioxan).] and NO
at —-35 °C. An XPES study suggests the iron atoms in such complexes are in the
formal oxidation state of ITI {81].

Ap initio MD calculations have been reported for the [Fe(MN0)1” (n = 6, 7 or
8) systems, and the following ioportant points have erisen. The important
energetic contribution to the linear geometry cbserved for [Fe(NQ}]® arises
from interaction of filled 50 and 1w orbitals of NO with the wmetal, as well as
fram the interaction of the NO 2w orbital. The potential energy curve for
[Fe(NO)]” is virtually flat, in agreement with the observation of a wide variety
of experimental gec.metriés and the poor definition of the oxygen position in
structural studies on many complexes containing this unit. The ground state of
{Fe(l0)1” is predicted to be linear (2A,) with considerable unpaired electron
density in the d_; orbital. [Fe(NO)]? shows the expected bent geametry and the
tendency for bending in the plane of the ketter w—acceptor was confirmed [82].
An XPES study of [Fe(NO)x(diars)]® and [Fe(NO){(diars)}?* has been reported [83].

Reaction of [Fe(NO;};) and [Fe{S(N(Cep):}:) vields [Fe(NO){S,(N(CHMe:)»}s]
and the structure of this molecule has been determined by X-ray methods. In
all previous crystallographic studies on [Fe(NO)(dic}:) complexes, distincEion
between linear and bent FeNO gecmetry has been prevented by problems of disorder.
In this case, the assignment of an Fefi0 bond angle of 179°, perpendicular to
the 5, plane is unambigucus 184}, {[Fe(NO){sal,phen)] is prepared by reaction of
[Fe(salzphen)] with NO and shows mapnetically distinct § = 3% and § = } states,
at high and low temperature respectively. A recent study of the analogous
[Fe(NO)(sal;en)}] complex shows similar magnetic behaviour, the FeliO angle chaoging
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from 147" (5=%) to 127 (5 = 3). The change in W(NO) cbserved for
{Fe(NO)(sal,phen)] fram 1724 em (5 =% to 1643 cm™! (5 = 3) sugpests a similar
FeNO variation. [Fe(NO)J{5,5'-(NO,);sal,en}] has been prepared and the previously
abserved temperature dependant spin equilibrium has been confirmed, although the
magnetic moment values of both forms are higher than previcusly reported [85].

Treatment of [Fe(py)2Cl:] with NO and meleonitriledithiolate, bipy or phen
(L) yields [Fe(NO)L;] [86]. Similar conplexes containing amidinothiourea
ligands have also been reported [B7].

When [FeL'l: (HzL' = HS{CH, ) NMe(CH,) NMe(CH.),>SH) is treated with [XOJ{PFe],
the product can be obtained in two crystalline forms. One is [Fe{L'){NO):z],.
the other is a mixture of this compound and [Fe(L'H)(NO).]. The latter can be
obtained in pure form by reaction of [Fe(NO):Br,l] with L'H:, and has a square
pyramidal coordination geametry with {5,(¥O)Y(HL' )} ligating atcams in the basal
plane and a bent NO group at the apex; the former has a pseudotetrahedral
geametry, {Fe(d0)p5,31, with both KO ligands linear and one of the uncoordinated
nitrogen atams of L' protonated and hydrogen bonded to the other. Both complexes
are paramagnetic, l17-electron species [B8].

A molecular orbital and reactivity study of [M(GN)s(NO)1'™ (M = Fe, n = 2;
M=Mor V, n = 3) has been reported. The HOAMD is an orbital of n symmetry
localised mainly on the ligands and the LWBD is a degenerate v* (M-N-0) orbital
localised mainly on the nitrogen atam. Analysis of the LUMD as a function of
the ligand electronegativity, the numiber of electrons in the complex, and the
nature of the metal shows that nucleophilic attack at N or reduction at N is
favoured for metals at the right-hand side of the transition series and with a
high forma! charge on the metal. For [MNO)]? (n» = 4, 5 or 6}, the site of
nucleophilic attack is independant of the number of electrons or the nature of
the ligands. The energy of the LIMD decreases with the number of electrons,
with increasing electronegativity of the ligands and on going from right to left
across the periodic table making nucleophilic attack at any site more facile [81].

The mechanism of the reaction of [Fe(CN)s(NO)]%~ with NH; has been studied,
and at low ammonia concentrations the initial atteck is by [OH} to give an
intermediate which subseguently yields [E‘e(@l)s(mg)]a_. At high ammonia
cancentration, there is probably direct attack by NH; on the NO ligand {90].

The structures of T1;[Fe{CN)s(NO)] and Ca[Fe{CN)s(N0}]. 4,0 have been reported.
Both, in common with all other examples of this anion so far examined, exhibit
very distorted octahedral coordination of the iron atom, this being displaced
fram the (W), plane towards the NO ligand. The latter contains seven-coordinate
{Cap;¥.} centres [91].
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1.3 HALIDES, OXOHALTDES AND HALIDE OQMPIEXES

Infrared spectra of the crystalline material obtained by treating freshly
precipitated Fe(CH); with HF is consistent with the presence of H,[FeFg} [92].
The electronic structure of FeF; and FeF; have been studied by X-ray emission
spectroscopy and XPES [93]. Thermolysis of Fe Fs.nH,0 (» = 7 or 2) shows
dehydration of the heptahydrate to the dihydrate followed by conversion to the
hemi-hydrate. However, the processes are much more caplex than previously
thought as there is loss of HF as well as H.0 [94].

The vapour phase structure of [Fe:Cls;] consists of iron atams in distorted
tetrahedral environments, thus giving rise to a puckered {Fe;Ci:} ring.

PerEinent distances and angles are r-(FeCl)t = 212.7 pm, r(FeCl)b = 232.6 pm,
CI FeCl, = 124°, 01bf'e01b = o1° {es].

X-ray diffraction studies of concentrated aguecus solutions of FeCl,.6H0
and FeCls; shows the former to contain [Fe(OHz)s]>" octahedra (Fe-O = 204 pm)
and ion-pair Fe ' ... Cl~ interactions (Fe..... Cl = 410 pm), whereas the latter
has tetrahedral coordination with bridging chloride (Fe-Cl = 228 pm} [98]. A
second X-ray diffraction study of FeCl:; in both aguecus solutions and hydrated
melts established [FeCl(H:0)s12" and [FeCli(H.0};] as the principal species in
neutral or acid solutions, whereas [FeCl.]” is formed in the hydrated melt {97].

A structural study of FeCl;.2.5H.O shows it to consist of the eis—[FeCl:(Hz0).]"
cation {r(Fe-Cl) = 223.6, 225.1 pm}, the [FeCl,]™ anion {r{Fe-Cl) = 216.9-222.0 pm}
and a2 molecule of water of crystallisation [98]. The structures of
[3-CNpyH] [FeCl,].3-Qpy {99) and Cs,[FeCls(H,0)] [100] have also been reported.

Reaction of anhydrous FeClz with [dmenH,]Cl: in methanol yields
{dmenH.][FeCls(MeCH) ], which on holding under vacuum for 3 h gives [dmenH,}!FeCls]
[101]. When metallic iron is treated with dmso and OCl, at above 100 °C, a
mixture of eis— and trans-[FeCl,(dmso),}Cl, trans-[FeCl;(dmso),][FeCl,} and cis-
[FeCla(dmso),}:[FeCl,] are fommed. At lower temperatures, only trans-—
[FeCl,(dmso) .1 [FeCl,] and trans-[FeCl,(dnso),]Cl are obtained. Use of duf gives
eis-[FeClo(dmf), J{FeCl, ], while with MeN, [Fe(Me(N)¢]}[FeCl,l. is produced [102].

Three publications have reflected the growing interest in layer conpounds
based on Fe(Cl. When Fe(X1l is treated with sodium mecthoxide FeQ{Ode) is formed
and this has an interplanar spacing of ea. 100 pm, appraximately 20 pm larger
than that of FeOCl {103]. The compound, Fe,0.{0CH,(H,0) is cbtained by heating
Fe(I:l(tl—NHzpy)* with ethylene glycol at 110 °C for 6 days. A cne—dimensional
¥X—ray density map showed the layer separation was 145 pm when the product was
still in ethylene glycol, but that it shrank to 109.8 pm after washing with
propanone [104]. P(OMe), and PEt, (L) can be intercalated into FeOCl in which
half of the 'guest’ molecular sites in the van der Waals' layer are occupied
yielding FeQCliLs. Intercalation causes major expansion of the b axis, of 647



19

and 3926 pmn respectively; Mossbauer spectra show the presence of two different
iron sites in the lattice, representing those with a puest molecule as a nearest
neighbour {(one sixth of the total} and those which are more distant from L.
Isamer shift and quadruple splitting parameters show the binding energy in the
van der Waals' layer to be ca. 3 kJ mol * [105].

1.4 CYANIDES

A neutron diffraction study on Prussian Blue, Fe,[Fe(tN)¢l:.zH:O (x = 14-16)
has been published. 8ix water molecules are coordinated to the iron{IlI} atoms
at empty nitrogen sites, and the additional six to eight water molecules are
nydrogen bonded to those which are coordinated. Magnetic properties are
consistent with high spin iron(II1) [106). A neutron diffraction study on
CsK[Fe{tN)s} at 4.2 K shows the Fe-C and C-N distances to be 193 and 115 mn
respectively, which is not essentially different to the room temperature sTructure
(107]. The sutructure of the zeolite, K:Zn,lFe{)¢],.xH.O shows the {FeC.} octa-—
hedra are Iinked to the {2n¥,} tetrahedra by bridging cvanide groups, thereby
constituting a three-dimensional framework with large cavities. Although the
potassium ions and water molecules were not well located, this structure allows
an understanding of the zeolitic character and ion-exchange properties of hexa-
cyanoferrates(II}) [108]. A structural study of Fe;[Co(CN}¢]..12H.0 shows the
ligands to bridge the Fe and Co ions {»(Co-C) = 187.6 mm; r(Fe-N) = 245 pm},
the former also being coordinated to water molecules [109].

The kinetics of the reaction of [Fe(CN)¢}®™ with WN¥0. in the presence of
acid, giving NO, H0 and [Fe(m)r,]ad, sugeest that the oxidising species is [Nolt,
hence equations (4a) and (db) [110]. A kinetic study has also been made of the

ut + imoz‘—s—L—‘-L [Noi* + HLO {da)
NO1* + [HFe(N)(]3 2355 e (Fe(a)( 1™ + NO + H” (4b)

reaction of [Fes(@M)};o 1Y and a HNO; /HNO; mixture; the primary product appears
to be a binuclear [Fe{II), Fe{I1II}} camplex with coordinated [NO]™ linked to the
Fe(1I) ion. Similar reactions of [Fe(m)5]3_ and {Fe(W},L]™ (L = bipy or phen}
have alsc been studied. All form cyano-nitrosyl complexes and these are
presumbly generated viag NO» [111].

Drevious workers have presented evidence for the equilibrium {5) with
K=1.57 0.2 x 102 & at 25 °C, hnowever, Davies and Garafalo have shown that

3- 41- +
(Fe(an) (0] === {Fe(QO) (O] * +H (5)
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this was not in fact the reaction under study [112]. The mechanism of the reaction
of the binuclear dimer of [Fe(CN)s(#,0)1°" with the ligands py, PhNO, 3-QNpy or
4-(Npy has also been studied [113]. Association constants for [Fe(QN)s(H.0)1%"

and imidazole or the imidazolate ion have been determined [114].

The kinetics of the reduction of [Fe(N)¢]®~ with [S,0,]1%" show that the
dithionite ion dissoclates into two [SOZ]'.' ions, and these rapidly effect the
observed reduction. In the presence of a large excess of dithionite, two
parallel reactions are observed, invelving reduction by the [802]: and [820.‘12_
ions [115]. Reduction of [Fe{(CN)s(4,4"'-bipy}]%” and {r\e(CN)s(py)lz” by
[co*I(edta)]?™ proceeds in two stages. The first corresponds to an inner sphere
redox process giving the binuclear complex {(edta.}CoIHNCTeII(G\I)g.L}q_; this
binuclear complex is metastable and thus decomposes. However, its decamposition
represents a “dead end'" towards the formation of moncnuclear products, and these
are formed by an alternative outer sphere reaction of [Oo(edta.)]z_ and [Fe(CN)SL]z_
[116].

1.5 OXITES, SULPHILES AND COMPOUNDS COF SIMPLE ANICNS

Sr,Fe,0. has been prepared by COj;-laser irradiation of iron(IX) oxalate and
strontium oxide [117]. The heats of formation of LiFes;O; and LiFeO. and the
kinetics of the synthesis of BaFe, 0, have been reported [113,118].
SJI'Q.51.211.5L:i.0.5Feo'504 contains high spin iron{IV), which is stable in an
elonpgated D4h site [120]. (L‘ro.421'-‘192_56!{.‘}‘;L is obtained by nitrate oxXidation of
cr?*, Fe?* and (80,127, and proceeds by formation of an intermediate compound
which is a camplex of Cr(CH),, Fe{CH), and [SO;,]z_ [121]. (Na'o.5!\11.5)(Feo.5Tel_5)07
(M = Ca or Cd) adopts a Weberite structure [122],

FeS,, iron pyrite, has been shown to contain low spin iron(II) surrcunded by
a trigonally distorted {(5;)s octahedral array of ligands (26). The trigonal
twist splits the degeneracy of the T, levels, and the occupancies of these

orbitals are (a.g}z(eg)::"i(eg)o'a f123].
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Reaction of Fe(CH): with disulphide ions at pH 2.5 gives Na, FeS; S(OH), ¢;
however in the presence of excess Sz_, NaFeS, is formed [124]. Single crystals
of p-BaFe.S, have been prepared by heating BaS and Fe {1:2 ratio) at 800 °C in
sulphur vapour (6.7 atm), The compound contains an {FeS;}_ framework formed by
isolated colums of edge sharing {FeS.} tetrahedra, with the barium atoms
located between the colums {125), T1FeS: (synthetic raguinite) and TiFeSe:
also both contain infinite linear chains of edge sharing {FeX,} tetrahedra [126].
The structure of Cu:FeGeS., (synthetic briarite) has also been reported [127].

FePSe, reacts with pyridine to give the intercalation compound FePSe;pya Y
the electrical resistivity of which is closely related to the arrangement of
pyridine molecules in interlayers [128]. Auger spectroscopy of FeB and Fe.B
indicates no major charge transfer between iron and boron. Localised boron-
boron covalent bonding occurs in FeB, but isolated boron atoms are found in
Fe,B [129].

MBssbauer spectroscopy of voltaite, K;FesnFe3
the iron(TI) ions occupy {O.(0H2):} sites and that the iron{III) icns are in
{0} sites [130]. FeCO; can be prepared by the reaction of solutions of metal
salts, hydraxide or oxide with CO. at 600-4,500 atm and 100-400 C [131]. When
Fe;0; is treated with H;PO. under various conditions, Fe(H;PO.),, Fe(HP:03 )},
Feu(P205)3, Fe(H;P:0: ) and Fe(PO:); are formed [132}. Single crystals of
Fe;III(McD-J)g can be grown by hydrothermal techniques from Ko iMo0, J-300;-Fe 0, ;
the iron atoms occupy octahedral {0} sites {r(Fe-0) = 199.2 pm} and the
molybdenum atams occupy distorted tetrshedral {0.} sites {r{Mo-0) = 175.6 pm} [133].

ITY41(S0, )12 . 18H,0, shows that

1.6 IRON{II)
1.6.1 Complaxes with fi-donor ligands

FeBr, reacts with K(NPh:}{dioxan); to yield [Fe(NPh, },{dioxan), }, whereas the
same reaction performed in the presence of the added ligands, L (L: = bipy or
(PEt3).)} gives [Fe(NPh,):L:]J. When excess K(NPh,)(dioxan}; is used,

K, [Fe(NPhs)ule] is formed [13a). [Fe(NCSe)e]?, [Fe(NCSe)s(H,0)]%" and
[Fe(NCSe);.]z_ have been prepared and !Essbauer data indicate participation of
the ligand 7 orbitals in the bonding [135]. [L,Fe(NCX)..Hg{(NCX},] (L = dmf,
dmso, py or FPhy; X = S or Se) have also been prepared [136].

The reacticn of metallic iron with [WFe], [MoFg)}, [PFs] or [8O1* in Me(N, or
the reaction of FeF, with [PFs] in the same solvent, gives [Fe(MeCN)} 12", This
cation gives [FeCl;.]z_ or [Fe(hlem){P(d-[e)a}s]2+ on treatment with chlorine or
P(CMe);, respectively [137]. Similar reaction of iron with CCl.-Me(N gives
[Fe(Me(¥)e ] [FeC1,]:. When iron is treated with excess NSF; in liguid 50
[Fe(NSF3).]%" is formed [138].
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Gillard reports that [Fe(2,2'-bipyrazine);])2+ is attacked by both [OH]™ and
H,0 at the ligand, and that the ligand is cleaved from the complex. Similar
behaviour was observed for attack of [CH] on the tris{2,2'-bis(5,6-dihydro-4-
H-1,3-oxazine) }iron{I1) cation [138]. A kinetic study of {CN] and [N,]” attack
on [Fe(bipym)3}2+ in ngueous solution is also reported to be consistent with
the mechaniam of initial nuclecphilic attack on the ligand, as proposed by
Gillard [140].

Attack of [(¥]” on n—-fac—[Fe(S—!L‘lephen)3]2+ yields Ca{trans)—, C, and Cz{ecis)-
[Fe{3 Mephen};{CN)>] with the A enantiomer predominating. The first step of
the reaction is reported to be formation of Ci{trems)-, C, and Ce{eis)—
fEe{3-Mephen) : {(CN)(H-0)1"; the A enantiomers are formed in excess but these
underge configuratioral inversion to the A—compounds which then proceed to form
the dicyanides [141].

The isclation of highly optically active (+)-{Fe(phen);JCl; by a freeze
drying method has been reported {142]. The complexes [Fe(é—x—bipy)3][ClO 4]n
and [Fe(4,4'-x2—bipy)3][(:104]" (X=NO;, n =2; X=FPEty;, n =5 or B) have been
prepared 143}, and the electrochemical behaviour of (Fe(iL);]°* (LL = phen,
3,4,7,8-4e,phen or 5-NCO:nhen) shows that methyl groups facilitate oxidation,
whilst the nitro group impedes it [144].

The loss of the red colour of [Fe{phen);}®" in dmso in the presence of chloride
has been previously ascribed to acid solvolysis; however, Gillard has now
suggested that the results were incomplete, nalively interpreted and are
irrelevant to reactions performed in water [143)]. Others have studied the
similar behaviour of [Fe(phen},;]Cl: in 1,2-CsH,Cls, which can also be attributed
to formation of [Fe{phen):Cl:}, and abserved no such change in agueous solution.
The mechanisn of the reaction in dichloroethane involves formation of a contact
ion pair, followed by displacement of phen by Cl- ions. With [Fe{phen);J{Cl0.]1:
in this solvent, no colour change is cbserved, and this is a consequence of the
lower donicity of {Cl0.]1" compared to that of C1°. In water, the Cl” is
surrounded by a solvent cage that masks its donicity [146].

The room terperature lifetimes, 1, of the excited states formed by 530 nm
excitation of [FeL;;]z+ in water are as follows: L = terpy, T = 2.54 ns; L =
bipy, T = 0.Bl ns; L = 4,4'-Me;bipy, 1=0.76 ns; L = phen, v = 0.B ns; L =
4,7-{30,CcH, Yophen, T = 0.43 ns. For comparison, the lifetimes of the osmium
analogues are in the range 10-100 ns [147].

Electrochemical oxidation of [FeL;]?" (L = {MeN=CRCR'-NMe}, R,R' = H,H; H, Me;
Me Me; Me,Et; (CHy),; CHCHMe(CH:):; H,Ph; or Me,Ph: L = {C;H,NCR'=NR'" }R" ,R"* =
H,Me; H,Et; Me,Me; Me,Et; Me,Ph; or Me, 3- or 4-CgH,NH;} has been reported and
previous work from the same laboratory on ligand oxidation of [Fe(McN=CHCH=NMe)
by cerium{IV) has been campleted by a Kinetic and mechanistic study. The
mechanism involves initial oxidation to [Fe(MeN=CHCH=NMe):]>" followed by formation

z
Y
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of [Fe(MeN=CHCH=NMe } » (MeN=CHC(CH)=Me]2*, [Fe(Me=NCHCH=NMe ) ¢ MeN=CHCH=NCH OH}]2+
and [Fe(h‘.[el\l=Ci-ICE{=NMe)3]2+ in the ratic of 6:3:8, The ligand oxidaticon proceeds
as shown in Scheme V [148].

Hzo K ("“Cl'{z
/ —_— / \ + Hy0"
__,.N\ Nae, <~ N\ /N---.._ 3
Fe'{“ Fell
F93+
H20
.
7 N
_N N + Fet¥ + Hy0"
“~ / .
Fe

SCHEME V: The mechanism for the oxidation of [Fe(Me{~I=C{-ICH=1\IMe)3]2+ -

An X-ray crystallographic study of [Fe(L)(CO)(Me(N)]z+

.

(L = ¢27; R = Me))

NH HN N N
R
NH HN R N N
sl !!
{27) {28)

sshows the {#,} core to be almost planar, with the iron atom displaced by 6 pm
-towards the carbonyl ligand [149).  The related low spip complex,
[Fe(LY(Ma(m),][C10, ]2 (L = (27; R = H)) reacts with chloride ion to form high
spin [Fe(L)C1}{C10,1 which provides evidence against the argument that a
rmerocyclic ligand must be unsaturated or substituted for successful preparation
of five-coordinate complexes. The same paper also notes that in contrast to the
atarting material, [Fel'(Me(W),1[C10.], (L' = HoN(CH.) NH{CH; ), NH{CH, );NH, ) is
tiigh spin and this difference is ascribed to the small constrictive effect of
ithe non—cyclic ligand [150). The kinetics of replacement of MeCN by imidazole
fin [FeL(Me(N).1%" {L = (28: R = Me or Ph)} is consistent with a dissociative
coechaniem where loss of the first MeCN ligand is rate determining [151].
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The pentadentate macrocycles, (29), form the complexes [Fel.' (OH» ). 1%*%,

- ] (IEH:, CHj
R = R
N N N
| l | o~ \NH-.»_ ] N \NHz
N N\ _-N N
CH;N N—CH,
—N N ~TN BN
7 N | N |
\ / - / N/ 2 o
|
(29) (30) (31)

[FeL' (OH, 32127, [Fel/"(NCS).] and [FeL'(GH,)}[PFel, {L' = (20, R = H)}; Li' = (29,
R = Me)! and all are high spin. A structural study on the second of these has
confirmed pentagonal bipyramidal coordination with the five nitrogen atoms
coplanar and the two water molecules in axial sites. Cyclic voltammetry shows
one-electron reduction of these camplexes produces n-anion radicals [152]. The
related acyclic ligands ¢30) and (313 form the camplexes, [Fe{(30)1]X..nH,0O
(X=Cl, n=1; X=NCS, n=2), [Fel(31)},]C1; and [Fe{(31)}][BF,]2.1.5H,0 [153].
In order to obiain information on the electronic effects of the extensive

conjugation in macrocyclic ligands, the complex [Fe{(32}}(l\fe(3\l)2]2+ has been

(34}

(32>
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prepared, This undergoes one—electron oxidation to [Fef ¢32)}(3e(N),}3* and
also reduction to firstly [Fe{(32)}(MemN}]" and then to [Fe{¢32)}]. This
neutral complex undergoes oxidative addition with MeI to yield [Fe{(3z)}{Me)I],
which can also be obtained fram [Fe{¢32)}I,] and MeMgI [154]. The 30-membered
macrocycle ¢33) forms the low spin cation [Fe{(a:!)}]2+ when iron(II} salts are
treated with [Pb:{(33)3}(5G".,]1. The lead canplex has all ten donor atoms bonded
to the two metal ions, but there is no evidence for such iron analogues and the
isolated iron complex is six-coordinate, as shown in (34) [155].

[FetCO}s] reacts with 1,2-CeH,(CN), in dmf at 110 to 140 "C to give a 70%
yield of [Fe(Pc)(CO)}{dmf)}, which on heating in vacue gives o— and R-{Fe(Pc}}
[155]. Other adducts, [Fe{(Pc)(CO).} (L = thf, H,0, MeCH, Et.NH or Et;N} have
also been prepared, and the structure of the diamagmnetic dmf canplex determined
{r{FeCO) = 172 pm} [157]. The first bis-adduct of [Fe(Pc)l, [Fe(Pc)(dmso},].2dmso
has also been isolated, and both dmso ligands are 5-bonded [158]1. [Fe(Pc)] has
been shown to be an effective catalyst for the decomposition of N;H, to NH; and
N.; the o-form is several orders of magnitude more effective than the B-form
[158]1. A re-examination of the reaction of [Fe(Pe)] with O, has led to the
characterisation of [{Fe{Pc)}.0}, rather than [{Fe{Pc)}.0.] as previocusly
reported [160].

The ligand tris{3,5-dimethyl-l-pyrazolylmethyl}amine, (L}, forms the five-
coordinate canplexes, [Fe{L)X]1[BPh,] (X = Cl1 or Br) and the octahedral complex,
{FetLY(NCS).] [161]. The related ligands, 1,1'-methylene-bis{3,5-dimethyl-
pyrazole}{L’), tris{l-pyrazolyl)methane{l"} and bis{3,5dimethyl-
pyrazolyl)methane(Li'* } form the pseudotetrahedral complexes [Fe(L!)X:] (X = C)
or Br) amd [Fe(L' }1[C10.]., the pseudoactahedral complexes [Fe(L');X»] (X =
I or NC5} ard [Fe(L'')Br;], the trigonal bipyramidal complexes, [Fe(L').X][BPh.]
(X = C1, Br or I) and the polymeric complex, {Fe(L'){NCS},} [162,163]. A
structural study of [Fe{HB{R;)};]} {R = pyrazolyl or 3,5-dimethylpyrazolyl) has
shown the Fe-N distances to be 1§7.2 or 217.2 pm respectively. The former
complex is low spin and the latter high spin; this bond length difference is
one of the largest so far reported between clasely related complexes varying
in spin state [164].

The polymer supported triamine {35) has been prepared and used to make Schiff

(CHz ) ,NH,

\

CH.N
{CH; ) 3NH2
{35
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base ligands. The iron{Il) camplex formed under anaercbic conditions, undergoes
irreversible oxidation upon exposure to oxygen to give an Fe-0-Fe containing
species; this was presumed to occur because the Fe atams are insufficiently
separated on the surface [165].

Reaction of [FeCll;{cp)] (L = FPh;, P(OMe);, P(0Ph); or CO} with silver
triazenides vields [FeL(BN.R'}(cp)] (R,R' = 4-MeCgH. or 4-C1CgH,), a reaction
which proceeds via initial formation of an Fe-Ag bond. These campounds undergo
one—electron electrochemical oxidation, but chemical oxidation with [HO1" gives
{Fe(CO)(NO) (BN;R’ )(cp)]" [166].

FeCl,.2H,0 reacts with Na[BH;(QN)] and P(CR}; (R = Me or Et) to give
(FelBH,{CN)}>{P{OR),}.], which can aiso be obtained electrochemically by anodic
dissolution from an iron electrode into an ethanenitrile solution of [BH; (W)™
and P{OR);. The chemical route gives only the trans product in methanol, but
in ethanenitrile a eis, trans {(30:70) mixture is obtained: the electrochemical
method gives a eis, trans {65:35) mixture with P{CEt)i:. The reasons for these
differences are not clear. In the ghsence of phosphite, the electrochemical
method yields [Fe{BH,((N}},(Me(X),]) [167].

Other studies on camplexes of N-donor ligands are detailed in Table 1.

i.6.2 Complezres with O-donor and S-donor ligands

Dissolution of iron in S0.-dmso gives [Fe{dmso)g]{S8:;0;]. The presence of the
[SOZ]: radical anjon and Fez+f[SDz]:' ion pairs in the solution was demonstrated
[168]. The cctahedral complexes, [Fe(dioxan)g}{InCl1,]. [162a] and
[Fe{caprolactam)s ] [BF. ], [162b] have been prepared, and the crystal siructure
of [Fe(urea)s]{C10.]. has been determined [170].

The aryloxy and alkoxy camplexes [Fe(OCGH .y 2r..n] and [Fe(OR) 2Ln] (L = bipy;
X =N0O;, (N, C1, Ph, H or Me; R = Me, Et, OiMe; or PhCH;} have been prepared,
and are active as catalysts for transesterification and for the dimerisation
of benzaldehyde [171].

Quinoline ¥-oxide (quinNO) and pyridine-N-oxide (py0O) form the complexes,
{Fe(quinNO)2}[FeBr.] and [Fe(oxalate)l, ] (L = quinNO or pyNO; » = 2 or 4) [172).
The polymeric campounds [I-‘eL’xx }n (L’ = {CH,=CHCH,O}.P03; X = ClQ,, BF,, Cl, Br,
I, NCS or NO3; © = 2-4) were prepared by reaction of poly(triallylphosphate)
with the respective metal salts [173].

Complexes containing acacH and MeC{0Oj}CH,CO.Et ligands in their keto foms
have been prepared by a chloride-ion transfer reaction, which involves treating
iron{li) chioride with InCl; and anhydrous acacH or MeC(O)CH CO:Et (1:2:3.05
ratic)} in nitromethane. The products [Fe(acacH);]1{InCl,]: and
{Fe(MeC(0O)CH,CO2EL) 311 InC1l, ]2 both contain octahedral cations [174}. Other
cagplexes containing O-donor ligands are listed in Table 1.



TABIE 1

Miscellaneocus Studies on some Iron(II) Conplexes

Compound

[Fe(1H).). 28,0, [FeCl(LH)].ZH,0

(LH; = 5-(pyridin-2-yl}-tetrazole)
{Fe(a¥), {(1R,2R)-1,2-cyclopentanediamine}}

{I-‘e(Oz(Iiilz oila

OoC H X—-4}2}n (X = NO;, Me or Cl}

[Fel;].nH:0 (IH = 3-methylpyrazol-S-one;

n=0o0r 2)

[Fel,;] (IH = 4'-methyl-3~hydroxy-3—

carboxyazcbenzene)

{Fe(4-benzoquinonediimine}X.] (X = Cl0,,

Ci or Br)

[Fe(isonicotinic acid hydrazide)}]{s0.].2H.0

{FEL}n {H.L = ¥,N*—di{thiocarbamoyl)—

hydrazine)

[Fe(tte) L:] (tte = thiotheonyltrifluoro—

ethanoate, L = py or 4-Mepy)

{(Pe(L)X:] (L = wvanillinthiocarbohydrazone)

{Fe(hydrazodithioamide} }n ,
{Fe{hydrazodicarbonamide) 3,

{ Fe(PhCH=NNHCSNHNHOOCH,Ph ), X, ] (X = C1, Br,

I, NDO; or NCS)

{Fe{thiophen-2-aldaxime) X.] (X

I, NCS or NCSe)

(Fe(pyridine—2-aldmime),X,] (X

I, NCS)

1

cl, Br, I,

cl, Br,

{Fe(2'-hydroxy-4-methoxy-5' -methyl-

chalcone), ]
{Fe({hydrazodicarbonimide) 3,

{Fer.] {1H = 2-amino-5-(2-phenoxy)-1,3,4-

thiadiazole}

{FeL(Hzo)z}n {(ILH = 5,5'-{4,4'-bi-
phendiyl{bisazo({bis 8-hydroxygquinoline}
{FeL;]X., (L = 2-hydrazinoquinoxaline; X =

Cl or #{s0.])

{Fal,C1(H.0)].2H,0 (LH = gquinazoline-2—

thione—4--one)

Comnents

preparations described

preparation and CD spectrum
preparations described
preparation described

preparation described;
tetrahedral Fe{ll)
preparations described

preparation described;
high-spin octahedral Fe(1I)

. preparation described

preparation described;
high-spin octahedral Fe(II)
preparation described
preparations described

preparaticon described

preparation described; high-
spin trans—cctahedral Fe(Il)
preparation described;
tamperature dependent Vogs
preparation described

preparation described
preparation described;
octahedral Fe{II)
preparation described

preparation described;
tetrahedral Fe(Il)

preparation described

27
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TABLFE 1 (continued}

Compound Cameents Ref.

[Fel.,] (1H, = 2-(#—u—furfuralideneimino}- preparation described v

benzoic acid)

H:Fe,Ls.rH20 (L = eosine) preparation described; w
polymeric

iron{if) complexes of 1-(2Z-pyvridylazo)-2- Missbaver situdy x

naphthol

iron{il) caomplexes of Schiff bases from preparations described v

galicylaldehyde and sulphamethoxypyridazine
iron{iil) camlexes of 2-{(V—a—pyrrolyl- preparations described z
methy leneamino Ybenzenaesulphonic or —ethane

sulphonic acids

(a) N.S. Gill and F.¥Y. Yang, 2ust. J. Crem., 32 (1979) 1869. (b) M. Goto, M.
Takeshita and T. Sakai, Suii. Chem. Soe. Jpn., D2 (1979) 2589, (c) C. Natarajan
and R. Rengasamy, Irdian J. Chew. Seoct. A, 18 (1979) 356. (d) S.N. Podder and

A K. Das, Indian J. Chzm. Sect. A, 18 (1979) 429. (e) 5.D. Goswami, Curr. Set.,
48 (1979) Bl2. (f) 3. Zaghel and H.A. Tayim, J. Inorg. Muel, Chem., 41 {1979}
839, (g} C.B. Mahto, J. Indian Chem. Soz., 97 (1980) 485. (h) K.C. Satpathy
and T.D. Mahana, J. Indian Chem. Sce., 56 (1979} 1173. (i) T. Maitani, T.
Kobayashi and Y. Sairo, J. Inorg. duecl. Chem., 41 (1979} 1689. (j) G. Macarovici
and S. Barbu, fRev. Aowm. Chim., 24 (1979) 1039. (k) D.G. Batyr, B_.M. Balogna,
E.V. Popa and Y.Y. Karitonov, Xoord. Xhim., 6 {1980} 968. (1) D.G. Batyr, B.M.
Balogna, E.V. Popa and Y.Y. Kharitonov, Xeord. Xhim., 6 (1980) 1125, (m) M.C.
Jain, R.K. Sharma, X. Ram and P.C. Jain, Gazz. Chim., Ital., 109 (1973) 601. (n)
M. Mohan, Gazz. Chim. Jral., 109 {(1979) 655. (o) M. Mohan, G, Mittal; H.C. Khera
and A.K. Sirivastava, Monatseh., Chem., 111 (1980) 63. (p) N.S5. Bhave and R.B.
Kharat, J. Indfan Chem. Soe., 36 (1979) 244. (q) D.G. Batyr, B.M. Balovan, E.V,
Popa and Y.¥. Kharitonov, Koord. *him., 6 (1980) 807. {r) N.B. Singh, J. Singh,
K.K. Pathak and N.K. Singh, Transtition Met. Chem. (FHetnheim, Ger.}, 5 (1980) 60,
(s) V. Banerjie and A.K. Dey, Polym. Puil_, 1 (1973) €85. (t) K.D. Schleinit=z,
G. Westphal, A. Surkaur and D. Lochner, J. Prekt. Chem., 322 (1980) 193. (u}

B. Singh, M.M.P. Rukhayer, R.K. Mehra and R.J. Sinha, Indian J. Chem. Seet. 4,

i7 (1979) 520, (v) N.¥. Sankha, D.C. Sehgal and R.K. Mehta, J. Indian Chem.
Soc,, 96 (1979) 1030, {w) B, Agarwal, B.V. Agarwala and A.K. Dey, Rav. Chem.
direr., 16 (1979) 339. {x) K.B. Pandeya, R.P. Singh, G.L. Sovhney and J.3. Baijal,
Solid Stave Commmar., 32 {1979} 823. (y) K. Lal, Fev. Rowr. Chim., 25 {1980) 355.
(z) C.P. Gupta, N.K. Sankhla and R.K. Mehta, J., Prakc, Chem., 321 (1979) 683.

A structural siudy of {Fe{ thiourea)z(NCS) 2}n shows it to be polymeric with
iron atoms in octahedral environments coordinated to four equatorial S{thiourea)
atoms and two axial #{thiocyanate) atams: each sulphur is shared by three iron
atoms [175]. MOssbauer data shows the co-existence of two solid state isomers
of [Felg}{Ci0,], {L = ¥,#'-~dicvclohexylthicurea) between 200 and 300 K: these
arise by alteration of the hydrogen bonding of the cation to the perchlorate anions
Ti786].
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The chelating SS-ligand, 2,4-dithicbuiret {Hdtb) forms the hiph-spin complexes
[Fe(Hdtb) X,] (n =1 or 3; X=CL, Br, I or 3[90.1) [177]. Thiomalic acid {HiL)
forms the octahedral camplexes AlFeL].nH:0O (A = Li, Na or K) and [Fe(LH)].nH:0
[178].

1.6.3 Complexes with P-donor ligards

The secondary phosphine camplexes, [FeX(HPR;).]Y and [Fe(HPR,)s;}¥; (X = Cl, Br
or 1; ¥ = BF, or PFs; R; = MePh, EtPh or Et:) have been prepared. The first
series have triplet ground states, but the second have megneti< moments in the
range 1.4 to 2.5 u,. Reactions with CO give [FeX(COY{HPR;)1]1" or [Fe:(CO)z(I-IPRz)-.]z'r
respectively [179].

The structures of trans-{FeClz{eis—PhPA=CHPPh,),}.3Me.CO [180] and
[FeCl, {PhP(CHCH,FPh2 )2 12 ]. 3Me:CO [181] have been determined, and both have
octanedral gecmetry. PhP(CH CH,PPhg), reacts with [Fe(Hz0)g12" and HpS in
propanone to form [Fe,(u-SH);{PhP(CH,CH,PPh;)2}21[C10,].Me,CO0. The cation has
a confecial bioctahedral structure in which each iron atom is bound to three
phosphorus atoms of one ligand molecule, and three bridging SH groups fis2].

Electron-pocr organometallic cations always undergo hydride attack at a ligand.
However, little is known of the behavicur of electron-rich cations. One of these,
(FelPhD(CH,CH,0Ph, ), {cp)]”, has been prepared by reaction of
{FeCl: {(PRP(CH,CH,;PPh, ), }] and thallium(I) cyclopentadienide. Hydride attack on
this cation gives [Fe(H){PhP(CH.CH,)PPh;).}{cp)], but deuteration studies show
metal-cp hydrogen exchange to be occurring [183].

{FeH, (N, )(PBuPh,; ).} reacts with CO; under ambient conditions to give
[Fe(0,CH),(PBuPhs};1. This is less stable than the PEtPh; aralogue due to both
the higher o donor power and the large size of the PBuPh, ligand. With {FeH,L.}
(L = PMePh,, P¥e,Ph, PEt.Ph, P{UEt},Ph or P{QEt);) and [FeH,{dppe).}, there was
no reaction with CO,. This can be partly ascribed to the bulk of the ligands, but
is also due to the absence of a readily avajilable vacant site {(n.0. such a site
is formed in the earlier camplexes by loss of N;) [184]. S, insertion into
[FeH(dppe){cp)] gives [Fe(SCH)(dppe)(cp)] [185].

The electrochemical behaviour of [Fe(dppe).L,]%* (L = Me(N) shows two
reduction steps giving [Fe(dppe):;(MeN)]* and the rather labile [Fe(dppe),(n®-MeQN)}].
In contrast, when L = CO, two electrons are taken up in a single step {186].

The structure of [Fel{({-)-diop}{cp)]} has been determined and the conformation
of the chelate ring compared with those observed in other diop complexes [187].

1.6.49 Complexes with mized donor ligands

In view of the use of edtaH., as an analytical reagent, it is perhaps surprising
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that little attention has been paid to camplexes of simple derivatives such as
esters and amides. Hewever {[Fe{edta{Me),}ICl: has been obtained and contains
octahedral coordination of the cation in solution. In the solid state, one or
both of the chlorides are also coordinated {188a], Stopped-flow kinetics of the
reaction of O; with {FeH(ed.ta.)} in neutral or acidic solution indicates the
formation of an intermediate O,-coplex, which then interacts with a proton and
a second iron{IlI) atan. This leads to 0, reduction by a radical mechanism with
the intermediate formation of HO:. [188b1.

A detailed study has been made of the magnetic and spectroscopic properties
of the pentagonal bipyramidal complex, (36), and these have been reproduced by

e \F// ~u
NH.‘,)\\‘O/ ~ 2\
OH
36)

MD calculations based on an apgmlar overlap mndel §1839). There has been consid-
erable interest in capped or basket handle porphyrins (see Section 1.9.1). 1In
an attempt to restrict the size of the cavity under the handle, Schiff base
complexes containing the linking atans bonded directly to the ligating atams
have been prepared, (37) [190].

o
F\ -
\ /0—-
o/ '\N-—
A

{37; Np = naphthyl)
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The camplexes, [Fe{a—diax);][M(dto),] (a—diox = condensation product of bipy
or phen with diacetylbis(¥-methylamine), dto = dithicaxalate, M = Nil! or prll)
and {Fe(bipy}n][WS4] {n = 2 or 3} have been prepared. Resonance Raman spectroscopy
has been used to differentiate between the electronic absorption spectra of the
two chramophores present in each campound, even when there is spectral overlap
fieal. [FeL:(B),] (HL. = o-furyldioxime; B = py, 3-HOpy, 2-Mepy or imidazole)
showed changes in their electronic spectra, on standing, that were ascribed to
hydrogenation of L {[192].

A structural study on {Fe(HL)»(H.0);)Cl,.ZH.0 (HL = 2-hydrazino-4-hydraxy—-6—
methylpyrimidine} has shown the ligand to be in the keto-form with the proton
from the hydroxy group on N! of the ring [1931. 1-(2-hydroxyphenyl)iminanethyl--
2-naphthol (H;L}) and ¥,¥-bis-2-ethylaminoethyl }-2-hydroxyethylamine (L'} form
the dimeric complexes, [Fe:Lo] and [Fe,L'.}%" [194,195].

Cysteine forms the complexes {Fe(cys)('ﬂzo)l.s] and Na,|Fe(cys),H;0l. The
former contains {SN¥0}-ligand chelation, whereac the latter {and [Fe{Mecys) 2(}120)1.5])
both contain only {5¥} chelation [196]. The high-spin commplex,
[FeL{C10,)(H20);(Et(H)] (HL = adenine) has been prepared by warming hydrated
{Fe(C10,)2] in (Et0),CH and EtCH for 2 h, followed by boiling with HL for 48 h
{197]. Other studies on iron(Il) mixed donor ligand complexes are given in Table 1.

1.6.5 Miscellaneous

The kinetics of the oxidation of (Fe(H.0)¢]®” by iodate has been investigated.
The reactions were performed in the presence of allyl alcchel 1O remove any
canplications of Fe(II) oxidation by iodine arising from iodate reduction. A
mechanism involving the [I0;]” ion was tentatively advanced [198}. The
oxidation of [Fe(H.0)s]Z* by 0, in the presence of catalytic arounts of Pd(II)
follows the mechanism shown in Scheme VI [199]. A kinetic study has also been

H 3+ H +
/ . S0 2- /0\
Fe?* + pa?*t + 0, —=> Fel  Jraj +u’ —— | s0.Fe e
02 I \02
Fe** + [Pa’(0}]

aH" + 0,” + 3Fe®T — = 3Fe>* + 2H.0

SCHEME VI: The mechanism for the oxidation of {Fe(H20)5]2+ by Q2 in the presence
of PA(IT).
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made of the oxidation of [Fe(H.0):;]}2+ by nitric acid (equation &), which is the

24 + -

sFe?t + aut + NO, \___..SI-‘ea*‘

+ 2H,0 + ND (6}

basis of the brown ring test {200]. Photooxidation of FeSO, in Hp50, gives
jron{III) and dihydrogen in a 2:1 mole ratio [201].

1.7 IRN({III)
1.7.1 Complexes with i—donor iligands

Reaction of FeCl; with K(NPh,)(dioxan); gives K[Fe(NPh:),] [134]. A Missbauer
study of [Fe(NCSe)s ]~ indicates the participation of ligand m—orbitals in
bonding to the metal [135],

Charge-transfer photochemistry of [Fe{(28) } (OMe) (MecE) 1* and
[Fe(dnﬂ)z(mieﬁ(ued{)] ¢38) can be described as photooxidation of coordinated

-

0 “o

3: IN P ot

o.~~ ,-o NH HN NH HN

H . - y

(38} : {39 (40)

methancl and reduction of the metal atom as shown in Scheme VII [202].

[FeL(OMe) (MeCH) ]2+ — 0B { [Fel(MeOH)]2", MeO-}

Ny

{FeL(MeCH), 1%* + -CH,OM {FeL(Me0H), 1% + CH,0-

CH,0+ + CH,0H ———CH,0H + ~CH,(E
2+CH,0H ———oCH,O + CH,GH
o(H, 0 ————(H;0- + H
CH,0- + FeL(OMe)(eOH)}?" ——=,0 + [Fel(MecH);}%"

SCHEME VII: Mechanism for the pheotooxidation of coordinated methancl.
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Photochemical activity of [Fe{l)¥]1 (L = ¢38) or ¢40); X = C1, Br, I, N, or

NCS) also involves reduction of the metal with concurrent oxidation of X [203].
The camplex [FeL{0,CMe)] (L = (41}), when held in dmf at 80 °C for 6 h, gives

’_
NH lN o N N
e
NH T © h{/ \31
|

. 1

(41} (42}

N/

rise to ligand oxidation and metal-—oxo dimer formation yielding (42). The
reaction is believed to proceed viez the radical mechanism shown in Scheme VIII

[204].

QAc
H

N | SN
N .
\"'Fe/ IN ——HOde _ (;Fe l ——= Products
N

H

\_/ u

SCHEME VIII: Mechanism forr the formation of (42).

The ligand ¢30) forms the camplex [{Fel(ao0)]Cl1,}.0].2H,0 [153]. The camplexes
[Fe,0L,]Cl, (L = bipy or phen) catalyse the conversion of water to oxygen [205].
Iron(III) 4,4°,4", 4" —tetracarboxyphthalocyanine also shows this catalase-like
activity and is much more efficient than the above camplexes, hemin or other
metal phthalocyanines [206]. Similar behaviour has been observed with iron(ITI)
phthalocyanine bound to polystyrene [207]. 3,3',3",3"' ,4,4',4", 4" ~octacarboxy—
phthalocyanine iron{IIl) shows peroxidase-like activity in catalysing the
oxidation of guiaiacol by H,0. [208]. H;[FeL].8H.O, Na;[{Fel].3iNaCH.4H,0,
Ki[FeL].AKOH.4H,0 and Cs,[Fel.].1.5Cs0OH.2H,0 (L = 4,4',4",4"' —tetrasulphophthale—
cyanine) have been prepared. The first of these exists in low-spin and
intermediate—spin forms, whereas the three salts all exdst as two different low—
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spin isamers. In soluticn, the sodium salt is high-spin at low concentration,
and low-spin at high concentration, No evidence was found for the formation of
Fo—-Fe bridged species in this study [209)]. A separate study has shown this
{FeL]®" anion to be low spin in agueous solutior of low pH containing about 20%
(v/v) dmf, and to be reduced by [BH.]™ to [Fe'L)® . Reduction with pyridine
gives a species which is EPR inactive, and is thought to be an Fe{I)-ligand
radical anion camplex. This can be reoxidised to the starting material by Q.
With NH,0H, [FeL]’” forms [Fe(NO)L] [210].

A structural study on high spin [FeCl;{4-(Npy)}2] shows it to be a rare
example of trigonal-bipyramidal coordinatian of iron{III). The only other known
example is [Fe(N3)s]J% [211]. FeCla reacts with SyN. in CCl, to give a-FeCl;.8.N,,
which bas a tetrahedral {CZ:¥} coordination sphere [212]. Other ¥—donor ligand
complexes of iron(III) are listed in Table 2.

1.7.2 Compilexes with O-donor ligands

The structures of Rbs{Fei0(S0.)e].3H:0 and K, , T1, , [Fe,0(80,) 1.5H,0 have
been reported. Both contain three {Fedg} octahedra sharing cammon cormers
the oxo atom, and are further linked by three pairs of bridging S0, ligands
{213]. The related complexes [Fe,MI(0,CCH>I)}s{H:0)3] (M = Fe, Mn, Co, Ni, Cu or
Zn) have been prepared fram MCl:, FeCl, and [ICH.CO;]K in ICH,CO.H [214]. On
the basis of a magmetic study it has been suggested that [Fes0(0,C¥e)1 110.0Me)
contains a trigonal bipyramidal array of metal atans linked to a central oxo
atom, Each metal atam is bonded to one terminal ethanoate, and the bridging

ethanoate ligands are arranged as shown in ¢a3) [215].

QAc
| (Me;C).CHO
aco——Fow OCH{CMea )2
~gd OAC __\
V\O———Fe —O&c (Me,C) .CHO \
F\ , OCH(CMe,3 )2
Aco”” 'OA\c\ OAc )
0 FE/ L1
Ac | (I)
Oac (e:0),CB” Ny
{13) (44)

Reaction of FeCl; with Li{OCH{CMe;),] did not lead to [FelOCH(CMe,):}:), but
gave (44) [2186].
{Fe(acac);] reacts with RCO:H (R = CHC1,, CH,Cl, CCl;, ete.) or with X,



TAELIE 2

Miscellaneous Studies cn sawe Iron{I¥I} complexes

Coropound

{Fel.,X,1X, [FelCl,] (L = melamine; X =
Cl or MD;y)

fFel,] (HL = 2-oxocyclopentanoic acid
ethyl ester)

[Fe(quinNO)4Br; J{FebBr,]} (quinNO =
guinoline ¥N-oxide)

fFel;] (L = 4,6-dihydroxycoumaran-3—one
[FeC14(08sPhg)y 5], [FeCls(0OAsPhs),]
[Fe(SbCl3)C1s}?", [Fe(SbCl3) Cl 12"
iron{II1) complexes of nicotinaldehyde—
thiocarbchydrazone

{FeL;].6H.0 (IH = 2'-hydroxy-4-methoxy—
5'-methylchalcone oxime)

iron{IIT) complexes of Z-amino-5-
phenyl-1,3,4adiarole

iron(IiI) camplexes of 2-HO-4-
ROCHCPh=N{CH,, ), N=CPhCH, 4-O0R-2-0H

(n =2 or 3)

iron{III) couplexes of 3-diphenyl-
aminanethyl j—5-{ 2-hydroxyphenyl)-1,3, 4-
oxadiazole-2—thione

{Fel.:1{C10,].2H.0 (HL = 1-(2-pyridyl-
azo)-2-naphthol or —2-phenanthrol
(Pel.s] (HL = 4-(4-dimethylanilino)-
3-penten—2-one)

iron{III) complexes of phenylphthalimic
acid

[Fe(2-picolylamine); 1C1, . ZH,0

iron(Ill) complexes of cinnamoyl-
hydrazine

[Fe(HL)L), fPe(HL).]X (H.L = 2-

BOCH, (H=NN=C(SMe)NH.; X = C1, Br or
NO3 )

{FeL,] (B = 8-HO-5—quinolinyl-
COCH=CHPh )

{Fe,L(CH)z1 (M,L= {HOOCH,CH(COH)}.5)

Camment

preparaticn

described;

octahedral Fe(III}

preparation
preparation
preparation
preparation
preparation
preparation
preparation

preparation

preparation

preparation

preparation

described
described
described
from AsPh, described
described
described
described

described

described

described

described; camlexes

exhibit a doubler ground state

preparation

preparation

desceribed

described

structure reported

preparation

preparation

preparation

preparation

described

described

described

described

3s

el

[ B R T =
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TABILE 2 {continued)

{a}) C. Gheorghiu, M. Bicher, C. Marculescu, L. Diamandescu and D, Barh, Rev.
Pown. Chim., 24 (1979} 815. (b) M.A. Banares, C.A. Angos and A.S. Yanez, 4An.
Quir., 75 (1979) 795 [Chem. Abstr., 93 (1980) 36081]. (o) {1722]. (d} R. Raina
and M.L.D. lar, J. Indian Chem., Socc., 5T (1980) 673. (e} V. Vancova, M. Melnik,
G. Ondrejovic and J. Gazo, Z. Anorg., Allg. Chem., 455 (1979) 93. (f) M,
Dinculescu, BSul. Inst. Politeh. “Greorghe Gheorghtiu-Dej" Bucuresti Ser. Chim,
Metal., 40 (1978) 83 {[Chem. abstr., 92 (1680) 103551i]. (g) S. Barbu and G.
Macarovici, Rev. Rowm, Chim., 25 (1880} 207. (h) N.S, Bhave and R.V. Kharat,

J. Indian Chem. Soe., 56 (18979) 244, (i) N.B. Singh and J. Singh, Indfan J.
Chem. Seet. A, 17 (1979) 424, (3} U. Dinju, H. Stahl and E. Uhlig, 2, dnorg.
Allg. Ckem., 464 (1880) 37. (k) R.A. Rmi and U. Agarwala, Indtan J. Chem. Sect.
4, 18 (1979) 426. (1) Y.K. Bhoon, K.B. Pandeyn and R.P. Singh, J. Iadian Chem,
Soe., 97 (1980} 286. (m) S.K. Agarwal and R.C. Saxena, . Indian Chem. Soe.,
06 (1979) 825. (n) V.V. Korshak, E.E. Danilenko, V.V. Trachevskii, M.T. Bryk,
G.M. Tseitlin and M.S, Ustinova, Doki. Akad. Nawk, $$SR, 248 (1979} 1160. (o)
M. Mikami, M. Junno and Y. Saito, Koen Yoshishu-dunaht Hozo Sogo Tormokai, (1979)
24 {Chem, Abszr,, 93 (1980} 159428]. {(p) M.M. Mostafa, S.M. Hasson and A.A. El-
Asmy, J. Imdian Cham. Soc., S7 (1880) 127. (@) N.V. Gerebeleu, K.I. Turta,

V.. Canic, V.M. Leovac and V.B. Arion, Koord. Khim., 6 (1980} 446. {r) S.5.
Misra, P.C. Dwivedi, R.K. Upadhyaya, V.P, Singh and D .R. Gupta, J. Indian Chem.
Soe., 57 (1980) 107. (s) S.K. Tiwari and D.P.S5. Rathore, Natl. Acad. Sei. Lett.
{Tndiag), 2 {1979) 2093.

(X = Cl or Br} in CCl. or CS; to give [Fe(acac):(0;CR)] or a mixture of
[FPe(acac)»X) and {Fel{acac)X,] respectively [217]. The electrochemistry of
{Fe(acac):] and [Fe{hfacac});] have been studied [218]. The rhenium camplexes,
(45), react with {Fe{CEt):l tc give a tris-metallo chelate of iron [219].

3+
Fe
VN
Q O
CH; ‘ I
(o] CI: /N\T /N\
©oRe”  OH Cq
. ./ IN =
CcC=—0 N X N
| | l
R O
™ ',
*H
{4%; R = Me or CHilej;) {48)

Iron(III) alsc undergoes reversible association with {Co{dmg).X(H,03Y" (X =
Me, n = 0; X=Hy0, n = 1) in which the iron atam replaces the proton of the
O-H...0 group (a6) [220].

{Fe{sal.en)] reacts with 1,2-naphthanuinone, 9,10-phenanthraguinone or
T (salen)(1,2-s0)) (sq = 2 semi-
quinone radical anion). All of these are high-spin complexes with Bog f~4-9 Uy,
and can be viewed as containing coordinated semiquinone radical anicons, the
unpaired electron of which is antiferramagmeticelly coupled with the five unpaired

3,5-di—t-butyl-1, 2 benzoquinone to give [Fe
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electrons of iron{III) to give an $ = 2 ground state [221].

The high-spin complexes [Fels;1¥; {L = urea, 1,3-Me;-urea, 1,3-Ei;-urea, 1,63-
{CHj}3;~urea {(7.e. perhydro-pyrimidin-2-one} or imidazolidin-2-one:; X = Cl0. or
Brl and eie-[{FeL,(H,0},JC1,.2H,0 {L = 1,3~((H,):-urea} have been prepared, and
the crystal structure of the last of these reported [222].

Direct oxidation of meeallic iron in the donor-acceptor media, CCl. /L (L =
dmso or dmf) gives cis-{FeCla(dmso)u], 2FeCl,.3dmso, [FeCl(dmso)s]iFeCl.].,
[FeCl(dmso)s ] [Fe,Cls0}, cis—[FeCl.(cmf),1[FeCl,] [137b]. [Fe(lNO.);{dihexyl-
sulphoxide)s; ] has alsc been reported. The cctahedral camplex contains unidentate
nitrate groups [223].

The polymeric conplexes, {FeLnXS] (L = triallylphosphate; n = 1, 2 or 3; X =
Ci0., Cl, NCS or NO;} have been prepared by reaction of poly{triallylphosphate)
with the appropriate metal salt [173]. [Fel,] (L = monoiscoctylphenyl—, mono—
isooctylmethyl- or ethoxymethylphosphonate) have also been reportved [2241. Other
O-donor ligand complexes of iron(III) are listed in Table 2.

1.7.3 Complexes with 5-donor ligands

Electrochamical studies of [Fe(S»CNR;);] (NR: = pyrrolidino} have shown that
both cne—-electron oxidation and cne—electron reducticn can cccur in most solvents
[225]. The complexes [FeX(S:QR:)}:) (X = Cl or I), [Fel(5.0W,}] (NR; =
pyrrolidino) and [Fe(SOCNR'2}s] {NR'» = morpholino, pyrrolidino) have been
prepared. The last of these shows 2 spin equilibrium [226]. A structural
study on {Fel,{S,C{pvrollidino)}.:] has shown the compound should be formulated
as [Fel{S,C{pyrollidino)}»].0.5f, conteining a distorted square pyramidal
coordination sphere, with the iodine atom in the apicil position [227}. A similar
structure has been demonstrated for [Fe(NCSY(S(NEt:3:]1 [228]. M) calculations
for [FeX(S.(NR.):] complexes, showing the existence of both low-spin and
intermediate-spin ground states, have been reported [229].

The low-Spin complexes, [I-‘e(!-ldtb)nx3] {Hdtbh = 2,4-dithiobiuret; n = 1 or 3;

X = Cl, Br, I or 3[S0,]1) have been isolated and contain chelating Hdtb ligands
[177].

1.7.¢ C(Complexes with mired donor Lligands

The ligand (47; H:L) forms the very stable camplex [Fe(HL)Cl:], which on the

OH HO
COs ~OaC
N/\/N

"H, H;
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basis of a stability constant of ea. 1030 has been suggested as a mxiel for
biclogical iron carriers (see Sectian 1.9.4). The molecule may exhibit octahedral
{N.0O(phenclic)Cl2{0H, )] coordination or may be an octahedral dimer [230]. FRac-
en-# ¥ ~disuccinic acid (HL') forms the camplex Na{FeL’].2H:0 for which the
seven-coordinate structure (48) has been suggested [2311.

o O

O~ éo

F
N F\N

\QTJ/

O

{48)

The Schiff base formed fram substituted salicyialdehydes (substituents = 5-Br,
4-3%0, 3-EtO or 3,5-Cl:) and 2-aminobenzyl alcohol (HpL) form the complexes
[Fe(L.)C1] in which the Schiff base is tridentate {OM0)}. The coaplexes are,
however, dimeric with bridging alcoholic 0 atoms completing square pyranridal
geometry at each metal atom, and display antiferromagnetic exchange (”ett =
4.37-4.55 uy) {232). The Schiff base formed from S-phenylazosalicylaldehyde
and aniline {HL') forms a four coordinate [Fe(L')ClICl complex in which the
chromophore is {FeNoNCl}, rather than the expected {FeVN;0:}. Again the compound
is either dimeric or polymeric {233].

Reaction of agqueous or alcoholic FeCl; with glycine (Hgly) in the presence
of plycinate gives [Fe:O(gly)e{Hz0):]C1.3H;0. IR data suggest the complex
contains bidentate NO-bonded glycinate ligands [3341, Other wixed donor ligand
complexes of iron(IIl) are listed in Table 2,

1.7.5 Miscellaneous

Experiments have been perfomed to test whether the widely reported reductian
of iren({IIl) campounds under caubined hydrostatic pressure and shear stress is
due to either one or both of these factors. With K;[Fe{CN)g], there is no
evidence for hydrostatic reduction, and thus the phenawenon must be due to shear
f23s].

1.8 OOMPLEXES EXHIBITING SPIN BOUILIERTA
This year has secen a number of important and detailed studies on spin equil-

ibria in iron carnplexes, and these are gathered together here. The six-coordinate
complex [Fe(phy).1[C10,]: (phy = 1,10-pheanthroline-2—carbaldehydephenylhydrazone)
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exhibits a T, ===14, spin change in the solid state that is accampanied by a
crystallographic change. This crystallographic change arises from formation of
independent damains by both T and !A; molecules. The megnitude of the domains

is about 5000 & [236}. Camplexes such as [Fe(S:NR:).] (NR; = morpholinc) have
previcusly been shown to exhibit a platean in the transition from S = % to 5 =

3 at 5= %. A detailed study of such behaviour in the camplexes [Fe(Xsal.cenH):]Y
{¥sal,eenH, = Schiff base formed from condensation of salicylaldehyde (X = H)}, or
its methoxy derivative (X = OMe), with N-ethyl-1,2-diamincethane; Y = [NO»],

[PFs] or [BPh,]} bas now been reported. For the camplex with X = H, ¥ = (PF]
there is a gradual, but complete crossover from § = % to S = 3, but those
complexes with X = H, ¥ = [NO;] or X = OMe, Y = {BF,] show plateaux at 3.03 Vg
{below 77 K) corresponding to § = ¥ . It was found that the plateaux could be
induced by grinding the samples, although it is nol observed in the sanples when
originally prepared. The plateau could also be removed fram 2 sample by
dissolving and reprecipitating the ground sample, It was suggested that formation
of a plateau in a spin transition can be explained by the nucleation and growth
mechanism of phase transitions of solids [237].

There have been a mumber of closely related studies of the [Fe(2-picolylamine);
cation. A structural study of the dichloride dihydrate, which has the faro-
gearetry and is low-spin, shows an average Fe-N distance of 199.7 pm at 115 K.
The structure has an extensive three—dimensional hydrogen bonding network linking
uncoordinated water molecules, chloride ions and all six amine hydrogen atoms.
The diiodide shows two crystallographically independent isamers. The
unsymetric mer—isomer is high-spin with an average Fe N distance of 220.0 pm,
while the fac—isamer has an average Fe-N distance of 206.4 pm and exists as an
interconverting mixture of high— and low-spin species at room temperature. In
this case the mer and fac isameric cations are linked by hydrogen bonding between
icdide ions and amine hydrogen atoms. The dichloride monomethanclate has been
examined by X—ra.y‘ crystallography at five different temperatures. Spin isomers
have been resolved by their Fe-N distances at intermediate temperatures and these
are in excellent agreement with the wvalues obtained at the high and low temperature
limits {r{Fe-N) = 201.6 po at 115 K and 219.8 pm at 227 K}. At 115 K and 227 K,
the sample was 96.4% and 16.4%, respectively, in the lowspin state [239a]. A
similar study of the dichloride monoethanclate at 298 K shows it to be high-spin
{r{Fe-N) = 219.5 pm}, while at 90 K it is low-spin {r(Fe-N) = 201.2 pm}. The
solvate ethanol molecule is hydrogen bonded to the chloride ions which, in turn
are hydrogen bonded to the amine hydrogen atams. In the high-spin form, etbancl
exhibits orientational disorder, while in the low-spin state it adopis a regular
arrangement. The structure has also been determined at 150 K, at which tamperature
the spin transition begins to take place. Here the dominant site of disordered
ethanol molecules has about 80% occupancy, .but the. Fe-N bond lengths have changed

124'
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very little. It was sugpested that ordering of the ethanol molecules appears to
act as a trigger to the spin transition. In the case of the methanclate discussed
above, the spin state transformation occurs more gradually. It is thought that
the ethancol solvate contains domins composed of like spin states, consisting of
about five hundred camplex cations [239b].

MMR studies on a range of iron{III) porphyrin perchlorates in non-coordinating
solvents are anomalous when compared to other iron(IIT) porphyrin species.
Measurements supported earlier solid state studies, suggesting a quantum
mechanical admixture of S = % and § = % spin states rather than a thermal
mixture. The most likely ground state configuration for the 5 = ¥, state is
(dxy)z(dzz)" (dxz,dyz)z. Such an intermediate-spin quantum mechanical admixture
hos been previously invoked to explain the unusual EPR spectrum of ferric
cytochrome c- [2407.

Electroreduction of [Fe{{Xsal),trien}]" (X = H, NO., OMe, Br, Cl; (Xsal),trienH, =
Schiff base formed by condensation of substituted salicylaldehydes and triethylene—
tetramine) has led to the behaviour cutlined in Scheme IX [241].

Assc = 14 e.u,

—_—

Fe' l(1s) T0————— Fe!*¥(ns)

&Set = 30 e.u ﬂset = 16 e.u.

reli(hs)

(sc = spin change, et = electron trapsfer, 1s = low-spin, hs = high-spin; e.u. =

J mc:ilﬂ1 K-l}

SCHEME IX: Spin equilibria for [Fe{(mal)grien}]".

{Fe(HBPz.)] {HBPz; = hydrotris{pyrazol-l-yl)borate} shows a reverse spin
equilibrium at high temperature, (298-463 K). That is, it is transformed fram
low-spin to high-spin {242]., Use of isotopically labeiled iron has allowed
assignments of the Fe-N stretching frequencies of both high- and low-spin forms.
At intermediate temperatures, bands arising from both spin forms are observed.

1.9 INORGANIC BIOGIEMISTRY OF IRON

Work in this area has continued to increase in volume and, as last year, the
coverage given here is ajimed towards those studies that illuminate the r&le of
the metal in natural systems, as well as work on model campounds. For
convenience, all work or iron porphyrin camplexes is included in this section.
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1.9.1 Compiexes and enzymes convaining iron porphyrins

{Fe(TPP}], a porphyrin complex with an § = 1 spin state (hope™d-4 ug), was
first reported same years ago by Collman and coworkers, but an understanding of
the details of the electronic arrangement for this spin state remains sparse.
Yor exanple, it is not known why Varr is so high. Two groups have now reported
detailed examinations of this problem. Buckingham and coworkers have measured
the magnetic susceptibility mnd magnetic anisotropy of single crystals in the
range 4-300 K. Detailed ligand field calculations give a satisfactory
explanation of the data, and indicate dzz is the lowest lying orbital with a
ground state of 4., followed by the °E and B levels in ascending order of
energy [243]. Mispelter ¢t el. have investigated the temperature dependence of
the pavemagnetic shifts in the 'H NMR spectra of a range of newly synthesised,
substituted TFP camplexes in which both faces of the tetrapyrollic ring are
strictly controlled. Pseudocontact and contact contributions te the hyperfine
shifts and their temperature dependence have been interpreted in terms of a
mdel with two possibie electronic ground states. The nature of the ground
state depends critically on the energy of dz?- relative to the degenerate dmr
and dyz orbitals, and in most cases the ground state is ‘A strongly perturbed
by the close lying 3Eg excited state [244].

Enthalpies and free energies of ligand addition to [Fe{TPP)] has been
detemined by variable temperature electrochemistry and thege show a linear
relationship to the pK values of the ligands (py, 4-Mepy or 3-Xpy (X = (N, C1,
Br or Me)), while the entropy values remain constant [245].

4 structural study on [Fe(meso-TPP)(thf).] has shown the complex to be six
coordinate with the metal atam located rigorously in the plane of the {.}-core.

2g?

This is thus the first exception to the generality that high iron(iI)
porphyrins are five coordinate with large cut-of-plane iron displacementz [248].
{FetTBzP){py).] (TBzFH, = tetrabenzylporphyrin} undergoes one electron oxidation
to [Fe(TBzP)(py),]" [247)}. The complex, [Fe’?(Me-7-TPP)C1] has been prepared
and this has a methyl group bonded to one of lipating Y¥—otoms, therehy restrict-
ing axial coordination of the iron aton on cone side of the ring and stabilising
Fe(Il) with respect to Fe(III} {(irts oxidation potential is +0.49 V (uvs. SCE)
compared to -0.29 V for {Fe(TPP)C1]). Cyclic voltammetry shows that, unlike
for [Fe(TPP)], oxidation is reversible. A structural study shows distorted
square-pyramidal coordination with r(Fe-NMe) = 232.9 pm and r(Fe—NDthers) = 210 pm
[248%.

Moleculer mechanisms of Hb cocperativity have been studied by flash
photolysis, and the results inply that either the spin state of the iron atom
is not the only major factor in the determmination of its position with respect
to the heme plane, or the change with canformation of the protein, exerted via
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the proximal histidine on the iron, is less than 50% of that expecied from
mdels [249]. A systematic correlation of the visible and Soret spectra of
Five-coordinate porphyrin complexes and their O and CO adducts with those of
My, 1B3(02) and Hb{CO) suggests that the iron atom is more easily distorted from
the heme plane in the O, complexes than in those with CO. Also the proximal
histidine is restrained by the protein in both the liganded R states of Hb and
b giving relatively weak Fe-N bonds. Coordination of O» or €O and transition
to the T state results in the iron atom being forced towards the histidine,
thereby strengthening the Fe-N bond and introducing strain in both the heme
complex and the protein {250).

Measurements of the rates of CO binding to iron{II) porphyrins have been
used to examine the different factors proposed for protein control on heme
reactivity. The results indicate that electronic control through » donor—
acceptor interactions with the porphyrin ring are not important, but that
hydrogen bonding to the metal bound imidazole can have a powerful influence on
reactivity [251]. The ratios of Pi(CO)/Pi(NO) have heen measured for horse Mb
and (#—Meimid)protoheme and are vastly different to that for model systems,
providing further evidence for the interacticon of CO with the protein chain
in Mo [252]. ®C NMR spectra of crystalline and solution state samples of
[Hb(a)(CO)] suggest that the structure is the same in both states, in accord
with previous IR studies [233].

The structures of the picket-fence porphyrin caomplex, fFe(TPivPP)(2-Meimid)] .EtOH
and its O, adduct have been reported. In the deoxy compound, r(I-‘r_LNpor) = 206.8
and 207.5 and zw(Fe—Nmid) = 209.5 pm. In the oxy camplex, r-(Fe—anr) = 199.7
and 199.5 and r(Fe-N_ .,) = 210.7 pm. The iron atom is 39.9 pm out of the {#,}
plane in the former camplex, whereas this value is reduced to 8.6 pm in the oxy
form. The important parameters of the {Fe{0O:;)} unit are r(Fe-O) = 189.8,
r{0O-0) = 122 pm and FeED = 129°. In the presence of ethanol, the deoxy compound
binds O, reversibly and non-cooperatively, and with a lower affinity than when
the sample is descolvated. In the latter case, binding in cooperative. Thus,
these are possible models for the T-state deoxy and oxy forms of Hb {254].
Resonance Raman spectroscopy has been used to assign the Fe—0 stretching
frequencies in [Fe(TPivPP){L}{0:}] (L = i-Meimid, 2-Meimid, 1,2-Me imid) at 25°
and -70 “C. The results suggest that the O, affinity is similar to that of Mb
or R-state Hb when L = 1-Meimid, and similar to that of T-state Hb in the other
cases [255].

Collman and coworkers have now moved to the synthesis of tailed picket fence
porphyrin complexes, (49). Adducts with Qp, CO and ¥-Meimid have been prepared
{256a). Traylor et al. have reported 2 similar complex ¢50) in which the pendant
ligand is linked to one of the pyrrole rings and which displays properties
similar to those of R-state Hb {256b]. ([Fe{mesco-tetra{anthracenyl)por}{imid),]
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NH
| Vd C‘Hz
R,———C o 1n?d (gh

(CHz ), =0
(49) N’
B = (CH:Y.imid, {(CH:);imid,
{CH;},5Me, or NH{CH:)3imid {50)

takes up dioxygen at room terperature with oxidation to iron{Iil): at low
temperature an Q. adduct is formed [257]. Iron{IIl} deuteroporphyrin has been
attached, vig an imidazole axial base, to polystyrene and undergoes several
reversible dioxygen uptake cycles without noticeable irreversible oxidation
to iron(III) [258]. An attempt has been made to use globin as a sterically
hindered environment for Fe-0, complex formation by binding in the simple
macrocycle ¢513). This was achieved by treating globin with [FeL{Q,(Me)], and

(51)

one molecule of iron complex only was bound to one globin unit. Cooperativity
is observed for the binding of {FeL} to apohemoglobin, an observation not
previously demonstrated for heme binding. The {FeL} unit was shown 1o occupy
the same site in globin as a heme and to take up O; and CO [259]. Oxygenation
equilibrium curves have been reported for a tetrametric Hb with iron(II) in the
a sub-units and cobalt(II) in the B subunits, and vice versa [260). There has
been considerable interest in capped porphyrin complexes. Thus, the complex
{52) with an anthracene bridge across one face of the porphyrin and a pyridine
bridge across the other bas been synthesised. This mimics Hb in that it has a
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(a2} (53)

hydrophobic pocket and takes up dioxygen reversibly. It also takes up CO, but
like natural systems {and unlike other model systems) this CO can be replaced
by O, [261]. The complex [Fe(cap)}] {cap = (53; = = 23} contains a capped
porphyrin ligand and can bind an axial ligand only on the vacant side of the
porphyrin plane, but if the volume cf the cap is increased by using the
homologous capped ligand, {homcap = (53; x© = 3)}, then twe small ligands can be
bound in axial positions to the metal atam. The O, binding constant of [Fe{cap)]
is larger than that of [Fe(homcap)), but in both cases the O; affinities are
appreciably lower than those of other porphyrin camplexes. It is thought that
this is because the caps provide a steric constraint on movement of the metal
atan from the stable out—of-plane position to the in-plane O:-bound position.
Evidence was found for the novel seven-coordinate complexes [Fe(homcap)Lz(02)]
(L = 1-Neimid) and its CO analogue and it is believed that one L ligand and O:
(or CO) occupy axial sites with the other L ligand showing off-axial binding
[262]1. The low spinh adducts [Fe(cap)L] (L = PBu;, P{UECt)i:, or PhCH,NC)} have
been isolated and add to the previcusly small number {only (Fe(TPP)}{NO)} and
{Fe(TPP)(CO)]) of low-spin five-coordinate iron porphyrin adducts [263].

Addition of excess pyridine to agueous protcheme leads initially to the
formation of a bis(pyridine)heme dimer which does not fully monomerise until
the pyridine concentration is between 2 M and 3 M. Reaction of the cdimer with
dioxygen was examined and this leads to formation of an iron{III}-containing
product, formed by an outer sphere mechanism with no evidence for the intermediacy
of an Fe(I1)-Oz comlex [265].

The reaction of supercxide ion with {Fe¢Por)Cl} (Por = TEP or CEP) in dmso,
dmso-py, Me(N-py or PhCH;-py gives [Fe(Por)L:] (L = dmso or py) and O:. However,
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at -850 °C in dmf—py, [Fe(TPP}py)(0:z2)] is formed, and in wet solvents at ambient
tamperatures, [{Fe(Por)},0] is obtained. A new species was also cbserved from
the reaction of iron(II) and [0:}" and, although it could not be isolated, some
of its reactions suggest it could be the high-spin iron(III) peroxo complex

¢say [266], Ferryl-db is a peroxide hemoprotein that contains iron{IV), and this

0—20

N Fe¢ ——N

L?
(54}

can be reduced by y-irradiation at 77 K to a novel low-spin iron{III) compound.
This, in turn, underwent a higher teamperature transition to high-spin iron{III}
probably via transient low-spin and 5 = % forms [267}. A kinetic study of the
reaction of aqua-Fe{III)&b with H:0; at pH 8 suggests the reacticn mechanism
shown in equations (73-(9) in which the intermediate R is believed to be the

M{III) + H,0, — = Intermediate X (7)
Intermediate X + H;0; —Intermediate R {(8)
Intermediate R ———» MB{ITI) (92

iron{IV) species. Resonance Raman spectroscopy of the intermmediate R suggesis
that the iron{IV) centre is low-spin, and a comparison with similar spectra of
model compounds indicates that r(Fe—Npor) = 208 and r(Fe—Nmm) = 209 pm, and
that the iron atom is 53 pm above the {#.} plane [268].

Traylor and Berzinis have prepared the iron(III) cationic form of their
tailed-porphyrin complex (5¢) and this mimics the behaviour of horseradish
peroxidase [262]. Two further studies of tailed-porphyrin iron(III} complexes
have appeared. In these cases the tails are CgH,NHCO(CH;):imid and
CeH,O{CH; ¥, imid groups which replace aryl groups in tetraarylporphyrins. NMR
studies on these complexes indicate thiat the tension in the tail is important
in dictating the electronic properties of the camlex [270].

The X-ray crystallographic structural study of [Fe(OEP){Cl0,)] bas shown it
to be compaosed of dimeric units in which the two iron{III} porphyrins have a
face-to-face contact with a closest approach distance of 356 pm between meso-C
and pyrrolic o-C atoms on different porphyrin molecules. The iron atoms are
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displaced 26 pm from the mean {#,} planes. This dimerisation is explained by a
weak 7—7* interaction. The complex has an § = % ground state [271], The EPR
spaectra of high-spin iron(I1I) porphyrins show an absorption, in addition to
the main signal, which is remarkably sensitive to concentration, solvent, pH
and temperature, and this has been interpreted as belonging to a dimeric form,
In the case of some porphyrins, a further signal is observed in alkaline solutions
which is assigned to a dimer with a very long Fe...Fe distance, as well as a
skew angle [272].

[Fe(QEP){3-Clpy).][C10,] alsc shows a high-spin=2—=low-spin equilibrium
and a structure determination act 298 K has shown that the Fe-N or distances
are midway between those of typical high-spin and low—spin complexes [273]. The
new type of mixed axial! ligand caomplexes, [Fe(OEP Y¢{ROH)Y(amine)}C1 (R = Me, Et
or Pr; amine = pip, pyrrolidine, Et;N, aziridine, 4-Mepy or 1,2 e imid}, have
been reported and suggested as models for aguamethemoglobin and aquametmycgicbin
i274]. Stability constants for the interaction of [Fe(PPIXDME)C1] and
imidazoles have been determined [275].

A complete assignment of the YC NMR spectra of {Fe(TPP)X] (X = Cl or I) has
been made [276}. Examination of the !H NMR spectra of a series of five- and
six—coordinate high-spin iron{III} porphyrins has led to the suggestion that
the ratic of shift of the pyrrocle protons to that of the methyl protons may
serve as a useful indicator of the state of cccupation of the sixth site in
high-spin hemoproteins {277]. A kinetic study using YO MMR has been made of
the exchange of water with water soluble iron(II1) porphyrins [278].

In an examination of the possible importance of partially or totally
deprotonated imidazole ligands in hamoproteins, Reed and coworkers have isolated
[Fe® " *(TPP)(imid),1”, [Fe'’(TPP)(imid).1?  and [Fe'*(TPP)(2-Meimid)]™ (imicH =
imidazole) [279].

[{¢TPP)Fe},N] is the only p-nitride camlex of the first row transition
metals, and its resonance Raman spectrum suggests that both iron atoms are
trivalent, whilst its EPR spectrum locates the single unpaired electron in an
orbital of essentially (u-N) character [280]. In the absence of any added base,
this dimer is electrochamically reduced at +0.17 V (vs. SCE) to [{{TPP)Fel.Ni ",
and at —-1.19 V¥V {(vs. SCE} to the dianion. Addition of substituted pyridines
causes negative shifts in the potentials of the first reduction wave [281]. The
Fe 29312 and N 1s binding energies of [{(TPP)Fel.N], [{{TPP)Fe},0] and [Fe(TPP)X]
(X = Cl, Br, N, or [Ci0,]) have been determined by XPES and correlate well with
I-ZIé values for reduction of the camplexes in non-coordinating solvents. On the
basis of this study, the p-nitrido compiex is assigned a low-spin configuration
[282]).

Electrochemical oxidation of {{(TPP)Fe},0] to both a mono- and dication has
been achieved. The former contains an {Fe'?’-0-Fe'v} unit, but the latter may
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be either {FelY_0.FelV) or {relV-O0 Felil (Por?)}. Similarly, oxidation of
[Fe{TPP(CMe)}C1] leads to a species, the magnetic moment of which is consistent
with the presence of iron{IV). Rowever, the formation of an iron{III)-porphyrin
radical cation could not be ruled out [283]. Previous studies have suggested
that [{(‘IPP)Fe}ZO]+ can be formed by chemical oxidation of the neutral dimer
with H{BF,]; however, it has now been shown that the product of this reaction

is a mixture of [Fe{TPP)F] and [Fe(TPP){BF.)}] (284]. Eiectroreduction of
{Fe(TeP)X] (X = C1, [C10,;] or [ClO.]) in the preosence of substituted pyridines,
L, can be summarised as shown in Scheme X [285]. Treatment of [{{TPP}Fel}.0l

L
[Fe¢TPP)C1) ———=="[Fe{TPP)L.]Cl

cz'{'n e“‘:l_

[FE(TPP)].;::é:::S'[FE(TPP)Lz]

SCHEME X: The electrochemistry of [Fe({TPP)C1].

with H>{S0.1 gives the high-spin camplex, [Fe(TPP(SO‘l)bl [286].

The monooxygenase enzyme cytochrome P-450, and models for its behaviour,
continue to attract considerable attention. An analysis of the spectral and
ligation data for native cytochrane F’--t150Cam fram Pseudomonas pubida and four
synthetic analogues has been presented, and this emphasised the unique
characteristics of the thiolate ligated heme: a simple method for the purification
of the heme centre from cytochrame P-450 was also reported [{287]. An ENDOR
study on cytochrome P—450cam obtained from FPseudomoncs purida has examined the
native, substrate-free, low-spin iron{III} centre and the high-spin iron(III}
unit in the enzyme-substrate component. The former shows the presence of at
least one strongly coupled exchangeable proton attached to an axial ligand,
while the iatter shows no evidence for the presence of coordinated histidine
or water, indicating this is a live-coordinate iron(III) centre [288].
Examination of the spin equilibria and redox potentials of cytochrome P-450 from
rat liver microsames has shown that the main effect of drug kinding is alrteration
of the redox potential by modification of the iron{IIl)-heme spin equilibrium
[289].

The reduced state of chloroperoxidase has spectral properties very similar
to those of reduced cytochrome P-450, and their CO adducts are also very
similar. These properties are modelled by [Fe(TPP)(SEt)}]™ and [Fe(TPP)(SEt)(CO}]™
respectively. The fommer model is high-spin and five coordinate, and the metal
atam is 52 pm above the {¥.,} plane towards the SEt ligand. The latter is low-spin
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and six-coordinate, with the iron atam in the plane. The Fe-S5 distances are
very similar in both models [280]. Ullrich and coworkers have reported a study
of hemin coordinated with o mercaptide ligand at the fifth site, and varicus
ligands at the sixth site, as possible models for cytochrame P-450. Mixing
hemin and the mercaptide below —&0 °c prevented reduction of the metal atam and
these spectral comparisons suggest the sixth ligand may be a hydroxyl group
rather than an imidazole [291].

The model complex [Fe(TPP)(SPh)(SHPh}] exhibits at least two magnetic sites,

each of which shows a temperature dependent spin charge., At 300 K, iron(III)
is high-spin (£ = %), and at lower temperatures the spin state is lower or
the complex possesses a reduced moment due to dimerisation or a cooperative
magnetic exchange phencmenon (Uefr = 3.7 uy at 300 K, 3.7 g at 20 K, 2.7 Mg below
26 K). This compound corresponds to the oxidised state of cytochrame P-45Q.
On substrate binding in the natural system, about 70% of the metal becomes low-
spin iron({III} and nothing is known of the structural factors involved in this
conversion. Preliminary X-ray data on this model show it to exhibit thermally
driven changes in coordination that may be relevant to this. That is, at high
temperature the complex is high-spin and five-coordinate with the PhSH molecule
not bound to the metal; on lowering the temperature this is converted to a six-
coordinate low-spin form {292].

'H MR spectroscopy has shown that ligand exchange of both natural and
synthetic high-spin iron(II} porphyrin-{RS]™ complexes is slow on the MR time
scale [293]. Attempts to measure stability constants for complex formation
between iron porphyrins and a range of S-donor ligands were succes-sful only for
thiolates [224].

Both [Fe(TPP)Cl] and the analogous campound with the tailed porphyrin based
on (50) are active as catalysts in the oxygenation of cyclohexene, in both the
presence and abgence of PhSH. Maximum activity is observed for [Fe(TPP)C1l] in
the presence of both imidazole and PhSH [295].

Two groups have reported the stabilisation of the oxyferryl form of cytochrane
P-450, fram two different marmalian sources, at -30 C [286)}. By use of
isotopic tracer methods it has been shown that during cytochrome P—450 hydroxy-
lation, dihydrolipoic acid acylates the coordinated O; molecule to form a
transient acyl peroxide intermediate. This underpoes facile O-0 bond cleavage.
When 0, is used, one oxygen atam is incorporated into the lipoic acid and the
second enters the substrate, indicating the involvement of a ferryl or peracid
mechanism [297].

Balch and coworkers have shown that addition of diaxygen to toluene sclutions
of [Fe(T-3-TP)} (T-3-TP = tetra-3-tolylpcrphyrin) at -80 °C gives the new
intermediate [{(T-3-Tp)FelG, (Fe(T-3-TP}}], which on warming gives [{{T-3-TP)Fe},0]
and Qz. On the basis of labelling studies, the mechanism of formation and
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decamposition outlined in Scheme XY was advanced, Similar behaviour was observed
for TPP, T-4(Me0)-FP, CEP and DPIXDME. The ferrvl intermediate {Fe{Por)0)] has

Ix
tFeli(Por)} + 0, ——— [re!¥(Por)0,] LE& o0} i poriFe 0-O-FePor)]

{(Por )Fe-0-0-Fe(Por)] —= 2[Fe’ ¥ (Por )0}

I1%

fre!¥(Poriol + [(Por)Fe—0-0-Fe(Por)] —= [(Porire ! 0-Fe! ' (por)] + {Fe!l(Por)o:]

Fel¥(Por)0, 1 =2[Fe!¥(Por)] + 0,

II

fFel¥(Poryo] + (FelX¢por)] —e [(PoriFe’ ¥ _0-Fe! ¥ (Por)]

[FelY(Poriol + [Fell(Por)o,] —e [(Por)Fe’I0-Fe' M (por)] + 0,
SCHEME X¥: Mechanism for the formation of {[{(T-3-TP)Fe}.0].

been isolated at low tamperature, and shows a magnetic moment in soliution of

2.9 up at ~52 °C, which is invariant down to -90 "C: no EPR signals were

observed for a frozen soluticn at 77 K. The derivatives, [LFe(Por)O] (L = py,

pip or #-Meimid) were also prepared. At —80 °C, this ferrvl complex quantitatively
converts PPh; to QPPh,. At 25 'C, [Fe(Por)] catalyses the oxidation of PPh; by
molecular oxygen, the final metal containing product from this catalysed reaction
veing [(Por)Fe-O-Fe(Por)]. Both {Fe(Por)Cl} and [Fe(Por)L,] are inactive in

this reaction and the involvement of the ferryl intermediate as the active species
is postulated [298].

Groves has studied the cumene hydroperoxide dependent oxidation of cyclohexane,
catalysed by cytochrome P-450, and yielding cyclohexene oxide and cyclohexenol.

Use of [FeCl{TPP)(PhiQ)] and [CrCi{TPP)(PhI0Q)] give the same preducts and on the
basis the scrambling of deuteriumn labels when deuterated CgH,s is used; a mechanism
involving caged radical intermmediates has been advanced [299].

It is possible that cytochrame P-450 can metabolise halogenated compounds by
initial formation of R-X=0 and this reaction has been demonstrated with labelled
PhI [300a]. Others have shown the [Me,C(CRH)] radical to reduce [Fe(DPIX)]* to
[Fa(DPIX}], but that the iron{¥II) cation does not raact with [CHS-;:Clr:]'
radicals from CCl,, (HCl,; and CH;CI,. However, the iron{iII) porphyrin does
react rapidly with these radicals, and this has led to the alternative suggestion
that this may be the method of detexification of polychlorocarbons [300b]. Two
studies of [Fe(Por)(CKz)] canmplexes suggest that such carbene intermediates may
also be involved [301]. {Fe(TPP)] has also been shown to react with PhCH2SCCL,
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to form the carbene [Fe{TPP){C{C1)SCH,Ph}]. Omn treatment with iron{iI} chloride,
this vields [Fe(TPP)(CS)], which can also be cbtained from {Fe(TPP}] and Ci.CS.
Such behaviour bas now been extended to the selenium analogue as shown in Scheme
XI: {302],

[Fe(TPP}{C(C1)SeCH,Ph}L]

{Fe¢TPP) {C(C1)SeCH,Ph}]

iron

[Fe(TPP}] + PhCH25eCCl; Dowder

FeCl,

{Fe(TPP)(CSe)]

{Fe(TPP){CSe)L]

SCHEME XII: The formation of sanme carbene and CSe derivatives of [Fe(TPP)] (L =
EtQH, #-Meimid or py).

Compound II of horseradish peroxidase and compound II of caialyse are both
believed to contain an iron{IV) porphyrin in the form an {FeQ} or {Fe{OH)}
complex. Campound I of both enzymes can be considered either as radical cations
«f the porphyrin of compound I1I, or as a formally iron(V) species.
{Fe{TPPY{C=C(C¢H,-4-C1)2}] has been suggested as an analogue to the campounds Il
and this can be axidised by iron{III) or copnper{Ii) chloride to a complex with
spectra analogous to the compounds I. However, the structural details of this
oxidised complex are still not clear, the choice lying between those shown in
(553 [303].

N¥ T N
I |
cl”  Fel'm—y c1—Fe!V—v. Cl—Fe e
| | |
N N Y

{55; ¥ = {C=C{CgH,—4-C1)21}}

NMR has been used to study the metal environment in iron{IIX}-horseradish
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peroxidase and indicates five coordination with a distal imidaxole, but no H.O
or OH proup at the sixth site [304]. High rield ‘H MR of the iron(III} resting
state of horseradish peroxidase is consistent with appreciable S = ¥ character
in o quantum mechanically mixed spin state (see also Section 1.8). All the
resolved resonances were accounted for by the porphyrin and the imidazole ligand,
although these workers could not definitely rule out the presence of a sixth
ligand. The extremely slow exchange of bulk water with the histidine proton of
the imidazole, and the absence of deviations from Curie behaviour of the
porphyrin vinyl and propanoic acid proton hyperfine shifts, indicate o buried
heme crevice which is more rigid than that in metmyoglobdin [3051.

Hesonance Raman spectroscopy of the yeast cytochrome c—peroxidase - HzG;
compound support previous studies that indicate the presence of a low-spin
iron(IV) heme centre [306]. On the basis of a 2.5 A electron density map of
cytochrome c-oxidase, a histidine side chain has been identified as the lifth
ligand with tryptophan, histidine and arginine side chains near the sixth site,
but water as the sixth ligand. The iron atom is 30-50 pm out of the {%.} plane
towards the histidine [307].

A resonance Raman study of [Fe(QEP)L(C10,)1 (L = py, pv-4-CHO or py-4-(N) and
[Fe(OEP)(Ch'rL":iO)z]+ sugpgests that the unusual spectrum obtazined from neutral
cytochrome ¢' can be attributed to coordination of a carbonyl or carboxyl group
at the sixth site with histidine as the fifch ligand [308B].

A comparison of the kinetics of the reactions of [CN1™ and [N;] with Mb, and
with the octapeptide model system derived from cytochrome ¢, has shown that
{contrary to previous suggestions) steric effects appear to be cnergetically
unimporiant in these systems, while electrostatic effects and conformational
effects dominate the ligation kinetics [309]. In a study related to the function
of electron transport chains, [Fe(TPP}] has been shown to react with 1,4—quinones
to give iron(III)-containing dimers of the form shown in ¢56) {310].

[(TPP)Fe" **-0 o-re! 1 1¢TPP)]

{56)

Two groups have examined model conpounds for the iron isobacteriochlorin
prosthetic group (siroheme) observed in nitrite and sulphite reductases, which
have been shown to be the site of interaction of the substrate and the electron
transport chain. Holm and coworkers have prepared chloroiron(IIl) octaethyl-
isobacteriochlorin, (57), and have shown that the complex obtained by replace-
ment of C1 by Sar gives rise to an EPR spectrum that is closer to that of the
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(57}

natural system [31i]. Chang and Fajer have prepared dimethyl-gem—cctasthyl-
isobacteriochlorin (IH>) and have isolated the iron derivatives, [FenI(L)Cl],
[Fe''(L)(py)21, (Fe' (L)(py)cO)], [Fe'®(L)(2-deimid),] ana [Fe'®(L)(i-Meimid)(CO)].
This macrocyclic skeleton has an extremely low oxidation potential, and so
oxidation of the iron camplexes may involve loss of an electron from the ring
rather than from the metal. Thus, the reductases may utilise w-radical cations
similar to those suggested in catalyse and horseradish peroxidase [312].

Finally, in this section, discrepancies in the observed and calculated
diamagmetic corrections for TPP have been ascribed to iron impurity in commercial
samples of the ligand [313].

i.9.2 Cytochrome oridase and Fe—Cu containing model compounds

Cytochrome cxidase is a two heme centre, two copper centre containing enzyme.
Low temperature EPR spectroscopy accanpanying the reaction of fully reduced
cytochrane—c—oxidase with dioxygen has shown the presence of only two signals.
These are attributable to lew—spin (cytochrame a) 't and (Cua)2+. At the
completion of the reaction, 100% of Ou is in the 2+ state, but only 40% of
cytochrome a was present as low-spin Fe A mechanisp for the reaction
involving four intermediates has been advanced. The initial intermediate (I}
contains (cytochrome a)2 and (Cu 3*; intermediate (IIA} contains lcw—spln
{ cytochrome a.)3+ and (Cuﬂ) and 1ntem|ed.1.a.te {IIB} contains (cytachrome a.) * and
(Cu, y2* (4.e. identical total electron counts). Intermediate (IIB) is stable,
but {IIA} proceeds to {III), which contains low-spin {c¢ytochrome a) and
(Cu,)?* [314,315].

A similar study of the low temperature reaction of mixed valence state
eytochrame-c—oxidase {a>T.0ua2t.Cugt.2,%*} indicates that cytochrome a and Cu,
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remain as a®* and Cu,®* in 2 reaction involving three intermediates. On the
basis of these studies a mechaniam of the acticn of cytochrame-c—-oxidase has
been advanced, and this is shown in Scheme XIII [314,315].

L ] e ] [
2H20 .
qH
B o] [ eeer] [ o]
e 02
1
[32} [0.153302]2+] [§:2+ {%a302]3+]——-L-[£:2+ [%a302]3+]

SCHEME XIIIl: Proposed mechanism for the action of cytochrome-c-—oxidase.

Cn the basis of EPR and other evidence, it has been suggested that an
alternative model may be appropriate for cytochrame—c-oxidase, in which
cytochrane a acts as o twoe electron redox cenire {(Fe{il)}-w—wFe{Ill}w—aFo{IV}}.
This model does not require an antiferramagnetic coupling scheme [317].

Three ipnorganic systems have been examined as models for cytochrome-c-oxidase.
Buckingham and coworkers have prepared {a,u,u,a-tetra(2-nicotinamidophenyl }-
porphyrintchloroiron{IIl}), in which the ends of the picket-fence type chains
are capable as acting as donor ligands to a second metal atam, Reaction of this-
with copper{II) perchlorate gives (58). A structural study on this dimetallic

(58}

product shows very long Fe-Cl and Cu-Cl distances, indicating the presence of
weak bridging between the two metals. Magnetic geasurements are consistent

with the iron atam either being high-spin, or having a ground state with guantum
mechanical (5§ = %)-(5 = %) mixing: the copper has an § = } ground state. EPR
data support a bhigh-spin iron(III) configuration. FPhysical data show that copper
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incorporation morkedly effeces the electronic state of the iron atom [318]. An

alternative approach has been the preparation of {Feu(p—bipyri.midine)mn}
complexes, which are proposed as models of [(cytochrome :13)3* (imida.zole)Cu82+] .
The macrocycle (59) is capable of folding, and this can form the cis-complex

i 2+

T v PN oo

N N~ N/| Ny N T O

= ( ‘Fe I Ny

- N"I\N/ /|\0

N N “ N lN O—r
N v
{59) {60}

[Fe[(SQ)}(!)ip_\m)]2T which reacts with [Cufacac):l to form ¢(603. The cation
[Fef(sg)}(bimm)}2+ is low—spin; in the dinuclear complex, the iron is high-
spin at room temperaturc. A variable temperature susceptibility study shows the
dimer to contain magnetically isolated Fe{II) (5 = 2) and Cu{Il} (5 = %) ions,
with 7 = 0 through the bipyrimidine bridge. The Eﬂ‘ value for the Fe(IIl)/Fe(Ii}
couple is +H).6 V {vu, SCE) which is 700 mV lower than that of the low-spin
monamer. The E; value for the Cu{Ii)/Cu{l) couple is ~0.24 V (vs. SCE}. In
the natural sysEem, J>200 an T and thus these authors suggest the posasibility
of O, bridging rather than imidazole bridging (see Scheme XIV) {319].

(imid)Fe?t jou?t -
zut, 2e
O —H,0
/0-——(.1;2+ .
(imid)Fe >t — 0O :HO (imid)Fe3*—o0 —cu?*
—dz

SCHEME XIV: A proposed scheme for cytochrome-c-oxidase.

The third approach has been reaction of {Cu{salen)] with anbydrous FeCl, to
give the binuclear compound [Cu{salen)FeCl:], which has a magnetic moment of
cnly 1.34 g, suggesting very strong antiferrcmapnetic interaction.
{Cu(salen)Fe(ClO. ), ].2H,0 was also prepared. Again, formation of dimers lowered
redox potentials and the chemical elfects of this were demonstrated by the fact
that the Cull-Fe'l? dimer is reduced by ascorbic acid, although neither
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{cu(salen)] or the iren compounds alone are effected [320].
1.8.3 PRubredoxin, Ferredoxing and Fe-Mo-S clustar compounds

An X-ray crystallographic refinement of rubredoxin [rom Closcridiien pasteuriaiiion
at 1.2 A resolution has been published. The Fe-S distances are found to be in
the range 224 to 233 pm {at an average of 229 rm). The B parameters (which measure
the distribution of atoms around their mean positions) are relatively large,
implying that there are relatively large ampiitudes of atomic motion and thus
the molecule is pliable and readily deformed [321].

Inproved syntheses of the model coamplexes, TFezxz(Sg-xyl)zlz_ anad
{FEQXZ(SCGH;.Y)t.]z_ (X =8 or Se; S;—xyl = [1,2—C;,H=.{CHzS}g]2_; Y = H or Me) have
been developed. These involve reaction of FeCl.:, elemental X and [Sz—_\.-}rl]z—
(1:1:2) or [S.CsH.¥]™ (1:1:4) in the presence of ietraslkylammonium ions. In
the absence of these large cations, [FeuS.(SR). ]2 clusters are formed. The
selenium camounds have not been previcusiy reported, but exhibit spectra and
redox properties every similar to their sulphur-containing analogues {322].

A kinetic study of the reaction of [Fe;S;(SR).] clusters with [HgMe(X)] (X =
0,CMe or SCH2CO:K) shows the rate of sulphur extrusion to be much faster in the
case of the ethanoate. Initial attack by the mercury camplex is on the labile
sulphur, ultimately yielding [(MeRg),S] and [{{RS)HgMe}.} [323].

Antiferromagmetic exchange in the {Fe,S:}-ferredoxin from a blue green alga
has been studied with a very highly sensitive magnetic balance. Values of
~J = 182 and 98 em © were found for the oxidised and reduced forms, respectively.
This antiferramgnecic coupling has been studied by Xu-VB calculations., Other
MO calculations upon [Fe.S:(SH), ' (2 = 2 or 3) favour a ground state
configuration with ten unpaired electrons both high-spin iron(Iil) for the
oxidised form, and the reduced form containing Fe(II) and Fe(III) with longer
Fe-S bands to the Fe(II) centres [324].

Important papers have appeared on three iron ferredoxins containing {Fe;S;}
cores. Both ¥-ray structural and EPR evidence on the Fe-S5 clusters from Azebacter
vinlandii are consistent with the presence of {Fe,5,{(SR),} and {Fe,;S,} clusters
separated by about 11 A, The protein makes six contacts to the {FesS;} unit
[3251. The ferredoxin fram Desulphovibrio gigas mediates electron-transfer
between cytochrome ¢; and sulphite reductase. A Mossbauer aond EPR study of this
shows the presence of three iron atoms per monomer unit, and a spin concentration
of 0.9 spins per monamer unit, The Missbauer spectrum is very similar, if not
identical, to that of the low potential centre from Azcbacter vinelendii and
indicates the presence of an {Fe;S;} cluster here also [326].

Christoz and Garner have reported a convenient synthesis of [Fe,S5.(SR),
(R = Ph, CMe; or CHCH,OH) clusters from iron{Il) or iron(IIIl) chlorides,

1%
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elemental sulphur and MISR] (M = Li or Na} [327]. Holm and coworkers have
reported that FeCl..2H,0 reacts with Na[SPh] in methanol to give [Fe,{SPh)j 12-

(61), an intermmediate in the synthesis of [Fe.S.(SPh).}2". This novel cluster
S

l
P
\ S

(61; Pk groups
omitted for clarity)

has been isolated and characterised by X-ray methods; the anion (61) consists
of a tetrahedron of {Fe(SPh}} units linked to an octahedron of bridging {SPh}
units. It reacts smoothly with elemental sulphur to give the [Fe,S.(SPh).}<"
ion in 80% yieid [328].

[Fe.S.{5CMe;). 1% reacts with MeC(O){(Gly),(CysGly,), CysGlyNH, (2 = 0-3) with
exchange of SCiMe; groups and formation of the peptide bound cluster. For the
n = 0 peptide, four successive equilibrium constants were evaluated for the four
binding sites of the cluster {329]. The cluster [Fe..Sg.(thiocyclodextrin):.]2-
has been prepared and it was found that the presence of the hydroxyl pgroups of
the thiodextrin increased the ease of reduction of the {Fe,S,} core. The
reduction potential is intemmediate between those of {Fe,S,} in water, and cthose
of {Fe,S,} bound to alkylthiclate ligands in aprotic solvents [330].

Holm has now completed his important structural analysis of [Fe.S,(SR}.}
(n = 2 or 3) clusters. In the solid state [Fe.,S.,(SR)..]a_ clusters appear to
divide into two groups, those containing tetrégonal cores, and those containing
non-tetragonal cores. However, all exhibit the same structure in frozen
solution - an elongated tetragonal core. Thus the above differences are purely
crystallographic effects. These findings together with similar core uniformity
in the Fd__ analogues, {Fe,S.(SR). 12”, provide substantial experimental evidence
for an elongated D2 4 core as the stable configuration of the trianion and a
change to compressed Dz a structure on oxidation [331].

Holm has also studied the electron exchange kinetics for [Fe.S.(Sf),
[Fe,Se.(SCeHMe). ] (R = PhCH, or 4-MeC¢Ha; » = 2 or 3) by NMR methods. Rate
constants of the order of 10° to 10° % mo1 ! 571 place these among the faster

7 and
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inorganic self-exchange reactions. Thus, the slow rates abserved for natural
systems can be attributed to the retarding influences of the protein rather than
to intrinsically slow reactions of the clusters [332]. The kinetics of
[Cru(edtaﬂz)] reduction of [FeySe (SCH;C[-I;COZ);.]B_ shows reduction to the
heptaanion is too fast to be followed by stopped flow methods. With an excess
of [Cr(eclta.Hz)], production of an octaanion was monitored by stopped flow.
{Cr{edtaH;)] was incapable of producing super-reduced forms of [Fe.S.] protein
fram Closrridium pasteurianum or of the HIPTP protein from Chromatiwm vinoswrs
[333]. The kinetics of oxidation of [Fe.S.(SR).]>” clusters by a number of
inorganic oxidants has also been reported [334]. Photo-induced electron—transfer
from (Fe.S,(SR). 1% to methyl viologen, acenaphthaquinone or T(NE has been
published. In some cases, [{MoO(H.0)(cys){u-0)3}.] was used as a catalyst [335].
Electrochemical studies of ferrcdoxins absorbed onto a mercury electrode have
been reported [336} .

Ethyne has been used as a substitute for N. in probing nitrogen fixation and
it has now been shown that [Fe-.S-.(SPh)-.]S_ together with ethanoic acid and
ethanoic anhydride in #-methylpyrrolidene at 25 “C effects hamogeneous reduction
of ethyne to ethene {60% conversion). Deuterium incorporation is sterecselective
giving eis-CGID=CHD. The system is not catalytic, znd departed from the strict
stoicheiametry of equation {10), primarily because of a competing cluster

2{Fe.S.(SR). 17" + CoH, + 2H' — = 2[Fe 8, (SR}« }%~ + CuH. (10)

oxidation reaction [337]. The cluster [Fe.S.Cl.}?  containing labile terminal
chloride ligands, after treatment with Phli, is active in the hydrogenation of
eis- and trans-stilbines. PhLi treated [Fe.S.(SPh).]?” exhibits no activity
f238]. [Fe.S.(SR).] does, however, catalyse the oxidation of RSH to RSSR by
oxygen. The rate determining step of this process is believed to be electron-
transfer fram the cluster to 0, (339].

The cbservation of an {Fe:;MoS,} core in nitrogenase has generated considerable
activity in modelling ircn—molybdenum—sulphur clusters, principally by the
groups of Garmer and Holm. Holm and coworkers have renorted that the reactions
of [¥S.1%, FeCl,, RSH and NafOMel in an alcoholic solvent at room temperature
give [M,FecSs(SR)51%™ (M = Mo or W), [Mo,FeeSe(SR)3177, [M;Fe;Se(SR)y 1% ana
[M.FesSe(SR) ;2 17~ (M = Mo or W), which adopt the structures (62)-(64). X-ray
crystallography shows (62) and (63) are almost isodimensional, with Mo....Mo
distances of 366.8 and 330.6 pm respectively. Camplexes (64a) and (64b) display
trigonal antiprismatic coordination of the central iron atans. The elecironic
difference between the last two anions lies in the oxidation state of these
central iron atans; iron(Iil), prcbably low—spin, in (64a) and high-spin iron{II)
in (64b). EXAFS data for these clusters is in good agreoment with the Mo-S and



58

_ —3-
R i 13-
S S S R s
/\““mésln:o/l\ / \Lbég\bb/ \
rel_ / \ s P \ Fe o / \ R / Fa
s R s I s s st
€. ~Fe a
A e ]
T~ Fe Fe \Fe \Fe/
{(62) {63)

R R
5 s s 5
Fe/ P g\i& <S ;‘b/ \Fe
\l\s/ \g s \S 14 I
Fe. e }-Fe
s7 S S\ I )s
\Fe/ Fo J

{€4a; n = 3)
4)

{64b; n

Mo-Fe distances obtained by crystallography, but is not too close to the EXAFS
data for nitrogenase. NMR spectroscopy indicates that (62), (S4a) and (64b) all
exist in single isomeric forms in solution. (62) and (63) both show three—
membered electron-transfer series, whereas (64a) shows a four-membered series
with initial reduction of the bridging iron, giving (e4b), followed by
reduction in the clusters. Tie {Fejdo} clusters are electronically delocalised
and all iron atoms are virtually identical, with 2 mean oxidation state of 2.67.
The formal definitions of the cluster oxidation states are [{mIVFeZHIFeHS‘, }4"'
Mo TEre, TEre5, 13%) in (s2) and [fa0?!lFe, T irells, },3%) in (63), (64a) and
(64ab) [340].

Garner and coworkers have also reported [Fe W.S, (SEt)g]S_, which is
isanorphous with the molybdenum analogue. This anion undergoes twe cne—electron
reduction steps at -0.46 V (-0.51 V) and -1.56 Vv (-1.76 V) {(vs. A.ng.g+; values
for the molybdenum analogue in parentheses), but unlike the molybdenum analogue
these reductions are reversible. This may be relevant to the low activity observed
when nitrogenase is reconstituted with tungsten in place of molybdenum [341].
These workers have also reported [Feshbsg(SR)g]a" (R = Ph, Cl1-4-CgH,, Me—d4—CgH,
or Et) and presented detailed NMR, MOssbauer and electrochemical studies. On
the basis of the isomer shifts, iron is assigned an oxidation state of 2.5, thus
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giving the molybdenum or tungsten atams formal oxidation states between 3 and 4
[342]. The comlexes [FeeM.S,(SPh)e(OMe)}>]®" (M = Mo or W) have also been
prepared and in these cases, the two {Fe,MS.} cubes are linked by three methoxy
groups (342,343]. Reaction of [Fesmzsa(sn)g]a‘ (R = Et, PhCH; or CHpCH (&)
with PhCOX (X = C1 or Br) leads to replacement of all Fe-bonded terminal SR
groups to give [FegMo,Sg(SR) 3X5]6_, the bridging SR groups being unaffected [344].
Hydrogenase contains {Fe.5.} and {Fe.;5;} ferredoxin units, but treaament of
{Fehsu(SPh)l.]S_ with weak acids gives oxidation without dihydrogen formation,
and the use of strong acids gives rise to cluster decomposition. However,
[FeuS. (E‘E’h)g]aﬁ in dma with PhSH gives [FEuSn(EPh)&.}z_, {PhS]” and H; (11-31%
after 24 h). With [Feghbzsg(SPh)g]s_ {formed by reduction of the trianion) and
PhSH, dihydrogen is produced in 80-100% yield after 600 min, according to
equation {11). This deamonstrated that this reduction needs a low potential tweo-

[Fead,Se(SPh)a17" + OPhSH —— = [Fegdn,8, (Ph)a1°" + 2{PhS]™ + H, (11)

electron reductant [345]. [FesMosSe(SCHCH,0H)91%", [Fe.S.{SCH,CH,GH).1%" and
[Fe.Se. (SCH,CH,0H)o 12~ have all been used to replace the ferredoxin in
Clostridiunm pasteuricnun, and have mediated electron-transfer in hydrogenase
activity [348].

A murber of simpler Fe-Mo-S5 canmpounds have been prepared. Two groups have
reported the preparation of [Clee(u—S)zMoszlz_ from [l’LbS..]zn and anhydrous
FeCl, [347,348]. A structural study of this anion confirms the tetrahedral
geanetry of both metal ions {r(Fe....Mo) = 277.5 pm} [347]. Although covered
in detail elsewhere, those working in this area may be interested in the
preparation of a number of Mo—Cu-8 clusters as part of this work {347]. Treat-
ment of [Cl,Fe(u-S),M0S;12" with RSH (R = Ph or 4-MeCeH,) and Et:N gives
{(RS)gFe(u-S)glsbS_]z_ [348]. This anion, and its tungsten analogue, have also
been prepared starting with [Fe(SPh)l.]z_ in dnf. X-ray structural studies have
also been performed on the molybdenum camplex [348,349]1. Reaction of the
molybdenum and tungsten anions with ten equivalents of [(C-H;S).] gives
[(55)Fe(p-S; )L‘Bz]z_ The structure of the molybdenum containing anion (€5) has

(63)

also been reported, and its electronic spectrum is very similar to the spectrum
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of acid-treated, reneutralised Fe-Mo protein fram Clostridium pasteurioum [349].
[.\bsl.]z' reacts with [Fe(S,0FEt};] in dnf-MeCN to yield [S;M{1—8) Fe{p—5)MoS;
which contains tetrahedrally coordinated metal atans with a slight bend in the
Mo...Fe...Mo backbone {MofeNo = 173°; r(Fe-S) = 225.6; r(Mo-S,__ ) = 217.1;
(M-S, ) = 225.6 pm}. The previcusly reported [Fe,Mpo.Sx 1 anion is, in fact,

»

]3—

this anion [350].

[Fe:5,(SPh). 1% reacts with [}0S.]%” in MeCN at roam temperature to give
[{(PhS),Fe{p-5) . Fe(p-5) zlbsz}a_, which contains antiferramagnetically coupled
Fes* (5 = %) and an [Fez"'SzMos"-Sz] (5 = 2} unit giving a net 5 = % ground state
[351]. [Fe.S.(SCMe;)v}2 reacts with (308,32 in McCN-HCONHME to form
[Fe.(u-S). (M0S. ). )%, which retains the (Fe.S.} core, but has a bidentate [MoS,

ion linked to each iron atam [352].

1%

1.6.4 Iron storage and ctransport

Three iron—-containing non-hare components of the cytosol have heen identified
from rabbit reticulocytes. These are ferritin, transferrin and a third, as yet
uncharacterised compenent termed *'binding protein IV [353]. 1It, therefore, seems
that further development in the elucidation of rhe details of iron storage can
be expected. The K-absorption edge EXATS spectrum of human diferric transferrin
has been compared with those of some model campounds. The results suggested

the iron(ITl) sites are not tetrahedral, but ¢ould not distinguish between six-
and seven-coordination. EPR spectroscopy suggests, however, they are oot simple
octzhedral sites [354].

Entercbactin, the microbial iron transport compound containing three catechol
groups, has been isolated from Xlebsielia prewnonize. The stability constant
for the addition of Fe3+ to enterobactin {ent) has been determined and the value
of 10 is the largest for any known iron(III) complex. [Fe(ent)]®” undergoes
three sequential protonations that correspond toe the conversion of catecholate
to salicylate. The complex anian can also be reduced electrochemically at pH>10,
but the reduction potential (-1.230 V vs. SCE) is consistent with suggestions
that it is too low for physiological reduction, and consequently the complex must
be hydrolysed to permit iron reductior and removal [355]. Ferrcus enterobactin
has been isclated from £. Coli and its Missbauer and electronic spectra examined
[3s58].

Formation constants for iron(III) complexes of the enterchactin analogues
1,5,9-N 4 ,#"—tris—(2,3-dihydroxybenzoyl cyclotriazatridecane and 1,3 ,5-#,¥° ,#"'—
tris-{2,3-dihydroxybenzoyl }triaminomethylbenzene are 10°% and 10"’ respectively,
and these are the largest measured values for any synthetic fron{III} complex.
Both complexes undergo a series of protconations which shift the mode of ligation
from use of two phenolic sites to use of carbonyl and phenolate sites, The
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relevance of these results to chelation therapy of chronic iron overload, as in
Cooley's anaemia, were discussed [357].

Studies have been made that were aimed at finding irn vitro chemical criteria
which can be used as indicators of bilogiecal activity with the eventual aim of
designing metal chelates as suitable sources of varicus trace elements essential
o mammalian nutrition. A previcus study of acetchydroxamate has now been
supplamented by examination of iron(III) glycinehydroxamate, The results showed
no production of polymeric species, a fact felt to be important for rapid
transfer. The couplex donates iron rapidly to apo-transferrin and the free
ligand effectively depolymerises iron citrate polymers, a reaction used as a
model for the requirement of abstracting iron from ferritin. 7The potential was
thus indicated for the transfer ferritin ——etransfer agent ——s=transferrin
sequence [358],

The thiohydroxamate [Fe{ONR'CR(=S5)}.:1 (R = H, R' = Me) can be obtained fram
Pseudomonas fluoreseens and displays antibiotic and iron transport properties.
The related compounds with {R = H, Ph, Me—4-C¢H, or Ph(H,; R’ = H, ke, Ph or
cych}) have been synthesised and have been shown by electrochemical studies to
undergo rapid one—electron reduction [359]. The camplexes [Fe{R'C(ON(OIR" }{(H,0}.1%"
(R' = Me or Ph; R" = H, Me or Ph) have also been prepared [360].

A study has also been made of the interaction of desferrioxamine B and o
polymeric hydroxamine acid containing thirty-three hydroxamic acid grouns with
hydrosols consisting of uniform spherical a-Fez0Q; particles [361].

An E-tay structural study on tris-({#-methylthicbenzchydroxamro)iron(Iil} shows
a crs arrangement of ligands in 2 trigonally distorted octahedral coordination
sphere (twist angle = 42.9°, away from the Trigonal prism) [362]. The structure
of the linear tricatechol siderophore, agrobactin has also beer determined. This

coordinates iron{Iil} at the six sites marked * in (66) {363].

Q
:{; o* /o
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O O
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(65)
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Fusarinines are one of the seven known families of siderophores (the others
are ferrichromes, ferrioxamines, rhodorulic acids, aerchactins, entercbactins and
mycobactins), and one of these, ferric-#,¥',¥'-triacetylfusarinine has been
isolated fram a Peritciliiwn Strain and studied by X-ray crystallography (67).

NH
0 0
R ;
ON\Fe
\0

(67)

The molecule displays distorted octehedral coordination, and is relatively disc—
like with a2 total thickness of eca. 450 pm. The olecules obtained- from CgHe-EtOH
assume the A—eis absolute configuration but molecules obtained from CHCla, and
all molecules when in solution, are in the A-eis form [364].

Ferrichrane has been isclated from the smut funpus Uscilago sphaercogena and
its structure determined (68). The six cxygen atams of the Na—acetyl*ﬂa—
hydroxy-L~ornithine residue are coordinated to iron(III) in a distorted octahedral
array [365].

{68)
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Lactoferrin occurs in high concentration in human milk and although its
rhysiological rfle has not been defined, it is thought to bind iron strongly and
be responsible for iron depletion. It has a meolecular weight of about 80000
Dnltons, and binds two high-spin iron{III) ions and two hydrogencarbonate icns.
Some evidence suggests the iron is bound to Ttwo or three tyrosine residues and
a water molecule. A study has been reported of iron(Iil) phenclates as models
for lactoferrin that have an {Fe0.#.0:} core (O=phenolate; #¥=aliphatic or
aromatic N; O'scarboxylate or alkoxy). The structure of one of these, (89},
has been determined, and others have been characterised spectroscopically,

!z._
IZ y/

QO
/

\
/
o AY

(69; L = MeOH)

Collectively, these data support a structure for diferric lactoferrin in which
the metal atans occupy sites of rhombic symnetry, being bbund to three tyrosines
and two cis histadinyl residues: the hydrogencarbonate lons may hydrogen bond
to the coordinated water molecule [366].

1.8.5 Other studies

Hemerythin is an invertebrate respiratory protein containing two non-hems
iron atams at each C;-binding site. In both oxyhemerythin and methemerythin,
the pairs of iron atams are present as antiferrcmagnetically coupled high-spin
iron(III}. Previocus X-ray crystallographic studies suggested that both iron
atoms were octahedral, but the resolution was not high enough to determine the
degree of regularity. Electronic spectroscopy suggests, however, that the iron
atoms are inequivalently ligated by two and three histadine residues respectively
[367]. The camplex formed between sulphide and methemerythin has been
characterised by resonance Haman spectroscopy, and at pH 8.0 probably contains
re! s pe’ !} units [368].

The iron centre in ribonucleotide reductase from E. Coli consists of two
non—identical subunits, B; and B., both subunits constituting the active site.
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Unit B; contains two iron atams and a tyrosinyl free radical, the metal probably
being present as an (Fe' L o0-Fel T} unit [369].

The high-spin cation [FeL;}%®* (L = biimHl) reacts with 0, in aprotic media to
produce an iron(IIT} complex in which one L ligand has been deprotonated, a
finding relevant to the speculation on the rSle of the distal imidazole ligand
in the reversible binding of 0. to Hb or Mb, and in particular whether the
imidazole hydrogen bonds to Oz. Production of the hiph-spin iron{III) caumplex
is accompanied by that of water, and the mechanism in Scheme XV has been suggested
{370]. An equilibrium study on tryptophan binding to iron{II} and iron(III}
enzymes has led to the suggestion that the principal pathway of indoleamine-2,3-
dioxygenase involves initial Fel'—tryptophan binding followed by reaction with
0, [371]. Oxidative ring cleavege of 3,5-di-verz-butylcatechol with total
incorporation of O, is catalysed by FeCla in the presence of bipy and py [372].

A system designed to mimic mixed-function oxidases in the hydroxylation of
alkanes, based on iron{II}, O: and ¥-alkyl-2-hydroxybenzylammonium chlorides,
has been developed. However, alkane cxidation proceeded with minimal selectivity.
The oxidation of anisole and toluene takes place with a selectivity dependent
upon the pature of the ¥-alkylammonium chloride [373]. Hydroxylation of aniline
has been achieved by Systems based on iron(II) camplexes and thiols {374].
Contrary to previous claims, it has been found thot aqueous FeCl, i=s, at best,
a Feeble catalyst for the aerial oxidation of indole-3-ethancic acid, and thus
it is not a good model for peroxidese [3751. In contrast, tm;ns-iFe(terpy)(C&-l)ﬂ*’
bound to poly D- or poly I-glutamate is a pood catalyst for the oxidation of
ascorbic acid by H:0. [376]. Iron(III) corrole complexes catalyse the hydration
of alkenes with concomitant reduction to iron{II) species: re-oxidation of the
metal is achieved by Q. [3771.

There has been same interest in vitamin Bs related complexes of ireon,
Pyridoxal is important in enzymatic trensamination and the reaction is
catalysed by iron(III) among other metals., The complexes [Fe(L! )]2+ and
{Fe(IH}(L'H)}** (IH = pyridoxal, L'H = picolinic acid) have been studied [378].
Tron{ITI) complexes of pyridoxylideneglycine {(H.plgly} and 5'-phosphopyridoxylidene—
glycine {Haplpgly) have been prepared. The monameric five-coordinate high-spin
species [Fe(plgly(H:0)X] (X = Cl, Br ar 0:CMe) and [Fe(plpgly)(Hz0)(0:Che)]
were obtained and IR data indicate coordination through azomethine ¥, phenolic
0 and carboxylic @ in both cases [379]. Slow aerial evaporation of an agquecus
mixture of pyridoxal, alanine and Fe(C'J.O:.)z gives the binuclear iron{IIL)
complex of the ligand ¢71y [380].

Bleawycins (BIM) are a family of histidine containing glycopeptide antibiotics
with anti—-tumour properties. This anti—-tumour activity is believed to involve
iron({II) and oxygen and is believed to occur by reducing O: to a more reactive
species in the vicinity of a susceptible DNA bond, thereby leading to its cleavage.
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SCHEME XV: The reaction of {Fe(BiirrH);]z"' with O; (rd = rate determining step).

Fe(II)-BIM canplexes also form low-spin adducts with CO, RNC and NO which

inhibit their activity (Scheme XVI). However, with ceyanide a high-spin
BiM-Fellcn agduct is formed, as well as a low—spin BIM-Fe' 11 on adduce. It

kas been reported that the Fen-Oz—Bui—[CN]_ system is more efficient in
producing the active [0,]” and [OH]- radicals than Fe-BIMO, alone [381]. Studies



66

{(71) (72)

on iron belamvcein camplexes have established the coordination geometry shown
in (72) and the iron{Il) complexes have been shown to complex with dioxygen
and efficiently forms [0.)" and [GH] radicals [382].

02
BLi-Fell — Blurell o,
BLA-Fe-L BLAL-Fe'® /(oz]_

SCHEME, XVi: The activity of Fe{II}-BLM camplexes (L. = CO, RNC or NO}.

Aconitase is an enzyme which catalyses the dehydration of citrate, and which
requires iron(II} and a reducing agent to attain maximm activity., An
equilibrium study of irdn{il) citrate complexes is therefcre relevant to the
action of this enzyme, as well as to pastrointenstinal absorption of essential
metals, Stability constants for [Fez(citH):] and [Mna(citH),] show that the
complexes have very similar stabilities, a fact in accord with manganese
inhibition of aconitase activity [383].

There has been considerable interest in metal riboflavin camplexes, but
riboflavin-5'-phosphate {H.L) has not keen previousiy studied. It has now been
shown that the complex [FeL{OH)].3H:0 can be isolated [3841. Camoquin (L'},
which is more active than qguinine zgainst malaria, forms the complex
[{Fe(S0.)},L*].4H0 [385].
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