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K._MnO, 4411~. In sharp contrast, the next three eIements (Fe, Co, Ni) only rarely from 
compounds in oxidation state higher than +3 (Fe, Co) or +2 @li). For many years high 
valencies of these three elements were represented by a few paorly characterised com- 

sr :, and attracted little interest* The rapid growt 
interest in unusual oxidation states has greatly 

compounds. More recently several workers have questIone 
complexes actually contain a hi& oxidation state of the metal, or whether they are better 
described as containing cation-stabilised radical ligands. This review is concerned with the 
chemistry of iron (IV), - (V), - (W)t cobalt (IV), - (V), nickel (HI), -(IV), and certain 
aspects of cobalt (III) chern~t~. Cornp~~~ds have been i~c~~~ed in this review when beg 
formal oxidation state corresponds to one of these. In a number of cases, of which that of 
dithiolene ligands is probably best known, the assignment of an oxidation state is very dif- 

ases have normally been included *_ There is a paucity of thermodynamic 
data on these hi oxidation state compounds, and hence this review is of necessity Iargely 

a&. it is hoped that a c~~~i~ation of the k~uwn data will lead to fur- 
fher work and ratio~~isatio~ in this sti 

IS, IRON 

The furma~~~n of a d 
fusion of iron and potas 
Fremy4 showed that 
iron (QJ) compounds were re 

soiution when wa was added to the product of 
e was noted by St 3 as long ago as 1702, 
four was due to ssium ferrate, Kz Fe0 

Iron (IV) is best known in o compounds, the ferrates (IV). There are also a few halo 
and hydride species stabilised by phosphorus and arsenic donor ligands, and a number of 
di~olates, Iron (V) and - (VI) are res &ted to ferrates (v) and - (VI), the former rare 
and ~~~o~~~~~~~y ~~~r~ct~r~~~. Iran f V) and to a much fess ~x~~~~ iron CLf) have been 
reported in certain biological systems. 

f&j ~~~~~ ~~~~~~ 
heifer FeF, nor the FeFz- ion have been prepared. Kle and mussy boded that 

fluorination of a KC l/FeC 1 j mixture produced only the complex, K,FeF,; no 
further studies seem to have been reported. A study of the ressure fluorination of 
2CsC 1 - FeC 1, would be interesting. The lattice energy an of the hypothetical FeF, 
have been calculated using the Ka~~~~ns~ f~r~~~~. 

~~~~~a~ de ykkkP an oxide I? #J9 whkh ~~~~= 491 B 
dose to the Y4 in d4 f=ew . This due may be rn~e~d~ since 

the product hay no e magnetically dilute. It has been estimated’ that Fe,O, would not 
be oxidised to Fe02 by oxygen at pressure lower than 40 kbar. Impure MFeOa(?M = Ba, Sr) 

* We Ike not attempted to arrive at tiy conclusions about the biidatkm states or the best de&p- 
tiffns of the ~~~~~ in su& u3 unds, indeed bud further work is moessary b&re this cm be 
done; rathet, wf5 &W ~~~e~~t~ OR ~~~~ t ether the bowl facts oa sucfi ~~~un~~ 
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were originally prepared’ by heating mixtures of 
aund prepared’0 at 680-720” by this meth 

der et al. reported two forms of BaFeU,, an amorphous black form obtained by decom- 
posing BaFeO, with aqueous alkali, and a dark grey crysWine form prepared by thermal 

d~~~~~~~~~~~ of BaFeO, in ~x~~~~~~-~~* ation of these co 
been coiffed by ~~~~a~ ~UF~~~~14 * whu report, however, that the black. form has a 
hexagonal structure, and is not amorphous. Thermal decomposition of strontium and 
barium oxalato ferrates (III), and fusion of Fe,O, tith the metal carbonates in oxygen, 

leads to compounds containing both Fe”’ and Ferv , whose compositions are highly var- 

. Under appropriate ons compositions from MFeO, 2_5-MFeO, 3-0 can be 
and the v~ia~o~ in ies and str~ct~~~s with s omet~ has been exa-. 

e03 being veFy sitiar 
to &exagonal BaTiQ,. The mixed-metal Ba(Fe$ Ti$O, has been prepared26; Sr,Fe,O,, 

forrned by heating Fe@, and SrCCl, in a 1 : 3 ratio in oxygen, has a related structure, 
consisting of pairs of perovskite layers separated by a layer of strontium and oxide 
ions21 ,22,2?,21 

. ~~ssbau~r spectroscopy has been p~~~~c~~~~y va~~~~~~ for identifying the 

presence of iron (IV) in these compounds’g~21-2J~2~. 
The only alkali-metaf metaferrate (IV) is Li,Fe0,, which results from heating IC,FeO, 

. with excess LiOH and extracting the excess alkali with alcohol? A LilFeOJLiFeOz phase 
is formed by heating LiFeO, with L&O under pressure in oxygen 
slowed that Ag,FeO,, and not AgzFeO, (ref. 

m or~oferrat~s (Iv), 
jaj2 
posed by rnineraI acids 

similar X-ray powder pattern to that of Ba*TiOe, it may contain discrete FeOi- ions3’*32. 
Black Na4Fe04, formed by fusion of NazO with Fez03 in oxygen at 450°, is very hygro- 

scopic, unlike the barium compo~nds~ and dispr~pur~~ona~es in dilute aqueous a&ah_ 

The vibrational spectra of Na,FeO, and Ba,F 4 have been reported (Table I). The 
only representative af the third type of ferrate (IV) is Ba,FeO,, obtlained31 by fusion of 

Baj iFe@fiM 2 and Bz@-I)~ in ark Fe : Ba ratio af 1 : 3 at 9OCY?Z! in oxygen, It is iso- 

s~~ct~~~~ wan Cs&oC 15 with 4 = 1,323 f ~~~~4 a, e = I I .752 2 ~~~~~ J& c/a = I .605. 

The ionic radius of Fe4* has been estimated~~ as 0.58 A. 

The oxidation of [Fe@AS)2 X2 3 [Fe&l (DAS = o-phenylenebisdi~etl~~~, 
X = Cf , Br) with nitric acid, followed by addition of the appropriate anion led to the 
~~~t~o~3~?36 of black @WZS- [Fe BF,, ReO, 3 CK&). The ma 
~~rnents are consis a.I ~on~~~~~n with a Iarge t 
distortiion;.and MEis ground state is d& dxzdyz. 
a prehminaq report {F-DAS = Q-C~F@~M~~)~ )_ Aresta 
et r&s’ prepared yellow FeH, (PR,), (PR, = PEtPh, 3 PBuPh,) by reaction of NaBI=&, PR., 

and FeCI, - 2&O in ethanol. These complexes reversibfy tose hydrogen to form FeH,(PR&, 



Vr%rational spectra of ~~~aoxoanioRs (cm-x) 

B%Ff% 762 257 857 314 33 
N#?kO~ 796 280 878 338 33 

W&4 776 265 805 335 33 

830 340 796 i 319 33,88,89 

745 - 805 I 
335,346 74 
325,337 83 

! @w 790 814 282 74,83,89 
800 280,314 74 

771 8~~ 310,322,332 83 

855 340 33 

and are converted to FeID salts by I2 or HCl? On dissolving FeHz (dPe), (dPe =: 1 z 2- 
bisdiphenylphosp~oethane) in ~e~c~or~~ acid, [F&I3 (dPe)z] Gl& forms, the reaction 

liurato camplexes are u OW&‘~~’ althaugh such figands 
stabilise Mn Iv, NiW9 and Cum. HulIigerG3 suggested that FeP2, FeA.s2, and FeSbl are 
64 systems on the basis of their magnetic properties, in contrast to FeS, , FeSe2, and FeTe,, 
which are Fe fI compounds- 

are Kiowa. There have been several descrig- 
and c~n~nsns of unison at the ~r~~~t 
rather than a high oxidation state, although 

the subject is far from closed. The work has been comprehensively reviewed by Male- 
verty4s. The dark green tris-MN’I’ (MN?’ = maleonitriledithiolate diarmion) complexes are 
~~~~ ~t~r~st~~. 

, [Fe(MNT)3]2-I to the [Fe@lNT).J 3- ion, the a ectron entered 
an orbital which was predo minantiy metaLlic in character, i.e. that the metal rather than the 
Ligar&s was red he [Fe(MN’T),] 2- ion tahedrai”‘. YandeU and Sutir?” studied the 

. ~~~~C~ and eq of the ~~~~~0~~ of [Fe 
waft evolve ~~r~~ ~e~~~~~n of the metal. nt ac~~~~t of the s~ucture of bis- 
(N, 1V_diethyIdithioearbamato)cb- I f 2-bis(f.rifIu ethyl) ethylene-l, 2ditioIate iron, 
Ef~rr~ks and co-workerss* have d&cussed the dr the measured C--S ar,d ’ 
C-C bond lengths in dithiolates to the bonding and.oxidation state of the metal. 

isofation of iron (Iv) complexes of NJVdisubstituted ditioearbamates 

NW133 BF4 @b =~~~,~~~~~-~z,~~, -~~~~~~-~~~~~e~ ac~~v~~ ~~~~a 
the ~js~~~~~~b~a~~~ ~~~~~~~ corn~l~x~s wan BF, in benzene solution 

* Added in proof: It has been suggested that these compounds are borohydrides and hence not FeIV 
compounds. A-T. Hsiek, J.D. Ruddick and G. Wdkinson, J. C&em 22-1~. Ddfern, (1972) 1966. 



presence of air ‘? These black ccmqlexes have magnetic moments in the range 3.15 - 3.37 
B&l., and Mijssbauet spectra consistent with the presence of FeN. Tris(N-methyl-N-ben- 
~ld~~u~rb~to~ iron @‘V) ~e~a~uorobo~t~ s also been ~~~~~ed and its ~~~o~~- 
cular ~e~~gerne~t studied by ~~~~A. 

The formation of oxides such as FezO, or Fe,O, as intermediates in the reactions of 
iron salts with H,O, or oxygen was suggested many years ago? More recently5’ the ferry1 
iun Fe02+ has been proposed as an intermediate in the H,O, datim of Fen salts; al- 
tmmtive schemess5 involve FeU of’??@ and free radicals species such as HOi or HO’. 
Support for the ferry1 ions6 and for Fe0,H3* (refs, 57,58) have been reported, it shuuld 

e remembered at t&e e~de~c~ for these species is indirect, eir presence be ~~~rre~ 
from the results of kinetic or tracer studies. 

Fe~~yo~i~b~n and the pruduct of H,O, oxidation of horseradish peroxidase were early 
pfes of b~~~~~~~~ compounds which ap~a~~~t~y contain some b&her ux~d~~~~ state 

The ~ornple~~ of such systems s led to different ~te~retati~~ of the ex- 
perimental data: for example, although it is agreed that one of the oxidation products 
fi-am horseradish peroxidase contains one oxidising equivalent above Fenr, this has been 
variously interpreted as due to FeN (refs. 59,fiZ) 62) to Fen ar FeIn complexes of ox- 

ligands63, considerable u~c~rta~ty stiLl surrounds the site of the oxidi 
A s~ve~~~o~rd~~~te Fe W complex has been ~ro~used in 

n model for 0, binding to haemogIobin’s. George66 has discussed the 
Ferv/FeIil redox eouoles in some oxidase systems. 

ran (v) is a very rare oxid~~o~ state, the first example K 
cently as 1953. Impure K,FeO, was obtaineda by heating 

K : Fe ratio in oxygen at 4SO*C_ The black product had p B.M., a reasonable value 
for 8. FeV (spin-only value 3.87 B.M.). &holder et a1,6’ d tthat a mixturt?, of K,FeO, 
and Na,F&, could be obtained by heating K.$W3, with at 450-600°C. Pure 
K$eO, is best prepared from KC& and Fe, n at 7~~-7~~#~ with as short a 
reaction time as ~ossib~e’~, and ~b~~e0~ is s F:20_3. 

The sodium salt crmnot be prepared simila 80 % conversion 3 into 
heating in oxygen at 120 atm. Only K,FeU, has been studied in any 

oxyken above 7OO”C, it decomposes into KJ%Qp, whilst a 
into KFeC?, and KO,. ~i~ro~o~ionat~~~ occurs in dilu 

producing Few and FeIU in the expected 2 : 1 ratio *. In cold, very concentrated al- 
kali disproportionation does not occur ? X-ray studies are said to show the presence of a 
tetrahedral F&B:” ion%. The vibrational spectrum of KaFeO, has been reported, but the 

has not been st~d~ed~ T is unf~r~~~t~ sirzce the F&i- ion is the 
0 pie of Ii 3d3 tetraox~~on- 

57 has suggested that the FeO’+ ion is produced in the Fe3+ -catalys 
position of H,C+ Iron (V) has been suggested to occur in cert& biologkal systems, and as 
with iron (IV) the dab are open ta various interpretations. Thus, the green oxidation product 



has two oxidising equivalents above Fe”, and its magnetic 
es are not inconsistent73 with the presence of Fev. However, the Mossbauer spec- 

sts that the oxidising power is associated with some part of the ligand, and is 
d on the irone2. (See also refs. 63,64,66 and references bergs.) 

The chemistry of FeW is confined to the ferrates (VI). It is possible that oxide htides 
could be prepared, and the reactions of K&FeO, with HSO,X(X = F, C I) and I-IF may be 
worth ~x~~~~~ (cf. &In, Cr). There are essentiahy three routes to f~~~~~e~ (VI>: eIectra- 
lysis of a ~~~c~~trate~ ali solution with an iron ~~de~~~~ oxi~~~~~ of iron (III) oxide 
in an alkaline melt”, an xidation 
&FeCL, is best prepared6g~80~83 

of iron (III) in concentrated aqueous alk&30~G917s-~. 
by oxidation of Fez03 l aq, FeC&, or Fe(N03)3 in con- 

centrated aqueous KOH with KC10 or K&O. Audette and Quaila have described the 
preparation of very pure (>99.S%) K, Rb and Cs salts. CstFe04 can also be prepbredm 
from Fez& and CsOz in oxygen at 28 OC, a reaction which appare 
witti K. or Rb. Me~~esis in the ~ornp~~t~ ~b~e~~~ of CO2 yields the s 
and Ba ~ts4g~~~s~s~~~6. Th e very soluble sodium salt has been obtai 
pure condition by metathesis of NaClO4 and K2FeOa in aqueous solution, or by elecm 
trolysis 75-77. A number of other metal ferrates (VI) have been described’-30 but con- 
furnation is lacking. The alkali-metal ferrates (VI) have the or~orhombic fl-K2S04 struc- 
ture78*8~87, ~thou~ accurate dim~ns of the FeO$-- iun are la 
~gneti~ moments are ~0~~~~~~~~: 

RbzFe04(2.92 KM.), , BaFeOs (3.15 I3.M 
reported by different wo rs7gYs4*86 being due to contamination of the samples with 
iron (III). The vibrational (Table I), EPI?.P6P1 and spectra have been rem 
ported. The electronic spectrum of the FeOz- io I) has been va~iou~y assigned 
(Table 2jw-? 

The values of the FeQ$-/Fe redox couples in acid and alkaline solution, according 
to Wood*O”, are respectively 

Fe”++4H,O+FeO&-+8H?=+3 - ti = +2.2-v 

V and .._ 0.9 V, respectively. Woodrdb 
115 + 1 kcalmole-’ from a study of the 

n, wmt BaF 
of the K, Ba, and Sr 
e ferrate (VI) jon de ; 

_ try has been little studied; only the 
reactions af analytical itlterest have been discussed in detail. Thus it oxidises arsenite” 5 

I lo), 10; (ref. I 1 I), SOg- (ref. 108), H,O, (ref. 1’08), I- (ref. 78), e (ref, 
o~ols~,~~2,11~ . 



Oxidation states higher than 6 are unknown, Russian workers1143115 have performed 
same calculations on the hypothetical FeO,, Ferrates (VIII), e.g. E&FeO,, were reported 
by ~ural~~t~h~ l6 many years qo, but the cl * has not been ~~~~~~~. Mare 
~‘~er~~r~ates~’ have appeared in ~c~o~~ts of the ~h~~st~ of ~~rta~~ steel pro 
cesses, e.g. ref. i 17, but no evidence to substantiate such cl$ms is given in the reports. 

C., COBALT 

The ~~Q~~~~a~~n ~~~~~t~ sE cobalt (HI) is ext~~s~~~, zmd only certain selected as- 
pects are deluded here, Tabk 3 contains a Zflst of previous reviews on aspects of cobalt 

(III) chemistry, The present paper is limited to simple cobalt (III) compounds and to coor- 
dination complexes of those Qands which stabilize nickel (III) or cobalt (I%$ with the ob- 
ject of providing data for com&rative purposes and to facilitate continuity. 

Cobalt (IVr) is a rare ~~dat~~n state beam dinted to fluoro and 0x0 ~~rn~~~~es. Cobalt 
s been reported only in coba 

TA3LE 2 

Specbd a&g ents of the femte (VI) ion 



by ~~or~a~on of c 
B,urfromCoC12 and 

BrF, (ref. 124). Ruff and Ascher’18 report its reaction with a number of metals, non- 
metals, and simple compounds_ The same workers reported that CoF, decomposed to CoF, 
on heating , If8 but more recent work 125*‘26 has shown that CoF, is thermally stable and 
that the Cof;, is formed by hydrolysis. The s~~~ture is rhombohedr~1~9~*2’~ a = 5.279 A, 
ac = 56.97”, ~~~s~st~g of CoF, o~t~~dra with Co-F = 1.89 A. S tfy different vafues 
for the magnetic moment have been reported --j.i&= 2.46 ~.~_(r~f. 128)or2.1 B.M.(ref. 
129). The use of CoF, in the fluorination of organic compounds has been reviewed by 
Stacey and T%tlow? 

CoF3 * 3,5H20 is farmed as a green powder by electrolytic oxidation of Co= in 40% 
~ueo~s ~yd~o~uo~~ a 3f*? Its structure has not been d rmined but from a study 

of its ~~~~~~~~ y velstls tern 8 = 60 3, Clark et aP 
concluded it was probably [CoF, (H,O) 5H20 and not [Co&O),] [CoP,] l H,O. A 
compound CoF, - 3H,O, isomorphous with ar-AlF3 - 3H20, has been reportedIS. 

An unstable dark green CoCl, was reported marry years ag~“‘~‘~ but has not been 
~~rrnody~~c rationa~~~tion of the ~stab~ty of Co?& 

reason and SharpeX3’. 
formed by addition of RF ts the sorption produced on 

electrolytic oxidation of Co”[ in 40% HF; attempts to repeat this work or to extend it to 
the preparation of the (unknawn) (NH,),CoF, have failedr3’*rW. Blue hexafluorocobal- 
tates (III), M3CoFg, are formed by fluorination of 3MC 1 9 Cl’oCl, or, preferably, M,Co(CP& 
(M = Li, Na, K, Rb, CS)~~‘~‘~“~~ L K#aCoF, and Ba, [Co were also pre~~ed14~ but 
~uor~a~o~ of ~~o(C~)~ traduced only a aware of and CoF,, ~~~s~rnab~y due to 
the u~avo~r~~~~ lattice energy of “LaCoF,‘*. Klemm et reported the M&OF, com- 

m1 qounds as cubic (Table 4), t Meyers and Cottonr41 have wn that only K,NaCo& is 
rigorously cubic, the other ing distorted to v-g degr Na,CoF,has recently been 
reinvestigated and found t monoclinic with a cryolite t-ure’42. As expected, these 
impounds are decomposed by water, and form Co3 salts with mineral acidsr40. The 
~stems MFz-CoF, (M = Ca, Sr, IEa) have ~i~~~~ I43 
MeoF,, M, [CsFJ 2, and Sr,Co,F,, isola [CoWa 
[Co(NH,),] [CoF,] - H,CI is formedrsl. 

The Co-F stretch 141J46 is in the range 475-5 10 cm-‘. The electronic 
is of interest as the oniy exampIe of 

ako 

AJkaii-metal tetra tes (III)MCoF, (M = Li, Na, K, Rb, C 
centIy been described”=, the fluorination of organic compoun 
tion product of KCoF3 (tentatively identi as KCoF,) had been reported some years 

rn. The ~~~~4 compo by ~~or~a~o~ of MCoF, Na, K) or 
oer 3 (M = Li, Rb, Cs); rn~rne~t~l~ of about 35 There is an 

~~~~~~d report of the ion in the solution produced by dearest of cobalt (IfI) 
acetate in acetic acid with 
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Considerable confusion surrounds the higher oxides of cobalt. Oxides of formulae 
CQ&B,, Co,03 * nH_10, CoO(OH), Co(OH),, COO, - nH,O and Co,O, have all been re- 
deeds. The oid F ~teiature cant a number of reports of the ~re~~ati 
decom~s~t~on of cob& (IX] my salts on hea~~ in air, or by dehydr~~o~ 
forms. More recent studies ‘S’S’56 have identified the anhydrous oxide prod 
It seems reasonably certain that Co,O, cannot be made by such methods. Considerable 
quantities of oxygen are absorbed by Co,O,, but no change occurs in the X-ray pattern”‘. 
In spite of the lack of evidence far an anhydrous Co,03, this ‘“compound”appears ixt nu- 
merous patents d papers d~~~~ with ~t~lyti~ systems - ~r~s~rna~~y either Co&, or 
s~rne ~~-rneta~ oxide is the actual reagent. recently Chevenas et aIlSJ8 have reported 
the preparation of Coz03 by the reaction, at elevated temperature and pressure, of CoF, 
with N%02, or from C&O,, l two forms with hexagonal and corundum structurcls were 
identified. 

The situation with respect the hydrated cobalt (1II)oxides is also far from clear. The 
f~rrna~~~ of dark brown or b k ~re~~~~~t~s on ~~i~~~o~ of cobalt {II) ~arnp~~~~s in 
aIkzdi.ne sofution has been known for many years, but only recently have stricter 

me available. It is practically impossible to identify t.ne products reported in many 
r papers; no doubt many of these were impure due to incomplete oxidation, the pre- 

sence of basic salts or absorbed alkali; nor was much attention paid to the water content. 
The oxidation & in an alkaline sus~e~s~~n with rnol~~ul~ oxygen~sp-x~~, OC I-, 
OBr’“‘, S,Q3,- I62, f63) or eIectrofytically’62~‘64-166 ~rod~~s ““cobah (111) hy- 
droxide”. When dried t&s has the facula CoO(OH); there is no evidenceXdb for a discrete 

. The product from these preparations often appears to be amorphous, 
or a suitable ageing process16’v’W CoO(OH) can be obta*med in a 

crystalline form. This a-CoO(OH)has a hexagonal st.ructure166 with Co-O = 1.90 A, A 
~~oO~OH~ has baby retorted to be formed by anodic oxidation of cobalt in ~~~~-rnet~ 
hydroxide s~luti~~‘~. beg ~~~ta~s ~de~~t~ ~~~~~s of 
absorbed water’68. On heatin r and oxyger? to give Co30,. 

Black Co,O, is formed b CoO(OH) and many Co* oxy salts in air1~5VL619169,1m, 
or by anodic oxidation of cobalt”ci4--‘as. It is a normal spinel”‘, Con(Co~~O,) (refs. 170, 
171) not co’v [C J (ref. I72), CI = 8.08 Is, (ref. 170), with a magnetic moment corre- 
~~~d~~ to 293 /Co atom’~. On strong ~~~t~~ it loses oxygen to give 030; it 
absorbs water, but does not seem to give a de~mite hydrate~~. 
mixed-metal oxides containing ’ Co m which will not be describ obaltates (III) are also 
known, e.g. LiCoO, (ref. 13)NaCoO, (refs. 13, 1741, and A&C&, (refs. 175, 176}. 

Daties and ~~~~~v~t~~? have reviewed the ueous chemists of cobalt (HI) 
rate solution. fn acid solution the Co” aqJCo couple has been v~~us~y given as 
1.84 V, (ref. I78), 1.93 V (ref. 179) and I.40 V (ref. I80). In basic solution it is 0.17 V, 
Co(OH),/Co(OH), (ref. IOI). As expected from the high redox potential, [Co(H,O), ] ‘+ 
is unstable and rapidly decomposes in s01ution’~‘. The Corn oxidation of orgzkc corn- 
pounds has been reviewed’=. 

The coverage is limited to complexes of phosphorus, arsenic and some oxygen and sul- 
phur donor ligands, 



Phosphors and arsenic donors. The only Co UJ complexes of monodentate P donor Ligands 
are the intensely coloured trialkylphosphine compounds 

3 compounds fiave been ubta 
ounds, and probably have a t 

Diphosphine complexes have been littIe studied (Table 5 
two red compounds [Co(QP)X&] BPh, (X = C 1, Br) with the tetradentate phosphine, where 
QP is trusty-djphenyIphosph~oph~ny~)ph~s~h~e- 

~yho~ ‘W obta~~d o-pfienylfenebisdimethyfarsinie ~orn~~ex~~ over 20 years ago. Air 
oxidation sf the cobalt (II) ~~rnp~ex, ~CQ~~~~~ If, produced octahedr 
cations, fCo@AS),&] + (X - C I, Br, I, CNS). Addition of Cl OQ yields the green 
[Co(DAS),X,] ciOs (X= c1, Br) which was shown to be the @Q~ZS isomer by IR 
and visible spectra1 studies ‘p9900. Purpfe cis- [Co@AS),XJ Cl O4 (X = Cl, Br)200y203 are also 
known, as in ~Co~DAS~~~ (ClO&(refs. * 196)- Bayfis and B~hzo” have shown that 
~r~~~~ NMR spectra can be used fo disti sh 45s and ~~~~ isomers, an 

3r $ C#,,+CO,). X-ray structures h been determined for Dam- 
[CofDAS)? Cl 21 Cl O4 (ref. 198) and trans-[CO(DAS)~ ] Cl (ref. 202). 
Co-As = 2X34(2) & Co- 

mls-[co(DAs),cl,]+ + 2 x- -+ ~~~Ns=[CO@AS),X,]+ + 2.Cl- 

Cobalt (III) complexes of &s-l ,2-bisd~e~yiarsinoethylene (cls-edas) are easily obtained 
by air oxidation of the co (II) compounds2W~20s, and are generally very similar to those 
of DAS. So far only tram (cis-edas)z X2 ] + and [Co(cis-edas)J ‘+ have been obtained, 

d very low yields of purple ~~rn~~~xes (not 
~arac~~r~s~~~ which may be the ~33 ~~~~~~S. 

OctahedxeI [Co(?‘TAS)X3 J (TEAS = bisfo-dimethylarsinophenyi)-methyIarsine) com- 
plexes (X = C 1, Br, I, CNS, NO,, NO,) are obtained by oxidation of the Gun. analogues 
or by metathesis2? All are diamagnetic noln-electrolytes (except the NO, which disso- 
ciates in so~~t~on~, and only one isomer of each is known. The [Co~AS)*~ 3+ cation can 
also be pre~~~d~~6. The kinetics of the d~s~~a~ern~~~ of Cl - from ~C~~~AS~C~~~ hare 
been studied by Nanda and Tobe ‘I4 Two cobalt (Ulj complexes of the h~~ad~nt~~e zsi- . 
ne, o-phenyEenebisdi(3-dinnethylarsinopropylarsine) @AS, I) [Co(SAS) J X3 (X = C 1 04, I) 
have been reported in a preliminary communication2071 Several Corn hydridocomple_xes 
stabilized by ghosphines are known (Tabie 5). 
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stable p~riodato and t mplexes am formed by a!k e hypo~hlorite oxida- 
tion of cobalt (Xi) salts in the presence of ~~-rne~~ periodat teIlurates22”“233_ The 
former are also formed eriodate itself as oxidant2Z6$‘8c Lister et aL3;211W-231 have 

g ItOH,O, K,H, (lo,), - 

‘I’he green tri~yc~ohexy~phosphi~e oxide comp~e~ [Cot,I,] I(& = ~C~~~~)~~) is 
f~rm~d~~7 by iodine ox~da~u~ of fCoL,I, ] . 

~~~~~~~~~~~~~= Cobalt (II) dit~Io~arbamates are very readily otidised to she CofII corn+ 
p~~~e~~ simply bag a coba@ salt with a dithi~~a~ba~te in aqueous mfution is usually 
sufficient to produce the CoN comPlex2q*239, The structure of t~s~~,~~i~~y~dit~o- 
c~bamato) cobalt (IIT) has cobbled ** the ess~~tia~y oetahedraf ~~v~onrn~~t sf the 
cob& s~~~sted OR tie basis of Y&$&T spectral Cu-S bonds have an aver* 

of 2.258 A.. Coopt {III) xanthate tic acid complexes are also 
known; the known complexes are listed by Cou~~~v~is~42. Gray and co-workers243 have 
preparaed [Bu* 4 W] 3 [Co (i-MNT),] (i-MITT = 1 ,I -dicyano-2,2+thylenedithiolate) ob- 
ttied 3s goldgeen diamagnetic cvstals. Dithiophosphinate camplexes Co(&PR2)3, 

oord~at~ mo~umers, have been prepared by reaction of N;t,Co 3)15 and 
t, Me, Ph) (ref, 244), The s~~~t~r~ of Co ~~~~~~~ I?&] 3 has ntly 

The I ~2~it~~lat~ compie~~s have a much MO ~ornp~~at~d ~hern~~ in view of their 
~~usu~ electron Fraser pro~rti~~~~. etic ~0ctahedra.I ~Co~~~] ‘- ions, 
isolated with large Ph,E* (E = P, As) ions are w&i ~ha~a~t~~~d~?47. 

cobalt t~t~a~~o~d~ has not bettn prepared, Armour its &M&x energy and Llfil: have 
bmn eaifcuIated7, GoIden-yellow Ca CaFd was prepared by fluo ation of Csz. CcsClq Of 

Cs2 CaQS04), @efs. 139,f40,246), and Rba CoF, hzs recently been obtained=* The 



ltassium salt is unknown, and the reported’ ‘X3CoF,” has been shownlW to be impure 
Ko&. The he~uoro~ob~~tes (XV) have the K2 PtCl 6 stxu~ture~~~ with Go-F = 
73 (5) a (Cs) of I.65 C5) a <Rb)* Their 
Lund state, md both salts etibit amplex ~~r~~~~~~~~~ a~o~*~. The diffu~ 
Ylectance spectrum of CszCoF~ (Fig. 2) has been assigned the basis of a 2T2 
lund stafe”~*‘“‘, CszCoF6 dissolves in anhydrous HF above O°C with liberation of 
lorine248. 
Anhydrous COO, is unknown, A brown-black hydrated cobalt (IV) oxide was re- 

Irtedl 62349;25Q to result from oxidation of CsXE salts in strung alkali soI~ti~n with OCI- ’ 
OBr-, and it seems that cobalt (LV) oxide may be formed~ at Ieast p~tiali~, by e~ectrul~i~ 
.idation’69-“Q6. Red-brown Ba,CoO, is by heating Ba, [Co(OH),j: or Co(OH), 
th Ba(0rr)2 at 1050°C in oxygen’331. cently been shown251 to contain dis- 
%e COO:’ ions, and has the orthorhombic fi-K2SO4 structure (a = 7.65, b = 5.85, 
= 10.34 th Co-0 = 1.76 .&. Sr2C00+ and NhCo04 are cfaimed’3, but no detaifs 
Ye been _ The tetra~o~~I Ba,CoO, (a = 7.303, c = 11.639 L8c; c/a = 1,594) and 
Ba&oO, (a = 7.f94, c = ) can be prepared under ~~ff~~eR~ con- 
:ionp,34* m 

Complex oxides containtie, both Co* and Co” are known, Earlier work’01,252 on the 
stem BaCo02-BaCaO,, has been conftrme-cl. and extended by Zanne et ai1,253, who 

~~~~strated that the Cow had the t&e: am- 
~~~~~ has ~nusuaI magnetic ~r~~e~t~es, has been 
ius af Co”” is estimated256 as 0.48 & 

A 9-molybdocobahate (IV) K,CoMo,O, * 6.5Hz0 was reported258a in 1907, but does 
It seem to bve been further examined.Other heteropolycobaltates (IV) could probably 
prepaWl* 
The rna~~etl~ properties of CoAs, and Co are consist~~t wi& a dS c~~~~~ra~o~~~~ 

*), and in some di~~le~~~ (Section E), 
.t these complexes are members of series which undergo faciIe electron transfer reactions, 

i) Cobalt ( V) 

et aPa found tiat ~~~~~ ~~~~~ or CSO, with Co&I4 in ~xyg~n in a I : I 
:td : Co ratio ~rod~ced substances of ap~~~~~ate c~rn~o~it~~~ MC&,, which were 
lieved to be mixtures of MO, and MComCoWO,, rather than cobaftates (V). Further 
ldies2sg on mixtures of cobalt and potassium oxides in a I : 3 Co : K ratio heated to 
O-550°C in oxygen, resulted in the preparation of K,CoO,. The blu 
oduct ~~~~ted unus~ ma~eti~ ~roper~~s2~‘. In mixed cryst& wi 
~g~eti~ moment ~o~~~o~d~g to four unbend eIe~tro~s (3.2% Co c 

fessing cobalt concentrat.ion, The room temperature magnetic mument of 
,CoO, was 2.1 SM.; tempe re dependence was also found. X-ray pow- 

ed that two forms of K,C exist; an unstabfe one, isostructural with 
,MO, @I = P, V, MR, Fe), and a stabfe form into which the other trar&orms on standing, 
he ~~ug~~s Rb and Cs ~~rnp~~nds also have low magnetic rnurn~~~s ~~2.~~~ 2.33 

Irdded in pro& Ruby-red crystiils of Li~cOO6 me h~~~~n~ and imhide a ~e~~~b~y short Co-0 
fistance of 1.66 A. V_M_ Jamen and R. Hopp, g. +mrg. Ckm, 398 (197 3) S4. 



kK kK 

Fig.2. [a)Tbe dFffusereflectanrrespectrumz4' of caes~~m hexa~~~~~~b~~te (IV), Cs, CoF, t in the 
region 545 kK at x00m t~perat~e~ observ& ~~~~~a~i~~, -- - - - - _ 
(b) 2Xe dtifuse reflectance spectrlltum2~ of potassium hexafIuoronickelate (III), K,NiF,, at room tem- 
perature. (Reproduced by kind permission of the American Chemical Society.) 

by kind permis- 

B.M. respectively at 293’K) 71, *2m SchoIder?* has reported that Na20/Co3 0~. mixture is pi- . 
tiaiiy converted to Na,CoO, on heating in oxygen under pressure. 

The number of reported nickel (III) and nickel (IV) complexes has increased rapidly 
over the past ten years. More recently interest in this area has concentrated upon de- 
tailed studies of several of these complexes in an attempt to establish unequivocally the 
uxida~~n state of the metal. 



electrolysis of various solutes in liquid HF (e.g. in the Simons process) may be a higher 
fluoride of nicke126rW253. Stein et a1.264 have shown that similar substances are formed 
by dissolution of K,NiF, or &NiF, in anhydrous HF. These substances have considerable 
~~~d~~~ puwer, and liberate HF and traces of F, on ~eat~g in vacua, but X-ray powder 
~~t~~~s show the ~r~se~c~-~~y of 
mains obscure, The “NiF6” repor te ly belongs to the same cl 
compounds. Despite an early ~1ai.m”~ for a green NiC 1 3, it is unlikely that other tickel 
(III) halides could be prepared. 

Violet &NiFG is formed’40z264 by ~uor~~ti~n of a 1 : 3 mixture of NiS04 or NiClz 
and KCl; some d~~c~ty 254G66 has been ex~eri~~~~d in isolating samples free of 

and attempts to prepare the Rb and Cs a~~ogu~ seem to have 
6 complex is also difficult to obtain pure? Na,NiF, has a mono- _ 

clinic structure; K3NiF6 was reported to be cubic with the K,FeF6 structure’~V265 but it 
recently14* been rG.ndexed as tetragonal.. The magnetic properties of M3NiFb(M r=Na,K) 
are a~om~ous in that the susceptib~ities do not foffow the Curi~~~e~ss law, and their 
tgrn~erat~re~g~~~ ent ~~~~~t~~ ~~~~~t~ are ~~t~~~dlat~ be&v en the vafues ~~~~cte~ 
for high-spin and low spin 8 cases iW*i4’. The electronic spectra are also corn~l~~~~~ 

9) 2). Allen and ‘Warren1489267 assigned the spectrum of &NiFe by assuming that a 
tetragonal J&n-Teller distortion of the *Eg ground state occurs (Ddz symmet 
land et a1?68 studied the magnetic properties of l&N&, in mixed crystals w 
and found that re~l~~eme~t of F- by 0 Zoccurred with c~r~esp~~ding oxi 
of so-me of the Ni3* ta Ni4”. The N&-F stretchin fre~~e~~y (vg) in &Ni&, (580 cm-” 1 is 
intermediate between the values reported fur N f and Ni” fluorocomplexes (445, 
663 cm-’ respectively) _ *@ K&W6 is thermally stable in vacuum up to 45O*C, and dissolves in 
anbydrous HF, with disproportionation into NiXI and NiFi-. A violet BaNiF, of unknown 
structure is produced by fluorination of BaNi at 300°C, and at 500°C a brown modi- 

using CNDO molccul~r itaI caI- 
structure is ~n~rg~t~c~ly more stable than regular 

‘Oxidation of nickel (II) salts in aline solution produces dark-brown or black substan- 
ces which contain at least part oft 

e&y been found 
rated higher oxides 

of nickel are better estabfitied, and include Ni,O, (C)H),+, 4Ni(OH), - NiO(OH) and se- 
veral forms of NiQ(0I-I). 

As in the analogous c~mpo~ds of cobalt and m~g~ese, the ~~enti~~a~o~ of these 
ted by poor crysta their ab~ty to ~~o~o~~t 

alkali~metal ions. Glemser kerhand”‘, and Besson”62, 
ethods for the prepa iO(OH) (ar NhO, - ad), 

anodic oxidation, oxidation of nickel salts in alkaline solution with OC l-, OBr-, S,Oz-, 
and hydrolysis of sodium nickelate I). The J3-NiO(OH) has the brucite structure of 
~-Ni~~~~, from w~ch it can be fo ed by e~c~ochemic~ o~~~~o~~~-~‘~ ; a = 2.82, 
c = 4.85 ig. The st~ct~r~ of ~-N~~~~~) is more c~m~~~ated being based ~po~ the CdC 1, 



type with an elangated ~ell”‘~~~~~. Depending upon the method of preparation r-Nio(CM-I) 
contains vzirying amounts of alkali-mebl ions 28**282 _ Other forms reported include 
~-NiO~~~ formed by p~~s~lpha~e o~da~~~ of K2Ni(C )&efs, 277,278), ~i~~~~0~~ 

P~~~d~=~?, 278, 233; and ~~~~~H~~ - ~i~~~H) fiefs, 277,278). (For other 
oxides, see ref, 284.) DTA and ~he~o~r~~rne~~~ data have been reported for 

various higher nickel oxides28 ‘. 
Several nickelates ( re known; compounds which contain both Ni” and NiW are 

discussed under NiIV. et ala6 rep ed that bubbling oxygen through fused NaOH or 
LiOH in nickel tubes pr eed MNiU, =: Na, Li), LiNiOz has the cG?aFeO, structure . 
Bronger et aL”a7 studied the system I&l%, _* 0 wbe~ x lay between 0 and 0.65, fimding 
that when x 2 0.28 the cu-MaFe0, structure occurred, but betow this a statistical diskibu- 
tion of cations in the NaC f structure was Present. The variation of structure and magnetic 
properties with composition has been the subject of other studies288y28g, Two forms of 
NaNiO, ;ure ture: msnsctinic, and a high temperature cu-NaFeO, 
formzse. Dis ra ari: present2~. ~ot~ssi~rn and r~h~d~ 
ducts of ~~rnpos~t~on &se rn~~~etic rnorne~~s (I-r = I-67, I,75 
ly) have been explained2’” by‘ assuming a formulation (MI), (Ni”Fi>, (O’,-). A black. 
substance, approximattig to 13%Ni,0S, is formed’0~2g2y293 on heating BaNiOa; it has /.+g~“= 
= 1.24 B&I, AgNiO, is formed294 from potassium n’ rc kelate and AgNO,, and rhombohedral 

sting together the oxides or carbonates2g53g6. In contrast Nd,Q, 
gives 

Nitrcgen donor ZigurUrrrs. Complexes of nickel (III) with NH3 ligands have: not been isolated, 
although L&i and Meyerstein2” using a pulse radiolytic method, have demonstrated that 
Nin (NH,), species are oxldised by NH, radicals to an lex. Similar oti- 
dation of ~l~~~e and e~yl~~edi~~e complexes of N * Chiotine or 
bromine oxidises’% ~i~~n)~~] or [Ni@n), to the nickel (III) complexes [Ni(en),x, 
(X = Cl, Br), from which [Ni(en),&] Y and en,C 1 a] Y, (Y = ClO4, NC&) can be ob- 
tained. Similar propylenediamine complexes can be prepared-. Howev 
oxidise nickel (II) ethyl mine complexes with i produce dark complexes which 
are beloved to be nicke polyio~des rather th ~ornp~exes~~ e Bulk s~s~~pti~~ty 
and ESR ~pe~~~s~opic st s have shown that the nickef (I I) ~~mple~~s faif into two 
groups - those with mag c moments equivalent to o unpaired electron, and those be- 
longing to a second group with much smaller moments 0.5 - 0.85 BM.)~POJ_ Olive= 
green [NiL(NO,),] Cl04 and [NiLSO C104 l 5 HzS04(L = meso-5,7,7,12,14,14-hexa- 
methyl-l, 4,8,1 I-tetra-aza-eyclotetradecane) are prepared by oxidation of the;Fgl {II) 
complexesinthepresenceofthe appropriateanio~~.BusGhandco-workers iSO- 

fated Nlm ~~mpl~xes of ot r macrocy~les by oxidati~~ of the nickel [II) ~~rn~~ex~s with 
(NH4)2~20s, HNO, or NOBF4, and Otsen and Vasilevskis307 reported the electrolytic oxi- 
dation df cyclic amine complexes. 

The blue-black compounds KNi(RbQz (Rbi = HNCO CONH, R = II, alkyl) are ob- 
tained by pers~~phat~ oxidation of K, bonded lauds. KNi(Rbi), 
(R = H) is ~~~~~r~h~~~ WitIt the cobalt NP -~~~~a~~~~~~-~~r- 
phyrin complex can be ~l~~~o~erni~ly ~xidised to Nim, wan slowly decomposes back 
to the nickel (II) compound3r0. 



Several formally nickel (III) plexes of oxime ligands a nown. From dimethyl- 
glyoxime, MeC(=NOH) Me(d ), were obtained31’J’2 bl [Ni(dmgH),] Br and 
[Ni(dmgII),] (Br,), whilst dipheny&:lyoxime (dpgl-i,) prod i(dpgH),X(X = Br, I) 
on addition of the halogen in an organic sol to the nickel (IX) corn 
Faust and ~~n~~rberg3i~ ~o~~~ that the d complexes contained 
atoms being ~dwiched between the layers lanar Ni(dp~H~* mo 
interacting with the phenyl rings rather than the metal. Drago d Baucom31* have ob- 
tained what seem to be genuine Nim complexes with syn-2-be lygyridineotime, and 
syn-2-phenylacyi-pyridineoxjme- by persulphate oxidation of a mixture of the ligand and 
a nickel (II) salt in aqueous am a ~lutio~* The ESR data and the p 
scheme are d~~Gu~~d in fketion I) is also retorted in 
(L = N’N’~oxydiethyfenebigUanide3’6 ) and [N&J C1 3fL = N*~RloTophenyi-Ns -isopro- 
pylbiguanide317). 

P~~usp~zonlsarzdarsenicdurtops. Oxidationof Ni(PEt&Xz with NOX (X =: Cl ) Br), or in 
romide with Br, in benzene, produces very dark blue or green crystals 

fiefs- I83,3 18,3 193 of Ni~~~t~~~X~. The a~~r~~~ ok ~~~~n~~ wavier a trigo 
bipyramidal structure with equatorial halides. X-r established the lattice 
parameters, but a full X-ray structure determination has so far been prevented by the in- 
stability of the complexes320. Similar camp lexes with PMe,, PP;, and PBu, can be isolated 
but these are less stable and have not been pr ed completely purels3. Bromine oxida- 
tion of Ni~M~~P~~~Br* yields the corr~spon NiW complex~” 
~~5atio~ forms Ni~PM~~~~~Br~ i~FMe~P~)*Br~ - C6H6_ The structure of the 
compound is trigonal bipyrami 2. Several nickel (II) diphosghine complexes are oxi- 
dised by bromine in an organic nt to NiLBr, (L = R,PCH1CH2PR,, R = Me, Et, 

Ph) - 
185,323,32U [Ni(Me,PCH,CH,PMe,),Br,] readily forms [Ni(Me,PCH,CH,PMe& Br2]Br, 

bu ~PCH~~H*PPh* is not oxidised325. 
Br, f (vpp = cis- ). ,2_bisdipherrylphosp~~~~e~ylene3, 

un vpp)Br,], a pe~tacoordi~ate complex. The fatter 
undergoes reduction on standing in air to revert to the original I?@ species325 e 

On heating an alcoholic solution of Ni(DAS), C 1 2 in air, in the presence of HC 1, brown- 
yellow Ni(DAS), C 1 3 forms326; it was formulated as [Ni(DAS),C 1.J C 1 as a result of 
~unducti~ty studies. the appr~p~ate ~k~iorneta~ salt yields the corre- 
spindly b hilst the ionic X group is 
to yield [N t al.‘* assigned a nans o 
cations on asls of their far-IR spectra, and this has been con 
study on [Ni(DAS),Cl z] C 1, which found Ni--As = 2.34 A and Ni-C 1 2.425 A. The ESR 
studies on these complexes are discussed in Section E. Nyhohn also obtained a complex 

by bro~a~on of N~~~~) (CO),; its st~ct~r~ is crowns but an octahe- 
er seems a likely poss~bili~3z~~ Reaction of ~N~~~S aI fo~ows 
course”26; the product is a black diamagnetic solid N may be a 

polyiodide of nickel (II). 
Bennett and Wld330 found that Ni(cis-edas)zcll? -readily air-oxidised in solution to 

[I%(&-edas),C17 ] +, which is probably the t~tts isomer. The omide can be prepared from 
ar~I be mew readily reduced 
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Tevo nickel (HI) b romide complexes with tridentate arsine e been reported: NiLBr,, 

where L = TEAS (ref. 331) or MeAs(CH,Cl-&CH,AsMe,), (r 32,333). The reported33q 
nickel (HI) s of the quadridentate arsine tris (3dimethylarsinopropyl)arsine, 
As(CH,CH e&, have been shown to be trigonal bipy~~dal nickel (Xl) corn- 

kXt?!?“_ 

Oxrgen dcrnors. The reaction af NiC 1 2 with excess N204 yields a flocculent green powder 
formulated as [NO;] [Ni(NO,),], which is anomlous for a nickel (1X) ctimplex in hav- 
ing a magnetic moment of 4.54 KM,, i.e. high-s Nim. On heating in vacuous it evolves 
N,O, I ap~ro~~~ a com~osi~~~ Ni~~~)~_ N from NiCO, =d W&F, 
also ~~p~ars3~~ to bunts Gil. 

Dirhtilenesuti r&ted compiles. Ligands of type (L), where the donor atoms E can be S, 
NH, or 0 (althou not all types are known), produce 

R R R E 
L= ‘c=t’ or 

E”I “E E 

complexes fNiL,] W which are formally nickel (III) complexes of the dianionic fthe 
l.@nds 45. As mentioned previously, this view is only one of several possibilities e 

question of the best description of the bonding will be treated later (Section E). 
These compounds are de d, p= to one un- 

paired electron) and display in sol c: studies indicat 

electron transfer ese complexes occur rea rm di~~netlc 
ana PiL,] ‘- species338-345. The structure of ,Me] [Ni{S,C, (CN), >,I showed the 
NiS, grouping to be essentially planar with the ns stacked in columns, association be- 
tween pairs of nickeX atoms occurring through l!+Ji - - - - S interaction_ Within the aniorPj the 

N&-S dist~~e is 2.15 A. iaUy ~t~~es~ng is tfie charge in b 
ha x varies between 0, - 1 and - 2 

d Ni-S (2.00 - 2,17 a) distances 
characterised by intense absorptions in the visible and near IR re 
%&P bands, but are due to some type of charge transfer proces 
plex Ni(S2C2 (CF&) (Et,NCS2) has recently been reportedH7. 

~~~~~c~~~~~~~s. Volta~et~~ o~dat~~~ of ~ckel~~e~e prod~~s the stable Ni(~~~H~)~ 
cat%~n~. Replacement of the n-C 5 groups by carborane moieties considerably in- 
creases the stability of the productsgfW, e.g. in (~-C,H,)Ni(Ir-(3)-l,2-B,C,zH 1 I) and 
[Me,Nl Ni(BreHrK2). 

The red crystme M, NiF6(M = K, Rb, Cs) are prepared6f’40~2651351-353 by fluorination 
of2MCI + NiCl*, or better, M&KX~ or M2Ni(CN)4. All three have cubic &lPtC16 struc- 
tures and, unlike most other 3d ~~~~~orornet~~tes, do not ~~~~t po~ymor~~~m351 _ 

The nickeM in the NiFg- ion is 1.7 hi. Red ~~~Ni~~ is 

preparedj52*354 by ~~o~ati~n of Na,NiO, at 280°C under 120 atm, or of 2NaEm NiF2 
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