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ABBREVIATIONS 

acac acetylacetone 
bipy 2,2’-bipyridyl 
CP cyclopenta&enyl 
dlen dlethylenetriamine 
DMF dimethylformamide 
DMSO dlmethylsulphoxlde 
en ethylene&amine 

EDTA ethylenedlammetetraacetlc acid 
MNT maleo&t~onrtnie 
ox oxalate 
oxine 8-hydroxyqumolme 
o-phen IJO-phenanthroline 
PY pwdme 
xan xanthate 

A. INTRODUCTION 

This review is concerned with the chenustry of transrhon metal complexes 
involving the 0x0 @and, O’-. The subject is so large that, in order to keep the 
review to a reasonable length and not to stretch the reviewer’s knowledge to an 
embarrassmg extent, rt has been necessary to hmit coverage to compounds which 
contain discrete molecular umts [MO&Jz”-, where z < 3. This rather arbitrary 
limit excludes a very large number of 0x0 compounds: almost all uncharged metal 
oxides, most isopoly and heteropoly species, and a substantral number of ternary 
compounds such as BaTrOs in which the transition metal atom 1s part of a long 
cham, sheet or lattrce structure. Wherever posstble, general review references to 
such compounds are quoted where appropriate in Part C, and a hst of the principal 
oxides and oxyhalides is given for each group of metals. 

(i) Arrangement of material 

Thrs follows a classical pattern. In Part B, which deals with the subject in a 
general way, a survey of the chemistry of 0x0 complexes is followed by summaries 
of the literature on the nature of metal-ox0 bonding and of the main physrcal 
measurements whrch have been carried out on the complexes. Fmally, in Part C, 
the 0x0 complexes will be considered by the periodic group to which their metals 
belong. 

(ii) Nomenclature 

In this review we shall use the word 0x0 to denote the 02- hgand, as re- 
commended by the IUPAC convention’ ; (the older term “oxy” is often still used 
in the hterature). Thus, K[CrOF,I is potassium oxotetrafluorochromate(V). The 
endmg -yl is commonly used for 0x0 complexes (uranyl for UOz2+, osmyl for 
0sOz2+ etc.) though IUPAC deprecates its use; thus, vanadyl sulphate, VOSO,, 
would be called vanadmm oxide sulphate under IUPAC rules. 
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(iii) Revrews 

We hst here a number of reviews on general aspects of the chemistry of 0x0 
complexes; reviews which deal with more specific topics - e g. 0x0 chemistry of 
one particular element-will be mentioned in the relevant section of Part C. 

Scholder has reviewed “ortho” (i e. tetraoxo) salts, and includes penta- and 
hexaoxo species’ ; an irntatmg feature of that review, however, is that it contains 
an excessive number of references to unpublished work or unobtainable theses. 
The formation and formulation of polyanions of Groups Va and Via have been 
reviewed and an account given of the general methods used m research on this 
topic3g4. Carrington and Symons have reviewed the structures and reactlvlties 
of tetraoxo anions with a particular emphasis on bondmg theory5, and bonding 
theory plays an important part in reviews on the electronic spectroscopy of 
tetraoxo complexes6. Reviews have also been wrltten on 0x0 cations’, binuclear 
complexes having single 0x0 bridges*, 0x0 peroxo and peroxo speciesg, oxo- 
halides”, oxides” and metal oxide alkoxldes12. 

B GENERAL SURVEY 

(I) Occurrence 

In Table 1 we summarlse those complexes of the type [MO,&]z”- known 
for each periodic group From this it will be seen that most 0x0 species of this 
type (where x > 3 and z = 1) are formed by transitlon metal atoms m their highest 
oxidation states, I e. with do electron configurations; there are less frequent 
examples of d1 and d2 species, and a very few of d3 As a consequence, the majority 
of 0x0 species are formed by elements in Groups IVa-VIIa since these a&eve 
high oxidation states fairly easdy. In Group VIII only ruthemum and osmium 
have any extensive 0x0 chenustry, these bemg the only two elements of that 
group to form a number of high oxldatlon state species. The reason for this 
prevalence of do-d2 configurations is that 02- is a very strong electron donor, 
both m a c and a n: sense: it wdl only function efficiently as a ligand if the metal 
has few outer electrons of its own. 

(ii) Stereochemistry 

Most 0x0 complexes [MO,&,&“- are either basically tetrahedral where 
x > 2 and z = 1; or octahedral when x = 2 or 1 and z = 1. Although heptacoor- 
dinatlon occurs in &[NE>OF,] and (NH&NO 0x3] there are few other authen- 
ticated examples (both [OsOC16]2- and [ReOCl,]‘- have been claimed but there 
is little evidence for their existence). Five coordination undoubtedly occurs for 
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TABLE 1 

GENERAL TYPES OF 0x0 COMPLWS (c~ROUPS ma, va, vxa, wa AND vm) 

Complex d” 
0w 

IV0 Vu Vfa VIIa VIII 

M = Tl, M= V, M=Cr,Mo, W M=Mn, M’ = Ru, OS 

Zr, Hf Nb. Ta M’= MO, W Tc, Re 

M’= Zr,HfM’= Nb, M’ = Tc, Re 
To 

d2 

[MO,X,]“- S3 

[MO,X]“- do 

[MOjXj]“- do 

M02Xz &’ 

CIS- 
[MO2X41”- do 

trans- 
[MO,X4]“- d+ 

[MOX4]“- do 
d’, d2 

[MOX5]“- do 
d’, d2 

[M20Xlo]“-do 
d3, d‘= 

[M,oX,]“- d3, d’ 

lM0,14- [M0413- [MO,]*- 

iYW4- [CrOJ3- 
Wb0,14- 

[CrO,]*- 
[MoO4]4- 

CM041 - 
[Mt104]~- 

[MnO,]” - [RuO,]’ - 
[Fe0413 - 

[Re04(OH)2]3- [OSO~X~]~- a 

ReO3X 
[ReO3N]*- [Os03N] - 

lReO3W 

lRe03C13]2- [Os03F31- 

[Re02Br2J- 

[ReO,F.Z 

[M’02(CN)4]‘- [Re02X4]*- [M’O2X4]‘- 

~IOX,]~- [MOX41- M’OF, 
[VOX,]- [MOX4]- [ReOX4]- 

[MOX5]2- 
[vOX,13- [MOX312- [M’OXJ2- 

lT~20c~1014- w20c~lo14- [Re,0Cllo14- [M’20X,o14- 

lCr20(INH3),o14+ 

lCr3O(OA&(HzO)31+ CRU~O(OAC)~(H~G)~I+ 
CFe3O(OAc)6(H20)31+ 

a X = halogen. 

some MOX, species in the vapour state, but in the sohd they are usually polymeric; 
however a few solid pentacoordinate specres such as VO(acac)z and salts of 
[ReOBr& are known. 

Unsubstituted 0x0 complexes are usually tetrahedral; some hexa- and penta- 
0x0 species have been reported but it is unhkely that they contain discrete jJvIO,]“- 
or [MO&J”- units, rather they have layer lattice structures with metal atoms in 
octahedral holes There are no established examples of transrtion metal HO,]“- 
species exrstmg as such in aqueous solution, although fre0,16- and [10,15- 
exist in very alkahne aqueous media. Many tetraoxo anions, however, are stable 
rn aqueous solution. The reason for the prevalence of four- rather than srx-coor- 
dination in unsubstrtuted 0x0 complexes is probably a consequence of the ex- 
tensive oxide-to-metal electron delocahsation; high coordmation numbers would 
place an excessive burden of negative charge on the central metal atom. It is 
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noteworthy that some second and third row elements tend to give substituted 0x0 
complexes of higher coordination numbers than their first row analogues, in hne with 
the general tendency of heavier transition elements to expand their coordinatron 
spheres. Thus [ReOJ and 0~0~ react with alkali to grve [Re04(OH),]3- and 
[OSO~(OH),]~- while ~n0.J and [RuO,]- do not; dsmium forms hexa- 
coordinate 0x0 species in rts (VlI) and (VI) oxrdatron states, whereas ruthenium 
forms only the tetrahedral [RuOJ and [RuO.#-. 

(iii) Oxidation states 

The tetra- and tri-oxo species, [MO,]“-, [MO,X,]“-, [MO,X]- and 
[MO,X3]“- are usually assocrated with the hrghest oxidatron state of the metal, 
DLL a do electron configuration There are a few examples tetraoxo species of 
d’ ([Cr0,]3-. [MnOJ2- and [RuOJ) and d2 ([CrOJ4-, [FeO,]‘- and 
[Ru0412-); [Fe04]3’, if it really exists (c$ p. 504) is the only example of a d3 

tetraoxo complex. The general tendency of second and third row elements to 
exhibit higher oxidation states than then first row conterparts is shown by the 
fact that ruthenium is the only such element to form tetraoxo complexes with one 
or more outer d electron. The do dioxo specres are [M02X2Jn- (Cry’, MO”‘, WV’, 
Rev”) and cis-[MOtX4]“- (Movr, WV’, Vv), whrle the d2 dioxo species take the 
form ttans-~O,X,]“- (Osv’, Ru”‘, Rev, MorV, Wrv). The few d’ droxo species 
reported of the form [MO3X3]“- (Mov, WV) a re probably binuclear with one 
brrdgmg oxygen atom, [M203X,-J2”- (see below, p_ 496). Monooxo specres 
[MOX3]“- and [MOX,]“- are do (V”, Nbv, Tav and a few TrrV), d’ (Cry, MoV, 
WV, and a very large number of V Iv, the so-called “vanadyl” compounds), and 
occasionally d2 (Rev, Tcv). Species containing ternunal 0x0 ligands coordinated 
to a metal atom with more than two d eIectrons are rare, though as a bridge hgand 
rt is often found wrth do (TI’~, MoVf), d’ (Mov, WV), d2 (W”), d3 (Rely, Cru’, 
Fe”‘, Rum) and d4 (Oslv, Ruw) configurations 

(iv) Slmrlarities between 02- and other lrgands 

Other ligands which are comparable with 02- m various respects are the 
isoelectronic nitride, N3- and fluoride, F-, and also the “pseudoisoelectronic” 
peroxide, Oz2- and sulphide, S2-ions. 

The mtride ion is such an efficrent electron donor that, up to now, only 
monomtrido species are known, though the field is at present httle Investigated. 
The following pairs of isoelectronic complexes indtcates the formal similarity 
with O*- : 

~oO,N]~ - [Re03N]2- ReNC12(PPh3)3 [OsO,N]- [Ru~NC~~~]~- 
Fro0412 - We041’ ReOCI,(PPh,), 0~0, IRu20c1,014- 

Coordm. Chem Reo ,5 (1970) 459-517 
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In general, nitrido complexes seem to be more common for second and third row 
elements than for the first row, consistent with the role of NJ- as a very effective 
x-donor. 

The peroxrde hgand, Ozzc may often replace 02- in complexes; in those 
complexes which have been subjected to X-ray analysis it appears that it functions 
as a srdeways-bonded hgand. 

The following paus of species are rsoelectromc, and indeed the peroxo 
specres hsted here can be made from the 0x0 compounds by sample reactron with 
hydrogen peroxrde: 

[T~02WU212 - IV(02M3- [Mo0(02)2F212- WO(02)F412- 

~WSOd212- cv0,13 - woo3F21 
Z- 

W02F412 - 
Peroxy complexes are most frequentIy found with elements from Groups IVa, 
Va and Via; mixed 0x0 peroxo species are quite common’. 

Fluonde and oxide have a number of srmrlarrtres as hgands, but oxide 1s 
somewhat more efficrent than fluoride in stab&sing lngh oxrdatron states (compare 
0~0, and RuO, with the very unstable OsF, and unknown RuFs) The fluonde 
ran tends to form complexes wrth lugher coordmation numbers than oxide (It 
prefers octahedral coordmation). 

The sufphrde ion S 2- has certain formal simrlaritres with 02-. Thus a 
number of unsubstrtuted and substrtuted thio species analogous to 0x0 complexes 
are known: 

[MoO,S~]~- [MoSJ2- [ReO$]- 
IMoQ412 - [Mo0_J2- [ReO,]- 

The considerable tendency of sulphide to catenate IS not of course shared by the 
0x0 Iigand. 

(v) Preparation and propertres 

Most unsubstituted 0x0 complexes mvolvmg the metal m Its lnghest oxrda- 
tion state are made by treatment of a lower valency salt with an alkalme oxidrsing 
flux (for preparatron of 0x0 anions) or oxidatron in acrd media (for uncharged 
species hke Mn207, RuO,, OsO,). Salts involving 0x0 amens m lower states can 
be made by controlled reduction of the correspondmg do species (e.g. [MnOJ2- 
and mn0,]3- from [MnO.J). Oxohalides are normally prepared either by 
hydrolysis of the binary hahdes, from oxygen and the hahdes, or from the metal, 
oxygen and halogen. Substrtuted tnoxo, droxo and monooxo specres are often 
obtained from the unsubstrtuted 0x0 anions or oxides with the appropriate hgands. 

Most 0x0 complexes are oxrdrsing agents. For a senes of complexes in a 
periodrc group the oxrdrsmg power normally falls m the sequence 

1” row > Zud row > 3’d row 
as do the acid strengths of the unsubstltuted 0x0 anions. The tendency of 0x0 
anions to poIymerise in solution increases with rncreasmg acrdity of the solutron 
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(since H+ is usually involved in the process) and normally falls in the sequence 
3’d row > 2nd row $- ls’ row 
This may be associated wrth the increase of acid strength of the 0x0 anions 

in thrs series together wrth the higher preferred coordmation numbers of second 
and third row elements, the latter factor givmg more possibrhties of polymerisa- 
tion. For first row elements this polymerisauon decreases in the sequence 

Ti’” > Vv > Cry1 > Mnvu 
Protonation of the 0x0 ligands in 0x0 complexes IS usually difficult except 

for tetraoxo amons. In the droxo species, rrans-[MO,X,]“‘, protonation to 
[MO(OH)X,J(“-l)- by strong a cids does not occur for Osv’ or Ruvs but does for 
Rev, Mow and WI”, the lower oxidatron state presumably giving morep-character 
to the sp,-orbital containing the oxygen lone pair. Protonation of monooxo specres 
is very rare indeed. 

(vi) Structure and bondzng 

In this section we shall briefly summarise the various approaches which have 
been made to the dAIicult subject of metaloxygen bonding m 0x0 species. It is 
both convenient and logical to include in thrs sectron a summary of structural 
data whrch have been obtained on such species, but a comprehensive catalogue has 
not been given because some of the earher measurements are of low accuracy. 

Tetra- and tri-oxo speczes -Bond length data for a number of tetra- and 
trr-oxo species are listed in Table 2; all the M-O distances are short,indrcatmg 
the presence of a consrderable degree of M-O double bonding 

There has been a number of attempts to describe the bondmg m [MO,]“- 
complexes on the basis of molecular orbital theory. The test of success for these 

TABLE 2 

BOND LENGTHS IN TETRAOXO COMPLEXES, [MO,]“- 

Complex k-o (A) Space group [z] Ref 

BarUGI 

FW0.J 
(pucherite) 
Y, YblNb0.J 
Kz~MoOA 
Pb[MoOr] 

Li21WO.J 
KtMn%.l 
K2Wn041 
KIRuOd 
0s0&as)” 

oso, 

2 at 1 63 (0 02) 
2 at 1.78 (0 02) 
186 (0 07) av. 

1 89 
1 76 (0 01) 
1.772 (0 006) 
1.79 (0 02) 
1 629 (0 008) 
1 659 (0 008) 
1 79 
1 711 (0 003) 
I 74 (0 03) 

Pun 

Pnca 

&la 
C2/m 

I4Ja 
R3 
Pnma 

&/a 

c2/c 

4 13 

4 14 

4 15 
4 16 
4 17 
6 18 
4 19 
4 20 
4 21 

22 
4 23 

a Ail X-ray data on sohds except OsO&as) electron dIffractIon on vapour 

Coordm Gem Rev, 5 (1970) 459-517 
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schemes is that they should be able to explain the observed electronic spectra of 
the compIexes, and also the ESR spectra of those ions which are paramagnetic. 
The high oxidation states of the metal atoms in all &IO,J”- complexes infers 
that the M-O bond is 1ikeIy to have a high degree of covalency with attendant 
extensive u and ‘IT delocalisation of charge (both the t2 and e orbitals on the metal 
are involved in z-bonding in tetrahedral species), and there is likely to be consider- 
able mixing of d and p metal orbitals. All these factors lead to considerable diffi- 
culties m formulating a consistent theory for tetraoxo complexes. 

Fig. 1. Molecular orbltal schemes for [MO,]“- species: (a) Wolfsberg and HelmhoIz24, (b) 
Ballbausen and Liehr25. 



TRANSITION METAL OX0 COMPLEXES 467 

The earliest attempt at a semi-empirical MO approach was that of Wolfs- 

berg and Helmholz on the permanganate and chromate ions24 (Fig. la). Their 
scheme was criticised by Ballhausen and Liehr who proposed a somewhat drfferent 
order of energy levels’ ’ (Fig. 1 b), which was found by Carrington and Schonland 
to be more consistent with the electronic spectra of do tetraoxo anions and the 
ESR and electronic spectra of d1 and d2 species’ ‘. A recent critical reassessment of 
the two theories as applied to the ions [MnO,]-, [MnOJ2-, and [MnOJ3-, 
suggests that either method is capable of explaining the spectral data depending 
on the degree of s and p participation m the hybrid ligand orbitals2’. 

The most comprehensive molecular orbital scheme for tetraoxo anions has 
been proposed by Wste and Gray; their treatment IS basically similar to that of 
Ballhausen and Gray, but, unlike the former, it takes account of oxygen 2S orbital 
participation as well as oxygen 2p, metal 3d, 4s and 4p orb&& (as apphed to 
[Mn0,]-)28. The resulting scheme was applied to do species (jVOJ3-, [CrO,]‘-, 
[MnO,]-, [Mo0,J2-, ~cO,]-, Ru04, TWOa]‘-, [ReO,]-, 0~0,); d’ systems 
([CrOJ3--, [Mn0J2-, [RuO,]-); and d2 systems ([Mn0,13-, [Fe0,12-, 
[Ru0J2-) For some of these ions it was possible to establish d-values2*: 

Value of orbital parameter A in tetraoxo anions (cm- ’ x 10m3) 

ECa%12 - 16.0 [Fe0,12 - 12.72 

Frn0.J - 26.0 [Ru%l - 28.5 
[Mn0,12- 19.0 [RuO.J* - 21.6 
[Mn0.J3- 11.0 

It is significant that the d-values decrease m the expected sequences, 
eg. Mn”” > Mnvx > MnV 
and Ruvu > Ruv’ > Fev’ 28 
A SCF-LCAO treatment has been applied to [Cr0,13- using D,, rather 

than Td symmetry for the amon2’. 
For tetraoxo complexes of the form [MO,X,]“- there have been no theoret- 

ical treatments; it has been proposed that, for do complexes of this type, a cis 
rather than a trans stereochemistry is likely on the basis of the distribution of 
metal-oxo rc-bondmg, and this IS found to be the case from studies of the vibra- 
tional spectra of known species of this type4’. 

Trioxo and dioxo complexes. - (See Table 3). No bonding theory has been 
proposed for [M03X]“- or [MO,X,]“- complexes. For the latter a cis (1, 2,3) 
(1) rather than a “trans” (1,2,6) (2) stereochemistry is expected on the basis of 
the competition of oxygen px orbitals for metal f2e electrons4’*42. 

0 

& 

0 
M 
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TABLE 3 

STRUCIWRAL D4TA ON -lRIOXO AND DIOXO COMPLEXES 

Complex G-o (4 Other data Space [z] Point &f 
ww group 

voa (gas)’ 
K[CrO,CI] 
MoOs(dlen) 

ReOaFb 
ReO,CIb 
KIOsOJN] 
CrG#& (gas)* 

MoOAX (gas)” 
K,[MoOzF,] - Hz0 

NaKs[MoO&X)4] 6H20 

K3 CRe0&N)41 
K~~OSOZC~~I 

&~OsWOH),l 

156(004) 
1.53 
1 736 (0 008) 

1 586 (0 005) 

1 692 (0 003) 
1 761 (0 003) 
1 75 (0 02) 
1 57 

1.75 (0 1) 
1 71 (0 02) 

1 68 (0.01) 

1 834 (0 009) 
1 87 
1 750 (0 02) 
1 77 

v-c1 2.12 (0 03) 
Cr-CI 2 16 
Mo-N 2 330 (0 009) 

&h 106” (0 3) 
Mn-F 1.724 (0 005) 

i%& 108 3O 
Re-F 1 859 (0 008) 
Re-CI 2 230 (0 004) 

cr-Cl2 12 

&blOY 
Mo-Cl2 28 (0 03) 
Mo-F 194 (0 02) 

6Gh 9s 1 (l)O 
Ma-G 2 20 (0 01) 
Mo-CI 2 341(0 007) 
MO-C 2 204 (0 013) 
Re-C I 91 
OS-Cl 2 379 (0 005) 
os-(oH) 2 03 

P&/c 
Pbcm 

Wa 

P&lc 

cz/c 

Pmna 

14Jmmm 
14/m 

c 20 30 
4 C30 31 
4 C3, 32 

c3, 33 

c3, 34 
C 30 35 

4 Coo 35a 
C 20 30 

GO 
4 c20 

36 
36a 

4 czrr 366 

2 D4h 37 

D4h 3g 
D4h 39 

2 Du 40 

a Electron d&ractlon b Microwave spectroscopy 

For dioxo complexes of the type [Osvr0,X4J”- there has been some drs- 
r cussion of possrble molecular orbitals43. Lott and Symons first explained the 

diamagnetism of 8 trdns-[Osvr0,X4]“-. [Ruvr0,X4]“- and [RevO,X,]“- specres 
by suggesting that the D4,, symmetry of the complex anion split the ligand field 
to give a low lying &, orbital m which the two d electrons pan up (3)44: 

%* 

dx2_Y2 

dxz .dYz 

-4, Y 

(3) 

The strong z-donor effect of the 0x0 hgand in octahedral compIexes makes it 
likely that do species of the type ~0,X4]“- will take a cjs configuration whrle d2 

species will be transit. 

Monooxo complexes, [MOX,J”- and [MOXJ”-. -(See Table 4). A moie- 
cular orbital treatment has been given for the bondmg in vanadyl(IV) species, 
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TABLE 4 

SmKJCTURAL DATA ON MONOOXO COMPLEXES 

469 

Complex d,-o f& Other data Space [;l Pomt &f 
group wow 

VO(acac), 
KzCNbOFsl’ 

&[NbOFcd 20 

(NHo)dNbOox31HzO 1 71 (0 01) 

CrOKUpy 1.576 (0 002) 

K=[Mo0(02)FJ] - Hz0 1 64 (0 02) 

(Ph.&) [MoOBr.dHzO)l 

(Et&0 CReOJh(HzO)I 

(Ph*As) IReOBr&(MeCN)I 

ReOCia(PEtzPh)2 

1.79 
1 62 (0.06) 

1.56 (0 01) 
1 68 

178(007) 

171(004) 

1 73 (0 06) 

1 60 (0 02) 

TI-CI 2 34 
V-OH2 2 22 (0 05) 
V-N 2 04 (0 03) 
V-O(acac) 1.97 (0 01) 
Nb-F(4) 1 84 
Nb-F(rr) 2 06 
Nb-F20 
Nb-O(ox) 2 14 (0.01) 
Cr-O(per ) 1796,1844 
Cr-N 2 047 (0 002) 
Mo-0 1 93 (0.02). 

0-o 43” 
Mo-OH2 2 39 (0 03) 
Mo-Br 2 516 (0 004) 
R+OH, 2 32 (0 01) 
Re-Br 2 51 (0 01) 
Re-N 2 31 (0 06) 
Re-Br 2 48 (0 03) 
Re-P 2 45 (0 02) 
Re-CI 2 41(0 02) 

P&In 

PI 
P4Jmmm 

Fm3m 
P2Jc 
Pnma 

p21tc 

P4Jn 

Pnam 

Pi 

pwc 

2 c,, 45 
4 C,, 46 

2 c,, 47 
2 C,, 48 

4 c30 49 
4 G 50 
4 G 51 

4 G Sla 

2 c40 52 

4 c,, 53 

2 c,, 54 

4 55 

o Electron diffractIon 

Fig. 2. Molecular orbital scheme for WO(HzO)~l’+ 56. 

Coordm. Chem. Rev., 5 (1970) 459-517 
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w(r-n,0),1”*, [CrOCLJ2- and [MoOC~~J~-~~*~‘, and satisfactorily accounts 
for the observed electronic absorption and electron spin resonance spectra of 
these d’ species. The MO scheme for the vanadyl Ion together with the appropriate 
axes is given in Fig. 2 below 56 For [MOX,]“- species the bonding may be . 

summarised as follows56~57: 
O-M a-bond: sp, to ndzz f (II -I- 1)s (a,) 

O-M n-bonds: (two, degenerate) Zp, and 2p, to ndxz and ndYz (e) 

X,-M (czs) bonds. sp,(H,O) to (n + l)s-ndz2 (a) (n + l)p, 

and (n-f- l)pY (e); nd+,~ (I+) 
X-M bond (tram) : sp,,oI,O) to (n+ l)p= (aJ 

This leaves the d_. orbltal non-bondmg (b,). 

The resistance of monooxo complexes to protonation IS then ascnbed to 
the fact that the remaining lone pair on oxygen 1s in a sp, hybrid orbltal (since two 
2p, orbitals are used from the oxygen to bond to the metal atom); its conslderable 
s character renders it less smtable for bonding purposess6. 

This scheme of Ballhausen and Gray works well for vanadyl and chromyl 
complexes, but the observed electronic spectra of [MoOBr,]‘- and ~OX,J2- 
(X = Cl, Br) are not in such good agreement with theoretlcal predlctions. It has 
been suggested that the reason for this may be that the properties of the halogen 
hgands become more important for these second and thud row complexes” 
(this factor is of course neglected in the simple theory)_ 

Recent studies on the electronrc spectra of the ~OCl,J”- ion have been 
Interpreted on the basis of a slightly different MO scheme. The order of levels is 
the same as that proposed by Ballhausen and Gray but the n-mteractlon of the 
dz,, orbital with the equatorial ligands was consldered, and it was suggested that 
the treatment could be extended to cover other [MOXJ”- species (M = Cr, 
MO , W)5g. As with Ballhausen and Gray’s scheme, metal-oxygen 4p,-2p, bonding 
was neglected. Selbm et al have considered the bondmg in vanadyl(IV) com- 
plexes6 O. 

Polynuclear complexes - (See Table 5). No full calculations on the bondmg 
in oxo-bridged polynuclear species have been made. However, Dunitz and Orgel 
have given an account of the bondmg m the [Ru~OCI~~J~- ion which accounts 
well for the observed electronic and magnetic properties of the Ion. In [Ru,OCI,,]~- 
the structure is centrosymmetnc -D,,,” (Fig 3). 
Neglecting a-bonding there are six t2, orbltals (2 d,,, 2 d._ 2 d,=> from the two 

Fig 3 Structure of anion III K.JRu~OCll~]. 
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TABLE 5 

STRUCUJRAL DATA ON POLYNUCLEAR COhfPLEXES 

Complex dw-o f& Other duta Space [z] Pornf Rcf 

(bridoe) 0rouIJ mvL?lD 

[CPTICLLO 

KzCr20, 

CdzlYzO71 

P330(OAc),(H20)31Cl - 5H20 

Naz[Mo204(cysteine)21 - 5Hz0 

KzIMozO~ox~0rzO)~l 

1.74 

1 79 (0 01) 

1.76 (0 04) 

20 

2 at 193 

1 876 (0 002) 

2 at 193 

(0 03) 

2 230 and 
1 878 (0 004) 

1.851 (0 03) 

1 93 (0 02) 

1 86 (0 005) 

1.80 

2 08 

1 905 (0 003) 

metal atoms and two 2p, (p,,, p=) orbltals from oxygen. Under Ddh symmetry these 
combme to gve two sets of bonding, two of non-bonding and two of anti-bondmg 
molecular orbitals The eight electrons from the ruthenium atoms and four from 
the oxygen will then fill up the bonding and non-bonding orbitals to Bve overall 
diamagnetism, and such a scheme WIU also account for the dlamaguetism of the 
osmium analogues73. The scheme would however predict paramagnetism for 
[Cr,0@lH3),,]4f and [Re,0C11,]4- (one unpaired electron per metal atom) 
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TI-C 2 38 
Ti-Cl2 28 
Cr=O 1 61(0 03), 

C?r 106’ 
V-O(ter ) 1 70 

V& 180° 

Cr-O(OAc) 2 0 

( 

Mo-O(ter) 1.71 
Mo-O(cyst.) 2 29 

MaMo 83’ 
Me-O(ter ) 1.690 (0 02) 
Mo-0(0x) 2 10 (0 02) 

Mao 180” 
Mo-O(ter ) 1 70 (0 03) 
MO-0(0x) 2 11 (0.03) 

i,-- 

Mo-MO 2 541 

00Mo 83 5” 

( 

Mo-O(ter ) 1 82 (0 004) 
MO-0(0x) 2 235 (0 004) 

M&o 149” 

1 

Mo-O(ter ) 1 644 (0 03) 
Mo-S 2 50 (0 01) 

M&o 180” 

( 

W-O(ter ) 1 68 (0 02) 
W-OH2 2 35 (0 02) 

w-w 139” 
Re-CI 2 38 (0 02) 

Rae 180° 
Ru-Cl2 34 

R&u 180” 
os=o 1.79 
OS-N 2 16 
Cu-0 1 89 (0 02) 
Cu-Cl2 38 (0 01) 

P&/c 

PI 

C2/m 

P21lc 

P3,21 

P2& 

P2I 

PI 

I4/mmm 

14/tnmm 

P21lc 

PZ3m 

2 G 

4 c2, 

2 C2h 

4 &k 

4 G 

2 G 

3 c, 

4 Cs 

2 c, 

2 cz, 

2 &I, 

2 D4h 

4 c20 

1 Td 

61 

61a 

62 

63 

63a 

64 

65 

66 

67 

68 

69 

70 

71 

72 
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whereas in both cases the moments at room temperature are less than this (c$ 
p. 495 and 502) [ see Ref. (8) for another treatment of [Re,0C110]4J. 

In the trioucIear ruthenium red complexes [Ru~O~(NH~)~~]~+ and 

IRu3Oz(NH&1’+, whrch are believed to contain linear Ru-0-Ru-O-Ku units 
(p. 509) a molecular orbital treatment has been devised which is analogous to 
that for [Ru~OCI~~]~-; it satisfactorrIy explains the diamagnetism of the sextuply 
charged complex and the fact that [Ru,O,(NH~)~~]‘+ has one unpared electron 
per three metal atoms (p. 509). It also provides a partial assignment of the elec- 
tronic absorption spectra of the compounds74. 

For the trinuclear species which contam coplanar tnangular (M,O) umts 
in wbch the oxygen atom sits at the centre of an equilateral tnangle [uiz. in 

[M,o(OoCR),I+, where M = Cr, Fe, Ru and Al; m ~30(S04),]‘o- and the 
related mtndo species [~r,N(S04)6(H,0),4- ] it has been suggested that a four- 
centre molecular orbrtal system encompasses the M,O units, comprising the 
three metal czg orbrtals which have the appropriate symmetry to overlap with the 
fourth atormc orbital, the pz orb&l on the central oxygen atom74. Again, the 
results are broadly in agreement with the electronic spectra” (p. 478) and vibra- 
tional spectra (p. 475) of such complexes. 

(vii) Physical measurements 

We have already reviewed, in Tables 2-5, the bond length data; comment 
on the values IS made, when appropriate, m Part C. 

(a) Vzbrational spectra -There has been considerable interest m the vlbra- 
tronal spectra of 0x0 comple:ces, mainly because the stretchmg and deformation 
modes associated with M-S (n-bonded) systems show characteristically sharp and 
intense bands m the Raman and the IR. Raman spectroscopy 1s pticularly useful 
for obtaining information on the structures of 0x0 species in aqueous solution, 
smce water has only a very weak Raman spectrum 

Species containing [ibf06]“-, [MOS]“- and [&f04x,~“-. VIbrational spectra 
of a number of transition metal complexes of these types have recently been 
studred. As mentioned previously (p. 461) it is unhkely that the hexa- and penta- 
species contain &screte [MO,r- ions, but most of them give strong Raman bands 
near 770 cm-‘, presumably to be associated with a symmetric M-0, stretch. 
The complexes studied (using their empirical formulae), were NaS[Re06), 
Ba31W061, Ba3Fro061, BadOsW2, Ba3Ps0,1, &[ReO,l, Naj13eOJ, and 
K,[OSO,J~~. The tetraoxo species Cs,[OsO,F,], K,[OsO,(OH),] and 
Ba3[Re04(OH)J2 have been studed by Raman and IR spectroscopy, and the 
results show that the anions have a cis configuration41. 



TRANSITION METAL OX0 COhIPLEXES 473 

TABLE 6 

VIBRATIONAL SPECTRA“ OF [MO.J’- COMPLEXES 

IO/l Method b vl /All ~2 (E) ~3 C&I va /F2) Sainple Rei 

miOJ+ R 745 
CV0413 - R 827 
[Cr0J~- R 847 
[MoO.#- R 897 
woJ* - R 931 

I Mn0.J - R 838 
[Mn04]2- IR 810 
[Mn0J3- IR 836 

IFeCU- R 912 

1ReO41 - R 971 
[FeOJ2- IR 778 
RuOj R 883 

CRuO.41 - IR 826 
[RuO.# - R 810 
oso, R 964 

250 
341 
348 
318 
324 
355 

325 
332 

338 

330 
338 

780 341 
884 368 
841 318 
833 324 
921 429 
862 328 
770 348 
912 325 
916 332 
800 320 
918 332 
848 282 
836 330 
953 334 

BaJ?lOA WC 77 

K3WO.al/H20 78 

K,CCrO.J/H,O 79 
NaAMoOJ/H20 80 

NaJW0J/H20 81 
K[MnOJ/ELO a2 

Kt tMnO.al (~1 83 

Na3tMnOJ (9 83 

KfFe041/Hz0 80 

KtReOJI&O 81 

KJFeOJ (~1 83 

RuO, 8s 1 84a 

KWuOA (~1 84 

K~[RuO~l/H~O a4 

0~04 Ois ) 84 

a Frequencxs m cm-‘. b R = Raman, IR = infrared. All modes Raman active; F2 mode also 
IR-active = s = solld 

Terraox anions, [MO,]“-. (See Table 6) The vibrational spectra of a wide 
range of tetrahedral species of this type have been measured, and the most recent 
values for the four fundamental modes for the Td tetrahedron listed m Table 6. 
There has been considerabIe discussion on the interpretation of the spectra of 
[MO,J”- species in solution respecting the positions of the deformation modes 

Q(E) and W% in some cases only one band is found in the Raman spectra 
which may be ascnbed to these. It has been variously claimed that, in species 
like [Mo0,12-, wOJ2-, pcO,]- and 0~0, that either L)~ and o, are coinclde&’ 
or that u2 is too weak or too broad to bs observed”; the authors4 inchnes to the 
former view. 

The force fields used include an orbltal valency fields5, Urey-Bradleyg6, a 
general valency force field (using a least squares method)” and a number of other 
force fields88-go. The difficulty with estabhshmg a reasonable force field for 
tetraoxo molecules or ions IS that there are only four fundamental frequencies 
from which the force constants are calculated, so gross approximations or assump- 
tions have to be made on the values of the interaction constants. The situation 
would be greatly helped if data on [M’ *OJ- species were available; so far there 
have been only mcomplete studies on the IR spectra of K[Mn’804]gL and 
os’8o492 . 

The IR spectra of gaseous osmium tetroxide have been studied and Coriohs 
[ constants obtained for this moleculeg2; there is some discussion of the interpre- 
tation of the resultsg3. Coriolis c constants have also bezn calculated for RuO,, 
rlrco,]- and [MoO.$-*‘+=*~~. 

Coordm. Chetn. Rev, 5 (1970) 459-517 
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TABLE 7 

VIBRATIONAL SPECTRAL OF [MOIX]- AND MOXs CO~WLEXES 

Complex 

[C~,Fl- R 
[Cro3Cl]- R 
ReO,CI+ R 
ReOBBr R 
[OsO,N] - R, IR 

VOFB 
voc13* 
VOBr3* 

R, IR 
R, IR 
R, IR 

Method A 1 CR, IR! 

VI V2 v3 

vMO3 VNX 6 MO3 

911 637 338 
907 438 295 

1001 435 293 
997 195 350 
897 1021 309 

VMO vbfx3 6 MX3 

1060 720 
1035 40s 165 504 249 129 
1025 271 120 400 83 212 

E CR, IRI 

p4 p5 p6 

Ku03 6 NO3 6 MOX 

955 370 261 
954 365 209 
960 344 196 
963 332 168 
871 309 372 
VMX3 6 MX3 6 MOX 

805 

Ref 

95 
96 
97 
97 

98 

99 
100 
101 

u All spectra on samples m solution except* hquid. 

Trioxo conzplexes. In Table 7 we hst the fundamental modes of vibration 
for [CrO,F]-, [CrO,Cl]-, ReO,CI, ReOsBr and [OsO,NJ-; normal coordinate 
analyses for Re03Cl, ReO,Br and [ReO,NJ’- have been carried out102*103. 
Studies have also been made of the vibrational spectra of the cis (1, 2, 3) trioxo 
species K[OsO,FsJ, KJWO,F,], Ks[MoO,Fs] and MOO, (dien)41*42. 

Dioxo complexes. (See Table 8). Both IR’06*‘07 and Raman4’ spectra of 
“osmyl” complexes, [Osv’0,X4]“- (X = CI, Br, CN, fox, OH, NH,) have been 
reported. IR4’*“* and some Raman4’ data have also been recorded on some 
trans-[ReO,X,]“- (X = CN, sen, py) complexes and tran~-[MoO,(CN)~]~-. In 
general, m such trans dioxo species, the symmetric MOz stretch is found near 
880 cm-’ and the asymmetric MO, stretch near 800 cm-’ for osmium species, 
with values some 50 cm-’ lower for rhenium and molybdenum complexes; the 

TABLE 8 

VIBRATIONAL SPECTRA” OF GASEOUS M02X2 SPECIES (c,.) 

Complex Method AI CR, IN A,(R) BI (R, W Ref 
VI V2 v3 v4 V5 V.S V-I V8 VP 

v‘wo2 KS¶X2 6 MXZ 6 MYi? z Go2 PM03 %X3 pMX3 

Cr02F2* R, IR 1006 727 304 (182) (422) 1016 274 789 (259) 104 
Cr02C12 R 984 465 357 144 216 994 230 497 263 105 
MoOzFz IR 987 692 1009 710 112 
MoOJJ* 
MoO,Br, ::: 

994 437 972 453 112 
991 969 112 

MOO& IR 972 950 112 
wozc12 IR 992 430 97s 437 112 
WOzBrz IR 985 973 112 
WOJ2 IR 980 960 112 

o AU spectra on gaseous samples except* liquid 
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TABLE 9 

VIBRATIONAL SPECTRA‘- OF MOX5”- AND MO& SPECIES (c&j 

Complex Method AI (R, IRI E fR, IRI Ref. 

VI V2 V3 
2-M-X :x-&f_, fi, 

v9 VI0 VI1 

VW0 btX4 VMX’ CL,_, s_x_,-x s,,-x’ 

CsJJ’OC15] IR 960 342 333 186 342 260 90 109 
fNbOFs]=-’ R 9451, 658p 613 288 264 110 
CsJNbOCls] IR 928 330 320 231 180 325 217 168 85 111 

R 948p 345p 235 110 
CsJNbOBrJ IR 977 241 211 140 241 202 111 111 
Cs,[CrOCl~] IR 930 343 313 19.5 187 343 240 84 111 
Cs,[Mo0Cl~] IR 952 329 320 227 178 253 86 111 
Cs,[MoOBrS] IR I 972 2.53 244 207 132 187 128 119 111 

962 
MoOF,** IR 1030 553 539 1 527 112 

516 
CG~WOCI~] IR 957 333 309 230 174 164 84 111 
CszwOBrS] IR 960 220 202 143 119 111 
WOF, IR 1030 554 ( 533 527 112 

539 516 

o All spectra on sollds except **gases and *aqueous solution 

6 M01 deformatlon mode hes near 350 cm - 1 In ck-dloxo complexes such as cis- 

[MO,X,]“- (M = MO v1 WV‘, Vv; X = F, Cl), the symmetric and asymmetric , 
MO2 stretches are observed m both the Raman and the IR near 930 and 900 cm-’ 
with deformation 6,,, bands near 300 cm -141_ A force field has been proposed 
for osmyl specieslO’. 

In Table 8 we also hst fundamental modes of vibration for a number of 
MOpX, specres; the chromium complexes are monomeric m the solid state and 
the molybdenum and tungsten polymeric as solids, but monomeric as gases. 

Monooxo complexes (See TabIe 9) There are extensive IR studies on the 

vM=O stretching frequency m a number of vanadyl(IV)60*1’3D”4 complexes 
(cf p. 486), and some Raman and infrared data on [MOXJ”- (M = V, Nb, MO, 
W, X = Cl, Br) and [MOX,J”- (M = MO, W; X = Cl, Br, I) Ingeneral termmal 
M-O stretches in monooxo complexes appear in the range 900-1050 cm-‘, de- 
pending on the oxldation state of the metal and the nature of the X hgands; a 
frequency in this range 1s often used as dlagnostlc of a terminal M =0 bond. 

Vibrational spectra have also been measured of VOX, complexes (X = F, 
Cl, Br) (Table 7). 

Polynudear complexes. The IR and far IR spectra have been measured of a 
number of binuclear complexes wrth single 0x0 bridges (e g. [M20Xlo]“- (M = 
OS, Ru, Re; X = Cl, Br)“’ and Raman spectra of such species have also been 
measured41; force constant treatments have been proposed”6. Spectra have also 

Coordm. Chem Reo , 5 (1970) 459-517 
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been measured of a few complexes contaming two 0x0 bndges41. In general, in 
binuclear specres containmg hnear M-O-M units, the asymmetnc M-O-M 
stretch is found near 860 cm-’ and the corresponding symmetric mode is found in 
the Raman near 240 cm-’ (m analogous bndging mtrido complexes the asymmet- 
ric M-N-M mode is near 1080 cm-r and the symmetric mode near 310 cm-‘, 
mdrcative of the greater rc-bonding in metal-mtride rather than metal-oxtde 

” ’ systems) . A comparison of metal-oxo and metal-nitride vrbrational frequencies 
has been tabulated. For systems containing bent M-O-M umts the asymmetric 
M-O-M mode is found near 750 cm-‘, the symmetnc near 500 cm-’ and the 
deformation mode near 200 cm-’ (for M = V, Cr, such values are very dependent 
on the mass of M). 

Studies of the vrbratronal spectra of tnnuclear complexes have recently 
been made; for [Ru~O~(NH&~]~+ and [RLI~O~(NH~)~~]~+ the infrared active 
Ru,Oz stretch occurs near 800 cm-’ and the symmetric stretch near 200 cm-’ ; 

in complexes containing coplanar triangular M30 units such as 
lM,O(CH,COO),(H,G),l’ 

(M = Fe, Cr, Ru) and @r30(SOJ,]10- the asymmetric M,O stretch IS near 660 
cm-’ and the symmetric MS0 mode near 190 cm-’ ‘18. 

(b) Electronic spectra.-There have been no comprehenstve studies on the 
electronic spectra of hexa-, penta- or substrtuted tetra-oxo species. 

Tetraoxo anions, [MO,]“-. The electronic absorption spectra of most 
tetraoxo amens having do, d’, or d2 1 tr e ec OIUC cotigurations have been studied 
and assignments of charge transfer and crystal field bands made; most of the 
main band positions are listed in the review by Carrmgton and Symons’. As 
mentioned above (p. 465) the electromc spectra of such species have been useful 
as a check on the validity of the various theones of bondmg m [MOJ- species; 
although the MO scheme of Wolfsberg and Helmholz24 gtves an approximate 
agreement between theory and observation for the spectra of do ions, a better 
result is obtamed by using Bahhausen and Lrehr’s scheme2 5 or Gray and Vrste’s’ ‘. 
The most comprehensive papers on the electromc spectra of tetraoxo anions and 
their mterpretatrons are those by Carrington and Schonland2‘j (who use the 
Ballhausen and Liehr scheme) and Gray and Vrste*’ (who use their own modifi- 
catron of the Balihausen and Liehr scheme) Observations of the effects of pressure 
and environmental changes on the spectra ofsohd tetraoxo salts have beenreviewed5. 

Dioxo species. Litt and Symons have interpreted the electronic spectra of 
Kz[Os02(OE94] in terms of D4k symmetry44. 

Monooxo species. The molecular orbital scheme proposed for bonding m 
vanadyI(IV). chromyl(V) and molybdenyl(V) species accounts well for the expen- 
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mentally observed electronic spectra’ ‘j*” although the agreement is not so good 
for [MoOBr,]‘- and wOX,12- 58*5g: for the latter, a scheme involving n-bond- 
ing from the other ligands in the complex has been proposed5g. The electronic 
spectra of a number of vanadyl(IV) species have been extensrvely studied6’. There 
are also studies on vanadium-(Y) and -(IV) monooxo speciessg, single crystal 
polarised spectra of ~OC1J3- and ~oOX,J”- (X = F, Cl, Br)“‘, and solution 
spectra of ~cOC1.Jz- and [ReOX,12- (X = Cl, Br, I)12’. 

Single crystal spectra of a number of monooxo species have been recorded; 
the subject has been reviewed’21. 

Polynuciearspecies. The electronic absorption spectra of [Ru,OCI~~ J4- ” 122 
[Re20Clt,J4- 123 and [Cr20(NH3)lo]4’ 124 have been recorded and assignments 
of bands proposed. For trinuclear species there are studies and assignments for 
[Ru,O,(NH~)~~]~’ 74 and F30(S04),]‘0- 74*75 and recently the absorption 
spectra in the visrble regron of [M30(CH3C00)6L3]C (L = H20, NH3, py, 
DMSO, MeOH, EtOH; M = Cr, Fe) have been interpreted on the basis of ligand 
field theory for tetragonal fields12’. 

(c) Electron sprn resonance spectra. - Tetraoxo anions. Electron spin reson- 
ance spectra of paramagnetic tetraoxo amens have been as useful as electronic 
spectroscopy in assessmg the worth of the various MO theories of bonding. Studies 
on d’ systems ([MnO.#’ 126, and fNb0414- in a CaWO, lattice12’) and d2 

([Mn0413-, [Fe0,‘J2- and [RuO,]‘-) have been made126. 

Monooxo species. Ligand hypertke structure has been observed in the ESR 
spectra of [MOXJ2’ (M = Cr, MO, W; X = F, Br) 12* Studtes have also been . 

made on [CrOCIJZ and [CrOCl.J’ and are consistent with the Hare and Gray 
molecular orbital scheme for monooxo species (p. 467)12’, though some of the 
assumptions in this study have been questroned’30*‘31. ESR spectra have been 
used to study the species existmg in solutions of molybdenum(V)-hydrobromrc 
acid soIutions130, and three &fferent complexes were detected. The extensive ESR 
studies which have been carried out on vanadyl(IV) species have been reviewed’ 14. 

(6) Magnetochemistry.-(See Table 10). Tetraoxo anions. In addition to the 
data in Table 10, magnetrc measurements over an unspecrfied range of temperdtures 
have been made on the following salts (all were found to obey a Curie-Weiss law): 
La[CrO,] (1_76);Y[CrO,] (1.80); Ba3[Cr0412 (1.72); Ba,[CrO,] (2 82); K,[MnO,] 
(2.68, 0 = 5”); Cs3[MnOJ (2.57, 8 = 5”) (magnetic moments at room temper- 
atures in parentheses)‘35. 

Monooxo species. The room temperature magnetic moments of molybde- 
num(V) and tungsten(V) complexes are very close to the spin-only value of 
1.73 B.M. This result is unexpected, since a large spin-orbit coupling leading to 

Coorditt. C/tern. Rev., 5 (1970) 459-517 
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TABLE 10 

MAGNETOCHEMICALSTVDIESONOXO COMPLEXES 

Complex Range (OK) 
of study 

go-293 
83-303 
77-301 
95-300 
90-293 
90-293 
90-293 
go-293 
78-298 
78-300 
82-298 
80-301 
90-293 
90-291 

~lcrr G-K) 
(BM) 

1 46 (293) 
1 76 (300) 
1 23 (301) 
1 80 
1.74 (300) 
1 72 (300) 
1 74 (300) 
1.76 (300) 
1 52 (298) 
1.48 (300) 
1 43 (298) 
1 37 (301) 
1 73 (293) 
2 91 (291) 

8 Ref- 
(“1 

132 
-10 133 
-4 133 
-14 134 
-27 133, 133a 
-51 133, 1330 
-0 58 
-16 133a 
-16 133a 
-20 133a 
-2 133a 
-14 133a 

134a 
135 

a Q = qumolmmm 

lower moments wouId be expected for these heavy elements. It appears hkely that 
the spin-orbit couphng constant IS lowered by the presence of the strongly X- 
donatmg 0x0 hgand5s. 

Pdynuclear complexes. Accordmg to the bondmg theory of Dumtz and 
Orge173 (p_ 470) K,[Re,OCI,,] should have a magnetic moment correspondmg 
to one unpaued electron per metal atom, and thus should also be the case for 

Kr20W&h14’ salts. However, the potassium salt of the rhenium complex has 
a moment at room temperature of some 0.7 B.M. and the quinohnium salt is 
diamagnetlct3 6, it has been suggested that the large spm-orbrt couphng constant 
of rhenmm(VI) may have spht the E, level sufficiently for electron pairing to 
occur’36. Another bondmg scheme has also been proposed to explam the results 
for the rhenium complex lz3 In the case of the chrommm species the moment at _ 
room temperature is close to 1.3 B M. but the complex becomes diamagnettc at 

I3 7 low temperatures . Studres have also been made of the magnettc properties over 
a temperature range of the bmuciear Schrff base complexes [Fe baseI r3s, and 
of the tnnuclear species [MsO(OOCR)6]+ (M = Cr, Fe)‘3g.‘40; magnetm ex- 
change integrals were evaluated. 

(e) Nuclear magnetic resonance spectra - The chemical shaft of 1 7O m a 
number of tetraoxo complexes has been observed and a linear relation&p deduced 
between the shifts and the lowest eIectronic transttron for the molecule; the ongm 
of the chemical shifts was discussed The complexes studied were [v0413-, 
[CrO,]‘-, [MoOJ2-, W0,12-, lTcO,]-, [ReO.+]-, RuO, and 0~0, 141. The 
chromate-drchromate equihbrmm has been studied by I’0 resonance’42 and a 
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mechanism for the reaction discussed. It has been proposed that there is a rela- 
tionship between the “0 chemical shift and the degree of Cr-0 sr-bonding in 
CCr0412-, CrO,Cl, and [Cr,O,]‘-, and that the latter retams a bent Cr-0-Cr 
umt in aqueous solution 143 The exchange of water and coordinated water in . 

aqueous solutions of vanadyl(IV) perchlorate has been studied by use of I70 
resonance technlques’44, and “0 couplmg with 5 5Mn in [MnO,]- studied’44a. 

There seems little doubt that this technique, which has recently been re- 
viewed145, will become a most valuable one for structural and mechamstlc studies 

on 0x0 complexes. 

C. DESCRIPTIVE CHEMISTRY 

In this section the 0x0 chemistry of the members of each periodic group ~111 
be summarised. Extensive reference will be made to standard texts or review 
articles on each element or group of elements, and these sources ~111 be quoted at 
the head of the appropriate sections_ The arrangement of material ~111 be as 
follows; the elements are considered by their periodic Groups, IVa-VIII. General 
reviews on the chermstry of the elements will be given, followed by a very brief 
summary of the known oxides and oxohahdes which fall outsrde the scope of this 
review. The ensuing discussion of 0x0 species falls under two categories: unsub- 
stituted species [(i) [MO,]“- and [MOJ”-; (ii) [M04]“-; (.ir) polyamons - a 
very brief section since most of such material will fall outside the scope of this 
review]; and substituted species [(i) tetraoxo species; (il) tnoxo; (iii) dioxo; (iu) 

monooxo; (u) polynuclear complexes]. Within each subsection the highest oxida- 
tion state of each element wdl be considered first. 

(i) Group IVa (Ti-Zr-Hf) 

The main sources of reference for these elements are the standard texts of 
Gmelin’46 and Pascal14’; in addition Clark’s monograph of titanmm and vana- 
dium is of considerable use14*. 

(a) Oxides and oxohalides. - The dioxides MO, are the prmcipal oxides; all 
three forms of TIO~ (rutile, anatase, brookite) have been shown to contain TIO, 
octahedra, and the this IS also hkely to be the case with the zirconium and hafnium 
dioxides. A number of lower titanium oxides are known; prmcipally T1305, Ti,O,, 
TrO and T120, but a large number of other phases is known, m particular those 
intermediate between Ti,03 and TIO 14* There seems to be no substantial evidence 
for the existence of lower oxides of zirconium and hafnmm. 

A large number of oxohalides is known for the three metals, many of em- 
pirical formula MOX, - nH,O (X = F, Cl, Br, I)_ In the case of the zirconyl and 
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hafnyl chlorides, MOC& - 8H20, X-ray analysis has shown that the complexes are 
in fact tetrameric, [M,(OH),(H20), J * *, wzth a square arrangement of metal 
atoms joined by double hydroxo bndges and an eight coordmate (Archimedaean 
antiprismatic) arrangement of Iigands around the metal atoms. The structure 
(Fzg 4) persists in aqueous solution’4g: 

@ = OH 

Fig 4. Structure of’ [Zr,(OH)8(H20)16]8+ In hydrated zirconyl chlonde 

(b) Unsubstituted 0x0 species .-Hexa- and penta-oxo complexes. The only 
reported examples are BaJTiO,] and Lz&Zr06]2. 

Tetraoxo complexes. For the three metals only the tetravalent state zs m- 
valved for tetraoxo anions, z.e. they are all of the form MdwO,] and M2zz[M04] 
and are made by heating, to high temperatures, mixtures of the metal dzoxzdes 
with aIkaIi metal or alkaline earth oxides or carbonates. Although it is hkely that 
the M,z[MO,] species do contain [M0..J4- tetrahedra there is no direct evidence 
that this is the case. The alkah metal salts are instantly hydrolysed by water so 
there is no evidence for the existence of [M0,J4- ions in aqueous solution. It is 
hkely that most other tetraoxo salts of these metals contam MO, octahedra, 
ahhough an X-ray crystal structure analysis has shown that Ba,[TiO,] does con- 
tain discrete Ti04 tetrahedra (cf- Table 2)13; the Raman spectrum of solid 
Ba2[Ti04] has been measured”. Tarte has studied the infrared spectra of a number 
of orthoszhcates which contain (T10,) units’ 5o. 

Po2”anion.s. There appears to be no mformation on the existence of titamum 
polyanions in soIution apart from the work on “titanyl” species dealt with below 
(p. 481). Both zirconium and hafnium dioxides are soluble to a limited extent zn 
concentrated alkali, and although it has been proposed that the mam species 
present in such solutzons are [M(OH),J- and [M(OH),]z-15’ it could we11 be 
that the species arc ~0.J4- or polyanions. 

Meta-t&mates M,‘~10,] and -wconates and -hafnates M”[M03] are 

known; these are really mixed metal oxides mvolving MO6 octahedra. LiflzO,] 
has a cubic structure; Mrrf-I’~03] have perovskite or zlmenite structures depending 



TRANSITION METAL OX0 COMPLEXES 481 

on the nature of Mu. Barium tltanate, BafTiOJ has a perovskite structure (in fact 
there are five modifications of the compound, four of whtch are based on a 
perovskite structure) and is of importance in electronics on account of its ferro- 
electric and plezoelectric properties. Other 0x0 salts of these metals are MIJT.i,O,] 
(an X-ray crystai structure of the potassium salt shows that the titanium is five 
coordinate with infinite layers of Ti,O, units’52), Mrg~i206], M1JTi308], 
NaJTiJO,], M’JM205] (M’ = alkah metal, M = Zr, Hf) etc , but none of these 
contains discrete anions. 

(c) Substituted 0x0 complexes. - No trioxo or dloxo complexes of these 
metals are known. 

Monooxo species. Although there are many complexes of these metals which 
appear to contam (M=O) units, very few of these are monomers with terminal 
0x0 hgands. Thus, in species like [MO(SO3,]‘- and [MO(OX),]~- (M = Ti, Zr, 
Hf) IR evidence suggests that there are infinite M-O-M-O chains, in the solids, 
though the structures of these species remain a subject for conjecture. Thus, in 
titanyl sulphate, TiOSO, - H20, each titanium atom is bonded to one oxygen atom 
of each of three sulphate groups, to one water molecule (these Ti-0 bond lengths 
are CQ 1.97 A) and to two oxygen chain ligands at 1.8 ALs3. There is evidence 
from vIbrationa spectroscopy that K2~10(ox),] 2H,O ‘** and K~[TLOF~]~‘* 
contain TI-O-T1 . _ chains: such chains are associated with very strong and broad 
absorption near 750 cm-l rn the IR. 

Species which have been claimed to contam terminal M=O units Include 
(NEt4)2pIOC14], TIOPC (PC = phthalocyanme), TlO(acac),, T1O[SbF& and 
TlOnlF,], and there have also been suggestions that @‘lO(NCS),]- - 2Hz0 salts 
contain M=O terminal umts (M = Zr, Hf) In the case of (NEt&TiOC14], 
made by reaction of TI,OCI, -4CH3CN with (NEt),NCl in acetonitrlle’Ss, pre- 
hmmary X-ray crystal analysis indicates that there is indeed a termmal Ti=O 
unit in this compound (TI-0 1.79 A), and the structure of the anion 1s square 
pyramidal (Table 5) 45 In the case of the phthalocyanme complex there IS no . 
direct structural evidence as yet The structures of TlO(SbF,),, ‘EO(TlF,)’ 56 rest 
on IR data, which are not conclusive in these cases; studies on TiO(acac), suggest 
that this is dimer~c”‘. The thiocyanates appear to contain only one coordinated 
water molecule158. The mineral fresnolte, Ba2~~O]S120,, contains [Siz07]6- 
groups linked to T105 square pyramldal umts to give flat sheets, and in the TiO, 
pyramids there is a terminal Tl-0 bond at 1 66 A from the titanium, the basal 
oxygen atoms bemg 2 00 A distant with the titanium atom displaced 0.59 A from 
the basal plane towards the terminal oxygen atom’ “. Raman studies on solutions 
of titanium and zirconium dioxides in perchlonc acid provide no evidence for the 
existence of mononuclear ‘Wanyl” (Ti02 *) or “zirconyl” (Zr02 +) species in SoIu- 
tion16’. The subjects of titanyl’ and zirconyl’60 species have been reviewed. 
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Fig 5 Structure of [C~H5)2T~C1]20. 

Po/ynuclear complexes. The cycfopentadieny1 complex [C~,TICI]~O has an 
oxo-bridged structure (Fig 5) with a linear Ti-O-T1 unit (Table 5)61. 

The Ti-0 distance of 1.74 A is short enough to suggest the presence of 
metal-oxygen n-bonding (in TiOSO, * Hz0 the longer bridge distance of 1.80 A, 
if the difference is indeed significant, IS hkely to anse from a lower degree of 
n-bondmg in the case of t&my1 sulphate, smce in this the Ti-0-Ti system is not 
hnear). The binuclear complex (NEt&[Zr,OCl,,] has been prepared by the action 
of Zr,0C16 - 4CHsCN on a solutron of (Et,N)Cl m acetromtrile; the IR spectrum 
supports the formuIation as a binuclear complex’6’. 

Polymeric titanium(VI) oxide alkoxrdes have been reported by BradIey et al ; 

they t&e the form TiJ~xtl#Lr(OW~~xf 3), and are made by hydrolysis of tita- 
aurn alkoxides. The compounds are high polymers, and the subject has recently 
been reviewed’ 2. 

(ii) Group Va (V-Nb-Ta) 

The main sources are the relevant volumes of Gmelm’46 and Pascal14’. In 
addition there are specialist texts on vanadmm’48~‘62 and on mobium and tan- 
taluml 63. 

(a) Oxides andoxobalides. -The pentoxides are the most important oxides 
of the three elements. The vanadium m VzOs has a distorted tetragonal pyramidal 
environment Thermodynamic data are available for the three oxides. Lower oxides 
which have been established Include MO2 (all three), V,O, (there seems to be 
some uncertamty as to the existence of the niobium and tantalum analogues), MO 
(all three), and NbzO and TazO. The oxohahdes include MOX3 (M = V, Nb, Ta; 
X = Cl, Br), VOF3, TaOF3, NbOI,, MOClz (M = V, Nb, Ta), VOF,, VOBr2, 
VOl,, MO,X (M = Nb, Ta; X = F, Cl, I), VO,F, FOCf],, WOBr],, V2O3Ci - 
nH,O. The vanadium oxy-triahlides are monomeric (c$ beIow) but NbOCl, at 
least IS polymeric in the sohd state, with both chIoro and 0x0 bridges (Nb-Cl ter. 
2.24(0.02), Nb-Cl bridge 2 53(0 03), Nb-0 1 99(0 01) A164). 

(b) &substituted 0x0 species. 

Hexa- andpenfa-oxo complexes. The only examples appear to be NaJVO,] 
and Ba,pOJ, the latter contammg vanadium(IV)2. 
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Tetraoxo complexes. 

Orthovanadates, [V0,J3-. A considerable number of salts contaimng the ortho- 
vanadate ion are known; an X-ray study on pucherite, BijVO,], is given in Table 2. 
Salts of the form M13[V0.J are made by fusion of the pentoxrde wrth the alkali 
metal hydroxides but the sodmm and potassium salts are only stable in aqueous 
solutron in the presence of a very hrgh concentratron of base (> 10 M 0H-)78. 
Orthovanadates of the form M’r,[VO& and M”‘~O,] are also known. Both 
X-ray and spectroscoprc’ 6 ’ v1 66 data suggest that most if not all of them contain 
[M0.J3- tetrahedra. 
Orthoniobates and orthotantalates. Few compounds contaming [Nb0,13- and 
[TaOJ3- ions are known, and it appears that such specres are not stable m 
aqueous solution even in the presence of a very large excess of base78. Salts of 
the form Mr3[Nb04] (M = LI, Na, K) and Na,paO,] can be made by fusion of 
the alkali metal carbonates with the pentoxrdes The mineral fergusonite, (Y, Yb) 
[NbO,] contams Ir\rb0.J3- tetrahedra rn the scheelite structure (c$ Table 2)15, 
but strbiotantahte, SbpaO,] and bismutotantahte, BrDa0.J contain MO, octa- 
hedra. 

The ESR spectrum of [NbKvOJ4- has been measured m a scheehte Ca[wO,] 
host lattice”‘. 

Polyanions. Polyoxo complexes of the Group Va elements have been re- 
viewed3 *4. 
Polyvanadates. A number of studres have been made of the polymerrsatron of 
jV0,J3- which occurs m vanadate solutrons containmg the latter ion when the 
pH 1s decreased. It is generally considered that the principal steps are4.’ 67. 

wOJ3- t-Hi f-, [HVO,]*- 
2[HV04]2- * ~,O,]“- f Hz0 
w307]“-+H’ ++ [HV307J3- 
2[HV307]3- * w03]44- (or [v03]33-) 
w”3]n”- +H+ * ~I,02816- 

Iv,Oo28l”- +H+ c, ~iOo28]s- 

~HvI002815-+H+ - CH2Vm02t314- 
[H2V#28]4- + 14H+ @ lowO,]+ fSH,O 

Other mtermedrate steps are doubtless involved_ There is some doubt as to whether 
the metaron PO, I,,“- is tnmer or a tetramer’68”6g. Itishkely to be cyclic (Frg. 6). 
Raman spectra of most of the above species have been measured’ ‘O. The X-ray 
crystal structure of K2Zn2~lo028] - l6H2O ts based on a 2-3-3-2 array of VOd 
octahedra, lmked through the edges, giving eight termmal V=O groups and an 
ideahsed C,, symmetry for the anion ’ ‘I Other isopolyvanadates have been clarm- . 

ed, and there are also mrxed vanadium(W)-(V) rsopoly complexes’72. 
The X-ray crystal structure of Cd2[v207] shows that thus has discrete 

lw3714- amens (Table 5)62; the V-O-V unit IS probably linear, though the 
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Raman spectra of [Cr20,]2- and ~,O,]“- m solution are very similar”, and 
dichromate in solution certainly has a bent Cr-O-Cr unlt’43. A number of meta- 
vanadates, M’WO,] and M*‘~OJ2 contaming chain structures are known173. 
PoIyniobates and pol’tantalates The simplest species claimed is Ba#Jbz01J2, 
but there is no evidence that this does m fact contain bmuclear amons. Equally, 
the metaniobates and metatantalates M’NO,] and M*1[M03]2 together with 
such species as Mn.JNb209], Mxg[Nb40i3], Mn2va207] and Mn4[Ta20,] almost 
certainly contain sheet or chain polymeric anions. 

In aqueous solution the mam species present for mobates and tantalates are 
the hexamers [M,O1a]‘- 174, and x-ray Ci-yStd studies OII K1,,?%,,0,‘] - 27H20 

and on K8[Tas0r9] * 16H20 indicate that both these salts contam hexanuclear 
anions, msOl ,J8- ” ‘. There is no evidence for the existence of the simple ortho- 
ions, [MO,]“-, in very alkaline solutions of mobates and tantalates. 

(c) Sribstituted 0x0 complexes - 

Trioxo and droxo species. The salt Na,vO,] - lOH,O can be made from 
sodium sulphide and sodmm pyrovanadate’ 76. The only other trioxo species re- 
ported are K,jVO,F,] and KpO,F], made from potassium fluoride-potassium 
metavanadate meIts”‘; these are probably polymeric with cis-V02 units and 
bridging 0x0 hgands. 

For dioxo species, Raman studies indicate that (NH4)3wOz 0x2] and 
K3p02F4] both contain cis-VO, groups, as expected for these do species42. It is 
also possible that the salts which are cIarmed’78 to contain ~,04(S04)2]2- anions 
do in fact contain cis-jVO,(SO,) (H,O),]-. It is said that K,~O,FJ and 
K,[V,O,F,] contam czs and trans VO, groups, respectrvely’7g. Organic deriv- 
atives of the form mO,L,] -. where L is a substituted quinoline hgand, may contain 
cis-VO, groups”‘. Other “droxo” species such as K,~O,F,]“‘, wO,F]- and 
[Nb02F2]2- probably contam poIymenc anions 

Monooxo complexes. 

Vanadrum. A number of vanadium(V) monooxo species is known, but by far the 
greatest number and diversity of such species are found with vanadmm(IV), the 
so-called “vanadyl” complexes 

9 /;” O\ //” \O' 
Me 

I 
I 

1225 ;230 

\ / 

Fig. 6 Possible structures for tnmenc 
and tetrameric fVO&“-. 

Fig- 7. Structure of flO(OMe),].. 
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(I) Vanadium(V). Three oxotrihalides, VOX3 (X = F, Cl, Br) are known. The 
fluoride can be made by the actron of hydrofluoric acrd in the cold on VOClj ; the 
product is a yellowish white sohd (m p. 300”, b-p. 480”) and is presumably poly- 
meric. The trichloride is best made by heating a mixture of alumimum tricbloride 
and vanadium pentoxide to 400” la1 ; it is a lemon-yellow liquid m p. -79 5”, 
b-p. 127”) and is monomeric [the structure in the vapour phase has been determined 

by electron diffractron (Table 4)30]_ The tnbromrde is a dark red hqmd, and can 
be made by the actron of bromine vapour on a rruxture of vanadium pentoxide 
and carbon. Vibrational spectra of the three oxyt&a.hdes have been measured 
(Table 7). Vanadium oxytrichloride forms a number of addition compounds of 
the form VOCI, - L and VOCI, - 2L with a variety of oxygen and nitrogen-donor 
hgands’ 82, and it will also undergo a serves of replacement reactions to give sub- 
strtution products such as VOCl(acac),, VO(OMe)3, VOCl(OEt),, etc.’ 62~1 83. The 
X-ray crystal structure of VO(OMe), shows thus to be a linear polymer with 
distorted octahedral coordination about the metal atom, wrth a terminal V=O 
bond (1.57 A) and a long V-O bond tram to it (2 30 A) (Fig. 7)ls4. 

The compound VO(NO,), has been reported; it is made by the action of 
nitrogen pentoxide on vanadmm pentoxrde, and IS probably polymeric since its 
IR spectrum shows the presence of bidentate nitrate groupsLs5. The throoxo salt 
Na3wOS3] - 5H,O ” 6 IS probably monomeric. 

Vanadmm pentoxide drssolves in concentrated hydrofluoric acrd to grve 
[VOF,]’ or [VOF,(H,O)]- as the main solute specres160; from such solutrons 
salts can be isolated, e g. KJVOF,]. The chloro species ~OCl,]*- and [VOCl,]- 
have recently been made from VOCI, and organic base chlorides, and the elec- 
tronic spectra of the products recorded and interpreted”. Solutions of vanadium 
pentoxtde in sulphurrc acrd are thought to contain [vO(S04)J3- and WO- 
@04)21-- ls6; in oleum the main species present IS believed to be VO(HSO,), “‘. 
A variety of monooxo species of the form [VO(OH)LJ2- and jVO(OR)LJ*- 
have been reported (L being a substttuted qumohne)’ “. A number of oxo-peroxo 
vanadmm(V) salts of unknown constitution have been claimedg. 
(2) Vanadium(W). A very large number I14 of vanadyl specres IS known; they take 
the form [VOX,]“- (e.g. X = F, CN, NCS, H,O); LOX,]“- (X = F, Cl); 
~ox4(H20)l” - G = F, Cl, NCS); VO(LL),, VO(LL),X and VO(LL)X, (LL = 
acac, ox, o-phen, brpy, MNT; X = H,O, py, NCS, MeOH, F, Cl, Br). 

Crystal structure analyses have been performed on a number of vanadyl 
complexes (Table 6)46*47*114. The structure46 Of (NHJ jVO(NCS)4(H2O)] IS of 
partrcular interest; the water group is tram to the oxygen (V = 0 1.62 A) and very 
distant from the metal (V-OH, 2 22 A), a possible indication of a trans effect of 
the 0x0 ligand. 

There have been many studies of the physrcal chemistry of vanadyl species. 
Measurements of the IR active V =0 stretching frequency iu some sixty vanadyl 
complexes show that u,,=~ hes m the range 910-1010 cm-‘, and attempts have 
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been made to correlate shifts of this frequency with the u and z properties of the 
other hgands present” Or1 l 3. In vanadium(V) monooxo complexes the V=O 
stretch hes around 1060 cm-‘, higher than in the vanadmm(IV) compounds as a 
result of the higher oxidation state of the metal atom. The only Raman work so 
far reported on vanadyl(IV) species is the work of Evans on wO(H,0)J2 m 
aqueous solution; two bands are observed, that at 1001 cm-’ being ascribed to 
the V=O stretch and that at 280 cm-l to a symmetric V-OH, stretch”‘. The 
electromc spectra of vanadyl species have been reviewed by Selbin”4. Most, but 
not all, of the results may be satisfactorily explained by the scheme of Ballhausen 
and Gray (p. 470)56. Although there has been much work on the ESR of vanadyl 
complexes, the results do not provide an unambiguous assignment of electromc 
energy levels . ‘14 Magnetic susceptibihty data on the complexes indicate that the 
moment is close to 1.73 B.M , the spm-only value for a single unpaired electron’ 14. 

Niobium and tantalum. 

The estabhshed monooxo species are all of the pentavalent metals The halo 
species [MOX.J2- (X = F, CI, Br) are well known and can be made from the 
pentahalides or pentoxides m the appropriate acids. The IR spectra of these species 
have been measured and some assignments proposed (Table 9)“’ ‘Il. The crystal 
structure of K2@bOF,] has been determined (fable 4)48. Salts of [MOF,13- 
can be made’s’, and X-ray data suggest that the potassium salts contain seven 
coordmate [MOF613- anions with the [ZrF,13- (C,,) structure4’. In aqueous 
solution, however, K,pbOF,] dissociates to give the [NbOF512- ion. The Ra- 
man spectra of K,mbOF,] and K,jNbOF,] species have been measuredtgO 
The acid “heptafluoroniobate”, K,H[NbOF,], has been shown by X-ray studies to 
be a double salt, K,jNbOF,] - KHF, “I. Oxochloromobates of the form 
M’lNbOCl,], M1,~bOC15] and M’,[NbOCl,] can be obtained by heating 
NbOCI, and the alkah metal chloride together m sealed tubes; hke the oxohexa- 
fluoroniobates, the oxohexachlorides are stable only m the sohd state’ g2 The tan- 
talum salts M’[TaOC14] have been obtained by heatmg the corresponding alkali 
metal hexachlorotantalates with antimony(III) oxide, and Mt2[TaOCl,] (where M’ 
is pyridimum or quinolinium only) made from an alcohohc solution of tantalum 
pentachloride with the baselg3. Add&on of alkali metal bromides to a solution 
of niobium pentoxide in hydrobromic acid yields M’JNbOBr,], and salts of 
[NbOBr,]- can be obtained in a similar way by usmg organic baseslg4. No oxo- 
tantalum bromide complexes seem to be known, and no oxoiodides of either metal. 

There is a number of monooxo derivatives of orgamc hgands. Oxooxalates 
of the two elements have received some study ’ ” but there are still many obscurities 
in the system. One of the products of dissolvrng niobium pentoxide in oxalic acid 
is NOox, J3-; a recent X-ray study of the ammonium salt (Table 4) shows that 
the coordmation about the mobmm IS pentagonal bipyramidalsO. A number of 
monooxo complexes of mobmm and tantalum with catechol, pyrogallol and other 
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diols have been made’ 63, and it is lrkely that some of these, e g. K,~O(C,- 
H402)3] - Hz0 may contam the metal in a seven coordinate stereochemistry. A 
number of oxo-peroxo complexes of the metals are knowng, but their formulae are 
not established. 

Polynuclear complexes. A number of oxofluoro spectes are undoubtedly 
polymeric, e.g. the anions ~O,F,]‘-, vO,F,]-, [Nb303FJ5-, mb,O,F]-, 
[Nb306F,]‘-, but structural data are lackmg. It is possible that (NH.J4[v20S6] 
contams a binuclear anion with a sulphur or oxygen bridge (the salt is made by 
the actlon of hydrogen sulphide on a solution of ammonium metavanadate in 
ammon~a176). Raman spectra of the peroxy complex normally formulated as 
KJV,O,J suggest that It may contain the anion [V,0(0,),(H,0),14- with a 
structure similar to that found for the amon m K,~,O(O,),(H,O),] (cf- Table 5 
and p. 496)68. A few polymeric oxide alkoxides of Group Va metals are known, 
probably high poiymersL2. 

(iri) Group Via (Cr-MO-W) 

Apart from Gmelm’46 and PascalL4’ there is a general review on the co- 
ordmatlon chemistry of molybdenum’ g6, an account of the 0x0 chemistry of 
molybdenum(V1) and (V)’ “, and a rather sketchy general review of the chemistry 
of tungsten’ “. 

(a) Oxides andoxohalrdes. - All three metals form trloxldes MO,, dloxldes 
M02, sesquloxides M203, and the monoxides CrO and MOO are known A very 
large number of oxide phases between these formulae are known, particularly for 
chrommm and molybdenum’47. 

The subject of the oxohahdes of the three metals has been reviewed”‘. The 
chromium species are CrO,X, (X = F, Cl, Brj (these are monomers and are dealt 
with in more detail below (p. 491)), CrOX (X = F, Cl, Br), CrOX3 (X = F, Cl), 
CrO,ClF, and a wide range of oxochlorldes with formulae such as Cr306Cl2, 
Cr,OCl,, Cr,O,Cl,, Cr&&l& and Cr2OCl4 - 5Hz0. For molybdenum and 
tungsten(V1) there are MOX, (X = F, Cl), MO,X, (X = F, Cl, Br) and WO,I, 
(these dioxo dlhalides are polymeric in the sohd state, unlike their chromium 
analogues, though they too are monomenc m the vapour phase - see Table 3); for 
the pentavalent metals there are MOCI,, MoOBr,, MoO,Cl, and the tetravalent 
compound MoOCl, In WOC14 and WOBr, (sohds) the oxygen atoms function 
as bndges between planar WX, umts, (W-O 2 2 and 1 8 A; W-Cl 2 28 A; W-Br 
2 45 &zOo. 

(6) Unsubstituted oxo complexes. - Hexa- and penta-oxo species. The com- 
pounds M”#lO,] (MI’ = Sr, Ba; M = MO, W) and Li,wO,] have been re- 
ported for the hexavalent metals’, and the vIbrationa spectra of Ba,[MoO,] and 
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Ba,wO,] measured 41 The pentaoxo spectes M’JMO,] and Ba,[MO,] (Mt = Li, . 

Na; M = MO, W) and Na,[CrO,] have also been made*. 

Tetraoxo complexes 

Chromium. The chromates, [Cr0,J2- are lemon-yellow or orange species made by 
oxidatron of chromic salts m alkalme media. The potassium salt exists in two 
modrfications, a red high-temperature form stable above 666” and the normal 
yellow low-temperature form, this latter being rsomorphous with potassium man- 
ganate. The vrbrational 7g (Table 6) and electronic5 spectraof [Cr04J2- have been 
measured_ The temperature-independent paramagnettsm (TIP) of potassmm chro- 
mate has been studied and a theoretical interpretation of its origin given*‘l. The 
“0 magnetic resonan e c in chromates has been measured and the chromate- 
dtchromate equihbrium studted with thrs techmque (p. 478)‘42’143. 

Chromates are oxidismg agents and are much more powerful in this respect 
than erther molybdates or tungstates, a general situation for 0x0 complexes of 
first row elements compared with those of the second and third rows. Both chro- 
mates and dichromates are extensively used as oxldismg agents. Acids causeproto- 
nation to [HCrO,]- (the salt KHCrO, has been isolated), and this IS foIlowed by 
polymerisation to dichromate and the poIychromates (see below). Concentrated 
halogen acids convert K,[CrO,] to K[CrO,X], and the chromyl hahdes can be 
made from chromates and halogen acids. Reduction under controlled conditions 
leads to [Cr04J3-, [Cr0414- and, finally, to chromic salts. Wrth hydrogen peroxide 
in alkaline solutions, [CrO(O,),(OH)]- and [Crv(O,),]“- salts may be formed; 
at very low temperatures the reaction yields the highly unstabIe, explosive 

WW2)41*- ( t 1 is noteworthy that the corresponding moIybdenum(VI) and 
tungsten(VI) tetraperoxo specres are chemtcahy much more stable). IR spectra of 
chromate and molybdato cobahamines show that these oxoanions may function 
as mono- and as bl-dentate hgands and this has been confirmed by an X-ray study 
of (NH,), CZ@JH3MCro4M2 oln- 
Chromates(V) and (IV). Salts of the form M’,[CrO,] and Mn3[Cr04]2 (M’ = LI, 
Na, K; M” = Ba, Sr) have been obtained by reactions such as*‘* 

and 
4K, [CrO,] f Cr203 + 5K20 Nx* 7ee”, 6K3 [CrO, J 

4Ea[Cr04] f2BaC0, N’* *O”o) 2Ba3[Cr0412 

The salts are dark green and, m the case of the alkali metal species, deh- 
quescent. Acid hydrolyses gives chromic salts and chromate, base gives hydrated 
chromium sesqmoxide, and hydrogen peroxide gives a number of peroxo species. 
Magnetic measurements give a moment close to 1.7 B.M. 1 3 5 (c$ p. 477). Powder 
photographs show that K3[Cr04] and KJVO,] are isomorphous. 

Barium and strontmm saits of [Cr0414- have been made by the reactions*‘* : 
Ba3PW9d+WOH)2 Nx* ‘OOO”, 2Ba,[CrO,] + 6H2O -t H, 
Sr[CrO,] + Cr203 + SSr(OH), N*. loooo, 3Sr2[Cr04] + 5H20 
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X-ray measurements Indicate that these blue-black solids do contain chromate(W) 
tetrahedra; the barium salt has the barium titanate structureZo2. 
Molybdenum and tungsten. Salts of [Mo0,J2- and lWO,]‘- are normally made 
by dissolving the trioxides in the appropriate alkali. The salts are usually colourless 
and chermcally very stable. They are far weaker oxrdismg agents than the chromates. 
Vrbrationa180*81 (Table 6) and electronics*” spectra of [MOO,]‘- and jJWO,]‘- 
have been measured. Both molybdates and tungstates show a much greater tendency 
than chromate to polymerise in acid solution and it is for tlus reason that It IS 
necessary to use a large amount of base durmg their preparations. 

Barium salts of the MO,]‘- anions can be obtained by the reaction’: 
BaM04] + MOO, + 3Ba(OH), -+ B,[MO,] + 3H20 

Attempts to make these salts directly from the dioxides have not been successful 

Polyanions. 
Chromium Although the polymerisation of chromate(W) in acid solution yields 
far fewer polymers than do such reactions with molybdates and tungstates there 
is still doubt as to the nature of the species present at low pH. The first product 
of acidification of [CrO,]‘- is the protonated ran [HCrO,]-, followed by [Cr207]‘- 
(the dichromate ran), [HCr,O,]-, and finally the polychromates [Cr,0,J2- and 
F&Or d2-. Of the latter two species httle IS known, and there is indeed consider- 
able doubt as to whether the tetrachromate exists at all. Raman and IR spectra 
of the trrchromate have recently been measured, however203, and it is probable 
that the ion has the structure (4). 

(4) 

with tetrahedral coordination about the chrormum atoms Diffusion studies have 
been made on the tri- and tetra-chromate ions204. 

The drchromafes are important oxidismg agents; most of them are orange 
and are made by acidification of the correspondmg chromates. Raman, IRzo5 
and X-ray61” studres on [Cr20,12- have been reported, and the electronic spectra 
of a number of dichromates measured down to 20 “K2 ’ 6. 
Poi’ymolybdates andpolytungstates The polymerisation of [MOO,]‘- and /JV0,12- 
brought about by acidification of their aqueous solutions is a complex subJect3*4; 
Keppert has given an excellent review of polytungstates2”. 

The principal equibbria for moIybdates are probably2” : 

[MoOJ2- +H+ f-+ CHMoO,]- 
7[MoO,]‘- +8Hf ++ [Mo’O&+ +4H20 
[Mo70z4]+ +H+ t, [HMo,O,,]+ 
mMo7024]‘-+H+ * ~2M07024]4- 

Coordm Chem. Rev., 5 (1970) 423-517 
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and species such as ~0sO~6]~- and higher polymers may well be involved; these 
changes have been followed by a wide variety of physical methods’70~208. The 
X-ray crystal structure of the ammonium and potassium salts of the wo7024]6- 
ions show that there is a 2-3-2 array of MOO, octahedra of overall C,, symmetry, 
whde in (NH4)4[Mo80z6] - 4H20 there IS a 4A array of MOO, octahedra with 
an ldealised D,, symmetry for the amon 2og. In very acid solutions of molybdates 

cis-[M00~X,]~- specxes are formed”O. 

With tungstates it IS thought that the principal equihbria are207: 

6w04]2-+7H’ 1--, [l!IW602,]‘- 
2[HW60z1i5- * ~12040]8--+20H- 
2[HW6021]5- ++ [W12042]‘2-+2H+ 

With protonation of the [HW60,J5- ion as a side reactlon: 

[HW60,,15- +2Hf f-, [H3W,O,,]‘- 

2[H~W60t1]3- f--, [H2W,,0,0]6- +2J3,0 

These changes have also been followed by a wide range of physical tech- 
n,ques”0*207_ TheX -ray crystal structure of Na,JW,,O,,] shows that this has a 
centrosymmetric amon with a 3-6-3 array of linked WO, octahedra210. As with 
molybdenum, c~s-PO~X~]~- species are formed m very acid tungstate solu- 
tlons”‘. 

Proton nuclear magnetic resonance has recently been used m the study of 
~sopoly aclds2 ‘I, and ~sopoly molybdates and tungstates of mlxed oxidation states 
have been prepared212. 

(c) Substztuted 0x0 complexes - 

Tetraoxospeczes The complexes K3[Cr04F]2’3, and 2NaOH - Na,[Cr04]z’4, 
have been made; It is possible that the latter contains the [Cr04(OH)J4- ion, in 
which case this would be the only example of a first row transitlon element tetraoxo 
complex expandmg Its coordmation sphere In base. 

Trzolo species. Chromium forms the red salts M’[CrO,X], (X = F, Cl, Br, I), 
made from the halogen acids and dlchromates”‘; detailed instructions for the 
preparation of K[CrO,Cl] from potassium chromate and chromyl chloride have 
been given 21 s Crystal structure data have been given on the potassmm chloro . 

salts (Table 3)3’ and then vlbratlonal spectra have been measured (Table 7)g5*g6. 
Other chromium trloxo species which have been claimed include [CrO,(NH,)]-, 
the alkyl species [ROCrO,]- 216, and the iodato complex [CrO,(IO,)]- 217, (this 
latter salt has been subjected to X-ray analysis 21 ‘) There is some doubt about the _ 

existence of [CrO,(NH,)]-, a red substance made by passing ammoma through a 
suspension of K[Cr03Cl]. It has been said that the product is not an amide but 
simply a mixture of potassium and ammomum chromates. There are a number of 
“addition” compounds of chromium tnoxide with organic bases such as pyridme, 
picohne and quinoline, taking the form CrO, - 2L, and It is thought that these 
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may have a trigonal bipyramidal structure with the 0x0 hgands forming the 
equatorial plane218. Some species of the form CrO,L can also be isolated with 
these orgamc bases. 

Whereas the trioxo complexes of chromium are four or five coordmate, the 
only trioxo complexes of molybdenum or tungsten which are not octahedral are 
those formed with other strong z-donor ligands, viz. nitride and sulphide. The 

molybdenum mtrido complex K,[MoO,N] can be made by the prolonged reaction 
of potassium armde and molybdenum trroxlde in hquld ammoma, the salt is 
yellow and is very easily hydrolysed 21g The thto-salts Mr2[MOJS] can be made 
by the action of alkah metal sulphides on the trioxides or [M0J2- salts under 
carefully controlled conditions2* O ; IR spectra of a number of oxo-thio complexes 
of molybdenum, tungsten and vanadium have been recorded2”. 

The trrfluoro trroxo complexes of molybdenum and tungsten, M’,[MO,F,], 
can be obtamed from the trioxides, hydrofluonc acid and the alkali metal fluon- 
des222, or by fusion reactions223. Studies of the Raman and IR spectra of the 
potassium and ammonium salts in the solid state indicate that the amens have the 
expected czs (1, 2, 3) configuratron, as does the isoelectronic [OsO,F,]- ion41*42. 
X-ray studies on MoO,(dien), made from molybdenum tnoxide and diethylene- 
triamme, show that this has the same type of structure with three mutually cis 

0x0 ligands (Table 3)32, and the same result is reached from study of its vibra- 
tional spectra 41 The salt Na,[Mo,O,(EDTA)] IS thought to have cis 0x0 ligands . 

with a bridging EDTA hgand on the basis of prehmmary X-ray data224 and from 
studies of its vibrational spectrum4’. It is likely that (NH,),[MoO,F,], made from 
ammomum molybdate, ammomum fluoride and ammoma, contams bridgmg 0x0 
hgands and cis MOO, groups42. 

Dioxo species Most of these are tetrahedral for chromium and octahedral 
for molybdenum and tungsten. 
Chromiunz. Two chromyl halides, CrO,F, and CrO,Cl, are well estabhshed, and 
there is some evidence for the existence of Cr02Br, but none for CrO,I,. Chromyl 
fluoride can be made from chromium tnoxide and hydrogen fluoride; it forms 
violet-red crystals and is probably polymenc in the solid state. The chloride is 
made from chrommm trioxlde and hydrogen chloride” ‘, and is a red liquid 

(f-P- -96 S’, b-p. 117”). The structure of the vapour has been determined by 
electron diffractron3’ (Table 3), and the vibrational spectra of chromyl fluoride 
and chloride obtained (Table 8)‘04*‘05. Chromyl bromide forms red crystals, very 
unstable at room temperatures, made by the action of hydrogen bromide on a 
solutron of CrO,CI, In carbon tetrachloride. Other dtoxo chromium species are 
CrOZ(OAc), and CrO(OH) (OAc), made from acetic acid and chromium tri- 
oxidezz5, the explosive CrO,(NCS),, from PO(NCS)3 and chromyl chloride in 
carbon tetrachloride226, Cr020x, from chrormum trioxide and oxalic acid, and 
Cr02(N03)2, made from the trioxide and mtrogen pentoxide (it is a dark red 
hquid, b-p. 64’ at 0.7 mm) l 8 5. Some or all of these species (apart from CrO,Cl,) 
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could well have polymeric structures. It is though that CrO,(HSO& is the main 
species in solutrons of chromates(VI) in oleumls7. 

Molybdenum and tungsten 
The choxo complexes of molybdenum and tungsten(V1) contain cis-MO, 

groups while the few trans dioxo species are of the tetravalent metals, m accord- 
ance with expectation (p_ 468). 

(I) Cis-droxo species Reaction of molybdates and tungstates with hydrofluoricacld 
gives the tetrafluoro salts M1JMOZF4]222~2Z7, and studies of both the vibrational 
spectra41*42*110 and 1 gF nuclear magnetic resonance 228 suggest a cis arrangement 
of the 0x0 ligands; this has now been confirmed m the case of KJMoO,F,] - Hz0 
by a recent X-ray study 3 66 (Table 3). The action of concentrated hydrochloric acid 
in excess on molybdates and tungstates yields M1,[M02C14] salts, and vibrational 
spectra also indicate that these have a cis dioxo group41n42.“o. 

Both Mo02C12 and WO&lz are polymeric m the sohd state, but will react 
with a variety of mono- and bi-dentate hgands to give monomeric, octahedral 
species of the form Mo02C12L2 and MoOJ&(LL) (L = Ph,PO, DMF, N,N- 
dimethylacetamide; LL = dialkyldithiocarbamates)22g and [MoO,(LL),]“- (LL 
= acac, ox, catechol, oxime, R2NCS2). IR spectra and dipole moments were 
determined for a number of these complexes and indicated the presence of cis- 
MO, units22g. Fewer complexes have so far been prepared with tungsten, but 
WO,Cl, will react with monodentate L ligands (l?h,PO, DMF, MeCN) and bi- 
dentate (L.L) ligands (bipy, phen) to give W02C12L2 and W02C12(LL); IR and 
electronic spectra were measured 230. The X-ray crystal structure of Mo02C12- 
(Me,NCHO), (the N,N-dimethylformamido complex) has recently been deter- 
mined. The 0x0 ligands are cis to each other and the chloro hgands tram, the 
angle between the two doubly bonded 0x0 hgands being 103” 36b, compared with 
95” in K,[MoO,F,] - H2036n (Table 3). 

(2) Trans-dioxo species. The estabhshed trans-dloxo complexes of molybdenum 
and tungsten are the cyan0 complexes M4r[M02(CN)4], made by photolysis of 
the octacyano species, Fr(CN)J4-; IR and electromc spectra of the products 
have been recorded231. The vibrational spectra of K,[MoO,(CN),] are conststent 
with a centrosymmetnc D4, structure41, and a recent X-ray crystal structure of 
NaK, [MoWCN),I confirms this37 (Table 3) The Mo-0 bond length is 1 834 
(0.009) A, significantly longer than the correspondmg distances m the two czs- 
dioxo molybdates referred to above. The reason for this 1s probably that the czs- 
dioxo structure allows the use by the oxygen p, orbltals of the three fz8 metal 
orb&A, whereas only two t29 orbitals are avatlable for this purpose in trans-dioxo 
species4’ *42 (p. 468). It is also significant that it is possible to protonate trans- 
[MOa(CN)4]4- to jMO(OH.) (CN)4]3- (M = MO, W)231, whereas no such pro- 
tonation of cis-droxo species has yet been achieved. 
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(3) Other dioxo species. There are references in the earlier hterature to such 
“droxo” species as (pyH) [MoO,CI,(H,O),], Li[MoO,Br,(H,O)] aq., (pyH),- 
WOJNCS)J, (pyH),[MoO,(NCS),], Na,[Mo20.@DTA)J41*1g7; it appears, 
however, from measurements of magnetic properties and vrbratronal spectra, that 
such species are best formulated as dimers with a M-O-M bridge and one 
termmal 0x0 hgand per metal atom, i e. as [M204XJ- 41*1g7. This type of struc- 
ture is found in Ba[Mo,O, OX~(H~O)~] “, (Table 5 and p 497), and preliminary 
X-ray data suggest that Na,[Mo,O,(EDTA)] has such a structure2’*. In fact there 
are no e.stabZished cases yet reported of monomeric dioxo species for metals having 
one or three d electrons. 

The tetrahedral thio and selemdo 0x0 species [Mo0,SJ2-, ~0,S,]2- and 
[Mo02Se2]2- have been made220. 

Monooxo species. 

Chomium. The only chromium(W) monooxo species known also have peroxo 
groups; like vanadmm, it is the d’ state of the metal (the pentavalent state for 
chrommm, tetravalent for vanadium) which seems to provide the greatest number 
and &versity of such species. Peroxo 0x0 chromium(VI) complexes are listed by 
Connor and Ebsworthg. Those best estabhshed are the salts M’[CrO(02)2X] 
(X = F, Cl, OH) and the complexes CrO(O,), (a very unstable blue species ob- 
tamed by the actron of hydrogen peroxide on acid solutrons of dichromates -It is 
probably always solvated wrth one molecule of solvent), CrO(02)2py and CrO- 
(O,),phen. The X-ray structures of the Pyridme (a)5f (Table 5) and the phenan- 
throhne232 (b) complex have been determined (Fig 8). The pyridine complex is 
best descrrbed as a pentagonal pyramid, the two pyroxo groups and the pyridme 
occupying the basal plane with the 0x0 hgand axial”, while in the phenanthroline 
complex there is a pentagonal bipyramidal coordmation with an analogous ar- 
rangement232 (Frg. 8). 

Chromium(V) monooxo complexes are sometimes referred to as “chromyl” 
salts. The fluoro species K[CrOF,] can be obtained from the reaction between 
bromine trifluoride and potassium dichromate 233 There are two serves of chromyl . 

chloro complexes, M’,[CrOCl,] (Mr = K, Rb, Cs, NH,) The caesmm salt is 
isomorphous with Cs,[NbOCI,], and R[CrOC14] (R = pyridmium, quinohmum); 

(al (b) 
Fig 8 Structure of (a) CrO(O&py and (b) CrO(O&(o-phen) 
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both senes are prepared by reduction of chromic tnoxide with very concentrated 
hydrochloric acid at 0” m the presence of the appropriate chloride234. There has 
been much work on the electromc 5 6*5 7, IR’ ’ i (Table 9) and electron spm resonance 
spectra 12g-131 of these species, and magnetic data on Cs2[CrOC15] are given in 
Table 10’34. Theoretical mterpretations of the electromc spectra for chromyl com- 
plexes have been given (p. 476)56*57. 

The complexes CrOCI, L HZ0 (L = pyndme, qumohne) can be made 
from chrommm tnoxide, hydrochloric acid and the hgand L235. 
Molybdenum and tungsten Here again the monooxo peroxo complexes are m the 
hexavalent state while most of the other monooxo species are of the d’ pentavalent 
state metals. The peroxo complexes have been reviewedg; the best estabhshed are 
the fluorides [MO(0,)F4]2- and [MoO(O~)~F,]~-. These are made by the action 
of hydrogen peroxide on [M02F4]2-, and their vlbrationalz36 and lgF nuclear 
magnetic resonance spectrat3’ measured_ The results suggested structures (a) and 
(b) (see Fig. 9), respectively, for the tetra- and di-fluoro complexes; a recently 
published 5’u X-ray crystal structure analysis of K,[MoO(O,)F,] - H,O confirms 
(a), cf Fig. 9 and Table 5. Other oxo-peroxo complexes of molybdenum and 
tungsten are the oxalates [MO,(O,) OX(H~O)]~- and [MO(0,)2 0x1~~; the vlbra- 
tional spectra of these suggest that the former contam cis-dioxo umts, with both 
groups being seven coordmate23 * There are also rather unstable [MoO(O~)C~~]~- 
salts (vibrational spectra of the caesmm and ammomum salts suggest a seven 
coordinate structure hke the analogous fluoro species)23 6 and the salts [MOF,]-, 
which can be obtained from MFs and fiuonde Ion in moist solvents. Monothlo 
species [M03S12- can be made from molybdates and tungstates with hydrogen 
sulphide220. 

For the metals m their pentavalent conditrons, salts of [MOX512- and 
[MOX,]- (X = Cl, Br) can be made by reaction of the tnoxtdes with hydrochloric 
or hydrobromlc acids m the presence of suitable reducing agents (e g_ oxahcacid, 
hydriodtc acid); electrolytic methods have been used23g There have beenseveral 
studies of the bonding5 6- 5 ’ (p. 469), electron& 6- 5 ‘*” g, and vibrational spectra 
(Table 9) ‘11, ESR spectra128*130, and magnetic propertres (Table 10)‘33*1330 of 
these species There has also been a considerable volume of work on the species 

0 

(al ml 

Fig 9. Structure of amons III (a) K21M00(00,)F.+I Hz0 and (b) K2[Mo0(02)2F2] 
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existing m acid solutions of [MoOCl,]‘- and [MoOBr,]‘-; if the concentration 
of HCl or HBr exceeds 10 M the mononuclear paramagnetic [MoOXs]‘- ions 
are the main solute species, but magnetic, ESR and spectroscopic data show that, 
as the acid concentration IS reduced, both para- and dia-magnetic mono- and 
bi-nuclear species appear’30*‘g7. 

Other monooxo species of molybdenum and tungsten include MoOCl,L2, 
MoOC13(LL) (L = Ph,PO, DMSO, MeCN, PPhs ; LL = bipy,oxme, acac)1g7*22g, 
[MoO(NCS)J2-, and MoOCl,(C,H,) lg7 detailed physico-chemical studies have 
been made on MoOX,(j3-diketone) (X = ‘Cl, Br) complexes240. Salts containing 
[MlvO(OH) (CN),13- have been madet3’. Monooxo species may well be present 
m solutions of MOO, and WO, m oxalic acid 

Polymtclear complexes. 

Chromium. This forms two senes of oxo-bndged polynuclear species, dimers and 
trimers. The dimers are typified by the ion [Cr20(NH3),o]4+, made by aerial 
oxidation of chromium(B) ammines in ammonia 124 The salts are blue; studies of 
their magnetic properties’ (the moment at room temperature is less than that 
which would be expected for one unpaired electron per chromium atom)13’, 
electronic spectra’24 and infrared spectra of the normal and deuterated species’ ’ 5 
suggest that there IS a linear Cr-0-Cr bridge Related complexes are [Cr20- 
(NH3)gX]3t (X = F, Cl, NCS), [Cr20(H20)g(NH3)]4+ ‘15 241, and the com- 
pounds Cr,O(NCS),(NH,),(NCS), and Cr,0(NCS)2py4(NCS)2, in whrch there 
are thought to be one 0x0 and two thiocyanato bridges242. The bondmg theory of 
Dunitz and Orgel may be applicable to these complexes. 

A number of trmuclear chrommm(III) complexes have been made. These 
take the form [Cr,O(OAc),(H,O),]‘, [Cr,O(EtCOO),(H,O),]‘, [Cr30(OAc)6 
oxW20)1-, CCr30(HC00Mf, and [Cr30(OAc)6F3]2-, they are often formu- 
lated m the earlier literature as aquo or hydroxo species, e.g. [Cr3(H20),(OAc)J3 
- aq , or [Cr,(OH) (OAc),(H20)12’ - aq, and are made by the action of the ap- 
propriate carboxylic acid on chromium(III) oxide under controlled conditions”43. 
An X-ray crystal structure study has shown that [Cr30(OAc)6(H,0)3]C1 - 5H20 
has a structure (Fig 10) m which the three chromium atoms from an equilateral 
triangle with the oxygen atom at the centre, the four atoms being coplanar; SIX 
bridging acetato groups and three coordmated molecules give octahedral coordina- 
tion to the chromium (Table 5)63. 

It seems likely that such a structure is to be found in the other trinuclear 
chromium species (and also in analogous iron, ruthenium and indium complexes, 
CJ p. 509). Magnetic susceptibility measurements13g*‘40 have been made on such 
species and exchange coefficients calculated (p 478). The magnetic data, vibra- 
tional spectra”’ and electronic spectra” ’ are consistent with this model, for 
which a theory of bonding has been proposed74. 

Some tetranuclear chromium(III) acetates are claimed m the earlier literature, 
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b 
Hz 

Fig 10. Structure of catlon in [Cr30(CH3C00)6(Hz0)3]Cl - 5H20 
Fig 11 Structure of amon in KZ[Mo205(ox)2(H20)2] 

e.g. [Cr,(OL4c), J3 f and also the binuclear specxes CrzO(OAc),+ - 2H,O, Cr,(OH)- 
(OAC)~, etc. Their structures are unknown244. 

Molybdenum and trrngsten Although there 1s undoubtedly a number of oxo bridged 
tungsten complexes the topic has been httle investigated; molybdenum however 
has received more attention, and there are some valuable X-ray data. The three 
types of oxo bridged specres encountered are (a) linear M-O-M, (b) bent M-O-M, 
(c) &, dioxo: 

. 

M-O-M M/Oh 
/O\ 

“\,/” 

(a) (b) (Cl 

There are two X-ray structures of the first type. In K2[Mo205 oxt(H20)J whrch 
is a molybdenum(VI) complex, there are C&MOO, units with termmal 0x0 
hgands and one hnear Ma-O-MO 0x0 bndge. The MO-O brrdge length of 
1.876 A, although longer than the Mo=O (terminal) drstance of 1.69 A, is 
shorter than the Mo-0 (oxalate) single bond drstance of 2.10 A (Fig. 9, Table 5)64 - 
In the xanthate complex Mo,O,(EtOCS,), the molybdenum is pentavalent but 
the complex is diamagnetic due to spin-painng through the 0x0 bridge6’. The 
Mo-0 bndge distance of 1.851 A is very similar to that in the oxalato complex; 
the MO =0 termmal drstance of 1.644A IS slightly shorter than the termmal MO =0 
lengths in the oxalate desprte the lower oxidation state of the moIybdenum67 
(Table 5) and this is due no doubt to the fact that there is only one termmal 0x0 

ligand per metal in the xanthate (Ftg. 12). 
Examples of type (b), with bent M-O-M hnkages, are afforded by Na(NH,)- 
[MOO, ox] and K,[W,0(0,),(H20),] The molybdenum oxalato complex is ac- 
tually an Infinite chain polymer, the chain being formed by bent Ma-O-MO 
hnkages. Here the Mo-0 (bridge) dtstances alternate between 2.230 A and 1.878 A 
(simrlar to the bndging oxygen atoms m molybdenum trioxrde). The cis-Moot 
groups have MO =0 (terminal) drstances of 1.82 A (Table 5, Ftg. 13)‘j 6. 

In KJW,O,(O,),(H,O),J there IS a bent W-O-W linkage in the bmuclear 
anion; the angle is 139” and the W-O (bridge) distance 1.94 A. This is agam long 
smce the W =0 (terminal) length for the single 0x0 hgand per metal atom is 
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Fig 12. Structure of Mo203(xan)s 
Fig 13. Structure of anion in [NaNH4(MoOoox)]. 

1.66 A compared with 2 33 A for the metal-water and 1.93 A for the W-O (peroxo) 
length. The long W-OH2 distance may be a manifestatron of a trans effect by the 
doubly bonded W =0 group (Table 5, Frg. 14)6*. 

The only estabhshed examples of a /q’-dioxo linked system are provided by 
Ba[Mo,O, ox,(H,O),], and by Na,[Mo,O,(cysteme),] - 5Hz0, both molybde- 
num(V) species. In the oxalate the two Mo-0 bridge drstances are 1.93A with a 
small Mo-O-MO angle of 83”; this rather strained angle is probably a result of 
the close Mo-MO distance of 2.543 A. The drstance IS short enough for substantial 
metal-metal bonding which probably accounts for the diamagnetism of the com- 
plex6 ‘. The MO =0 length for the single terminal 0x0 ligand per metal atom is 
1.70 A (Table 5, Frg. 15)65. 

In the cysteine complex the stereochemistry is similar (Table 5, Frg. 16)“3”. 
Vrbratxonal spectra of all the above specres (with the exception of the 

xanthate complex) and of other binuclear species have been measured, and their 
stereochemistries rationahsed on the basis of the avarlabrhty of metal i,, orbitals 
for receipt of electrons from oxygen pn orbitaIs41. 

A number of other molybdenum binuclear species are known; thus Mo,03- 
(acac)4 and Mo,O,(C,H& are probably of type (a) w&h hnear Mo-O-MO 
bridges”’ whilst the [Mo204X61”- complexes referred to above are probably of 

0 

Fig 14 Structure of anion m K,~,Oo(Oz)j(H,O),] 
Fig 15 Structure of aruon m Ba[Mo2040x2(H20)J 

Fig 16 Structure of anion in Na2[Mo204(cysteme)2] 5Hz0. 
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type (c) mth ,qi-dloxo bridges 41*1g7. It has been suggested, on the basis of in- 
frared evidence, that MOO&I, in solution has the binuclear structure (~5)~~~. 

A polynuclear oxalato complex of molybdenum(IV), [Mo104 0x3]*- has been 
reported . 246 Recently the binuclear species Cs4[Mo203C18] has been Isolated from 
dilute solutions of [MoOCI,]~- in hydrochlonc acid with caesmm chloride It IS 
lamagnetic and thought to contam a bridgmg 0x0 Iigand247. 

It has been shown that the tungsten complex previously reported as 
K2[W(OH)C15], made by reduction of tungstate m hydrochloric acid withstan- 
nous chloride, is In fact binuclear, K,/JV,OCI,,J. The potassmm salt IS not ISO- 
morphous with K,[Re,OCI,,] which IS known6’ to have a hnear Re-0-Re bridge, 
and this together with IR and magnetic data suggests that the W-O-W bridge is 
bent. The magnetic moment pcrf 1s 2.4 B M at 294” and 1.72 B M. at 70”; the 
electromc spectrum has a very Intense band which IS beheved to arise from the 
presence of mixed oxidation states in the complex, and It has been concluded that 
It is best formulated as [wvWn’OC1,,]4- 247. 

(iv) Group VIIa (Mm-Tc-Re) 

Apart from Pascal’s text I47 there are two books on technetmm and rhe- 
nmm24s, and reviews on the chemistry of technetium24g and rhenium*“_ 

(a) Oxidesandoxohalrdes. -AU three metals from heptoxides, M,O,; those 
of technetium and rhemum are polymers in the sohd state AI1 three form tnoxldes, 
MO,, and dloxldes, MO,, and m addltlon manganese forms Mnz03, Mn,O,, 
and MnO. 

There appear to be no estabhshed oxohahdes of manganese apart from 
MnO,F (f p. -38”, b-p. 600), but there are several of technetmm and rheni- 
mum’ o*248. These take the form MO,X (X = F, CI) and ReO,Br, MOX, (X = F, 
CI) and ReOBr,, MOX, (X = Cl, Br), ReOF,, and Re02F3 Those species which 
are mononuclear are consldered in greater detail below. Both ReOF, and TcOF, 
are isostructural with MoOF,, chains of octahedra bemg jomed through cr.+fluoro 
bridging hgands. 

(b) Unsubstltutedoxo complexes. --Nexa- andpenta-oxo species No techne- 
tium compounds of this class have been made, and the only example so far dis- 
coveredwithmanganeseisNa,[MnO,]*. With rhenium, M’5[Re06], Mn5[Re0,],, 
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M’,[ReO,] and Mrr,[ReO,], have been made2*251, and vibrational spectra of the 
rhenmm(VI1) hexa- and penta-oxo compounds measured4r. The rhenium(W) 
species Li,[ReOJ and Lr,JReO,] are known; the latter exists m two crystal 
modifications2 51. 

Tetraoxo species. 

Manganese. (I) The permanganates, [MnO,]-, are deep purple salts made 
by the oxidation of manganous salts, manganese dioxide or manganates m the 
presence of acid (in base, manganateso normally result). The potassium saIt has 
the barytes structure (Table 2) lg. Vrbrational spectra (Table 6)82 and electronic 
spectra of [MnO,]- have been studred and, m the latter case, energy levels as- 
signed* *. The effect of pressure on the electromc spectra of [MnO,]- has been 
studied252, and the temperature-independent paramagnetrsm of K[MnO,] dls- 
cussed2”. 

Permanganate is a very useful oxtdising agent, In acid, neutral and alkahne 
solutions Its oxidations are represented by the followmg equattons, respecttvely: 

[MnO,]-+8Hf+5e- + MnZ++4H20 
[MnO,]- +4H+ +3e- + MnrV02 +2H,O 
2[MnO,]-+20H- + 2[Mn04]*-+H20+$02 

Permanganate is sometimes used, hke osnnum tetroxrde, for orgamc cis-hydroxyla- 
tion reacttons 

(2) Manganates( VI). Manganates are best prepared by the action of excess 
alkali on permanganates; to obtam a pure product the reaction must be con- 
ducted m an atmosphere free from carbon dioxtde253. The potassium salt forms 
bright green crystals when pure, but often appears darker due to a superficial film 
of permanganate. The crystal structure of K2[Mn04] (Table 2)” shows that the 
Mn-0 bond length is 0 03 A longer than in K[Mn04]ig, (the difference is signif- 
icant since both determinatrons were of hrgh accuracy). IR (Table 6)83 electro- 
n&*254 and ESR’26 spectra, and magnetochemical studies (Table 1O)‘34” *253 
of potassium manganate have been undertaken The rate of electron exchange 
between manganate and permanganate ion has been studred by NMR tech- 
niques’ 5 ‘. 

(3) Hypomanganates, [MnOJ3 -. These form bright blue salts, and are made by 
reduction of permanganate m excess alkali with sulphite14’. The alkali metal salts 
are deliquescent and very easily hydrolysed. The eIectron&‘~254 and ESR’26 
spectra of the ion have been measured. 

The salts Na,[MnO,] and M”,[MnO,] (Mu = Sr, Ba) have been reported*, 
but it is not clear whether they contam tetrahedral anions. 
Technetium and rhenium. Pertechnetates, M’ncO,] can be made from technetmm 
heptoxide and the appropriate base, and perrhenates M’[ReO,] can be obtained 

Coordm Chem Rev , 5 (1970) 459-5 17 



500 W. P. GRIFFITH 

in similar fashion. As with their Group VI analogues. both pertechnetate and 
perrhenate ions are far weaker oxidising agents than permanganate. Vrbrational 
(Table 6) 8 ‘.*i, electronm5*2 8 and 170 magnetic resonance spectralQ1 have been 
recorded for both ions. The rate of water exchange with perrhenate ion has been 
measured by two sets of workers, there being a certain amount of disagreement 
rn the results’ 56. In alkah, perrhenates form the [Re04(OH)J3- ion, but there 
is no evidence that pertechnetate expands its coordination sphere in this way The 
0x0 species [MOX,]‘- can be made in halogen acids in the presence of reducmg 
agents 

Perrhemc acid can be made in solution by reaction of hydrogen peroxide 
with rhenium meta1257, and per-technic acid can be made in a similar fashion 
{aalthough aqueous solutions of pertechnic acid are colourless, the anhydrous solid, 
presumably TcO,(OH), is dark red258). 

The salt Li3[ReV04J has been briefly reported2. 
Polyattiotzs. Unlike Group IVa, Va and Via 0x0 species but hke those of 

Group VIII, the Group Via species show little tendency to polymerise, though 
Raman and PMR spectra of aqueous solutions of HReO, at different concentra- 
tions suggest that some polymeric species are formed” ‘. 

While Tc,O, and Re,O, have polymeric structures in the sohd state, man- 
ganese heptoxide, Mn,O,, may be monomeric. It can be made by the action of 
sulphuric acid on permanganates, and is a Irquid which appears to be red by 
transmitted hght and green by reflected hght 260 It freezes at very low temperatures . 

to green crystals; at -5” it is stable but at 0” slowly decomposes, and above 10’ 
the decomposition may become explosive. It IS an extremely powerful oxidising 
agent and WIII set fire to combustible substances 

(c) Substiirrted 0x0 complexes. - 
Tetraoxo species. Treatment of Ba[Re04J2 wrth concentrated alkah gives the 

pale yellow Ba,[ReO,[OH),], and studies of the Raman spectrum of this suggest 
that the anion has a cis configuration, hke the isoelectromc [OSO~(OH)~]‘- ion4’. 
It has been suggested that first row tetraoxo amons do not expand their coordma- 
tion spheres in alkah whereas second and third row elements do261, and IR studies 
on i%hns of a number of tetraoxo anions in alkaline solution support this views3. 

Tt-ioxo species The three trioxo halides of rhenium, ReO,X (X = F, CI, Br) 
may be monomertc; they are made by the action of oxygen on the tetrahalides. 
Certarnly the chloride and bromide are monomeric m the vapour state, smce their 
structures have been determined by electron diffraction (Table 7)“, and normal 
coordmate anaIyses on these molecules have been carried outlo2. 

The thio species [M03S]- (M = Tc, Re) can be made from hydrogen 
sulphide on the [MO,]- salts; IR spectra of the products were measured262. The 
yeUow rhenium nitndo complex K,[ReO,N] can be made by the reaction of 
potassium amide with rhenium heptoxrde in hqmd ammonia; its IR spectrum 
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was recorded263, and a normal coordinate analysis camed out’02. Recently, 
Csz[ReO,CIJ has been made from solutions of perrhenic acid in hydrochloric 
actd with caesium chloride. Studies on the vibrational spectra of the salt suggest 
that the amon has CsO symmetry with cis (1 , 2, 3) 0x0 hgands, similar to other do 
[MO,X,]“- species264. The compound ReO,(NO,) can be obtamed from Re03C1 
and hquid nitrogen tetroxide; although IR spectra suggest that the nitrate is 
monodentate the compound is beheved to be a polymer265. The green colour 
which appears when permanganates are drssolved in oleum is thought to be due 
to MnO,(HSO# “. 

Dioxo species. None seems to be known for manganese or technetium, but 
there are a number for rhemum(V). 

The only do dioxo complexes reported are K[ReO,FJ, prepared by the 
action of bromine trifluonde on potassium perrhenate16”, and the dithio dioxo 
ton [ReO,S,]- . 262 The fluoro complex IS likely to contam a czs-ReO, umt. The 
compound K,[ReO,F,] is said to be the product of the hydrolysis of K,[Re- 
OF,] - 2HF, but no analyses or any other supporting evidence were given for the 
formulation as a d' dioxo species267. 

The trans-dioxo rhenmm(V) species K3[Re0,(CN)J2”s, [ReO, en2]C12(j9, 
[Re02py4]Clz ‘O and [Re02(NH3),JClZ ” have been reported and their IR spectra 
measured2’0 ; the Raman spectra of the cyano and ethylenediamine complexes 
have also been measuredql. These spectroscopic data support a trans streochem- 
istry for the complex ion, and this is confirmed m the case of the cyanide by an 
X-ray crystal structure (Table 3) 38 It is interesting to note that the Mo-0 bond . 
length3 6u in cis K2(Mo02F,)H20 is 1 71 A compared with 1 834 A observed3’ in 
tram-NaKspoO,(CN),] - 6H,O This bond lengthening in trans-dioxo complexes 
has been dtscussed above and arises from the restricted access of oxygenp, orbrtals 
to metal t,, orbrtals. Another consequence of thts is that whereas rhemum mono- 
0x0 bonds cannot be protonated, it is possible to protonate one (but not, of course, 
two) 0x0 ligands in [Re02X4]“- to give [ReO(OH)X,](“-‘)‘. 

There is some evidence for the existence of [Re02Br2]- and [ReO,(NCS),]- 
ions2”, and it is claimed that the species in perrhemc acid-sulphunc acid mixtures 
is [ReO,(SOJ,]- . “’ The compound obtained from reaction of K,[ReCl,] and 
cyanide ion, once thought to be K,[ReO,(CN),], has now been shown by spectro- 
scopic and magnetic measurements to be a cyanide bridged dtmer (6)41 

Monooxo specres. None seems 
nium(VI) monooxo species are known 
in its pentavalent state. 
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Examples of rhenmm(V1) monooxo species are K2(ReOF6] * 2HF, a blue 
species made by the action of oxygen on a solution of K,[ReF,J m hydrofluoric 
acid267, the deep red, paramagnetrc Geff 1.6 B.M. at room temperatures) 
R[ReOCI,], made from ReOCI, in chloroform wrth an organic base chloride 
(R = Ph,As’, Et,N+); both IR and electronic spectra of these compounds were 
reported273. Although salts containing [ReOC16]‘- have been claimed, a careful 
attempt to repeat these experiments faiIed and it now seems clear that salts of 
[ReOCl,]2- had in fact been made273. 

A number of salts of [ReOCI,J2- have been made”‘, and there are cor- 
responding bromo and rodo complexes’20; the electronic spectra of [ReOX,J’- 
and also of the recently prepared [TcOCL$- have been measured and assign- 
ments proposed’20. There is some doubt concerning the magnetic properties of 
certain salts of [ReOCl,]2-, some bemg said to be diamagnetic and others para- 
magnetic; the subject has been summansed by Grove and Wilkinson2700. Protona- 
tion of [Re02(CN),]3- gives [ReO(OH) (CN),]*- 270, [ReO,py,]+ ~111 give 
[ReO(OH)py,12’ 270, whilst [ReO, en,]+ yields [ReO(OH)en2]2’ 26g. 

Phosphme complexes (eg. PEt,Ph, PPhs, PEt,) and an arsme complex 
(AsEt,Ph) of the form ReOX,(X,), can be obtamed from the tertiary phosphme or 
arsme with perrhenic acid in the appropriate acid (X = Cl, Br, I); IR spectra and 
dipole moments of many of the compounds were determmed274*27s. Detailed m- 
structions for makmg ReOX,(PPh,), and ReOX,(OEt) (PPh,), have been grven2 “. 

The square pyramidal species [ReOX,]- (X = CI, Br, I) can be made by 
reduction of potassium perrhenate with zmc in excess halogen acid; the products 
will take up a solvent molecule m the sixth coordmation position to give such 
compIexes as [ReOBr,(CH,CN)]- 276. Crystal structure analyses of (Ph,As)- 
[ReOBr,(CH3CN)Is4 and (Et,N) [ReOBr4(H,0)]53 have been made (Table 4); 
in both cases the bromine atoms form the equatonal plane, and the rhenium 
atoms are displaced 0 33 A out of this plane towards the 0x0 ligand. 

The technetmm(IV) complex K,[TcO(OH) (CN),] has been reported, but 
an alternative formulation as a seven coordinate hydroxo complex, K3[Tc(OH)3- 
(CN)4], given for it2”. 

P&nuclear species. The only estabhshed examples are wrth rhenium. The 
X-ray crystal structure of K,[Re,OCl,,] (Table 5)6g shows that this has an eclipsed 
D4& centrosymmetric structure for the anion (cf- Frg. 3), with a linear Re-0-Re 
unit (Re-0 = I.86 A). The rhenium atoms are displaced some 0 2 A out of the 
Cl, planes towards the bridging 0x0 Iigand; this may be due to a simple steric 
0 - c, * Cl repulsion (a similar effect has been observed in other 0x0 species, see 
above, and in CS~[OSNC~,]~‘~ and K3[Ru2NC1,(H20)2]27g. A molecular orbital 
scheme for bonding in the rhenium complex has been proposed123. Its vrbrational 
spectrum4’ and magnetic properties’36*137 (p. 478) have been measured. 

Complexes which may also contam Rerv-0-ReKV bridges are formed with 
carboxylates such as acetate and oxalate 280_ Although K,~c,OCl,,] has been 
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claimed it is now clear from X-ray analysis that the compound is m fact the 
monomeric KJ’I’c(OII)Cl,] 281 ; however, it is by no means unlikely that the 

ITc20Cl,0]4- ion could be made since the interconversion of [Re,0Cl,,]4- to 
[Re(OH)&J2- is very easy2a0. The exchange of 36C1- with [Re,0Cll,,J4- has 
been stu<lled2”. Another binuclear oxo-chloro complex of rhenium, this time m 
the hexavalent state, is [Re,0,Cl,]2-, a diamagnetic species made from ReOCl, 
m chloroform with orgamc base chlorides. On the basis of IR and electromc 
spectra it was claimed that the structure was hkely to be (7) or (8)273 (see also 
the correspondmg molybdenum compoundz4’, p. 498). 

0 Cl 0 Cl Cl Cl Cl Cl 
N/ 

C-Re -on,/a O~‘Re’_O_‘~‘LO 

CT \cl Ci \o ’ \I Cl CL’ 1, 

Two X-ray crystal structures have recently been reported of oxo-bndged 
carboxylates of rhenmm(VI), Re,OCl,(EtCOO) (PPh3)2 (9)283 and Re,OCl,- 
(EtCOO),(PPh,), (10)284. 

(9) no, 

These complexes are made from ReOCl,(PPh,), and proptonic acid, and both 
have very short Re-Re dutances, 2 522(0.001) A for (9), 2.541(0.001) A for (lo), 
in (9) the Re-0 bndge drstance is 1 896 (0.004) A with a Re-0-Re angle of 83.8” 
wlule m (10) it is 2 095 A with an angle of 82”. Re-Cl is 2.320 A (9) and 2.357 
(0.001) A (10). 

(v) Group VIII and Group Ib 

The texts of Gmehn’46 and Pasca114’ have been used for the platinum group 
metals, and there is a recent monograph on the chemistry of osmmm, ruthenmm, 
indrum and rhodmm2s5, and a short review on osmmm286. 

(a) Oxides and oxohalides -For iron, ruthemum and osmium the oxides 
are M’O,, M’03, possibly M’,05 and M’O, (M’ = OS, Ru); MzOJ, FesO_+, MO 
(M = OS, Ru, Fe). For cobalt, rhodmm and indrum there are M’03 and IWO, 
for lridmm and rhodium, M203 and MO for all three metals, and Co,O,. For 
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nickel, palladmm and platmum there are M’O, for palladmm and platmum; and 

M203 and MO for all three metals. For copper, silver and gold there are MO and 
M,O for all three metals. 

There are no oxohahdes of these metals apart from [OsO,F,],, OsOFS, 
OsOF,, RuOF,, OsO& and Os,OCl,; reports of Os,OCi, are apparently un- 
founded. Although IrOF, has been claimed It seems unhkely that the compound 
exists. 

(b) Unsubstrtuted 0x0 complexes. - 

Hexa- andpenta-oxo species. Hexa- and penta-oxo complexes of osmmm(VII) 
and (VI) have been made; K,[OsO,], a black material prepared from potassium 
osmate and potassium superoxide, M’,[Os06], made from hthmm or sodmm 
oxides and osmium metal m oxygen, LI~[OSO,], made from Li,[OsOJ and hthium 
oxide, and NaJOsO,], made by heatmg Na,[Os0,]287. An osmium(V) species, 
Sr,Cr”‘[OsO,] is also known 288. The IR spectra of Ba,[OsO,],, Ba,[OsO,] and 
Kj[OsO,] have been measured41. There have been reports of Sr4[M06] (M = Ir, 
Rh, Pt) but no preparative details were grven 28g The exrstence of both Bas[FeOJ 
and Ba,[CoO,] have been claimed2”. 

Tetraoxo species. 

First row elements. 

(I) Iron. Three types of orthoferrate have been claimed wrth iron (VI), (V) and 
(IV) The iron(W) species are the best estabhshed and are normally called the 

@rates. The potassnun salt, K,[FeO,] can be obtained by oxidation of ferric 
hydroxide wrth hypochlonteZg’. The potassium salt forms dark purple crystals 
which appear very simdar to those of the permanganate, and the aqueous solution 
(which is quite unstable) IS a very deep purple The IR spectrum of the solid has 

been measured (Table 6)84, and the electronic spectrum recorded28*2g2. The 

magnetx properties of the salt measured over a temperature range support a tetra- 
hedral structure for the amon (Table 10)‘35, as does the ESR spectrum126. 

The so-called “hypoferrates”, Mrs[FeO,] (M = Na, K) have been clarmed; 
the potassium salt can be made by the action of potassium superoxide on ferrrc 
oxide, in an oxygen stream at 750”, or by the action of heat on the ferrate. The 
black crystalhne salts are stable to 500” and are said to be stable in highly alkaline 
solutions2g3. The magnetrc moment at room temperature is 3.85 B-M., and this 
together with X-ray powder patterns are said to demonstrate that they do contam 
tetrahedral amonszg3, but some doubt has been cast on these results5. 

The black ferrates(IV) have been claimed; the barium salt is made by the 
reaction 

Ba(OH), + Ba3 [Fe(OH)6] + 1/202 900”, 2BaJFeO.J + 7H20 

and there are also sodium and strontium salts The barium salt has a similar X-ray 
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powder pattern to Ba,[TiO,] and so may contam the [FeO,]‘- amon”. An 
iron(iII) salt, Ba,[FeO,],, has been cIaimed2. 
(2) Cobal?. Reactron of cobaltous hydroxide with barium hydroxide at 1050” 
yields the red-brown Baz[Co’V04]2g0, and the bright blue dehquescent Na,[CoO,] 
and K,[CoO,] have been isolated. The magnetic moment of 2.01 B-M. at 300” IS 
said to be consistent with high-spur cobalt (V)““. The salt Li,[CoO,] has also 
been cIaimed2. 
(3) Nickel. Both Ba,~i04]2 and Ba,~t04]2g5 are reported; the latter at least 
is known to be a mixed metal oxide with a distorted rock-salt type of structure2”. 

Second row elements. 
(I) Ruthenium. There are three well-estabhshed tetraoxo species of ruthenmm(VIII), 

(vn) and (VI)- 
Ruthenium tetroxide, Ru04, is a yellow crystalhne sohd (m-p 25 4”, b-p. 40”), made 
by oxidismg potassium ruthenate or perruthenate with chlorme or acid perman- 
ganate . 2g6 It has a sharp and characteristic smell, not unhke that of osmmm 
tetroxide. There have been a number of studies recently on the vrbrational spectra 
of the solid, hquid, aqueous solution and vapour, and force constant calculattons 
have been carried out with the results shown m Table 684n. Electromc spectra 
have also been measured2 8 l 2g ‘, and the thermochemistry of the compound re- 
viewed (together wrth that of other ruthenmm oxldes)2g8. The compound 1s a 
very powerful oxrdtsmg agent, and on that account should be handled wrth con- 
siderable care. Halogen acids reduce It to [RuXJ2-, probably via tran._+[Ru02X4]2 - 
specres, whrle wrth most other ligands it wrll gave ruthenium(III) or ruthenium(H) 
complexes. Gentle reduction gtves [RuO,]- and [RuO,]~-. There is no substantial 
evidence for the formation of species of the type [MO4X2]“- given by osmmm(VIII) 
and rhenium(VII). 
The perruthenates, [RuO,]-, are made by careful oxidation of ruthenates with 
chlorine or by reactlon of ruthemum metal wrth alkaline oxidising fluxesZg6. The 
potassium salt forms smalI black crystals which decompose above 400” to potas- 
smm ruthenate and ruthenmm dioxide. The X-ray crystal structure (Table 2)21 
shows the amon to be tetrahedral with only slight distortion (the salt is not iso- 
morphous with potassium permanganate). IRS4 and electronic spectra of [RuO,]- 
ion have been studied, and there is some evidence that in alkaline soluttons there 
may be species such as [RuO,(OH),]~- 2gg. 
The ruthenates, [Ru0412-, are normally made by reaction of ruthenium metal or 
ruthenium salts with potassium nitrate and hydroxide2g6. The potassium salt is 
deep red and gives a deep red solution. The vibrattonal spectrum (Table 6)84, 
electronic spectrum’ ‘B2 ” and ESR spectrum have been measured. It 1s likely 
that “ammonmm ruthenate, (NH4)2 [RuO,]“, is in fact a bridged p-nitrrdo com- 
plex’ ’ ‘. 
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(2) Rhodaan. Potassium rhodate, K,[RhO,], IS said to be formed as a blue salt 
when chlorine IS passed mto a solution of rhodium dioxide or sesquioxide in 
alkah; a blue barium salt has been made which had a magnetic moment corres- 
ponding to one unpaired electron per metal atoms. Strontium and calcium salts 
approxlmatmg m formula to M”[RhO,] have been made: 

Rh+2SrCO, +02 a1r. 12000) Sr,[RhOJ 

though both compounds are somewhat oxygen-deficient300. 

Third row elements. 
(1) Osmium. The only exampIe is osmium tetroxide, but this is one of the most 
important compounds of the metal. 

Osmium tetroxide, 0s04, is a yellow crystalline sohd (m p. 40.6”, b p. 
131.29, prepared by oxidlsing the metal or almost any osmmm compound with 
nitrrc acidzp6. The sohd has a considerable vapour pressure at room temperatures 
and the compound should be handled with care Electron-d&action measure- 
ments on the vapour show the molecule to be tetrahedral (Table 2)22 and the X-ray 
crystal structure of the sohd has also been determmedz3. Vibrational spectra of 

_ the solid, hquid, solution and gas have been determined and force constant treat- 
ments apphed (Table 6) 84.p4. The electronic spectrum has been measured2’, and 
also the “0 magnetrc resonance14’, and thermodynamtc data for the molecule 
reviewed”‘. With halogen acids HX, tuans-[OsO, X4]‘- and [OsX6]‘- are 
formed; with ammonia, 0s04 - NH, is formed m the dry, while m aqueous solu- 
tion [Os04(OH),J2- and [OsO,N]- are formed. Reactions with hgands give os- 
mium(N), (III) or (II) complexes. 

(2) Indlum. Ill-defined uidates(VI) of the form KzO nIr0, have been claimed. 
Reaction of indium droxlde wrth calcium or strontium carbonates gives Mu, 
[Ir04]300: 

2CaC0, + IrO, alr* *oooo+ Ca, [IrO,J 

(c) Substrtuted 0x0 complexes.- 
Tetraoxo species. These are confined to osmium and ruthemum. Both 

osmium and ruthenium tetroxides form unstable ‘additron’ compounds with am- 
moma gas OsO, - NH3, an orange species whose IR spectrum suggests a square 
based pyramidal structure301, 0~0, - py and some adducts with organic mole- 
cules, RuO, - NH3, Ru04py, (thrs latter spectes, however, may be Ru(OH),py,), 
RuO, *PF, and (RuO,), - PF,. 

Salts of [Os04(OH)J2- and [Os0,FJ2- can be isolated from aqueous 
solutions of osmium tetroxide with hydroxo or fluoro ions, and stu&es of the 
vibratronal spectra of the products suggest a cis configuration for the complex 
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anion41. There is also evidence for the existence of [OsO, (OH)@&O)]- and for 
I~u04(OH),13 -- 

Trioxu compZexes. Reaction of osmium tetroxide with aqueous ammonia 
yields the [OsO,N]- ion, normally studred as the sparingly soluble potassmm 
salt302. The complex anion has recently been studied by X-ray methods and 
contirms the CJo distorted tetrahedral arrangement; the OszN distance is even 
shorter than Os=O (Table 3) 3 ‘a_ The vibrational spectra have been measured3 03. 
Reaction of osmium tetroxide with rerf-butylamine grves 0~0, (NMe,), and an 
IR spectrum (with some rather dubious assignments) reported3”. 

The action of bromine trrfluonde on a mixture of osmmm tetroxrde with 
potassium bromide yields [OSO~F~],, (presumabiy a drmer with fluoro bridges) 
and K]Os03F3] The vrbrational spectra of the latter indicate the expected cis 
(1,2,3) arrangement (1) of 0x0 ligands4’. 

Dioxo complexes. Although there have been reports of Dr0212 + and [Rho21 i 
specieszs5 these have yet to be substanttated. One ruthemum droxo complex, 
CS~[RUO~CI~], made by the action of hydrochlonc acrd and caesrum chloride on 
ruthenium tetroxide is known. The IR spectrum suggests that there IS a trans 

configuration for the aruon 28 5 The species formulated as RuO,(NH,),CI, IS now . 

known to be a p-mtrido complex” ‘. 
A number of osmium dioxo complexes are known, normahy called ‘osmyl’ 

species They are all of osmium(W), taking the form [OsO,X,]“- (X = Cl, Br, 
l/2 ox, 0CH3, OH, S03, NH,) and ]Os02 (OH)2X2)2- (X = Cl, Br, l/2 ox)- 
these latter specres’ O6 were formerly believed to contain [OSO~X~]*- ions. They 
all have trans-dloxo units and the vibratronal spectra of most of them have been 
measured4’*lo6. 

The X-ray crystal structures of K2[0~02C14]3g and K,(OsO,(OH)4] 
(Table 3)40 confirm this. The electromc spectrum of ‘potassium osmate’, K,[OsO, 
(OH),] has been measured (thrs compound 1s formulated m the older literature as 
K2[Os04] - 2H20 but was re-formulated as containing trans-[Os0,(OEI)4]2- by 
Lott and Symons on the basis of the electromc spectrum and the diamagnetism of 
the complex44). Schemes for bonding m osmyl complexes have been proposed43*44. 
It is hkely that cyclic osmium(VI) esters are formed as intermediates dunng cis- 
hydroxylation reacttons between olefins and osmmm tetroxide. The main steps of 
the reactton, whrch is wrdely used m organic chemistry where a smooth and spe- 
cific cis-hydroxylation 1s required, are probably: 

\c/ \/ 
2PY + oso, + 11 - 

c-o, /” ‘C/-OH 
I /?+- I + osog 

A 
,q-” 0 /=\---O” 

Monooxo complexes. Species of this type are very rare for this group of ele- 
ments. Undoubtedly the oxotetrahalides of osmrum and ruthenium are monomeric 
in the gas phase, but in the solid state they are polymeric with halogen bridges. 
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The only complex which is known to be a monomer at room temperatures in this 
group is OsOF,, a green clystalhne sohd (m p. 59.8”) made by fluorination of 
osmium &oxide at 200”. The ESR spectrum of a solution of the substance was 
measured304. There 1s also a report of (NO)t[OsOF,]-. 

Although It has been claimed that the green reaction product of 0sOC14 
and caesium chloride at low temperatures is Cs,[OsOCl,], this has not been es- 
tablished beyond doubt smce the product was certainly co&unmated with 
cs,[oso,c14]. 

Species such as [IrO(OH)Ic and [Rho] 3+ have been ciaimed but there is no 
good evidence as yet for their existence. There is however evidence for the existence 
of ‘ruthenyl’ species in aqueous solutions of ruthenium tetroxide with perchloric 
acid; these are probably [RuO(H,O),]*+ 3o5. 

Pdynuclear complexes. 

Binuclear. Iron forms a senes of binuclear complexes with a number of hgands, 
and such species contain either a Fe-O-Fe bridge or a dlol system, 

/““\ ’ 
Fe\m/Fe 

Systems which have been shown to contam the first type of lmkage are Fe base,]0 
(the base being of the Schti type)13 * and a number of o-phenanthrohne and 
bipyndyl iron (III) species probably have a srmllar structureI g. Magnetic suscep- 
tlbtity measurements were made over a temperature range on these species and 
magnetic exchange intergrals evaluated; a quahtative molecular orbital scheme 
was proposed to account for the results’38. 
Ruthenium and osmium: the complex anions ~,0X,J4- (X = Cl, Br) are made 
by rhe reduction of the tetroxldes with hydrochloric acid under carefully con- 
trolled conlhons; a new preparation for &[Ru,OCI,~] using ruthenium and po- 
tassium chlorate has recently been descrlbed306. The X-ray crystal structure of 
K4[Ru20Cl,,] shows that this has a D4,, centrosymmetric structure for the anion 
as has K,[Re,OCl,,] (c$ Table 5 ” and Fig. 3). The Ru-0 &stance of 1.80 L% is 
clearly indicative of some metal-oxo multiple bonding. The complex is dlamagnet- 
ic; this and the electromc spectrum74*122 have been interpreted on the bondmg 
theory of Bun& and Orgel already described (p. 471)73. VIbrational spectra of 
these and other bmuclear complexes containing linear M-O-M bonds have been 
measuredgl, and the results compared with those for analogous linear M-N-M 
systems” ’ ; force constants have been evaluated for these systems on a simple 
valence force field model 41~1 16. 

A rare example of a pp’-dloxo system is K4[Os,06(N02),], formulated 
in the early hterature as an ‘oxy-osmyl’ complex K~[OSO~(NO&] and then re- 
formulated by the author (who had at his disposal the modern wonders of in- 
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frared spectroscopy) as K,[OsO,(OH),(NO,),] ro6; it is in fact bmuclear (1 1), as 
X-ray studies now show (Table 5)‘r. 

Newly primed with this knowledge it was possible to re-Interpret thevibrational 
spectrum41. 
Trim&ear. TWO types have been distinguished with these metals: triangular tri- 
nuclear and linear trmuclear. 

The complexes which are beheved to contain trrangular M,O units (the 
three metal atoms at the vertices of an equilateral triangle with the oxygen at the 
centre, the four atoms being coplanar) are [Fe,O(CH,COO),(H,O),]+ and the 
ruthemum complex [Ru~O(CH,COO),(H,O)~]+. Magnetic susceptibihty data 
determined over a temperature range support the trmuclear formulation for the 
iron complexes13’ as do the vibrational spectra4’, and both methods suggest that 
the iron species retain this triangular structure in aqueous solution41*13g. Further- 
more, the iron acetato complex [Fe30(CH3COO)6(H,0)3]C1 - 5H20 is iso- 
morphous with’j3, and has very srmdar unit cell constants to, the correspondmg 
chromium species, the structure of which has been determmed by X-ray methods 
(Table 5 ” ; Fig. 10). A compound which probably has a related structure is 
K10&30(S04)g], made by boilmg (NH,),[IrCI,] with sulphuric acid. The corn- _ 
plex has a single unpaired electron per three metal atoms, consistent with the 
bonding predictions for a triangular system of the chromium iron and ruthenium 
acetate complexes (12); it IS hkely that the diamagnetic mtrido species 
K4[Ir3N(S04)6(H20)3] (13) has a simtlar type of structure74. Thts is supported 
by measurements of electronic’“*” and vibrational spectra”‘*l 18. 

[sJY$$$cJ [J?<~;“d’ 

1121 (13) 

In the ruthemum red complex, [Ru~O,(NH~),~]~~ (made by oxidation 
of ruthenium (III) or ruthemum (II) ammines) it has been proposed that there is 
a linear Ru-0-Ru-0-Ru skeleton3 ” ; this is consistent with the diamagnetism 
of the complex and its electronic spectrum 74. A similar structure has been pro- 
posed for the brown oxidation product of ruthenium red, [Ru302(NH3)i4]‘” ‘O’. 
Vrbrational spectra of the complexes have been measuredLL8. 
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Fmally, the tetranuclear copper(D) complex Cu40Cl&?h3PO)4, is in- 

teresting as bemg a transition metal analogue of the tetranuclear basic acetates 
of be&hum and zinc. In the copper complex the oxygen atom is at the centre of 
a tetrahedron of copper atoms, and chlorine ligands spaa the six sides of the 
tetrahedron (Table 5, Fig. 17)72. 

Frg 17 Structure of Cu40C16(PhJP0).+. for clarity, only one of the SLY chlonne hgauds whrch 
span the sxdes of the tetrahedron is shown 
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