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ABBREVIATIONS

acac acetylacetone EDTA ethylenedrammetetraacetic acid
bipy 2,2"-bipyridyl MNT  malendrthionmnie

Cp cyclopentadienyi ox oxalate

den diethylenetriamine oxine  B-hydroxyqumoline

DMF dimethylformamide o-phen  1,10-phenanthroline

DMSO dimethylsulphoxde py pyndine

en ethylenedramine xan xanthate

A, INTRODUCTION

This review is concerned with the chemustry of transition metal complexes
involving the oxo ligand, 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
embarrassing extent, 1t has been necessary to hmit coverage to compounds which
contain discrete molecular umts [MO,X,},"~, where z == 3. This rather arbitrary
limit excludes a very large number of oxo compounds: almost all uncharged metal
oxides, most isopoly and heteropoly species, and a substantial number of ternary
compounds such as BaTiO5 in which the transition metal atom s part of a long
chain, sheet or lattice structure. Wherever possible, general review references to
such compounds are quoted where appropriate in Part C, and a list of the principal
oxides and oxyhalides is given for each group of metals.

(1) Arrangement of material

Thisfollows a classical pattern. In Part B, which deals with the subject in a
general way, a survey of the chemistry of 0%0o complexes is followed by summaries
of the literature on the nature of metal-oxo bonding and of the main physical
measurements which have been carried out on the complexes. Finally, in Part C,
the oxo complexes will be considered by the periodic group to which their metals
belong.

(it} Nomenclature

In this review we shall use the word oxo to denote the O®*~ hgand, as re-
commended by the ITUPAC convention®; (the older term “oxy™ is often still used
in the Itterature). Thus, K[CrOF,] is potassiumn oXotetrafinorochromate(V}. The
ending -yl is commonly used for oxo complexes (uranyl for UO,**, osmyl for
050, etc.) though TUPAC deprecates 1ts use; thus, vanady! sulphate, VOSO,,
would be called vanadium oxide sulphate under IUPAC rules.



TRANSITION METAL OX0O COMPLEXES 461
(iii} Revtews

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

Scholder has reviewed “‘ortho™ (f e. tetraoxo) salts, and includes penta- and
hexaoxo species?; an irritating 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 1 research on this
topic®**. Carrington and Symons have reviewed the structures and reactivities
of tetraoxo anions with a particular emphasis on bonding theoryS, and bonding
theory plays an important part in reviews on the electronic spectroscopy of
tetraoxo complexes®. Reviews have also been written on oxo cations’, binuclear
complexes having single oxo bridges®, oxo peroxo and peroxo species®, oxo-
halides!?, oxides'* and metal oxide alkoxides?Z.

B GENERAL SURVEY
{t) Oceurrence

In Table 1 we summanse those complexes of the type [MO, X ]."~ known
for each periodic group From this it will be seen that most oxo species of this
type (where x == 3 and z = I} are formed by transitton metal atoms 1n their highest
oxidation states, re. with 4° electron configurations; there are less frequent
examples of d* and d2 species, and a very few of 4* As a consequence, the majority
of oxo species are formed by elements in Groups IVa-VIIa since these achieve
high oxidation states fairly easily. In Group VIII only ruthenium and osmium
have any extenstve oxo chemustry, these being the only two elements of that
group to form a number of high oxidation state species. The reason for this
prevalence of d°-d® configurations is that O*~ is a very strong electron donor,
both 1n a o and a n sense: it will only function efficiently as a ligand if the metal
has few outer electrons of its own.

(ii) Stereochemistry

Most oxo complexes [MO,X,].”” are either basically tetrahedral where
x > 2and z = I; or octahedral when x = 2 or t and z = 1. Although heptacoor-
dination occurs in K,[INDOF ] and (NH,)1[INbO 0x,] there are few other anthen-
ticated examples {(both [OsOCl4]*~ and [ReOCI(]*~ have been claimed but there
is little evidence for their existence). Five coordination undoubtedly occurs for

Coordin. Chem. Rew , 5 (15970) 455517
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TABLE 1
GENERAL TYPES OF OXO COMPLEXES {GROUBS IVa, Va, Via, Vila AND Vi)
Complex 4" iIVa Va Viz Viia VI
type M=0T, M=V, M=C,hbMo, W M=Mn, M’ = Ru, Os
Zr, Hf MNA, Ta M = Mo, W Te, Re
M?* = 2Zr, Hf M’ = Nb, M’ =T, Re
Ta
MO I~ 4d° MO~ MO [MOLIE- MO 1™ MO,
d VO,J*~  [CrO,*~ [MnO,]2- [Ru0,]-
WbOJ~
d? [iCrO,]*~ [MnO,)13~ [RuO4)2~
[MoO,)* - {FeQ,1*~
MO X}~ d° [ReO(OH)]*~ [050,X,]1*~ =
MO,X}*~ J4° [CrO.Xj~ ReQ:X
[MoO N1~ [ReO;NJ*~  [OsOsNI-
[Mo00,8]*~ [ReQaS]~
MO ,X ] d° MO3F,]3- [ReO3C1)2~  [0sO,Fa]~
MO,X, a° MO;X; [RCO;BI':] -
cis-
MO X ™ d° VO X PP IMO. X, ]2~ [ReO:F.]™
trans-
[MOX,] 47 IM'O20CN).]*~  [ReQ2Xa]%" M O:X,]%~
MOX, ]~ 4° T0X, ]2~ [MOX.]™ M’OF,
dt, 42 [VOX,]- IMOX,]™ [ReOX,]~
[MOX]"~ d°® [MOX ]2~
4t d* VOXs1*~ [MOX]2~ IM'OX 1%~
M. 0X,;0]" —d° [T1,0 Cim]‘_ [W,O0CI,5]*~ [Re,OChH '~ [M%20X;e]*~
a3, d* [Cr;O(NH 3}10]**
M 0X1 43, 45 [CryO{0AC)(HO0)51t [RusO(QAC)(H0)a]*
[Fe;0{0A) (E 0¥l
a X = halogen.

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

Unsubstituted oxo complexes are usually tetrahedral; some hexa- and penta-
oxo species have been reported but it is nnlikely that they contain discrete [MO 417~
or MO ]"™ units, rather they have layer lattice structures with metai atoms in
octahedral holes There are no established exampies of transition metal [MO4]*~
species existing as such in aqueous solution, although [TeOg]°” and [104]°~
exist in very alkahine aqueous media. Many tetraoxo anions, however, are stable
1n aqueous solution. The reason for the prevalence of four- rather than six-coor-
dipation in unsubstifuted oxo complexes is probably 2 consequence of the ex-
tensive oxide-to-metal electron delocalisation; high coordination 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 oxo
complexes of higher coordination numbers than their first row analogues, in line with
the general tendency of heavier transition elements to expand their coordination
spheres. Thus [ReO4]” and OsOQ, react with alkali to give [ReO(OH),]*~ and
[0sO,(OH),]*” while [MnO,]~ and [RuO,]” do not; osmium forms hexa-
coordinate oxo species in its (VII) and (V1) oxidation states, whereas ruthenium
forms only the tetrahedral [RuO,]” and [RuOJ*".

(iii) Oxidation states

The tetra- and tri-oxo species, [MO]"", [MO,X,]"", [MO,X]™ and
[MO,X,]" are usually assoctated with the highest oxidation state of the metal,
viz. a d° electron configuration There are a few examples tetraoxo species of
d' ([CrO,1?~, [MnO,]*~ and [RuO,]) and d? ([CrO,]*, [FeO.]*~ and
[RuO,1*7); [FeO,]*™, if it really exists (¢f. p. 504) is the only example of a 4*
tetraoxo complex. The general tendemcy of second and third row elements to
exhibit higher oxidation states than thetr 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 4° dioxo species are [MO,X,]*~ (Cr¥", Mo'", WV,
ReY®) and cis-[MO, X, 1"~ (MoY, WY, V¥), while the d* dioxo species take the
form trans-MO, X, 1"~ (Os'", Ru"’, Re¥, Mo'Y, W), The few 4! dioxo species
reported of the form [MO,X 31"~ (MoY, WY) are probably binuclear with one
bridging oxygen atom, [M;0,X 12" (see below, p. 496). Monooxo species
[MOX]"™ and [MOX,]"~ are d° (VY, NbY, Ta" and a few Ti'), 4* (Cr¥, MoV,
WY, and a very large number of V'V, the so-called “vanadyl” compounds), and
occasionally d2 (ReY, Tc¥). Species containing termunal oxo ligands coordinated
to a metal atom with more than two d electrons are rare, though as a bridge ligand
1t is often found with d° (T1"Y, Mo"h), d' (Mo¥, WY), 42 (W), 4 (Re™, Cr'Y,
Fe'™, Ru™) and 4* (Os'Y, Ru™) configurations

(iv} Swmlarities between O*~ and other ligands

Other ligands which are comparahle with O?~ 1n various respects are the
isoelectronic nitride, N*~ and fluoride, F~, and also the “pseudoisoelectronic™
peroxide, O,*~ and sulphide, S~ ions.

The nitride ifon is such an efficient electron donor that, up to now, only
mononilrido species are known, though the field is at present hittle mvestigated.
The following pairs of isoelectronic complexes indicates the formal simifarity
with 02~

[MoO;NP*~ [ReO;NI*~ ReNCl,(PPh,)s [OsO,N]1~  [Ru,NClyol*

MoO,]*~ [ReO,]™ ReOCiL(PPh,), OsO, [Ru,OCL )~

Coordin. Chemt Reo , 5 (1970) 459517



464 W. P GRIFFITH

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 N~ as a very effective
n-donor.

The peroxide igand, O,?” may often replace O*~ in complexes; in those
complexes which have been subjected to X-ray analysis it appears that it functions
as a sideways-bonded Iigand.

The following pairs of species are 1soelectronic, and indeed the peroxo
species listed here can be made from the oxo compounds by simple reaction with

hydrogen peroxide:
[T:0,(80,),1*~ [V(0): 1~ [MoO(0,),F,1*~ [WO(OF.*~
['TiO(SOd)ziz" [VO4}3" [MOO:st]Iﬁ [WOde}l‘

Peroxy complexes are most frequently found with elements from Groups IVa,
Va and VIa; mixed oxo peroxo species are quite common?.

Fluoride and oxide have a number of similarities as higands, but oxide 15
somewhat more efficient than fluoride in stabilising high oxidation states (compare
Os0, and RuO, with the very unstable OsFg and unknown RuFg) The fluornide
1on fends to form complexes with hugher coordination numbers than oxide (it
prefers octahedral coordmation).

The sufphide ion 8%~ has certain formal simuilarities with O2~, Thus a
number of unsubstituted and substituted thio species analogous to oXxo complexes
are known:

[M00,S,;]*” [MoS,]1*~ [ReO,S]”

MoO. ¥~ [MoO,'~ [ReO,1”

The considcrable tendency of sulphide to catenate 1s not of course shared by the
oxo ligand.

(v} Preparation and properties

Most unsubstituted oxo complexes involving the metal 1n 1ts highest oxida-
tion state are made by treatment of a lower valency salt with an alkahne oxidising
fiux (for preparation of oxo amions) or oxidation in acid media (for uncharged
spectes ke Mn,O,, RuO,, 0s0,). Salts involving oxo anions i1n lower states can
be made by controlled reduction of the corresponding 4 species (e.g. [MnO,J>~
and [MnO,}*~ from [MnQO,]7). Oxohalides are normally prepared either by
hydrolysis of the binary halides, from oxygen and the halides, or from the metal,
oxygen and halogen. Substituted tnoxo, dioxo and monooxo species are often
obtained from the unsubstituted oxo anions or oxides with the appropriate igands.

Most oxo complexes are oxidising agents. For a senes of complexes in a
periodic group the oxidising power normally falls 1n the sequence

1* row » 2% row > 3™ row
as do the acid strengths of the unsubstituted oxo anions. The tendency of oxo
anicons to polymerise in solution increases with increasing acidity of the solution
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(since H is usually involved in the process) and normally falls in the sequence

3 row > 2° row » 1% row

This may be associated with the increase of acid strength of the oxo anions
in this series topether with the higher preferred coordination numbers of second
and third row elements, the latter factor giving more possibilities of polymensa-
tion. For first row elements this polymerisation decreases in the sequence

Ti'" > VY > Cr¥! > Mn¥!

Protonation of the oxo ligands in oxo complexes 1s usually difficult except
for tetraoxo amions. In the dioxo species, trams-[MO,X4]"", protonation to
[MO(OH)X, "~ 1~ by strong acids does not occur for Os¥? or Ru! but does for
ReY, Mo™ and W', the lower oxidation state presumably giving more p-character
to the sp,~orbital containing the oxygen lone pair. Protonation of monooxo species
is very rare indeed.

{vi) Structure and bonding

In this section we shall briefly summarise the various approaches which have
heen made to the difficult subject of metal-oxygen bonding 1n oxo species. It is
hoth convenient and logical to include in thus section a summary of structural
data which have been obtamed on such spectes, but a comprehensive catalogue has
not been given because some of the earlier measurements are of low accuracy.

Tetra- and tri-oxo species —Bond length data for a number of tetra- and
tri-oxo species are listed in Table 2; all the M—O distances are short, indicating
the presence of a considerable degree of MO double bonding

There has been a number of attempts to describe the bonding 1in [MO,]"™
complexes on the basis of molecular orbital theory. The test of success for these

TABLE 2
BOND LENGTHS IN TETRAOXO COMPLEXES, [MO,]"~ :
Complex dy—o (A) Space group [z] Ref
Ba,[T10,] 2at 163002} P2ifn 4 13
2 at 1.78 (0 02)
BifvVO,} 1 86 {0 07) av. Pnea 4 14
(pucherite)}
Y, YbINbO,] 189 A ja 4 15
K [Mo04] 176 (00D C2/m 4 1]
Pb[MaO.] 1.772 (O 006} 14;ja 4 17
Li[WO,] 1.79 (0 02) R3 ] 11
KiMnO,] 1 629 (0 008) Prima 4 19
K, {MnO.] 1 659 (0 008) Pnma 4 20
K[RuO.] 179 l4/a 4 2t
0s0,.(gas)” 1711 {0003} 22
050, I 74 (003} C2jc 4 23

= All X-ray data on solids except OsQO . {gas) electron deffraction on vapour

Coordin Chem Rep, 5 (1970) 459517



466 wW. P. GRIFEITH

schemes is that they should be able to explain the observed electronic spectra of
the complexes, and also the ESR spectra of those ions which are paramagnetfic.
The high oxidation states of the metal atoms in all [MQ,}*~ complexes infers
that the M-O bond is likely to have a high degree of covalency with attendant
extensive o and = delocalisation of charge (both the ¢, and e orbitals on the metal
are involved in n-bonding in tetrahedral species), and there is likely to be consider-
able mixing of 4 and p metal orbitals. All these factors lead to considerable diffi-
culties i formulating a consistent theory for tetraoxo complexes.

12133

&

ip)

45idy)

Fig. 1. Mofecular orbital schemes for [MO,LJ*~ species: (a) Wolfsberg and Helmholz?4, (b}
Ballhansen and Liehr35,
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The earliest attempt at a semi-empirical MO approach was that of Wolfs-
berg and Helmholz on the permanganate and chromate ions** (Fig. la). Their
scheme was criticised by Ballhausen and Liehr who proposed a somewhat different
order of energy levels** (Fig. 1b), which was found by Carrington and Schonland
to be more consistent with the electronic spectra of 4° tetraoxo anions and the
ESR and electronic spectra of @' and d* species®®. A recent critical reassessment of
the two theories as applied to the ions [MnO,]~, [MnO.J*", and [MnO,]*",
suggests that either method is capable of explaining the spectral data depending
on the degree of s and p participation in the hybrid ligand orbitals?”.

The most comprehensive molecular orbital scheme for tetraoxo anions has
been proposed by Viste and Gray; their treatment 1s basically similar to that of
Balthausen and Gray, but, unlike the former, it takes account of oxygen 25 orbital
participation as well as oxygen 2p, metal 3d, 45 and 4p orbitals (as applied to
[MnO,]17)?%. The resulting scheme was applied to d° species ([VO,]°, [CrO,]*",
MnO,]~, [Mo0,]*", [TcO,1~, RuQ,, [WO.]*", [ReO,]", 0s0,); d! systems
(CrO,*~, [MnO.*~, [RuO,]7); and d* systems ([MnO,?", [FeO,I*",
fRu0,]*>") For some of these ions it was possible to establish 4-values?®:

Value of orbital parameter 4 in tetraoxo anions (em™* x 1073)

[CrO, 12~ 16.0 [FeQ,]*~ 12.72
MnO,~  26.0 [RuO, I~ 28.5
[MnO;]?~ 19.0 [RuOQ 2~ 216

[MnO,1*~ 11.0
It is significant that the A-values decrease 1n the expected sequences,

eg. Mn¥""! > Mn¥! > Mn"

and Ru'" > Ru¥! > FeV! *%®

A SCF-LCAO ireatment has been applied to [CrO,]*~ using D,, rather
than T, symmetry for the anion?®.

For fetraoxo complexes of the formn [MO,X,]"” there have been no theoret-
ical treatments; 1t has been proposed that, for d° complexes of this type, a cis
rather than a frans stereochemustry is likely on the basis of the disimbution of
metal-oxo n-bondmg, and this 1s found to be the case from studies of the vibra-
tional spectra of known species of this typet.

Trioxe and dioxo complexes. —{See Table 3). No bonding theory has been
proposed for [MO,X]"™ or [MO;X,]*" complexes. For the latter a ¢ix (1, 2, 3)
(1) rather than a “frans™ (1, 2, 6) (2) stereochemistry 1s expected on the basis of

the competition of oxygen p, orbitals for metal 7, electrons® 2.
O O
S L
Q
{3} 2

Coordin. Chem. Rev., 5 (1970} 459-517
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TABLE 3

STRUCTURAL DATA ON TRIOX(O AND DIOXO COMPLEXES

Complex dye-o (A} Other dara Space [r] Paimt  Ref

proup araup

VOCT; (gas)® 156(004) V-Cl2.12{003) Csy 30

K[CrO;Cl 1.53 Cr-Cl2 16 P2fc 4 Cip 3t

MoOy{dien) 1736 (0 008) Mo-N 2 330 {0 005) Phcm 4 i, 32
OMoD 106° (0 3)

MnO,F (gas) 1 586 (0 005) Mn—F 1.724 (0 005) Cap 33
GMoE 108 3°

ReOF? 1692 (003) Re—F 1 859 (O 00B) Cip 14

Re0Q,CI 1761 (0003) Re~CI2 230 (0 004) Cap 35

KIOsO 3N} 175 (002) 14, /a 4 Ca, 35a

Cr0,;Cl, (gas)* 157 Cr-Cil212 Ciy 3o
BCrO 105

MoO;Cl; (gas)® 1.75 @ 1) Mo—Cl1 2 28 (0 03) Cap 36

K IMo0:F,} - H,O 171 (0 02) Mo—F 194 (0 02} P2,jc 4 Ca» 36a
OMoD 95 1 (¢)%

MoO:Cl{Me;NCHOY, 1 68 {0.01) Mo—0 2 20 (0 O1) C2fe 4 Cap 36h
Mo—Cl 2 341 (0 007

NaK,[MoQ(CN),] 6H,O 1834(0005%) Mo—C 2204 (0013) Pmpa 2 Day 37

K ;3[ReO02(CNY,] 187 Re-C 191 D a8

K 3[0s0,;CL] 1750(002) Os—CI2 379 {0 005) 14/mmm D 39

K2[0s0,{0OH)] 177 Os—(OH) 2 03 I4fm 2 Dua 40

< Electron diffraction

b Microwave spectenscopy

For dioxo complexes of the type [Os¥'0,X,]"~ there has been some dis-

- cussion of posstble molecular orbitals*®. Lott and Symons first explained the
diamaguetism of d* trans-[0s¥'0,X,]*~, [Ru¥10,X,)"" and [ReYO,X,]*~ species
by suggesting that the D,, symmetry of the complex anion split the ligand field
to give a low lying d,;, orbital in which the two d electrons parr up (3)*4:

d12
eg
\-—cl,‘z_,yz
— .y
Yy

Sy

3

The strong n-donor effect of the oxo ligand in octahedrat complexes makes it
likely that d° species of the type [MO,X, "~ will take a ¢is configuration while g2
species will be trans*2.

Monooxo complexes, [MOX 1"~ and [MOX,]"~. —(See Table 4). A maole-
cular orbital treatment has been given for the bonding in vanadyl(IV) species,
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TABLE 4

STRUCTURAL DATA ON MONGOXNCT COMPLENES

Complex du_o (A} Qrher data Space [z] Pount Ref

group group

(EtsN):[T1OCL] 1.79 Ti—C12 34 2 Ce 45

(NHL)TVONCS) . (H 0N 1 62 (0.06) V-OH; 2 22 (0 05) P2yin 4 Cye 46
V-IN 2 04 (0 03)

VO{acac), 1.56 (G 01) V—O(acac) 1.97 (¢ 01) ¥ 2 Cuyp 47

L [NBOF]* 168 Nh-F{4) i1 B4 Padfmmm 2 C,, 43
Nb_F(r) 2 06

Ka[NbOF,} 20 Nb-F20 Fmim 4 Cip 49

(NHL) a[NbOox 2 1H:0 171¢001) Nb-O(ox) 2 14 (0.01) P2fc 4 G, 50

CrO{Oa¥:py 1.576 (0 002y Cr—Ofper) ! 796,1 844 Pama 4 C, 51
Cr-N 2 047 (0 002)

K.[MoO(0F.] - H,O 1 64 (0 02} Mo—0O 193 {0.02), P2ije 4 O, 5la
OMol 43°

(PhsAs) [MoOBr (H,O)] 178¢0 07 Mo-OH, 2 39 (0 03} Pajn 2 C4p 52
Mo—Br 2 516 (0 004)

{Et N) [ReOBr.{H.0)] 1 71 {0 04) Re—OH, 2 32 (0 01) Ppam 4 Cs, 53
Re-Br 2 5] (0 01)

(P As) [ReOBr {MeCN)] 173(006) Re-N 2 31{006) PI 2 Ce, 54
ReBr2 48 (0 03)

ReQOCI(PEt.Ph), 1 60 (0 02} Re-P 2 45{002) P2;fc 4 55

Re—C12 41 {0 02)

* Electron diffraction

Fig. 2. Molecular orbital scheme for (VO(H.Q) 1]+ 3%,

Coordin. Chen1. Rev., 5 (1970) 459-517
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[VO(H,0)s1**, {[CrOCI5]*~ and [MoQCI;]*~%%-%7, and satisfactorily accounts
for the observed electronic absorption and electron spin resonance spectra of
these d* species. The MO scheme for the vanadyl 1on together with the appropriate
axes is given in Fig. 2 below®®. For [MOX]"~ spectes the bonding may be
summarised as follows35+37:

O-M c-bend: sp, to nd:+(n+ s (a;)

O-M r-bonds: (two, degenerate) 2p, and 2p, to nd,. and nd,. (e)

XM (cis) bonds. sp,(H,O) to (n+Ds—nd_. (a) (n+1)p,

and (n+1)p, (&); ndyz-y2 (by)

XM bond (trans): sp,(H,0) to (n+1)p_ (a,)
This leaves the d;, orbital non-bonding (&,)-

The resistance of monooxo complexes to protonation is then ascribed to
the fact that the remaining lone pair on oxygen s in a sp, hybnd orbital (since two
2p, orbitals are used from the oxygen to bond to the metal atom); its considerable
s character renders it less suitable for bonding purposes3®.

This scheme of Ballhausen and Gray works well for vanadyl and chromyl
complexes, but the observed electronic spectra of [MoOBr;]*~ and [WOX]*~
(X = CI, Br) are not in such good agreement with theoretical predictions. It has
been suggested that the reason for this may be that the properties of the halogen
ligands become more important for these second and third row complexes®®
(this factor is of course neglected in the simple theory).

Recent studies on the electromc spectra of the [VOCI J*~ 1on 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 m-interaction of the
d,, orbital with the equatonal ligands was considered, and it was suggested that
the treatment could be extended to cover other [MOX]"™ spectes (M = Cir,
Mo, W)*°. As with Ballhausen and Gray’s scheme, metal-oxygen 4p,—2p, bonding
was neglected. Selbm er al have considered the bonding in vanadyl(IV) com-
plexes©®,

Polynuclear complexes — (See Table 5). No full calculattons on the bonding
in oxo-bridged polynuclear species have been made. However, Dunitz and Orgel
have given an account of the bonding in the [Ru,OCl,,]*~ ion which accounts
well for the observed electronic and magnetic properties of the ton. In [Ru,QOCH, 514~
the structure is centrosymmetnic D,,7° (Fig 3).

Negiecting o-bonding there are six f,, orbitals 2 d,,, 2 d.., 2 d,.) from the two

Ct Fsil Ci [
234 \ .7y .
ct /Ru‘-—— o Rl a
ct et i S

Fig 3 Structure of anion 1n K4[Ru.OC,].
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TABLE 5
STHUCTURAL DATA ON POLYNUCLEAR COMPLEXES
Complex du_o(A) Other data Space [z} Pornr  Ref
{bridge) group group
[CoT:CLL1,0 1.74 Tr-—C238 P2, jc 2 G &1
Ti—Ci2 28
K,Cr,04 179(001) Cr=0161(003), PI 4 Cup 6la
CrOCr 106°
Cd,[V204] 1.76 (0 04)  V_Ofter} 1 70 C2fm 2 Can 62
ToV 180°
fCrs0O(CACYs(}:0)1]CL- SH, O 20 Cr—O(QAc) 20 P2,2,2 4 Djy 63
Mo—O{ter) 1.71
Na,[Mo,Qu(cysteine),] - SHaO  2at 193 {Mo—O(cyst.} 229 P2:2,2 4+ C; 63a
MoOMo 83°
K:z[M030 soxz(HL0),] 1 876 (0 002) Mo-Ofter} 1.690 (0 02) P2,/c 2 G, 64
Mo—Q{ox) 2 10 (0 02)
MoOMo 180°
Ba[Mo:Ouox(H,0);] 2atl193 Mo-Ofter} 1 70 (303} PF3,21 3G 65
{0 03) Mo-Ofox) 2 11 (0.03)
Mo—Mo 2 541
oOMo 83 5°
{Na(NH,) [MoQ10x]}, 2 230 and Mo—Ofter ) 1 82 (0 G04) P2,/c 4 C; 66
1 873 (0 004) [ Mo-O(ox) 2 235 (0 004)
T
MoOMo 149°
M0,0 3(C,H ;0CS), 1.851 (0 03) (Mo—-Ofter) ! 644 (0 03) P2, 2 G, 67
Mo—S 2 50 (0 01)
MoOMo 180°
KL [Wa0 {01 (H,0):] 2H,0 193(002) W-Ofter ) 1 68 {0 02} PI 2 Cip 68
{\u‘\.!'—()l*[2 235 0N
e
WOW 139°
K4[Re;0OCL 4] 186{0005) Re-Cl238(002) Idfmmm 2 Dg, 69
KeORe 180°
K..;[RIIZOC]“,] 1.80 Ru-Cf 2 34 I‘;{fﬂmﬂf 2 Dy 70
RUORu 180°
K [05,04(NO.] 208 Os=0 L.79 P2,/e 4 Caa 71
QOs-N2 16
CuQCI[4(Ph;POQ), 1505(0003) Cu—0O189{002) Piim I T 72

Cu-Cl12 38 (0 61)

metal atoms and two 2p_ (p,, p.) orbitals from oxygen. Under D, symmetry these
combine to give two sets of bonding, two of non-bonding and two of anti-bonding
molecular orbitals The eight electrons from the ruthenium atoms and four from
the oxygen will then £ill up the bonding and non-bonding orbitals to give overall
diamagnetism, and such a scheme wll also account for the diamagnetism of the
osmium analogues’. The scheme would however predict paramagnetism for
[Cr,OQNH ), 6]** and [Re,OCL,J*~ (one unpaired electron per metal atom)

Coordin. Chem Rep, 5 (1970) 455-517
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whereas in both cases the moments at room temperature are less than this (cf-
p- 495 and 502) {see Ref. (8) for another treatment of [Re;OCl]* "]

In the trinuclear ruthemium red complexes [Ru,0.,(NH,).]®**" and
[Ru3;O,(NH,),,]°+, which are believed to contain linear Ru—O-Ru-O-Ru units
(p. 509) a molecular orbital treatment has been devised which is analogous to
that for [Ru,OCI,4]* ~; it satisfactonly explains tbe diamagnetism of the sextuply
charged complex and the fact that [Ru,0,(NH,),4]7* has one unpaired electron
per three metal atoms (p. 509). It also provides a partial assignment of the elec-
tronic absorption spectra of the compounds ?4.

For the trinuclear species which contain coplanar trianguiar (M ,0) units
in which the oxygen atom sits at the centre of an equilateral triangle [viz. in
[M;O(O0OCR}s]1*, where M = Cr, Fe, Ru and Al; in [Ir,O(80,),1'°~ and the
related mtrido species [IraN(SO,)s(H,0),* ] 1t has heen suggested that a four-
centre molecular orbital systemn encompasses the M,O units, comprising tbe
three metal 1, orbitals which have the approptiate symmetry to overlap with the
fourth atomuc orbital, the p, orbital on the central oxygen atom’%. 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, in Part C.

(a) Vibrational spectra —There has been considerable interest in the vibra-
tional spectra of oxo compleses, mainly because the stretching and deformation
modes associated with M-S (r-bonded) systems show characteristically sharp and
intense bands m the Raman and the IR. Raman spectroscopy 1s particularly useful
for obtaining mformation on the structures of oxo species in aqueous solution,
since water has only a very weak Raman spectrum

Species contgining [MOg]"~, IMO 1" and [MO,X,]"~. Vibrational spectra
of a number of transition metal complexes of these types have recently been
studied. As mentioned previously (p. 461) it is unlikely that the hexa- and peanta-
species contain discrete [MO,]"" ions, but most of them give strong Raman bands
near 770 cm™?, presmnably to be associated with a symmetric M-O, stretch.
The complexes studied (using their empirical formulae), were Nag[ReQj),
Ba;[WO,], Ba3[MoOg], Bas[OsOg)s, Bay[OsOg], K3[ReO;], Na,y[ReOs], and
K,[0sO]*'. The tetraoxo species Cs,{OsO,F,], K,[0sO(OH),] and
Ba;[ReO,{(OH),], have been studied by Raman and IR spectroscopy, and the
results show that the anions have a cis configuration®!.
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TABLE 6

VIBRATIONAL SPECTRA® OF [MO]"~ COMPLEXES

fon Method® vy (A} vs (E) varFz) ve(F,} Sample Ref
[T10,]* R 145 250 Ba,[Th0,] 5)° 7
vo,P- R 827 341 780 34t KL{VO,J/H,0 78
[Cro,1>- R 847 348 884 168 KL ICrO/H0 79
MoO,]*~ R 897 38 841 3i8 Na,;[MoOLl/H,O 8]0
Wwo, 13- R q31 124 833 324 Na,[WO./H.O 81
fMnO,}— R 838 355 921 429 K[MnO.VHA20 82
MnOz]*~ iR 810 862 328 K, [WinQ,] (s) 83
Mn0,]13~ IR 836 770 148 Na,fMnO,l () 83
[FeOQ,]~ R 912 325 912 325 KiFeO,l/H;0O 80
[ReO,]- R 971 332 916 332 K{ReO,/H,0 8i
[FeO.]*~ IR 778 800 120 K;[FeO.] () g3
RuQ, R 883 338 Q18 332 RuO, (hq) 84q
[RuO.I- IR 826 848 282 K[RuO,] (5} 84
[Ru0,J*~ R 810 330 836 330 K,[RuO.J/H,0 84
0s0, R 964 338 953 334 Os0, (ig) 84

“« Frequencies i cm~ ', ? R = Raman, IR = infrared. All modes Raman active; F; mode also
IR-active “s — solid

Tetraoxo anions, fMO4}*~. (See Table 6) The vibrational spectra of a wide
range of tetrabedral species of this type have been measured, and the most recent
values for the four fundamentai modes for the T, tetrabedron listed in Table 6.
There has been considerable discussion on the interpretation of the spectra of
[MO,]*~ species in solutron respecting the positions of the deformation modes
v,(E) and v,(F,}; 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
hke [MoOQ,]2~, [WO,]?>, [TeQ,]” and OsOQ, that either v, and v, are coincident®!
or that v, is too weak or too broad to be observed®°; the author®* inclines to the
former view,

The force fields used include an orbztal valency field®%, Urey-Bradley®5, a
general valency force field {using a least squares method)®7 and a number of other
force fields®®~ 2% The difficulty with establishung a reasopable force field for
tetraoxo molecules or ions 1s 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!%0,1"~ species were available; so far there
have been only 1ncomplete studies on the IR spectra of K[Mn*®0,]°' and
OS!‘ 80492.

The IR spectra of gaseous osmium tetroxide have been studied and Coriolis
[ constants obtained for thus molecule??; there is some discussion of tbe interpre-
tation of the resulis?3. Coriolis { constants have also bezn calculated for RuO,,
[TcO,]™ and [MoO,J>~®4e5%.
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TARLE 7
VIBRATIONAL SPECTRA® OF [MO;X]~ AnD MOX; COMPLEXES
Complex Method A, (R, IR} E (R, IR} Ref
| Ve V3 Ya L£1 Ve
YHOa Varx 6u0a Vaas Ouog duox
[CrO,;F1— R 911 637 338 955 370 261 95
[CrO,Cl- R 907 418 295 954 165 209 a6
ReOQ,CI* R 1001 435 293 960 344 196 97
ReO;Br R 997 195 ER1d] 963 132 i68 97
[QsO,N]- R, IR 897 1021 309 871 309 372 98
Varo Varxz Gne Xa Varxs 5;«1;, Suox
VOF; R,IR 1080 720 805 99
YVOCI,* R, IR in3s 408 165 504 249 129 ioo
VOBr;* R,IR 1025 271 120 400 83 212 101

# All spectra on samples 1n solution except* liguid.

Trioxo complexes. In Table 7 we hist the fundamental modes of wibration
for [CIO4F]™, [CtO;CI1]~, ReO,Cl, ReO,Br and [0sO;N] ™ ; normal coordinate
analyses for ReO,Cl, ReO,Br and [ReO;N]*~ have been carried outl92.103
Studres have also been made of the vibrational spectra of the cis (1, 2, 3) trioxo
species K[OsO4F,], K3[WO,F;], K3[MoO,F,] and MoO; (dien)**+42,

Dioxo complexes. (See Table 8). Both IR!*?%197 apd Raman*® spectra of
“osmy!” complexes, [0s¥'0,X,1*~ (X = C}, Br, CN, {ox, OH, NH,) have been
reported. IR*1198 and some Raman*! data have also been recorded on some
trans-[Re0,X, 1"~ (X = CN, 1len, py) complexes and trans-[MoO,(CN),]>". In
general, 1n such fragns dioxo spectes, the symmetric MO, stretch is found near
880 cm™! and the asymmetnc MO, stretch near 800 cm ™! for osminm species,
with values some 50 cm™* lower for rhenium and molybdennm complexes; the

TABLE 8
VIBRATIONAL SPECTRA® OF GASEOUS MO X, SPECIES (Cayp)
Complex Method  As (R, IR} AR} B, (R, IR} Ref
Vi Va ¥a Vs Vs Vs vz Vg Vg
Varo s Varxs 5Mx 2 Breve P T Varo g PMo Varxs: Paixz
CrO,F,* R, IR 1005 727 304 (182) {422y 1016 274 789 (2593 104
Cro;Cl; R 984 485 357 144 216 994 230 497 263 108
MoO,F, IR 987 692 1009 710 112
MoO.Clz IR 994 437 972 453 112
Ma(;Br; IR 991 969 112
MaoO.I, IR 972 950 112
WO.Cl: IR 992 430 978 437 112
WO,Br, IR 985 973 112
WO.IL IR 980 950 112

a2 Al spectra on gaseons samples except® liquid
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TABLE ¢
VIDRATIONAL SPECTRA® OF MOX "~ AND MOX,; SPECIES (Cyn)
Complex Methad Ay (R,IR) E (R, IR) Refl
Vi ¥ V3 Vs Va ¥a L] Y10 Pis
Vo Vatrx, Varx’ 5o_u_x 5_r_u—x Varx, So_r—x Sy s xBxge—x
Cs:[VOCls] IR 260 342 333 186 342 260 Q0 109
[NbOF 42 —* R 945p 658p 613 288 264 ilDo
Cs,[NBOCLs] iR 328 330 320 231 180 325 217 168 85 11§
R 948p  345p 235 110
Cs.[NbOBrs] IR 977 241 211 140 241 202 111 111
Cs,[CrOC 5] IR 910 343 313 195 187 343 240 84 111
Cs3[MaOCls] IR 952 329 320 227 178 253 a6 111
Cs;[MaOBr,] iR {972 253 244 207 132 187 128 119 111
962
MaoQF, ** IR 1030 553 539 {527 112
518
Ce.[WOCLs] IR 957 333 309 230 174 164 84 111
Cs2[WOBrs] iR 960 220 202 i43 119 111
WOF, IR 1030 554 {533 {527 112
535 516

« All spectra on solids except **gases and *aqueous sofution

Suo, deformation mode hes near 350 cm ™' In cis-dioxo complexes such as cis-
MO, X,]*~ (M = Mo¥!, WYI, V¥; X = F, Cl), the symmetric and asymmeiric
MO, stretches are observed 10 both the Raman and the IR near 930 and 900 cm ™!
with deformation 8y, bands near 300 em™!%1. A force field has been proposed
for osmyl species!®?.

In Table 8 we also list fundamental modes of vibration for a number of
MO.,X, species; the chromium complexes are monomeric in the solid state and

the molybdenum and tungsten polymeric as solids, but monomeric as gases.

Monooxo complexes (See Table 9) There are extensive IR studies on the
Vo Stretching frequency tr a number of vanadyl{(JV)¢°-*3:1*% complexes
(¢f p- 486), and some Raman and infrared data on [MOX]"~ (M = V, Nb, Mo,
W, X = Cl, Br) and [MOX,]"~ (M = Mo, W; X = Cl, Br, ) Ingeneral terminal
M-O stretches in monooxo complexes appear in the range $00-1050 cm™?, de-
pending on the oxidation state of the metal and the nature of the X ligands; a
frequency in this range 1s often used as dragnostic of a terrunal M=O bond.

Vibrational spactra have also heen measured of VOX, complexes (X = F,
Cl, Br) {Table 7).

Polynuclear complexes, The IR and far IR spectra have been measured of a
number of binuclear complexes with single oxo bridges (e g. [M,O0X,,]" (M =
Os, Ru, Re; X = Cl, B)!!® and Raman spectra of such species have also been
measured*!; force constant treatments have been proposed**, Spectra have also

Coordm. Chem Rev , 5 (1970) 459-517
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been measured of a few complexes contamning two oxo bndges*!. In general, in
binuclear species contaiming hinear M-O-M units, the asymmetric M-O-M
stretch is found near 860 cm™* and the corresponding symmetric mode is found in
the Raman near 240 cm ™! (1n analogous bridging nitrido complexes the asymmet-
ric M-N-M mode is near 1080 cm ™! and the symmetric mode near 310 cm™?,
indicative of the greater m-bonding in metal-mtride rather than metal-oxide
systems)!!7. A comparison of metal-oxo and metal-nitride vibrational frequencies
has been tabulated. For systems containing bent M-O-M umts the asymmetric
M-O-M mode is found near 750 cm ™!, the symmetric npear 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 vibrational spectra of trimuclear complexes have recently
been made; for [Ru;O,(NH ) ,]°" and [RusO,(NH,),,]”* the infrared active
Ru,0, stretch occurs near 800 cm ™' and the symmetric stretch near 200 cm™%;
in complexes containing coplanar triangular M,O units such as

[M3O(CH,COO0)4(H,0);31*

(M = Fe, Cr, Ru) and [Ir;0(80,),]1'° the asymmetric M,O stretch 1s near 660
c¢m™! and the symmetric M;O mode near 190 cm™*! '8,

(&) Electronic spectra.—There have been no comprehensive studies on the
electronic spectra of hexa-, penta~ or substituted tetra-oxo species.

Tetraoxo anions, [MO4]"". The electronic absorption spectra of most
tetraoxo amons having d°, d, or d? electronic configurations 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 Carnngton and Symons®, As
mentioned above (p. 465) the electronic spectra of such species have been useful
as a check on the validity of the vanious theornes of bonding in [MO,]"~ species;
although the MO scheme of Wolfsberg and Helmholz?* gives an approximate
agreement between theory and ohservation for the spectra of d° ions, a better
result is obtained by using Ballhausen and Liehr’s scheme? or Gray and Viste’s25,
The most comprehensive papers on the efectronic spectra of tetraoxo anions and
their interpretations are those by Carrington and Schonland?® (who use the
Bailhausen and Liebr scheme) and Gray and Viste*® (who use their own modifi-
cation of the Ballhausen and Lichr scheme) Observations of the effects of pressure
and envircnmenial changes on the spectra of solid tetraoxo salts have been reviewed ®.

Dioxo species. Litt and Symons have interpreted the electronic spectra of
K, [050,(0OH)},] in terms of D,, symmetry**,

Monooxo species, The molecular orbital scheme proposed for bonding in
vanadyl(IV). chromyl(V} and molybdenyl{V)} species accounts well for the exper-
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mentally observed electronic spectra®®-37 although the agreement is not so good
for [MoOBrs]*~ and [WOX ;)>~ 58:59: for the latter, a scheme involving z-bond-
ing from the other ligands in the complex has been proposed>°. The electronic
spectra of a number of vanadyl(TV) species have been extensively studied®®. There
are also studies on vanadium-(V) and -(IV) monooxo species®, single crystal
polarised spectra of [VOCI ]~ and [MoOX]*~ (X = F, Cl, Br)!'?, and solution
spectra of [TcOCl5)*~ and [ReOX P~ (X = Cl, Br, D*2°.

Single crystal spectra of 2 number of monooxo species have been recorded;
the subject has been reviewed'?1.

Polynuclear species. The electronic absorption specira of [Ru,QCl,,]¢~ 7+ 122

[Re,OCl4]*~ *23 and [Cr,ONH}3),,]** *2* have been recorded and assignments
of bands proposed. For trinuclear species there are studies and assignments for
[Ru;0,(NH3), 5] 7* and [IryO(S0,4)5]1'°~ 7%-75 and recently the absorption
spectra in the visible regton of [M4O(CH,COO),L,1* (L = H,0, NHa, py,
DMSO, MeOH, EtOH; M = Cr, Fe) have been interpreted on the basis of higand
field theory for tetragonal fields*25.

(¢) Electron spin resonance spectra, — Tetraoxoe anions. Electron spin reson-
ance specira of paramagnetic fetraoxo antons have been as useful as electronic
spectroscopy in assessing the worth of the varions MO theories of bonding. Studies
on d! systems ((MnO,]®~ 2%, and [NbO,]*~ in a CaWO, lattice'?”) and d?
(IMnO,1?~, [FeO,]1>" and [Ru0,]*~) have been made’25.

Monooxo species. Ligand hyperfine structure has been observed in the ESR
spectra of (MOX ]2~ (M = Cr, Mo, W; X = F, Br)!?8, Studies have also been
made on [CrOCl;]*~ and [CrOCl, ]~ and are conssstent with the Hare and Gray
molecular orbital scheme for monooxo species (p. 467)*2%, though some of the
assumptions in this study have been questioned?%-131 ESR spectra have been
used to study the species existng in solutions of molybdenum(¥)-hydrobromrc
acid solutions!??, and three different complexes were detected. The extensive ESR
studies which bave been carried out on vanadyl(IV) specics have been reviewed!4,

(d) Magnetochemistry—(See Table 10). Tetraoxo anions. In addition to the
data in Table 10, magnetic measurements over an unspecified range of temperdtures
have been made on tbe following salts (all were found to obey a Curie—Weiss law):
La[Cr0,](1.76); Y[CrO,] (1.80); Ba4{CrQ,], (1.72); Ba,[Cr0,] (2 82); K3[MnO4]
(2.68, 8 = 5°); Cs,{MnO,] (2.57, 8 = 5°) (magnetic moments at room temper-
atures in parentheses)*?*.

Monooxo species. Tbe 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

Coordin. Chem. Rep., 5 {1970} 459-517
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TABLE 10
MAGNETOCHEMICAL STUDJES ON OX0 COMPLEXES
Complex Range ("K} Heer (T°K) o Ref-

of study (B M) %}
Mg, [VO.] 90-293 1 46 {293} 132
(pyH):[VOCI, ] 83-303 1 76 {300} —10 133
{(pyH):{VOCiy] 2H,O 77-301 123 (301} — 4 1313
Cs3[Cr0Cl4) $5-300 I 80 —14 134
K [MoOCI] 90293 1.74 (300} —27 133, 1334
(NH4)2[MoOBrs} 90-293 172 (300) —51 133, 1334
Rb;IMoOCI;] 90-2953 1 74 (300} — 0 58
{pyH) [MoOBr.} ap-253 1.76 {300} —16 1334
Rb,[WOL1.] T8-298 { 52 (298) —16 133a
Cs,[WOBrs] 78-300 1.48 (300} —20 133a
QIWOCi,J° 82208 1 43 (298) —2 133a
QIWOBr,J]* 8p-301 137 (301) —14 133a
K,IMnO.] 90-253 173(299) 134a
K, [FeO.] 90-291 291 {291) 135

¢ Q) = quinolintum

lower moments would be expected for these heavy elements. It appears Irtkely that
the spin-orbit coupling constant is lowered by the presence of the strongly =-
donating oxo hgand>8,

Polynuclear complexes. According to the bonding theory of Dumitz and
Orgel™ (p. 470} K,[Re,0Cl,,] should have a magnetic moment corresponding
to one unpaired electron per metal atom, and this should also be the case for
[Cr,O®NH,)0]* " salts. However, the potassium salt of the rhenjum complex has
a mement at room temperature of some 0.7 B.M. and the quinolinium salt is
diamagnetic'?9, it has been suggested that the large spin—orbit coupling constant
of rhenmm(VI} may have spht the E, Ievel sufficiently for electron pairing to
occur'?®. Another bonding scheme has also been proposed to explain the resuits
for the rheninm complex??3. In the case of the chromium spécies the moment at
room temperature is close to 1.3 B M. but the complex becomes diamagnetic at
low temperatures®>7. Studies have aiso been made of the magnetic properties over
a temperature range of the binuclear Schuff base complexes [Fe base],O 3%, and
of the trnuclear species [M;O{0O0CR)s]* (M = Cr, Fe)!2%:1%%: magnetic ex-
change integrals were evaluated.

(e) Nuclear magnetic resonance spectra — The chemical shift of *’Om a
number of tetraoxo complexes has been observed and a hnear relationship deduced
between the shifts and the lowest electronic transition for the molecnle; the ongin
of the chemical shifts was discussed The complexes studied were [VO,]*~,
[CrO,1?~, [MoO,)?*™, [WO,1*~, [TcO,]17, [Re04]”, RuO, and OsO,4 4. The
chromate—dichromate equilibrium has been studied by *?O resonance®*? and a
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mechanism for the reaction discussed. It has been proposed that there is a rela-
tronship between the 'O chemical shift and the degree of Cr—-O n-bonding in
[CrO,4]?~, CrO,Cl, and [Cr,0,]*~, and that the latter retains a bent Cr—-O-Cr
unit in aqueous solution'*3. The exchange of water and coordinated water in
aqueous solutions of vanadyl(IV) perchlorate has been studied by use of *7O
resonance fechmques?**, and 170 couphng with *Mn in [MnO,]~ studied ***,

Tbere seems little doubt that this technigne, which has recently been re-
viewed!* 5, will become a most valuable one for structural and mechamstic studies
on oxo complexes.

C. DESCRIPTIVE CHEMISTRY

In this section the oxo chemistry of the members of each periodic group will
be summarised. Extensive reference will be made to standard texts or review
articles on each element or group of elements, and these sources will be quoted at
the head of the appropriate sections. The arrangement of material will be as
follows: the elements are considered by their periodic Groups, IVa—VIIL. General
reviews on the chemistry of the elements will be given, followed by a very brief
summary of the known oxides and oxohalides which fall outside the scope of this
review. The ensuing discussion of oxo species fails under two categories: unsub-
stitited species [() [MO4]”~ and [MO:]"™; (i) [MOL]""; (i) polyanions — a
very brief section since most of such material will fall outstle the scope of this
review]; and substituted species [(f) tetraoxo species; (i1) trioxo; (i) dioxos (iv)
monooxo; (v) polynuclear complexes]. Within each subsection the highest oxida-
tion state of each element will be considered first.

(i) Group IVa (Ti-Zr—Hf)

The main sources of reference for these elements are the standard texts of
Gmelin'*® and Pascal'*?; in addition Clark’s monograph of titanium and vana-
dium is of considerable use'4®.

{a) Oxides and oxohalides. — The dioxides MO, are the principal oxides; all
three forms of TtO, (rutile, anatase, brookite) have been shown to contain TiOg
octahedra, and the this 1s also likely to be the case with the zirconium and hafnium
dioxides. A number of lower titanium oxtdes are known; principally T130 ¢, T1,0,,
TiO and Ti,O, but a large number of other phases is known, 1n particular those
intermediate between Ti,O, and T1O'#® There seems to be no substantial evidence
for the existence of lower oxides of zirconium and hafnrum.

A large number of oxohalides 1s known for the three metals, many of em-
pirical formula MOX, - nH,O (X = F, Ci, Br, I). In tbe case of the zirconyl and
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hafnyl chlorides, MOCI, - 8H,0, X-ray analysis has shown that the complexes are
in fact tetrameric, [M,(OH)s(H.0),6]%", with a square arrangement of metal
atoms joined by double hydroxo bridges and an eight coordinate (Archimedaean
antiprismatic) arrangement of figands around the metal atoms. The structure
(Fig 4) persists in aqueous solution®*?:

N
®<
7

@ = OH
Fig 4. Structure of [Zr . {OH)g{H>O):4]%* 1 hydrated zirconyl chlonde

(b} Unsubstituted oxo species.—Hexa- and penta-oxo complexes. The only
reported examples are Ba,[T1O;] and Lig[ZrOg4]>.

Tetraoxo complexes. For the three metals only the tetravalent state is in-
volved for tetraoxo anions, t.e. they are all of the form M, [MO,] and M, "[MO,]
and are made by heating, to high temperatures, mixtures of the metal dioxides
with alkali metal or alkaline earth oxides or carbonates. Although 1t 1s hkely that
the M IMO,] species do contain [MO,]*~ tetrahedra there is no direct evidence
that this is the case. The alkah metal salts are instantly hydrolysed by water so
there 1s no evidence for the existence of [MO,4]*~ ions in aqueous solution. It is
likely that most other tetraoxo salts of these metals contain MQg4 octahedra,
although an X-ray crystal structure analysis has shown that Ba.[TiO;] does con-
tain discrete TiO, tetrahedra (¢f. Table 2)!3; the Raman spectrum of solid
Ba,[TiO,] has been measured””. Tarte has studied the infrared spectra of a number
of orthosihicates which contain (T1O,) units' 39,

Polyanions. There appears to be no information on the existence of titanium
polyanions in solution apart from the work on ““titanyl” species dealt with below
{p. 481). Both zirconium and hafnium dioxides are soluble to a limited extent in
concentrated aikali, and although i1t has been proposed that the main species
present in such solutions are [M(OH):]™ and [M(OH}¢]*~1%! it could well be
that the species are [MO,]*~ or polyanions.

Meta-titanates M,HTi0,] and -zirconates and -hafonates M7[MO;] are
known; these are really mixed metal oxides involving MO, octahedma. Li[T10;]
has a cubic structure; M™[T10,] have perovskite or :ilmenite structures depending
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on the nature of M\, Barium titapate, Ba[TiO,] has a perovskite structure (in fact
there are five modifications of the compound, four of which are based on a
perovskite structnre) and is of importance in electronics on account of its ferro-
electric and piezoelectric propertics. Other oxo salts of these metals are M, [Ti, O]
{an X-ray crystal structure of the potassium sait shows that the titaninm is five
coordinate with infinite layers of Ti,O; units*5?), M/ [Ti,O4l, M'4[Ti;04},
Na,[Ti;0,], M,[M, 0] (M' = alkali metal, M = Zr, Hf) etc , but none of these
contains discrete anions,

(¢) Substituted oxo complexes. — No trioxo or diexo complexes of these
metals are known.

Monooxo species. Although there are many complexes of these metals which
appear to contain (M =0) units, very few of these are monomers with terminal
oxe hgands. Thus, in species like [MO(SO,),]*~ and [MO(ox),]*~ (M = Ti, Zr,
Hf) IR evidence supgests 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, TiIOSO, - H, O, each titanium atom is bonded to one oxygen atom
of each of three sulphate groups, to one water molecule (these Ti-O bond lengths
are c@ 1.97 A) and to two oxygen chain ligands at 1.8 A'*3, There is evidence
from vibrational spectroscopy that K,[TiO{ox),} 2H,0 **® and X,[TiOF,]**
contain T1-O-T: .. chains; such chains are associated with very strong and broad
absorption near 750 cm ™! n the IR.

Species which have been claimed to contain terminal M =0 units inclnde
(NEt,),[TiOCl,], TiOPc (Pc = phthalocyanine), TiO{acac),. TiO{SbF,], and
TiO[T:F4], and there have also been sugpestions that {[MOMNCS),} ™ - 2H,0 salts
contain M =0 terminal umts (M = Zr, Hf) In the case of (NEt,),[TiOCL1,
made by reaction of T1,0C], -4CH;CN with (NEt),NCI in acetonitrile! 5%, pre-~
hmyunary X-ray crystal analysis indicates that there is indeed a termunal Ti=O
unit in this compouad (T+-O 1.79 A), and the structure of the anion 15 square
pyramidal (Table 5)*5. In the case of the phthalocyanine complex there is no
direct structural evidence as yet The structures of TiIO{SbF4),, TiO(TiF )1 36 rest
on IR data, which are not conclusive in these cases; studies on TiO{acac), suggest
that this is dimeric!>”. The thiocyanates appear to contain only one coordinated
water molecule!*®, The mineral fresnoite, Ba,[T10]S1,0,, contains [Si,0,]°~
groups linked to TiO square pyramrdal units to give flat sheets, and in the TiO;
pyramids there is a terminal Ti-O bond at 1 66 A from the titanium, the basal
oxygen atoms being 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 titaninm and zirconium dioxides in perchlonc acid provide no evidence for the
existence of mononuclear “titanyl” (TiO?**) or “zirconyl™ (ZrO?*) species in solu-
tion?€°. The subjects of titanyl” and zirconyl!*? species have been reviewed.
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Polynuclear complexes. The cyclopentadienyl complex [Cp,TiCl],O has an
oxo-bridged structure (Eig 5) with a linear Ti-O-T1 unit (Table 5)¢*.

The Ti-O distance of 1.74 A is short enough to suggest the presence of
metal-oxygen n-bonding (in T10SO, - H,O the longer bridge distance of 1.80 A,
if the difference is indeed significant, 1s likely to anse from a fower degree of
si-bonding in the case of titany! sulphate, since in this the Ti—O-Ti system is not
Imear). The binuclear complex (NEt,),[Zr,OCl,;,] has been prepared by the action
of Zr,OClg - 4CH,CN on a solution of (Et,N)Cl 1n acetronitrile; the IR spectrum
supports the formuiation as a binuclear complex*S*.

Polymeric titanium({VI) oxide aikoxides have been reported by Bradley er al ;
they take the form Tijes1y04(OR)s¢c+ 3y, and are made by hydrolysis of tita-
num(VI) alkoxides. The compounds are high polymers, and the subject has recently
been reviewed 2,

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

The main sources are the relevant volumes of Gmelin'*S and Pascat**”. In
addition there are spectahist texts on vanadium!#®-162 and on mobium and tan-
talum?4?,

(a}) Oxides and oxohalides. — The pentoxides are the most important oxides
of the three elements. The vanadium m V,0; has a distorted tetragonal pyramidal
environment Thermodynamic data are available for the three oxides. Lower oxides
which have been established include MO, (all three), V,0, (there seems to be
some uncertainty as to the existence of the niobium and tantalum analogues), MO
(all three), and Nb,O and Ta,O. The oxohahdes include MOX , (M = V, Nb, Ta;
X = Cl, Br), YOF,, TaOF,, NbOI,, MOC!, (M = V, Nb, Ta), VOF,, VOBr,,
VOI,, MO, X (M = Nb, Ta; X = F, Cl, I), VO,F, [VOCI},, [VOBr},, V,0,Ci -
nH,0. The vanadium oxy-triahlides are monomeric (¢f. below} but NbOCl, at
least 1s polymeric in the sohd state, with both chloro and oxo bndges (Nb—Cl ter.
2.24(0.02), Nb—CI bridge 2 53(0 03), Nb-O 1 95(0 01) A*%4).

(b) Unsubstituted oxo species.
Hexa- and penta-oxo complexes. The only examples appear to be Na VO]
and Ba,[VO;], the latter contaiming vanadium(IV)>.
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Tetraoxo complexes.
Orthovanadates, [VO4]*~. A considerable number of salts containing the ortho-
vanadate ion are known; an X-ray study on pucherite, Bi[VQ,_], is given in Table 2.
Salts of the form M',[VO,] are made by fusion of the pentoxide with the alkali
metal hydroxides but the sodium and potassium saits are only stable in aqueous
solution in the presence of a very high concentration of base (> 10M OH™)?8,
Orthovanadates of the form M'",[VO,], and M™[VO,] are also known. Both
X-ray and spectroscopic’©>+*%® data suggest that most if not all of them contain
[MO,]?" tetrahedra.
Orthoniobates and orthotantalates. Few compounds contaning [NbO,]?~ and
[TaO.]?~ ions are known, and it appears that such species are not stable 1n
aqueous solution even in the presence of a very large excess of base”5. Salts of
the form M!;[NbO,] (M == L1, Na, K) and Na;[Ta0,] can be made by fusion of
the alkali metal carbonates with the pentoxides The mineral fergusonite, (Y, Yb)
[NbO,] contamns [NBO,I*~ tetrahedra in the scheelite structure (cf. Table 2)*7,
but stibiotantalite, Sb[TaO,] and bismutotantalite, Bi[Ta0Q,] contain MO octa-
hedra.

The ESR spectrum of [Nb*¥0,1*~ has been measured 1n a scheefite Ca[WO, ]
host lattice?*?.

Polyanions. Polyoxo complexes of the Group Va elements have been re-
viewed3**.
Polyvgnadares. A number of studies have been made of the polymerisation of
[VO,]?>~ which occurs in vanadate solutions containing the latter 1on when the
pH 1s decreased. It is generally considered that the principal steps are®-197.

[VO,]*” +H" «» [HVO,]*~

2{HVO,)*™ « [V,0,]*” +H,0

[VIO-,]4' +H" & [HV:O-,]I_

2IHV20?}3* « [VO31,*7 (or [VO315°7)

[VO:,}"”'+H+ = [onozalﬁ_

[Vi0025]° " +H" o [HY;50:5]°

[HV;(0;5]°" + H* «» [H,;V; 00,41

[H,V;60;:5]* + HHY « 10[VO,]}* +8H,0
Other intermedsate steps are doubtless involved. There is some doubt as to wbether
the metaion [VO,],"" is timer or a tetramer'$2+:192_Jtis likely to be cyclic (Fig. 6).
Raman spectra of most of the above species have been measured'7?. The X-ray
crystal structure of K,Zn,[V;,0,4] - 16H,0 15 based on a 2-3-3-2 array of VO,
octahedra, inked through the edges, giving eight termmal V=0 groups and an
idealised C,, symmetry for the anion®”%. Other isopolyvanadates have been claim-
ed, and there are also mixed vanadium(IV}(V) isopoly complexes!?2,

The X-ray crystal structure of Cd,[V,0,] shows that this has discrete
[V,0,1*" amons (Table 5)%2; the V-O-V unit 1s probably hnear, though the

Coordin. Chem. Res., 5 (19703 459-517



484 W, P. GRIFFITH

Raman spectra of [Cr,0,]*~ and [V,0,]* 1n solution are very similar’®, and
dichromate in solution certainly has a bent Cr~O—-Cr unit'#3, A number of meta-
vanadates, M'[VO;] and M¥[VOQ;], contaming cbain structuses are known!73.
Polyniobates and polytantalates The simplest species claimed is Bag[Nb,O,,]%,
but there is no evidence that this does in fact contain binuclear amons. Equally,
the metaniobates and metatantalates M'[MO,] and M"[MO,], together with
such species as M, [Nb,0,], M';[Nb,O, 31, M",[Ta,0,] and M™,[Ta,0,] almost
certainly contain sheet or chain polymeric anions.

In aqueous solution the mam species present for nrobates and tantalates are
the hexamers [M ;0,519 *7%, and X-ray crystal studies on K, 4,[Nb,,03 4] - 27H,0
and on K3[Tas0O,4] - i6H,O indicate that both these salts contain hexanuclear
anions, [Mz0,,]2~ *75. There is no evidence for the existence of the simple ortho-
ions, [MO,.F~, in very alkaline solutions of niobates and tantalates.

(c) Substituted oxo complexes —

Trioxo and dioxo species. The salt Naz;[VO,]- 10H,0O can be made from
sodium snlphide and sodium pyrovanadate’ 7S, The only other trioxo species re-
ported are K,[VO,F,] and K[VO,F], made from potassium Auoride-potassinm
metavanadate melts'??; these are probably polymeric with c¢is~-VO, units and
bridging oxo higands.

For dioxo spectes, Raman studies indicate that (NH,)},[VO, ox,] and
K ;3[VO,F,] both contain cis-VO, groups, as expected for these 4° species*?. It is
also possible that the salts which are claimed®?® to contain [V,0,(50,),]* ™ anions
do in fact contain cis-[VO.(80,)(H,0);]". It is said that X,[VO,F,] and
K;3[V,0,4F ] contamn cis and trans VO, groups, respectively' 7%, Organic deriv-
atives of the form [VO,L.] ~, where L is a substituted quinoline ligand, may contain
cis-VO, groups'®°. Other “dioxo™ species such as K,[VO,F,;]'77, [NbO,F]~ and
[NbO,F;]*~ probably contatn polymeric anions

Monooxo complexes.
Vanadum. A number of vapnadium(V) monooxo species 1s known, but by far the
greatest number and diversity of such species are found with vanadium(IV), the
so-called ““vanadyl™ complexes

O\v/o O\U/o ~a Me Me\{?“,
O/ \0 o /O/ M‘O\ o §225 230
A G R N
o?\o/\g“o © o, ° P,zﬁf‘-”g‘ 200 D}"/“m;"' 5
o Mo Me © © \Mf-‘
Fig. 6§ Possible structures for trimenc Fig. 7. Structure of [VO{OMe) ;]

and tetrameric [VO;],"".
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(1} Vanadium(V). Three oxotrihalides, VOX, (X = F, Cl, Br) are known. The
fluoride can be made by the action of hydrofinoric acid in the cold on VOCI,; the
product is a yellowish white solid (m p. 300°, b.p. 480°) and is presumably poly-
meric. The trichloride is best made by heating a mixture of aluminium trichioride
and vanadium pentoxide to 400° *8!; it is a lemon-yellow liquid mp. —79 5°,
b.p. 127°) and is monomeric [the structure in the vapour phase has been determined
by electron diffraction (Table 4)*°]. The tribromude is a dark red hquid, and can
be made by the action of bromine vapour on a mixture of vanadium pentoxide
and carbon. Vibrational spectra of the three oxytr-halides 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'®2, and it will also undergo a series of replacement reactions to give sub-
stitution products such as VOCl(acac),, VO(OMe),, VOCI(OEY),, etc.152:183_ The
X-ray crystal structure of VO(OMe), shows this to be a linear polymer with
distorted octahedral coordination about the metal atormn, with a terminal V=0
bond (1.57 A) and a long V-O bond trans to it (2 30 A) (Fig. 7)'8%.

The compound VO(NO,), has been reported; it is made by the action of
nitrogen pentoxide on vanadium pentoxide, and 15 probably polymeric since its
IR spectrum shows the presence of bidentate nmitrate groups'®*. The thiooxo salt
Na,[VO0S;] - SH,0 *75 1s probably monomeric.

Vanadium pentoxide dissolves in concentrated hydrofluoric acid to give

[VOF,]™ or [VOF.(H,0)]™ as the main solute species'®?; from such solutions
salts can be isolated, e g. K,[VOF,]. The chloro species [VOCI;]*~ and [VOCI,]~
have recently been made from VOCI; and organic base chlorides, and the elec-
tronic spectra of the products recorded and interpreted®*, Solutions of vanadinm
pentoxide in sulphuric acid are thought to contain [VO(SO,),]°~ and [VO-
(SO,);1~ 135; in oleum the main species present 1s helieved to he VO(HSO,), 127,
A variety of monooxo species of the form [VO(OH)L,}*~ and [VO(OR)L,]*~
have been reported (L. being a substituted quinoline)! ®°. A number of oxo—peroxo
vanadium(V) salts of unknown constitution have been claimed®.
(2) Vanadium(IV). A very large number''# of vanady! species 1s known; they take
the form [VOX]"~ (eg. X = F, CN, NCS, H,0); [VOX,]"~ (X =F, Cl);
[VOX,(H,0)]"™ (X = F, ClI, NCS); VO(LL),, VO{LL),X and VO(LL}X, (LL. =
acac, ox, o-phen, bipy, MNT; X = H,0, py, NCS, MecOH, F, Cl, Br).

Crystal structure analyses have been performed on a number of vanadyl
complexes (Table 6)¢%:#7-114 The structure*® of (NH,) [VONCS),(H,0)}] 1s of
particular interest; the water group is frans 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 oxo ligand.

There have been many studies of the physical chemistry of vanadyl species.
Measurements of the JR active V=0 stretching frequency iu some sixty vanadyl
complexes show that vy.o lies 1n the range 910-1010 cm™?, and attempts have
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been made to correlate shifts of this frequency with the o and & properties of the
other ligands present®%:*'3 In vanadium(V) monooxo complexes the V=0
stretch hes around 1060 cm ™!, higher than in the vanadium(IV) compounds as a
result of the higher oxidation state of the metal atom. The only Raman work so
far reported on vanadylIV) species ts the work of Evans on [VO(H,0};1** m
aqueous solution; two bands are observed, that at 1001 cm ™! being ascribed to
the V=0 stretch and that at 280 cm™* to a symmetric V-OH, stretch8®, The
electronic spectra of vanady! species have been reviewed by Selbin®'*. Most, but
not all, of the results may be satisfactorily explained by the scheme of Ballhausen
and Gray (p. 470)¢. Although there has been much work on the ESR of vanadyl
complexes, the resuits do not provide an unambiguous assignment of electronic
energy levels!!?. Magnetic susceptibility data on the complexes ndtcate that the
moment is close to 1.73 B.M , the spin-only value for a single unpaired electron**%.

Niobiim and tantalum.

The established monooxo species are all of the pentavalent metals The halo
spectes [MOX 1>~ (X = F, Cl, Br) are well known and can be made from the
pentahalides or pentoxides tn the appropriate acids. The IR spectra of these species
have been measured and some assignments proposed (Table 9)**° *** The crystal
structure of K,[NbOF] has been determined (Table 4)*2. Salts of [MOF4]*~
can be made’®®, and X-ray data suggest that the potassium salts contain seven
coordinate [MOF ]~ anions with the [ZrF;]3~ (Cs,) structure*®, In aqueous
solution, however, X 3[NbOF,] dissociates to give the [NbOF}2~ ion. The Ra-
man spectra of K,[NbOF,] and K,[NbOF;] species have been measured*®®
The acid “heptafilueroniobate™, K ;H[NbOF,], has been shown by X-ray studies to
be a double salt, K,[NbOF]-KHF, !?!, Oxochlorontobates of the form
MINbOCI,], MLINBOC!l5] and M',[NbOCI4] can be obtained by heating
NbOCI; and the alkali metal chlonide together 1 sealed tubes; Itke the oxohexa-
fluoroniobates, the oxohexachlorides are stable only in the solid state!®? The tan-
talum salts M'[TaOCl,] have been obtained by heating the corresponding alkalt
metal hexachlorotantalates with antimony(IIT) oxide, and M*,[TaOCl,] (where M"
is pyridinium or quinolinium only) made from an alcoholic solution of tantalum
pentachloride with the base'®3, Addition of alkali metal bromides to a solution
of piobium pentoxide in hydrobromic acid yields M',[NbOBr;], and salts of
[NbOBr,]~ can be obtained in a similar way by using organic bases'®*. No oxo-
tantalum bromide complexes seem to be known, and no oxotodides of either metal,

There is a number of monooxo derivatives of organic ligands. Oxooxalates
of the two elements have recerved some study* ?® but there are still many obscurities
in the system. One of the products of dissolving niobium pentoxide in oxalic actd
is [NbQox,]*~; a recent X-ray study of the ammonium sait (Table 4) shows that
tbe coordmnation about the mobium 1s pentagonal brpyramidal>®. A number of
monooxo complexes of niobium and tantalum with catechol, pyrogaliol and other
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diols have been made!®3, and it is likely that some of these, e g. K,[NbO(C,-
H,0,),] - H,O may contain the metal in a seven coorsdinate stereochemistry. A
number of oxo—peroxo complexes of the metals are known?, but their formulae are
not established.

Polynuyeclear complexes. A number of oxofluoro species are undoubtediy
polymeric, e.g. the anions [VO,F,]*~, [VO,F,]1”, [Nb,0,F,.1°~, [Nb,OF1,
[Nb3OgFg]* ., but structural data are lacking. It 1s possible that (NH,),[V,08,]
coniains a binuclear anion with a suilphur or oxygen bridge (the sait is made by
the action of hydrogen sulphide on a solution of ammonium metavanadate in
ammonta'’%). Raman spectra of the peroxy complex normally formulated as
K4[V;0,,] sugpest that it may contain the anion [V,0{0,;),(H,0),}*~ with a
structure stmilar to that found for the anton 1 K,[W,0(0,),(H,0),] {(¢f. Table 5
and p. 496)°2. A few polymenc oxide atkoxides of Group Va metals are known,
probably high poiymerst?,

(iti) Group Via (Cr-Mo—W)

Apast from Gmeln'#® and Pascal'*? there is a general review on the co-
ordination chemstry of molybdenum'®¢, an account of the oxo chemistry of
molybdenum(V1) and (V)'?7, and a rather sketchy general review of the chemistry
of tungsten'®8.

(a) Oxidesand oxohalides. — All three metals form trioxides MQO,, dioxides
MQO,, sesquroxides M,0O 3, and the monoxides CrO and MoO are known A very
large number of oxide phases between these formulae are known, particularly for
chromium and molybdenum+7.

The subject of the oxohalides of the three metals has been reviewed!®2. The
chromium species are CrO,X; (X = F, Cl, Brj (these are monomers and are dealt
with in more detai below (p. 491)), CrOX (X = F, C}, Br), CrOX; (X = F, Q),
CrO,CIF, and a wide range of oxochlorides with formulae such as Cr,0,ClI,,
Cr,0Cl1,, Cr,0,4Ct,, Crs0,,Clg, and Cr,OCi - 5SH,0. For molybdenum and
tungsten(VI) there are MOX, (X = F, CI), MQ,X, (X = F, Cl, Br) and WO,I,
{these dioxo dthalides are polymeric in the sol:d state, unlike their chromiom
analogues, though they tao are monomeric tn the vapour phase — see Table 3); for
the pentavalent metals there are MOC!,, MoOBr,, MoO,Cli, and the tetravalent
compound MoQCl;, In WOCI, and WOBr, (solids) the oxygen atoms function
as bridges between planar WX, units, (W-O 22 and 1 8 A; W-C1228 A; W-Br
2 45 A)2°0,

(b) Unsubstituted oxo complexes. — Hexa- and penta-oxo species. The com-
pounds MY,IMO.] (M = Sr, Ba; M = Mo, W) and Lig[WO,] have been re-
ported for the hexavalent metals?, and the vibrational spectra of Ba;[MoO4] and
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Ba,[WO,] measured**. The pentaoxo species M ,[MO ;] and Ba,[MO ] (M = Lij,
Na; M = Mo, W) apd Na;[CrO;] have also been made?®.

Tetraoxo complexes
Chromium. The chromates, [Cr0D,]?~ are lemon-yellow or orange species made by
oxidation of chromic salts 1 alkaline media. The potassium salt exists in two
modifications, a red high-temperature form stable above 666° and the normat
yellow low-temperature form, this Iatter being 1somorphous with potassium man-
ganate. The vibrational?? (Table 6) and electrome? spectra of [CrO,}2~ have been
measured. The temperature-independent paramagnetist (TIP) of potasstum chro-
mate has been studied and a theoretical interpretation of its origin given?®t, The
170 magnetic resopance in chromates has been measured and the chromate—
dichromate equilibrium studied with thus technique (p. 478)142-143,

Chromates are oxidising agents and are much more powerful in this respect
than either meolyhdates or tungstates, a general situation for oxo compiexes of
first row elements compared with those of the second and third rows. Both chro-
mates and dichromates are extensively used as oxidising agents. Acids causeproto-
nation to [HCrO,]" (the sait KHCrO, has been isolated), and this 1s followed by
polymerisation to dicbromate and the polychromates (see below). Concentrated
halogen acids convert X,[CrO,] to K{CrO,X], and the chromyi halides can be
made from chromates and halogen acids. Reduction under controlled conditions
leads to [CrO,1*~, [CrO,4]*~ and, finally, to chromic salts. With hydrogen peroxide
in alkaline solutions, [CrO(0,),(OH)]~ and [Cr¥(0,),]*~ salts may be formed;
at very low temperatures the reaction yields the highly unstable, explosive
[Cr¥{(0,);1*~ (it is noteworthy that the corresponding molybdenum(VI) and
tungsten(VI) tetraperoxo spectes are chemically much more stable). IR spectra of
chromato and molybdato cobaltamines show that these oxoanions may function
as mono- and as bi-dentate hgands and this has been confirmed by an X-ray study
of (NH_3,{Zn(NH ;),(Cr0,),]*%1.

Chromates(V) and (IV). Salts of the form M!;[CrO,] and M,[{CrO,], (M! = Li,
Na, K; M = Ba, Sr) have been obtained by reactions such as*®?

4K ,[CrO, ]+ Cr,0, +5K,0 X1 6Kk, 1Cro,]

4Ba[CrO,]+2BaC0O, 2=%% 2Ba,[CrO,],

The salts are dark green and, in the case of the alkali metal species, deli-
quescent. Acid hydrolysis gives chromic salts and chromate, base gives hydrated
chromium sesquioxide, and hydrogen peroxide gives a number of peroxo species.
Magnetic measurements grve a moment close to 1.7 B.M.*37 (¢f. p. 477). Powder
photographs show that K,[Cr0O,] and K4[VQ,] are isomorphous,

Barium and strontrum salts of [CrO,}* ~ have heen made by the reactions*°2:

Ba,;[Cr{OH)41+ Ba(OH), N 19, 2Ba,[CrO,]+6H,0+H,

SrCr0,]1+Cr,0, +5S1(OH), N 100, 350 I1CrO, ]+ 5H,0
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X-ray measurements indicate that these blue-black solids do contain chromate(IV)
tetraliedra; the banum salt has the barium :itanate structure?°2,
Molybdenun: and tungsten. Salts of [MoQ,]*” and [WO,]*~ are normally made
by dissolving the trioxides in the appropriate alkali. The salts are usually colourless
and chemically very stable. They are far weaker oxidising agents than the chromates.
Vibrational®°-3! (Table 6) and electronic®-28 spectra of [Mo0,]*>~ and [WO, ]2~
have been measured. Both molybdates and tungstates show a much greater tendency
than chromate to polymerise in acid solution and it is for this reason that 1t 1s
necessary to use a large amount of base duning their preparations.
Barum salts of the [MO,]*~ anions can be obtained by the reaction?:
Ba[MO,]+MoO;+3Ba(OH), — B,[MO,]+3H,0
Attempts to make these salts directly from the dioxides have not been successful

Polyanions.

Chromium Although the polymerisation of chromate(VI) 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 fitst product
of acidification of [CrO,]* ™ is the protonated 1on [HCrO,]~, followed by {Cr,0,)*~
(the dichromate 10n), [HCr,0,], and finally the polychromates [Cr;0;0,]2~ and
[CryO,,]% 7. Of the latter two species hittle 1s known, and there is indeed consider-
able doubt as to whether the tetracliromate exists at all. Raman and IR spectra
of the trichromate have recently been measured, however?®?, and it is probable
that the ion has the structure (4).

Ao~ i

O=0Cr !r/ \ Cr=0
4 II 4

d o o
(4}
with tetrahedral coordination about the chromium atoms Diffusion studies have
been made on the tri- and tetra-chromate ions2°%%,

The dichromates are important oxidising agents; most of them are orange
and are made by acidification of the corresponding chromates. Raman, IR?%%
and X-ray®!® studies on [Cr,O,]*~ have been reported, and the electronic spectra
of a number of dichromates measured down to 20 °K2°6.

Polymolybdates and polytungstates The polymensation of [MoQO,]*~ and [WO,J*~
brought about by acidification of their aqueous solutions 1s a complex subject?-4;
Keppert has given an excellent review of polytungstates?®’.

The principal equilibria for molybdates are probably

[MoO,12~ +H* « [HM0O,]™

7Mo00,]1*~ +8HY « [M0,0,,]%~ +4H,0

[M070,4]°™ +HY « [HM0,0,,]%~

[HMo0,0,,]° " +H" « [H,M0;0,,J*~

248,

Coordin Chem. Reo., 5 (1570) 459-517
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and species such as [MogQ,4]*~ and higher polymers may well be involved; these
changes have been followed by a wide variety of physical methods®?2:2%3 The
X-ray crystal structure of the ammonium and potassium salts of the [Mo,0,,]5~
ions show that there is a 2-3-2 array of MoO octahedra of overall C;, symmetry,
whule in (NH,),[Mo,0,,] - 4H,O there 15 a 44 array of MoQg octahedra with
an idealised D,, symmetry for the anion2°?, In very actd solutions of molybdates
cis-[Mo0,X, ]2~ spectes are formed!10,

With tungstates it 1s thought that the principal equilibria are*®7’:
6{WO,]*"+7H" « [HW0,,1°~
2[HW ;0,,1°7  [W,,04,]°~ +20H"
2[Hw6021]5_ﬁ s [w12041]12ﬁ+2H+
With protonation of the [HW¢0,;]*™ ion as a side reaction:

[HW 0,17 +2H" «» [HyW40,,1°

2H;W0,, 1~ [H,W;,0,401° ™ +2H,0

These changes have also been followed by a wide range of physical tech-
mques® 72297 The X-ray crystal structure of Na, ,[W,,;0,,] shows that this has a
centrosymmetric anion with a 3-6-3 array of linked WOy octahedra?'®. As with
molybdenum, cis-[WO,X,]?~ species are formed in very acid tungstate solu-
tions?*P,
Proton nuclear magnetic resonance has recently been used 1n the study of
1sopoly acids®!!, and 1sopoly molyhdates and tungstates of mixed oxidation states

have been prepared®'®.

(¢) Substituted oxo complexes —

Tetraoxo spectes The complexes K ;[CrO,F]*!3, and 2NaOH - Na,[CrO, 1?14,
have been made; 1t is possible that the latter contains the {CrO (OH)},]*~ ton, in
which case this would ke the only example of a first row transition element tetraoxo
complex expanding its coordmnation sphere 1n base.

Trioxo species. Chromium forms the red salts MI[CrO;X],(X = F, CL, Br, D),
made from the halogen acids and dichromates'®?; detailed instructions for the
preparation of K{CrO,Cl] from potassium chromate and chromyl chloride have
been given?!3. Crystal structure data have been given on the potassium chloro
salts (Table 3)3! and thetr vibrational spectra have heen measured (Table 7)?3-96,
Other chromium trioxo species which have been claimed include [CrO;(NH,)] ™,
the alkyl species [ROCrO;]~ 219, and the iodato complex [CrO,(I0;)]™ 217, (this
latter sait has heen subjected to X-ray analysis?!?). There is some doubt about the
exastence of [CrO;(NH,}]™, a red substance made by passing ammonra through a
suspension of K{CrO,ClI]. It has been said that the product is not an amide but
simply a mixture of potassium and ammonium chromates. There are a number of
“addition™ compounds of chromium tnoxide with organic bases such as pyridine,
picolne and quinoline, taking the form CrO, - 2L, and 1t is thought that these
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may have a trigonal bipyramidal structure with the oxo ligands forming the
equatorial plane?!®. Some species of the form CrO;L can also be 1solated with
these organic bases.

Whereas the trioxo complexes of chromium are four or five coordinate, the
only trioxo complexes of molybdenum or tungsten which are not octahedral are
those formed with other strong n-donor ligands, viz. nitride and suiphide. The
molybdenum mitrido complex K ;[MoO,N] can be made by the prolonged reaction
of potassium amide and molybdenum trioxade in hquid ammon:a, the salt is
yellow and is very easily hydrolysed?*® The thio-salts M',[MO,S] can be made
by the action of alkal: metal sulphides on the trioxides or [MO,]*~ salts under
carefully controlled conditions?2?; IR spectra of a number of oxo-thio complexes
of molybdenum, tungsten and vanadium have been recorded??.

The trifluoro tnoxo complexes of molybdenum and tungsten, MI,[MO,F,],
can be obtained from the tmoxides, hydrofluoric acid and the alkali metal fluori-
des??2 or by fusion reactions??3, Studies of the Raman and IR spectra of the
potassium and ammonium salts in the solid state indicate that the amons have the
expected cis (1, 2, 3) configuration, as does the 1soelectronic [OsO,F3]™ 1on*+42,
X-ray studies on MoQ,(dien), made from molybdenum trioxide and diethylene-
triamine, show that this has the same type of structure with three mutually cis
oxo ligands (Table 3)*2, and the same result 1s reached from study of 1ts vibra-
tional spectra*?. The salt Na,/Mo,0EDTA)] 1s thought to have cis oxo ligands
with a bridging EDTA hgand on the basis of prekminary X-ray data??* and from
studies of its vibrational spectrum®?. 1t 1s likely that (NH,),[MoO,F,], made from
ammonmium molybdate, ammonmum fluoride and ammon:a, contains bridging oxo
hgands and cis MoO, groups*Z.

Dioxo species Most of these are tetrahedral for chromium and octahedral
for molybdenum and tungsten.

Chromium, Two chromyl hahdes, CrO,F, and CrO,Cl, are well established, and
there is some evidence for the existence of CrO,Br, but none for CrO,1,. Chromyl
fluoride can be made from chromium trioxide and hydrogen fluonide; it forms
violet-red crystals and is probably polymeric in the solid state. The chloride is
made from chrommum tdoxide and hydrogen chloride?'5, and is a red liquid
{f.p. —965° b.p. 117°). The structure of the vapour has been determined by
electron diffraction® (Table 3), and the vibrational spectra of chromyl fluoride
and chloride obtained (Table 8)1%4-1%5 Chromyl bromide forms red crystals, very
unstable at rocom temperatures, made by the action of hydrogen bromide on a
solution of CrO,Cl, in carbon tetrachioride. Other dioxo chromium species are
Cr0O,(0OAc), and CrO(OH) (OAc), made from acetic acid and chromium tri-
oxide???, the explosive CrQO,(NCS),, from PO(NCS); and chromyi chloride in
carbon tetrachloride??¢, CrO,o0x, from chromuum trioxide and oxalic acid, and
CrO,(NO;),, made from the trioxide and nitrogen pentoxide (it is a dark red
Iiquid, h.p. 64° at 0.7 mm)*®*. Some or all of these species (apart from CrO,Cl,)

Caoordin. Chem. Rep , 5 (1970) 459517
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could well have polymeric structures. It is though that CrO,{HSO,), is the main
species in solutions of chromates(VI) in oleum'2”,

Molybdenum and tungsten

The dioxo complexes of molybdenum and tungsien(VI} contain cis-MO,
groups while the few frans dioxo species are of the tetravalent metals, 1n accord-
ance with expectation (p. 468).

(1) Cis-dioxo species Reaction of molybdates and tungstates with hydrofluoricacid
gives the tetraflnoro salts M',[MO,F,1*#%+%27, and studies of both the vibrational
spectra®?+42:110 g3nd 19F nuclear magnetic resonance??® suggest a ¢is arrangement
of the oxo ligands; this has now been confirmed 1n the case of K,[MoO,F,]+ H,O
by a recent X-ray study>®® (Table 3). The action of concentrated hydrochloric acid
in excess on molybdates and tungstates yields M',[MO,Cl,] salts, and vibrational
spectra also indicate that these have a cis dioxo group?t+42:110,

Both MoO,Cl, and WO,CI, are polymeric in the solid state, but will react
with a variety of mono- and bi-dentate ligands to give monomeric, octahedral
species of the form MoO,Cl,L; and MoO,Cl,(LL) (L = Ph,PO, DMF, N,N-
dimethylacetamide; LL = dialkyldithiocarbamates)**? and [MoO,{(LL),}"~ (LL
= acac, ox, catechol, oxime, R,NCS,). IR specira and dipole moments were
determined for a number of these complexes and indicated the presence of cis-
MO, units?2°, Fewer complexes have so far been prepared with tungsten, but
WO,Cl, will react with monodentate L ligands (Ph,PO, DMF, MeCN) and bi-
dentate (LL) ligands (bipy, phen) to give WO,Cl,L, and WO,CI,{(LL); IR and
electronic spectra were measured???. The X-ray crystal structure of MoO,Cl,-
{Me,NCHO), (the N,N-dimethylformamido complex) has recently been deter-
mined. The oxo ligands are cis to each other and the chloro ligands frans, the
angle between the two doubly bonded oxo ligands being 103° 344, compared with

95° in K,[MoO,F,] - H,0%57 (Table 3).

(2) Trans-dioxo species. The established trans-dioxo complexes of molybdenum
and tungsten are the cyano complexes M I[MO,{(CN),], made by photolysis of
the octacyano species, [M{CN)3]*~; IR and electronic spectra of the products
have been recorded??!. The vibrational spectra of K [MoO,(CN),] are conststent
with a centrosymmetnc D,, structure*’, and a recent X-ray crystal strusture of
NaK,[MoO,(CN),] confirms this>7 (Table 3). The Mo-O bond length 15 I 834
(0.009) A, significantly longer than the corresponding distances 1n the two cis-
dioxo molybdates referred to above. The reason for this 1s probably that the cis-
dioxo structure allows the use by the oxygen p, orbitals of the three 7,, metal
orbitals, whereas only two #,, orbitals are available for this purpose in trans-dioxo
species*'*%% (p. 468). It is also sigmficant that it is possible to protonate zrans-
[MO,(CN),1*~ to [MO(OH) (CN),]*~ (M = Mo, W)*3!, whereas no such pro-
tonation of cis-dioxo species has yet been achieved.
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(3) Other dioxo species. There are references in the earlier literature to such
“dioxo™ species as (pyH) [MoO,Cl,(H,0),], LiMoO,Br,(H,O0)] aq., (pyH),-
[WO,(NCS),], (pyH),;[M0O,(NCS);], Na,{Mo,O(EDTA)}*!***7; it appears,
however, from measurements of magnetic properties and vibrational spectra, that
such species are best formulated as dimers with a M—O—M bridge and one
termunal oxo ligand per metal atom, 7 e. as [M,0,X ]*~ 4'+*®7, This type of struc-
ture is found in Ba[Mo,0, ox,(H,0),;]%%, (Table 5 and p 497), and preliminary
X-ray data suggest that Na,[Mo,0,(EDTA)] has such a structure®*?*. In fact there
are no established cases yet reporied of monomeric dioxo species for metals having
one or three o ¢lectrons.

The tetrahedral thio and selenido oxo species [M00O,5,]%~, [WO0,5,]>” and
[MoO,Se,]>" have been made?2°,

Monocoxo species.

Chromium. The only chromium(VI) monooxo species known also have peroxo
groups; like vanadwum, it is the d* state of the metal (the pentavalent state for
chromium, tetravalent for vanadium) which seems to provide the greatest numher
and diversity of such species. Peraxo oxo chromium(VI) complexes are listed by
Connor and Ehsworth®. Those best established are the salts M'[CrO(0,),X]
(X = F, Cl, OH) and the complexes CrO(0,), (a very unstable blue species ob-
tained by the action of hydrogen peroxide on acid solutions of dichromates — 1t is
probably always solvated with one molecule of solvent), CrQO(0,).py and CrO-
(O2),phen. The X-ray structures of the pyridine (a)%! (Table 5) and the phenan-
throline??* (b) complex have been determined (Fig 8). The pyridine complex is
best described as a pentagonal pyramid, the two pyroxo groups and the pyridine
occupying the basal plane with the oxo bgand axial®*, while in the phenanthroline
complex there is a pentagonal bipyramidal coordination with an aralogous ar-
rangement*3? (Fig. 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 triflnoride and potassium dichromate®?3, There are two sentes of chromyl
chloro complexes, ML [CrOCI,] (M! = K, Rb, Cs, NH,) The caesium salt is
isomorphous with Cs,[NbOCL], and RfCrOClL;] (R = pyridinium, quinolinizm);
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Fig 8 Structure of (2) CrO{O1):py and (b) CrO(O 1);(o-phen)
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both series are prepared by reduction of chromic tnioxide with very concentrated
hydrochlorie acid at 0° 1o the presence of the approprate chloride??*. There has
been much work on the electrontc®%+37, IR ! (Table 9) and electron spin resonance
spectra!?® =131 of these species, and magnetic data on Cs,[CrOCl;] are given in
Table 10134, Theoretical interpretations of the electromc spectra for chromyl com-
plexes have been given (p. 476)°%-57.

The complexes CrOCl, L H,O (L = pyndine, quinoline) can be made

from chromium trioxide, hydrochloric actd and the Iigand L?23.
Molybdenum and tungsten Here again the monooxo peroxo complexes are tn the
hexavalent state while most of the other monooxo species are of the 4* pentavalent
state metals. The peroxo complexes have been reviewed®; the best established are
the fluorides [MO(0,)F,]*~ and [MoO(0,),F,]*". These are made by the action
of hydrogen peroxide on [MO,F,]*", and their vibrational**® and *°F nuclear
magnetic resonance spectra®? 7 measured. The results suggested structures (a) and
(b} (see Fig. 9), respectively, for the tetra- and di-fluoro complexes; a recently
published 312 X.ray crystal structure analysis of K,[MoO(0,)F,] - H,O confirms
(a), ¢f Fig. 9 and Table 5. Otlier oxo-peroxo complexes of molybdenum and
tungsten are the oxalates [MO,(0,) ox(H,0)]>~ and [MO(0,); 0x]*~; the vibra-
tional spectra of these suggest that the former contam eis-dioxo units, with both
groups being seven coordinate®*® There are also rather unstable [MoO(0,)Cl, 1>~
salts (vtbrational spectra of the caesium and ammomium salts suggest a seven
coordinate structure like the analogous fluoro species)**€ and the salts [MOF 5],
which can be obtamned from MF, and fluonide ton in moist solvents. Monothio
spectes [MO,S]*~ can he made from molybdates and tungstates with hydrogen
sulphide®*°.

For the metals in their pentavalent conditions, salts of [MOX]2~ and
[MOX,]” (X = Cl, Br) can be made by reaction of tlie trioxides with hydrochloric
or hydrobromic acids 1n the presence of surtable reducing agents (e g. oxalicacid,
hydriodic acid); electrolytic methods have been used*?® There have been several
studies of the bonding3%~ 5% (p. 469}, electronic38~5%:112 and vibrational spectra
(Table $)'1!, ESR spectra*?®-13° and magnetic properties (Table 10)!3*1334 of
these spectes There has also been a considerable volume of work on the species
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Fig 9. Structure of antons o {a} K;{MoQ{0,)F,] H.0 and {b} K;[Mo0O(0,);F;]
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existing tn acid solutions of [MoOCI;]*~ and [MoOBr;]?~; if the concentration
of HC! or HBr exceeds 10 M the mononuclear paramagnetic [MoOX ]2~ ions
are the main solute species, but magnetic, ESR and spectroscopic data show that,
as the acid concentration 1s reduced, both para- and dia-magnetic mono- and
bi-nuclear species appear'2°-197,

Other monooxo species of molybdenum and tungsten include MoOCi,L,,
MoOCI,(LL) (L = Ph,PO, DMSO, MeCN, PPh;; LL = bipy,oxine, acac)!?7-22%,
[MoO(NCS)s]*~, and MoOCL(C;H)'*7, detailed physico-chemical studies have
been made on MoOX ;(B-diketone) (X = Cl, Br) complexes?*°. Salts containing
[M™YO(OH) (CN), 1>~ have been made?>'. Monooxo species may well be present
in solutions of MoO, and WO 1 oxalc acid

Polynuclear complexes.

Chromium. This forms two senies of oxo-bndged polynuciear species, dimers and
trimers. The dimers are typified by the ion [Cr,O(NH,),,J**, made by aerial
oxidation of chromium(Il) ammines in ammoma'** The salts are blue; studies of
therr magnetic properties (the moment at room temperature is less than that
which would be expected for one unpaired electron per chromium atom)'®’,
electronic spectra'?* and mnfrared spectra of the normal and deuterated spectes!1s
suggest that there 1s a linear Cr—O-Cr bnidge Related complexes are [Cr,O-
(NH),X]** (X = F, Cl, NCS), [Cr,O(H,0)},(NH)]** 15241 and the com-
pounds Cr,O(NCS),(NH,),(NCS), and Cr,O(NCS),py,(NCS8),, in which there
are thought to be one oxo and two thiocyanato bridges?*2. The bonding theory of
Dunitz and Orgel”® may be applicable to these complexes.

A number of trinuclear chromium(IiT) complexes have been made. These
take the form [CryO{0Ac)(H,0);]7, [Cr;O(EtCO0)(H,0),1", [Cr;O(0Ac),
ox(H,0)]~, [CraO(HCOO)¢]", and [Cr,O(0Ac) F3]*~, they are often formu-
lated 1n the earlier hiterature as aquo or hydroxo species, e.g. [Cry(H,0),(OAc)4]* +
-aq , or [Cr3(OH) (OAc)((H,0)])** - aq, and are made by the action of the ap-
propriate carboxylic acid on chromium(IIl) oxide under controlled conditions**?.
An X-ray crystal structure study has shown that [Cr,O(0Ac¢) (H,0),]Cl - SH,O
has a structure (Fig 10) 1n 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 coordinated molecules give octahedral coordina-
tion to the chromium (Table 5)°3.

It seems likely that such a structure is to he found in the other trinuclear
chromium species (and also in analogous iron, ruthenium and tndium complexes,
¢f. p. 509). Magnetic susceptibility measurements?3?:14% have been made on such
species and exchange coefficients calculated (p 478). The magnetic data, vibra-
tional spectra''® and clectronic spectra'?> are consistent with this model, for
which a theory of bonding has been proposed’.

Some tetranuclear chromium(1II) acetates are claumed in the earlier Iiterature,

Coordin Chem Rep, 5 {1970) 459517
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Fig 10. Structure of cation in [CrsO(CH1CQQ)s(H,0);]CI - SH,O
Fig 11 Structure of anron in Kz[Mo:0 (0x).(H,0)2]

e.g. [Cry(OAC);]* T and also the binuclear species Cr,O(OAC), - 2H,0, Cr,(OH)-
(OAc)s, erc. Their structures are unknown?4%.

Molybdenum and tungsten Although there s undoubtedly a pumber 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 species encountered are (2) hnear M—O-M, (b) bent M-O-M,

(c) py’, dioxo:

o o
M—O0—n m v’ Nm
N
o
ta tn) e}

There are two X-ray structures of the first type. In K,[Mo,04 ox,(H,0),) which
is a molybdenum(VI) complex, there are cis-MoQO, units with terrunal oxo
hgands and one linear Mo-O-Mo oxo brdge. The Mo-O bridge Iength of
1.876 A, although longer than the Mo=O (terminal) distance of 1.69 A, is
shorter than the Mo-O (oxalate) single bond distance of 2.10 A (Fig. 9, Table 5)%%-
In the xanthate complex Mo,O4(EtOCS,), the molybdenum is pentavalent but
the complex is diamagnetic due to spin-pairing through the oxo bridge®?. The
Mo-O bnidge distance of 1.851 A is very similar to that in the oxalato complex;
the Mo =0 termmal distance of 1.644 A 1s slightly shorter than the terminal Mo =0
lengths in the oxalate despite the lower oxidation state of the molybdenum®’
(Table 5) and this is due no doubt to the fact that there is only one terminal oxo
ligand per metal in the xanthate (Fig. 12),
Examples of type (b}, with bent M—O-M linkages, are afforded by Na(NH_)-
Mo, ox] and K,[W,0(0,;),(H,0}),] The molybdenum oxalato complex is ac-
tually an mnfinite chain polymer, the chain being formed by bent Mo-O-Mo
linkages. Here the Mo-O (bridge) distances alternate between 2.230 A and 1.878 A
(similar to the bridging oxygen atoms in molybdenum trioxide). The cis-MoO.
groups have Mo =0 (terminal) distances of 1.82 A (Table 5, Fig. 13)¢¢,

In K,;[W,0,(0,),(H,0),] there 1s a bent W—O-W linkage in the binuclear
anion; the angle is 139° and the W—-O (bridge) distance 1.94 A. This is again long
since the W =0 (terminal) length for the single oxo ligand per metal atom is
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Fig 12. Structure of Mo;O(xan),
Fig 13. Structure of anion in [NaNH{(MoO;0x)],

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—OH,, distance may be a manifestation of a frans effect by the
doubly bonded W =0 group (Table 35, Fig. 14)55,

The only established examples of a gp’-dioxo linked system are provided by
Ba[Mo,0, ox,(H,0).], and by Na,[Mo,0cysteine),] - SH,0, both molybde-
num(V) species. In the oxalate the two Mo—O bridge distances 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 distance 15 short enough for substantial
metal-metal bonding which probably accounts for the diamagnetism of the com-
plex*. The Mo =0 length for the single terminal oxo ligand per metal atom is
1.70 A (Table 5, Fig. 15)%>.

In the cysteine complex the stereochemistry is similar (Table 5, Fig. 16)%3-.

Vibrational spectra of all the above species (with the exception of the
xanthate complex) and of other binuclear species have been measured, and their
stereochemistries rationalised on the basis of the availabihty of metal 7,, orbitals
for receipt of electrons from oxygen p, orbitals**,

A number of other molybdenum binuclear species are known; thus Mo, ;-
(acac); and Mo,0(C;H,), are probably of type (a) with hnear Mo—O-Mo
bridges'®” whilst the [Mo,0,X,]"~ complexes referred to above are probably of
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Fig 14 Structure of anion i KW 0,:(0:).(H,0).:]
Fig 15 Siructure of anion in Ba[Mo, O 0x{H0),]1

Fig 16 Structure of anion in Naz[MOgO.(cysteme}z] 5H,0.
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type (¢) with uu’-droxo bridges*'-*°7. It has been suggested, on the basis of in-
frared evidence, that MoO,Cl, in solution has the binuclear structure (5)*%5.

o _© o)
ca\ H/ \H/Ct
Mo Mo
CI/ \o/ \ca
=1

A polynuclear oxalato complex of molybdenum(IV), [Mo;O, ox3]*~ has been
reported?45. Recently the binuclear spectes Cs,[M0,03Cl,] has been 1solated from
dilute solutions of [MoOCI;]*~ in hydrochloric acid with caestum chloride It s
diamagnetic and thought to contain a bridging oxo ligand?*”.

It has been shown that the tungsten complex previously reported as
K,[W(OH)Cl;], made by reduction of tungstate 1n hydrochloric acid withstan-
nous chlorde, is 1n fact binuclear, K, [W,0Cl,,]. The potassium salt 1s not iso-
morphous with K, [Re,OCl, ;] which 1s known®? to have a hnear Re-O-Re bridge,
and this together with IR and magnetic data suggests that the W—-O—W bridge is
bent. The magnetic moment u. 1s 2.4 BM at 294° and 1.72 B M. at 70°; the
electronic spectrum has a very intense band which is believed to arise from the
presence of mixed oxidation states in the complex, and 1t has been concluded that
1t is best formulated as [WYWIIQC! 14~ 247,

{iv) Group VIfa (Mn-Tc—Re)

Apart from Pascal’s text!*? there are two books on technettum and rhe-
mum?*8, and reviews on the chemstry of technetium?*® and rhenium?3°.

{a) Oxides and oxohalides.— All three metals from heptoxides, M,0O-; those
of technetium and rhenium are polymers in the sohd state All three form trioxides,
MOQO;, and dioxides, MO,, and 1n addition manganese forms Mn,0,, Mn,0,,
and MnO.

There appear to be no established oxohahides of manganese apart from
MpO,F (fp. —38° b.p. 60°), but there are several of technettum and rheni-
num! %248 These take the form MO, X (X = F, Cl) and ReO,Br, MOX, (X = F,
Ch and ReOBr,, MOX; (X = Cl, Br), ReOF,, and ReO,F; Those species which
are mononuclear are considered in greater detail below. Both ReOF, and TcOF,
arte isostructural with MoOF,, chains of octahedra being joined through crs-fluoro

bridging ligands.

(b) Unsubstituted oxo complexes.— Hexa- and penta-oxo species No techne-
tium compounds of this class have been made, and the only example so far dis-
covered with manganese is Na s[MnO s}%. With rthenium, M*;[ReOg], M's[ReOg],,
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M!,[ReO,] and M¥,[ReO,], have been made?'25%, and vibrational spectra of the
rhenium(VIT) hexa- and penta-oxo compounds measured®*!. The rhenium(VI)
species Liy[ReO:] and Ligz[ReO,] are known: the latter exists m two crystal
madifications?51,

Tetraoxo species.
Manganese. (1} The permanganates, [MnO,]”, are deep purple salts made
by the oxidation of manganons salts, manganese dioxide or manganates 1n the
presence of acid (in base, manganates(VI) normally result). The potassium salt has
the barytes structure (Table 2)!°. Vibrational spectra (Table 6)2? and electronic
spectra of [MnO,]™ have been studied and, 1n the latter case, energy levels as-
signed?®. The effect of pressure on the electronic spectra of [MnO,]~ has been
studied®3*, and the temperature-independent paramagnetism of K[MnO,] dis-
cussed®®!,

Permanganate is a very useful oxidising agent, n acid, neutral and alkaline
solutions 1ts oxidations are represented by the following equations, respectively:

[MnO,]~ +8H* +5¢~ — Mn?* +4H,0

(MnO,]”+4H" +3e™ - Mn'YO, +2H,0

2(MnO,]” +20H~ — 2[MnO,]*~ +H,0+10,
Permanganate is sometimes used, ke osnuum tetroxide, for organic cis-hydroxyla-
tion reactions

(2) Manganates(VI). Manganates are best prepared by the action of excess
alkali on permanganates; to obtain a pure product the reaction must be con-
ducted 1n an atmosphere free from carbon dioxide?>*. The potassium salt forms
bright green crystals when pure, hut often appears darker due to a superficral film
of permanganate. The crystal structure of K,[MnO,] (Table 2)*° shows that the
Mn-O bond length 1s 0 03 A longer than in K{MnO,]'%, (the difference 1s sigmf-
icant since both determinations were of high accuracy). IR (Table 6)%* electro-
nic®+2%% and ESR!26 spectra, and magnetochemical studies (Table 10)134¢ .253
of potassium manganate have been undertaken The rate of electron exchange
between manganate and permanganate ion has been studied by NMR tech-
nigues?>3,

(3) Hypomanganates, [Mn0,1°". These form bright blue salts, and are made by
reduction of permanganate 1n excess alkali with sulphite’*?. The alkali metal salts
are deliquescent and very easily hydrolysed. The electronic®:2% and ESR'?**
specira of the ion have been measured.

The salts Na,[MnO,] and M¥,[MnO,] (M!' = Sr, Ba) have heen reported?,
but 1t is not clear whether they contain tetrahedral anions.
Technetium and rhenium. Pertechnetates, M'[TcO4] can be made from technetium
heptoxide and the appropriate base, and perrhenates M'[ReO,] can be obtained
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in similar fashion. As with their Group VI analogues, both pertechnetate and
perrhenate ions are far weaker oxidising agents than permanganate. Vibrational
{Table 6)8°-5! electronic3:2®% and 70O magnetic resonance spectta'®! have been
recorded for both ions, The rate of water exchange with perrhenate 1on has been
measured by two sets of workers, there being a certain amount of disagreement
in the resuits?S%. In alkall, perrhenates form the [ReQ,(OH),]*~ ion, but there
is no evidence that pertechnetate expands its coordination sphete in this way The
oxo spectes [MOX ]~ can be made in halogen acids in the presence of reducing
agents

Perrhenic acid can be made in solution by reaction of hydrogen peroxide
with rhenium metal?37, and pertechnic acid can be made in a2 similar fashion
{although aqueous sofutions of pertechnic acid are colourless, the anhydrous solid,
presumably TcO,(OH), is dark red®%).

The sait Li,[ReYO,] has been briefly reported?.

Polyanions. Unlike Group IVa, Va and VIa oxo species but like thase of
Group VIII, the Group VIa species show little tendency to polymerise, though
Raman and PMR spectra of aqueous solutions of HReQ, at different concentra-
tions suggest that some polymertc species are formed?*3%,

While Te,O; and Re, O, have polymeric structures in the sohd state, man-
ganese heptoxide, Mn,0,, may be monomeric. It can be made by the action of
sulphnric acid on permanganates, and is a hquid which appears to he red by
transmitted light and green by reflected light®€°, Tt 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 1s an extremely powerful oxidising
agent and wiil set fire to combustihle substances

(¢} Substituted oxo complexes. —

Tetraoxo species. Treatment of Ba[ReO, ], with concentrated alkali gives the
pale yeliow Bas;[Re(O,JOH),], and studies of the Raman spectrum of this suggest
that the anion has a cis configuration, like the isoelectronic [OsO,{OH),)*~ ion*L.
It has been suggested that first row tetraoxo antons do not expand their coordina-
tion spheres 1n alkal whereas second and third row elements do2¢1, and IR studies
on films of a number of tetraoxo anions in alkaline solution support this view®3.

Trioxo species The three trioxo halides of rhenium, Re0,X (X = F, Cl, Br)
may be monomeric; they are made by the action of oxygen on the tetrahalides.
Certainly the chioride and bromude are monomer:c 1n the vapour state, since their
structures have been determined by electron diffraction (Tabie 7)°7, and normal
coordinate analyses on these molecules have been carried out!®2,

The thio species [MO,S]™ (M = Tc, Re) can be made from hydrogen
sulphide on the [MO,]™ salts; IR spectra of the products were measured?¢2. The
yellow rhenium nitrido complex K,{ReO;N] can be made by the reaction of
potassium armde with rhenium heptoxide in ligind ammonia; its IR spectrum
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was recorded?%3, and a normal coordinate analysis carned out!®?. Recently,
Cs,;[Re0,Cl,] has been made from solutions of perrhenic acid in hydrochloric
acid with caesium chloride. Studies on the vibrational spectra of the salt suggest
that the anion has C,, symmetry with cis (1, 2, 3) oxo ligands, sinular to other 4°
[MO;X ;1" species?2®*. The compound Re0,(NO,) can be obtamned from ReO;Cl
and hqud nitrogen tetroxide; although IR spectra suggest that the mirate is
monodentate the compound is believed to be a polymer?®®. The green colour
which appears when permanganates are dissolved in olenm is thought to be due
to MnO,(HSO)*27.

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

The only 4° dioxo complexes reported are K{ReO,F,], prepared by the
action of bromine trifluonde on potassium perrhenate?®®, and the dithio dioxo
ton [Re0,8,]” 242 The fluoro comptex 1s likely to contain a cis-ReQ, umt. The
compotund 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 4* dioxo species?®’,

The trans-dioxo rhentum(V) species K3[ReO,(CN),;]1*¢8, [ReO, en,]Ci2%?,
[ReO,py,JCI*7? and [ReO,(NH 3),]JCi*7° have been reported and their IR spectra
measured?’?; the Raman spectra of the cyano and ethylenediamine complexes
have also been measured*’. These spectroscopic data support a frans streochem-
1stry for the complex 10n, and this ts confirmed 1n the case of the cyanide by an
X-ray crystal structure (Table 3)*2. It 1s interesting to note that the Mo—-Q bond
length®54 1n cis K,{(MoO,F,)H,0 is I 71 A compared with 1 834 A observed?” in
trans-Na¥ 3]MoO,{CN}),1-6H O This bond lengthening in trans-dioxo complexes
has been discussed above and arises from the restricted access of oxygen p, orbitals
to metat ¢,, orbitals. Another conseguence of this is that whereas rhenium mono-
oxo bonds cannot be protonated, it is possibie to protonate one (but not, of course,
two) oxo ligands in [ReO; X, to give [ReO(OH)X,J" "V~

There is some evidence for the existence of {Re0,Br;]” and [ReO,(NCS},}~
ions?7?, and it 1s claimed that the species in perrhenic acid—sulphuric acid mixtures
15 [Re0,(80,),1~ ?72. The compound obtained from reaction of K,{ReC{] and
cyanide ion, ance thought to be K, [ReO,(CN);], has now been shown by spectro-
scopic and magnetic measurements to be a cyamide bridged dimer (6)*!

o &=

lCN}ZRe—CEN-——Re(CN)‘

{6}

Monooxo spectes. None seems to be known for manganese. A few rhe-
nium(VI) monooxo species are known but the majority are formed by the element
n 1ts pentavalent state.
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Examples of rhenium(VI) monooxo species are K,[ReOF;] - 2HF, a biue
species made by the action of oxygen on a solution of K, [ReF g} 1n hydrofluoric
acid?®?, the deep red, paramagnztic (g 1.6 B.M. at room temperatures)
RfReOCl}, made from ReQCl; in chloroform with an organic base chloride
(R = Ph As™, Et,N*); both IR and electronic spectra of these compounds were
reported??2. Although saits contaming [ReOCI;]?>~ have been claimed, a careful
attempt to repeat these experiments failed and it now seems clear that salts of
[ReOCl;}*~ had in fact been made®??.

A number of salts of [ReOCl;]*~ have been made?’®, and there are cor-
responding bromo and 10do complexes'2?; the electronic spectra of {[ReOX ]2~
and also of the recently prepared [TcOCl;]*~ have been measured and assign-
ments proposed!?%. There is some doubt concerning the magnetic properties of
certain salts of [ReOCl;]*~, some being said to be dtamagnetic and others para-
magnetic; the subject has been summansed by Grove and Wilkinson?7°. Protona-
tion of [ReO(CN)]*~ gives [ReO(OH) (CN)LJ*~ *7°% [ReO,py, " will give
[ReO(OH)py,1** 27°, whilst [ReO, en,]* yields [ReO(OH)en,]?* 2%,

Phosphine complexes (¢ g. PEt,Ph, PPhy, PEtf,) and an arsine complex
(AsEt,Ph} of the form ReOX;(X;), can be obtained from the tertiary phosphine or
arsme with perrhenic acid in the appropriate acid (X = Cl, Br, I); IR spectra and
dipole moments of many of the compounds were determined””**273, Detailed n-
structions for making ReOX;(PPh,); and ReOX,(OEt) (PPh,); have been given237,

The square pyramidal species [ReOX,]” (X = Cl, Br, I) can be made by
reduction of potassium perrhenate with zinc in excess halogen acid: the products
will take up a solvent molecule i the sixth coordination posttion to grve such
complexes as [ReOBr (CH,CN)]™ 27%. Crystal structure analyses of (Ph,As)-
[ReOBr,(CH,CN)]** and (Et,N) [ReOBr (H,0)]** have been made (Table 4):
in both cases the bromine atoms form the equatorial plane, and the rhemium
atoms are displaced 0 33 A out of this plane towards the oxo ligand.

The technetinmy(IV) complex Ki[TcO(OH) (CN),] has been reported, but
an alternative formulation as a seven coordinate hydroxo complex, K i[Tc{OH)4~
(CN), ], gtven for 277,

Polynuclear species. The only established examples are with rhepium. The
X-ray crystal structure of K JRe,OCl; ] (Table 5)°° shows that this has an eclipsed
Dg, centrosymmetric structure for the apion (¢f. Fig. 3), with a linear Re-O-Re
unit (Re-O = 1.86 A). The rhenium atoms are displaced some 02 A out of the
Cl, planes towards the bridging oxo ligand; this may be due to a simple steric
O - «» - Cl repulsion (a similar effect has been observed in other oxo species, see
above, and in Cs,[OsNCI4]*7% and K;[Ru,NCI,(H,0),]*7°. A molecular orbital
scheme for bonding in the rhenium complex has been proposed!?3. Its vibrational
spectrum®*! and magnetic properttes!?%:137 (p. 478) have been measured.

Complexes which may also contarn Re™—O-Re'¥ bridges are formed with
carboxylates such as acetate and oxalate?®®. Although K, [Te,OCl,] has been
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claimed 1t is now clear from X-ray analysis that the compound is :n fact the
monomeric K,[Tc(OH)CI]*8%; however, it is by no means unlikely that the
[Tc,OCk;0}* ™ 10n could be made since the interconversion of [Re,OCk0}J*~ to
[Re(OH)CL,]*~ is very easy?®°. The exchange of *6Cl~ with [Re,OCH,]*~ has
been studied?®2. Another binuclear oxo—chloro complex of rhenium, this time n
the hexavalent state, is [Re;O,Cl,12 ", a diamagnetic species made from ReOCl,
m chloroform with orgamc base chiorides. On the basis of IR and electronic
spectra it was claimed that the structure was likely to be (7) or (8272 (see also
the corresponding molybdenum compound?*?, p. 498).

o < o o o c <
N i
C—Re™—0—Re—cCt O=Re —0O— =
AN e
d_. < ¢ o« S S S )
(7) {B)

Two X-ray crystal structures have recently been reported of oxo-bridged
carboxylates of rhenum(VI), Re,OCI (EtCOQ) (PPh3), ($)*%* and Re,0OC!;-
(EtCOO),(PPh,), (10)284.

gt
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These complexes are made from ReOCi,(PPh,), and propionic acid, and both
have very sbort Re-Re distances, 2 522(0.001) A for (9), 2.541(0.001) A for (10},
1n {9) the Re-0 brdge distance1s 1 896 (0.004) A with a Re-O-Re angle of 83.8°
while 1n (10) 1t is 2095 A with an angle of 82°. Re-Cl is 2.320 A (9) and 2.357
(0.001) A (10).

(v} Group VII and Group Ib

The texts of Gmelin'#® and Pascai’*”? have been used for the piatinum group
metals, and there 15 a recent monograph on the chemistry of osmium, ruthenium,
indium and rhodium?®5, and a short review on osmium?®S,

(a) Oxides and oxohalides — For iron, ruthenium and osmium the oxides
are M’'O,, M'Og,, possibly MO and M'O, (M’ = Os, Ru); M,0,, Fe,0,, MO
(M = Os, Ru, Fe). For cobalt, rhodium and indium there are MO, and MO,
for wridsum and rhodium, M,0, and MO for all three metals, and Co40O,. For
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nickel, palladium and platinum there are M'0, for palladium and platinum; and
M,0,4 and MO for all three metals. For copper, silver and gold there are MO and
M,0 for all three metals.

There are no oxohalides of these metals apart from [OsO4F;],, OsOFs«,
OsOF,, RuOF,, 0sOCl,, and Os,0Cl,; reports of Os,0OCl, are apparently un-
founded. Although IrOF, has been claimed it seems unbikely that the compound
exists.

(b)) Unsubstituted oxo complexes. —

Hexa- and pentg-oxo species. Hexa- and penta-oxo complexes of osmuum{VII)
and (VI) have been made; K;[OsO;], a black material prepared from potassium
osmate and potassium superoxide, M';[0sO4], made from lLithmum or sodium
oxides and osmium metal 1n oxygen, L1,[0sO,), made from Lis[OsO4] and Lithium
oxide, and Na JOsOs], made by heating Na [OsO4s]1*%7. An osmium(V) species,
Sr,Cr'"[0sO,] is also known??#. The IR spectra of Ba[0sOg],, Ba3[0sO4] and
K 5[0s0;] have been measured*. There have been reports of S8r,[MOg] (M = Ir,
Rh, Pt) but no preparative details were given?3® The existence of both Ba;[FeOy]
and Ba;{CoO;] have been claimed?®°.

Tetraoxo species.

First row elements.

(1) Iron. Three types of orthoferrate have been claimed with iron (VI), (V) and
(IV) The iron(VI) species are thie best estabiished and are normally cailed tle
JSerrates. The potassium salt, K,[FeO,] can be obtained by oxidation of ferric
hydroxide with hypochlonite®®*. The potassium salt forms dark purple crystals
which appear very similar to those of the permanganate, and the aqueous solution
(which 1s quite unstable) 1s a very deep purple The IR spectrum of the solid has
been measured (Fable 6)%%, and the electronic spectrum recorded?®-29%, The
magnetic properties of the salt measured over a temperature range support a tetra-
hedral structure for the anion (Table 10)!?*, as does the ESR. spectrum?26,

The so-called “hypoferrates”, M!4[FeO,] (M = Na, K) have been claimed;
the potassium salt can be made by the action of potassium superoxide on ferric
oxide, in an oxygen stream at 750° or by the action of heat on the ferrate. The
black crystalline salts are stable to S00° and are said to be stable in highly alkaline
solutions??3. The magnetic moment at room temperature is 3.85 B.M., and this
together with X-ray powder patterns are said to demonstrate that they do contamn
tetrahedral amons??3, but some doubt has been cast on these results®.

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

reaction
Ba(OH),; + Bas[Fe(OH)41+1/20, ?E‘E) 2Ba,[FeO,14+7H.O

and there are also sodium and strontium salts The barium salt has a similar X-ray
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powder pattern to Ba,[Th0,] and so may contam the [FeO,]*~ anton?. An
iron(IIl) salt, Ba ,[FeO,],, has been claimed?.

(2} Cobalt. Reaction of cobaltous hydroxide with barium hydroxide at 10350°
yields the red-brown Ba,[Co'v0,4]%°°, and the bripght blue deliquescent Na;[CoO,]
and K ,[Co0,] have been isolated. The magnetic moment of 2.01 B.M. at 300° 1s
said to be consistent with high-spin cobalt (V)*4. The salt Liz[CoO,] has also
been claimed?.

(3) Nickel. Both Ba,[NiO,]* and Ba,[N10,]*®* are reported; the Iatter at least
1s known to be a mixed metal oxide with a distorted rock-salt type of structure?®*.

Second row elements.
{1} Ruthenium.There arethree well-established tetraoxo species of ruthemum(VH1),
(VID) and (VI).
Ruthenium tetroxide, Ru(,, is a yellow crystalline solid (m.p 25 4°, b.p. 40°), made
by oxidising potassium ruthenate or perruthenate with chlorine or acid perman-
ganate?®S, It has a sharp and characteristic smell, not unlike that of osmium
tetroxide. There have been a number of studies recently on the wvibrational spectra
of the solid, hiquid, aqueous solution and vapour, and force constant calculations
have been carried out with tbe results shown m Table 6%4°. Electromic spectra
have also been measured®®-2?7, and the thermochemstry of the compound re-
viewed (together with that of other ruthemum oxtdes)>®3. The compound 1s a
very powerful oxdising agent, and on that account should be handled with con-
siderable care. Halogen acids reduce it to [RuX ]*~, probably via trans-[Ru0,X]*~
species, while with most other ligands it will give ruthenium(III) or ruthenium(il)
complexes. Gentle reduction gives [Ru0O,]™ and [Ru0,]% . There is no substantial
evidence for the formation of species of the type [MO,X,]*~ given by osmum{VIII)
and rhenium(VII).
The perruthenates, [Ru0,]~, are made by careful oxidation of ruthenates with
chlorine or by reaction of ruthenium metal with alkaline oxidising fluxes®®®. The
potassium sait forms small black crystals which decompose above 400° to potas-
stum ruthenate and ruthemum dioxide. The X-ray crystal structure (Table 2)2*
shows the amon to be tetrahedral with only slight distortion (the salt is not iso-
morphous with potassium permanganate). IR %% and ¢lectronic specira of [RuQ,]~
ion have been studied, and there is some evidence that in alkaline solutions there
may be species such as [RuQ,(OH), P~ *°%,
The ruthenates, [Ru0,]*~, are normally made by reaction of ruthenium metal or
rutheninm salts with potassium nitrate and hydroxide2®®. The potassium salt is
deep red and gives a deep red solution. The vibrational spectrum (Table 6)**,
electronic spectrum?%:2°? and ESR specttum have been measured. It 1s hkely
that “ammonum ruthenate, (NH,), [Ru0O,]”, is in fact a bridged g-nitndo com-
117

piex " "
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(2) Rhodwm. Potassium rhodate, K,[RhQ, ], 1s said to be formed as a blue sait
when chlorine 1s passed mto a solution of rhodium dioxide or sesquioxide in
alkalt; a blue barium salt has been made which had a magnetic moment corres-
ponding to one unpaired clectron per metal atom3. Strontium and calemm salts
approxmmating 1n formula to M¥[RhO,] have been made:

Rh+2S1CO, + 0, 2 12000 §p FRHhO,]

though both compounds are somewhat oxygen-deficient®°®.

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

important compouiuds of the metal,

Osmium tetroxide, Os0,, is a yellow crystalline sohd (m p. 40.6° bp.
131.2°), prepared by oxidising the metal or almost any ostmmum compound with
nitric acid*®5, The solid has a considerable vapour pressure at room temperatures
and the compound should be handled with care Electron-diffraction measure-
ments on the vapour sbow tbe molecule to be tetrahedral (Table 2)?Z and tbe X-ray
crystal structure of the solid has also been determmed?3. Vibrational spectra of
the sohd, liquid, solution and gas have been determined and force constant treat-
ments applied (Table 6)2%-°4. The electronic spectrum has been measured?®, and
also the 70O magnetic resonance**?, and thermodynamic data for the molecule
reviewed??®, With halogen actds HX, frans-[0sO, X,]*~ and [OsXs]>~ are
formed; with ammoma, OsQ, - NH, is formed mn the dry, while 1n aqueous solu-
tion [OsOL(OH),]*~ and [OsO;N]~ are formed. Reactions with ligands give os-

minmdV), JII) or (II} complexes.

(2) Iridumm. 1ll-defined iridates(VI} of the form K,O nIrQ, have been claimed.
Reaction of indium dioxide with calcium or strontium carhonates gives M,

[If04]]0 0 -

2CaCO0 4+ 1rQ, 2L 1000° 5 (11O, ]

(c) Substituted oxo complexes.—

Terraoxce species. These are confined to osmium and ruthemium. Both
osmium and ruthenium tetroxides form unstable ‘addition’ compounds with am-
monta gas OsO, - NH,, an orange spectes whose IR spectrum suggests a square
based pyramidal structure®®!, OsO, - py and some adducts with organic mole-
cules, RuQ, - NH,, RuQO,py, (tlis latier spectes, however, may be Ru(OH),py,),
RuQ, -PF, and (RuQy)}, - PF;.

Salts of [OsO.(OH),]>” and [OsO.F,]*~ can be 1solated from aqueous
solutions of osmium tetroxide with hydroxo or fluoro ions, and studies of the
vibrational spectra of the products suggest a ¢is configuration for the complex
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anion*'. There 1s also evidence for the existence of [0sO, (OH)(H,O)]~ andfor
[RuO (OH),[*".

Trioxo complexes. Reaction of osmium tetroxide with aqueous ammonia
yields the [OsO;N]™ ion, normally studied as the sparingly soluble potassium
salt?2, The complex anion has recently been studied by X-ray methods and
confirms the Cy, distorted tetrahedral arrangement; the Os=N distance is even
shorter than Os=O (Table 3)3%2. The vibrational spectra have been measured®°3.
Reaction of osmium tetroxide with rers-butylamine gives OsQ, (NMes), and an
IR spectrum (with some rather dubious assignments) reported®®2,

The action of bromune trifluonde on a mixture of osmium tetroxide with
potassium bromide yields [OsO3F,;], (presumabily a dimer with fluoro bridges)
and K[OsO;F;3)} The vibrational spectra of the latter indicate the expected cis
(1, 2, 3) arrangement (1) of oxo ligands*!,

Dioxo complexes. Although there have been reports of [Ir0O,1?* and [RhO,]*
species*®® these have yet to be substantiated. One ruthenium dioxo complex,
Cs,[Ru0O,Cl,], made by the action of hydrochlonc acid and caesium chloride on
ruthenmm tetroXide is known. The TR spectrum suggests that there is a trans
configuration for the anton?#3. The species formulated as RuQ,(NH,),Cl, 1s now
known to be a uy-nitrido complex'*7?,

A number of osmium dioxo complexes are known, normally called ‘osmyI”
species They are all of osmium{VI), taking the form [OsO, X, 1"~ (X = Cl, Br,
1/2 ox, OCH,, OH, SO,, NH,) and [0sO, (OH),X,)?>~ (X = Cl, Br, 1/2 ox) —
these latter species' ®® were formerly believed to contain [0sO4X,]*” ions. They
all have trans-dioxo units and the vibrational spectra of most of them have been
measured*!-19¢,

The X-ray crystal structures of K,[0s0,CI,]*? and K,(0sO,(OH),}
{Table 3)*° confirm this. The electronic spectrum of ‘potassium osmate’, K,[OsO,
(OH),] has been measured (this compound 1s formulated 1n the clder literature as
K,JOs0,] - 2H,0O but was re-formulated as containing frans-{0sO,(OH),J*~ by
Lott and Symons on the basis of the electromec spectrum and the diamaguetism of
the complex*?*). Schemes for bonding 1n osmyl complexes have been proposed®*-*4,
It is Likely that cyclic osmium(VI) esters are formed as intermediates dunng cis-
hydroxylation reactions between olefins and osmium tetroxide. The main steps of
the reachon, which is widely used 1n organic chemistry where a smooth and spe-
cific cis-hydroxylation 1s required, are probably:

NS
\C/ \c{._‘g\ fO C—0H
2py + Os0, + | —= | Ooyly ———= | + 050,
C C——0 \o C—OH
SN SN AN

Monooxo complexes. Species of this type are very rare for this group of ele-
menis. Undoubtedly the oxotetrahalides of osmum and ruthenium are monomeric
in the gas phase, but in the solid state they are polymeric with balogen bridges.
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The only complex which is known to be a monomer at room temperatures in this
group 1s OsOF s, a green crystalline solid {m p. 59.8°) made by fluorination of
osminm dioxide at 200°. The ESR spectrum of a solution of tbe substance was
measured®®*, There 1s also a report of (NO)* [OsOF,]™.

Although it has been claimed that the green reaction product of OsOCl,
and caesium chloride at low temperatures is Cs,[OsOCl;], this bas not been es-
tablished beyond doubt since tbe product was certainly contammated with
Cs,]0s0,CL,).

Species such as [IrO(OH)]* and [RhO}** have been claimed but there is no
good evidence as yet for their existence. There is however evidence for the existence
of ‘ruthenyl® species in aquecus solutions of ruthenium tetroxide with perchloric
acid; these are probably [RuO(H,0)]** 3°5,

Polynuclear complexes.
Binuelear. Iron(I11T) forms a senies of binuclear complexes with a number of ligands,
and such species contain either a Fe-O-Fe bridge or a diol system,

oH
Fe< >Fe
oH

Systems which have been shown to contamn the first type of Iinkage are [Fe base,]O
(the base being of the Schiff type)'3® and a number of o-phenanthroline and
bipyridy! iron (III) species probably have a stmilar structure?®, Magnetic suscep-
tibility measurements were made over a temperature range on these species and
magnetic exchange intergrals evaluated; a qualitative molecular orbital scheme
was proposed to account for the results!38,
Ruthenium and osmium: the complex anions [M,0X,,]*~ (X = Cl, Br) are made
by the reduction of the tetroxides with hydrochloric acid under carefully cone
trolled conditions; a new preparatron for K fRu,OCl, 4] using rutheninm and po-
tassium chlorate has recently been described?®. The X-ray crystal structure of
K [Ru,OCl 4] shows that this has a Dy, centrosymmetric structure for the anion
as has K [Re,OCI;,] {¢f. Table 5 7° and Fig. 3). The Ru-O distance of 1.80 A is
clearly indicative of some metal-oxo multiple bonding. The complex is diamagnet-
ic; this and the electromc spectrum’# 22 have been interpreted on the bonding
theory of Dunitz and Orgel already described (p. 471)73. Vibrational spectra of
these and other binuclear complexes containing linear M-—O-M bonds have been
measured®?, and the results compared with those for analogous linear M—N-M
systems'!7; force constants have been evaluated for these systems on a simple
valence force field model 41114,

A rare example of a up'-dioxo system is K4[05,0,(0N0,);], formulated
in the early hierature as an ‘oxy-osmyl® complex K,[OsO;(INO,);] and then re-
formulated by the author (whe had at his disposal the modern wonders of in-
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frared spectroscopy) as K,;[OsO,{OH),(NO,),]*°%; it is in fact binuclear (11), as
X-ray studies now show (Table 5)71,

o] 1/\||/
OQN/I\\/ \Noz

{1}

Newly primed with this knowledge it was possible to re-interpret the vibrational
spectrum®!

Trinuclear. Two types have been distinguished with these metals: triangular tri-
nuclear and linear trinuclear.

The complexes which are believed lo contain triangular M,O units (the
three metal atoms at the vertices of an equilateral tnangle with the oxygen at the
centre, the four atoms being coplanar) are [Fe;O(CH,COO)(H,0),]* and the
ruthenium complex [Ru,O(CH,COO)4(H,0);]1*. Magnetic susceptibihty data
determined over a temperature range support the trinuclear formulaiion for the
iron complexes'*? as do the wibrational spectra*?, and both methods suggest that
the iron spectes retam this triangular structure m aqueous solution*!13%, Further-
more, the iron acetato complex [Fe,O(CH.COO),(H,0);]Cl-5H,0 is iso-
morphous with®?, and has very similar unit cell constants to, the corresponding
chromium species, the structure of which has been deteromned by X-ray methods
(Table 5 %3; Fig. 10). A compound which probahly has a relaied structure is
Km[Ir_,,O(SOq.)g]. made by boiling (NH,)3[IrCls] with sulphuric acid. The com-"
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 15 hikely that the diamagnetic mfrido species
K [IriN(E0)s(H,0)5] (13) has a similar type of structure™. This 1s supported
by measurements of electronic’®-7* and vibrational spectra®7-118,

‘-304 0= Hno a-
(50, }2~—Ir‘_{50 i (SO, ), === Ir == 150,),
\ / \/ \/ i \/
"‘x‘__‘lr /I!"—"'\". -'"“-/}If‘\
~
Stf \tso4}2/ 50, Hp \\t‘—’-o“h OH,,
112} {13)

In the ruthemmum red complex, [RuzO,(NHj3),4J®" (made by oxidation
of ruthenium (IIT} or ruthenjum (II) ammines) it has been proposed that there is
a linear Ru-O-Ru-O-Ru skeleton®®?; this is consistent with the diamagnetism
of the complex and its electronic spectrum”. A similar structure has been pro-
posed for the brown oxidation product of ruthenium red, [Ru,0,(NH,), 17" *°7.
Vibrational spectra of the complexes have been measured*’®,

Caordin. Chem. Rep , 5 (1970) 459-517
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Finally, the tetranuclear copper(Il) complex Cu,O0Cl,(Ph,PO),, is in-
teresting as bewng a transition metal analogue of the tetranuclear basic acetates
of beryllnim and zinc. In the copper complex the oxygen atom is at the centre of
a tetrahedron of copper atoms, and chlorine ligands spans the six sides of the

tetrahedron (Table 5, Fig. 17)72.

Fig 17 Structure of Cu,QOCIo(PhaPO)., for clanty, only one of the six chlorine higands which
span the sides of the tetrahedron is shown
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