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6. CHROMIUM

L.F. LARKWORTHY
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INTRODUCTION

This review deals mainly with literature on the inorganic and coordinaticn
chemistry of chromiun which appeared during 1980, hut it includes some work
publisied in 1979 usually in less accessible journals. The organometallic
chemistry of chramium has not been covered. Chramium{III) chemistry has egain
been the most active area,

6.1 CHROMIUM(VI)

Complex formation between Ag® and [CrO, ]2_ in molten 1:1 (K,Na)NO; has
been studied by measurements of BMF, solubility, and absorption spectra [1].
Weak complexes [AgCrO,]”, [Ag2Cr0,], and [Ag(Cr0y): 1> are formed. Absorption
spectra of [CrO, ]2_ in melts with variocus cationic (K,Na) campositicns show
a shift to lower energy of the low energy band on association with Ag® which
has been attributed to considersble d back donation from Ag" to [CrO, 1?.

The new chromtes K,Pb, [Cr0,)s and [NH, ) Pb,[Cr0, ]: and solid solutions
formed from them have been studied {2]. Potassium chromate and dichromate
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form the corresponding acids in a Na/KHS0, eutectic which deccomose into water,
dicxygen and Cr:0;, and this is converted inlo chromium{1II) sulphate [3]. In
a melten LiC0;/Na,C0,;/K,CO; eutectic, dichromate produces chromate and CO;,
and CrO; gives [Cry0u; 12, [CraOw 177, [Cr:0,1%" and finally [Cr0.]% as the
temperature is increased [4]. The products were identified fram their
reflectance, IR and Raman spectra.

Investigations of the gas phase Raman and matrix IR spectra of CrQ;F: have
led (5] to en unambiguous assignment of the stretching vibrations in this
molecuie, and have confirmed earlier gas phase IR assignments. Fram the
Bor- 2Cp isotopic shifts, the bond angles have been calculated to be
0-Cr-0, 102.5° and F-Cr—F, 124° in agreement with the previous ED results,
but not with the results fram microwave spectroscopy. For S0;F: the angles
are known to be 0-5-0Q, 124.0° and F-5-F, 96.10, and this is another example
of the structural contrasts often found between related transitiom-metal and
main-group campounds; only the latter follow the principles of the VSEPR
theory.

Dichlorine hexoxide reacis with anhydrous chromium{III) chloride [6]
according to egquation (1}, but there is some oxidation to Cr{iV) and formation

CrCl; + 5C1,05 ——C w [C10; 1, [CrP T

(Cl0,)5] + 3C1C; + %Cl, (1}
of [Cr¥10,(C10,),] which can be removed under vacuum leaving [C10; }o[Cr(C10.)s].
On heating, this chloryl salt forms Cr0;; its IR spectrum shows that mono-

and bidentate [C10,] groups are present and cantains bands at 1300 and

525 cn * assigned to the v, and & vibrations of [€10,]*. From its IR

spectrum [Cr0,{Cl0, ), ] contains monodentate perchlorate grours so the chromium

has a tetrahedral environment like Cr0,Cl,.

Electron diffraction date for gaseous Cr(; can be best interpreted by
assuming that it consists of trimers and tetramers, with puckered rings in
relative abundances of 30% and 70% [7].

An ehalysis of the spectra of CrQ:Cl: in mixtures of carbon tetrachloride
and acetone suggests that CrQ,{0C{CH;)};}Cl, is fommed [8]. The products of
oxidation of 2,4,6-tri-t-butylphenol with Cr0,Cl, are mostly quincnes and
diphenoguinones. It was concluded [9] that Cr0;Cl: is not a good mdel for
the proposed ferryl intermediate in haen oxidase systems since it induces
1—3 rather than 1-——2 halogen shifts and an NIH shift that is best explained
by carbenium ion-like intermediates., The chramic acid cooxidation of
2-hydroxy-2-methylbutyric acid (HMBA) and 2-propancl is a two stage reaction;
the first stage produces methylethylketone, acetone, CO., Cr(V} and Cr(Iil}
and, in the second slower stage, Cr(V) oxidises HMPA to acetone and C0: end
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forms Cr{III). Unlike Cr(VI}, Cr(V) selectively oxidises hydruxy acids [10].
Spectrophotometric, FSR and kinetic investigations have been used to identify
Cr{V) end Cr{IV) intermediates in the oxidation of alkylaramatics by
chramyl{VI jacetate in acetic anhydride [11].

Deep red crystals of a ¢-butylimido complex are formed {12] in the reaction.

Cr0,Cl; + 4PBUNH(SiMes, ), DeXBE&. (PRyK),Cr(0SiMes)s + 2 BulH(SiMes)CL

A rapid and sensitive method has been developed [13] for the determination
of trace ampunts of Cr(vi). It is based on the pre-concentration of Cr{VI}), as
the diphenylcarbazide complex on a mixed resin prepered fram finely divided
anion and cation exchangers, and the subsequent measurement of absorbance of
the resin phase after collection on a filter paper as a uniform thin layer.

- It is a hundred times more sensitive than the ordinary solution method with a
1 an celil,

An X-ray spectroscopic study of campounds of chramium {in oxidation states
(VI), (IV) and (II}}, nickel, and molybdenum has shown that the chemical
shifts AE of the K-shsorption edges follow the expression AE = aq + bq®, where
q is the effective charge of the absorbing metal ion and a and b are constants
[14]. AE generally increases with oxidation state, but an exact relation
could not be found because campounds in the same oxidation state show a wide
range of AE's as AE is determined by effective charge rather than oxidation
state, In agreement, the AE values vary linearly with metal Zpgxz binding
energy data from XPES.

6,2 CHROMITM(V)

The known neutral compounds of chromium(V), CrFs, CrOF, and CrOCl;, are
poorly characterised, The last has been prepared [15] by 2 lnown method -
reaction of CrQ,Cl; and BCl, -~ and found to be stable indefinitely in dry
glass ampoules at ea. 263 K, although it slowly decomposes to CrJ:Cl: at roam
temperature. The mass spectrum of the vapour above the samples at 283 K
contained the molecular ion [CrCCls]", and the g value of 1.989 for solutions
in CC1,F is comparable with values for [CrOCl,]” and [CrocisP2™. The IR
spectrum of CrQCl; in an inert gas matrix at 12 K has been assigned on the
basis of 6'3‘; symmetry, and the C1CrCl bond angle is estimated to be 1055 .
However, the solid (at 250 K) is thought to be a polymer becaise of its low
volatility znd the presence of an additional v{Cr-Cl) band in tbe IR spectnum.
Decarpositicn to Cr(,Cl; prevented the determination of the solution spectrum
but the electronic spectrum in an argon matrix correlated well with that of
YOCl;.



108

The order of predominantly metal d—orbitals in [CrOCl,]”, [MoOCL,] and
{McOBr, 17 has been determined from molecular orbital calculations to be
d:cy < a‘xz yz < dxz_yz < dzz [16]. The lowest energy absorption is due mainly
to the dxy —d transiticn, and the second absorption and the iwo higher

energy bands ar;af)"::dicted to arise from halogen-to-metal charpge lransfer
transitions which obscure the symmetry forbidden 4-4 excitations. Purther
caleculations of the icnisaticn energies of CrOCl; [17] and investigations of
the EPR spectra of [CrO, }3' in Srs{P0;};Cl and Bas{PO,);C1l [18,19] have been
carried cut.

In the presence of chiorotetraphenylporphinatochramium(III), Cr' ' (TPP)CL,
iodosylbenzene will oxidise simple unsaturated hydrocarbons to alcohols and
expoxides, and alcohols to ketones or aldehydes [20]. This is due to the
formation of the oxoporphinatochromium{V) camplex (1) which can also be

(1)

prepared by reaction of m-chloroperoxybenzoic acid with Cri{TPP)C1. The IR
spectrum of (1) showed a strong peak at 1026 an ! which shifted on *0
substitution and is assigned to the Cr=0 stretch. Its magnetic moment of

2,05 Mg {Evans method) is consistent with the (Crv=0) formulation, and the

oxo ligand exchanges with H, 0. The reactions resemble those of cytochrome P-450
and provide some evidence that (Fe=0)3+ intermediates may be inwvolwved in the
cytochrome oxidations,

Ancther cxpochromium(V) complex (2), this time of a corrole (2,3,17,18-
tetramethyl-7.8.12, 13-tetrasthylcorrole, HaMEC) has been described [21]. This
campound was prepared by aerial oxidation of the chramium(Ii) species which was
not isolated. A band at 964 cm ' was assigned to the Cr=0 stretch and the
magnetic moment of the solid was 1.71 u, at room temperature; the ESR spectrum
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(2)

! configuration. The binding energies (XPES) of

was consistent with a (d
the core electrons of the metal in {CrO(MEC)] were greater than in
[cr'*l(TPP)OMe ], indicating 2 higher oxidaticn state for the metal in the

former.
6.3 CHROMIUM{IV)

In order to prevent an artificial separation of complexes of the same
ligand, some chromium(III} and chramum{IV) camplexes are considered together
in this sectiaon.

Nitrosonium hexafluorochramte{IV), {NOJ.[CrFe]), has been prepared by
reaction of nitrosyl flucride with CrFs and characterised by Raman
spectroscopy [22]. The structures of the new camplex fluorides As[CrF7],
where A is Bb or Cs, have been solved [23] by assuming that they are isotypic
with K;[SiF;]. Ferromagnetic CrO, has been prepared by a new method [24]
and ESCA spectra are said to show that CrQ, and TbCrQ, can be considered to be
Cr;0;, CrO; and 3Tb,0;.Cr,0s.4Cr0;, respectively {25].

The adamentoxo complex [Cr(l-ado):] has been obtained [26] fram Cr[N(zPr)zlg
and l-adamantsnol (3: 1-adoH). On oxidation with CuCl, [Cr{l-ado),] is formed

OH

(3>

and this can also be prepared fram Cr({NEt:), by alcoholysis, or by oxidation
with CuCl of the solid crystallised from ferCly(thf); ] and Na{l-ado) in thi.
The chramium{IV¥) camplex is air-stable end, because it does not undergo redox
cr disproporticnation reactions, is a convenient starting material for the
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preparation of tetraalkyls, e.g. Cr{CH,SiMe;),. f[Cr{l-ado);] reacts with nitric
oxide to give [Cr{l-ado);NO] {w(NO) = 1715 an '}, and it is believed to be
polymeric 1like [Cr(CEt )g ]n. There is a molecular ion in the mass spectrum of
[Cr(1-ado)y] (Mggg = 2.68 py at room temperature), and the IR spectrum indicates
2 monomer. Its stability arises because the small covalent radius of Cr(iIV)
allows close packing of the adamantyl groups which protect against encroaching
ligands,

Many alkoxo-coamplexes can be cobtained as above by alcoholysis of the
corresponding metal dialkylamide, but Cr{N{SiMe;}.}; and Cr(NEt;}, do not
react with the sterically demanding bhis(¢-butyl )methanol. The chromiun{III)
complexes Cr{w:[(tﬂl)z}g.thf and LiCr {(I:H(tﬁu)z}g.thf have, however, been
prepared fram ethereal [CrCl;(ihf);] and Li[CIH(tBu}z], and the chramium(IV)
complex Cr{ocH(®Bu),}, by oxidation of LiCr{OCH(’Bu):}..thf with CuCl or
aerial oxidation of & mixture of anhydrous CrCl; and Li{ocH(%Bu).] [27].
Related complexes with Mn(II), Fe(II1), Co{II} and Cu(I11) have also been
isplated. All zre very soluble in non polar solvents and Cr{GfH(tBu)z}a is a
monoamer in benzene, but the solid has & low moment (uMf = 3.2 g at 23 °C}
and the broad IR band, v(Cr-0), at 255 cz'n"'1 also suggests that it is a dimer.
The absence of strong bands between 450 and 750 an © suggests that
cr{oa(®Bu), }. is a moncmer {v(M-0) = 718 cm >}, and this has been confirmed
by an X-ray investigation. The O-Cr-0 apgles are c¢lose to tetrahedral
(108.8-112.4"), and the crowding in the molecule prevents ccordination
oligawerisation. The short Cr-0 bond lengths (1.771 and 1.774 ﬁ} indicate
O =+ Cr pn-dn bonding, which may account for the rather large Cr-O-C bond
angles (140.5,141.1"). Steric effects rather than a non-spherical d° shell
m2y be responsible for slight flattening of the coordination tetrahedron.

In LiCr{OCH(’Bu),},.thf (4) the tetraccordination of the Cr-' is severely

R

l OR
O ———Li cr

4] OR

I

R

(4; B = ‘mu,cmy

distorted by the formmtion of a CrO.li ring, in which Li* forms fwo short Li-O
bonds {1.832 and 1.861 4) and is three coordinate as it is also bonded to the
thf molecule (Li-O = 1,943 ). Previously known chromiun(III) alkoxides differ
in that they are polymers probably containing CrQ; octahedra.
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The stable alkyls Cr(2-ad), and Cr(adme)s (where 2-ad and adme are the
2 adamantyl and l-adamantylmethyl groups, respectively) have been prepared
from Cr(OrBu)z. and Mg(2-ed): or Li{l-adme} in light petroleum [28]. Helium(I)
UVPES have been reported for Cr(N*Prz); and Cr(NEt,),, and the interpretation
of the spectrum of the former was aided by calculations on the model compound
Cr(NH:;);. Ionisations fram the metal molecular corbitals of Cr(N'iPrz)s are
detectable, unlike with Cr{N(SiMe;}:}: [29].

6.4 CHRCMIUM(III)
£.4.1 Complexes of gimple ligands

The amnonium salt [NH, JCrF,, prepared [30] by hydrothermal high pressure
techniques, is antiferrcmagnetic (TN = 34 K), and has a structure related to
that of T1AlF,. It decamposes thernally to CrF; at 400 C and Cr.Fs at 1000 C.
One dimensional magnetic behaviour is exhibited by CaCrFs [31]; the nitrosonium
salt {NOJ;fCrF¢] has been characterised by its Raman spectrum [22}; crystals
of NaCrF,, Na,ZnCrF;, and Rb.CrsF;; have been flux-grown [32]. Reflectance
spectra show [33] that [CrF,¢(H;);] is as written and not as [Cr(CH;)g }J{CrF;].
A clear assigmment of the two IR active metal-ligand vibrations in [M'I(CH,)e 1*
has came from camparisons among the mull IR spectra of the caesium alums

caM* 11 (50,),. 12,0 (M1 = A1,Ti,V,Cr or Fe), and other alums [34). A strongly
metal-dependent band found in the region 500 to 600 av ! was assipned to the
antisynmetric MIH—G-IZ stretch vy, and a weakly metal—dependent band in the
region 300 to 360 anul to the antisymmetric MIH—CHZ bend v,. These assigmments
were OOIlflIﬂ'Ed by the study of chramium 2lums enriched in ®Cr or ¥Cr: only Vs
(5 an )a.ndv.. (3 an )“ereshifted

The crystal field absorption spectra of metamegnetic CrCl; and ferromagnetic
CrBr; have been analysed [35). X-ray diffraction studies [368] of concentrated
chromium(1I1) solutions in equilibrium conditions give average values of 1.87
and 2.31 A for the Cr-Gi, and Cr-Cl bond distances, respectively, similar to
the values from solid state measurements. The free chloride ions are
hexshydrated and there is a well defined second coordination sphere arcund the
metal ions.

Anhydrous Cr[Cl0,]; has been prepared by reaction of perchlaric acid with
anhydrous CrCl; at 10 °C [6]. Its IR spectrum indicates the presence of
bidentate perchlorate groups which may arise from a monomeric structure or a
three-dimensional structure with weakly bonded {C10,] . The perchlorate complex
{10, ).{cr'*1(C10, )5 ] was also prepared (see p.106). Hydrated and anhydrous
chromiun(111) perthenates [37], and the phosphites H[Cr{#P0;):] and
Crs(HPO, )3, THz0 [38] have been isolated. The ion [Cr(M#;)s0H)?" reacts rapidly
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with dissolved sulptur dicoxide in agqueous solution to form the unstable O-bonded
sulphito species [Cr{NHa}s050; ]+ which has been characterised by its visible
absorption spectrum [39].

Some camplexes of monodentate J-donor ligands have been isolated including
the following: [Crig][BF,]s, (L = 2,6-lutidine #-oxide) [40], [CrL.(GCl0,).](C10:},
{L = methyl methylphenylphosphinate, MeFh{MeQ)PO) (413, the fac— and mer-isomers
of {CrCl;Ls], (L = hexamethylphosphoramide) [42] and [Cr{ccs)eJX; and
[Cr{ccs)aYs] (where ccs is the broad spectrum antibiotic cycloserine (5) and

H:}: C\I::‘:z
%

(5)

X=10Cl, Br, I and Y = Br, I) [43]. The cycloserine is monodentate, through
carbonyl oxygen in the first group of campounds and NH of the amincketo form
in the second group, which from the far IR spectra conmtain coordinated halide
and are the meridional isomers,

In [Cr{urea)s J[Co(NH; ¥, (M2, }3.3H,0 the chromium atoms are coordinated to
six wea molecules, but the crystal lattice contains two non-crystallographically
equivalent chromium complexes [44].

The reacticn of CrCl; with anhydrous formic acid gives [45] the basic
trinuciear formate [Crz0(0,GI),(CH; ), {HCO:H)](HD0,) . HOOH, and not [Cr{0.C(H);]
as suggested earlier. With bases (L), the compounds [Cr;O(0.(H)e{L)s {0.CH)
are cobtained. With carboxylic acids generally in rigorously anhydrous
conditions, CrCl; produces the basic trimuclear carboxylates [Cry0(02CR)s JC1
[46]. Since they have low magnetic moments (~2.8 g 2t room tacperature), they
are thought to be analogous to the known [47] acetate ¢(6), but it is not obviocus
which ligand would occupy the apical positicns in these carboxylates. However,
ammonia adducts can be obtained although their magnetic momentis were not given.
The reaction of CrCl; with glacial acetic acid was said [48] to give
fCr; ((HM){0;CCH; )¢}, and this is thought to be because the acid contained some
water. The exchange parameters in the trinuclear carboxylates
[Cr:0(0;CR )¢ ¢0H, ) ; ]C1.6H,0 and NO;.CH,COH {R = (H;, C,Hs} have been determined
fran their N; laser-excited luminescence spectra [49).

The thermogravimetric behaviour of CrCl;{0,CR).thf, CrT1{Q,CR};, and
Cr(0;(R); (where R = CyyHps, CysHy, CiyHas or CaiHes ) has been analysed [50].
Temperatures below 1 K have become more readily accessible because of the

advent of the ‘He-"He dilution refrigerator, and measurements of the megnetic
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(8}

susceptibilities of single crystals of the new campound [Cr(NH;}¢]1[€10, ]2Br.CsBr
have been used to calculate precisely the zero field splitting {51]. -

On heating [Cr(urea)sJCl: in the presence of ammonia the isocyanato
complex [Cr(MH;)sMODICl, can be obtained [52). The methylamine camplex
fCr(NH,Me) s (OH; }1{ND; ]; hes been isolated but it polymerises in air at room
temperature with loss of nitric acid [S3]. The hydroxylamine complexes
{Cr(NH,OH) ) (OH )2 CLJ(OH) » . EtCH, [CréNH,CH)sCGHICl,, [Cr(MH OH);(CH,)(CH): JOH.1.5H:0
and [Cr{MNH,C8), (50, YC1].2H;0 have been reported [54]. Electronic spectroscopy
shows that the isothiocyanato-species [Cr(N’CS):.]3~ is formed from Cri’
potassium thiocyanate melt [55). The thermmal decomposition of
[Co(CH, ) (N3 )s ]{Cr(NCS)s ] first produces [(H;N)sCo(S(N):Cr(NCS);] and then
amide and imde bridged linear polymers {56]. Some cyano-bridged compounds
Afeia—(en ) FOrNOW ITT) ()5 Jag. (where A = Na, K, NH, and M(IiI} = Co, Cr)
have been prepared [57] fram trans-[CrF(CHz)(en)2]* and [M(CN)s]°™. When
M(III) = Cr, the compounds are antiferromagnetic. Some moncamino acid
complexes have been prepared by substitution of the chloro-ligand in
fcr(MH;)sCLICL, [58].

Chromium(III} differs from molybdemm{III) in not forming dinuclear
alkoxides of the type M:{OR)¢ containing metal-metal triple bonds, but it does
form [59] related nitrosyls CI'z(OiPr}s(m)z and, in solution, Cr(0"Pr)s;(NO)L
(where L = NH;, pyridine, or 2,4-lutidine)}. With the bulky tert-mtoxy ligand,
a monomer Cr(0°Bu)sNO has been isclated. Dinuclear molybdenum nitrosyls
Mo {(R}e(NO); are obtained by reaction of Moa((R)e with nitric oxide, but
Crz(D'iPr)s(m)z was obtzined fraom C.E'(Nipl'z}a by reaction with nitric oxide to
give Cr(NiPrz}abiO, which was then heated with iscpropyl alechol. The air
sensitive dinitrosyl compound is diamagnetic, from cryoscopy 1s dimeric in
solution, and there is a weak mplecular ion {Cr2(0"Pr)s(N0)z]" in its mess

in &
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spectrum. A complete structurzl determination was not possible because the
brick red crystals soonr decomposed in the X-ray beam, but as the crystal data
were similar to those for l\bz(o?’Pr)E,(NO)z the same slructure {7) has been

o
N
OiPr I
y }c: olpr
0O Pr | i
. o Pr
0%pr Cr/
I \DlPr
N
0
&5

assigned in which each chromium atom is in a trigonal bipyramiq.al environment .

The values of v(NO)} for Cr(N""Prg)3N0, Cr(OtBu)gNt) and Crz(OLPr)E(m)g are
respectively 1641, 1707 and 1720 am . In these and the related molybdenum
and tungsten compounds, all of which have the formal oxidation state I, the
M-N-0 groups are linear, and the degree of back bonding increases as the
electronegativity decreases and the m—donor ability increases from OR o NR:.
The degree of back bonding aiso increases down the group Cr < Mo < W, The
low temperature limiting ‘H NMR spectrum of Cr,(0 Pr};(K0):; is consistent with
structure (7) in solution. Above BO °C there is rapid exchange on the NMR time
scale between the bridging and terminal isopropoxy ligands, as found for
MJZ(OiPr)a{m)z. The bridge === terminal exchange is believed to be intra-
molecular, the first sitep being the formation of a monobr:'%dged dimer with one
four coordinate chromium atam through separation of the Go"Pr group trans to the
NO group. 'H NMR studies show that in tcluene the mixed metal dimer
Cr}\b(OzPr)g(MJ)z Torms in equilibrium from eguimolar amounts of the hamonuclear
dimers. Thege studies slsc demonstrate the equilibrium formation of the base
a.d.dumfs Cr(O?’Pr)s(NO)L, but solids could not be isolated beceuse L is lost and
Cl‘z(O‘LPI‘)s(NO)z reformed on removal of the solvent,

The double isopropoxide Cr[Al(OiPr).. ): is 2 green liquid which, unlike simple
isopropoxides, is‘ soluble in organic liquids and can be distilled in vacium
[60]. The (Al(O”Pr)-,]" ions act as bidentate ligands and the complex is
prepared as follows:—

CrCl;.3 thf + 3 K[AL(O'Pr), ] 2280 e Cr[AL(O*Pr)e ] + 3 KC1¢ + 3 thf

The alkoxy R-diketonate complexes [Cr{0Bt),L] and [Cr(CEt)L,] (where



HL = acetylacetone, benzoylacetcne or thenoyltrifluoroacetone), and
[Cr((Me){acac); ] have been characterised [61].

§.4.2 Compleres of bidentate ligands

The electronic absorption spectra of Crly (HL = pentane-2,4-dionato or other
p-diketones) in the gas phase are identical [62] with those in sclution, The
pairs of chromium atoms in di—u-diphenylphosphinatotetrakis({pentane-2,4-
dionato}dichremium{ II1) are held by two -0-PPh;-0- bridges forming a puckered,
eight-membered ring [63], Mass spectra at normal and elevated pressures of
(Cr(dpm};] {dpmH = dipivaloylmethane (2,2,6,6-tetramethyl-3,5-heptanedione}}
show that, as with similar transition metal complexes, at higher pressures the
primary positive fragment ions, e.g. [Cr{dpm},]", formed at low pressure,
undergo bimolecular reaction with the neutral mononuclear camplex to form
neavier polynuclear ions {minly CrzL;‘\+ and Cr2L5+ for CrL,) with uwnfragmented
ligands [64]. This behaviour is like that observed for chelates of less
nindered f-diketonate ligands. The f-butyl groups hinder but do not prevent
gasecus ion/neutral molecule associatian of octahedral (and tetrahedral)
complexes, and do not affect the association of planar species. Charge
transfer between fragment ions and the neutral complex, producing [Cr(dmm)s},
canpetes with association. Tnis has not been cbserved with [Cr{acac):].
Ligand field parameters have been reported [65] for a number of B-diketonate
complexes.

Thermal decomposition of Kif[Cr{C.0,};]}.3H,0 takes place in five steps,
involving the formation of carboneto-complexes and finally the mixed oxides
[66]. Other dicarboxylates have alsc been investigated by thermal analysis
167]. The disappearance of the -CH:>— wagging and bending bands on reaction of
bromine in diethyl ether ar of #-bromosuccinimide in chloroform with the
tris(malonato)chromate{III} ion, shows that [Cr{(Ozc)zc'tIBr}s]‘r‘“ is obtained
{68]. Tne same product is obtained by reaction of monobromomalonic acid with
potassium dichranate, The magnetic and spectroscopic properties of
Cr2(C504)35.6H0, Cr:(Ca0y);.4N,H, . 4H0 and Crp{Cy0, }; . 7N2H, .H:0 have been
discussed [69].

The complex [CrL;]}.4H0 (where LH = l-carbamido-3-methylpyrazol-S-one (8))
has been prepared by reaction of NaL with [Cr({urea)s]Cl:.6H,O f70].

N-Unsubstituted tris{hydroxamatc)metal conplexes, for example (9), can be
deprotonated in strong acid to give the anionic tris(hydroximato)metal
ccrplexes (10). The eis-tris(benzohydroximato)chramate(IIi) salt
Na; [Cr{C;HsNO» )3 }.Nal.NaOH. 9H,0, 3QH;CH.C.H:CH and the tragns salt
Na;[Cr(C;HsNO; )3 . 8H,0.C;Hs(H have been obtained in this way, but from the
hydroxamato-complexes of the opposite geometry [71). Small changes in bond
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lengths occur on the loss of the proton and these are rigid, octahedral
complexes, in which the hydroximate ligand hss substantial negative charge
on botn oxygen atoms and nearly full formztion of a C=N double bond in the
ring,

The formulation of neutral tris{o-quinhone) complexes of chromium{iIl) is
uncertain (see 1979 review). It has been confirmed [72] that [Cr(3,5-di-
tert-butyl-1,2-benzoquinone)] is diamagnetic in (H,Cl;, and the IR spectrum
is compatible with the presence of coordinated co-semiquinone (sg) rather
" (sq), ] with
strong coupling between the metal and semiquinone electrons, Four new
complexes of 2,2'-bipyridine-N #'-dioxide (bpdo) and 3,3'-dinmethyl-2,2'-
bipyridine-#,¥'~dioxide {dmbpdo}, which form skew seven—membered Tihgs on
ccordination, have been prepared [73]. These cantain mixed ligands, and are
the perchlorates of [Cr(L);(bpdo)}** and [Cr(L},(dmbpdo)}** {L = bipy ar phen}.
Fach camplex gave cnly one (resclved chromatographically} of twe possible pairs
of enantiomers. Fram the (D spectra, molecular models, and the recovery of
optically active free dmbpdo ligand, it was decided that the ena{lticn'eric
pairs consist of A(S) and A{}) isomers, with the skew dioxide chelates in the
ob configuration. BSteric interactions between the hydrogen atoms of the

than o-quinone or catechnlate, so it appears that it is [Cr
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dioxide and a-diimine ligands seem to prevent the formation of fel enanticmers.
when diisopropyl methylphosphonate {(OiPr)z(IlgPO = dimp} ig refluxed in
di-#-butylether with Cr{CO)e, aerial oxidation produces the previously
characterised polymeric chramium({I11) complex of isopropyl methylphosphinate
{imp), [Cr{C&)(C‘Ha)(Cf":Pr}O}S]?I £74]. Reaction of Cr{C0); with a large excess
of dimp under dinitrogen, however, affords the polymer [Cr(imp}(nm)]n
(mp = methylphosphate) which has a subnormal magnetic moment of 3,34 up at
roan temperature.

Chromium {and molybdenum) hexacarbonyls in ethanenitrile react with
nitrosanium salts NJY {Y = HF, or PFs;} to give the paramagnetic complexes
[M(NO)(NCMe)s JY» (11), which readily undergo nitrile substitution reactions
with anionic and neutral ligands [75]. The reactions of the air sensitive
chromium camplex are summarised in Scheme I. The redox properties of
complexes (11) to (15) have also been studied by cyclic voltammetry, and the
mitually zrans positions of dppe in €13} to (15} have been verified by P NMR
and ESR spectroscopy and, in the case of (15; X = F), by X-ray crystallography
also., Campound (12}, R = Me, is seven coordinate, which is rare in chramium
chemistry, with a pentagonal bipyramidal structure and a linear nitrosyl ligand
in the axial position. The fluoro ligands in [CrF(NO){dppe}.]¥ and
[CrF{ND)(dppe):; ] must arise froem decamposition of the anions {see also p. 121).

Tne UVPES spectrum of Cr(S5;PEt;}: has been assigned [76] in the 1ow energy
region, and the electrochemical behaviour of the dithiobenzoates,
[Cr(S.CCeH,R)s] (R = H, Me, MeO, Me:N, or Et:N), has been studied [77].
Published data cn the volatility of complexes of the transition metals including
chramium with bidentate salphur donor and sulphur—oxygen donor ligands have
been stnmarised [78]. Same complexes of alkynyl dithiophosphinic acids have been
obtained, e.g. [Cr{8,PQH,(CsCCH;z}}:] [79]. The replacement of water by
thicurea derivatives in solutions of dithiocarbamato camplexes of the type
Cr[l*[){dtc}z(diz)] has been followed by EFR measurements [80]. 1t appears that
the thicurea derivatives arise framn decomposition of the dithiocarbamato
lipgands.

The additicn of an excess of monoethanolamine {L) or diethanclamine (L'}
to solutions of CrCl;.6H.0 and an amino acid in dmf gave [81] [CrALC1(CH)].L
(HA = g-or B-alanine), {Cra*L;Cl{CH}:J..2L (HA' = oc-amino-octancic acid), and
[CrAL'CL(CH)}. (HA = o-mlanine}. Pyridine-2-aldoxime (pax) forms [82] the
comlexes [Cr{pax)a]Cls.3H;0, [Cr{pax):X:}[C10,] (X =F, C1, or Br} and
[Cr(pax).(CH; ); JBr..H:0. IR spectra show that the neutral ligand is present,
and 6-methylpyridine-2-aldoxime gives [83] compounds analogous to the last two
types which have trans-structures. Cyclchexanone semicarbazone (16} and
cyclohexancne thiosemicarbazone (17) bond through the hydrazinic ¥ and 0(5)
atoms in {Cr{ligand),;X,JX, where X = C1 or NO; [84]. A series of octahedral



‘[62] (%3d 10 "4g = &) X[ S(SMDN)(ON)ID] FO SUOT3IORSY 1 AWHHDS

(6T) 10 ‘a =X

. [ 2(addp) (ON)XID)]
THEBN
D) 10 =X "HaeN
A[ ?(addp) (ON)XID]
_10
1Tes [ "udsv) D ’ (eD) b1 2 =X

[P 1EUD) 0TSO D] ~222 oy TazgTzer LS (SHOID) (ON) 1] 5z “AL *(304P) (SO (0N)D] P AL *(Sddp) (0N)X0)

1% ‘eN = ¥
[zunoes]en

(1) [E(ZaND?S) (ON)ID)

Xnyjyex)eusnioy

[ECUND%S)ID] + [*(ZuND?S) ¢ (ON)ID]-822

118



H H
l N A Cc——NH
N-—N-—C-—NRH, i 2
Po) 1
(16) a7

camplexes typical of chromium(III), [Cr(Cz);], has been obtained fram
#-substituted carbazic acids ¢18). N(3) and 0 are coordinated except perheps

Rll
o
R\\\\‘H-——-»N-———-C1§;$
R'/// o
(18)

when R = Ph [85]. The stability constants for camplexation of 2-pyridyl-
methanamine in dilute agueous solution at 26 'C are log X1, 5.65, log K» 3.16,
log K3 2.21 [88). Tris(diallylisccyanurato)chranmium(Iil) is reported [87] to
have a nagnetic mament of 3.05 g~

Investigations into the sterecselective chelation of F-(2-pyridyl)-c-alanine
(pyalal) to tramsition metal ions have been extended to chromium(III) [88].
From agueous solutions of Cro' and D-pyalaH to which [NBu, JGH has been added,
pink crystals of A-fee-[Cr{D-pyala);].H.O (19) heve been isclated. The

Pye——E:/'N
_ ”"O‘N‘T;thﬂb

\Cr
N/ \miz—-ca
N\ e
o
(18)

structural assignment is based on IH, visible, and (D spectra. It appears to
be in equilibrium with purple [Cr(D—pyala)zr in aqueous solution, but
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separates preferentially because of lower sclubility. The cation {Cr(D—pyala}, ]*

was separated by colum chromatography, but salts could not be isolated. Its
properties are as expected Ior a trans—CrN.,O; chramophore. The configurations
of the complex ions in (+)-[Cr{en}); }Br;.0.6H.0 are A{48)1) and it is not
isostructural with (+)-[Cr{en);]Cl: [89). The structure of the orthorhombic
form of [(+)Co(en}:{-)Cr(en);][S(N]¢ has been published [90], and the 25 known
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tris(ethylenediamine) campiexes {Al{en); 1X;, in which M = Cr{III), Co{III) or
Bn(II1), and X = C17, Br~, %Ni(®)s]* ete., have structures which can be
described in terms of the packing of the camplex cations teken as spheres of
radius 4 & [91].

Some new geometrical isamers of bis{l,3-diaminopropane)chromium{II1)
camplexes have been prepared {92] fram the appropriate dichloro or diagua
complexes. These include cis~ and trans—[Cr(ONO)2(1,3-pn): ]J[CI0, ] and ~is-
and trans—{CrilNs):{1,3-pn);1[C10,]. The cis—nitrito complex could not be
resolved, but (+)ss—cis—{Cr(N;),(1,3-pn},]{C10,] has been assigned the A
configuration, as have the known camlexes (+)ss—cis-[Cr{NCS};{1,3-pn); J[SC¥]
and (-}sp—cis—[Cr(N;):(en);]{C10,]. IR evidence supports the isothiccyanato-
and nitrito- formulations, but earlier IR criteria for distinguishing eis-
and trans— isomers do not work well. From CD spectra in the region of an
intraligand absorption band localised on the nitriteo ligands of A-eis—
fCr(®0);(en), ]{C10, ], trans-[Cr(OHO):[R-1,2-pn); J[C10,] and trara-
[Cr(C0)» (R, R—ptn), }[C10,] (where R-1,2-pn and R,R~ptn are (R)-1,2-diaminopropane
and {R,R)-2,4-pentanediamine, respectively), the chirality dus to the rotational
isamerism of the unidentate nitrito ligands has been substantiated [93]. The
(D spectra of single crystuls of (—)D-[(k{en)g]Cl;..'ZHQO and [(+)D—Cr(en)3-(+)n-
Eh(en); JC1,.6H;0 have been analysed [94].

The isocyano compound {Crien);{(NC).Ag]{C10,]: has been obtained from
eis-[Crien); (M}, ][C10,] [95] by reaction with silver nitrate, followed by the
addition of sodium perchicrate,

The new camplexes [Crien):(SCHCHCO, ) 1{C10, ] and [Cren}.(SC{CH; },00,}]{C10, ]
have been synthesised {96] by the reduction of the appropriate disulphide with
chromium(I1i)-ethylenediamine perchlorate. Oxidation of these and other
thiolatochromium{ I1I} cations, with hydrogen peroxide in dilute perchioric
acld, cleaves the Cr-3 bond and produces a variety of incompletely characterised
products, scme containing metal and same not., The corresponding cobalt{IIi)
camplexes underge 2-equivalent oxidation to isolable S-bonded sulphenato
{Co-S(0O)R), and then sulphinato (Co-S(0);R) complexes; it is assumed that the
chromium{I11)-sulphenato intermediates are unstable through weaker m-honding to
sulphur than in the cobalt{IIi) camplexe=, The kinetic evidence suggests that
thiols coordinated to cobalt(III) are slightly better nuclecphiles than those
coordinated to chromium(III).

It is known that the iherma} deamination of [Cr(en),}[NCS]; gives trans—
{Cr(en),(NCS), J[NCS] and that this is catalysed by [MH, }I[S3¥], although with a
relatively large amount of catalyst the product is the ¢is—isomer. Both AH
and activation energy have now been found [97] to change in a continuocus way with
amount of catalyst, when this is from 2 to & mole percent of the amount of
complex, suggesting that a mixture of cis— and trans-isamers results. [NH, ]C1
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catalyses the deamination of [Cr{en);]Cl., but this yields efs-{Cr(en),Cli,IC1.
The gmount of [NH, JC1 does not alter the nature of the product, and it is a
less effective catalyst than [NH,}[SON] {98], possibly because SUN bridges
more readily.

The thenmal trans to c¢is isomerisation of trans-{Cr{en);Br;Br.H,0 (I} and
iz to trans isomerisation of e7s-[{Cr{l,3-pn)zBr; |Br.2H;0 (II) have been studied
{923 by derivatographic and isothermal methods. In both cases iscmerisation
{activation energies I, 420, and II, 275 kJ u'ol-l) took place after dehydration
(1, 61, and II, 38 kJ mol 1),

6.4.3 Complexes eontaining amine and fluoride ligands

A rapid synthesis of [Cr(en)F:{((H):]Cl, starting fram Cr¥,.3.5H:;0 and
ethylenediamine via the easily prepared campound [Cr{en).F:][Cr(en)F.], has
been devised [1001 and a short review of the reactivity and methods of
preparztion of fluoro-containing complexes of chromiwn{III) has appeared [101].
Most of the complexes discussed were eis- or trane-difluorc compoumnds, with
two molecules of a bidentate amine such as ethylenediamine, 1,2-propanediamine
or 2,2°-bipyridyl. Besides CrF..3.SH:;0, CrF; suspended in dry ethereal HF,
CrCl,.6H,0 in 48% HF, and trans-[Cr{py).F:]" were used in reactions with
varions amines, Other methods described included, the reaction of
[Cr(bipy}»(C204) CL with liquid HF to give cis—[Cr{bipy):Fz]", chloride
abstraction from efe—-[Cr{aA),Cl;]" with HgF; in liquid HF, and thermal
deamination of [Cr{Af};]X; in an [NH,] matrix. Fluoroagua camplexes of the
type [Cr{en):F{0H;)]X,, made by acid hydrolysis of the diflucro campounds, can
be used in a variety of syntheses, for example cis-[Cr{en};FXIX (X = Cl, Br, I
or SCN) have been prepared fram trans—[Cr{emn);F((H:)]X: by thermal dehydration.
The preparaticns of camplexes containing mixed amines, and anionic complexes,
are also discussed, and the results of kinetic studies and IR and electronic
sSpectroScopy summarised.

The use of tetrafluoroborate can lesd to the unexpected production of
fluoro-camplexes. Far example, on treatment of cr*(BF, )2 with 3(5)-
methylpyrazole (SMepz) (20) the chramum{III) compound [Cr{SMepz).F:][EF,] was

Cé/cu _c\:ua
~s?

20)

produced [102] (see also p.117). This contains ¢rans—octahedral cations in
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which the Cr-F bond distance is 1.960 A.
8.4.4 fydroxuv-bridged compleres

In eis-{(NH; ) sCr{CHYCr{NH; }, {CH) ]{S206 }2 . 3H,0, the pecmetry around each
chramium atom in the dimeric cation is approximately octahedral and the
Cr-OH-Cr bridging angle is 142.8°. The complex is antiferramgnetic, and the
magnetic data (4.290 K) fit reasonably the Van Vleck model with a triplet
energy of ~21 an ® and g close to 2 [103]. Similar results were obtained for
the chloride dihydrate, although there are slight differences fram earlier
values (19 to 25 an *). More elaborate models did not improve the fits
significantly. The bridging angle is considerably smiler than the various
values {154 to 166°) reported for [(NH;)s;Cr(OH)Cr{NH;)}s]Cls.ag, which shoms
greater magnetic interaction, emphasising the angular dependence. Earlier
preparative procedures were modified to prevent the producticn of monomeric
impurities which could affect the magnetic data.

The ageing of agueous solutions of the sulphamate [Cr{en};][SO;NH;]: produces
the hydroxco-bridged species [Crz{CH)s;{en); }[S0.NH; };.3H,0 [104], and the two
complexes are in equilibrium in agueous solution, The unusual tri-p-hydroxo
formulation was based mainly on IR evidence. The new rucemic binuclear
cations &,8-A,A-[(en);Cr(CH),Cr(en}; 1** and &,A-A, A-[(H,0)(en)>Cr{CH)Cr(en), () }**
have been prepared from the meso iscmer A,A-[(en).Cr(0H),Cr(en),]'* as the
bramide or perchlaorate salt [105], The rapid equilibration between the two
cations has been studied and, on heating, the solid bromides form the meso diol,
The camplex sait [Cr{(CH),Cr(en);};][S:04];.8H,0 has a monoclinic wnit cell
almost identical with that of the corresponding cobalt(III) camplex in which
(21) the four metal atcms lie in a plane, and the apical atoms are equidistant

(en} ,Cremro———OH HO——Cr{en),
\ /
HO Ccr H
HO/ \OH
N
Cr{en)2
{21)

from the central one [106]. The dominating antiferromagnetic interaction

(J = 16.2 an 1) is between the central and each of the peripheral chramium
atoms, and an 8 = 3 level lies lowest. If the bond distances are the same as
in the cobelt(III} campound, the Cr-Cr bond distance and Cr-0-Cr bond angie are
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smaller than in any dihydroxo-bridged dinuclear CrIII complex, except the new
complex [Cr{EDDA)H }-.4H:0 mentioned below, but it was not possible to decide
whether direct exchange or superexchange was dominant. The dimer, di-y-hydroxo-
bis|{ethylenediamine )mzlonatochromium(IiI}], has a structure similar to those

of related complexes, although it contains a slightly shorter Cr-Cr bond,

3.003 4, than the bis¢malanato), 3.05 X, end bis{ethylenediamine), 3,03 A,
complexes [107].

When an alkaline soluticn of [CrpL,{CH);(CH):]{C10, ), {where L = 1,4,7-
triazacycloncnane) is exposed to C0:, a p-carbonato-camplex is formed slowly
and the salts [CreLs{CH):(C0;)]{C10,]:.3H,0 and [Cr;L;{0H)>(CO;}]I..3H:0 have
been isclated [108]. The carbonato-camplexes can be obtained more rapidly by
the use of agueous sodium carbonate at 70 °C. 'The iodide loses two water
molecules easily and the p-carbonato-di-p-hydroxo structure of the monohydrate
has been confirmed crystallographically. Well-defined carbonato-camplexes of
chromium{ I11) have not been described previously.

Ethylenedismine—# N'-diacetic acid (EIDAH,) farms the dimer [Cr(EDDA){OH)],.4H.0
[109]. The geametry arcund each metal atam is roughly octahedral, with the
tetradentate EDA assuming an a—c¢ie configuration in which the complex possesses
two out—of-plane glycinate (R) rings and the backbone ethylenediamine ring (E).
The bridging unit is strictly planar, there is an inversicn centre, and the
Cr-Cr separation is 2.950 & and the Cr-O-Cr bridging angle 97.6°.

6.4.5 Photochamistry

Irradiation (at 254 nm) of the bimwclear rhodo complex
[Cr (M3 ) sCHTr (N5 35 ICL5.#H,0 causes [110] excitation into the charge transfer
region, which obscures the “7,("P) level, and leads to bridge cleavage (quantum
yield, ¢ = 0.02) to produce [Cr(MH;)s(GH:)1%*, accompanied by formation of the
aqua-erythro{Cr(NH; ) s0HCT{NH; )4 (G, ) J** (¢ = 0.179) and chloro-erythro-
[Cr(NH3)5CHCr{M-Ig)QCl]4+ {4 = 0.087) camplexes. Thermal reaction of the binuclear
rhodo complex in acid also cleaves the bridge, but photochemical excitatica into
the 4ng and 4T1g(F) levels does not. Thus, the thermal rezction mode becomes
moTe praninent on excitation into the charge transfer region, as happens with
other chromium{iIi) complexes,

There is much information on the photochemical behaviour of [Cr(MH,)sX)**
species in which X (F, Cl, Br, NCS, (N or 0;CR) is lower in the spectrochemical
series than amwnia. The cyano species [Cr(MH;)s(Q)]1%" has now [111] been
synthesised by cyanide anation of [Cr{NH;)s{Me2S0) ]3+ in dmso, and isolated as
the perchlorate salt. 1In the cyano-camplex the stronger average ligand field
lies alang the =(NH,. ..CN ) axis, so that the “B; level lies below the “E level
(both derived from "Tz(ah}), the reverse ordering fram that in the other
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acido-complexes which leads to bond weakening in the 2z direction. Excitation

to the “5; level introduces antibonding electron density into the dzz—yz orbital,
&0 that preferential bond weakening would now be expected in the equatorial plane,
and it has been found [112] that ligand field (LF) irradiation of (Cr(NIig)s(CN)]z+
in aguecus acid leads to exclusive aquation of NHi, but only (W is released
thermally primarily through an acid-catalysed pathway. The quantum yields

(¢ = 0.33} are wavelcngth independent throughout the LF region. The photo—
product [Cr(M{;)u((liz)(CI\l}]2+ consists of ¢tz and trans isamers in 2:1 ratio

and it is suggested that equatorial photoaquation occurs witch partial stereo-
chemical change. On charge transfer (CT} excitation also, ammnia loss is the
only photoreaction with similar ¢'s and product distribution, indicating
efficient conversion of CT (metal-to-ligand) states to LF ones.

The luminescence and "4, + %Z,%7, absorption spectra of [Cr{urea)s J¥;.3H,0
{X = Cl or Br), (Cr(urea);{N0O;}s {113}, {Cr(urea)elI,, and [Al(urea);]I;
doped with [Cr(urea)s]3+ [1i4], have been re-examined and a consistent inter-
pretation presented.

Analysis of the 80 K absorption and emission spectra of trams-{Cr(en},Cl.]"
and trans—[Cr{t,3-pn),C1,]" in the 13000-16000 an ® region indicates the
presence of two electronic origins separated by 210 and 239 cm-l, respectively
[115]. These are assigned as transitions from the 44429(0}3} state to the
camponents of the zb‘g(oh} state, although the splitting is several times the
caleulated value. Investigations of the luminescence spectra of [Ph,PJ;[Cr{CN)e]
at 15 K show [116] that the Cr-C bond is shortened by €.02-0.03 & in the first
excited electronic state.

Through recent syntheses, cie and trans-[Cr{en);{{N);]{C10,] have beccme
available and their photcaguation in zqueous acid has been investigated [117].
Both isomers aguate thermally at significant rates and corrections were made
for this. Ligand field calculations of the energy levels of the split *T,
excited state place “8, 2500 an ® below *E for trans—[Cr(en); ()]
photochemical investigations of trans-zcido chromium{¥II) complexes with this
ordering have not previously been carried out. For efs—[Cr{en);(CN); ]+ *E

lies below “#;, with half the above separation, although there is no evidence

, and

of splitting in the absorption spectyum of either isomer. Photochemical

aguation of the Zruns coamplex in aqueous acid takes place exclusively with

proton uptake due to release and protonation of one end of an en ligand (¢ = 0.6},
as predicted by Adamson's rules and the Vanguickenborne-Ceulemans model [1181,

As no Q¥ labilisation was cbserved, photochemical reaction is entirely from the
"Bz level. Cis—[Cr(en);((N);]" releases mainly en in a one-ended mode (¢ = 0.4),
as predicted, but appreciable cyanide loss was also chserved (¢ = 0.1). This

may be due to reaction fram the higher "B, state, formed directly by absorption
before internal conversion, although it is possible that the quantum yield for
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(N~ release may be too high through experimental problemss,

The effects of deuteration on the *F sclution [119] and solid state [120]
lifetimes of chromium(III} complexes have been examined. The 2F lifetimes may
be written as t = l;f(kr + k) (where kr is the radiative rate constant fram 2E
and k is the summed rate constant for all non-radiative processes from ’E, {.e.
k= kcr * kbisc * km" where kcr’ kbisc’
direct chemical reaction from ?E, back intersystem crossing °E v+ “T,, and

and knr are the rate constants for

radiaticnless deactivation %F nn+ *d4,, respectively). ©Since k >> k,, the
lifetime data reflect variastions in the non-radiative rate constants.
Deuteration had only a small effect on the lifetime of [Ctt'(I\E[-h)(;]3+ and other
complexes in solution at rocm temperature and back intersystem crossing or

direct reaction could not be distinguished fram the solution studies. HNo
photodeccaposition on ligand field excitation has been detected for [C:.'(I‘JHa)a]s+
and [Cr(en)3]3+ in the sclid state, provided enly poorly coordinating counter—
ions such as [C10,] ‘are present. Therefore, non-radiative decay through
chemical reaction from %£ does not occur in the solid, and investigations of
splids have potential because kcr is zero and only back intersystam crossing

and non-radiactive deactivation can occur. The roam temperature lifetime for
solid [Cr(Mi;)e¢ }iC104]; is more than ten times longer than in splution and is
temperature independent, and there is a strong deuteration effect, all of which
eliminate back intersystem crossing as a significant pathway in the solid, and
by inferemce in solution. Deactivation is principally by %£ na~ *4, relaxation.
The camplex [Cr{en);][C10, ]: behaves similarly in the solid, but as the lifetimes
show significant temperature dependence and the deuteration effect is more modest,
back intersystem crossing seems to make some contribution as well, possibly
because of the lower symmetry of the cation.

As implied above, the role of the excited doublet (%E) in photochemical
mechanisms is still uncertain, and there has been some dispute over the pathway
of decay from this state in trans-[Cr{iH;):{NCS),}; some workers [121] believe
that the ?F state disappears primarily through back intersystem crossing to the
first quartet excited state “T,, but others [122] consider that direct chemical
reacticn is dominant, The latter pathway is spparently in agreement with rules
[123]) recently adduced for 25 emission lifetimes of chromium(III) camplexes,
and cther evidence. The temperature dependences of the luminescence lifetimes
of several Cr(IIl) cooplexes have been determined in a variety of media [124].
In most cases the luminescent rate constant, kzm, fits an expressian
kTI + AHRexp(—AE:R,!RI'). The subscripts refer to temperature-independent and
non-radiative (tamperature-dependent) terms. The activation energy AE:.R\-\BS
found to be solvent dependent and cnly a fraction of the *T,-?E splitting,
suggesting a chemical pathway for deactivation of the ®E state rather than back
intersystem crossing.
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Since photochemistry in aguecus solution is studied at or near rocm
temperature, luminescence studies of a variety of chromium{iIiI) anmine and
ethylenediamine camplexes have been carried out in aerated agueous sclution at
22 °C [125] to provide a basis for mechanistic comparisons. Most of the
canplexes surveyed display phosphorescence although some with fluorc ligands
emit delayed flucrescence. The phosphorescence quantum yields (¢phos} are
small because non-radiative transitions determine the lifetime of the excited
state, bui they show a great variation with the type of ligand and the structure
of the camplex which is paralleled by variations in the excited state lifetimes

1. There is no correlsticn of ¢ and T with ligand field strength, so it

is unlikely that back intexsystaik?:iussmg alone is responsible for these
variations. The results are in some disagreement with the recent rules [123]
governing emission rifetimes.

The major product of photolysis of trans-{Cr(en),F;]" wes thought to be the
iscmer of [Cr{en){enH)(0Hz)F:1°* produced tram thermal aquation of trans—

{Cr{en),F; }+, presumably (22). In a recent report {126] the photoproducts are

B P 12

{22)

said to be substantially different fram (22) and, as this alsp relates to
theoretical treatments specifically relating to the role of F [1i8], the
products have been re-investigated [127] by improved techmiques. Three products
have mow been identified but (22) is =till the daminant one.

Differential quenching of two reaction modes of trans-[Cr(en);(¥CS)F]¥ has
been cbserved [128], This icn photoaguates thiocyanate and ethylenediamine
{one end as in (22)) in a wavelength and temperature—dependent ratio [1289],
It emits at 717 nm fram aquecus solution and the emission is quenchable by
[Cr¢cN ).—,]3_. The thiocyanate mode is quenched independently of wavelength by
[Cr{C)e ]3_, in parallel with the phosphorescence quenching. In contrast, the
quenching of the ethylenediamine mode is smller, especially on short wavelength
excitation, showing that differential quenching occurs. The results have been
explained by assuming that two quartet states participate, in addition to the
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doublet, and a possible scheme has been given,
Irradiation of [Cr(en)a]3+ in the ligand field or charge transfer bands leads
to the photoaguation {2), with a guantwm yield of 0.4 independent of wavelength:

]3+

[Cr(en)s®* + H0 ~2w [Cr(en)z (en) (G 1P (2)

In acidic media, the protonation {3) of the monodentate ethylenediamine occurs:
3+ + 4+
[Cri{en).(en)(H;)]”" + H ———=[Cr(en){enH)(TH2}] (3)

In the first direct measurement [130] of the rate of primary photoproduct
formation fram a chromium{IIl} compound, the growth in optical absorption due
to [Cr{en);(enH)(CH:)]*" was followed. The protonation (3} was too fast to be
measured under the conditions used (pH 2). The product formation tock place
in two distinet stages; the lifetime of the slower was the same as that of
phosphorescence fram the £ (2,") state and the faster was attributed to
reaction from the T, (¢,°} state. The situstion was compliceted by the
occurrence of excited state absorption from the relatively long lived doublet
state. This problem has been overcame [131] by conductivity detection of the
photoproduct, a method which may be of more general use. The earlier results
have been confirmed and investigations extended to the processes following
irradiation into the second quartet "T,. On pulse irradiaticn of [Cr(en);]3+
solutions, the resultant conductivity decreased in short- and leng-term stages
which became better resclved as the pH decreased from 3.1 to 2.3. The short
term change was ascribed te the presence of some [Cr(en)z(en}((l-lz)]a+ at the
end of the pulse and the occurrence of reaction (3). Fram the acid dependence
of the short term rate, the proton transfer rate constant for (3) has been
found to be 3.6 x 10¥ M1 57!, Analysis of the results for the long term stage
shows that the long term change is controlled by exiting from the ’g state.

The fraction of photoproduct from the doublet state is the same (~0.7), as
found by optical measurements [130], and is the same for irradiation of either
of the *T, and "7, bands, 50 that the secand excited state is chemically
unreactive.

When a solution of [Cr(en),}>* is photolysed to a 10% yield of the dominent
products, ©.¢. the two iscmers of [Cr(en)z(e:ﬂ-l)(ﬂ-lz)]4+, there is no detectable
change in the molar rotation of the remgining [Cr(en)3]3+. This means that
photoracemisation (A-[Cr(en), ]t === —[Cr(en)3]3+) is inefficient compared
to photoaguation, so that to determine the gquantum yield (¢R) for photo—
racamisation extensive photelysis and careful separation of [Cr(en}3]3+ from
major amounts of photoproducts were necessary to obtain reascnable amounts of



128

inverted mterial {132}, At ambient temperature epR was found to be 0,015,
independent of hydrogen ion concentraticn (from 0.08 to 1.0 ¥). Photo-
racemisation could occcur through twisting of the octshedral complex aboui a
three-fold axis, or by bond rupture, and the former was marginally preferred.

The solvent can exert a large influence on photolysis processes, The
luminescence lifetime and gquantum yield of [Cr(bipy)3]3+ irradiated in argon-
saturated dmf are fifteen times smaller than in water, and in mixed solvent
systems they vary monotonically with solvent composition [133]. The photo—
chemical quantum yield for disappearance of [Cr(bipy); ]3+ {133] in & is
greater than it is in water [134]. The data support the hypothesis that the
kinetics of radiationless deactivation are solvent dependent and, in dmf,
initial photoreduction tc a Kinetically labile chromium{II} bipyridine camplex
cccurs. The Cr(IIl} intermediate acts as a chain carrier in an autccatalytic
reaction, which does not take place in water because the intermediate decays
by back electron transfer before it can underge cother reactions. When the
solvent is changed fram water to nore viscous 80% glycerol, the intensity of
emission fram [Cr{en}: ]3+ after irradiation shows decreased variation with
wavelength [135]. It is believed that this is due to the effects of sclvent
relaxation on intersystem crossing (T, v+ 2E) efficiency, and it is predicted
that in a rigid glass medium the intersystem crossing efficiency will not be
dependent on the excitation wavelength.

The photohydrolysis of [Cr{bipy)s }3+ in basic media to give [Cr(bipy).(CiH}; 1"
is the only photosubstitution of a chramium(IiI} complex for which the %

2g
excited state has been excluded as an origin of reactivity. This is because
it has been shown [136] that the intersystem crossing yield (4,..), 43"29 o 2

is essentially unity and, therefore, reaction must be from 2E. The wavelength
dependence of reaction (photchydrolysis) and luminescence (at 727 nm} quantum
yields of [Cr{bipy); ]3+ have been studied [137]. The luminescence quantum yields
represent variation of ¢ rac and, since they decrease with increasing wavelength
near 530 nm, there is a crossover point in this region where the quartet falls
below the doublet. The reaction quantum yields decrease similarly, so that
reaction has a *F origin. The unit quantum yield for intersystem crossing [136)]
is valid only for quartet excitation well above the 0-0 band. In the long
wavelength tail of the quartet band the main fate of gquartets is relaxation to
the ground state without intersystem crossing or reaction, Tt has been pointed
out {137] that the similar species [Cr(phen);]®" apparently behaves differently,
with ¢ISC much smaller {ca. 0.2 in H,Ofdmf) {136] and photoracemisation [138]
taking place from the quartet state, However, photochemical behaviour can be
dependent on the solvent [133], and the ground state quenching of the 2F
excited state of {Cr(bipy)3]3+ end [Cr(plu?.n)a]s+ can be dependent on the
concentration of ground state substrates and aniaons such as chloride [139].
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Thus, ¢ 75c st {140] be determined under the same conditions of solution medium
in which the photochemistry is investigated. The photochemical quantum yields
of [Cribipy);]®" and [Cr(phen)s]®* in identical agueous alkaline conditions, from
direct irradiation into the "T, manifold, and into the 27,/?F states, have been
campared [140]. Fran the comparison it has been deduced that ¢, ¢o for the phen
camplex is not, in fect, 0.2, but close to 1. Raman scattering fram the 2g and
“T, excited states of agueocus [Cr(bipy);]{C10,}; has been achieved by the use of
suitable laser radiation [141],

A full account of the photochemical behaviour of trams-{Cr(tfacac})s]
{tfacacH = i,1,1-trifluoropentane-2,4—dione} in benzene, cyclohexane, ethanol,
and 2-propancl has appeared [142]. Continuous photolysis and fiash photolysis
experiments show that the photoreactivity of this camplex is more camplicated
than so far reported for chromium({III) B-diketonates, and is qualitatively
similar to that of A-diketonates of other first row transition metals. Irans
to eig isomerisationr is the dominant process ccourring in benzene and cyclohexane
solution upon contimious photolysis at wavelengths 2366 nm, but both isomerisation
and decomposition occur in Z-propanol and ethanol at 366 nm. Photolysis at
254 nm results in isomerisation and redox decomposition, with the latter pathway
being favoured in solvents of greater H-atom donor ability. The variation with
excitation wavelength in the ratio of quantum yields for the twe processes
establishes the presence of two photoactive excited states; the lower energy
state responsible for isamerisation at longer wavelengths is assigned as the
ligand field quartet 4ng' vhereas the higher lying state favouring decomposition
at shorter wavelengths appears to contain considerable ligand to metel charge
transfer character. Flash photolysis at <330 om induces in aleohol /eyclohexane
mixtures a metastable species which reacts rapidly with cxidants and is believed
to be [Cr'i(tfacac),}. It is produced in greater yield if the alcohol is
2-propanol which has the greatest hydrogen atcm donor ability. Reactioms (4)-
(6) appear to account for the results, In poor hydrogen atam donor solvents
the chromium{ii}-radical species (23) decays vig (5}, explaining why no redox
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(23) + Me,(HOH ———[Cr(tfacac),] + tfacacH + Me OO (83

products were detected in hexane or agqueous mixturcs.

A5 is clear fram the above and other work, the nature of the intermediates
in thermal and photochemical reaclions of coordination compounds remains a
matter for speculation. The intermediates canncot be studied in gas matrices
because the parent camplexes are involatile, but reactive species can be
observed on UV irradiation of inorganic caomplex ions in alkali halide disc
matrices at 77 K. On irradiation [143] of K3[Cr(QN)s] in a KBr or KCl disc
new IR bands appeared in the CN stretching region and the parent peak weakened
as the photolysis proceeded. On warming to 293 K the new bands disappeared,
and the original spectrum reappeared. The intermediates have not been identified
although [Cr(CN)s]°~ may be one, suggestive of a dissociative pathway, and
[Cr(CN)s]‘;— was excluded.

On ligand field photolysis in acidic solution, [Cr{tren)¥,}” relesses F_
with a quantum yield of Q.21 [144]. From its electronic spectrum, the product
is believed to be o~[Cr(tren)F(CH,)]%* (24), which is also the product of

(24)

thermal aguation., This is not consistent with the Vanguickenborme—Ceulemans
model (118] which predicts labilisation of N .- Investigations of the
luminescence spectra at 85 K of a series of trans-bis{¥-alkyliminodi-
acetq.to)chramte(lll} complexes, K[CrL: ] (where H;L = BN(CH,CO:H), and R = Me, Et,
Pr, “Pr, Bu or "Bu) confirm [145] earlier assignments.

8.4.6 Complexes of polydentate ligands

In K[Cr{}lN{C_HzCOﬂz}z}.SHZO the nitrogen atoms occupy <is positions {146a],
but in Na[Cr{(¢*Pr)N({:C0,):}» ].2H.0 the Zzo-propyl group causes the nitrogen
atcxr':s to take up trans positions in the distorted octahedron around the
chramium atam [146k], For [Cr{(EDDAY{(H:); ]+, logk = 12.45 at roam tamperature
[147}. The uncoordinated GH group of ¥-(hydroxyethyl)ethylenediamine—# &' ,¥'-
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triacetic acid (HsL) in [CrPL(GH:}] is readily acetyiated [148], Ethylénedia.mine—

¥, ¥'-di(o-hydroxyphenylacetic acid) (H,L') forms the complex [CrH,L'Cl:].43H.0,

which shows unionised CO:H absorptions in its IR spectrum [142].

Some complexes containing tetradentate Schiff's bases have been reported:
[Cr(salzen){CH; )(NCS)], [Cr{salzen)(CH:){Ns)] [150]); [Cr(acaczen)L.][BPh,],
[Cr{acacsen)CIL], [Cr(acac:en)L{(NS)], [Cr{acacsen)L:][C10y],
[Cr{acacyen){(CH: ), J[CNS], in which L = pyridine or 4-methylpyridine {151]; and
[Cr{salzen)L' }[EPh,] (L' = bipy, phen, or en), [Cr{salph;en)L’][C10Q,], and
[Cr(sal.en)(acac)] [152].

The tridentate ligands (25) and (26), derived fram benzoylhydrazine and

Qi'

{25) (26)

R
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various o-hydroxyaldehydes, form typical six-coordinate camplexes [Cr{l-~H):]Cl,

in which the ketcne groups are throught to be trans [153]. The dimers
[Cr(1-2H)X], (where X can be Cl, Br, or NOy) are formed at higher pH. They
are believed to contain five coordinate chromium atoms bridged by phenolic
oxygen atams. Condensation of o-hydroxyacetophenone with picoloylhydrazine
and iso-nicotinoylhydrazine produces the ligands (27) and (28), respectively.
These form the camplexes [Cr{l-H)Cl:] and, at higher pH, [Cr{L-2H)C1], [154],

CH | 0 N 2
| NG N\

some of which seem to contain five coordinate chromium{III) although there is
no crystallcgraphic evidence.

Previous attempts to prepare trans—[Cr{cyclam)Cl;]” (cyclam = 1,4,8,11-
tetraazacyclotetradecane) in good yield have been unsuccessful, but it has
now [155] been prepared by prolonged reflux of an agueous solution of
ei6-[Cr(cyclam)C1,]C1, after the adjustment of pi to approximately 7 with
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2,4,6-trimethylpyridine, followed by acidification with HCl, concentration, and
extraction. The isomerisation of ois-[Cr{cyclam)Cl; 1* is pH-dependent, being
most efficient near pH 7 when the starting material is essentially cig-
[Cr(cycla:n}(ﬂi)((?ﬂ-lz)]2+. Isomerisation in acid media is negligible and this is
why the trans iscamer could not be obtained earlier. The new irans complexes,
trans~[Cr{cyclam}{NCS); JX (X = NCS or ClQy) have also been obtained. The
electronic spectra of cis- and trans—-[Cr{cyclam)Cl; ]+ differ considerably in
the usual way, but as cis— and tz'ams-[E.‘r(c;.rclam)(NtZS);;]2+ have similar
electronic spectra, the irans assignment wes made from IR evidence. frans
complexes containing cycizm exhibit a doublet near 850 <:.1-r|_1 and a singlet near
810 cm ', whereas the cis complexes show at least three bands in the range
840890 an ' and a doublet in the range 790-830 cm .. The trans camplexes also
exhibited one v(Cr-Cl) or one v{Cr-NCS) abscrption,

Chromium is believed to be an essential trace element, but dietary
supplementation with simple Cr(III} salts is inefficient because inscluble
hydrolysed products form at intestinal pH's., For investigations of dietary
chromium, *'Cr has been incorparated into chromium(I¥I) porphyrin complexes
cril¥pC1] which should be stable at stomach and intestinal pH's [156]. The
radiolabel is supplied as CrCl; in 0.1 & HCL and was first treated with a large
excess of cold chromium{¥I) chloride soluticn, Chramiwn{iIl) is inert to
substitution, but the electron exchange reaction (7} takes place rapidly, and
as the equilibrium constant is 1, most of the ¥Cr is present in the +II

ilL 2+

siopE I 2% 4 (1) === Sop(i1) + orttict

(7
oxidation state at eguilibrium, althoupgh its specific activity is reduced in
proportion to the excess of CrCl; added. The solvent was then remowved, Gnf and
the porphyrin in dnf added, and the mixture refluxed briefly to incorporate

the Cr{II) before exposure to the air to produce the chromium{Iil) cooplex.

This part of the procedure is based on an earlier method. The labelled
camplexes [ #CrPC1] were separated chromatographically (H,P = mesoporphyrin
dimethyl ester, deutercporphyrin dimethyl ester, protoporphyrin IX dimethyl
ester, haematoporphyrin dimethyl ester, or meso-tetraphenylporphyrin}. Labelled
Na; [Cr{TFP5)Cl ], where H,TPPS is the tetirasulphonate of tetraphenylporphyrin,
was also prepared. The formation canstant of [Cr(TPPS)(QH)(S)]* (fram
(Cr(TPPS)(H;)>") is much smaller (2.52 ¥~ 1) than in the cobalt case (2640 ¥ 1)
[1571.

Three geogetrical isamers, cis—, ¢is-B and trans (29-31), are possible for
octahcedral coamplexes containing 2 linear tetradentate ligand such as ¥,¥°'-
bis{Z-pyridylmethyl }~-1,2-diaminopropane {picpn), and two cfs—q, ‘and eight cis-B
optical isamers. The A and A diastereciscmers of [CrX;({S-picpn)1® (X = C1 or Br)
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e r Lt ( cr )’ . Cr ',’
u’—----—»[--X’ Nizo oo opesN Booooos =
N X X
cis-a cis—B trans
({29) {30} (31}

of eis—a configuration have been isolated, and the configurations were assigned
fram their absorption and €D spectra [158). The results have been confirmed
and one cis-§ iscmer isolated [158].

The electrochemical behaﬁow [160] of two iscmeric complexes (see 1979
review) of chromium{¥Ii) with thiobis({ethylenenitrilo)tetraacetic acid
S[CH,CH,N(CHC0:H), ), has been reported.

in the chremium{Iil) complex of the potentially heptadentate ligand (32

N cnz-cuz-u=cn@>
o X 4

(32)

the apical nitrogen atam is not bonded. The Cr-0O and Cr-N bonds are longer
than usual and the ligand seems to fix a minimum sized "hole" into which the
metal ion fits [161], The Mn(III} and Fe(III) complexes are isamorphous with
the Cr{IlI) camplex. The chromiwn(IiI) complex of the 3,5-dichlorcsalicyl-
aldehyde derivative of (32) has been prepared [162].

6.5 CHROMIUM(II)
6.5.1 Complexes with simple chromiwn centres

The products of reactions of CrF:; with oxygen, nitric oxide, and sulphur
at elevated tesperatures [163], and its heat capacity from 10 to 300 X [164],
have been reported, The gas phase He(1) and He(I¥) photoelectron spectra [165]
of CrCl: and same other divalent metal chlorides have been interpreted.
Chromium(I1) carbonate has been symthesised at high pressure and temperature
frem carbon dioxide and chromium hexacarbonyl [166].
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The intensities of certain spin-forbidden, ligand field transitions in the
solid state spectra of the recently obtained ferromsgnetic tetrachlorochroamtes(il},
a;[CrCl, ], are related to the magnetic order because they diminish rapidly below
the Curie temperature, Quantitative investigations of intensity variation with
temperature for single crystals of ithe tetrachlorochromates{II), with A = Rb,
CHsNH;, or C;HsNH;, have been performed and the results campared with theoretical
predictions [167].

Same structural investigations of irihalochromates{Il) have been carried out.
-RCrCl; undergoes [168] a transition to the known [169] 8-BbCrCl; at 201 K.

It has a slightly distorted hexagonal perovskite structure which is related to
the B-phase and consists of chains of elongated face sharing cctahedra. In
B-RbCrCl; the chains contain alternating elongated and conpressed face sharing
octahedra. Below 170 K, CsCrCl; is isomorphous with B-RbCrCl;. The iodide
CsCrl; has been found [170] to be isostructural with CsCrCl:; and CsCrBri. The
icdide has also been investigated [171] by neutron powder diffraction at room
temperature, 77 and 1.2 K. - In the face sharing octahedra of the low temperature
form, #-C=CrI; (orthorhombic), there are four short {~2.8 f\} and two long
(~3.05 &) Cr-I bonds. Its magnetic structure, at 1.2 K, consisis of an anti-
parallel seguence of ferromagnetic (001) planes with a magnetic moment of

3.16 Uy in the (100) direction. At 150 K, it undergoes a phase transitlion to
the a-form (hexagonal), which is also Jahn-Teller distorted, Missbauer spectra
of CsCri; (1} show magnetic ordering in the helium lLemperature range

(T, = 1823 K), and that there are two crystallographic sites for iodine {172].
The Missbaver effect was too weak for measurements above 100 K and two sites
are inconsistent with the known structure at room tamperature. However, the
crystal phase transition found by neutron diffraction [171] was confirmed by
X-ray powder methods, although the transition temperature is given as 165 K.
An analysis of the quadrupole interaction parameters of the two sites is in
agreement with axial distortion of the Crig octahedra,

By heating stoicheicmetric amounts of T1I and Crl, at 600 C T1,Crls is
obtained [173]. It contains isolated Cris octahedra in which, unusually, there
are two short Cr-1 bonds {(2.738 A) and four long ones (3.046 A). Other
investigations [174] indicate elongated octzhedra, although this does not seem
toc be a clear—cut conclusion.

As part of a study of the electron transfer bands of the divalent 3d
transition series ions in LiCl, the chiloride has been doped with or?* [175].
The 2 + T, band appeared at 10900 and 10200 cm ©, in very concentrated and
dilute crystals, respectively., The difference was thought to be due to double
salt formmiian (Li,CrCle or LisCrClg, and a LiCl rich phase). Bamds at 49900
and 54700 an ' were assigned to chioride—to-metal charge transfer. The ligand
field splitting of Cr2+ substituted in tetrahedral sites in ZnS is approximately



133

4800 cm ' [176).
The chromium{iIl} silylamide Cr{N(SiMei);]:{thf); has [177] the trans planar
structure ¢33), and a number of derivatives have been prepared [178] in which

(He35j.) 2N tEhf

prdd
thf / \

{33

H(_SJ.He332

one or both molecules of thf have been replaced by other cyelic or aliphatic
ethers, alkyl cyanides or aramatic tertiary emines to give camplexes such as
{Cr{N(SiMe;)»}2).thf.py and [Cr{N{(SiMe;):}.]1.Bt,0.py. In some cases, e.g.
[CriN(SiMe;)s}:].2Et;0, the solids decomposed even in an inert atmosphere, but
solutions in organic solvents were stable under dinitrogen for several weeks,

and sclutions of the dietherate especially were used in other reactions. The
new conpound [ClCr{N(SiMea)z}](thf)n, where n~2, has been isolated fram the
reaction between Li{N(SiMe,).} and anhydrous CrCl; in tetrahydrofuran. On
further drying, substances with n~1 or 0 were obtained. Alco}}olysis of
[C1Cr{N(SiMes )2} J(thf)s gave CICr(CR) (where R = Me, Et, Pr, “Pr and ‘Bu); and
reaction with LiR gave incompletely characterised products of the type
RCr{N(SiMe;).}.thf., On thermolysis of [Cr{N(SiMe,).}].{thf);, a mixture possibly
containing [Cr{N(SiMes);}a(thf)]. and {Cr{N(SiMe,),}) was obtained. The
campounds were characterised by analyses, including chromium as Cr{II}, and
reflectance spectra, and it was necessary to use carefully prepsred anhydrous
CrCl; in their synthesis. Transition metal silylamides like (33) have been used
to "silanize! a silica gel surface and impregnate it with metel ion for catalytic
purposes. Many chromium{II) alkoxides have been prepared [179] by alcaholysis
of [CriN(SiMe;).}12{thf), and similar ccmpounds described above. The general
reaction is {8), in which L and L' are Et,G, thf, py, or t-BullN or various

25 °C

[Cr{N(8iMe;)2} o (LYL") + ZRCH solvent

Cr(OR); + 2HN(8iMe;}. + L + L' (8>
cambinations of them, and ROH is a linear or branched chain alcohol or a phenni,

The alkoxides are all sepsitive to attack by dioxygen, and had to be careiully

dried to cbtain materials free fram solvent. The alkoxides of higher molecular
weight showed reasonable solubility inm organic sclvents. No structures were
assigned, but they are certain to differ from the structures previously assigned

to the low molecular weight campowunds ¢34y, Reflectance spectra were given

but not interpreted. On addition to halogenated solvents the alkoxides gave

intensely coloured solutions, stable to dioxygen and believed to contain Cr' ' -C
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species.

From its IR and reflectance spectra, and its magnetically dilute behsviour,
the thiccyanatochramate(Il} salt, Na;[Cr{(N¥S); |.9H.0, is believed [180] to
contain a square-pyramidal arrangement of ¥-bonded thiocyanato-groups. Attempts
to prepare similar salts of other metal cations were unsuccessful, and orpganic
cations gave a new cless of chromium{II} camplexes, the tetrathiocyanstes
A, [Cr(CNS), ], where A = MMe,, NEt,, NPr,,, NBu, Hhmta, Hpy, iHe.en, or 3H.L (L =
5,7,7,12,14  14-hexamethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene). In
general, these camplexes show antiferromagnetic behaviour, and are thought to
have thiocyanato-bridged structures. Monoethanol adducts of the [NEt. ]+ and
[Her, ]+ salts have been isolated and these are magnetically—dilute high spin
camplexes; the [NBu, ]+ salt has been isolated in two forms, one brown and
mgnetically dilute, and the other blue and antiferromagnetic. Structural
studies are needed to explain how the differeat magnetic behaviour arises.

Chroamivm{iI) is expected, from its position in the Periodic Table, to show
predaninantly Class A behaviour, and most known complexes are of O- and ¥-—donor
ligands. However, camplexes of the S5-donor ligands thicurea, ¥ ,¥"-ethylene-
thicurea {etu}, and ¥ ,¥'—dicyclohexylthiourea (dctu) with chramium{II) halides
have been isclated [181] from a weakly-donating solvent mixture of acetone and
amall amounts of 2,2-dimethaxypropane and methanol. The complexes are Crll;.2tu
and its mohoacetcne adduct, CrBre.4tu, Cri;.6tu, CrCl,.2etu, CrBr:.%etu,
Crl;.4etu, CrCl;.dectu and Crl;.6dctu. The chlorides are antiferramagnetic and
are believed to be linear polymers. The other copplexes are high spin and
magnetically-dilute,

Same chromium(Ii) complexes of 3(5)}-methylpyrazole {SMepz, (201},
l-methylpyrazole (NMepz}, 2-methylimidazole (2Meiz) and l-ethylimidazole (NEtiz}
have been prepared [102]. Complexes CrL.X, (X = Cl, Br or I} were obtained with
2Meiz and SMepz; from their electronic spectra the SMepz camplexes are assigned
trans—octahedral structures, but the 2Meiz complexes have different spectra and
the chloride and bromide are iscmorphous with analogous nickel{11) complexes
which contain square pyremidal cations. Similarly, a tetraphenylborate salt is
formulated as [Cr{2Meiz)s }[BPh, )., and in the antiferromgnetic compound
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[Cr(2Meiz),(NCS);]} five cocordination is believed to be achieved with bridging
thiocysnate groups. Complexes Cr{NEtiz);Cl, and Cr(NEtiz},Br; are thought to
hive distorted cctahedral structures from their reflectance spectra but
gtructures couid not be assigned to Cr{lMepz):Cl: and Cr(NMepz}:Br;.H:0. The
chramum{III} canplex [Cr(SMepz).F:][BF.] has been mentioned (p.121).

The chromium{II} complex ¢35) of the Schiff's base formed between furfuraldehyde

S
CHz

Cﬂ_n\ /

{35}

l-l

and Z-aminoethane sulphonic acid is said to be hipgh spin, with log B; = 6.77 at
25° in 0.1 M Na[C10,) [182]. Complexes in which this sulphonic ecid is
replaced by o-aminobenzene sulphonic acid {183], c-aminchenzoic acid [184] and
p-alanine have similar properties. There is no indication whether the complexes
are air sensitive.

Chramocene reacts reversibly with the vapours of some primary aliphatic
linear amines {185] to form aminates of the type Cr{(C,H.),(RM¥L,) . Since these
are magnetically dilute, with magnetic moments {(~4.6 uB) corresponding to high
spin chramium{II}, tbe sandwich structure (chramocene is low spin) is destroyed
on aminate formation. As r varies from 4.5 to 5.3, it is assumed that the
aminates are Cr{CsHs ) (BNH;}, with additional weakly associated amine.

8.5.2 Complexss containing Cr—Cr quadruple bonds

Crystallographic investigations of the corpounds (36) to {(45) have emphasised
how the length of the Cr-Cr quadruple bond, r{Cxr-Cr}, is primarily dependent

T 3 f“s
c #C
w ~ \O 53c o
| I
Cr Cr thf— Cr Cr «—thf
r{Cr-Cr) = 1.873 & r(Cr-Cr) = 3,221 A
w = 48° w = 88°
acetanilido 2,6-dimethylacetanilido

(38} (37}
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CH, TH3

c
HTC N“"F \\W)

T

thf — Cr Cr

r{(Cr—Crj = 2.023 A
w = 88.3°
2,6-dimethylacetanilido

(38)
CH
3
CH, L

# \
H,C

|

CH,Cl, -=r==== Cr  Cr-------Cl,CH

r(Cr-Cr) = 1.94¢ &
w= 93,3
7£(Cr-C1) = 3.354 A and 2.58 A

2,6-dimethylacetanilido

(40)
in
I
c

/7 \

?
thf— Cr Cr «—thf
r(Cr-Cr) = 2.246 A
w =76.2"
carbanilida

{42)

H I 3
C
2N
B¢ N (o]
3 | |
py —» Cr Cr &——py

rr-Cry = 2.354 A
w = 88"
2,8-dimethylacetanilido
(39)

Me N T"a

Cc
H/ \(I'}

thf— Cr Cr
r(Cr-Cr) = 2.006 A
w =817

d4-dimethylamingoacetanilido

{41}
I Ry
=
c1 0
l I
Cr Cr

r{Cr-Cr) = 1.855 A

E-chloro-Z-oxopyridine

{43}



CH
3
X '
C
c £ \
7\ T
0 T VAR | ' J N\
) | N N—» Cr Cr «N N
py— Cr Cr «—py \_"".z/ \—_-/
r(Cr-Cr) = 2.369 A P(Cr-Cr) = 2.295 A
acetato-pyridine adduct acetpto-pyrazine adduct
(44) {45)

upon whether axial ligands are present and, if so, upon their nature and
oumber. The campounds are of the type [Crzls], and only one of the bridging,
singly charged, anionic ligands L has been drawn, but any axial ligands have
been shown. Wher L = acetanilido (86) the Cr—Cr bond length is 1.873 & [186],
which is close to the shortest known value (1.828 & in tetrakis(2-methoxy—5—
methylphenyl )dichromium(II) [187]), and much shorter than in any carboxylato-
complex. The most obvious difference between the acetanilido complex and a
carboxylato camplex is the steric hindrance to coordination of axial ligands
presented by the NPh group. The axial positions are inaccessible because the
acetanilido ligands are arranged with N trans to N and O trans to O, and the
torsion angle w about the N-Ph bond is equal to 48°. Dichromium conponnds
(37) to (40), in which w has been increased to approximately 20" to open up
the axial positions, have been obtained [188] by introducing methyl groups into
the 2 and 6 positions of the phenyl rings. Steric effects then force the
rings to lie perpendicular to the O-Cr;-N plane. Substitution of hydrogen in
the 4 position by a dimethylamino group produces the same effect through
electron donation by the NMe, group (41). Access by axial ligands can them
occur in a series of complexes without fundamental change in the amido (N-C-0)
bridging ligands or in the overall geometry of the complexes. Axial donation
modifies the Cr-Cr bond distance as in the carboxylates, but with the
carboxylates the bond separation without axial ligands is unknown because even
in anhydrous [Cr;(0.CCH;),] oxygen atons of adjacent units occupy axial
positions [189].

The Cr-Cr bond distance increases by approximately 0.15 & in each stage as
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first one and then two thf molecules are exially bonded {compounds 36, 38 and 37)

but, for the same axial ligands, changes in substituent attached te the N-C-O
bridge (campare (38) and ¢41), and ¢37) and (42) ) have little effect on
r{Cr-Cr). However, replacement of thf in (37) by the more basic pyridine in
{39) clearly lengthens r»(Cr-Cr}, presumably by introducing greater electron
density into the dy2-dyz o* orbital. A less marked effect is that coordination
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of an axial ligand increases the lengths of bonds fram the metal to the bridging
ligands,

A tabulation of the Cr-Cr bond lengths in some thirty-five binuclear
chramium{I1) campounds of known structures [188] shows that the quadruple bonds
{the ranges are given) shorten with type of bridging hidentate anion in the

order;

C C C C C
> > > >
-7 N ogax) -~ \O(a.x) -+ o " \y < N\
2.54-2.21 A 2,35-2.01 A 1,06-1.87 A 1.87-1.84 A 1.85-1.83 A

The presence of axial lipands is signified by (ax), and the formelly negatively
charged atom is shown, However, with N-C-O bridges the formal charge is on N
or 0, according to whether the anion is derived from an amide, e¢.g. (36) or a
hydroxypyridine, e.g. (43). It appears that the Cr-Cr bonds sharten as the
donor strength (basicity) of the anicns increases: O <N < .

There is considerable variation of #(Cr-Cr) within the O-C-O{ax} series
according to the nature of the axial ligand, and this is also true of the new
N-C-0{ax} substituted acetanilido series., The ranges of metal-metal bond lengths
in these series overlap so that dichromium compounds no longer fall into two
distinet classes — carboxylates, and others with much shorter metal-metal
separations., It is predicted that isolated [Cr2(0:CR).] units will hawve Cr-Cr
separaticns between 1,80 X and ~2.0 4.

During attempts to crystallise unsolvated (37) from methylene chloride the
disolvate (40) was obtained [190]. In this compound e chlorine atom of one
methylene chloride molecule is 3.254 A axially from one chramiunm atom, and a
chlorine atom of the other methylene chloride molecule is 3,58 & from the
second chramium atom. The Cr-Cr separation is substantially longer (0.076 A)
than in the unsolvated molecule (38). It is suggested that, although the nearer
chlerine atom would normally be considered too far away to be bonded to the
chramium atom, the increased Cr-Cr separation shows that it is acting as a very
weak lewis base. This first example of such donation has been detected only
because of the sensitivity of the Cr-Cr separation to axial o—density. The
corresponding molybdenum compound is isostructural but Mo-Mo guadruple bonds
are not sensitive to axial donors, and there is no significant change fram the
unsolvated compound.

The Cr-Cr bond in the new compound [Cr;{(chp}s] ¢43) [191] is 0.066 & longer
than in [Crs(mhp)s ] [192]) (Hehp is é-chloro-2-hydroxypyridine and Hrhp is
G6-methyl-2-hydroxypyridine). Amongst previously known complexes without axial
ligands, marked variations in the type of bridging lipgand produced a range of
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Cr—Cr distances spanning cnly 0.08 A, Compared with this, replacement of (Hj
by Cl causes a significant increase in r(Cr-Cr). In the absance of axially
bonded ligands in both molecules, it seems that the inductive effect of the
chlorine mlbstituerlt‘icnvers the donor capacity of the bridging ligand and
lengthens the metal-metal bond., However, as the Cr...Cl distances have an
average value of 3.226 %t is possible that weak axial interaction as in
compound  {40) may contribute to the lengthening hecause of the sensitivity
of the Cr-Cr bond to axial interaction. It is intended to synthesise the
6-fluoro-substituted campound, in which electron withdrawal should be greater
and direct interactions diminished; control by the inductive effect should
produce a longer Cr—Cr bond., The analogous molybdemum and tungsten compounds
have been structurally characterised but the metal-metal bond distances are
much less sensitive to changes in bridging ligamnds or the presence of axial
ligands.

Compounds (37}, (41), {(42) and (43) were prepared by reaction of amhydrous
chranium{Ii) acetate with the lithium salt of the ligand in a mixture of hexane
and thf. The number and type of axial ligand could be modified by heating and
by recrystallisation from the appropriate solvent. Several campounds contain
molecules of solvent in the lattice, but these have not been specified here.

The He(II} FE spectra of {M:(mhp},] {where M = Cr or Mo} show changes [193]
in relative intensities compared with the earlier He{I) spectra and this,
together with ab fnitic molecular orbital calculations on the enol form of
2-hydroxypyridine, have led to a full assignment of the spectra. The & and
7(E)} lanisations are resolved, and the splitting in the chramium case has heen
found to be 1.4 eV, whereas it is less than 1 eV in the carboxylates because
of their weaker metal-metal interaction. Another difference fram the carboxylates
is that the metal and ligand ionisations are not well separated, perhaps because
of ligand {n) to metal 6"‘(dxy) charge transfer which may be important in
producing the shorter bond in [Cr,(mhp},] (1.889 3) as compsred with [Crz{0.C¥e),]
(2.288 k). '

Pyridine amd pyrazine form 2:1 (44) and 1:1 ¢45) adducts with chromium(II}
acetate, the structures of which have been determined [194]. The bifunctional
pyrazine links the dichramium units into slightly zigzagging chains, and the
Cr-Cr bond distance (2,285 ﬁ) is considerably shorter than in the adducts formed
by the more basic pyridine (2.369 &) and piperidine (2.342 &) {195]. The Cr-Cr
bonds in the pyridine and piperidine adducts of [Crz(0:0CH;)y ] are very similar
in length to that in (38}.

In sumary, the length of the Cr-Cr quadruple bond appears to depend
primarily upon the extent of axial coordination end secondarily upon the donor
strength of the bridging ligahds. The latter may be more dependent upon
substituent effects than earlier believed.
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It is uncertain whether the weak paramagnetism of chranium{II) acetate is
inherent and represents some slight population of the triplet state or arises
from the presence of chramium(II1) impurities. The ammine [Cra(0,CCH; ) (NH3)2}
has been prepared [196], by passing ammonia through a suspension of the hydrate
in ethanol, and its small molar susceptibility is ascribed to temperature
independent paramagnetism, so that populaticn of the triplet state is
insignificant. Liquid ammonia breaks the Cr-Cr bond and produces [Cr(NH;),(0.CCH;z): )
Glege
reverts rapidly to the bridged ammine.

The Cr-Cr bond in [Cr;{0,0CH;),(0H,), ] contracts Irom 2.362 & at room
temperature to 2.353 A at 20 K, a value less than the interatomic distance in

= 4.8 Hg» independent of temperature) which, unless in an ammonia atmosphere,

the metal [197]. This relatively large contraction agrees with the shallowness
of the Cr-Cr potential calculated theoretically [198], and is in agreement with
the increased sensitivity of the Cr-Cr bond to axial ligand interactions and
ligand substitution as it becomes longer [188]. There is a broad region of excess
electron density of[ the Cr—Cr bond axis and an electron-deficient area in the
o-bond region along the axis. This probhably relates to the weakening of the
Cr-Cr bond induced by interaction of the axial water molecules with the

crbitals of the chramium. Theoretical electron density maps have been obtained
Irom three different types of wavefuncticn and campared with the experimental
data. The diammgnetic anisotropy of metal-metal mulitiple bonds has been briefly
considered [199].

A detailed analysis of the low temperature (6 K} polarised single crystal
spectra of [Crs(Q.CCH;Y4(0H;);] has been given [200]. The two most intense
absorpticn bands at ~21000 an (I} and ~30000 cm-l {EI) have been assigned as
13119 —--15g and 1'41g —blﬁ‘u transitions, respectively, in D4h symmetiry., Band
I corresponds to a 6—-n* transition within the metal orbitals of the Cr-Cr
system, and band II to a transiticon from a carboxylate non-bonding pTI orbital
to antibonding metal orbitals (np,——7*). A weak sharp band at ~16000 am © is
thought to correspond to the §—&* transition (4 g 34 2> 2nd this assign-
ment implies that the acetate should be essentially diamagnetic. The pround
state (r-Cr stretching frequency has been estimated to be in the 150-250 c-m"1
range, from an analysis of the vibrational fine structure of the absorption
bands. The energies of the bands 1 and II in a series of [Cri(0.0CH; )L ]

campounds decrease approximately linearly with Cr-Cr band length,
6.6 MISCELLANECOS CHEMISTRY COF LOWER OXIDATION STATES
In this section reductions by chromium(Ii) camplexes, o-bonded organo-

chromium{III} complexes, elecirochemical reductions and same thérmal reactions
of chramium{II11) camplexes, and a few Zerovalent campounds not containing
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chromium-carbon bonds are briefly and selectively reviewed.

Chromium(II) in acid solution reduces benzoquincne in good yield to
hydroquinone [201]. Five chromium{III} products have been separated by cation
exchange chmmatogra.ﬁhy from the reaction mixture, and these include bi- and
trinuclear intermediztes containing hydroquinone which eventually hydrolyse to
[Cr(CH; )6 13", Some aminopolycarboxylate complexes, £.g. [Cr{(0:CCHa ):NH}(CHz)31®,
have been cbtained [202] in solution by reduction of related cobalt(III)
camplexes with C‘r2+(aq).

Chromiuvm({II) acetate, in dmso containing butanethiol as H—donor, has been
used for some time in the dehalogenation of certain B-hydroxyhalides, but the
method fails for others [203)]. Protection of the CH groups by ether formation
and the use of the more poverfully reducing chromium(II)-ethylenediamine complex
in dmf alsc containing butanethiol, have overcame the problems, The (.}rz+ can be
electrochemically regenerated and the method provides a convenient entry to
deoxynuclecsides.

Oxide dissclution is important in the extraction of metals Irom ores and in
the de-scaling of high temperature water—cooled plants, At present strong
acids or chelating agents are normally used, but investigations of the reactions
of one-electron reducing agents with a-Fe0;, Fey0, and NiFe.0, have shown that
cr®* in 0.1 ¥ €17 and [Cr{bipy)g]2+ are among the most rapid reducing agents [204].

Intensely absorbing green 1:1 species [Cr(pyzH)]s+ are formed when oxygen—
free solutions of Cr2” and pyrazine (pyz) are mixed at pH 1 to 2. [Cr(pyzH)]3+
is a Cr{III)-pyrazire radical anion complex, stabilised by protonation of the
remote nitrogen site [205].

The electronic spectrum of Cr(CCl:)2* (ag) has been reported {206]. It is
formed in equal amounts with CrC1®*(ag), on reduction of CCl, by Cr>" in acidic
aquecus methanol. It is more labile than cl'(ch)2+ and aquates via a CCl;
intemediate to CrC12+(aq).

Chromium{II) reacts with J-pyridineacrylic acid, 4—pyridinéacrylic acid,
paleic acid and fumaric acid, to give remarkably inert organcchromium species
{207], according to the general reacticom:

2 + BE=OR' + H ~———e or' i aRaiR + ot

2C

A number of new dimetallic bis(benzylchromium) cations have been obtained
fram the appropriate dibramides and chromivwm(II} [208] and the oxidative
cleavage {P) of a-hydroxyalkyl complexes such as [(H:0) 5C:rCH_zCl-I]2+ by cu?* and
Fe?* has been investigated [209].

Mixed ligand, peramagnetic camplexes cantaining the rhenaacetylacetonate
and o-bonded ¥,#-dimethyl-o-toluidyl ligands {see (48), ¢47) and (48)} have
been prepared [210] according to reaction {10).
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[CI'CRR‘G’I]2+ + Cu2+(Fes+) _ Cr2+ + Cu+(Fez+) + BR'CO + H+
Cu2+(Faa+)
Cr3+
Me
o]
Eﬁ‘ (oC) 3~ e r: Cr
2t 0 N
Me
R 2 a
(48} {47}
[ Me
0
~
: ™\
{oc} aRe /Cr
Me -
K J 2 3=n
L n
(49)

¢48) {R = Me ,Me,CH,PhCH,;} + (47} — (48) {n = 1,2} + o-(H,;CsllyNMe:

The polarographic- behaviour of [Cr{CzHs)(dpm}; ].thf has been investigated
in anhydrous tetrahydrofuran [21i]. The first step in the electrochemical

(9)

(10}

reduction in dmso of [Cr(ux-ea).;]3+, fCr{dmso)s ]3+, [Cr(en)g]3+, and [Cr(dien)z]3+,

is reversible or quasi reversihble, but is mmch more cathodic and irreversible
for [Cr(en}z(acac)}2+, [Cr(en){acac),]", and [Cr(acac);] [212]. On reduction

in various supporting agueous electrolyte solutions, [C:r'(urea)5]3+ exhibits two
irreversible polarographic waves [213]. These correspond to Cr(IIl)-—= Cr{II}

and Cr{Il} —= Cr(0),
Polarographic and cyclic wvoltammetric studies show that the ions [Cr(bipy)s
[Cr(thbipy)3]3+_. and [Cr(hbzbipy)3]3+ undergo four reversible one electron

reductions to the formal Cr(-I) oxidation state [2314]. The p-phenyl substituent

appears to stabilise both high and low oxidation states, relative to the

wnsubstituted complex. In the low valent canmpounds the redox chenges take place

]3+

>
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primarily on the ligands.

Recently, a new thermpanalyticzl instrument was develcped (Qderivatograph),
in which thermal reactions can be studied in a quasi-closed system under quasi-
isothermal and quasi-isobaric conditions imstead of the more usual open, dynamic
conditions (D-derivatograph). Its operation has been tested on the new
hexapgminechromium{III) amino polycarboxylates: [Cr(MNHj)s JNa{edta},3H:0,
[Cr(MM; ) Na(pdta). 6H20, [Cr(NH;)s JHK1Cl(nta),.2H>0 and [Cr{NH;)s JKC1(nta).2H0,
where edta, pdta and nta, respectively, dencte ethylenediaminetetraacetate,
propylenediaminetetraacetate and nitrilotriacetate [215]. The reactions in the
open system were too conplicated to yield wniform intermediates but the
reaction steps in the quasi-closed systems were definite and reproducible, with
detectable plateaux and pure intermediates. A general mechanism has been
proposed for thermal reactions in solid complexes including {Cr(NH:)s{(CH;)X,,
the dehydration of which is consistent with the formation of a Frenkel type
defect [218].

Co-condensaticn of Cr gtoms with P((Me); onto 2 liquid nitrogen cooled
surface produces Cr{P{(Me)s} which, in pentane under dihydrogen at one
atmosphere, gives Cr{P((Me):}sH: almost quantitatively [217]. The hydride is
fluxional on the MMR time scale and is the first of its type in which intra-
molecular exchange has been studied. The seven coordinate structure (49) is

(48}

considered most likely fram an analysis of the %P and 'H MMR spectra. Metal
vapaur synthesis hes been used to prepare [218] complexes of zerovalent chromium
and other metals with the m—acceptor mminodifluorophosphines, Me,NPF: and '
MeN(PF;);. These ligands were selected because of their volatility and ease of
preparation in the relatively large quantities required for metal vapour
syntheses. The camplex [Cr(PF,MMe;)s] is appreciably less stable tc oxidation
and heat than Cr{PFi;)¢ and Cr{CO}¢, presumably due to the steric hindrance of

its bulkier ligands, The metal vapour synthesis does not have any advantages
over other methods in the preparation of [Cr{{PF;),NMel;]}, which was earlier
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chtained from Cr{CC}¢, but it has been useful for the preparation of
[Cr(PF;MMe: ), {(PF, )M} ] as major product by co-condensation of metal vapour
with mixtures of the ligands, This complex is more stable than [Cr(PF:NMe;)s ]
because of relief of steric strain on substitution by a bidentate ligand, and
gives a molecular ion in its mass spectrum, The air-stable chromium({0) complex
[Cr{(PF;).NPh};] has been prepared from Cr(CQ); [219]. In the known complex
tris[1,2-bis{dimethylphosphino jethane jchromium{0}, now prepared from the metal
vapour [220], the chromium atam has a distorted octahedral environment.

REFERENCES

1 B, Holmberg and G. Thomé, Inorg. Chem., 16 (1980) 2247,

2 T. Fukaesawa and M. Iwatsukl, Bull., Chem, Soc. Jpm., 52 (1979) 3697.

3 PB.J. Mechan and S.A. Tarilq, Auat, J. Chem., 33 (1980) 6547.

4 DB.A, Habboush, D.H. Kerridge and 5.A. Tarig, Thermochim. dcta, 28 (1979) 143,

5 i.R, Beattie, C.J, Marsden and J.8. Ogden, J. Chem, Soc,, Dalton Trans.,
(1980} 535.

6 MW, Chamsbouri, T. Chausse, J.-L. Pascal and J. Potier, J. Jham. Regearch (5!,
£1880) T2,

7 A.A. Ivanov, A,V. Demidov, N.I. Popenko, E.Z, Zasorin, V.P. Spiridonov

and ¥. Hargittai, . Mol. Struct,, 63 (1980) 121.

M. Cieglak-Goloanka and L.J. Golonka, Inorg. Mucl. Chem. Leti., 16 (1980) a5,

9 J.F, Harrod and A. Pathak, Canad. J. Chem., 58 (1980} 686.

10 S.N. Mahapatro, M., Krumpolc and J. Rocek, J. Am. Chem. Soc., 102 {(1880) 3798,

11 F. Freeman, C.R, Armstead, M.G. Essig, E.M, Karchefski, C.J. Kojima,
v.C. Manopoli and A.H. Wickman, J. Chem. Soc., Chem, Commun,, (1980) 65,

12 W,A. Nugent and R.L. Harlow, Inorg. Chem., 19 (1980} 777; <, (Chem. Soc.,
Chem, Commun., (1979) 342,

i3 K. Ohzeki, T, Sakuma and T. Hambara, Bull, Chem. Sce. Jpm., 53 (1980} 2878,

14 A, Manthiram, P.R. Sarode, W.H. Madhusudan, J. Gopalakrishnan and
C.N.R. Rao, <. Phys. Chém., B4 (1980} 2200.

15 W. Levason, J.3. Ogden and A.J. Rest, J. Chem. Soc., Dalton Trans., (1980)
416.

i8 J, Webher and C.D. Garmer, frnorg. Chem,, 19 (1980) 2206.

17 M. Doran, R.W. Hawksworth and I.H. Hillier, J. Chem. Soc., Faraday Trans.,
2,76 (1980) 164,

18 M. Greeablat:t, J.M. Kuc and J.H. Pifer, J. Solid State Chem., 20 {1879 1,

18 K. Forster, M. Greenblatt and J.H, Pifer, J., Solid State Chem., 30 {1979)
121,

-]

20 J.T. Groves and W.J. Kruper, J. dm. Chem. Soc., 101 (1979) 7813.
21 Y. Matsuda, 5. Yarmada and Y. Murakami, frorg. Chim. dcta, 44 (1980) L30B.
22 W.A. Sunder, A,L. Wayda, D. Distefana, W. Falconer and J.E. Griffiths,
J . Fluorine Cham,, 14 (1879) 209,
23 B, Hofwaenn and R. Hoppe, Z, Anorg, Allg., Chem., 458 (1979} 181,
24 G. Pemazeau, P. Maestiro, T. Plante, M. Pouchard snd P. Hagenmuiler,

Mater. Ree. Bull., 14 (1879) 121,
25 M.G. Osmolouskii, I.K. Ivanov and Y,.P, Kostikov, Jfzv. Akad. Nauk SS5ER,
Neorg. Mater., 15 (1979} 118,

*
26 M. Bochmann, M.B. Hursthouse, K.M.A. Malik, G. Wilkihson and G.B. Young,
d. Chen. Soc., Dalton Trans., (1980) 901,
27 M. Bochmann, G, Wilkinson, G.B. Young, M.B. Hursthouse and K,M.A. Malik,
J. Chem. 3oe., Dalion Yrans., (1880) 1863,
28 M. Bochmann, G. Wilkinson and G.B. Young, J. (hem. Soe., Lalfon Trans.,

£1980) 1879,
2% M.H. Chisholm, A.H. Cowley and M. Lettman, J. Am. Chem. Soc., 102 ¢1980) 46.



30
31
3z
33
34
as
ag
37
a8
3p
40
a1
42
a3
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
Y]
63

64
63

&g
a7

a8

69

147

G. Kncke, D. Babel and T. Hinrichsen, Z. Naturforsch., B: Anorg. Chem.
Org. Chem,., 34 (1979) 934.

J.M. Dance, J.L. Soubeyroux, L, Fournes and A. Tressaud, Compt. Rend. Hebd.
Seances Acad, Sei., Ser, C, 2BB (1979) 37.

B.M. Wankiyn, F.R. Wondre, &. Maqsood, K. Yenagisawa and W. Davison,

J, Mater, Sct., 14 (1979) 1447.

M. Epple and W. Rudortf, Z. Anorg. Allg. Chem., 484 (1980} 67.

5.P. Beat, R.S. Armatrong and J.E. Beattie, Inorg. Chem., 19 (1980) 1958B.
V.M. Bermudez and D.8, McClure, J., Phys. Chem, Solids, 40 (1978) 129,148,
M. Magint, J. Chem, Phya,, 73 (1980) 2499,

L.L. Zaitseva, A.V. Velichko and V.V. Kazako, Fuss. J. Inorg. Chem., 24
{1979) 666.

M. Ebert and L, Kavan, Coillect. Czech, Chem, Commun., 44 {1979) 3737.

R. van Eldik, Inorg, Chim, dcta, 42 (1980) 49.

C.M, Mikulski, L.S. Gelfand, E.6.C. Schwartz, L.L. Pytlewski and N.M.
HKarayannis, Jfrorg. Chim. Acta, 38 (1980) 143,

C.M. Mikulski, F, Uarub, L.L. Pytlewski and H.M, Earayenris, Transition
Met, Chem. (Weinheim, Ger.,), 4 (1979) 98.

S.R. Wade snd G.R. Willey, J. Inorg. Nuecl. Chem., 42 (1880) 1133.

C. Pretl end G, Tosi, Aust. J. Chem,, 33 (1980) 57.

v.I. Bondar, E.N., Kurkutova, V.G, Rau, V,V. Iiyukin and N.V. Beloy, Doki,
Acad. Nauk S555R,” 244 (1979) 358,

R.C. Paul, P, Kapoor, 0.B. Baidya and R, Kapoor, Z. Naturforsch,, Seet., E:
Anorg. Chem. Org. Chem., 34 (1979) 160,

R. Kepoor and R. Sharma, Z. Naturforseh., Sect., B; Anorg. Chem. Org, Chem.,
34 {1979) 1369,

A, Earnshaw, B.N, Figgis and J. Lewis, J. Chem. Soc. A, (1966) 1656,

H, Funk, C. Mueller and A. Paul, 2. Chem., & (1066) 227,

M. uorita and Y. Eato, Int. J. Quantwn Chem., 18 (1980) 625.

A.K., Rai and G.E, Paraghar, Thermochim. dcta, 239 (1979) 175,

R.D. Chirico and R,L, Carlie, Inorg. Chem,, 10 (1980) 3031,

B. Auraeth, Chem. Tech. Umsch., 11 (1979) 189,

Yu.N. Shevchenkc, V.¥. Bachok and N.K. Davidenko, Fuss. J. Inorg. Chem.,
24 ¢1979) 30.

E.M, Ivashkovich and L.M. Zhelekhovskaya, fugs. J. Inerg. Chem., 24 (1879)
33.

N.I, Buryak and 8.V, Volkov, Koord. Khim., 6 (1980} 103T.

J.E. House and C.A. Jepsen, Thermochim. Acta, 37 {1880) 49.

J. Ribas, J. Casabo, M. Monfort, Ma.L. Alvarez and J.M, Coronas, J. fnorg.
Nucl. Chem., 42 (1980 70T.

R. Bembi, P.P, 8bargava, S, Tandon and O.P. Tandon, Ind. J. Chem., Sect, 4,
17 {1978) 204.

b.C. Bradley, C.¥. Newing, M.H., Chisholm, R.L. Kelly, D.A. Haltko, D. Little,
F.A. Cotton and P.E. Fanwick, Inorg. Chem., 18 (1980) 3010,

J.¥. Bingh, N.C. Jain and R,C., Mehrotra, Synth. React. Inong. Met.-Org.
Chem., 9 (1878) 79,

K.N. Mahendra, G. Parashar and R,C. Mekrotra, Synth, React. Inorg. Met.-Org.
Chem., ® (1879) 213,

5.M. Volkov, E.A. Magurenko and L.I. Zheleznova, Xoord. Kiim., 6 (1980)
86.

R. Cini, P. Orioli, H.D, Gillman and P. Napnelli, Cryst. Struct. Commn.,
B (1979) B82L.

§.M. Schildcrout, Inorg. Chem., 19 (1980} 224,

A.A. Adimado and K,5. Patel, Inorg. Nucl. Chem. Lett., 16 (1880) 317;

J. Inorg. Nucl. Chem., 42 (1980) 1241,

J.E, House and T.G. Blumthael, Thermochim, dcta, 36 (1980) 79,

U.B. Ceipildor, G. D'Ascenze, M. Tomassetti and E, Cardarelli, Thermochim.
Acta, 30 (1979) 15,

A.A. Abdel Khalek, M.S.-Al-Obadie and A.4&.K, Al-Mahdi, J, fnorg. Nucl.
Chem., 42 (1980) 1407,

V.A, Sharov, N.V. Povarove, V.A. Perelyaev, E.I. Krylov and (.M. Adamova,



148

70
71
T2
73
T4
75
78
77
T8
79
BO
81
82
83
B4
B85
B6
87
88
-:]
g0
91
92
93
94
85
86
a7
88

899
100

101
102
103
104

145
106

10T
10B

Koord. Khim., 5 (1979) 537.

S.N. Poddar and A.K. Das, Indian J. Chem. Sect., A, 1B (1979) 429.

K. Abu-Dari acd K.N, Raymond, Tnorg. Chem., 19 (18980} 2034.

D.G. Brown and L.W. Johnson, Z. Wgturforsch., Sact. B, dAnorg. Chem. Org.
Chem,, 34 (1979) 712.

H. Kanno, K. Kashiwabara and J. Fujite, Bull. Chem. Spe. Jpn.,, 53 (1880)
2881,

C.M. Mikulsks, N. Harrisg, ¥.J. Iaconimnni, L,L. Fytlewski and N.M,.
Karayannis, Inorg. Mucl. Chem. Lett., 18 (1980) 79.

S. Clamp, N.G. Connelly, G.E. Taylor and T.S5. Louttit, J. Chem. Soe.,
Dalton Trana., {(1880) 2162,

E. Ciliberto, L.L. Costanzo, I. Fragalm and G. Granozzi, [norg. Chim. Acta,
44 (1680} L3S,

G. Cauquis and A. Deronzier, J. Inorg. Hucl. Chem., 42 (1980) 1447,

83.V. Larionov, Rusz. J. Inorg. Chem., 24 (1975) 802,

W. Kuchen and R. Uppenkamp, Z. Naturforsch., Seet. B, Anorg. Chem. Org.
Chem., 34 (1978) 13498,

A, Jezierski and B, Jezowska-Trzeblatowska, Full. Acad. Pol, Sei. Ser,
Sei, Chim., 2T (1978) 481,

V.I. Spitgyn, M.G. Felin, N.A. Subbotim, A.I, Zhirov and I.E. Denisov,
Dokl. Akad. Nauk 5558, 253 (19B0) 367.

M. Mohan, 5.G. Mittal, §.C. Khera and A.K. Sirivastava, Momatsh. Chem., 111
(1980} 63,

M. Mohan, H.C. Khera, 5.G. Mittal and A.K. Sirivastave, Gazz. Chim, Ttal.,
103 {1979) 65.

S. Chandre, K.B. Pandeya and R.P. Bingh, J. Inorg. Mucl. Chem., 42 (1980)
10735,

Srivestava, Croai. Cham. Acta, 52 (1979) 283.

Siefker and R.D. Sheh, Talanta, 26 (1979) 505,

. Eritgyan, E.P. Safaryan and S.N. Avekyan, Xoord, Khim., 5 (1879) 774.
. Ebner and R,J, Angelici, Inorg. Chem., 19 (1980) 1347.

P. Spinat, A. Whuler and C, Brouty, deta Crystallegr., Sect. B, 35 (1879)
20814,

C. Brouty, P. Spinat and A. Whuler, dcta Crystallogr., Sect. B, 36 (1980)
2037,

P. Spinat, C, Brouty and A, Whuler, Acéa Crystallogr., Sect. B, 36 (1980)
544; C.B. Shoemaker and D.P, SBhoemaker, Acta Crystallogr., Sect. B, 36
(1580) 2855,

M, Nakano and 8, Kawaguchi, Bull. Chem. Soe. Jpn., 52 (1979} 3563,

S. Kalzaki and Y. Shiwura, Chem. Leli#., (1979) 1.

H.P, Jengen, Acta Chem. Scand., Ser. 4, 34 (1980) 355,

A Heatherington, S.M. Qon, R. Varges and N.A.P., Kane-Maguire, Inorg. Chim.
Acta, 44 (1880) L2798,

I1.K. Adzamli and E. Deutsch, Imorg. Chem., 19 (1880) 1366.

J.BE. House, G.L. Jepsen amd J.C. Bailar, Ixorg. Chem., 18 (1979) 1397.
J.E. House and L.E. Metcalf, Trory. Nucl. Chem. Lett., 16 (1980} 498;

J. Inorg. Nucl. Chem., 42 (1980) 961.

8. Mitra, A. UYebara and R, Tguchiya, Thermochim. Actz, 34 (1979) 189.
J.W. Vaughn and G.J. Seiler, Synth. React. Inorg. Met.-Org. Chem., 9 (1979)
1.

J.¥, Yaughn, Synith. React. Inorg. Met.-Org. Chem., 9 (1979) 585,

P. Dapporto and F. Mani, J. Chem. Research (5), {1879) 374.

D,J. Hodgson and E, Pedersen, Inorg. Chem., 19 (1930) 3116.

I.i. EKalinichenko, A.A. Kotyaeva and L.4. Baikova, fluszs. J. Inorg. Chem,,
24 (1978} 38.

F. Christensson, J. Springbord and H, Toftlund, Acta Chem. Seand. 4, 34
{1980) 2A17.

H.U. Gidel and U, Hauger, Inorg. Chem., 19 {1880} 1325,

J.¥. Lethbridge, J. Chem. Soc., Dalton Trans., (1980) 2039,

E. Wieghardt, W. Schmidt, R. van Eldik, B. Nuber and J. Weisa, Inory.
Chem., 19 (1980) 2022.

WKy
E ]



109
110
111
1312
113

114

116

117
118

119

120

121
122

123
124

125
126

127
12a

120
130

131

132
133

134
135
138
137
138
139

140

141
142

143
144
145
14¢
147

148

149

G. Srdapov, R. Herak, D.J. Radanovic and D.6, Veselinovic, Inorg. Chim.
Aeta, 38 (1880) 37.

R.R. Rumingki and W.F, Coleman, Inorg. Chem.,, 19 (1980) 2185,

P, Riccieri and E, Zinato, Inorg. Chem., 18 (1980D) 853,

P. Riccieri and E. Zinato, Imorg. Chem., 19 (1980) 3279.

C.D. Flint and D.J.D. Palaclo, J. Chem. Soe., Faraday Trans. 2, 75 (1879)
1159,

C.D. Flint and D.J.D. Palacio, J. (kem, Soc., Faraday Trana. 2, 76 (1980)
82.

C.D, Flint and A.P. Matthews, J. Chem. Soc., Faraday Trans. 2, T6 (1980)
1381.

DP. Oelkrug, M. Redjeipour and E. Eitel, Spectrochim. Acta, A, 35 (1879)
167,

A.D, Eirk and G.B. Porter, Inorg. Chem., 18 (19B0) 445.

L.G. Vanguickenborne and A. Ceulemans, . dm, Chem. Soc., 99 {1977} 2208;
100 (1978) 473; Inorg. Chem., 1B (1979) 34T5.

N.A.P. Kane-Maguire, R.C. Kerr and J.R. Walters, Inorg. Chim. Acta, 33
{1979) L163,

N.A.P, Kane-Maguire, G.M., Kionts and R.C, Kerr, Inorg. Chim. dcta, 44
{1580) L1157,

N.J, Shipley and R.G. Linck, J. Phys. Cham., B4 (1980) 2480,

L.S. Forster and F, Castelll, J, Phys. Chem., 84 (1980) 2492; A.W. Adamson
and A.R., Gutierrez, J. Phys. Chem., 84 (1980) 2492,

R.T. Walters and A.W. Adamson, Acta. Chem. Seand., Ser. A, 33 (1978) 53.
8.R. Allsopp, A. Cox, T.J. Hemp, W.J. Reed, 5. Sosterc and D, Traverso,
J. Chem. Soc., Faraday Trans. I, 76 (1980) 162,

A.D. Eirk end G.B. Porter, J. FPhys. Chem., 84 (1980) 887.

M.F. Manfrip, I, Sandrini, A, Juris and M.T. Gandolfi, Irnorg. Chem., 17
{1578) 90,

S.C. Pyke and R.G. Linck, Inorg. Chem., 18 (1880} 2468.

A.D, Kirk, L.A, Frederick and B.G. Glover, J. Am. Chem. Soc., 102 (19E80)
7120,

A.D. Kirk and C.F.C. Wong, Jnorg. Chem., 18 (1979) 593,

R. Fukuda, B.T. Walters, H. Macke and A.¥. Adamson, . Phys. Chem., 83
(18789) 2007.

W.L., Waltz, R.T. Walters, R.J. Woods and J, Lille, [norg. Chim. Acta,

46 (1980) L153,

¥.C. Cimolino, N.J. Shipley and R.G, Linck, Inorg, Chem., 19 (1980) 3291.
G.B. Porter and J, Var Houtern, Inorg. Chem., 1% (18980) 2603; 18 (1879)
2053,

R. Sriram, M.5. Henry and M.Z, Hoffman, Inorg. Chem., 18 (1979) 1727.

C. Conti, F. Castelll and L.8. Forster, Inorg. Chim. dcta, 33 (1979) L171.
F, Boplletta, M. Mpeatrl and ¥, Balzani, . Phys. Chem,, 80 {1976) 2499,
R.L.P. Sasseville and C.H. Langford, Inorg. Chem., 19 (1980) 2850.

R.L.P, Sassaville and C.H, Langford, J. Am. Chem, Soc., 101 (1979) 53834,
R. Sriram, M.%. Hoffman, M.A. Jamieson end N. Serpone, J. Am. Chem. Soc.,
162 (1980) 1754,

N, Serpone, M.A. Janiescn and M.Z. Hoffman, J. Chem. Soc., Chem. Commun.,
(1980) 1008,

M. Asano, J.A. Eoningstein and D. Nicollin, J. Chem. Phys., 73 (1980} &BB,
C. Kutal, D.B. Yang and G. Ferrawdi, Inorg. Chem., 19 (1980) 290T7;

J. Chem. Sec., Chem. Commun., (1979) 1050.

G.B. Porter and A.J. Rest, J. Chem. Soe., Chem. Commeoi., (1980) Beéd.

M,T. Saliby, P.S9, Sheridan and S,E, Medan, Imorg. Chem., 19 (1980) 1291.
BR. Wernicke, H.H. Schmidtke and P.E, Hoggard, Z, Naturforsch., Sect. 4,
34 {(1870) 10886,

D. Mootz and H. Wunderlich, Acia Crystallogr. Sect. B, 36 (18980) (a) p. 448
(b} p. 721.

D.8. Veselinovid, D,J, Radanovié and S.A. Grujié, Inorg. Nusl. Chem. Lett,,
184 (1980) 211,

H. Ogino, M. Sbimura, A. Mesuko and N, Tmnaka, Chem, Leti., (1979) 71.



150

149 E.W. Ainscough, A.M. Brodie and J,E. Plowman, o, Inorg. Nucl. Chem.,
41 1979y 1257.

150 D.R. Prasad, T. Remasami, D, Ramaswamy and M. Santappa, Inorg. Chem., 19
(1380) 31iB1.

151 M. Macicek and F. Brezina, Acta Univ. Palagki. Olomuc., Fac. Rerum Nat.,
57 (1878} 23,

is52 F. Brezina and 2, Sindelar, Z. Chem,, 19 (1979) 72.

153 D.K. Rastogi, S.K. Dua ard S.XK. Sahni, o, frorg, Nucl. Chem., 42 (1980) 323.
i54¢ V¥.B. Rana, J.N. Gurtu and M.P., Teotia, J. Inorg, Nucl, Chem., 42 (1980) 331.
155 C.K, Poon end K.C. Pun, imorg. Chem., 19 (1580) 568.

156 D.P. Riley, Synth. Aeact. Inorg. Mat.-Org. Chem., 10 (1980) 147.

15T K.R. Ashley, J.G. Leipoldt and V,K, Joghi, Inorg. Chem., 19 (1980) 1608,

158 Y, Yamamoto and Y. Shimura, Bull. Chem. Soe, Jpn., 53 (1980) 395,

159 K, Michelsen and K.M. Nielsen, Acta Chem. Jcand. A, 34 (1980) 755.

160 P.J, Peerce and F.C. Anson, . EFlectroanal. Chem., 105 (1979) 317,

161 N.W. Alcock, D.F. Cook, E.D. McKenzie and J.M. Worthington, I[norg, Chim,
Acta, 38 (1980) 107.

i62 A, Malek, G.C. Dey, R. Nasreen, T.A. Chowdhury and E.C, Alyea, Synth.
React. Irorg. Met_ -Org. Chem., 9 (1979) 145.

163 E.G. Ippolitov, T.A. Tripol'skaya and B.M., Zhigarnovskii, ifuss. J. Inorg.
Chem., 24 (1979) 299,

164 ¥.0.J, Boo and J.W. Stout, 4. Cham. Phys., Ti {19792) S.

165 E.P.F. Lee, A.W. Potts, M. Doran, I.H., Hillier, J.J, Pelansy, R.W, Hawksworth
and M.F. Guest, J. Chém. Soe¢., Faradny Trans. 2, 76 (1980) 506,

166 H. Ehrhardt, H.C. Schober and H. Beidel, Z. Anorg. 4llg. Chem., 465 (1980}
83.

187 C. Bellitto, M.J. Fair, T.E. Wood and P, Day, J. Phys. C, 13 (1980) L627.

168 W.J, Crama, M. Bakker, ¢.C. Verschoor and W.J.A. Maaskant, Acta Crystallagr.,
Secst., B, 35 (1979) 1875,

169 W.J. Crama, ¥.J.A. Maaskant and G.C. Verschoor, Aciq Crystallogr., Sect.
£, 34 (1578) 1973,

170 L. Guen, R. Marchand, M. Jouini and A. Verbaere, Acta Crysiallogn., Sect.
A, 35 (1979} 1554,

17t H.W. Zandberger and D.J.W. Ijdo, J. Solid State Chem., 34 (18980) 65,

172 J.P. Sanchez, J.M, Friedt, B, Djermouni and G. Jehanno, /7. Phys. Chem.
Solids, 40 {1979 585.

173 N. Jouini, L. Guen, R. Marchand and M. Tournoux, Ann. Chim. {Parisi, 5
(1680} 493,

1¥4 H.W. Zandbergen, Acta Crystallogr. Sgct. B, 35 (1979) 2852.

175 J. Simonetti acd D.S. MeClure, J. Chem. Phys., Tl (1878) 793.

176 M. Haminska, J.M. Berenowski, 5.M. Ube and J.T. Vallin, J. Phys. O, 12
{1579y 3157

177 b.C., Bradley, M.B. Hursthouse, C.¥. Newing and A.J. Welch, . Chem., Sce.,
Chem. Cormmun., €1972), S567.

178 B. Horvath, J. Strutz acd E.G. Horvath, Z. duorg. Allg. Chem., 457 (1979}
38.

179  B. Horvath and E.G. Hovvath, Z. Anorg. Allg. Chem., 457 (1979) 51.

180 L.F. Larkworthy, A.J. Roberts, B.J. Tucker and A. Yavari, J, (hem. Soc,,
Dalton Trans., (1980) 262,

181 L.¥. Larkworthy end M.H,0, Nelson-Richardsonr, Tnovg. Chim. deta, 40 (1980}
217,

182 N.K. Sankla, C.P. Gupta and A.K. Mehta, 7. Phys. Chemie, Leipsig, 260
{1979) 1188,

183  C.P. Gupta, H.K. Sankla, K.G. Sharma and R.K. Mehta, . Indian Chem. Soc.,
57 (1980} 651,

184  H.K. Sankla, D.C. Sehgal and R.K. Mehta, J. Tndian Chem. Soc., 56 (1879)
1030.

185 J. Kalousova, J. Votinsky, J. Klikorka mend M. Hadvornik, J. Organomet.
Chem., 184 (1980) 351,

186 A. Bipo, F.A. Cotton and ¥. Kaim, Jnorg. Chem., 18 (i979) 3030.

i87 F.A. Cotton, S.A., Hoch and M. Millar, Imorg. Chem., 17 (1978) 2Zo84.



188
139
190
191
192

193

194
i85
196

197

188
189
200
201
202
203
204
305
206
207

208
209
210

211

212
213

214
215

218
217

218
219
220

. Ilsiey and W. Kailm, J. Am. Chem. Soc., 102 (1980) 3464,
. Extine and G.¥W. Rice, Irnorg, Chem., LT (1978) 176.

F.A. Cotteon, H
W
H., Ilsley and ¥. Kaim, . 4dm. Chem. So¢,, 102 (1980) 3475,
H
E

W
F.A. Cotton, M
F.A. Cotton, W.
F.A. Cotton, W.H., Ilsley and W. Kaim, fnorg. Chem., 19 (19B0Q) 1453,

F.A. Cotton, P.E, Fanwick, R.H. Niswander and J,{. Sekutowski, . Am,
Chem, Soc., 100 (1978) 4725,

C.D. Garner, M.F, Guest, [.H. Hillier, M.J, Enight, A.A. MacDowell and
I1.B. Walton, J. Chem. Soec., Faraday Trans. 2, 76 (1980) 885,

F.A., Cotton and T.R. Felthouse, Inorg. Chem., 10 {(1980) 328,

F.A, Cotton and G.W. Rice, fnorg, Chem., 17 (1978) 2004.

L.F. Lerkworthy and J.M. Tabatabal, Inorg, Nucl, Chem, Lett., 16 (1980}
427, ’

M. EBenard, P, Coppens, M.L, De Lucims and E.P. Btevens, Inorg, Chem,, 19
(1980} 1924.

M. Benard, J. Am, Chem, Soe., 100 (1978) 2354,

M.J. McGiinchey, Inorg. Chem., 18 (1980} 1392,

S.F. Rice, R.B. Wilsor and E.I. Salomon, Inorg. Chem., 19 (1880} 3425,
B.A. Holwerda and J.S, Petersem, Inorg. Chem., 18 (1880) 1775,

H. Ogino, K. Tsukehara and N. Tanaka, Inorg. Chem., 19 (1880} 255.

J. Wellmann and E. Steckhan, Angew. Chem., Int. Ed. Engl., 19 (1880) 46.
M.G. Segal and R.M. Sellers, J, Chem. Soc., Chem., Commin,, (1980} 991,
T.G. Dunne and J.K, Hurst, IHorg. Chem., 19 (1980) 1152.

P. Bevcik, Inorg. Chim. Acta, 32 (1979) L16.

A. Petrouw, E. Vrachnou-Astra and D. Ketakis, Inorg. Chim. Acta, 39 (1B80)
161,

M.C. Pohl and J.H. Espenson, frorg. Chem., 18 (1980) 235.

J.H. Espenson and A, Sakac, J. Am. Chem. Spc., 102 (1880) 2488,

K.P. Darst, D.T. Hobbs and C,M. Lukehart, J. Organomet. Chem,, 178 (1979)
Cca.

A. Rusina, A.A. Vlcek and K. Schmiedeknecht, J. Organomet. Chem., 192
(19B0) 367.

R. Landsberg, P. Janietz and M, Prugel, Monatsh. Chem., 110 (1979) 831,
A. Yamada, Y. Nakabayashi, T. Yoshikuni and N. Tanaka, Sull. Chem. Sce.
Jpn., 53 (1980) 3566,

M.C. Hughes, J.M. Rao and D.J. Macero, Inorg. Chim. Acta, 3% (1979) L3al,
R. Tauchiya, A. Uehara and K, Eobayashi, Bull. Chem. Soc. Jpn., 53 (1980)
821,

J.E. House, Thermochim, Acta, 38 (1980) 59,

F.A. Van-Catledge, 8.D. Ittel, C.A. Tolman and J. P, Jesson, J, Chem,
Soa., Chem. Commun., (1980) 254.

R.B. King and M. Chang, Inorg. Chem,, 1B (1879) 384.

R.B. King and 5. Goel, Synth. React. Inorg. Met.-Org. Chem,, 9 (1879) 139,

F.G.N. Cloke, P.J. Fyne, ML .H, Green, M.J. Ledoux, A. Gourdorn and
C.K. Prout, J. Organomet. Chem., 198 (1980) C6D.

151



