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4. CHRCMIUM
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TNTRCDUCTION

Most of the new inorganic and coordination chemistry of chromivm published
during 1981 has been concerned with the {IIT) cxidation state, althouwgh much of
the work is routine. Except for an account of a few organcmetallic canmpcinds
which resemble classical chromium({III} complexes in some of their properties,
the organcietallic chemistry of chromium has not been included. The
photochemistry of chromium{III), and the synthesis amd study of quadruply
bonded chromium(IT) dimers, contime to be actiwve areas.

4.1 CHROMIWM{VI}, (v} and {1V}

Solvolysis of Cr0:Cl: and Cr®y in chlarosulphuric acid produces chromyl
chleorosuiphate, CrQziS03Cl);, which has been characterised by analyses, its
diamagrnetism, and IR spectra [1]. From concentrated solutions of
Kz [Cr0,] and K; {Cr;0,1 in chlorosulphuric acid, a green form of CrO:(50a.C1),
separates at room temperature and a dark brown form at elevated temperatures.
The double chromates KIniCrO4d, {In = La to Sm), RulniCr0.]: {In = La to Nd),
and CsLafCrCy;]: are isostructural with each other anxd with crocoite,
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PbiCr0,] [2]. Rb;[CrO4] reacts with MoO; or Cr:(MoO.): to produce the
chromatomolybdates Rb,CrO., .MoO: or RboCr0y.Cr; (MoOs} ;, respectively [3]. New
arsenatochramates, [NHal: [AsCryOj¢] and K; [AsCruaOy5] [41, and the heteropoly
salts [NHu]s[CrMoeOz24].10H;0 and K [CrveO1s].12H,0 [51, have been prepared.
Crystallegraphic and IR studies have heen carried out on the hydraxychramates
wiM, T (o) ¢ fCrou ], (where MT = Na, K, or NH,; ME'L = Fe, Al) (6], and
thermogravimetric and 'H NMR spectral studies [7] indicate that one hydroxyl
group is present in 4Zn0,4{Cr0:,.K»0.3H»0. The heats of solution of K; [Cr:05i
in water, aquecus nitric acid or sodium hydroxide have been measured at 25 °C
{8]; from these data, the heats of formation of [HCrO.)™, ICr0o,}2~, and

Kz [Cr:07} (5) were found to be -879.5, -881.7 and -2061.9 kJ mol™?,
respectively.

Amronium salts efficiently catalyse the oxidation of aleohols to carbonyl
compounds by CrQ; in organic solvents at room temperature {91, and
t-butylchromate can be safely and rapidly synthesised by the addition of
agquecus CrC; to t-butancl, followed by extraction of the ester with carbon
tetrachloride [10].

Rescnance Raman {RR} spectra have been abtained for the short-lived blue
intermediate formed by the Cri{VI)-H,0: reaction in strongly acidic solutions
[11]. Seweral excitation wavelengths were used and the spectra showed a
mmber of bands which could ke assigned to the different wiCr-0) modes and the
w{00} mode within Cr0s.H:0. The RR band intensity profiles indicate that the
resonance effect is associated with the absorption band at 590 rm, which is
ascribad to an O#Cr(VI) charge transfer transition. The instability of the
blue intermediate is reflected in the low v{Cr-0) and high v{C-0) values.

From thermodynamic considerations, the amount of Cr(VI) in sea water is
expected to be more than 10° times greater than that of Cr{III), however,
appreciable amounts of Cr{ITI} can be found in sea water even under oxidative
anrditions, This discrepancy could be due to the reduction of Cri{vI) by
arganic substances, or to the lack of specificity in the analytical procedures.
A useful development in this respect is the co-precipitation of Cri{ITI} with
thé Col{Ili complex of l-pyrrolidinecarbodithicate, which allows 1121 the
selective analysis of Cr{vI} in artificial sea water in the presence of
Cr{IIT).

The three equilibrium phases in the non-condensed system CaO/Cr03/0s -
the ternary compound, thought to have the chromate chremite formula
Cag (CII.VICHIHIO“, calcium chromate and monecalcium chromite - have been
investigated by solid state IR, diffuse reflectance, and EFR spectra [13].
Comparisons of the spectra of the different phases strongly suggest that et
is not presant in the ternary oompound but that the tetraoxoanion [cr0,]3 is.
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Hence, the solid ternary phase is best described as tricalcium orthochromate
Cas (CrV04},, rather than Cas (Cry 1Cr; 11)0;,. The latter represents the -
oaposition when the temary phase is dissolved in acid, where Cr(V)
disproporticnates into Cr{VI} and Cr({III}.

The XPES of powdered Cr;0s has been campared with the corresponding spectra
of related chromium campounds and it appears [14] that this compound is a
mixed-valence compound containing CrIII) and Cr(V1} in the ratio 1:2, as in
HCraQg.

The composition and structures of five types of Cr(V) complex, formed in
non aquecus solution in the presence of oxalic acid, have been investigated by
EPR spectroscopy [15]. The complexes were obtained by reduction of Cr{Vly, ar
substitution of Na;[Cro,] and [Hpy] [CrOCl,), by oaxalic acid and/for organic
solvent. The complexation of Cr(V) with several diketones has been studied
[161 in a similar manner, The oxidation of alcohols by {Hyphen) [CrOCls] and
[{phen)CrCCl;] 117], and of hydrazine by cne of the new water-soluble and
air-stable chromiumiV} complexes [18], sodium
bis { 2—ethy1-2~hydroxokutyrato) oxochromate (V) €1), have been investigated {19].

|
>

Etzc — 0

(1)

Beduction of [H:bipy) ICrOCls] takes place slowly in organic solvents, buk, in
general, the products have not been characterised; the reaction with
ethanenitrile produces [CrCl; (bipy) (WMe) ], which can be obtained similarly
from {CrOCly(bipy)]. The nitrile ligand in [CxClstbipy) (NMe)] is readily
replaced to give [CrCliibipy)L] (where L = py, pyQ or Ph;PC). FReactions of
[Hobipyl [CrOCls] with higher nitriles or with nitramethane all lead to the
isolation of the known complex [CxClsibipy)]  [20]. The heat capacity and
other thermodynamic properties of Csi[Cr0.,] have been determined [21].

Further work on the chromyl (V) complex of
2,3,17,18~tetramethyl-7,8,12, 13-tetraethyleorrole (H;MEC) has been reported,
Its redox chemistry and that of the tetraphenylporphin complexes [Cr(TPP} ((e})
and [CriTPP)C1} have been investigated by cyclic woltammetry and
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controlled-potential electrolysis. The compound [Cr{0} (MEC}] wxlergoes metal
reduction more readily than the corresponding molybdenum compound. This has
been attributed to extensive interackion bebween the chromium d:-:y and ligand
orbitals which tends to reduce the d-electron density at the metal and to
raise the da:y level. For [Cr(TPP){tMe)], reduction first ocours at the
heterocyclic ligand, but for [Cr(TPPIC1] at the metal. The less easy
reduction at the metal for the former was attributed to the covalent character
of the Cr-OMe bond j22].

The oxidation of chlorotetraphenylporphinatochromium(ITI} with
icdosylbenzene was reported previously [231 to produce (C:rv=0} {TPP}, by xyaen
transfer to the metal and two electron oxidaticon of the chromium, However,
EPR investigations have shown [241 that the oxidation coccurs via an unstable
paramagnetic species {2} which contains oxochromium(vi, {dl}. The EPR spectra
of the "0 Qerivative and the t-butylamine adduct {3} also indicate the

o} o
N o N N N o
II/ Ph-1'-0 \l U/ “Bung \l -
I 2 v
/Cr _ 5 /Cr —_— Cr
’ \N \ \\N . yd \N
cl cl N

(2) (3

presence of chramium{Vv} and, therefore, cxidation of the metal; oxidation of
the ligand cocurs in analogous iron{ITI} complexes. The replacement of Cl in
(2) by o and F was alsc monitored by EFR spectroscopy. On standing at

rocm temperature, (2} decamposed to a red diamagnetic oxochramium({IV) camplex
which is also produced via a p-oxochromium(ITI) intermediate from Cril(TFP) by
reaction with dicxygen {25]. The structure of [CrQ(TPP}] is similar to those
of other five coordinate axametalloporphyrin complexes, with the metal atom
.S f\ cut of the porphyrin plane towards the oxygen atam, The chromium{II}
camplex was prepared by zinc amalgam or Criacac):; reduction of [CrCl{TPP}], and
its coxidation monitored spectrophotometrically.

4.2 CHROMUM(IIT}
4,2,1 Complezes of simple ligands

The hexafluorcchramates M; (CrFs] {(where M is MH,, Wa, K, or Fb} have been
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prepared in high yield by a new and convenient method - the reducticn of an
aquecus solution of CrQ; with hydrazine hydrate in the presence of an excess
of equimplar amounts of MOH and 40% HF. The lithium complex Li; ICxFe}.H:0
was preparved fram Li,00;. The excess of HF presumably prevents the formation
of hydroxo or hydrated chromiem(III) species. The camplexes are stable in
water and the room temperature magnetic moments are typiral of octahedral
chramivm{III} complexes. Bands in the IR spectra at ea. 535 and 524 an?!
have been assigned to vi{Cr-F) vibrations [26].

5Spin density data for K;Ma[CrFs] have been re-analysed (271 and the
magnetic properties of MaMn[CxF:] investigated [28}. Of the complex
fluorides, MM TPy, 7H,0 fwhere ML = Mn, Fe, Co or Ni, and ML = Cr, v, Mn
or Fe) those containing Cr{III) have the highest decomposition tenperatures
[29].

There are tmns—[CrClz{Oﬂzh.]" ions in the complex chloride CspCrCls.4H,0;
the Cr-Cl and Cr-0 bond lengths are 2,302 and 1.925 f\, respectively, amxd there
is extensive hydrogen bomding in the crystal. The polarised crystal spectra
have been assigned [30]. Detailed ¢ptical absorption and Zeeman effect
measurements have been made [31] on the exchange coupled chromium ions in
Css [CreCle].

Sare evidence has been cbtained for the electrochemical fixatiaon of
dinitrogen to ammcnia and hydrazine on a p-type gallium phosphide photocathode
in non-aqueous electrolytes containing chlorides such as CrCl;, and a trace of
water [32].

X—ray structure determinations have been carried out an a series of
cagsium alums and in CsCr(S0s)2.12H.0 the Cr-0 distance is 1,959 f\ 331, 1In
Cr (GH) S0y, .H20, each Cr atom is bonded to 2 OH groups, 3 oxygen atams of SO,
groups, and one water molecule, and infinite Cr-CH-Cr chains connected Y SO
groups form a three dimensional network §341. The structure [35] of
CrH; (S04} 7. 24H,0 contains two independent Cr octahedra; in one, six water
molecules are ooordinated but, in the other, one water molecule is substituted
by a sulphate oxygen atom.

The enthalpies of solution of [NHLICr(S04)..12H,0, in aquecus perchloric
acid, have been determined by direct calorimetry at 25 °C, and the
thermodynamic constants for hydration of Cr®' have been calculated [361.
Further crystalline mocdifications of CrPO,.6H.O have been cbhtained [37] by
precipitation from cold water, and TICr{D;}. and T1l:Cr{C0D;)}; have been
prepared from molten T1:00; under pressure [38].

Further details have been given {39] of the electrochemical synthesis of
[Cridmso)e] [BFy]a, [CriMOCHa)e) [HFslz, and [CriNCCHa)4] [BFy}2 by the use of
the metal as a sacrificial ancde in dmso-HBFy and CH.ON-HBF, solutions. The
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last complex is new and possibly contains bridging [BF,] anions as the IR
spectrum shows significant distortion from T,; symoetry. The salts
[Cridmso)slXs {X = Br, I [40] or [ClO4} (41]) and the dihexylsulphoxide - {dhso}
complex Cr{NO3)s.3dhso have been prepared [42], as have [Cr(NH;}sL)®?,
trans-[Cr{NH3) 4 LC1} %Y and trang— [CrH;}4L:]1%" twhere L = dmf or dmso) [43].
Some thiosulphate [44] and hydroxymethylthiosulphate [45] salts of Criur}e]®*
have been prepared, and a crystal structure investigation {46] shows that in
[Cr{urea) ¢1C13.3H,0 the ligand molecules are J-bonded. The ¥-oxXide complexes
[Cr {LH} ; {C2HsOH) 2 (OC103} 2] {C104) (where IH is purine Nil)-oxide [47] or
adenine N(1l)-oxide [48]) hawe been isolated.

The trirutile compounds MCr;0s {where M = Te or W) exhibit a complicated
variation of magnetic susceptibility in the temperature range 4.2-350 K. The
magnetic behaviour can be explained at the higher temperatures in terms of
magnetic interaction in quasi-isolated binuclear units {Crz0;03'* {J = -33.2°
M = Te} and -44.5° (M = W)}. The Cr-Cr distance is smaller {2,936 f\) in the
W compound than in the Te compound {2.984 ;) and the latter manifests the
weaker interacticn, At lower tamperatures, coupling between the binuclear
units becomes important and is ferromagnetic for W and antiferrcmagnetic for
Te; the intercluster exchange parameters are 1.4° and -4.5°, respectively.
MOssbauer spectra of samples doped with °Fe confirm the existence of the lang
rarge order shown by neutron diffraction at 4.2 K (49].

Few structures of compledes of the type [CrL,F.]X are known. The Cr-F
bond distance in trans-[Cr{NH:) .F211.H,0 is 1.8%4 ;u and in efe—[Cr{MHs} o F21C10,
is 1.887 A, The Cr-N bonds trans to fluorine in the latter compound are
significantly shorter than those which are c¢fa {2.051 versus 2,062 }i), but the
differernce is too smll to be indicative of a structural trans effect. The
wiCr-F} absorpticns are at 505 cm ! {trans) and 515 and 490 am ! {={s) [50].

Some amine compledes containing dodecahydrodicarbaundecaborate (1~} anions,
[Cr {NH,R} sX] {C2BoH;2}; (Where R = Me, X = Br or C1; R = Ek, X = C1} have been
prepared and their thermolysis investigated [51]1. The methylpyridine complex,
CrCl; (4-mepy) 3.0.5 4-mepy, is isamorphous with the corresponding
molybdernm{III} compound which has the zranrs stereochemistry [52].

Chromium {ITI} forms a thermally stable, probably moncazido—complex, on the
addition of potassium azide to a chromium(IIT} salt in melten RONS [53].
Camplexes of 2,5-dighenyloxazole {L, {4}} of the general formula [CrL Xs].mHz0
fwhere X = Cl, Br, T or NO3t #n = 1-3, m = 0-6) are hexacoordinate, generally
with monodentate ¥bonded ligand 154]. The reduction of [Hpbipy] iCrOCls]

has been used [20] in the preparation of the mixed ligand camplexes
[CrCl 4 bipy)}L] iwhere L = MeCH, py, pyQ, or Phs;PO}.
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Several investigations of cyano~complexes have been reported. Farlier
methods for the preparation of cyano-hydrowo— and aqua-cyano—chromate (I1T)
camplexes have been based an the aquation of the [CricN}gl1?” ion, and have
given poor yields. The hydroxo-camplex K; [CriCHN) s (OH}].H.0 has mw been
obtained crystalline in good yield by the reaction of [CrCl (NH3)siCl: with KON,
followed by separation on a Sephadex gel colum [55]. The IR and Raman
spectra of [(MMey):(M)][CriCN}¢] (M = Rb or Cs) have been determined [56], and
a non-cubic modification of water—free Zn;[Cr{(N)¢],; has been prepared [571;
the structure of Cd;[Cr(N):]2.14H20 has been investigated [58] and a neutron
diffraction study of K3 [Cr{}¢] at 4.2 K has been carried cut [591. The loss
of 1.5 KN molecules accompanies the thermal dehydration of
[Co{NH;3) s {0H,) ] [CriCN}s] [6C). The thermal decomposition of a series of
chromium{IIi} compounds [CriNH;)}elX;, (CrX(NH;):1Z:, and trans-{CrX; (NH3).1Z
{where ¥ and 2 are Cl and/or Br) has been investigated under guasi-isothermal
and -ischbaric conditions {Q—conditions! and under dymamic conditions
{(D-conditions} [61]. The camlexes were finally conmverted into new
mer—triamminetrihalo—oarplexes, containing mixed halides in Q-conditions, but
decamposed in camplicated ways under D—conditions.

Dimiclear oomplexes of the formula [{ga) ;FCrNCM{(N} ;] (where g = en or
1,3pn, and M = Ni, Pd or Pt) result on heating trans- [CrFiOH2) (aa) ] IMICH) 4]
[621.

The XPES spectra of a mmber of cyanide and 1,2-diaminoethane complexes,
including K; [Cr{CN}¢] and [Crien);]Cl:, have been measured in order to obtain
the difference AE between the N 1z and C 1ls binding energies {63). For the
camplexes of 1,2-diamincethane, the AE values are related to o—donation; for
the cyanide complexes, they are controlled mainly by the nitrogen charge which
depends on the n-back-demation, MO caleulations of the DV-Ya type applied to
[M{CN} )13 ions (where M = Cr, Mn, Fe or Co) give good correlation with the
XPES results [63,64].

S-trityl-f-cysteine {(HL} is only N-bonded in [Cr{HL}3Cl:;] {65]. ‘The
apparent mlal volumes, viscosity coefficients, and conductivities in water at
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25 °C of ICrLglX; {where L, = NH;, H,0, urea; L; = én, CH,{CH;NH.},, tn, or
biguanide; X = Cl or NO3) have been determined [66f. The Reinckate anicm
[Cr{NH3},{MCS) 4]~ has been used to obtain crystals suitable for single crystal
X-ray investigations of a bimuclear tungsten catian containing a bridging
formazanido (3-) ligand [67].

4.2.2 Hydrozo-bridged compleres

Hydrolysis and polymerisation produce mixtures of various species in
acuecus solutlons of metal ions. With inert ions such as Cr{III)
interconversions are sufficiently slow for identification of many species to
be possible, and, in addition to the known doubly bridged chromivm(ITI} dimer
[ (H20} 4Cr {QH) 2Cr (OHz} 41", the singly bridged dimer [{H.0}sCr {OH)Cr{CHz)s]**
(58] and a green trimeric species [69] have been identified. Solutions
containing the doubly bridged dimer were separated by ion exchange tecimigues,
making use of displacement elution, from agqueous solutions prepared by aerial
oxidaticn of chromivm({II} perchlorate, or reflux of aquacus chramium{III}
nitrate. ‘The singly bridged dimer was cobtained by repeated evaporaticn of
perchloric acid sclutions of the doubly bridged dimer. The formula of the
s5ingly bridged dimer was established through measurements of equilibria and
freezing point depression and its antiferrcmagnetic behaviour shown similar to
that of other hydroxo-bridged dimers. The green trimer contains the unit
[Cr; i0H) ) **, but analysis of magnetic and EPR data did not distinguish between
the possible linear or triangular hydroxo-bridged arrangements of the metal
atoms,

The nature of the variaticn of the antiferromagnetic exchange parameter J
with the Cr-0-Cr bridging angle ¢ in w-hydroxo—dimers remains uncertain through
lack of magnetic and structural data. The value of J {obtained by fitting
the magnetic susceptibility data to various models} for the new dimer
trans—[ {H20) {NHs) ,Cr {OH)Cr {NH3) s]Cls.3H0 is approximately 35 cm™!, and
¢ = 155.1° [70], both values being similar to those reported for
[{NH;} sCr{OH}Cr (NH3) 51 °F (T ~ 31 cm !, ¢ = 154-166°) but larger than for
cis-[{HO) (NH3} ,Cr{OH)Cr(MH;) 51" (F~ 21 e}, & = 142.8°). It is believed
that the increased value of the angle ¢ is partly responsible for the stronger
coupling ccepared with the eie dimer, although the position of the
hydvoxo-hydrogen may be important, as it is 0.5 R above the plane of the bridge
in the c¢is dimer. Magnetic data do not appear to be available for
[ (HO} fen} ,Cr (OHYCr {en} 2 {OH) ] °F, which has a much smaller bridging angle of
135.4°.
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The reacticn of hexaamminechromitm(III} nitrate with I-proline in wakter
produces a purple compound which was thought to be either
mer—tris {prolinato) chromium{III} {Cr{L-pro) ;] .6H.0 {only fac-iscmers of
tris{amincacidato)chromium{III) complexes which are pink to red are known) or
a dimeric hydroxo—compound [Cril-pro)s ((8)1:.4H;0,  Although the purple
compound is soluble in MeOH or dmso, unlike other di-p-thydroxochromium(III)
dimers, the electronic absorption spectrum did not support the mer structure.
Crystal structure analysis has shown [71] that it is the di-p-hydroxo compound,
with the N atoms of the amino acid ¢rens in one octahedral unit and ei{s in the
other giving a A-transi¥}, A-tranms{0) iscmer (5}. Fram considerations of

(5}

steric hindrance between prolinato-ligands and intramolecular hydrogen bonding,
this appears to be the most stable of the many possible iscamers, The
metal-metal separation (2,983 .:t} and the gecietry of the bridging unit are
similar to those in [Crigly), (CH}]. and other di-p-hydroxo—compounds.

The IR spectnum of [CrL;{OH:) (OHil, {where HL = salicylic acid) shows that
some salicylate groups are monodentate and others chelating {72]. The
structure of di-p-hydrowcbis [bis{ (5)-1=(2=pyridyl)ethylamine}chranium(T1T}]
dithicnite dihydrate and the absolute confiquration of the cation have beem
determined (73], The molecules in di-p-hydroxc-bis
{bis[ (5)-alaninatolchromium{III) } trihydrate contain octahedrally coordinated
Cr atoms in which there 1s a ¢i{s-cis-cfa arrangement of two hydroso 2 atoms,
and two O and two ¥ atams of alanine [74]. The burqundy coloured crystals
were hand picked from the solid {also containing pink crystals of [Cr{S-ala)i]}
which separated fram the agueous reaction mixture containing {(S)-alanine and
[CriNH:} s} [NOs13. The Cr:{0H}, bridging unit shows the same features as in
the correspording glycine compound, and the Cr—CH-Cr angles are 97.6° and 99.4°.

The dimer [Cr{ECDA}(CH)1;.4H;0 [75] {where EDDAH, is
¥, N'—ethylenediaminediacetic acid) has now [76] been prepared by a now
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synthetic route from [Cr({EDDA} (acac)}.2H,0 {77) and its magnetic susceptibility
determined in the ramge 3.0 to 79 K. The data have been fitted by the Van
Vleck equation for pairs of exchange coupled S=3/ o ions, including a
biquadratic term to yield the parameters J = -9,3 am !, j = -0.2 om ! and
g = 1,96, This camplex has the smallest ratio of ¢ fangle at bridging oxygen
atom) to r {the chromiur-bridging oxygen distance} of the di-p-hydroxo-bridged
chromjum {ITI} complexes of known structure and analysis {76,78] of the
available data shows that the singlet-triplet separaticn reaches a maximim
when ¢/r is about 50°/.1°&. The dependence of the magnetic properties of the
known di-p-hydroxo-bridged complexes on ¢ and r, and the Cr-Cr separation, has
been discussed in some detail [78)]. The data for same alkoxo-bridged
complexes, including [Cr(3-Cl-acac):(OMe)l:, suggest that increased electron
density on the bridging oxygen enhances the exchange coupling.

Some further hydroxo-complexes are referred to in Secticns 4.2.3, 4.2.4
and 4.2.5.

4.2.3 Complexes of bidentate ligands

The thermal, magnetic and spectral properties of
[Cri0{0,0TH ) 5 (OH, ) 51C1.6H0 have been re-examined in terms of a model which
inciudes spin exchange between eguilateral triangular clusters, as well as the
intramolecular exchange (79]. Two inequivalent pairs of trimer sites with
different inter-cluster exchange parameters are required to obtain agreement
between experimental amd thecoretical heat capacities, magnetic
susceptibilities, and optical spectral data. Intercluster spin exchange is
associated with the hydrcegen bonding between the trimers.

Soluble alkoxy soaps of chromivm{III), with the general formalae
Cr{OR) 2 {0:CR'), Cr{CR}{C:CR');, and Cr(0,CR'); {where R = Me or Et,
R' = C7H1s, Ci1:Hz7, CisHsy or CziHy 3} have been prepared by the reaction of
Cr{OR}: in benzene with stolcheiametric amounts of the fatty acids (80].
Molecular weight determinations showed that the three types of compound are
pelymeric, dimeric, and monomeric, respectively. The so0lid state electronic
spectra are typical of chromium{III} camplexes. Thermogravimetry of the
preduct of metathetical reaction of sodivm stearate and a chromium{TII) salt
has indicated that the product is not a chromium{III} tristearate, but a
mixture of stearic acid (HX), [CrX.{OM)], and [CrX{CH):] [81). The acid .
impurity can be removed with ethanol. Stepwise formation oconstants,
log Ky = 2.7 and log K, = 1.1, have been reported [82] for the Cr{IIT)-propicnic
acid system.
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A number of benzene seleninato-0,0f complexes, ICri{0;5eC¢H;X)ia] {where X =
H, 4-C1, 3-Cl, 4-Br, 3-Br, or 4-Me) have been carefully characterised [B3].
The pyrophosphato-complex [Cr {OH: ) wHP.0+).3H0 has been separated by ion
exchange from varicus substances, including other polyphosphate complexes in a
mixture of Wa,P207; and [Cr{0OH;}.Cl:;1Cl, and crystalli=zed [84]. An X-ray
structure determination has shown that it contains bidentate pyrophosphate
ligand with the six membered chelate ring in a boat conformetion. This, and
the extensive hydrogen bonding, may be importamt in the binding of enzymes to
this complex amd to Cr{ATP}.

When CrCl, is heated with methyl methylphenylphosphinate, MeQP {0)MePh
chloromethane is eliminated and {Cr(0,PMePh) ;] formed [B51. This complex has
a magnetic moment at room temperature slightly below the spin-cnly value and
may be a triply bridged linear polymer. A gimilar reaction occurs between
triethyl phosphonoformate CoHsOP{O}C{OVOC:Hs and CrCl,, whence
[Cr (C2HsOPD2CE0)OC:Hs ) 31 and chlorcethane are produced [86]. This
chromium{IIT} complex is alsc thought to be a polymer. From the corresponding
reaction with chromium{IV} perchlorate, [Cr{C,H:OPO;C(0O)OC:Hs):{Cl0y}] is
cbtained (861, and triethylthicphosphate (L} forms [CrL, (OHz):{0C103) 2] IC10],
in which it is cocordinated as the thicl isomer [{C HsQl:P{Q}{SC,Hs)1 [87].

Typical chraomium{III) camplexes have been obtained from
2-hydroxy-3- {3-methyl-2-kutenyl) -1, 4-naphthoquinone [88],
1-{2-furylj-1, 3-bucanedione, 4,4,4~trifluoro~1-{2-furyl}-1,3-butanedione [89%,
and 4,4,4-trifluoro-1-{3-pyridyl}-1, 3-butanedione [90]. Unlike other metal
acetylacetcnates, [Criacac)i] does not react with cyanogen at ambient
conditions in CH,Cl, [9li. Decomposition of [Cr{hfacac);l (and of camplexes
of other metals with the hexaflucro B-diketcnate} takes place by fluorine
rearrangeiment to the metal, accompanied by elimination of CF; and, ultimately,
CrFy §92], Some HF is alsp lost and this reaction replaces the elimination of
metal fluoride with [Cr{(F;00CHDOR) ;3] (where R = Me, Et, 1:E'r, t13*..1, Ph, or
CyH3S). It is possible that softening of the metal environment, by
substitution of one F; by R, weakens its ability to compete with hydrogen for
the fluorine. The bromination of [Cri{tfacac),], with Br; in CHCL: below
30 °C, has been found to produce a mixture, analysed by GC/MS, which contains
[Cxr{tfacac) ;L], [Critfacac}l.,], and [CrLi], where L is monobraminated tfacac,
but the position of substitution was not conclusively determined [93]. The
complex [Cr{2-moac) ], in which %-moac is the anicn of
1-f-menthoxy-J-acetylacetone, has been synthesised, and found [94] fran MR,
electronic absorption, and (D spectra to have the cis-i-confiquration. The
sterenselectivity is attriluted to the inter-ligand hydrophabic interaction
between the f-menthyl and methyl growups.
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The thermal decamposition of tris({¥-benzoyl-¥-phenylhydroxylaminato)-—
chromium{III) has been investigated using radicsmetric methods by labelling the
complex with 3'Cr [95]. The thermal decomposition of same chromium oxalates
and their hydrazine addncts has been studied [96].

There have been extensive studies of difluorochromium{III} complexes, like
[CEF, {OH2) )" and [CrF, (41", but no such camplexes of dicarboxylates were
known previously. eis- and érans-[CrFziox)z)?", eis~ and trans- [CrF:{mal).] ¥
{where mal is malonate), and eie-[CrPF;{ox){en)]” and trans-[CrF,(mal){en)1”,
have now been isclated [97]. The comolexes were characterised by their IR,
electronic, and (D spectra, and their elution behaviour. The abscrption
spectra were analysed in terms of the angular overlap model.

Typical chramium{III} chelates have been cbtained from ¥-methyl-, N-ethyl-
f98a} and a-iodo-acetoacetanilides {98b], 4-benzoyl-3-methyl-1-phenyl-2-
pyrazolin-5—one (93], 4-benzoyloxime-3-methyl-l-phenyl-Z-pyrazoline-5—cne [100],
ard some triazolinethiones [101]. Complexes of the nitrogen—axygen and
nitrogen-sulphur donor ligands, phenylpyruvic acid semicarbazone and
{4—methylphenyl)pyruvic acid, and phenylpyruvic acid thiosemicarbazone and
{4-methylphenyl) pyruvic acid thicsemicarbazone, have the gemeral composition
[Cr{Ligand-H);] (X = Cl, Br, I, or MOz} [l02].

Compared with cobalt{III), few chromium{III) camplexes of optically active
amino acids are known, particularly of the type [CrL{N}412*. The complexes
[CrL{en);J%* (HL = glycine, alanine or ghenylalanine} have been prepared and
resoclved into their optical isamers [103]. Fram absorpticn and ¢D
spectroscopic investigations, it has been found that (CrL{en).1%* (HL =
I-alanine or I-phenylalanine) exist as two pairs of diasterecmeric, not
enanticmeric, isomers.

When aquenus or alcoholic solutions of chromium{IiI} chloride react with
glycine in the presence of sodium or lithium ethaxides, the products are
[Cra {OH) 2 {OHz) 5 {gly) 21C22 . B0, [Cra {OH) » (OH2) 2 f91y) 3 1CL.H0,

[Cra0{gly} s (0Hz) 21C1.2H:0, and [Cr;0{gly}e{OH2)3JCLl.3H0O [104}. These
compounds exhibit antiferromagnetic behaviour.

In order to determine the nature of the products of reaction between
chromium{III} and o~ and B-alanine, the emission spectra of chromiwm(ITI)-—
alanine camplexes have been campared with those of the chromium{IIT} fac— and
mer-tris{glycinato) camplexes [105]1. Only the binuclear complex
f{ala) .Cr{CH} .Cr{ala),].nH;0 and the morodentate ¥-bonded complexes were formed
with g-alanine; with f-alanine monodentate ¥-bonded complexes were the only
products. The complexes NaiCr{l—cys).1.2H;C and [Cr{DL-met}:].2,0 have been
reparted [106] .
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A determination of the crystal and molecular structure of the
tris{pentamethylenedithiccarbamato) chromivm(ITI} 1:2 chloroform adduct has
shown that the CrSs coordimation octahedron is trigonally distorted, and
chamnels within the structure contain CHCl; molecules hydrogen-bonded to the
sulphur atams [107]. The spectroscopic and magnetic properties of this and
several related complexes have been reported [108]. Investigations of the
camplexes of the thiosemicarbazide (HL) camplaxes, [CriHL);}CLls;.3H;0 and CrL;,
suggest that the ligand bonds through the sulphnr and hydrazine nitrogen atoms
and that the complexes are the c¢is isaomers {109].

The anhydrous complexes of mixed amines, [Cr{en},LiBr; [where L = 1, 2-pn,
1,3-pn, 2-methyl-1,2-propanediamine{I}, or trans-l,2-cyclohexanediamine {II}]
and (Crllz]Brs {where L= I and L' = 1,2-pn, or 1,3-pn; L = IT and
L' = 1,2-pn) have beeh prepared by substitution reactions of
eis-dichlorobis (diamine) chromimm{l+) or trisfdiamine}chramium{3+) complexes
[110]. There are several advantages in the use of the ¢{s complexes as
reactant: the solvent is eliminated, anhydrous reagents are not required,
reaction times are shorter, and there are improved yields in some cases. The
tris{diamine) chromium{IYI} reagent is vseful when the dichloro-complex is
difficult to cbtain,

The (D spectra of the series of complexes [Cr{en) 3_I(1,3—pn)r]3" {(x =10
to 3) have been measured over the range 500-1000 rm [111]. The optical
activity assoclated with the quartet-doublet chramivm(III) transitions may be
assigned within an effective D; symmetry, irrespective of the actual symmetry
of the chromophore. Measurements of the axial single crystal CD spectra of
[{+};=Cr{en) 11?% doped in 2{Ir{en}s:]Cls.KCl.6H.0 have been carried cut wmder
high resclution between 7 and 293 K, and transitions to the excited states
*Tep “T1, E, 71 and 2T; have been cbserved [112].

The themal behaviour of (+)sge~[Crien) 1CLls.2H20,

{+¥s5gsCrlif{en) 31C1;3.1-7H,;0, and (£)-[Cr{en) ]C1;.34,0 [113] has been
Irrrestigated and differences related to the crystal structures.,

The reaction of trans—(Cr(l,3-pn}FBr] [C10,].0-5H,0 with liquid ammonia
produces only ¢rans- [Cr{l,3~pn) ;FiNH;) }Br [Cl0, ], which, an recrystallisation
from perchloric acid, gives the diperchlorate [114]. The ammination of
trams- [Cr{en) .FBr] " is Imown to produce a 60/40 ratio of cis- and
trans—Cr {en) ,F (M3} 1™, but camplexes of 1,3-pn generally are more resistant to
stereochemical change than corresponding en conplexes., Reaction of
trane~[Cr{l,3—gm) ;F{NH3s}]* with more liquid ammonia resulted in little
agditional ammination, but, in concentrated HBr, the fluorc-ligand was replaced
by water.
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Mixed ligand complexes of the imides, malonimide, glutarimide and
phthalimide, and bipy and phen, have been prepared and characterised [115], as
have the camplexes [Crl.Q]C1.1-5H;0 and [CrLL' {H:NCSNH.):1Cl;, in which I, is
the anion of 2-{2-pyridyl)benzimidazole, O is biguanide, and L' is bipy or
phen [116). Similar mixed chelates containing dipicolinic acid have also
been isolated [117].

The chservation of optical activity in a racemic mixture of a labile
camplex on addition of a chiral compound (environment substance} is the
Pfeiffer effect. Until recemntly, only chiral organic compounds have been
used, for example, the chira! equilibrium of [Cr{ox),{phen}] is greatly
displaced towards its {+)suc— or (-)svg—emantiocmers an the addition of
£- {85 ,9R)~quinine or J4-{8R,95) —quinidine hydrochloride, respectively [118].
The Pfeiffer effect of [Cr(ox):]*” has been examined [119) using optically
stable complexes of the type cis-[M(diamine) ,XY}™" (where M = cr™ or Co3*,
digmine = en or 1,3-pn, and X and ¥ = aniocnic monodentate ligand}. It was
found that the chiral equilibrium of [Cr(cx):]1®” was always displaced in favour
of its & enantiomers in the presence of A enantiomers of those camplexes added
as an environment substance, It seems that A-cis—[M(diamine),Xvi™* camplexes
associate preferably with A-[Cricx):]?”, its inversion rate being retarded
relative to that of its antipode. It is proposed that the absolote
configuration of cis-{M{en or 1,3-pn) %1 and related complexes can be
inferred fram the equilibrium shift induced in racemic [Cri{ox):1>~. Resoclved
[Crien) 3] %* has been used to induce optical activity in a terbium complex
[120].

4.2.4 Photochemistry

The hydridopentaaquachromivm(III} ion [ (HO)sC¥H]Z*, previcusly prepared
by pulse radiolysis [121]), has rnow been prepared by UV flash photolysis of
chramium{II} perchlorate in dilute perchloric acid [122]. This ion has a
short lifetime, owing to a rapid reaction with H;0' to evolve hydrogen. Tt
might be considered related to the general family of alkylchramium{III} cations
[{H:0) sCrR}?* but it is much more reactive.

The photoacquation of trang~ and cis*[Cl'[NHa]th]+ in acidic aguecus medium
at 22 °C produces efficient amwnia aguation {¢ = 0.36 and 0.45, respectively)
for irradiaticn in the lowest quartet state, with minor yields of fluoride
[123] and there was little wavelength dependence. The chserved products from
the trans complex were the 1,6-diflucro-2-aquatriamninechranivm{III) and
1, 2-difluoro-t-aquatriamminechromium (TII) ions in the ratio 1:2.5. The cis
capound yielded these products in a 1:1.5 ratio, together with smail,
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wavelength dependent amounts of the 1,2-difluorc-3~aquatriamminechromium{III}
ion. The stereochemistry of photolysis of the trans complex is consistent
with both the edge displacement model and the Vanquickenborne—Ceulemans (VC)
theory. The results for the ¢is camplex do not fit the former model but can
be accommodated by the latter. _

The VC mxdel has now been extended to the photolabilisation of complexes of
Dy;, symmetry {1241; previously the ccnplexes considered were of real or
effective Dy, symmetry. It has been shown that the leaving ligand is the one
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compatible with the almost exclusive photodissociation of en from
eis—{Cren), (NCS)CL] .

Photcaguation reactions of [Cri{NHi)sX1®' (where X = Cl, Br, or NCS),
iCr(MH») ) 3% 1126], [Cr(NCS)el?”, and [CriM)¢)®” 1271 in aguecus solution
have been studied as a function of pressure up to 1500 har.

Upan ligand field irradiation in acidic solution, the
trana=1CT (NH3) 4 (@mf}C1) 2" cation undergoes simultanecus loss of dmf, €1, and
NH; [128]. Photosolvation of dmf predominates at all excitation energies,
and from the wavelength dependence of quantum yields, it is inferred that the
lower lying “¥ state and the upper “Bs» state are the main precursars to
aquaticn of the axial ligands and of NH; respectively.

The question of doublet versus quartet reactivity in the photoanation of
[Cr(NHs) 613* by C1° and Br [129], and in the photochemistry of [Crien);]®*
[130], has been considered. & series of Cr(IiIj-alkylamine complexes with
CrNg skeletons have been synthesised in order to study the role of hydrogen
vibrations in the radiationless deactivaticn of the complexes in their lowest
doublet state [131]. The complexes have similar electronic properties but
from 8 to 18 R-H bands.  Measurements of absorption spectra, relative
phosphorescence quantum yields, and phosphorescence decay times at liquid
nitrogen temperature showed a good correlaticn between radiationless transiticn
rate and the mmber of active hydrogen atoms attached to the donor atoms.

A procedure that is proving useful in the synthesis of cyano—camplexes, is
cyanide anation in dmso, since cyanide ion displaces coordinated émso cleanty
but deprotonates rather than displaces coordinated water. The preparation
{132]) of trans- and mls-[(ll.'(NI*la;}-.(C!I}z]+ perchlarates starts from the recently
characterised complexes [43] trans— and cis—[Cr{NH:) 4 {dmso)z]°%, although
trans— or eis-[Cx(NH;), (Gms0}C1l)%2Y can also be used (Scheme I). The
insolubility of the perchlorate of frans-—[Cr(8Hs) (N)2]" permitted its
isolation from solution, but it was necessary to separate the eods— isomer by
ion exchange. Rapid trans-to-eis Ilsomerisation of #rans—I[Cr (NH;) g (dmso) 17"
occurs on the addition of (N, before anation produces the dicyano-camplexes
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in a stepwise manner, both apparently vie cis—[Cr(NH3), (dmso) (@} 12* which, in
an uncommon rearrangement, gives a mixture of irans— and eis—dicyano—complexes.
The eis-monocyano-intermediate was isolated as the perchilorate salt.
Cyanochloro-complexes could not be cbtained by anation of [Cr(NH:z}s (dmso}Cl]®*,
rather a mixture of the dicyano-isomers was cbtained. Substitution of dmso by
CN in water is sterecretentive. The zEg + "Azg(oh) transitions have heen
identified in the luminescence spectra of the dicyano—isomers, As with
related complexes, the IR spectra are not good criteria of gegmetry, since the
trans complex shows a small splitting of the weak C-N stretching absorption,
and the cis iscmer does not, These isamers are inert in neutral or alkaline
canditions at room temperature, but readily aguate stepwise in acid with
retention of configuration. The cyancaqua- and cyanchydroxo-coamplexes were
characterised in solution.

There is little difference in the electronic abscrption spectra of cis-
amd trane- [Cr(NH3) « ((N) 21?7, although the lowest energy band of the latter is
slightly the less intense and less asymmetric. The splittings of the 0y levels
in these camplexes are the reverse of those found generally for other complexes
[Cr {NH3) «X2)™", because CN has a stranger field than other acido-ligands.

This leads {133] to atypical photolabilisation patterns with

trans- [Cr{NHs) 4 (CN) 217, as compared with the other diacido—complexes.
Photolysis in acidic aguecus solution at 10 °C results in NH; aguation

(¢ = 0.24) a5 expected, with no release of CN , although the dark reaction is
exclusively loss of CN . ‘The results corrchborate those obtained [134] with
[CriMHs} sONJ 2.

Photochemical substitution {ligand field irradiation) in [Cr{MHs)e]3*,
[Cr{NH,CH3}51%*, and [Crien);)** has been studied in acid solution [135]. 1In
perchlaric acid, photoaquation takes place, but when the solution contains a
1igand capable of forming a stronger bemd with Cr®* than water, e.g. C1° from
HCl, the amine is replaced by that ligand.

The 77 K excitation spectra of ICr{ex):]*” in several crystal lattices have
been reported [136). The components of the *7; and %F, states can be located
quite easily by this technique, and there are advantages over absorpticn
measurements, The quenching of triplet states of organic donors by
[Cri{acac) ;] and [Cr{bzacli] in benzene solution has been studied {137]. The
reaction of chromium(TIT} with glycine yields four products, fac— and
mar-[Crigly) s}, the dimeric spercies, di-p-hydroxotetraglycinatedichromivm{III},
and a series of camwplexes involving singly and ¥-bonded glycinate ligemds [138].
The %2 + “4; luminescence spectra were recorded fram 4 K to room temperature.
The emission spectra are mch more indicative of the type of complex than the
abscrption spectra. The splitting of the ’E term in fae-iCrigly):} was
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dependent upon its degree of hydration which wvaried with the crystallisation
conditicons.

On ligand field excitation, A-[Crien);)?* in acidic aqueous solution
produces the A-c¢is, A-cis, and trans isomers of [Crien):{enH} {OH.)1**, with
quantum yields 0.10, 0.03, and 0.24, respectively, independent of the
wavelength of irradiation [139]. It has been deduced that there is
reactivity anly from the lowest quartet state, with back intersystem crossing
fram the lowest doublet state to the gquartet accounting for delayed reaction.

Investigations of the oxidation of [Cr{bipy}:I?' and similar metal chelates
by various oxidants in aquecus sulphuric acid provide evidence that
chemiluminescent reactions involving coordination compounds will prove to be
commecn and may be important for electronic display devices and lasers. Among
the new chemiluminescent reactions are the oxidation of [Cribipy)s]?* by
[S20¢]%~, TL** [140], Ce{IV} and [Ruibipy):]’* (141]. The emission is from
the 2,E‘g state of (Cribipy) il 3+ The rates of quenching of this excited state
by various cobalt{ITI} camplexes have been investigated [142]. Quantum yields
of photoaquation and the lifetimes of the 2Ty /?F excited states have been
determined in agueous solution of trisfamine) complexes of bipy and phen and
various substituted derivatives [143]. The quantum yield of luminescence of
{Cribipy) 31°" in aqueocus sclution is lowered by the presence of D0, but the
lifetime of the emitting ’F state ramains unchanged (144}. This is considered
to arise from the variation of efficiency of intersystem crossing from “T, with
solvent camposition, The rigidity of phen in [Criphen}:]** leads to little
variation of lifetime with D,0 concentration. A mumber of new tris{amine)
complexes of substituted phenanthroline ligands have been prepared during
investigations of the reductive quenching of the [ state of [Cr{amine)s:]3* by
Pe’* [145]. The luminescence spectra of Cri l{TPP) and other
metalloporphyrins have been investigated (146].

Various products of the UV photolysis of sclutions of chromium{IIi)azide
camplexes [CrL(N3) ]2~ {where L = edta, nitrilotriacetate or
d-valine-¥, N-diacetate}) have been separated by ion exchange chromatography, and
identified as chromium{V} nitride complexes by their FPR, absorption, and CD
spectra [147]. The reacticns are of the type:

hw
ert g @017 —> e N0 )T + N,

A detailed study of the ability of several metallophthalocyanines to
photoreduce methylviologen using visible light in the presence of
triethanclamine has been carried cut [148]. Irradiation of the chromium{IIT}
complex of tetrafoctylsulphonamidolphthalocyanine {ToPcH:} in the presence of
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cysteine produces the chromium{II} complex in s<iu which photoreduces the
methylviologen.

{.2.5 C(omplexes of polydentate ligands

Comparisons of the visible and (D spectra in the spin-forbidden transiticns
of the new complex potassium (25,45}-2,{-pentanediaminetetraacetatochromate (ITI}
monchydrate [149] with those of chromium{ITI}) complexes of edta analodques shoar
that the ccnplex is formed stersospecifically with the A{AAA} absoclute
configquration [150]. The stability constants of cr'* with iminodiacetic acid
{log Ry = 16.31) ard nitrilotriacetic acid {log B2 = 18.47) have been
determined [151). The structure of aquai¥N,¥’'-ethylenediaminetriacetatoacetic
acid}chramium{ITT) has been determined because it is umisually
substitution-labile [152). As in other reactive chromivum{III} complexes,
coordinaticn around the metal atom is a distorted octahedron, and the
distortion is likely to persist for the complex in solution. A number of
mixed ligand complexes of the types K{CrLL') or K, [Cril.?] (where HslL is
nitrilotriacetic acid and HL! and HL® are amino acids such as histidine and
nicotinic acid) have been characterised [153].

Octahedral bis complexes of tridentate I-histidine, in which the
histidinato—ions coordinate facially, can assume the three isomeric forms
{6, 7, and §). The tranz-imidazole and trans—carboxylate iscmers of

A¥ ) /“3 /) (/ \
TN N 0
(8) {7} (E)

fcril-his}.}*, 6} and (7}, have been isolated [154] as the nitrate and
perchlorate salts, respectively. The assignments were based on the elution
behaviour and the IR, VIS, (D, and luminescence spectra of the iscmers.

Few chranum{III} complexes cantaining bis{tridentate) amino
acidato-ligands are known, but the complexes [Cri{f- or P-asp) {Z-his)] and
[Cr(f-asp) :]” have now been prepared [155]. The former has six possible
isamers: two meridicnal and one facial, each of which can contain L- or D-asp,
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arxd all have been isoclated or detected. The meridional iscmer containing

I~asp is shown in (8}, and this is the least stable apparently hecause, as in
Q

Qo
N o}
o]

Ccr
1
'
1

/}j—l‘“

8]

{(8)

the corresponding cobal € {III) ccapounds, the amino groups avoid being trans to
each other, The preparation of the three isomers of (Crii-asp).] has been
refined { (1) is one of the two cis iscmers}. The iscomers were assigned

(103

structures fram their visible spectra and high speed chramatograms; this was
aided by oamparisons of elution behavicur and (D spectra between the
chramjum{ITTI} and correspanding ccbalt (TIT) canplexes.

The perchlorate salt, [Cr{sal;enj (OH»}:][Cl04].H20, has been prepared by
reactiocn of an agquecus soluticn of hexaaquachramium{II) perchleorate with
sal,enH: in acetcne, but this method was not successful when attempted with
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sal,phenl; and acar;enH, [156]. The sal,en camplex was also prepared by a
template synthesis, which yielded sal,phen and acar,en complexes in solution,
The polymer, [CrL{(#H;};ICl, in which L is the dianicn of the Schiff base
prepared by condensation of 5,5'-methylenebls(salicylaldehyde} with aniline
{3571, and the complexes [CrL(0OAc}}, where H.L =
2—I-DC5H5(}1:m{CD(GJZJnCDNHN:GiC,;H«CI-I—2 {n =0, ¥, or 2}, have been
characterised [158]. Condensation of biacetyl moncxime with the appropriate
acid hydrazide produces the acido-ligands HL and H.L', where HL is
MeC (:NOH)C(Me) :NNHC(D}R, R=Ph, 3-CICsH,, 3~BrCgH,, 2-NO,CeH,, Bu, and H,L' is
MeC{:NCH}C (Me) :MNHEC {0} {mz}nc{o}mm:c{m}c{:m}nm (rn = 0 ar 4}; the complexes
[CrL(OH;) 31C1, and [Cr,L' (0H,)5ICL, have been prepared {159].

The kinetics of solvelysis of [Cr(tren)Cl;]Cl have been measured in the
non aquecus solvents, dmso, amf, formamide {(form)}, and f-’-methylfomarrdde {nmf} ,
During these investigaticns [160]1, the complexes
chloro{sclvent} (tren)chromium{ITI)perchlorate were chtained, for which IR
spectroscopic data indicate O-coordination of the solvent molecules: from
visible spectra it was deduced that the ligand field strengths of the
coordinated solvent are greater than those of chloro- or bromo-ligands, and
are in the order nmf < form < dmse < dnf.  Several oxalato-species, e.g.
[Cr {trenH) {ox) (CH.)}]12*, have heen cbtained in solution [161].

Three complexes K{Cr{SCN)4a), [Cr{SM}:;Ll, and Ki[Cr(NCS):Q] fwhers
A = dien, L = N¥-(Z2-amincethyl)-1,3~diamincpropane, and Q = deprotonated
trans-1,2~Jiaminocyclohexane—N, ¥, ¥ 7, ¥/ ~tetraacetic acid} have been prepared by
reactions with K; [Cr{SCN}¢] [162]. The values of 10 Dg are in the order
Q>L>»A, Two diastersoisomers, [”6(]80 ard {—)?30, of
eis~a-[CrCl, {S-picpn) ]’ (where S-picpn is (S)-¥,N'-bis{2-pyridylmethyl)-l,2-
diaminopropane) were assigned absclute configurations from their CD spectra.
An X-ray structural analysis of the chloride of the more stable iscmer
{+)gpy} has confimed its 4 configuration [163). This work has been
extended [164] to camplexes of the related ligands
(5, 5) -4, ¥'-bis (2-pyridylmethyl} -2, 3-butanediamine (85-picbn) and
[S,S)—1‘.?,N’-bis{2—py1‘idyln‘ethy1)—1,2—qcld1@(anedianmle(ssipicd1m), and
[CrCl: {55-pickn) } IC10,]) . 0.5H,G, [CrCl, {FR-piccham) } [C104}.0.5H,0, and the
di-p-hydroxo dinuclear compleres [{Cr{CH) {S-plcpnl:] IC10.] 2. 3.5H20,
[{cr(cH) (35-pichn) }2].3H20, and [{Cr(CH) (RE-picctom) }21(C10y} 2. 4H,0 have been
investigated. The dichloro-complexes were assigned the novel A-ciz—a
structure from (D spectral comparisons, and structures were also assigned to
the dihydroxo-complexes. Steric repulsion is apparently responsible for the
sterepselective formation of the A diastereoisomers and the limited number of
isamers of the dimuclear hydroxo—complexes obtained. The (D and MCD
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spectra of salts of A- and A-cis-a-[CrX, (S-picpn)]’ (where X = Br, Cl, or F} in
the region of the pyridine ring absorption band have heen analysed {163] using
the recent structural information [165].

A number of chromium{ITT} camplexes of macrocyclic ligands have been
prepared: blue eds-[Cr([12]aneN,}C1l;iCl.H:0 was synthesised by refluxing
CrCl;.6H,0 with [12]anely {1,4,7,10-tetraazacyclocdodecane} in absolute ethancl
in the presence of activated zinc; violet efe—[Cr{[l2]aneN,} (NCS): INCS.2H0
was ocbtained fram the blue camplex in acqueous solution by the addition of
iNH. § [SCN]; and greem trans-[Cr{il5]aneN,iCl:]Cl.2H,0 was obtained by the
reaction of CrCl1,.3thf with f(15]aneN, (1,4,8,l2-tetraazacyclopentadecans) in
dmf (166}, A mixture of dark red cie— and green
trans—[Cril,4,7,11(14}ansl,}C1;]CL was produced by refluxing CrCl;.3thf with
1,4,7,11[14}laneN, {1,4,7,11-tetraazacyclotetradecane) in dmf, and the iscmers
were separated by fractional crystallisation fram methanol. The magnetic
moments were as expected for chromium(III} compounds, and structural
assigmments were based on the UV-VIS and IR spectra of the camplexes. The
ranking of quy for varicus trans complexes is
1,4,8,11[14]an=N: > 1,4,7,11[14]laneNy > [15]aneN,, and [12]aneN, appears to be
a relatively weak field ligand. 1In order to study the base hydrolysis of the
cation, trans-[CrClsitetc}][ND:l. (tetz = C-meso-5,7,7,12,14,14-hexamethyl-
1,4,8,1ll-tetraazacyclotetradecane) has been prepared [167] by mixing solutions
of CrCl;.6H:0 and teta.2H,0 in dmf, after they had been dehydrated by boiling.

Electrochemical investigaticns [168] have suggested that two discrete paths
of electron transfer are possible for the reductian of [Cr{TPPICIL} (where L is
a substituted pyridine}. One of these involves the new complex [Cr(TPP}L,3".
The products of electron transfer are CriTPPjL, or [Cr(TPP}CIL] . The
preparation of [{ToPc)Cr(III}(H] has been given [148]. The equilibria and
kinetics of the reactions between meso-tetra{d-N-methylporphine) diaqua-
chromium{I¥I) and (N and NCS have been locked at in some detail [169].

4.3 CHRIMIUM({II)
4,3.1 Complexes of simple ligands

Further structural investigaticns of the trihalochromates{II) have been
reported,  o—CsCrCl; and a-CsCrI:; are hexagonal at 295 K and have a slightly
distorted BaMi0; structure {170]. The distortion is predominantly related to
the local Jahn-Teller effect which leads to elongated octahedra. The
elangation can ocowr along one of the three principal axes of the octahedron.
A new model is introduced, which takes into acoount the existence of octahedra
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with randomly distrituted elangation directions. Neutron powder diffracticn
measurements show [171] that the linear chain structures of B-RbCrI; and
y-RbCrls contain elongated octahedra. For f-CsCrIa, the Qurie temperature is
egual to 27 K, thTCccmldmtl:edetennimdfrmthexvsTcuruesof
7~RbCrI:;. From fits of the powder susceptibility data, J/k for CsCrIs and
RbCrl; were estimated to be -14 and -11 K, respectively. Neutron powder
diffraction studies [172] also show that o-Tl, {Crig] contains a random
distribution of elongated octahedra, and there is a phase transition between
77 and 4.2 K.  In B~Tl,[CrIs] the directions of elongation of the octahedra
are crdered, and three dimensional magnetic ordering takes place at 2.7 K.

The ferromagnetic tetrachlorochramate{IT), [1,3-pnH,] [CrCl,], contains
layers of chlorine-bridged [CrCl,)2~ units [173] about 9.3 A apart, separated
by the propane—1,3—diammonium cations, Chlorine bridges to adjacent [crCls)
units complete a tetragenally elongated octahedron arocund each chromium ion,
FEach bridging chlorine atom lies closer {2.39 R) tc one chromium atom than the
other (2,87 ;\}. The bridging angle is 165.3°, and the Cr—Cr separation 5.22 }?L
As in [dienHs] [CxClsiCl [174] and Bb»CrCl, [175], the tetragonal axes alternate
at right angles in the chlorine-hridged layers. ‘This type of cooperative
Jahn~Teller distorticon (antiferrodistortive order) is responsible for the
ferromagmetism.  Similar results have been found in a neutron diffraction
imrestigation [176] of the structures of single crystals of Rb: {C:rl_xmel..l
(0L < <1}, For £ = 0.01, the Cr—Cl bond lengths to the bridging chloride
atons in the layers are 2.40 and 2,74 ;\, and the distortion in the Mn,Cr)Cle
octahedra decreases with increasing x. The data are in reasonable agreement
with those far Bb; [CrCle] [175]1. The antiferromagnetic compound
[MMe2Hs]; [CxCl,) has very different structure {71} containing isolated

2.62 g
C1 cl
ci ~ 4 Ccl 1
\ Cl\"-} // \ // ¢
e Cr . cy——Cr
// \ - ’ > / \
C1l
c1 cr” (\\ c1 cl
2.40 A
{11)

[CxsCly23% anions, in which the chromium atoms are arranged linearly [173].
The central chromium atom can be considered surrounded by a tetragonally
flattened octahedron of chlorine atows which bridge to the terminal metal
atcans, These form four short and two long Cr—Cl bonds.
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A number of tetrabromochromates (IT) have been synthesised [177] and, like
the tetrachlorochromates{IIj {see above and 1979 review}, they exhibit varicus
types of magnetic behaviour. The dihydrates M [CrBr, (OH;}:] {where M = Cs, Rb,
WH,, or Hpy) are magnetically dilute, high-spin compounds. The ammonium salt
is isomorphous with the analogous copperiIl) bromide which is known to contain
trane— [CuBr, {OH:}2)%” anions, with two short and two long Cu-Br bonds. The
piperazinium salts [Hopipzj:[CrBrs].2H:0 and [Hypipzl:[CrBrsi, and the
quanidinium salt [C{¥H;)3:]: [CTBr.}.2Me0):H, are also magnetically dilute.
Their reflectance spectra are as expected for tetragonally distorted octahedral
anions., Thermal dehydration gives the compounds M (CrBr,} {where M = Cs, Bb,
MH,, NFhHz:, or Hpy} hut the monoalkylammonium salts [NRH3 ). [CrBry] iwhere R =
Me, Bt, Pr", a-CsHiy, n—CgHiz, or n-CizHzs), [NMe:Hz],[CxBr.] and
[C{NHz) 2]z [CrBr.]. 242008 have been crystallised from glacial acid, and
[NEt,]; [CrBr,] Erom mixed organic solvents. Ferromagnetic behaviour is
exhibited by Cs, [CrBry] and the moncalkylammconium salts, but the other
tetrabromochromates (IT) are antiferromagnetic. The reflectance spectra
indicate tetragonal six coordination of CrII and hence polymeric structures.
Like the analcgous tetrachlorochromates{IT}, the magnetic data for the
ferromagnetic tetrabramochromates from liquid nitrogen to room temperature can
be reproduced by the high temperature series-expansicn formula for a sheet
ferromagnet with 5 = 2, and JBr >J ci- The reflectance spectra contain very
sharp bands at ca. 15,600 and 18,400 am !, assigned to spin-forbidden
transitions intensified by magnetic coupling. The magnetic behavicur of the
antiferrcmagnetic complexes is reproduced by the high temperature
serics—expansion formula with agpropriace changes of sign. The stretching
vibrations of the short Cr-Br bonds ocaur near 250 aul.

It is supposed that the ferromagnetic complex bromides have layer
structures like [1,3-pnH:i[CrCl,j but structural data are as yet unavailable.
The Curie temperatures of {NRH;3]:[CrBry] {where R = Me, n-Pr, or »-C;;Hz5} are
just below 60 K, ard for [Hidien) (CrCl.]C1 TC 1s approximately 38 K [178].

The use of the Jahn-Teller theorem in inorganic chemistry has been
considered [179] and an explanation given [1801 for the experimental
observation that most Cu{II} and high spin Cr{II) camplexes suffer tetragonal
elongations.

Many attempts to isolate pire solids fram the deep red soluticoms, formed
frem Cr?* and aqueous potassium cyanide in excess and thought to contain low
spin {Cr{CN)s]"*" icns, have been unsuccessful. Throwh careful control of
concentration and pH, the green crystalline hexacyanochromatbes {II)

M, [Cri{tNig).2HC0 (where M = Na or Ki, and the dark green, simple cyanide
Cr{(¥) >.2H:0, have been obtained [181]. Dehydration at 100 °C in vacuum gives
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the blue hexacyanochramates(IT} and the brown chromiumiII) cyanide,
respectively. The v{C-N) stretching frequencies of the hexacyanochromates (IT)
are characteristic of termiral cyano—groups but Cri{CN): contains bridging, and
Cr i) ;. 2H.0 bridging and possibly terminal cyanc—groups. The complexes are
all low spin, but the lower moments of the simple cyanides {v2.8 uB) relative
to those of the hexacyanochromates{IL) {3.1-3.5 uB) may be due to leas orbital
cemtribution to the former because  of planar configurations.  X-ray powder
data and reflectance spectra were alsc abtained,

Recently, the dark green sodiww salt Nas [Crili)e).10H.0 was prepared by
the reductian of Na;[Cr(CN).] with amalgamated aluminium sheet and, from a
crystal structure determination, the anion has nearly octahedral symmetry 11821,
Apparently, the decahydrate crystallises hbut the dihydrate is the stable phase
[181]. In liguid ammonia, the hexacyanochromates(TI) can be reduced to the
chromium{0} complexes Mg [CritN)s] by the appropriate alkali metal. These are
all dimmagnetic with a {tzg)" configquration.

4.3.2 Complexres of N-donor ligands

Chromium{II} complexes of adenine (ade} of the stoicheicmetry (Criade) X»1
{where X = Cl1, Br, or I} exhibit antiferromagmetic exchange {183]. The
omplexes were solvated to varying extents with 2-methoxyethanol. The
preparaticn of [Cr(NCCH:ie) [BFy)z and [Cr(NOCHa).1([BFy]: has been mentioned
earlier [39]).

The first stepwise formation constant of (Cribipy}1%? in hmpa, determined
spectrophotometrically [184), is log Ky = 4.6110.02. Because log K; is
slightly greater in hmpa than in water the chromium{II} species in hmpa was
considered to be tetrahedral, but no agther evidence was given,

The chromium{II} ion is in an unusual trons planar environment in
bis{2,6—dimethylpyridine)big{trifluoroacetato)chromium{II} {185} (12). ‘The
camplex is prepaved by the reaction sequence {1}:

CF s 000H 2,6=mepy
[thf.Cr(BH,) ;] ——— {[thf.Cr{0,0CF3),])»} ————[(2,6-mepy) .Cr{0,OCF3) 21,
{1}
each ligand is monodentate (Cr-N = 2.111 Aand Cr-C = 2.028 A). The methyl -
groups of the 2,6—dimethylpyridine {(2,6-mepy) molecules are above and below
the Cre;N; plane and block further coordinatiom.

4.3.3 Complexes containing Cr"r'lr—c‘r'r'lr quadruple bands

The length of the Cr-Cr quadruple bond in complexes Cran. fonly e of the
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(12}

bridging anions L is shown in {73} to {I18)) is principally dependent upon the
presence or absence of axial ligands and, to a lesser extent, on the bridging
ligands {see 1980 review). Axial ligands hawe been excluded by steric
hindrance in camplexes where L is an acetanilido-{camplex {13) [186]}, or
substituted acetanilido-anion as in complex (74} {187j, In conpounds where L
is carboxylate group, axial ligands such as R0 or pyridine are present or, if
not, the [Cr;{0:CR}is] molecules associate viz the axial positions to form
infinite chains. Dichromium(II) compounds of 2-phenylbenzoate (15,16) have
now been synthesised [188], in the hope that the ortho phenyl groups would
prevent intermolecular association, but this expectation was only half achieved
in that the structure of (75) caomprises the usual dinuclear units, but pairs of
these units are linked by O - Cr boxls to foarm a dimer of dimers (717} where
there are two free axial positions. Bere, the four Z-phenyl groups are
directed towards the same end of a Cr=Cr unit so that association with a
similar dimer can ccour at the other end. The formation of infinite chalns is
prevented, but carboxylates with substituents producing steric hindrance at
both ends of the Cr—Cr unit are necessary for the formation of discrete

[Cr2 {02CR) 4] molecules. The molybdernmm analogue of (15) does form isolated
dimeric molecules [189].

Campound (15} was crystallised fror a mixture of chromecene and
2-phenyl-benzoic acid in toluene as a ditoluens solvate. The reaction of
anhydrous [Cr; (0;0CH3) 4] and 2-phenylbenzoic acld in thf with n-lutyllithium
in hexane produced {76}, containing two axially coordinated thf molecules.

The structure is similar to those of other [Crz{(0:CR}uwA:;} molecules, and the
Cr—Cr distance, as with {78}, is within the range (approximately 2.28 to
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2.37 ;;) previcusly established. In the structure two orthe phenyl groups are
directed towards each end of the binuclear unit. It is not understocd why
the axial coordination at one end in {15} should lead to a longer Cr—Cr band
than in {16}, where there is axial coordination at each end.

Complex {74), in which there are no axial ligands [187), was earlier [190]
obtained with two molecules of dichloramethane positioned, as are the molecules
of dibromomethane in the new complex {78) [187]. In the (H.Cl, adduct,
ri{Cr-Cr) was found to be 1.94% f\, cansiderably longer than the value of 1.873 .;
in the unsubstituted complex {(13), the only complex of the acetanilido type
without axial ligands available for coampariscn at the time, Since no
significant difference was expected between the Cr-Cr bond lengths in {13} and
{14}, it was assumed that axial interaction Cl—»Cr by CH.Cl; n‘olecules had
caused the miltiple hond to lengthen from 1,873 A in {73} to 1.949 A in the
GH,CY; adduct. This interpretation is now doubtful because the bond length
in {14}, which has no axial ligands, is close to those in the (F,Cl,; or CH;Br:
adducts. However, since the chramium-halogen bond lengths decrease in going
from dichloramethane to dibromamethans (van der Waals contacts should increase}
there is still some evidence for axial interaction. Molybdenum{IT} forms
CH,Cl; and CH;Br, adducts iscmorphous with {78).

It is possible that the Cr—Cr bond in {14} is cz. 0.07 A longer than in
{13} because the large dihedral angle w in (74) reduces the conjugation beiween
the phenyl and amide n-systems and hence the electron density between the Cr?*
ions.

From a consideration of the dissociation equilibria for chromium{II} and
oopper (II) acetates, it has been possible to estimate [191] the difference
between the CrCr and Cu-Cu bond energies in the acetate system. The Cr-Cr
interaction is usually described in terms of ane o, two w, and one § camponents,
and the weaker Cu~Cu interaction in terms of just cne § compoment. In spite
of a difference of three units in band order, the Cr-Cr bond is stronger than
the Cu—Cu bond by only about 45 kJ mol™l.

Measurements of their low energy photoelectran spectra have provided useful
information on the electronic structure of dichromivm{II} and dimolybdenum({IX}
complexes [192] and a correlaticn between the ionisation energies of the
metal's valence electrons and the Cr—Cr separation suggests that the separation
is influenced cmsiderably by the Coulombic repulsion between the metal atoms
[193], The first measurements of the core level photoelectron spectra of
dichremium{II) and dimolybdenumi{II) complexes have been performed {194] using
AlKa—radiati.m. The conplexes are Mxle (where M = Cr, L = 0:MMe or whp;
M=M, L = 0,08, 0:(Me, or mhp, and Hrhp = 2-hydroxy-6-methylpyridine). The
oxXygen core icnisation energies {I.E.’'s) of [Crz(0:Mel,] and [Mo:{C:(¥el,] are
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the same within experimental error, as are the oxygen and nitrogen core I.E.'s
of [Cr;imhp)sy] and [Mop{mhp),]. Also, the decrease in binding energy of the
chromium 2p levels from [Cr; {0:(Me}.] to [Cr;{mhp),] matches that of the
molybdermum 34 levels in going from [Mo; (C:e)y] to [Mo; {mhpls]l. Therefaore,
it has been cancluded that the charge distribution is probably the same within
[Cr; i0:Me)y] and [Moz {0:Me) ], and within [Cr;{mhp),] and [Mo; {mhp).].
Consequently, the significant lengthening (0.40 f\) of the Cr~Ur separation in
going frem [Cr; (mhp)s} to [Cr, {0:34e),) as camparved with the smaller
lengthening (0.03 ;\) between the analogcus molybdenm(II} complexes is not due
to differences in the bonding of the ligands to the M1 centres, but to the
different nature of the C&—Cr and Mo-Mo interactions, notably the shallower
potential well for the former which leads to greater sensitivity to the Cxr—Cr
separation to changes in charge distribution within the CrpL, complex.

The known dichromium{II} camplexes have been classified into three groups
according to the metal-metal separations [195). From calarimetric
measurements at 25 °C of the enthalpies of oxidative hydrolysis in solution,
the standard enthalpies of formaticn of crystalline iCr:(mhp)y] and ICrg (dmp).]
{(where drp is the dimethoxyphenyl anicn} have been found to be —{948.2%9) and
-{961+22}) kJ mol™?, respectively [196]. The enthalpies of formation in the
gaseous state and the enthalpies of atamisation {AH?) have been evaluated from
measured or estimated enthalpies of sublimation, and attempts made to quantify
the contributions to QHZ from the metal-metal, metal-oxygen, metal-nitrogen
and metal-carbon bonds in these molecules.

4,4 MISCELIANEOUS CHEMISIRY OF CHROMIUM{ITI} RND (III)

In this secticn, reductions by chramium({IT) camplexes, electrochemical
reactions, and same o- and 1-bonded organochromium{III) oomplexes are briefly
and selectively reviewed.  Although strictly orgenametallic compounds, the
last have been included because they resemble, in oxidation state and other
properties, classical chromivm{III) coordination complexes.

The reduction of nitroamine with Cr?* yields dinitrogen and amwonia, and
a hydrazido-complex is postulated as an intermediate [197]. The use of low
valent transition metal species including Cr{II}) comprmnds in the reduction
of organic compounds has been reviewed [198].

Pyrazine reacts with aqueous Cr’* to form an intense green 1:1 species
f (H,0} sCr (pzH-}1%", considered to be a camplex of chramium{ITI} in which the
radical anion is protonated at the remote nitrogen atom.  Substituced
prrazines behave similarly, and the electrochemical behavicur of the “"greens®
derived from pyrazine, pyrazine—2—carboxamide, and pyrazine—Z2-carboxylic acid
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have beem investigated [199]. Solutions of pyrazine green exhibit a single,
composite polarcgraphic wave which passes without inflection from anodic to
cathodic currents. The ancdic hranch corresponds to cxidation to the
Ghremiur (ITT} cation f{H:0)sCripz)]?*, and the cathodic branch to two electron
reduction to produce the dihydropyrazinium ion and Cr?¥. The corresponding
set of reactions for the pyrazinecarboxylic acid green gives rise to separabe
cxidation and reduction waves, and the green is believed to contain a bidentate
organic ligand. The more camplex electrochemical behaviour of the pyrazine
carboxamide green is ascribed to the presence of two isomers, cne containing
bidentate pyrazinecarboxamide, and the cother mumodentate pyrazinecarboxamide
coordinated to ¢r?* v the 4-nitrogen atam. Interconversion of these isomers
is catalysed by crét.

The dithiobenzoato-camplexes [Cr{S;0C¢H.R-4}3;] {where R = H, Ma, MeQ, Me:N,
or EtpN) are reduced at a platinum electrode in a series of one—electron
transfers [2001, The dithicbenzoate stabilises low oxidation states by
imvolvement of the dianionic canonical form of the ligand in the structure of
the initial camplex. In the reduction of [CriMH;}sL]”' (rn = 2o0r 3; L =an
amino acid, aminobenzoic acid, or Schiff base of an amino acid or aminobenzoic
acid with benzaldelwyde or 2-vanillin} at the dropping mercury electrode, the
ane—electron, irreversible reductions follow a mixed inner/outer sphere path,
but reduction by Cr{II! follows an inner gphere path [201]. The voltammetric
behaviour of the bis complex of chromivm{IIT} with
2,6-bis {4-phenyl-2-pyridyl )-4-phenylpyridine was studied in ethane nitrile
[202]. It shows Ffour cne—electron reductions to the +2, +1, 0 and -1 formal
axidation states. Compariscns with related ligands show that phenyl
4-substitnents stabilise the low and the high oxidation states.

The reduction of CHX; {X = Cl, Br, ar I} by Cr®* proceeds via the primary
products CrX?* and CrcHx2*® [203] and the reduction of NHCH, HN;, and maleic
acid has been imvestigated [204].

Oxidation by permanganate of the dibridged tartrate complexes (19} of
chramium(TIT) {H.Cr; (tart},L,] and [HCr:({tart),L.]  f{where L is bipy or phen)
results in cleavage of the tartrate ligands to give bis{oxalato}—compounds
[205]. When phen is present, further oxidation cocurs to give
diaqua {azalato} - {phen}-chramate (III) .  Further studies of the co-oxidation of
2-hydroxy-2-methylbuteric acid and 2-propancl by chroamlc acid have been carried
out {206).

Organic o-bonded camwplexes of chromlum{IIT} are generally prepared from
amqmecus chromiun{II) solutions, but this does not give geod yields of simple
alkyl camplexes., The penta-aquamethylchromium(III}) ion is formed [207] in
high yield by reacticns {2} to (5}, in which the Fenton reagent H»0»/Cri{II) is
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HC——0 o] cH
HC—— O /O—CH
Lo >
0/7 \0/‘! " 0/ \O
N H
(19}
[CrioH;) 612t + Hp0p — [CriCHp}c)3* + HO- + OH 2)
BO- + {CH3) 250 — {CH;)25(0-1CH (3
(CH3) 28 (0-)0H ——— CH3 + (,50.H {43
CH: + [Cx(OH,)e)?Y —— (CrioH,) s {CH;)]2Y + B0 (5)

used bo generate hydroxyl radicals which in turn produce methyl radicals froam
dmso. ‘These are then trapped as the ions [Cr(OHz)sCH3)2* by the substitution
labile excess of aquecus Cx’? ions. It is considered that other alkyl
chromium{III} icns can he cdbtained from the appropriate dialkylsulphoxide,
Reactions of [CriOH;)sCH:]%* with electrophilic reagents have been investigated
kinetically {208].

The cationic organochramium conplexes [CrCHCNIZ¥, [CrCHCHN] 2%, and
[CrCH;CH{CH;)CN] % have been prepared by the reaction of chromivm{IT)
perchlorate with acidified solutions of hydrogen peroxide in water comtaining
modest concentrations of the appropriate organic nitrile (2091,  These
camplexes are stable in agquecus perchloric acid; they were separated by ion
exchange chramatography, and characterised by theilr UW-VIS spectra, and the
MMR spectrum of the crganic bromide produced by reaction with agquecus bromine,
These d-bonded camplexes differ from the hydrooymethylchromium({ITI) species in
their unreactivity towards oxidants such as Fe®* {210,211]. Kinetic
investigations of the venadyl {IV} oxidation of aqueous Cr®* {212] and of the
hydroxymethylchromium{III) ion hawve been reported [213], and further
inmvestigations of the aquation of o-bonded organcchraminm complexes derived
from 3~ ard 4-pyridineacrylic acids and maleic and fumaric acids have been
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carried cut [214}. The reactions of [RCr{{l15]aneN.} (OH»}12% with Hg{II} and
HgMe have been investigated kinetically in aqueous perchloric acid [215]. By
reaction of (2-lithiobenzyl)diphenylphosphine with [CrCl,{thf};) or

ICrBr, (thf) ), [Cr{CeH,—2—CH:PPhz)s] (20) has heen cbtained [216], and

(20)

[Cr{ {CH,) :P{CHs) 2 }3] has been characterised [217).

The rhenaacetylacetcnate camplexes [eis-{CC) :.Re(CI-hCO)z]nM fwhere M = Cr,
Fe {n = 3), or Cu (» = 2)} have been examined by cyclic woltammetry [218], and
the redox potentials of the central coordinating metal icns in the metalla-
and analogous non-metalla-acac complexes were determined. The redox potential
of the rhenaacetylacetonate complex was found the more positiwve, reflecting
the higher electronegativity of the rhena moiety. Metallobis{phosphonates)
can also act as chelating ligands since {(CsHs)M[{P{OMe)20}:H), for example,
where M = Ni ar Pd, will react [219] with metal acetylacetonates and metal
chlorides to give new tri- and tetra-nuclear camplexes, e.3.
[{(CsHs IM{P (e} 2012} 5Cr).

The existence of aquaorganochramium{IIT) camplexes like those mentioned
above shows that m-acceptor ligands are mot needed to stabilise Cr-C o-bands.
The ion [{ns-CsHs)Cc(CHz}n]“, apparently containing m-bonded CsHs, has been
prepared from chromocene, according to reaction {6) and isolated as the

H{C1O41
Crin®=CsHs), + 2H ———> [(n°~CsHs)Cr(OHz) 1°% + 3H, + CsHe (6)
H:0

slightly impure violet tetraflucrcborate [{nS-CsHs)Cri{OH:}:]1[BF,]: (2201 so
that the same seams true for m-bonded organochramium{Iil) species, The agua
cation has alsc been cbtained in soluticn from [NH,1[(n®-CsHs}CrCls;] and
[{n®-CsHs}:Cr]I.  Several halides and mixed halides {{n*-CsHs}CrX:] have been
characterised [221].
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The complex [{n°-CsHs)4Cry0,) contains Cr atoms tetrahedrally disposed at
four corners of a distorted cube, with the O atams similarly arranged [222].
The Cr atoms are capped by the [CsHs]  anions, and so are formally six
coordinate and in the {ITI} oxidation state. 'The Cr-Cr distances are
markedly unequal {ca. 2.8 fh) and the complex is antiferrcmagnetic.

The photochemical reaction between the antiferromagnetic complex
§{{n°—CsHs)Cr{S(¥es) 1251 {which contains (21) a Cr—Cr bond 2.689 A long, and

7N
O

s

Me 3CS SCMe

(21}

for which -2J = 430 av * [223]} and Fe{(D}s results in the elimination of two
carbonyl groups and one t-hbutyl radical to giwve
[ En°—CsHsCr) 2 (u?-50Mea) {1®-5) . Fe (00) 31 [224). The product contains a Cr—Cr
bond of length 2.707 ; and cne thiolate and two sulphide bridges. The irxcn
atom is 2.726 .‘; from one chromium atom and 3.110 R from the other. The
exchange parameters {(-2J) for the antiferromagnetic complex are Cr—Cr,
380 am™!, Crili-Fe, 2600 an *, and Cri{2}—Fe, 170 cm ', and direct exchange is
censidered the important factor detemmining the magnetism.

Complex {21} acts as an unusual antiferromagnetic ligand bound by a
sulphide bridge in the heterctrinuclear camplexes
[{{n*—CsBs)Cr{SMes) }.5-M{00) 5] (where M is Cr, Mo or W [225]}, and in
H{n°~CsH5)Cr{SMe3) 125-Mn, {0} ] [226]. The gecmetry of and magnetic
interaction within {21} are little affected by camplex formation. Reaction
of {21} with o, (0D} s produces [(n®-CsHs)Cr{8MMes)Cr{n®—CsHs) - (n*-8} 2Co (00}, ]
which is antiferromagmetic {=2J = 530 om !} and comtains the CrCxCo
metallacycie. Heating this compound in toluene in the presence of
diphenylacetylene yields {227] the diamagnetic tetranuclear cluster
[{n°—CsHs) 503 (13-S) 4 -Co{00} ] which contains a tetrahedral arrangement of
metal atoms. The complexes [{{n*—CsHs)Cx(SCHe;) }28-MniC0) 2 (n°—CsHs}] and
[{{n3-CsHs) 30 (0%-8) o IMIn°—CsHs)] (M = Cr, V, or Nb} have also been obtained
iz28].

The reacticn [229] of chromocene with triflucroacetic acid affords, after
various treatments, a series of compounds,
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[(1°-CsHs) 2Cr] ({n°~CsHs)Cr (020CF 3} 3], [{n®~CsHs)Cr {0>0CF ;)2 - the],
[{(n®-CsHs}Cr{0.CCF3) *py), and [{py}Cri{0;(CF3)s}. The last, a typical
chromivm{ITT} camplex, has been characterised by a camplete X-ray analysis,
and it can also be obtained from (27}.

The nitrosylation {2301 of {2I) with WO in thf at room temperature forms
[ (n®CsHs)Cr (NO} 2 {NOz) ] and the dimer
[{n®~CsHz) (NO}Cx {u-SCMe ;) (u-S-8-(Me;3)Cr {NO) {n°-CsHs) ).

Some caticnic thicnitvosyl camplexes have been isplated [231]. On
reaction of a solution of [NS][PFs] in nitromethane, prepared in siéu from
N35:Cl; and AgIPFg], with [(CsHe)Cri{CD¥ ;] in ethanenitrile,

[Cr(NS} (NCMe)s] [PF¢]: was obtained. It is reduced to [Cr (NS} (NMe}s] [FFs] in
the presence of !’BuNC and zinc powder, and is re—formed on oxidation with
{(NO] {(PF¢] or Ag[PFs].

Imaroved conditions for the generation of the [Cr(80)12Y species from
fCro, 1°~ and aquecus hydroxylamine hydrochloride have been used {232] in the
synthesis of the mononitrosyls [PhyPl: [Cr{NO) (NCS)s], [Cr(0) (NCS), thipyd],
{Cr(NO} {RCS) : {phen)], and [CINO{Et.dtci;]. A numwber of derivatives of
pentacyancnitrosylchromate, in which cyanide has been replaced by en, have
been prepared from CrQ,;, KN and en in aguecus solution to which hydroxylamine
was added as the source of the NO group [233]. The derivatives are
K[Cr (MO} (N} 2 {en} (CGH) ] -H20, [Cr{NO} {CN);({en} {OH:}], [Cr; (NO);{CH),len};),
[Crz (MO} ; {9} ; {en} 4 1C1;+2H:0, and [Cr» (NO)» fen) s1C1,-6H;0. The last two
were also chtained anhydraus as tetraphenylborate salts, These nitrosyls
have temperature—dependent magnetic moments of approximately 2.0 - EPR,
UV-VIS, and IR investigatians were also carried cut, and the last three
nitrosyls are considered to contain bridging ethylenediamine ligands.

lell-defined "paired” chramium species in various axidaticn states on
silica and alumina catalyse propene hydrogenation efficiently at 195-263 K
(234]1. The catalyst was prepared by the reaction between [Crj(n®-C3;Hs}y] and
the surface OH groups of Si0; or Al;0;, and the surface structures were
characterised by IR, UV diffuse reflectance, EPR, and photoluminescence
spectroscopy, volumetrically, and by temperature prograpmmed hydrogenolysis.
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