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3. CHROMIUM
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INTRODUCTICN

The review on chromium chemistry this year deals mainly with the inorganic
and coordination chemistry of the element which was cited in Chemical
Abstracts, Yolumes 98 and 99. Thus most of the work published in 1983 and some
published at the end of 1%8Z will be reviewed. Chromium organcometallic
chemistry i{s net formally included in the review, but reference is made to some

papers of general interest.
3.1 CHROMIUM{VI)

Chromium{VI) in acid solution {0.1 and 1.0M HC1, H,SO,, H,PO )} is extracted

efficiently by trilauvrylamine oxide into chloroform sclution, probably in the
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form of the [HCr0, )" ion [1]. However, at higher concentrations of hydrochloric
acid there is evidence for the extraction of HCrQ Cl. The oxygen exchange
reaction between water and pentaamminechzromatocobalt{IIl}, [(HH’),CO—O—CEO,]+
(= [RCrD‘]+) has been studied in the pH range 6.0-8.0 [2]. The reaction is
compiicated by concurrent hydrolysie, but the results may be interpreted in
terma of the reactions

RIY 4 on”

[RHCJ:O&]2+ & [RCr04]+ [RCT

i

2°7
2+ - +
[RHCrOAJ + [HCrOa] = [RCIZO?] + HyO

[RGz0,1* + [HGr0,1” == [51(;1-20.‘,]+ + OH

[ac:oﬁ]" + H0 == [R(oDIZ & (HCro, 1™

2
- 18 18_.-
{hcro, 3™ + Hy 0 == [HCrO, 01" + Hy0
treom)?t o [mero,'%1" — troro,'%1* + my0

It was concluded £2] that the bond breaking in the hydrolysis of the chromato
complex occurs at the Cr-0 bond.

The molecular structure of Crd,F, in the gas phase has been re-investigated
by electron diffraction [3]. The geometry of the molecule is described by the

parameters

Cr=0 1.575(2)A 0-Cr-0 107.8(8)"
C¢r-F 1.72042) F-Cr-F 111.9(%)
0-0 2.543(14) 0-Ce-F 109.3(2)

Q-F 2.685{(4)
F-F 2.846(15)

As with Cr0;Cl;, whose gas phase structure was rteported in the review last
year, the 0-Cr-0 angle im smaller than the halogen-Cr-halogen angle. This is
contradictory to the predictions of VSEPR theory and there is no obvious
explanation for phenomenon.

An investigation of organoimide complexes of J° configuration transition
merals, including Cr{¥I}, has been reported [4]. Reaction of Cr0,Cl, with
tert-butyl(trimethylsilyl)amine according to the reaction

Cro,cl, + f-tBulﬂI(SiHe3) —_ (He3510)2Cr(HtBu)2 . 2[*Bum2(51m3)101
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gave the imido complex which could also be prepared from Cr0,. Preliminary
X-ray diffraction studies show the compound to be monomeric. Reaction with one

replaced an imido group to give the mono-oxe

3.2 CHROMIUM{Y)

a-
The EFR and ERDOR spectra of Cr0,” 1in a single crystal of K,50, have been
investigated [5). The ifon cannot be incorporated direcily into the lattice so
2- 3

ed with Cr0 were grown and the CzQ, ign produced

by X-ray irradiation. All spectral parameters are comsistent with the d1 Cr0“3
Z-

isomorphously replacing SO, in the lattice. However, the EPR signal was split
by a single proton which may arise from a water molecule incorporated in the
lattice and subsequently decomposed by the X-ray irradiation, or alternatively
by chromium entering the lattice as [HCrO 7. \
1%

Potassium aad rubidivm sales of the [CrOCl, ion have beer iaplated for

thoa £lemor
portions of acetic acid saturated with hydrogen chloride gas at as low a
temperature as possible (0 to -10 x) and the sclutions then mixed. Both
compounds are orthorhombic and isomorphous with K,[MoCl,] and show a Cr=0

stretch at 950cm'1

. The complexes Cr,0.,C1,L, (L = dipy, phen) were praduced by
heating CrOCL,L with water [ 7], The oxidation state of chromium was checked,

the magnetic moments are low {0.73 BM bipy; 0.94 BM phen} suggesting

SSDcm_l aseigned te a bridging oxygen mode. On reaction in the solid state with
oxalate at 100-120 ¢ the complexes CrO{ox)ClL are formed. These have magnetic
moments of 1.83-2,05 BM and Cr=0D stretching frequencles of 900—960cm-1
suggesting terminal oxygen groups [7].

The etabilization of chromium(V) species by erown ethers has been
investigated [8]. The complexes were made either directly ueing Na ,CrQ, or by
reduction of chromivm{VI} by the ligand. The reactions were studied in the dark
and alsc under irradiation and the praducts were characterized by EPR. Usually
only one complex la formed im the dark, but other short-lived chromium{V)
species are produced on irradiation. The pyridinium salt {pyH)[CroCi,] gives a
different chromium{¥} species, but addition of Ci  to solutions of Na,CrC,
immediately gives this same spectrum, so the species are closely related. It is
speculated that the main product is square pyramidal with four oxygenz of the
crown eiher in the equitorial positions and Cra0 axial. The chlioro epeciez is
thought to be similar but with €1~ ¢rana to Cr=0D.

Two papers [9,i0] have reported almoast identical results for the IR and EPR
spectra of CrR{TTP) {(TTP = 5,10,15,20-tetra-p-tolylporphyrinato} although the
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preparations are different. U.V. irradiation of Cr{TTP}N, in CH,Cl, or C.H, [9]

is one method of preparaticn and the reactiom

Cr{OH}{TTP)} + NaOCl + NH, — CrN(TTF) + RaCl + ZH,0

was used by the other proup of workers [10] who alsc prepared CrN{GEF)
{DEP = octaethylporphyrinato} by the same method. The EPR spectrum of CrN{TTF}
shows well resolved signals at room temperature with g = 1.985. From the
super-hyperfine splitting the four pyrrele N's and the axial N appesar to be
magnetically egquivalent, and *°Cr satellites were also observed. & band at
lDlOcm-l in the IR spectrum was assigned to the Cr-N (pnitride) stretch and this
was confirmed by both groups by **N substitution which caused the emergence of
a new peak at 991cm-1 {calculated 990cm-1). The mass spectrum showed the parent
ion [10] and a single crystal X-ray structure [9) confirmed the compound
contains aquare pyramidal chromium with a Cr-N {axial} distance of 1.563%
{which is very short) and equltorial Cr-N bond distances of 2.032 - 2.052(5)A.
The chromium atom is 0,423 above the mean plane of the pyrrole nitrogens and
the porphyrin ligand is saddle shaped.

The chromium(¥) species [Cr0O{salen)]” has been generated {11] by the

reacticon

[Cr(salen)(H20)2]PF6 + PhI0 — [CrO(salen)]PF6 + Phl =+ 2H20
An X-ray diffraction study has shown it to have a sguare pyramidal structure
very similar to that of the porphyrin complex deacribed above. The chromium
atom is 0.52(5)% above the mean plane of ZH's and 20's of the salen ligand
{Cr-0 = 1.850{7}, Cr-N = 2.006(9}&) and the Cr=0 (sxial} distance is 1.56(5)%.
The geometry of the salen ligand is almost the same as in the chromium{IIi}
starting material. Amn interesting feature of this complex is that it acts as an

oxygen transfer catalyst to alkenes

0 0
K/ N\
™e=c ~eel e e s Na”
” V. e - S ” e

and in fact catalytic oxidation of alkenes has been achieved by

o
/N

Crc{Iil}salen o

NS

-~
c=C,. + Ph1l + Phl

- 4
- .
in a related study [12] it has been ahown that alkenes such as (E) ard

{2}.g-methylatyrene in aprotic solvents are comnverted stereospecifically by
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Cr0,(N0,}, to the corresponding epoxide under mild conditions. It is believed
that oxochromium(¥) intermediates are again important in these reactlons ard

EPR evidence was obtained to substantiate this belief.

3.3 CHROMIUM{IV}

The six layer polytype of BaCr0, was found to be a product from the
reaction of Cr0, and Ba,Cr0, at 900 T under 60-65 kbsr pressure [13]). its
structure consists of a six layer stacking sequence of close packed BaO,
layers containing chromium{I¥) in all the octahedral interstices. The Cr-0 bond
distance ie 1.945A.

Reaction of CrCi,{dmpe), with n-Buli in hexane under a nitrogen atmosphere
yielded yellow diamagnetic CrH,{dmpe},, the first chromium{IV) hydride f14].
Cr-H stretches were observed at 1757, 1725 and 1701cm_1. The coupled *H and *!P
MR spectra were both guintets, thus confirming the tetrahydride formulation.
The crystal structure of CrH,{dmpe), has been determined and confirms that it
represents the first example of eight coordinate chromium{I¥}. The compound can
be described as approximately dodecahedral with the hydrides occupying the
inner sites. Alternatively, the coordination may be envisaged as
octahedral with the hydrides occupylng the axial sitee in pairs. The H..H
contacts of only 1.7A justify this view. The Cr-P bond distances are
2.252(3)-2,258(3)A and Cr-H bond lengths are 1.53(3}-1.60(3)A.

Reaction of CrCl,{thf), with Li[CPh=CMe,] ylelds Cr{CPh=CMe,), as dark
green crystala [15]. The reaction proceeds viz an extremely unstable blue
compound which is thought to be Cr{CPh=CMe,},. Cr{CPh=CMe,}, is paramagnetic
with a magnetic moment in solution of 2.B1BM. A crystal structure determinetion
revealed tetrahedral chromium(IV)} with Cr-C bond lengths in the range
2.,032(13)-2.049{12}A.

3.4 CHROMIUM{III)

This largest section of the review is generally arranged within each
sub-sectlior accordiag to the identities of the meoat abundant donor atoms in the

order Growp{IV}, Group(V) etc.
3.4.1 Complexes of simple ligands

A complete vibrational snalysis of a number of hexacyano complexes,
including [Cr(CN)s]s_, has been presented on the basis of the valence force
field method, with good agreement between calculated and experimental

frequencies [16]. The photosubstitution of [Cr(CN)s]3— and [Cr(CN),OH]3- in
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alkalt solution has been studied [17]. It was concluded that photosubstitution
with OH™ competes effectively with the alternative pathway of aquatiomn followed
by de-protonation.

Previous electrochemical studies on Cr{CHR}, complexes [R = Ph;
2,6-dimethylphenyl {2,6-dmp}] have demonstrated the existence of [Cr(CNR)s]3+
and these complexes have now been Isclated using NOBF, or SbCl, as
oxidants [18]. Each compound gives a single G-N stretch and their magnetic
moments confirmed they are complexes of chromium(III}. Although they are stable
in a dry atmosphere, the CN2,b-dmp compounds are reduced in air to chromium{II)
and all the complexes are extremely labile with instantanecus displacement of
isocyanide by acetone and acetonitrile [18].

The electrochemical reduction in acetonitrile of a number of chromium{III}
dialkylamido and bis{trimethylsilyl)amido complexes was examined [19]. Only
Cr{N{SiMe,},), and Cr(NiPr,), showed behaviour which was c¢lose to reversible.
Coulometric results indicated reduction to chromiwvm{IIL).

The outer sphere association constants between several chromium{III)
cations and the sulphate lon have been determined at lonic strength 0.2 at 25 €
using a modified version of the potentloatatic method [2Z0]). The values obtained
were [Cr(NH,),]3+ 18%2; [Cr(en),]3+ 2112 [Cr(NH,},Hz_O]s+ 1922 and
[Cr(urea).]B* 1322. A number of [Cr(am).]3+ cations {am = amine) with the
B,°H,°2- ion in the cuter sphere have been prepared [211 by the reaction

H,.O
2
[Cr(am)6]x3 + (NHA)ZBIOHIO —i . [c:(am)6]x.aleulg. Hy0 + 2NH X
(¥ = Cl,Br}

The effect of heating the complexes was studied and the most interestinmg
results were observed for am = NH,CH,

70-B0e
————

[Cr(am)G]Br.B [Cr(am)6]Br.B H

10%70-24,0 1010

1000

3] 120-150

trans—[Cr(am)ﬁBr(B [Cr(am)SBr]B H

100 10M0

It is thought that the B; H,,ligand coordinates vig a 3-centre bond invelving
chromium and two borons which occupy one stereochemical peosition.

The base hydrolysis of iscthiccyanatopentaamminechromium(IIL},
[criNH .} ﬁCS]z*, has been studied ir water/ethanol and water/acetone

mixtures [227. No release of NH, wae detected in any reaction sc the product
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was entirely [Cr(NH,),OH32+. The observed rete law is given by the expression
fot Ijk . = [oH J/k + 1/kK

suggesting the formation of an intermediate in a pre-equilibrium {eguilibriwm
constant K) followed by its tramsformation into the product in a rate
determining step (rate constant k). Values of k and K were determined at
various temperatures and at various aquecus/organic solvent ratios. The rate
constants are strongly influenced by the solvent composition and plots of k
against 1/D (D = dieleciric constant) were linear with large positive slopes.
The dissociation of the Cr-NC5 bond ls prebably solvent assisted due to
solvation of the departing ligand.

A number of complexes of chromium(Iii) with

4,5'-[1,4-phenylenebis{methylidynenitrilo)Ibis{iscazolidin-3-one} {trz} (1)

. o o
HN NH
| 3N=CHOCH=N (1)
0 0

have been prepared [23]. The complexes [Cr(trz);]3+; {cr{trz) X,] and
[Cr(trz},(H0)X,] (X = Cl, Br} appear to be bonded to chromium p{g one N of the
ligand as judged by the IR spectra since the N-H stretch iz split, but only cne
C=0 stretch was cbserved. The IR spectra also showed [Cr{trz);X,] to be the

mér isomer. A further complex [Cr{trz)(H,0);X;] ie somewhat different; it shows
only one N-H stretch and two C=0 stretches suggesting that ia this complex the
ligand is bonded through ene carbonyl group.

A study has been mede [24] of the kinetics of anation of [Cr{NH,};HzO]3+ by
H,PO,/H, PO,  in aqueous solution at 40, 50 and 60 C. Both the acid and its
anicon give the same product, [Cr(NH;);(K3P0=}]2+. From an analyais of the
kinetic data it appears that both reagents firat form cuter sphere complexes
which have identical interchange constants. The mechanism fis thought to be on

the borderline between Id and Ia' As part of a wider study inavelving several
other metal ions, the partial molar volume ¥ for [Cr(HH,),H,0]3+ and
[c:(ﬁzo),]3+ have been determined by extrapolation from density measurements at
298.15 K £25]. The values for a series of high spin aqua icne can be

represented for ionlc charges z = 1-4 by



92

Vo, - 2523 x 10%(r + 238.7)° - 18.07 - 417.5:7/(p + 238.7)

1

where E;bs is the absolute partial molar volume in cmsmol_ of M?¥* relative to

¥°. = -5.4 cm3mol_1

for H+(aq) and r is the radius in pm of M2 with
coordiration number 7.

The complexes [Cr(NH,),L]a+ (L = formamide, ureas, dimethylurea) were
prepared as the (-bonded isomers by treatment of [Cr(HH,),(OSOZCF,)]2+ with the
ligand [26]. The mode of coordination was determired by observation of
characteristic IR bands very similar to those of the analogous cobalt{III}
complexes. In aqueous base sclution the compounds isomerize to the
de-protonated ¥-bonded isomer without competitive hydrotysis and the
iscmerization is completely reversible on re-scidification.

A number of nicotinates of chromium{TII) have been prepared by the
interaction of nicotinic anhydride and a chromium{III) hydroxy complex ia dmf
as solvent [27]. Some of the complexes isclated were [Cr(NH,),(Na)T{CLO.).,
eia and trans-{Cr{lHs) +(NA}21C104, eis-[Cr(NH,} (HA),1Br and
cig-[Cr{en),{NA),]Br {NA = nicotinic acid, 3-carboxypyridine). Although the
iigand could coordinatewvig @ or N, all spectroscopic evidence in the solid
state and irn solution suggest an (-bonded (monodentate) ligand. This was
confirmed by an X-ray structural determination on the protonated form of
trgng-LCr{NH, J , (HAH),]{C10,),.2H,0. The Cr~0 distances are 1.947(6} and
1.958(6)4 and Cr-N bond lengths are in the range 2.059(7} - 2.072(8)A. The
Cr-0-C-0 portions of the molecule are plamar, but the pyridipium ring is about

20° out of this plane.

Complexes of 2-amino-6-oxo-purine, {LH), (2) with several metals inciuding

(2}

chromium{IIT} have been isolated by reaction of a soluble metal salt and the
ligand in an ethanol/triethylformate solvent mixture [28]. Based on IR,
magnetic, spectral and conductivity data the chromium complex was thought to be
[cz{LH}, (EzOH),{0C10,},]C10,. The portion of the IR spectrum due to the
perchlorate groups showed v, and v, triply split and wv,and v, IR active

suggesting both ionic and monodentate perchlorate., It is thought the ligand is
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coordinated through N9.

A survey (29) has been made of a number of chremium(II1)} complexes, with
and without another paramagnetic counter ifon, in an attempt to find examples of
super-exéhange, but without success. Thus L[Cr{urea); HCr(NCS),1.2H,0 remains
paramagnetic te as low as 40 mK although [Cx(HNH,),H,01[CuCl,] appears to
underge magnetic ordering at 298 mK.

The thermal aguatiom of [Cr(NH,),F]2+ in the dark has been examined to
determine whether fluoride has a ¢is labilizing effect [30]. Thus it was
necessary to determine the stereochemistry of the aquated product and it was
found to be 25% trams and 75% eis»[Cr(NH,}k{HZO)F]2+. However, after taking
into account the statistical factor (4) the trgns iscmer is slightly favoured
and so it was concluded that fluoride has no c¢is labilizing effect.

The formation of w-Cr,0, from hydrated chromium oxides in a hydrogen
atmosphere has been examined by a number of techniques including extended X-ray
absorption fine structure, magnetic susceptibility, IR and differential
scanning calorimetry. All the methods showed the absence of any CrO{OH} phase
as an intermediate [31]. The ®*!Eu and *’Fe Moessbauer spectra of the
orthorhombic perovskite EuFelirCErO, {0<r<l) were examined and it was shown
that the supertransferred hyperfine field at *’Fe due to Cr3+ nearest neighbour
cations has the same spin as that dwe to Fe3+ {32). The compound Cr,W0, has the
inverse rutile structure containing chains of MO, octahedra (M = Cr and W}
parallel to the ¢ axis. It is non-conducting in contrast to Rh,WO., which has
the random rutile structure, and which is conducting [331.

It has been shown previously that the oxidation of [Cr(Hzo),]3+ with
periodate involves an unusual second order dependence on the concentraticn of
Cr{II1). A mechanism involving an activated species containing two Cr(IIT}
aroups and one periodate, with subsequent oxidation to Cr{IV), was suggested.
An alternative mechanism invelving Cr{v¥} has now been suggested which could
alse fit the observed second order dependence, but it also predicts a
retardation of reaction rate with excess periodate. Experimentally, no such
retardation is cobserved [34], thereby eliminating this newly proposed
mechanism. The kinetics of substitution of aqua ligands in [Cr(H20}5]3+ by
quinolinie acid in H,0/EtOH media has been studied [35]., The rate law 1is

dler{Quini);) kKE[Cr(H20)3+]t0=81[QuinH_]
dt 1 KE[QuinH-]

where KE = lon pair egquilibrium constant
k = rate constant for conversion of cuter sphere complex to inner

sphere complex



The cyclopentyl complex [(HZO),Cz-c-C,H,]2+ is formed by the reaction of
Cr{I1) with H,0, in aqueous sclution saturated with cyclopentane according to

the reactions

2+ 25
[c:(u20)6] + HO, —- [(Hzo)5Cr<OH)] + HOs + H,0

HOs 4+ C-CSHlo - OCSHQ + H20

2+ 2+
Clly + [Gr(H2036] — [(H20)5Cr-c-C5H9] + H, 0

24 + 3+
[(Hzo)SCr(oml + H — ECr(H20)6]

overall

2+ +
2lcr(n,y0),] + HO0, + c-CHyy + H —

I:|::|:{H20)6]3+ + [{HZO)SCr-c-CSHg]2+ + 3H,0

The complex [(Hao),Cr—l’-‘—C,H,]z+ is relatively stable in solution but seamitive
te oxygen. It decomposes by parallel unimolecular pathways of acidolysis {to
give [(Hao),(:r(a:)ﬁ)]z+ and o-C,H,,) and by homolysis (to give [c:r(u,o).]3+ and
«C,H,). The latter pathway is reversible and not thermodyramically favoured and
only occurs in the presence of oxidizing agents [361.

Complexes of several metals, including chromium(III}, have been made [371
with the diethylphosphoncformate ligand by heating the metal chloride with
triethylphosphonoformate

crCci, + (Et0}.P-C-OEt —= Crl{OEt)P-C-0Et], + 3ErCl
3 29 1 n 3

IR studies show that the carboxylate is not coordinated and it ie thought that
because of their insolubility the complexes have the same type of structure as
those adopted by complexes of similar ligands, that is, both oxygens on

phosphorus are coordinated to adjacent metal atoms to form chains (3)

A\ Y4
~0 o—F">¢o o
-~ 1 N -
—0— Cr— O0=Pml) —Cr w0 — 3
S 7™~
—0 0 pr0 0

LAY
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The magnetic moment is low (2.99 BH} perhaps supporting this suggestion.
Complexes of chromium{ILL} with 2'#MP and 3'AMP (adenosine 27 or 3'-
monophosphoric acid respectively) have been isolated and characterized [381. On
the basis of IR studies it appears that chromium is coordinated to the
phesphate group in both complexes and that In addition some interaction with
the adenine ring may occur with 2'aMP,

Chromium metal can be dissolved in 50:/dmso solwvent mixfure by ueing it as
a sacrificial electrode [39]. The compound initially isolated is formulated as
[Cra{dmso};,1{5,0;), in which the dispositions of the dmso molecules are
unknown. On heating te 400 T Cr,{5,0,), is obtained.

The crystal structure of CrCi,L, (L = I-aza-Z-cyclononanone) (4) has been

2

T
CH, NH
/ ) AN
CHy (ng (9
]
CHs CHs
/
CHo— CHy

determined [40] . The compound is facial ; the ligands adopt & cig
configuration and are coordinated through oxygen. The Cr-0 bond lengths are in
the range 2.000{5) - 2.083(5)& and Cr-Cl 2.324{2) - 2.436(2)A.

The standard enthalpy of formation at 25 C of K,GrF, has been determined by
solution calorimetry as -2,977 KJmol_l [41]. Cr0, undergoes facile reduction
with formic acid ir the presence of 40% aqueous HF and a fluoride salt AF
{A = NH,, Na, K, BRb) to give A,[CrF,(H,0}] [42].

The IR and Raman spectra of solid anhydrous CrCl, have been examined, but
although a number of well defined absorptions were observed no detailed
assignments were made [43]. The conductivity of a mixture of CrCl, and
a-picelinium chloride was examined and compared with the FeGl, fa-picolinium
chloride mixture [44]. These superficially similar bilnary molten salt systems
have very different characteristics. The addition of FeGi, to the organic salt
causes the fluidity and conductivity to increase while additfon of CrCl, to the
organlc salt ceuses a rapid decrease in these properties. The differences are
attributable to the different coordination numbers of the two metal ions. The
single crystal susceptibilities of Cs,CrCl, .4H,0 have been measured over the
temperature range 40 mK to 4.2 K [45]. Long range magnetic ordering occurs at
0.18520.005 K. Successful data analysis was carrled out in terms of 5 = 3/2
Heisenberg linear chain antiferromagnets with CF and exchange energies of

comparable magnitude. The heat capacity of the § = 2 layer antiferromagnet
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(CH,NH ,),CrCl, has been measured over a wide temperature range (10 - 302 X).
There is a broad anomaly in the heat capacity between 100 and 200 K which is
thought to arise from the development of magnetic disordering [46].
{Cr{Me-n1c},(H,0)C1,] (Me-nic = methylaicotinate) was prepared by reacting
CxCl, .6H,0 and the ligend in ethanol [47]. The structure (5) comntains the

N
cl I cl
AN / ()
Cr
/l\
c OHj
N

=

R C—OMe
o

nicotinate ligands almost in the same plane bonded through N in ¢frang positions
with the carboxylate groups non-tonding and both on the same side of the
molecule. There are two independent, but very similar, molecules in the wnit

cell and bond langths are

Cr-N 2,07149) - 2.119(9)K
Cr-C1 2,303¢4) - 2,32B{&)
Cr-0 2,01649)

The compound may be a model for glucose tolerance factor which is thought to
contain chromium bound to nicotinic acid pig N.
A serieg of rather poorly defined insaluble complexes CrX,Ln (X = C1,Br

rn=1,2,3,6 and 7,8 for X = Br only) have been reported [48] where

=
[t}

4-amincbenzophenone {6}

0]
I

Cc
1)
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which has previously been shown b
either N or 0. However, in the presert case, both modes of coordination were
ruled out since Yeoo and VHoH vibrations are very similar to those of the free
ligand. On the basis of these results it was proposed that these esre "molecular
complexes" in which the f-electrom system interacts with the metel.

Although CrCl,{thf), is well known, the corresponding brome and icdo
compounds are not., They have now been prepared by reacting thf with pure CrX.
and further reaction of CrX,(thf}, with n-Bu MK gave {n-Bu )[Cr{thf},X.]. The

corresponding thiocyanate was also prepared from CrCl,.6H.0, thf and KCNS [49].
3.4.2 Compleres af bidentate ligands

A much improved preparation of pis-£Cr{en) F(NH,)ICL has been reported by
the sealed tube reaction of {¥)cig-ICr{en)sFC11i and dry liquid NH, at room
temperature [50]. The product is a mixture of ¢igftrans-{Crien), F{NH,}]JC1 with
>70% ¢85, The °is isomer was separated as the iodide and resolved using silver
us confirming the £{3 configuration of the
original cation} and assigned an abscolute configuration of A by comparison with
octher complexes.

The complexes trans-KlCr{aa},F(H,0}1[Co(CN},/J.H,0 (aa = en, 1,3-pa) each
show a single cyano stretch at 2125 cm_l. On heating, water is lost (1l mole at
320 K, a second at 425% K} and bridge formation together with isomerizstion

(trans to ¢ia) pccurs to give aif-K[{an},FCr-NC-Co{CN),]. The IR spectira now
show two O-N stretches indicating terminal and bridg
visible spectra reveal the change in stereochemistry about chromium [51]. Very
similar results were obtalned [52) from the action of heat on
trans-[Cr(1,2-pn) ;F{H,0)I[M(CN),] (M = Ni, Pd, Pt) to give
cis-[(1,2-pn) FCr-NC-M(CN},].

Some simple adducte of chromium(III} methylsulphate of the types
Ccr(CH,50,) ;bipy, Cr{CH,50,},phen and Cr{CH,50,},py have been reported but

The crystal structure of ¢{rgng-[Crien)F,;{H,0),]Cl has been determined {54].
Bond lengths are Cr-F = 1.885(l), Cr-N = 2.044(2) and Cr-0 = 1,997{2)A. There
is an ill-defined shoulder in the visible spectrum typical of trgrns dihalo
chromivm{III} complexes.

A series of chromium(IIL} complexes with a number of ditertiary phosphines
and ditertiary arsines (L-L} have bheen prepared [55]. Reaction of CrX,{thf),,

(¥R _ V¥ and tha
(HE, )X and

14 nd ususlly - (WE YWeef L 1YY T Moot aheaw £
the 11 e LS Srils ) £+

usually gives (HE, <LM}E.i. Mos
stretches in their IR spectra and confirmation of the structure of
{N"Pr,}[Crlcig -Ph,PCHCHPPh,)C1,] was obtatned by a crystal structure

determination. The Cr-Cl bond lengths do mot vary significantly (2.316{a4) -
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2,331¢4)4}, suggesting that phosphorus has mo trams effect on chromium, and the
Cr-P bond lengths are rather long {2.485(4} and 2,.511{(4}A}). Confirmation of
weak Cr-P boading is obtained from the visible spectral parameters. The
complexes of empirical formula Cr(L-L}, X, are formulated as
trgng-LCr{L-L) X, 1{Cr{L-L}X,] as described for one of the ligands in the review
last year. Simple salts of & few trﬂns-[Cr(L-L)ZX;]+ cations were isolated by
reacting CrX,(thf), with the ligand in 1:2 proportions [55]. A series of _
complexes containing the elusive CrP, and CrAs, cores have been prepared [56].
They are of the form [Cr(L-L),]3+ and [Cr(L-L-L)=]3+ where L-L and L-L-1 are
ditertiary and iritertiary phosphines or arsines respectively. The complexes
were prepared by Llnteraction of the ligands with [Cr(thf)‘]3+; in general, they
are reactive and fairly unstable, possibly as a result of steric crowding shout
chromium.

The complex Cr{eta), (etal = 2-aminocethanol)} has been prepared in which the
ligand is bidentate [57]. Addition of strong acid causes hydrolysias in three
distinct steps

a) instantanecus protonation to give [Cr(etaH),]3+ in which the ligand is

still bidentate

b} rapid (complete in about 10 mins at 20 1) conversion to

[Cr(etaH),(HzO),]S+ in which the ligend is monodentate through N

¢) slow aquation to give [Cr(HRO}‘]E"".

A number of transition metal complexes of formylhydrazide, HC{OH)=NHH,,
have been prepared [58] and the chromium({II1) complexes are of the type
[Cr(L-L),]3+. Chromium{IZi) chloro complexes with L{+) cystelne {L-1} have been
reported [59] of the types {CrCl_(L-L}_ )" in which the ligand is bidentate
coordinating through the amino and carboxylate groups and [Crclsz-L).]B- i
which cysteine is thought to be mencdentate through the carboxylate group. Less
well-defined complexes were also prepared using PL-penicillamine and
L{-) cystine [59]. .

A series of complexes Gr(L-L'}, have been prepared [60] {where L-L' is the

anion of an aminocarboxylate as shown below (7))

X NHME
O Qe &
N/ coo N~ COO0™ 00 o

COO'

pic pip mar aba

in order to arrange the nitrogen containing groups in a spectrochemical

sequence. The compounds Cr(L—L‘), were assumed to be faefql, but thie is not
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certain. Visible absorption and luminescence specira were recorded and spectral
parameters determined; the splitting parameters decreased from left to right in
the sequence above with those for plc being similar to thosze for WH,.

Some mixed ligand complexes of chromium(II1} containing acetate,

ethylenethiourea {etu) and l-substituted tetrazoline-5-thiones (B) have been

R
N
N c=$
i | (8>
N-—N

prepared [61] according to the reaction
[Cr(H20)61(0H3C00)3 + ety —= [Cr(H20)5(etu)](CH3COO)3
L
[Cr(OH)(L)(etu)CHacOO]

The electronlc spectrum of Cr3+ ione in molten NH HSO, (160-350 *C) and NaPO,
(600700 T) indicate formation of [Cr(HSO },] and ECe(PO,} ] vespectively with
a Cro, envirenment [62]. Crystal field parameters fix 480, and PO, in the

spectrochemical series as

50 < POy < HSO,” < €17 < SCN

The crystal structure of Nas[Cr(ox),].SHao has been determined {63]. The
average Cr-O bond distance is 1.972(9)4. Above 303 K solid state exchange of
510r was found to occur im cationically labelled [Cr(HZO)‘][Cr(ox)‘j, probably
by ligand exchange. However the situation was complicated by some iscmerization
to [Cr{ox)(H,0) 1Cr{ox) (H 0),] and a definite mechanism could not be
established [64].

The metal catalysed aguation of [Cr(mal),]s- to give [Cr{mal) ,(H,0),])" has
been investigated in perchloric ascid solution (0.05M) using Cu{II), Ni{IL),
Ca(II), Za{II) and Mn(II)} as the catalyat lons [65]. The aquation follows a two

term rate law

+ 2+
K ohe = ;I kz[n 1
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with a substantial coatribution from the metal catalysed pathway. The values of
k, follow the sequence of the metal ioms given above which is alsc the order of
stability of the metal monomalonate complexes. The proposed mechanism involves

2 bridged intermediazte as shown below

0+—C=0 Ky 0=C=0,
(mal},C én (M(R,0} J2+ —= {mal),C én .“M(H o) 2+
mazr\ Hy + 0% mazr\ 12 227
0—C=0 0=C=0"
fast

OH,, 0"’-‘c—o—n(0ﬂ2)5
- ]
(H,0),M(mal) + [(8,0),Cr(ma1),] L (mal)Crolo¥ . .-Ci

e C 2
G 0

2

.
‘

[H(H20)6]2+ + Hymal

A large scale optical resotution of Cr{acac), and other trisf{acac)
complexes through enantioselective complex formstien with (2R, 3R)-(-}-
dibenzyltartaric acid {(-)-dbt} has heen described [66]. In each case it is the
# isomer which forms a2 crystalline complex with {-)}-dbt. In a typical reaction,
racemic Cr{acac}y and {-)-dbt are stirrved in cyclohexane for 2 days. During
this time a solid forms which is filtered off, washed and dissclved in
chloroform, The {-}-dbt is extracted with aqueous Na,C0, and the complex
recovered from the chloroform solution as the optically pure -(+) isomer. The
original filtrate is washed with aquecus Na,CO, and removal of the solvent
gives the A isomer in =907 optical purity. The axlal circular dichroism of the
lowesy energy electronic transition has been measured for A Crlacac), doped in
a single crystal of Rh{acac}; and the rotational strength compared with those
of the corresponding oxalato end 1,2-pn complexes [67].

The complex [Cr{acac)(bpdo},;] (bpdo = 2,2'-bipyridyl-NN'-dioxide)} was
prepared by heating a mixture of Cr(acac), and bpde (1:2) in 907 ethanol
adjusted to pH 2 with hydrochloric acid [68}. The complex was resolved using

potassium d-tartratoantimonate and the less scluble complex was converted to
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perchlorate to give {-);,,-[Cr{acac){bpdo},1{C10,),.2H,0 identified as the
let, (A{Ar),A(66)) isomer by comparison with the corresponding 3,3*-dimethyl-
2,2+-bipyridyl-NN'~dioxide {mbdo) complex. Soluticrs in water show a rapid
absorption spectral change with an iscbestic point at 427 mm. The scluticn
loses optical activity in two steps at differemt rates, but spectral changes
only accompany the initial fast rate, This suggests the first step involves
only conformational inversion of the flexible bpdo rings (6+=A) and the second
step invelves both 6==A and racemization 8z=A. The product was identified as
the lel.ob {A{X&},A(61)) isomer. The rate constant for the isomerizatioa is
3.31 x 107° 571
107%71 ar 295.2 ¥ [68].

The unsymmetrical B-diketome 1li-trichloro=-2,4~pentanedione was

at 295.7 K and the rate constant for racemlzation is 1.08 x

synthesized and several metal complexes, including Cr{L-L'},, were prepared and
thelr mass spectra studied [69). The fragmentation patterns are not typical of
the usual R-diketone breakdown, but rather they are dominated by chlorine
transfer to the metzl and elimination of CO from the ligand. The liquid-liquid
partition coefficients of cisftrans Cr{tfa}, (tfa = lll-trifluoro-2,4-
pentanedione ) between dodecane and 12 immiscible polar sclvents were
investigated. In 2ll cases the partition coefficient is slightly larger for the
trans isomer [70].

The rate constants for quenching of the triplet steates of a number of
organic molecules by Cr{hfacac), have been determined in bezene sclution £nl.
It is believed queachirg occurs through a combination of energy and electron
transfer, the latter giving rise to [Cr{hfacac),J which is likely to be high
spin chromium(I1),

The kinetice of anation of a¢s-[Cr{ox),(H,0},] by oxalate in aqueous
solution over the temperature range 40 - 60 C, pH range 3 - 5 and varying
oxalate concentrations at varicus ionlc strengths have been investigated [72].
Since NO, catalyses the reaction, the kinetics were also studied in ne,”, ¢i”
and mixed MO, /C1~ media. The reaction is extremely complicated but the overall

reaction equation at pH 3 {81.8% HC,0, ) is given by

. - - - +
013-[Cr(ox)2(H20)2] + HC0. 0 — [Cr(ox)3] + H0 + Hy0

2=

end at pH 5 (95.4% C,0,7 }

eis-lerlon), (1,00,17 + €077 — [exton), 17 + 280
The reaction mechanism is believed to involve an lsomerization of a ecordinated

oxalato group
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Substitution by'a third monodentate oxalato group then competes with the back
faomerization proceas.

The complexes [Cr{o-quimone)}:bipy)] (0-quinone = 3,5-di-tert-butyl-1,2-
benzaquinone, tetrachloro-l,Z-benzoquinone and 9,10-phenanthrenequinone} were
prepared by refluxing the quinone with Cr{CO),bipy in toluene [73]. The majox
problem with these compounds is o determine the oxidation state of the ligand
and the metal {the ligand cen exist in three forms: quinane, semlquinone (SQ)
and catecolate (cat)). All the complexeas have two unpalred electrons which does
not distinguish between the different possibilities. All ahow one
electrochemically reversible oxidation and one reversible reduction and these
products can also be made using chemical oxidants and reductants. The regultant
cation {which has one unpaired electron) shows strong coupling to S‘Cr in fte
EPR spectrum suggesting a metal based ground state and there s further
coupling to the nitrogens of bipy. It is concluded that all three compounds are
complexes of chromium{IIi} and should be formulated as [Cr(SQ)zbipy]+,
[Cr{sQ}{catibipy] and [Cr(cat) bipy] .

The crystal structure of d -quinidinium (-),,,-[€r{ox),phen].#,0 has been
determined [74] and it reveals that the anion has the A& configuration. Bond
lengthe are Cr-N = 2,065(8}k (av}, which corresponds well with other phen
complexes of chromium, and Cr-0 = 1.939{7JA {av) which is & little shorter than
usual. It has previously been found that addition of d or I quinidinium
chloride to racemic [Cr{ox).phen]* shifts the chiral equilibrium. This may now
be rationalized in terms of the crystal structure which shows etrong H-bonding
between the free carbonyl of an oxalate group and the w-nt proton and between
ancther carbonyl group, coordinated te chromlum, ard the OH growp on the C9
atom of the cation., However it is not, of course, certain that these
interactions persist in solution [74].

The crystal structure of Cr{S5;CNEt,;)}.{0S,CNEt.}, prepared by interaction of
KaCr0; and RaS5;CNEt;, has been re-determined [75], The dithicpercxycarbamatoc
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ligand 1s disordered over three sites and recogunition of this phenomenon leads
to more satisfactory bond lengths. The A-UV excitatlon spectrum of
cr{5:PiCEt} ), in the region of the P Ly, , 5 Ly, and CrlL,, edges has been
investigated. By comparison with the corresponding cobalt(III} complex, the
spectrum of the chromium compound shows additional fine structure which is

related to the differing d orbital electron populations [76].
3.4.3 Complexes of polydentate ligande

Few template reactions have been carried out on tervalent metal centres and
a succesaful attembt has now been made [77] to condense diacety! with en and
1,3-pn on chromium{III). The complexes ¢t8-[Cr{L-L-L:-L'}{H,0) 1, where
L-L-L'-L' is one of the ligands ¢8), were isclated and thelr sterecchemistry

/~\ l/\l.

N NH,
7

H2

4:3]

N NHo N NH;

—/ g

determined by UV—vLsible spectra; they showed no Yolp vibrations. Reaction with
CNS~ gave eis-fCr(L—L-L'—L')(H,O}(NGS)}2+, but the bia{NCS) complex could not
be prepared.

A number of trmmg-1CrBr,{N.)]¥ complexes (N, = 2,3,Z-tet, 3,2,3-ter,
cyclam, teta (5,7,7,12,14,14-hexamethylcyclam}} have been prepared and the
firat stage of their acid hydrolysis followed apectrophotometricaily {78,797.
It has been noted that, based on just a few measurements for chromiom{III}, the
ratic of the bromo/fchloro aquation rates for analogous compounds is 4 for
cobalt{III} but about 15 for chromium{III) complexes. Thus the aim of this work
was to investigate whether this effect is real. Apparently it is; although a
disaociative mechanism is thought to apply in both systems there are
significant differences in S#,, which gives rise to the different rates. In
addition, the rates of exchange of the goe-N-H protons were observed by
monitoring the N-H stretch for trans-RR,SS-[CrX,(3,2,3-vet}]’ (X = F,C1,Br;

K. =1x10%, 1x10°

exch and 3.5 x 10% respectively) [79]). The syntheais and
teaolution of ¢13-f-(RR,85)-[Crlox){N )]" (N, = 2,3,2-tet) has beer described

and from these the preparation of varicus racemic or chiral cig-[CrXY(n«)1 T
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(X = Y = CL,NCS,0l } is possible [80]. In addition, the previcusly known
trang-10rC1,(N,}]Y was assigned the (RS)-sec-NH configuration. The kinetics for
the first stage of hydrolysis in both acid and basic media were studied [80].
Reaction of & ¢isftrans mixture of [CrClacyclamlCl0. with KaCN in dmso
gives exclusively trans—[Cr(CN)zcyclam]+- Tragng cyclam complexes of
chromivm{III} are usually difficult to prepare and this complex presents a
possible route to other tmans complexes as it hydrolyses {very slowly) to give
trang-[Cr(Hgo)zcyclam]3+ which in turn reacts with CN§ to give
trans-[Cr{NC5) jeyclam]® [81].
Complexes of chromium(IIT) with the two hexamethylcyclams, C-mesc and
C-racemic 5,7,7,12,16,14-hexamethyl-1,4,8 ll-tetraazacyclotetradecane {teta and
tetb respectively (10)) have been prepared [82]. The ligand teta is difflcult

Me. Me Me e
Me Me
NH HN NH HN
{10}
NH HN NH HN
Ma K Me
Me
Me Me Me

te fold, but teth does it readily, Hence reaction of CxCl;{dmf}, with the
ligands gives frgng-[CrCli(teta)lCl and cig-[CrClz{teth}JC1. The lonic and
coordinated halides can be replaced by other ligands (NCS, Br, KO, etc) but the
sterecchemistry, deduced from IR end visible spectra, remains unchanged. Very
similar results have been reported Lndépendently for complexes of tetb [83].

The electrochemical reduction of Cr{TPP)Cl in & variety of solvents has
been investigated [84], the solvents being classified as follows;-

a} mon-coordinating (CH:Cl,, 1,2-Cl,C,R.). Cyclic voltammograms suggested
that the reactions occurring were

e irrev

({TPP)CrCl (TPP)Cr + GCL~

(TPP)CE  —— [{TPPCr}]~
b) weakly coordinating (PrCN, PhCN, Me,CO, thf). In these solvents the

initial reduction was different but the second reduction was the same as in the

previous example. Thus it is postulated that the complex is first .soclvated
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e irrev

{TPP }CrC1{S5) {TPP)Cr + CL + §

{TPP)Cr T——= [(TeE)Crl”

¢} strongly coordinating {(oxygen donors, dma,dmf ,Me,S0). The reversible
cyclic voltammograms observed in these solvents are interpreted in terms of the

reactions
{TPP}Crgl(S)+—— (TPP)Cr(5) + Cl~
(TPP)Cr (§)=—=. [(TPP)}Cx]™ + 8

With strong nitrogen donors such as py the electrochemical behavior is more
complicated with evidence for both mono and bis pyridine adducts.

A new edta complex of chromium{III), MNa,[Cr(CN).{edta)H.01.6H.0, was
prepared by the interaction of NaCN and [Crf{edtaH)H,0]l. The edta ligand is
thought to be terdentate with three of its csrboxylate groups non-coordinating.
The complex undergoes a pH dependent aguation of the cyano groups and the
kinetica of the displacement of these ligands for both the thermal and
photochemicsl reaction are in accord with the reactioms

{c:(cm)zﬁedtau}ﬁzo]z‘*—_—:. [c:(cu)ztedta}uzo]3' + H'

[or(ch) ,Cedtat)h, 1% +==. [Cr(oN)(edtal)R,0]” + N
[Cr(CH)(edtaH}HZO]- +— [CrledteH)H,0] +« CN

Loss of the first cyasnide group is the rate determining step followed by rapid
loss of the second cyanide [85].

The praperties of [Cr{edra)d 0] and [Crledta)H 0] (where the free
carboxylate is protonated) are well known. The anastion rate constant for the
replacement of H:0 is less {1l order of magnitude) when the carboxylate is
protonated and much lese (2-4 orders of magnltude) if the carboxylate is
replaced by H or Me. The rapid rate is interpreted as being due to transient
coordination of the free carboxylate. This has now been nicely utilized by
coordinating the free carboxylate to cobalt{III) by replacement of one of the
hydroxy bridges in [(mi,),c’.‘.c»{;.u-()ﬂ),(:a:(l\ﬂi,);]3+ by reaction with [Cr{edtaH)H:01
te give (11) [86). The IR spectrum confirms loss of free carboxylate and shows

bands due to bridging and monodentate CO, . The water molecule on chromium ie

now very lmert to replacement in comparison with [Cr{edta)H20].
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OH
/
(NH3)300 —— OH >/CotNH3)3
N

o] o]

(11)

] —

The kinetics of the oxidation of [Cr{edtaH)H,0] by pericdate have been
studied [87]). The overall ntoichiometry is

2cr(rii} + 3I(VIL) — 2Cr(VI} + 3103'
The teaction exhibits fire:t order dependence on each reactart concentration.
The second order tate constant k, varied with [8*] according to the equation

i/k. = a + b[E*] + clu*)?

2

The rate law is congistent with deprotonatien of the complex fCr(edta)OH]z- and
OH bridging to 10, (or H,IO‘Z') to facilicate electron transfer by an inner
sphere mechanlsm.

The 1ligand 1,2-bis{3,5-dichlero-2-hydroxybenzamido)ethane (H,chba-Et} (12)
o, / \\ £
C—NH HN—-C

Cl OH HO a
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reacts with CrCl,in pyridine solutien to give [Cr{M(chba-Et}}py.Jl:.2py [BB]. A
crystal structure determination shows the dimeric nature of the cation with the

two pyridines on each chromlum being eoig (13). On each chromium there is

Cl
Cl
i Ox¢ i
H | o
o A — N
YN\ o ~c—C7 N I/pv
Cr Cr
oy~ |\ ~C—C_ 0 -~ I\Py (13
o hll N—C o
ci c=0 H
cl
Cl
cl

coordination to a phenoxy oxygen and carbenyl oxygen of ore ligand and phenoxy
oxygen and smide nitrogen of the other ligand. Thus the ambidentate nature of

the ligand is obvicus. Bond lengths are

Cr-KN (amide) 2.030(6)4
Cx-0 {phenoxy) 1.915(5)
1.931{5}
Cr- {carbonyl} 1.976(5)
Cr-N (py) 2.145(6) (trans ta N)

2.097{6) {traus to 0)

The Cr-0 bond lengths to the phenoxide oxygens are of normel length, but those
to the carbonyl oxygens are rather long. The Cr-N (py) bond lengthe clearly

indicate the greater frang influence of N over (~—coordinated amide,
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3.d.4 Dinuclegr complexes

The spectrum of Cr3+ pairs in crystaliline Rb,CraGl, has been studied using
high resolution optical absorption and Zeeman spectreacopy in high magnetic
fields [89]., The resultas were interpreted in terms of a recent theory which
adequately describes transitions from the (“A: x “A,} palr ground manifold to
the singly excited pair manifold (*Az x “T1}. The vibronic spectrum associated
with pair transitions to the (“Az x *T,) manifold was aleso measured. The
absocrption, luminescence and far IR spectra of [{HH,) Cr{n-0H) Cr{NH; }, 1Br,
were recorded at variocus temperatures and for the first time the vibronic
spectrum has been assighed using an energy level scheme for the coupled
(*h2g,“Aag) and ("a;g‘ Eg) manileds [901.

The behavier of [Cr.{OH}:] *in high concentrations of perchloric acid has
been investigated by the NMR inert probe method, wsing p-dioxane and observing
the broadening of its ‘H NMR lines. Dioxane is not a ligand in the first
coordination sphere, so there iz no exchange phencmena and proton broadening is
dependent only on grose structural change [91]. It has heen suggested
previously that the colour change from blue to green at high perchloric acid
concentraticns is due te opening of one of the hydroxy bridges. This work deces
not support thls suggestion as there are no breaks in plots of line width
broadening against [Cl0,”], so no major structural change is involved. It is
now suggested that an inner aphere perchlorate complex is formed which causes

the colour change:-
Ly - ERY
[{H,0), Cr (0H),Cr (H,0),] + Clo,” =+ [(H,0),0r(0H),0r (H,0);0010,] + H,0

"Binuclear complexes of the type [LCr(#-OH};CrL]4+ have been prepared where
L is NN'-bis(Z-pyridylmethyl)-l,2~-propanediamine {14}

X =4

P CH2-'NH—(I:H—CH2—NH—CH2 N

{14}

Me

with the ligand in both racemic and optically active forms [92]. Variocua
optical isomers of the chromium complexes were cbtained, separated and
resolved, Their structures were determined by decompositior to moncruclear
cig-a-dichloro complexes with established structures. Circular dichroism

spectra of the optlcally active complexes were reported. Magnetic measurements
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indicated antiferromagnetic exchange coupling giving rise to singlet-triplet
separations of between 44 and 50 em™t.
All three complexes in the pH dependent equilibrium
[LZCr

~OH 4e _QH_ . Ol 3+ _OH- O~ 2+
Zon - Crly) —F [LZCr,_‘_o,CrLZ] %[ch:r\o’cnz]

have been isolated for the serles L = 2-pyridylethylamine (15)

T /
\ / C\H {15}

N NH,

and the crystal structure of the oxo-hydroxy bridged complex has been
investigated [93]. Each chromium is approximately cctahedrally coordinated with
the ligating atoms being two py N's, two amine N's {frang to the two bridges)

and two O's from the bridges. Bond distances are

Cr-N {amine) 2,057(5), 2.084(5)A (trans to OH}
2,207(5), 2.130{(6) ({irgns to 0O)

Cr-N {py> 2.060¢6) - 2.079(6)

Cr-OH 1.950¢4), 1.960(4)

Cr-0 1.869¢4), 1.878(4)

The Cr-N (amine) bonds frgns to the oxo bridge ere very long and nec such

lengthening is observed for those zpams to the hydroxy bridge indicating a
significant trang effect for the oxo group. Also, the Cr-O bond distances are
short while the Cr-OH distances appear to be normel. The Cr-Cr separation of
2.883{(2)& 1a substantially shorter thaa that for the di-#-hydroxy compound and
the Cr20: bridging unit is significantly non-planar. The magnetic
susceptibility of the complex shows 2 maximum near 100 K and leads to a triplet
energy of 46.45 cm-l.

Recent work reported last year showed that exchange coupling between

chromium atems in di-M-hydroxy complexes of chromium{Iii) depeads uvpom

a) the Cr-0-Cr angle {¢)
b} the Cr-0 distance {r)}
¢) the dihedrat angle between the OH vector and the bridge plane (8)
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although the details of the interaction were not fully understood at that time.
In order to obtain more quantitative data the crystal structures have been
determined for the dithionate and chloride salts of the
[(HH,).Cr(OH),Cr(NH,}‘]“+ cation [94]. In both compounds the cation has the
expected type of structure but there is alsc extensive hydrogen bonding

throuwghout the lattice in each cese. Important bond distances and angles are

52062' salt C1™ salt
cr-Cr 3.045(134 3,023(1)
Cr-0 1.968(1) 1.980(1)
1.962(1) 1.969¢1)
Cr-N 2.078(2)-2.082(2) 2.074(1)-2.089{2)
Cr-0-Cr 101.54{5)° 99.92(3)°
o 24° 41°

The magnetic susceptibility of both compounds was measured over Che temperature
range 1.8 - 290 K and in neither case is the bekavior described by the simple
Van Vleck model. However, the fit between theory and experiment was improved by
the introduction of biquadratic terms. A theoretical treatment has now been
developed [95] which incorporates the empirical relationships between structure
and megnetic properties noted abave.

The magnetic properties of the tris-d-hydroxy complex
[LCr{OH) sCrLI{C104}.3H20 have been measured [96] where L = 1,4,7-trimechyl-

1,4,7-triazecycloncnane (16)

M
e\N/_'\ P

Tj" )

Me

The susceptibllty data reflects antiferrcmagnetic exchange coupling
interactions with J = -64(1} cm'l. This is the largest exchange coupling
constant yet found for binuclear chromium{III} and probably results from both
the symmetry and the number of the OH bridging groups. A deteiled comparison

between the results for mono-, di- and tri-hydroxy bridged chromium(II1)
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species was also made [96].
The hydrolysis 1n acid solution of the recently synthesized it-oxc complex
[(Hzo),Cr{O}Cr(HZO),]4+ has been investigated. The anly product is [Cr(H30)4]3+

+

[(H,00 Cr(0)Cr (1,00,3** + 2% + W0 — 2[Cr(H,0, %"

2

but the kinetic data shows there are two pathways. The rate law is

44+ + L/
-d[{(ﬂzo)scl-}zo Jfde = (e, + kl[H])f[f(HZO)SCr}ZO 1

1 ~3..1 -1

5 and k, = {1.61%0.05) x 10 "M 5

with k = 5t2 x 107°8"
so the acid dependent pathway carries most of the hydrolysis reaction [97]. The
acid independent step involves an initial rate determining cleavage of the
oxygen bridge

[(Hzo}scr(c:)c».—(ﬁztc))s]‘f'+ « HO — [Cr(H20)6]3+ + [Cr(H20)50]+

[t:r(azo)sol" + mt

3+
—  [Ce(H,0)]
while the acid dependent route involves a rapid pre-squilibrium followed by
structural change at the bridging oxygen {(analogous to that known for the acid
rhodo ion {(NHs)sCr{OH}Cr(NH,),1°")

[ . 5+
[{H20)5Cz(0)0r(1{20)5] + B = [(uzo)scr(ou)c;:(nzo)sl
slow

* 5+
[(HZO)scr{Oﬁ) Cr(H20)5]

[(H20}5Cr(OH),Cr(H20}5]S+ + HY &+ H,0 -fﬂt——z[(:rmzo)f,f"

3.4.5 Polynuclear complexes

Reaction of CrCl,;.6H:0 in ethancl/triethylformate mixture with purine {pul)
or edenine (adH) ¢17)led te the isolation {98] of complexes CrsL,Cl,.2H,0
{LH = puH, adH).The IR spectra of these insoluble compounds show bards
cheracteristic of coordinated water. Bands assoclated with the vibrational
modes of the imidazole and pyramidine fragments undergo change suggeating
coordination through the ring uitrogens, but bands duve to the exocyclic MH:

of adenine do nmot chamge. The chromium-chlorine vibratione are low suggesting
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bridging chlorines, The proposed structure is {18)

//f h]
N\\I'/L
Cr
Gl/ \HZO
|
H cl
( N/
N Cr {18)
! \\\Cl
N
ci H,0
Nt
Cr
0 N

L
|
N

{N-H is bidentate pv or ad , probably through N2 and N9; L i3 terminal pu  or

ad” and it is uncertain which N iz coordinated}

The first few members of the series of hydrelytic polymers of chromium(I3I1}
formed upon addition of hydroxide to [Cr(HzO},]3 have been separated on
Sephadex 8P C-25% {99]. Elution with sodium perchlorate {0.5 - &M} gave the
following fractions {only O end CH are glven in the following formulae, the
octahedral coordination of chromium in all cases being made up by water

molecuies).
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Cr3+ blue purple
| on
5. N oo \I/
[Crz(U'H)z] greenish biuve Cr\ /Cr
A TN
N
~NVs NV
”;Cr\\ I’Cr
[Cr3(0H)£‘]S+ green OH ~
ol cH
\|/
Cr
\ / N V4
— Cr — Cr
[9): ] On OH 0d
OH OH
N S B0 N ~
[Crh(OH)G]'{H olive N r cr
e o’ 1IN\ o NS N
OH OH 0OH OH

\I/ \i/

Cr C
71N\ /1N

The visible spectra of the monomer, dimer and trimer agreed with previously

reported values. The tetramer has X

= 426om €e= 30.1} and 580nm {e= 15.6).
Mmax

The order of robustmess in acid solution fa dimer<trimer>>tetramer, and the

tetramer deprotonates to give [Cr..O(OH),]S+ as shown above., The proposed

structures are in accord with the reactivities of the polymers. Thus the

tetramer {Crs(OH)s]a+ was made by the addition of hydroxide to the dimer with

formation of very little trimer. The compact trimer, in which each chromium is

bound to two others by a total of three OH bridges, is more robust and more

stable than the doubly bridged dimer. The tetramer cleaves to the monomer and

trimer. Similar arguments aad also *lar iabelling experiments serve o rule out

many other possible iscmeric species.
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There has been a detailed criticism [100] of a recent explanation of the
magnetic properties of [Cr,0(RC0O0},{H,0);]X species which invcked inter-clustet
interactions to explain the experimental observations. Optical spectroscepy has
shown [101] that below 211 K the structure of [Cr,0(CH,C00),{H,0),]C1.6H,0
consists of equal numbers of two inequivalent trimers ¢ and » . Dehydration
produces an anhydrous phase also characterized by two trimeric species ¢ and d.
Selectively excited emission and excitation spectra, together with fluorescence
lifetime measurements, pave evidence for energy transfer d+c¢ and g—-b by pure
electronlc energy transfer.

A complex NalCr 0(nicH)4(H,0),1{(C10,},.nicH.6H,0 has been prepared by the
tnteraction of chromium{III) perchlorate, micotintc acid (nic) and sedium
perchlorate [102]. The structure includes the [Cr,O{nicH),{H,O),]?+ cation, but
the dispositior of the other groups could not be determined because of severe
diasprdering. The cation has =z structure similar to that of the
[Cr;0(CH>C00) ¢(H;0),1% cation with the nicotinic zwitterion bridgimg pairs of
chromiuvm atoms; the water molecules are trans to the central oxygea. Bond

lengths are

Cr-0 (nic) 1.98¢234
Cr-0 (n3) 1.906(6)
Ce-0 (HZO) 2.05(2)

The mode of coordination of nicotinic acid, viz the carboxylate oxygens, is

different to that currently proposed for the glucose tolerance factor.
3.4.6 Photochemigtry

The photochemistry of trans-[cr{CH)acyclam]+ has been examined [1031.
Because CN has a greater ligand field strength than the im-plane N's of
cyclam, N would normally be expected to be photolabilized. However, the
polydentate nature of the ligand would prevent loss of ligand so the complex
was expected to be photoinert. In fact it is, but 1t does show a very atrong
loag lived (=330 ¥#sec) 2Eg—--“Bj phosphoreacence at 720 nm whose intemrsity is
greatly echanced (x5} by deuteratioam of the cyclam. Several explanatioms are
possible for this deuterium effect but 1t is not posslble at this stage to
decide the mechanism. The luminescence of (TPPJCr has been studied and compared
with that of (TPP)AL [104}, The latter shows flucrescence at room temperature
and the flucrescence spectrum shows the bhehavior expected for a diamagnetic
metalloporphyrin complex. However {(TPP)Cr does not behave in this way because
the paramagnetic Cr3+ ion iz a particularly strong perturber of the porphyrin

*
(xx"} excited state which causes it show only an extremely weak triplet
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fluorescence spectrum.

A review has appeared on the photochemical properties of chromium(IIT}
polypyridyl complexes with a view to their use in photochemical solar enrergy
conversion £1051. A pulsed-laser photochemical study of the reactions of
[Cr(bipy),]B* in aqueocus acidic and alkaline solution has been carried cut
using time resolved conductivity and visible optical detection methods. The
overall reactions are

[cr(hipy)3]3+ s 200 e [Cr(bipy)z{oﬂ)2]+ + bipy

{basic sclution}

3 3
[Cx (bipy),] Yo 2H,0 + pt v, [Gr(bipy), (4,0),] * 4+ Hbipy

{acid solutiony

and thie study confirms that the lowest doublet excited states (*Ef*T;} are
responsible for most of the chemical change. Data are consistent with a seven
coordinate speciea fCr(pry)s(H:OJ]3+ being an intermediate im the reaction
[106]. The thermal, photochemical and photophysical behavior of [Cr(phen)3]3+
in aqueous solution is very similar to that of [Cr(bipy);]3+ and is interpreted
in terms of analogous mechanistic steps [107]. Excitation with spin allowed
states ylelds “T; which undergoes efficient intersystem crossing to >T,/°E
which can de-populate vig non-radiative decay or interact with water and OH to
vield an intermediate [Cr(phen),(H=0)]3+ which is the direct precurser of the
aquation products [107],

The emission lifetimes of the excited *T,/°E states of [Cr(bipy);]3+ and
[Cr(phen),]3+ ([Cr(N-N);]3+) have been determined in pure water and in aqueous
solutions of various anicns as a function of the concentration of the ground
state compounds in order to quantify the ground state quenching effect. The

kinetica follow the rate law

3+
Koie = K5 o+ ks[Cr(N-N)3 ]
where ko (= 1/7} is the first order rate constant for the decay of *T,/%E and
ks is the second order rate constant for ground state gquenching. For

[Cr(phen);]3+, T in putre water does not vary with concentration of the ground

state species, but does decrease on addition of anions such as Ci0, , NO, ,
Br  etc. No such =ffect was observed for [Cr(bipy),]B+ at 22 €, although it was
observed st lower temperatures. An jor bridged excimer is proposed to account

for the ground state quenching [108]. Iodide ion almost completely quenches the
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photoaquation reaction of [Cr(bip?);]a* (to give [Cribipy).(oM),1%) in mildly
alkaline solution, but at [T~ ] =0.1H the quantum yield @ reaches a plateau
value revealing a small non-quenchable phatochemical pathway [1091. This
pathway originates from a short lived excited state and several models were
examined to reconcile the guenchable and non-quenchable modes with temperature
and pH dependencies of the quantum yields. It was conciuded that the
unquenchable reaction arises from the *“T,state, there is intersystem crossing
to Ty /*E states and quenchable reaction from these long lived states. The
quenching of the phosphorescence emission from zEg of [Cr(bipy),]3+ by some 16
complexes of cobalt{II1} {all cationic, charges l+ to 3+) has been investigated
in 0.1M H,50, [110]. The bimolecular quenching constants are lower than
diffusion and span a large range. On the basis of theoretical considerations,
electronic energy transfer is the only plausible mechaaniam for the quenching.

1t 1s suggested that the energy transfer rate is controllied by electronic

factors which depend vupon the nephelauxetic ability of th

wenh e ligand 4 on

parameters which determine the characteristics of the encounter complex.
Preferential soivation data for [Cr(bipy),]3+ in GH,CN/H, O solvent mixtures
was measured by NMR line broadening methods and the results compared with
earlier data for frane-[Cr(NH,),{NCS),1 . Both ions are preferentially solvated
by CH,CH 1111]. Liferimes, luminescence intensities and photesolvolytic
reactivity for the lowest energy doubleta (2T, f?E) of [Cr(bipy),]B+ were

the preferential solvation curves for trans-[Cr(NH,},(NCS8), ] but not for
[Cr(bipy)3]3+. This has been interpreted in terms of static effects of the
sclvent on those properties for the Relneckate and dynamic effects for
[Cr(bipy};]3+.

Because of disagreements in the recent literature, a re-investigation has

been made of the wavelength dependence of intersystem crossing yleld in
rr,(gn1,13+ an drradisrien within o sinsle sghsornfion band (11271, Tt was
LT En s Ot Arrafiation Wilalin 4 singie ao3C0rpliion LDand vildj. 1L was
concluded that the yield does not vary significantly with wavelength from

347 - 530 nm.

An investigation has been made of the effectas of solid stete irradiation of
ligand field bands for some chromimm{III} complexes and the results compared
with solution measurements {113], Irradiation of [Cr{en},1Cl, at the “Azg—f“Tz

trangition for 5 - 30 mins gave spectral changes with an increase in intensity
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suggested formation of cig-[Cr{en);Cl1.]Cl and this was confirmed by its
igalation using ion exchange. Similarly, irradiation of [Cr{NH,),ICL, gave two
complexes, one identified as [Cr(NH;),Cl]2+, and ancther, [CX(NH,}QXY]+, where
X and Y could not be identified directly since the compound reacted further.

During thils reaction the charge changed to 2+ and s{g-[Cr{NHi),(H:0)C1]C1l:z was
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isolated. It is likely therefore that cig-{Cr(¥H,) C1,JCL is the primary
product. Somewhat simitar studies have been reported on the photoinitiated
ligand exchange reactions in the solid state of some chromium{II1) ammine
complexes by photolysis in a glassy matrix at low temperature [1l4]. Some of
the reactions studied were

kv

3+ 2+
[Cr(NH3)6] ‘15;;35;—*' ECr(NH3)501] + NHy

hw

2+
5M,10M NaOH [Cr(NH3)5DH] + NHy

{Cr(NH3)6]3+

A 24
[Cr(NH3)&(H20}01] + NH

3+
(Cz (NH;)H,0) 5M,10M LiCl

3
Mo photoaquation was observed. Products were identified by difference
spectroscopy t(visible} and by EPR spectroscopy.

Previcus studies of the photoanation of [C!(NH;)‘]3+ by halide ions and

* by CNS have shown different effects on the

photeanation of [Cr(dmso)s]3
quantum yield by varying the anion concentration. Hence a study of the
photoanation of [Cr(NH:)a]3+ with CNS™ has been undertaken to investigate
-whether there are some sapecial properties of CNS™ substitution [115]). There are
two reaction pathways:-

9
A ds
—=a . [Cr{NH3)5H20] + NH3

3+ kv, H,0
[Cr(NH3)6] —_

CNS

P
L_cNs [c:(NH3)5Ncs]2+ + NH

3

In 0.01M HC10, the total quantum yield o = g + Pone increased from 0.49%0.04
to 0.7042.07 with an increase of [CNS ] from D to 5M, but in alkali solution
the quantum yield is independent of [CHS™]. It was shown that CNS does not
effect the lifetime of the phosphorescent zEg state, so intersction with this
species is eliminated. The conclusion was that there 1ls some special reaction
pattern for CNS and the mechanism of its photosubstitution of chromium{III} is
not typiecal [115].

Ugon ligand field irradiatlon in aqueous acid solution,
eia-[Cr (MM ;) {CN) .1 undargoes simultanecus aguation of NH, and CN , although
the former occurs at a rate greater by an order of magnitude. Quantum yields
and ratios of products are wavelength dependent. The product of NH  release,
[Cr(NH,),(CN)EH,OJ+, was isclated by ion exchange and shown to be a mixture of
mer and fge although the proportione varled depending on which ilgand fleld
band was irrmdiated [116].



118

The photoracemization of (-)D-[Cr(ox)gphen]+ has been investigated as a
function of intemsity of irradiation across the first quartet band.
Photoracemization was the only reaction obeerved. The variation of quantum
yield ¢ with fintensity implies two reactlor routes, an intensity independent
one which is probably an intramolecular twist mechanism, and an intensity
dependent pathway which probably involves an aquc intermediate with one oxaleto
group being monodentate [117].

Low temperature excitation spectroscopy has been used io measure the five
components of the =Eg and 2T;g (Oh) states for fuzc-iCr{gly),]. It was found
that the doublet energles depend very strorgly on the molecular geometry since
the deviation of the chelate bite angles from 90°, reinforced by ligand field
agymmetry, causes considerable splitting in the 2E,*T, manifold. An

angular-overlap model analysis of the data was carried out [118],
3.5 CHROMIUM{1i}

2.5.1 Simple complexes of chromium(II}

Treatment of chromjium({I¥} in ethanol {made by reduction of CrCl,.6H,0 with
ZnfHg) with excess of phenylioscyanide in the presence of PF, gave the complex
[Cz{CNPh}s:C1]8F,, but p-tolylisocyanide gave the homoleptic derivative
[Cr{CNp-tol)sIPFs. Treatment of (Cr(CNPh)sC1]* with various phosphines gave the

reactions shown in the scheme
tnmns-[Cr(CNPh)a(PR3)C13PF6

P(n-Bu}3, P(n—Pr)3, PEt,

[Cr(CNPh)scl]PF6
dppe dppm
[Cr(CNPh}3(dppe)Cl]PF6 [Cr(CNPh)sdPPm]{PFGJz

All the complexes were paramagnetic except for the seven coocrdinate
[¢r{CNPR),dppm] (PR, ),. [Cr(C8Ph),C1]" and [Cr{CNPh) (PR,)C1]* showed a
reversible electrochemical oxidation and two irreversible reductioas [119].
Treatment of Crll,.thf with two moles of dmpe yields yellow GrGla(dmpe)2
which is paramagnetic {low spin d*) with a magnetic moment of 2.76 BEM.
Treatment with LiMe yields red-orange trugng-CrMe,(dmpe),; {p= 2.7 BM) which was

confirmed by a crystal structure determination to be the first monomeric alkyl



119

of chromium(ii} [14]. Bond distances are Cr-C = 2.168{4JA and Cr-P = 2.342(1}
and 2.349(1)A.

Reaction of Cra {CH;COD), with NaB{C.H,):{2-pyrazoyl): yielded bright orange
monoruclear Cri(pz)sBEta 2. A crystal structure determination showed the air
stable compound to be a square planar chromiumf{iI) complex with all Cr-N
distances identical within experimental error {2.060{4}K). The stability of the
complex may be due in part to the fact that an ethyl group of each ligand
blocks the Fifth and sixth coordination positions [120].

The kinetlcs of the interaction beiween [ (HH,}.Co(NCacac)] and [Cr(HEO},]z+
have been investigated [121], The reaction proceeds vig an intermediate in
which the chromium coordinates to the free oxygens to give the binuclear

complex (19}

()“x
{NH3)5Co-N-C o Cr{Ha0)4 «18)

followed by Co-N bond breakage to give [Cr(HzO);;(acacCN)]z+ a8 the final
product.

The stepwise formation constants of the complexes formed by chromium(II}
with en, mal, gly, B-alaninate, iminodiacetate, nitrilotriacetate and edta have
been determined pH-metrically {122]. The formation of chromium(Ii) glycine
complexes has also been studied by *H NMR relaxation methods [123]. The
formation rate constant for 1Cr{gly)]” was caleulated to be 3.1 x 109157 4
for [Cri{gly}.] 2.8 x 10815t

at higher glycinate concentration wes Interpreted as being due to the exchange

nd

- A slgnificant increase in the relsxation rate

[Cr(gly)z] + glyx == [Crigly)(gly*)] + gly
and the exchange rate constant was calculated to be 2.22 x 107H'1S-1.

Reaction of n-Bull in hexane with ¢-Bu,0H and CrCl, in thf (3:3:1} at room
temperature gave emerald green crystals of [Cr{OCf-Bu,),LiCl{thf},], A cryatal
atructure determination revealed the first structurally characterized three
coordinate chromlum{II} cemplex (30) which is best described as T ghaped
because of the large 0-Cr-C angle of 157.9(2)? The core atoms {(Li, Ci, Cr, O,,
Oz) are all coplanar and the coordination at Li 1s severely distorted T due to
steric effects. The Cr-0, bond distance of 1.881(4)}A is longer than those found
in other chromium alkoxides due to the lower oxidation state of the metal. The

bridging Cr-0z distance of 1.991(3)R& is similar to that found iIn
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Cr
c1 20)

[{C.H,) CrO -Bul,; the Cr-Cl distance is 2.324¢2}a.[124].

Reaction of [{ny-CsH,),0r(C0);], with 1/8 molar proportion of S, per dimer
molecule at room temperature gives dark green [{n,-C,H,),Cr,{(€0),8] (21) and
reaction with a 2/8 mole proportior of 5, gave dark brown

[{n.-C:Hs).Cra{Co}s8.) (22) [125].

cc\: CgHg
Cr—S-—-Cr (21}
CcHe —
5''S / \'\\‘(:(>
CO CO
CsHg s
\ Fl / _“h‘_sz
re
_co \\ /(:5H5 (a2
CcoO co Cr
/7 X
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¢21) has a single ¥-5 bridge and is the first example of a binuclear chromiuvm
complex linked by a single sulphur. The Cr-§-Cr angle is 174.4(2)%and the Cr-3
bond distances are short at 2,067(2)} and 2.076(2)&. It is thought that there is
probably some " interaction between Cr and 5. (22) provides the first example
of a2 Cr,5; unit. The 522- is a @ 2-electron donor to Cri and a Nz 2-electron

donor to Cr,. Bond distances are

Cr,-S: = 2.34B(2)X
Cra-5, = 2.466(2)
Cr,-S, = 2.399(2}
5,5, = 2.009(2)

The geometry about Cr, is that of a four legged plano steol ard it has an
eighteen electron configuration. Cr; is & sixteen electron centre ard has a
three legged pisno stool stereochemistry [1251.

The complex Cr,3(00CPh)¢ ¢23) is produced by the reaction of benzoic acid

S 0
,/ \é/ (23)

on (CpCrSCMe,).S or the adduct {CpCrSCHMe,),5.Cr(C0), [126]. The IR spectrum of
the soluble complex showed bands for bridging carboxylate groups only and it is
antiferromagnetic with Mofs decreasing from 2.60 BM at 298 K to 1.92 BM at

80 K. Similar species with one chremium replaced by Mn(II) or Fe(Il) were slso
prepared by reacting the adducts {(CpUrSCMe, ), .Mn.(CO}, and

{(CpCrs§):(5CHes ).Fe(CO), with benzoic acid. In contrast, heating
(CpCrS).(SCHMe, ) .Fe{C0), with trimethylacetic acid gave the heteronuclear
cluster Cps;Crs{k,-8).Fe{00CCHe,) which has a cubane type core with Ce~Cr bond
distances ir the range 2.828 - 2.848(3)A and Cr - Fe distances of 7.721 -
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2.787(3)A. It is paramagnetic with two unpaired slectroms for the Cr;Fe
core [126].

CrZrF, {which contains chromiuwm{II) octshedrally coordinated to six
fluorines} undergoes phase transitions between 100 - 450 K which are induced by
packing effects. lLigand field, EPR and maghetic data are reported as well as
Moessbauwer studies of 57Fez+ doped Cr2+ sites [127].

The preparation and magnetic properties of some tetrachlorochromates{Il)
have been examined [128]). (H,pipz)icrcl (H,0},] (pipz = piperazine)} and
{NPhH,):[CrC1,(H;0),] obey the Curie Law with p=4.90 BM. The enhydrous
compounds [N{(0-CH,C.H,}H,],CrCl,, {NPhH,),CrCl, and [H,N{CH,},NH,ICrCi, all
cbey the Curie-Weiss Law with positive intercepts on the temperature axis and

1] well above the spin-only value and which increased further as the

t:iierature decreased; they are therefore ferromagretic. The compounds
iH.pipzlCrCl,, (N H,),CrCl, and (NEt,H),CrCl, are antiferromagnetic. Diffuse
reflectance spectrs of all the compounds show a broad asymmetric band near
12,000 cm-l characteristic of cctshedral chromium{II), which implies chlorine

bridges in the tetrachlerc compounds.

3.8.2 Metal-metal bonded species

There has beem some interest in providing a theoretical underatanding of
the large variation in Cr-Cr distances in formally guadruple bonded dimeric
species and the factors which effect these distances. One approach [129] using
ab in{tic SCF and CI calculations showed that the nature of the bridging group
is at least as important as the presence or absence of axial groups in
determining the Cr-Cr distance. A different calculation [130] distinguished
between those compounds with four carboxylate bridges and axial interactions
{Cr-Cr = 2.2B3 - 2.541%) and those for weaker acids which have infrequeant axial
interactions {Cr-Cr < 1.90R). Calculations were performed on Cr.{0,CH},
{formato) and Cr2(NH{OJ}CH}. (formamidatoc)} complexes and it was shown that a
major effect on the Cr-Cr bond strength is the donating power of the N atoms imn
the formamidato complex, again suggesting the bridging groups have an effect at
least equal tc those of any axial ligands. The gas phase core-electron
ionization energies of a series of Cr;l, complexes have been reported and it is
shown that there is a correlation between metal electron icnization energies
and variations ia the metal-metal distance, which was then substantiated by
ab initio calculations [131). The conclusion was that 1t 1s the variation in
electrostatic potential at the metsl centre {due to variations in the ligamnd
atoms } which leads to variation in the Cr-Cr distances.

Reaction of Cr,{00CMe), with sodium {dimethylamino)ethoxide gave the
tetranuclear species Crs{00CHe} {OCHCH NMe,), [120]. The structure
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consiste of two Cr;{Q0CMe), units {in each of which the u-acetate groups are
¢ic and orthogonal to the Cr-Cr axis) linked by the four oxygen atoms of the
alkoxide ligand (each bridging two chromium atoms) such that the metal atoms
form a bisphenoid. The nitrogen atoms of the chelating amincalkoxides are

coordinated axially to the Cx-Cr bord. Bond distances are

Cr-Cr 2.5321(2)4
Cr-0 1.999(4) to 2.033{4}
Cr-N 2.444(5)

The chromium-chromium bond length is et the extreme edge of the range observed

for quadraple bonded specles.
3.6 CHROMIUM{I)

The chelated bis{carboxylato)oxochromium{V} specles CrOL, {H,L = Z-ethyl-
2-hydroxybutyric acid) reacts smoothly with (MH,001% at pH 2.6-4.7 in the
presence of H;L to form two products; one is not absorbed om a cation exchanger
and is assumed to be neutral and the other has elution properties comsistent
with & 1+ charge [132]. They are formulated as (26) and (26} . Each has v,
corresponding to NO* rather than ND ™ and each has & magnetic moment
corresponding to tow spin &, both pleces of evidence suggesting chromium{I)
rather than chromium(iII}. The overall stoichiometry of the resction between
chromium{V) and [NHs0R]T is 1:1 and the mechanism is thought té irvolve a
Cr{Vv)}-NH.0H precursor with only one carboxylate, followed by a net &4e Internal

electron transfer. A eone-pot synthesis of chromium{I} mitrosyl complexes
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— T
! "
i NO (o) NO
p EtyC — O H,0
Bty — O~ - o=’ 2T
—0— ™
L —=0""| > o-CEtz Lo o H,0
1
° H,0 H 2
{25} (28)

formulated as [c:m(cn)‘.]z'. [CrRO(CN) 4K 0}  and [CTNO{CN),{L-L)] (L-L =
bipy, phen} by bydroxylamine reduction of K,CrQ, in aquecus solution has been
reported [133]. The complexes all have one unpaired electron and are clearly
chromium{I} derivatives.

Reaction of [CrNO(CNR),JX (R = CMe,, CHMe,, Me, X = PF,, BF,) with PR', in
2-propanol gives trans-[CeNG{CNR)} (PR*,)1* ¢(PR*, = PEr,, P{n-Pr),, P(n-Bu},,
PMe:Ph) and with dppe gives fhc-[CrNO(CNR},dppe]+ {134]. These chromium{{}

complexes could be reversibly oxidized electrochemically

[CrNO(CNR), (PR’ )17 = [CrND(CNR)a(PR’3)]2+
and the chromium{I} c¢atlons were lsolated using N0* oxidation.
3.7 CHROMIUM{O)} AND MISCELLANEOQOUS SYSTEMS

Fourier tranaform far IR studles of bare Or; clusters in Ar and Xe matrices
have been reported [135]). Freshly deposited Cr, at 12 K in Xe shows a single
band at 210 cm_l assigned to the sirgle IR active E' vibrational mode in D3h
{equilateral triangle) symmetry. In Ar matrices, this band is observed omly
after annealing to 40 K and in argon larger angled Cr, species tend to be
preferred. A normel coordinate analysis of Cr, at different angles {60 - 180°)
helped in assigning the IR spectra to different conformera. The species CrFe
wes prepared by co-condensation of Cr and Fe atoms in rare gas matrices at
4.2 K. The molecule was identified by Moessbauer techniquea. SCF-Xa-scattered
wave MO calculations were carried out on the diatomics Fe; and CrFe[136].

It has been found that Cr{CO)s may be adsorbed onto a porous Vycor glass
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without change of the electronic and IR spectra. On irradistion at 312 nm the
pentacarbonyl species Cr{C0},(ads) is formed which has an electronic spectrum
identical te that of Cr{C0}, in a methane metrix. However, the lifetime of the
pentacarbonyl adsorbed on glass is much longer, although there appears to be
little reduction in its reactivity. Cr{C0);{ads) gave no indicaticn of unpaired

electrons so 1t is thought to have singlet C symmetry [137].

The crystal structure of KECr.{C0),,A] h:: been determined [138]. There are
three anions in The unit cell, two of which are related by 2 centre of
symmetry. This equivalent pair of anions have the almost linear arrangement of
the hydride bridge and eclipsed equitorisl carbonyl groups found in previous
studies of other salts of this anion. However, the third anion has a bent
hydride bridge (Cr-H-Cr = 132(3)"} and staggered carbonyl groups. The Cr-Cr
distance is 3.260{3}A compared with an average value of 3.358 for the linear
arrangement. Lattice effects probably cause the distortion of the hydride
bridge and the interaction between the potassium atom and the axial carbonyls
may be dominant.

UV photolysis of Cr{C0}, in liquid Xe containing varying proportions of N,
at 183 K gave the mixed carbonyl/dinitrogen species Cr{C0},_ (M.}, (zx = 1-5).
The producta were identified by IR spectrascapy and by their phetochemical
behavior, especially to narvow band photolysis at 367 rmm which distinguishes
between cigfirans and merffac isomers [139). Two advantages of using liquid
inert gas solvent systems rather than solid matrices are the total absence of
IR absorptions and the absence of 'site splitting' which can be a2 major problem
in solid matricesa., Similtar experiments in liquid xencn, but without added
diritrogen, led to the formation of Cr{C0),Xe [1401. The species is relatively
long-lived (half-1ife 2 sec) under these conditions which iz partly
attributeble £o the high concentration of xenon. The same product was observed
in liquid Ar containing some dissolved Xe, but not in ar alone, thus
eliminating the possibility that the specles may be some lsomer of Cr{C0),,
such as Cr{C0).{0OC).

Reduction of CrCl,{dmpe); with Na/Hg under a nitrogen atmosphere led to the
isclation of the stable red complex trgng-LCr(N.){dmpe),] [14]). A crystal
structure determination showed it to be isomorphous with CrMe,{dmpe),; bond

diastances are

Cr-N = 1.957(4)R
Cz-F = 2.301(1), 2.307(1)
H-N = ©,985(4)

The N-N distance is shorter thar that in W, itself (1.0971A}! The Cr-M-N angle
is 177.3°.
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Deprotomation of [Cr.{€0),,8H] roc give deep green [Cr,(ce)lgslz' followed
by treatment with [Cr{(CO),thf] in the presence of the PPN catton gave red
{PPN) slCr (€0} ,,5] [141). The structure of the anion comsists of a basal plane
of Cry, each metal atom having three terminal carbonyl groups, and with each
peir of metal atoms bridged by a highly asymmetrical carbonyl group. The

SCr{C0), group caps the basal triangle. Bond distances are

Cr-Cx 2.850{9)% (av)
Cr{base}-§ = 2.305(8) {av)
2.668(3)

Cr{apex)-5

All four Cr-5 bond distances are in the range for a2 single bond, hence the § is
regarded as an eight electron donor. The carbonyl groups in the basal plane are
fluctional.

Atomic transition metal anions, including Cr , have been prepared in good
ylelds in & Fourier transform mass spectrometer utilizing collision induced
dissociation of anionic carbonyl complexes [142]. Cr{C0},” was formed by
electron irradiation of Cr{CO) and then subjected to a dissociation pulse
using argon. The fragments Cr{C0}, to Or were produced but thelr proportions
depended on the excitation energy. Cr reacts with Cr{CD), to form Cr(CO}, and

Cr,{C0), and with Bronsted acids to form Cr-H bonds.
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