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A. INTRODUCTION

Particular interest has been shown regarding the intermediate oxidation
states of chromium, Cr(V) and Cr(IV), and especially on their role in the
process of Cr(VI) reduction [1-3]. Their formation as intermediates was
predicted long ago [4] but because of their high reactivity and low kinetic
stability no direct evidence for their existence was available for a long time.
Only in the last two decades and using the EPR method, was the formation
of Cr(V) and Cr(IV) in the course of Cr(VI) reduction experimentally
proven.

During the past few years the formation of Cr(V) complex species in
biochemical systems has also been observed [5,6].

Firstly Kon [7,8] and Garifianov and Usacheva [9] used EPR to study
some Cr(V) complexes both at liquid nitrogen and room temperatures. Later
Garifianov [10] showed ‘that using EPR it is possible not only to identify
Cr(V) complexes but also to study their structure without preliminary
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isolation and purification. During the last 10-15 years numerous Cr(V)
complexes have been identified and studied. Part of the corresponding EPR
data has already been briefly reviewed [11-13] but no comprehensive review
of all data obtained for Cr(V) coordination chemistry has been available up
to now. In the present review an attempt is made to summarize the data
reported for Cr(V) coordination compounds, their mechanism of formation
and decay in the course of Cr(VI) reduction.

B. Cr(V) COORDINATION COMPOUNDS: STRUCTURE AND BONDING

The only binary compound of Cr(V) known is CrF, [14,15]. The oxofluoride
CrOF, [16] and the corresponding oxochloride [17] are also described in the
literature as solid compounds. In the presence of traces of water hydrolysis
and disproportionation take place, leading to the formation of Cr(VI) and
Cr(11I).

Green et al. [16b] have synthesized CrOF, via reaction of CIF and CrO, at
0°C and thoroughly studied its structure and properties. The magnetic
moment (1.82 BM at 17°C) is consistent with that of a Cr(V) species (d’
system). On the basis of IR and Raman spectral data a polymeric structure is
suggested for the solid state (I) with terminal Cr-O bonds and extensive
halide bridging,.
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In a recent paper [18] precise data for the UV-vis, IR, EPR and mass
spectra of CrOCl,; are reported. The EPR singlet line (g = 1.989 + 0.002)
confirmed the existence of the Cr(V) oxidation state. A polymeric structure
in the solid state, similar to that of CrOF, is proposed for CrOCl,.

(i) Chromate(V) ion, CrO; ~

Bailey and Symons [19] obtained the chromate(V) ion in strong KOH
solution and recorded its electronic spectrum in the visible and UV region,
where two broad bands at 265 +5 nm (e =250 + 50) and at 355+ 5 nm
(€ =500 + 50) were found. The authors have shown that CrO;~ is stable
only in the presence of a large excess of KOH. On increasing the acidity of
the solution a fast disproportionation process takes place

3 Cr(V) = 2 Cr(VI) + Cr(11I) - (1)
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Recently Niki and Leitinen [20] confirmed the formation of CrO;~ as a
stable species in a strong alkaline medium.

A number of alkaline, alkaline-earth, rare-earth and lanthanide metal salts
of chromate(V) of the types M;CrO,, M7 (CrO,), and M "’ CrO, have been
synthesized and their properties studied [21-24]. The salts are solid hygro-
scopic compounds undergoing simultaneously hydrolysis and dispro-
portionation in the presence of water. The magnetic susceptibility of these
chromates(V) has been measured and the magnetic moments found corre-
spond to one unpaired electron (g ~ 1.7 BM) [21,24].

Carrington et al. [25] have studied the EPR spectrum of CrO;~ in frozen
solution (20 K). A very broad and temperature dependent singlet line was
observed with an anisotropic g-value (g, =1.98 and g, = 1.97). At higher
temperature the signal broadens significantly and disappears at 7> 90 K.
This fact is a strong indication for a tetrahedral structure of CrQ;~, the
lower excited states of which are close to the ground state. For that reason
the spin-lattice relaxation times are short and therefore the absorption lines
are broad and detectable only at low temperature [25].

The electronic structure of CrQO;~ is discussed in a series of papers
[26-37]. The electronic spectral data are also consistent with a distorted
tetrahedral structure with a D,; symmetry, the d' electron populating mainly
the d,. orbital. Some new data on preparation, symmetry and magnetic
properties of K,CrQO, are reported by Ziegler et al. [35]. In a recent paper
[37] critical discussion on the interpretation of CrO;~ electronic spectral
data is provided on the basis of a more precise spectrum obtained for CrO;~
doped in Sry(PO,);Cl crystals at 4 K. The set of bands in the range
10000-17000 cm™! corresponds to ligand field transitions. The 7d ligand
field parameter A is determined to be 13500 cm™!. It is concluded that the
ground state is 2E,..

Besides the metal salts of CrO;~ a number of chromium(V) complexes are
also known. All these complexes show narrow EPR signals even at room
temperature. Usually they are observed as intermediates in the course of
Cr(VI) reduction with different organic and inorganic substrates. These
complexes easily undergo either disproportionation (eqn. (1)) or internal
redox reaction, the chromium(V) oxidizing the coordinated ligand

Cr'L, - Cr''L, + P (2)

where P is the oxidation product of L. For this reason the Cr¥L, complexes
are regarded as “kinetically unstable” species.

In many cases attempts to isolate the Cr(V) complexes from the reaction
mixture failed and they were studied only in solution mainly using the EPR
method.

The first complexes of this type were studied by Gray and co-workers
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[38,39], Kon [7,8] and Garifianov [9]. The significant reduction of the EPR
line width of these complexes compared with that of CrO;~ ion is due to an
extreme deviation from cubic symmetry. As a result the spin-lattice relaxa-
tion time increases and detection of the corresponding EPR signals is
possible at room temperature. The deviation from cubic symmetry is due to
the presence of [Cr=0]** as a structural unit [8,38,39] giving rise to a strong
axial component in microcrystalline field symmetry as in the case of VO?*
and MoO?>* [39]. In fact some of the authors denote them as complexes of
chromyl(V) ion, CrO>* [10,25,38-41].

(it) Oxohalo complexes of Cr(V), CrOX, and CrOX;~

The first species of this type, namely M,CrOCly and [CrOCl,] " HR*
(M=K™*, Rb*, Cs* or NH;; R = pyridinium, quinolinium or tetramethyl-
ammonium ion) were obtained by Weinland et al. in 1905-1907 by reducing
CrO, with dry HCI [42,43]. Much later KCrOF, and AgCrOF, were synthe-
sized [44,45] from the corresponding dichromates and BF; and from CrOF,;
and KF in anhydrous HF [16b].

Using the EPR method Garifianov [46,47] has shown that both oxochloro
and oxofluoro complexes of Cr(V) can be obtained simply by dissolving
CrO, in the corresponding acid.

During the last 10-20 years a number of oxochloro and oxofluoro
complexes have been obtained and their structure, chemical, magnetic and
spectral properties studied [8,16b,38-41,46-63). In a recent paper [62] crystal
structure data (unit cell parameters) are reported together with summarized
IR data. The red complexes obtained (K,[CrOCl,], Rb,[CrOCl,] and
Cs,[CrOCl5]) are photosensitive. The complexes K,[CrOCl;] and
Rb,[CrOCl,] proved to be orthorhombic, while Cs,[CrOCl;] is cubic [51,62}].
The »¢,_o stretching mode occurs in the range 980-933 cm™! and the
8(Cr-0) bending mode (rocking) occurs at 240-215 cm~'. The rc,_g
stretching modes appear at 370-320 cm™!, while the bending modes lie at
200-160 cm ™! [62].

Some mixed complexes have also been prepared, such as CsCrO(AB)Cl,
(AB = anions of tartaric, hydroxymalonic or malic acids [41]), CrO(bipy)Cl,
and CrO(phen)Cl, [55a,b] and CrOF,_,Cl, (n = 0-4) [54]. In the last paper
the higher thermodynamic stability of CrOF,” compared with CrOCl; was
mentioned.

Many attempts to obtain the corresponding oxo, bromo and oxoiodo
complexes failed [41,46] and it was assumed that Cr(VI) was reduced by HBr
directly to Cr(III) [64]. Nevertheless, the synthesis of [CrOBr,]>~ - H,bipy**
was reported later [65] by reduction of K,Cr,0, with hydrobromic acid
saturated with HBr at temperatures below 0°C. Oxobromo complexes of



245

Cr(V) with pyridinium, quinolinium, 2,2’-bipyridinium and
1,10-phenanthroline were also prepared [66]. For a similar purpose some
adducts of chromyl(VI) chloride with N-heterocyclic base have been reduced
with an HBr solution at low temperature (T < 0°C). However, the existence
of oxobromo complexes of Cr(V) is still disputable. According to Seddon
and Thomas [58,59] the compound considered to be [CrOBr5]?~ [szlpy]2+
[65] is in fact a mixture with a high content of “perbromide”.

The complex salts of Cr(V) mentioned above are coloured compounds,
relatively stable at room temperature if stored in a dry inert atmosphere.
Even traces of moisture lead to the disproportionation process (eqn. (1)). In
this respect a report for the stabilizing effect of water in the formation of
oxobromo complexes in the course of Cr(VI) reduction with HBr [65] seems
rather surprising.

The complexes already discussed were identified as Cr(V) species (d'
configuration) using magnetic susceptibility measurements. Their magnetic
moments (g ~ 1.60-2.00) correspond to the spin only value (1.73 BM).
Most of these data have been summarized by Ziebarth and Selbin [41] and
Seddon and Thomas [58,59].

The EPR spectra of CrOCl3~, CrOCl,, CrOF?~ and CrOF,; have been
studied and interpreted by different authors [8,40,41,46,47,53,54,63,67-71].
The spectra consist of a strong narrow line showing hyperfine structure of
four lines due to >*Cr (I=3/2) [11,12]. The EPR parameters of CrO**
complexes should be very similar to those of VO?* complexes [12]. The
latest EPR data obtained by Garner et al. [71] showed unambiguously that
the complexes thought to be CrOCIZ~ [40,41,53,67] were in fact CrOCl}.
The same authors have also shown the proper conditions for CrOC1%~
formation and report the corresponding g values: 1.988 + 0.001 for CrOCl;
and 1.970 + 0.001 for CrOC13".

After the pioneering investigations of Gray et al. [38,39] on the structure
of CrO** specties, numerous data have been obtained [8,41,47,48,50,57,58,
61,70] consistent with a C,, symmetry for the complexes (structure II). '
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The four halogen ions in the xy plane are equivalent and the Cr=O bond
is notably short [8,38,39,47,70]. The existence of a Cr=O bond was proven by
means of IR spectroscopy, »c,._o being in the range 1050-900 cm™'
[8,41,50-56]. The IR data obtained have been summarized [41,58,62] to-
gether with a critical analysis thereof [58].
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The available EPR and IR spectral data indicate the existence of two
types of CrO** complexes, namely CrOX; and CrOX2~ [50,60,71]. When
the halogen ions are present in excess, they coordinate to CrOX; at the
vacant axial site in the inner coordination sphere of Cr(V) giving rise to a
new EPR signal and a new »,_g band in the corresponding spectra.

The electronic structure of these complexes is discussed in a series of
papers [38,39,50,53,71-74]. The first molecular scheme was proposed by
Gray et al. [38,39] based on electronic and EPR spectral data and semiem-
pirical MO calculations. The following d-orbital sequence was assumed:
d,,(b)<d,, . (e)<d,:_ (b)) <d,:(a)), the unpaired electron populating
the d,, orbital. The first two absorption bands are due to the d—d transi-
tions: d,,—d,,,, and d,,—d,:_,:. These assignments were generally
accepted [11,50] till recently when Garner et al. [58,71-74] performed
detailed electronic and EPR single crystal investigations on
[(C¢H;),As]*[CrOCl,]™ and ab initio MO calculations for the ground and
excited states of CrO** complexes. The results obtained confirmed the
earlier prediction [38,39,50] that the unpaired electron occupies the d,,
orbital, which is essentially a chromium atomic orbital. However, their data
indicate that the two absorption bands with the lowest energy at 13000
cm™! and 18000 cm ™' should be assigned to the d,, - d,,,, and Cr - O,
— CrQ,,, transitions respectively. For this reason it is concluded that since
the EPR spectral data have been interpreted [11] on the basis of the
assumptions made by Gray et al. [38,39] these interpretations might be
erroneous [72,73]. Garner et al. [71] proposed a molecular orbital scheme for
[CrOCl,]” assuming square-pyramidal geometry and a critical review on the
MO coefficients used was published.

Recently [75,76] MO calculations for the transition energies of CrOCI2™,
CrOF; ™ and CrOCl; were reported. The lowest energy absorption is con-
firmed to be mainly the d,, — d,, ,, transition. However, the second absorp-
tion and the two higher energy bands are assigned to halogen-to-metal CT
transitions. A comparison between calculated values and the experimental
data available for electronic excitation energies is given.

Calculations of M-O bond covalency in the oxochloro complexes of
Cr(V) were also performed [77], based on EPR data.

Dioxodichlorochromates(V) have also been prepared and their magnetic
moments, IR and EPR spectra studied [78]. The data obtained indicate
dimeric and polymeric structures for these compounds.

(iii} Cr(V) complexes of alcohols, phenols and thiols

- Garifianov [9] first mentioned complex formation between Cr(V) and
glycerol when chromates and dichromates were dissolved in glycerol. Cr(V)
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formation was observed by means of EPR. Later, complexation of Cr(V)
with 2-propanol [79a,b], a series of diols and polyethylene glycols [80-89],
some phenols [90-92] and thiols [91-95] was also established in the course of
their oxidation with chromates. These complexes were only studied in
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being the oxochromium(V) complex with perfluoropinacol [85].

In contrast to the other diols mentioned above, pinacol and its derivative
perfluoropinacol form rather stable (with respect to further reduction) chro-
mium(V) complexes [85-89]. The problem of the kinetic stability of Cr(V)
buuq_uc;\co will be discussed below. }

The EPR spectrum of the Cr(V)-ethylene glycol complex has been studied
in detail [80,81,84,96,97]. The EPR signal shows a 9-component super
hyperfine structure due to the eight equivalent protons. A structure with C,,
symmetry was proposed (III) analogous to that of oxohalo complexes of
Cr(V).

Similar structures were proposed for Cr(V) complexes with dithioethylene
glycol [94], 1,2-propanediol, 1,3-, 1,4- and 2,3-butanediol, pinacol, hexylene
glycol [82,83,86—88] and perfluoropinacol [85] (III’). The EPR spectra of
these complexes show no super hyperfine structure due to protons.

— o —_ -
HZT o\gr/o c!H2 R,Rzol: O\ll - (|ZR1R2
/N / BN
| HC¢—0O O—CH, R,R,C—O 0—CR,R,
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The visible spectrum of the Cr(V)-ethylene glycol complex [98] shows a
weak band at 602 nm (e =140 + 15) due to a d-d transition. The corre-
sponding Cr(III) complex absorbs at 595 nm.

It was established using the EPR method that in the course of the di- and
triethylene glycol oxidation by Cr(VI) two different types of Cr(V) com-
plexes were formed, denoted as Cr¥(1) and Cr¥(2) [86,88]. The EPR signals
show 8-component super hyperfine structure due to seven equivalent (or
almost equivalent) protons. On the basis of the EPR spectral data available
structure IV, similar to that of the Cr(V)—ethylene glycol complex, was
proposed for Cr¥(2) complexes with di- and triethylene glycol [86,88].

The main difference between CrY(2) in this case and the analogous
complex with ethylene glycol is that the CrY(2) complex includes in its
coordination sphere one molecule of the oxidation product (aldehyde) to-
gether with a molecule of the substrate.

The absence of super hyperfine structure in the EPR spectra of Cr¥(1)
complexes does not permit any definite conclusions about their composition
and structure [86,88] to be made.
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Some mixed Cr(V) complexes with diols (ethylene glycol or pinacol) and
phosphine oxide, arsine oxide and arsenic acid have also been described [99]
and the following structures proposed (V, VI):
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The authors [99] have shown that phosphine and arsine oxides alone do not
stabilize Cr(V); in the absence of diol no kinetically stable Cr(V) complex is
formed, while with excess diol only the formation of the known Cr(V)-diol
complexes was observed.

Kinetic data obtained for Cr(V) complex formation with different diols
[88] showed a marked influence of the ligand structure on the process of
complexation. The ligands most suitable for complexation with Cr(V) are
those forming five-membered chelate rings (ethylene glycol, 1,2-propylene
glycol, pinacol, oxalic acid). Further increase of the chelate ring size signifi-
cantly decreases the tendency for complexation with chromium(V).

The nature of the Cr(VI) compound used as an oxidant also affects Cr(V)
complex formation [87,88].

The electronic structure and bonding in CrO>* complexes with ethylene
glycol [96,97], 1,2-propylene glycol [97] and perfluoropinacol [89] have been
discussed on the basis of EPR and electronic spectral data. It seems that the
unpaired electron occupies the d,2_ . orbital [96]. In all cases a high degree
of o and 7 covalency in the xy plane was observed. On the basis of EPR data
it is concluded that considerable distortion in the xy plane is realized for
Cr(V)—perfluoropinacol [89].

During the last 10-15 years some Cr(V)-diol complexes have been used
as dynamically polarized proton targets in high energy experiments
[83,96,100,101]. The most suitable target materials are those in which a high
degree of proton polarization is obtained combined with a high proton
content. Among the compounds used for this purpose the Cr(V)-ethylene
glycol complex seems to be one of the best [83].



249

An attempt has been made to study the mechanism of spin density
transfer in the Cr(V)—ethylene glycol complex [100].

(iv) Miscellaneous Cr(V) complexes

Using EPR the formation of Cr(V) complexes with other types of ligands
(mono- and polydentate) containing O-, N- and S-donor atoms was also
studied [7,8,90,95,102-123]. However, the concentration of Cr(V) complexes
obtained with these ligands is much lower (two orders of magnitude or even
more) than in the case of the Cr(V)-diol complexes [114].

In the course of the Cr(VI)-ligand interaction, Cr(V) is formed and takes
part further both in coordination and redox processes

K,

Cr(V))+L > Cr(V)+P (3)

Cr(V)+nL=Cr"L, (4)
ky

CrVL, > Cr™ML, +P (5)

where P is the oxidized product of L.

In cases where the rate of process (3) and the equilibrium constant K of
process (4) are high enough, the corresponding EPR signal could be ob-
served. The term “kinetically stable complex” might be used to denote such
complexes. In all other cases, when the rate of Cr(V) formation is negligible
or the corresponding Cr(V) complex is not thermodynamically stable, or the
rate of Cr(V) decay is higher than that of its formation (k, > k,), no EPR
signal could be observed.

The direct interaction between the ligand and some stable chromium(V)
compounds, e.g. Na;CrO,, [pyH]"[CrOCl ], etc., was also studied
[90,114,123]. In this case Cr(V) also participates both in coordination and
redox processes. All the complexes thus obtained also exhibit the characteris-
tic narrow EPR signals even at room temperature, suggesting the presence of
a CrO*" structural unit in them. On this basis most of the systems possibly
possess a tetragonal pyramidal structure (III). With a free coordination site
in the position trans to the O atom these molecules are capable of coordinat-
ing a solvent molecule [123] such as dimethylformamide (DMF), dimethyl-
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sulfoxide (DMSO), hexamethylphosphotriamide (HMPA), pyridine (py) (VII)
thus stabilizing the Cr(V) complexes [118,119,123].

In the EPR spectra of Cr(V)-dithizone [107], Cr(V)-o-aminobenzoic acid
and Cr(V)—o-aminothiophenol [113] super hyperfine structure due to "N
with 5 and 9 lines respectively, has been observed.

The EPR data for Cr(V)-crown ether complexes [122] showed a pyra-
midal structure with the presence of 4 hydrogen atoms in the Cr(V) moiety
(5-component super hyperfine structure), no data for solvent coordination
being found. Upon irradiation several other short lived Cr(V) species were
observed, including most probably some oxidation products of the crown
ethers in their inner-coordination sphere. None of these complexes was
isolated from the reaction mixture as a stable Cr(V) compound but the
potassium bis(2-hydroxy-2-methylbutyrato)oxochromate(V) (VIII) [116] as
well as the analogous Cr(V) complexes with a series of tertiary a-hydroxy
acids with general formula Na[OCr(O,COCR,R,),] (IX) {117] were ob-
tained and isolated.

0
1 R o]
H3C o—Cr— /CH3 Z:C—O\ﬁ /O—C/_/
K* /N o Na*| R el gy
o020 © _C—0O o—cC
\ o SR
CHy  HyC 2
VIII IX

These complexes proved to be water- and air-stable Cr(V) species and
were identified by means of UV, IR, X-ray diffraction, magnetochemical and
EPR measurements (g = 2.05 BM, g=1.9780 + 0.0005 for the first com-
plex) [116]. C, symmetry is assumed for these complexes, the structure being
intermediate between square-pyramidal and trigonal bipyramidal.

The structure of the Cr(V)-diethyldithiophosphate complex (X) has been
discussed [124] where a four-membered chelate ring is formed and conclu-
sions were drawn about #-bonding therein.

c1\|c|r/s\P/OC2H5
e ™s? ocH,

>

The experimental data show that the best complexation agents for Cr(V)
are O-containing ligands. However, some N- and S-containing ligands, such
as ethylene diamine, 8-mercaptoquinoline, dithizone, diethyldi-
thiophosphates, etc., also form kinetically and thermodynamically stable
complexes. The experimental data obtained indicate better complexation of
Cr(V) with monothio-B-diketones compared with the corresponding B-dike-
tones [95]. Similarly 8-hydroxyquinoline quickly reduces Cr(V) to Cr(IlI),
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while 8-mercaptoquinoline forms kinetically stable complexes with Cr(V)
[90]. Significantly high concentrations of Cr(V)-dithizone complex were
obtained (up to 70% of the total Cr in the system [119]).

Summarizing these data it can be concluded that the best ligands for
stabilization of the Cr(V) oxidation state are the diols. Among them the best
complexation agents are the 1,2-dihydroxy derivatives forming five mem-
bered chelate rings. Most of the complexes synthesized with diols, carboxylic
acids and polyphenols form five- and six-membered chelate rings
[90,95,114,123] although complexes with seven membered and four-mem-
bered rings have also been obtained with some ligands (maleic, citraconic '
and itaconic acids or diethyldithiophosphate respectively) [114,123].

If one of the OH groups of the ligand is engaged in esterification, the
complexation ability of the ligand is strongly decreased as shown in the
example of salicylic acid and its methyl ester [90].

The kinetic stability of the chromium(V) complexes formed depends not
only on the ligand structure, i.e. on the thermodynamic stability of the
complex, but also on the reducing ability of the ligand. Ligands with a low
oxidation potential and proper kinetic behaviour for a fast reduction are not
capable of stabilizing Cr(V) even when the structure is appropriate. Such
ligands reduce Cr(V) rapidly to Cr(III) as is the case with o-aminophenol,
8-hydroxyquinoline, thioglycolic acid, toluene-3,4-dithiol, etc. [90,95,114,119].
During the last few years Groves et al. have obtained some Cr(V) complexes
with porphyrins by oxidation of the corresponding Cr(III) complexes
[5,125,126]. The Cr(V) oxidation state was again detected by means of EPR
(g values of 1.982 and 1.987), the signals observed showing super hyperfine
structure of 9 lines due to four N (7 = 1) [5,127]; magnetochemical measure-
ments gave u . as 2.05 + 0.2 [125,126]. Structural investigations have shown
the presence of the Cr¥=0 structural unit and a pyramidal structure was
suggested for the complexes. Strong #-bond formation between chromium
and the axial oxygen atom is assumed to destabilize the d,, and 4, metal
orbitals and hence the unpaired electron must occupy the d,, orbital. The
oxoporphyrinatochromium(V) complex is capable of hydroxylating and
epoxydizing hydrocarbons under catalytic and stoichiometric conditions due
to exchange of its oxoligand [126,127].

In contrast to Cr(V) complexes with the other types of ligand discussed
above and especially to the Cr(V) complexes with O-containing crown ethers
[122] these porphyrin complexes are remarkably stable and can be isolated
and purified.

Similarly [CrYO(salen)]* (salen= N,N ’-ethylene-bis(salicylideneamine))
was obtained via oxidation of [Cr'(salen)(H,0),]", isolated by precipita-
tion with halogenides and its structure and catalytic properties studied [128].
Electronic, IR, EPR and X-ray crystal structure data are reported. The
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complex can participate in an efficient oxygen atom transfer both to alkenes
and phosphines and is of interest in the development of new catalytic
systems.

Another interesting new type of Cr(V) complex was synthesized recently
by several groups: Arshankow and Poznjak [129], Buchler et al. [130] and
Groves et al. [131]. Its structure is also pyramidal with coordination number
five but Cr=0°* is replaced by the structural unit Cr=N2*. The complexes
are obtained through photochemical [129,131] oxidation of the correspond-
ing Cr(IIT)-azide-L complexes according to the reaction [129]

L-Cr’* -N; 3 [L-Cr¥-N*-] + N, (6)

or by hypochlorite oxidation of Cr'(OH)L (L = porphyrin) in the presence
of ammonia [130]. The following reaction scheme is proposed [130]

OH OH
e G ”)
NH;
OH N
- |
G e moa - (7 ®
-2+
NH;

The nitrido Cr(V) species are quite stable and their EPR, UV- vis and IR
spectra [129-131] as well as their crystal structure [131] have been studied in
detail. The EPR spectra observed are typical for Cr(V) species ( g values = ca.
1.98) exhibiting well resolved *N super hyperfine splitting. The EPR data
show that the axial N-atom is magnetically equivalent to the equatorial ones.
The detailed EPR and ENDOR study [130] shows strong spin localization in
the d, , orbital and almost no spin localization in the d,. orbital.

The vcr=n band is observed in the range 1020-1010 cm‘1 [129-131]. For
the nitrido(5,10,15,20-tetra-p-tolylporphyrinato)chromium(V) the molecular
structure was determined and indicated a chromium-nitrogen distance of
1.565 A. The chromium atom is 0.42 A above the mean plane of the pyrrole
nitrogens [131].

Cr(V) complexes with coordination number 6 and distorted octahedral
structure without Cr=0 or Cr=N structural units are also known. These are
complexes with cis-1,2-ditrifluoromethylethylene-1,2-dithiolate (g = 1.9941
+ 0.0003) [132], cis-1,2-diphenylethylene-1,2-dithiolate (g = 1.996 + 0.003)
[133] and o-aminothiophenol and N-methyl-o-aminothiophenol (g =1.987 +
0.002) [134].
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During the last few years the toxicity and carcinogenicity of Cr(VI)
compounds have been unambiguously proven [135,136]. As Cr(VI) is readily
reduced by biological reductants some authors were inspired to study the
metabolism of chromate and dichromate in biological tissues [137] and in rat
liver microsomes in the presence of NADPH [6a]. Cr(V) complex formation
in the course of Cr(VI) reduction with a series of ribonucleotides [6b] was
also studied. In all cases EPR signals typical for Cr(V) species (g ~ 1.98)
were observed and the complexes formed are thought to be carcinogenic
[6a,137].

C. MECHANISM OF CHROMIUM(V) FORMATION AND DECAY IN THE COURSE
OF CHROMIUM(VI) REDUCTION

(i) Chromium(VI1) reduction by metal ions

Numerous studies have been provided on Cr(VI) reduction by different
metal ions: Fe(II), V(1V), V(III), Np(V), Ir(III), Cr(II), Mo(IV) [2,138-147]
in water medium, most of them having already been reviewed in detail by
Espenson [2]. It is generally accepted that in such systems reduction pro-
ceeds via three consecutive one-electron steps

Cr(VI) + M"* - Cr(V) + M+ D+ (9)
Cr(V) + M"* - Cr(IV) + M7+ D+ - (10)
Cr(IV) + M"* — Cr(IIT) + M+ D+ (11)

On the basis of kinetic data it was concluded that reaction [10] is
rate-limiting, connected with a change both in structure and coordination
number. The coordination number 4 and a tetrahedral structure is most
often characteristic of chromium(V) as is also the case with chromium(VI),
while chromium(IV) and chromium(III) exhibit coordination number 6 and
an octahedral structure. No direct experimental evidence is available, how-
ever, for the formation of Cr(V) in the course of Cr(VI) reduction by metal
ions.

(ii) Chromium(VI) reduction by organic substrates

The first systematic investigation into the mechanism of Cr(VI) reduction
with organic substrates was provided by Westheimer [4]. Studying the Cr(VI)
reduction in water-acidic medium he suggested that the first step of Cr(VI)
reduction is an ester formation between the chromate and the substrate,
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which is in fact a complexation of Cr(VI) by the substrate S

os. O o _O"
Ser + R—OH =—* >Cr/ + H0 (12)
0% Tom o7 TSo-—r

or

Cr(VI)+S = [CrV'-§]

Later the Cr(VI) complex formation was confirmed spectrophotometri-
cally for many organic [84,86-88,114,148-154] and inorganic [155-167]
substrates. Klaning and Symons [168] have studied the complexation of
chromates with different alcohols and have shown that complex formation is
connected with the appearance of a new band (A = 450 nm) in the visible
spectrum, assigned to a charge transfer from oxygen to chromium.

It should be noted, however, that the Cr(VI) reduction might also proceed
in systems where no Cr¥'-S formation takes place. Thus oxidation of many
hydrocarbons and ethers by Cr(VI) can proceed although no evidence for
any complex formation has been found [1].

In 1949 Watanabe and Westheimer [169], on the grounds of kinetic data,
assumed that when alcohols are oxidized with Cr(VI), Cr(V) and Cr(IV)
species are formed as intermediates. During the last 20 years this suggestion
has been experimentally proven. By means mainly of EPR the formation of
Cr(V) both in water and organic media was proven unambiguously
[79a,b,81,84,86-88,109-112,116-122). Some experimental evidence for
Cr(IV) formation in the reaction course is also available [170-175].

Systematic investigations into the mechanism of Cr(VI) oxidation in
acidic-water media were provided using most frequently the oxidation of
2-propanol as a model reaction [1,4]. On the basis of numerous kinetic data,
Watanabe and Westheimer proposed the following reaction scheme [4,169]

Cr(VI) +S —» Cr(IV) + P (13)
Cr(IV) + Cr(VI) - 2 Cr(V) fast (14)
Cr(V) +S — Cr(IIT) + P (15)

where S is the substrate and P its oxidation product.

In 1919 Plotnikov and later Morton [176] observed that Cr(VI) reduction
by alcohols is photosensitive. This fact allowed Klining and Symons
[148,171,173] and Bontchev and co-workers [86] to study the consecutive
steps of the photochemical reaction in isolation (at —190°C) and to obtain
experimental data concerning its mechanism.
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Klaning and Symons [148,171] have shown that the photoreduction of
Cr(V]) proceeds via a two-electron transfer in the framework of the complex
[Cr(VD)-alcohol]. A cyclic structure XI was assumed for the latter stabilized
by H-bond formation. The much lower oxidation rate of t-butanol [171] is in
agreement with this assumption.

R

OQ\CI”/O\C/ !
Q

O/ \O“'H/ \RZ

XI

The EPR data obtained for the system at 77 K showed that no Cr(V) nor
radical formation were observed. At the same time a blue colour developed
on irradiation, which is associated with a Cr(IV) species. It was assumed that
H-atom transfer takes place leading to ketone and Cr(IV) formation [171]

R H---0O O
l:\c/\—/ &CF/J hy R,C=0 + Cr(IV)

o TR,

This suggestion is also in agreement with the experimental data obtained
by studying the kinetic isotopic effect [177-181]. Using deuterated substrates
a significant isotopic effect was observed showing that the rate limiting step
of the overall reaction is the breaking of the C-H bond. Kwart and Nickle
[181,182] have studied the temperature dependence of the kinetic isotopic
effect and suggested a cyclic symmetric planar structure XII for the normal
alcohols and asymmetric transition state XIII for the sterically hindered
alcohols *.

______ Cr //O-———;: r
~E --H---é/ >c o
| S t|/ | (16)
[6"*2],7
XI1I XIII

The Watanabe—Westheimer mechanism is also accepted for the oxidation
of some other substrates [157,160,164,167,183-186].

The validity of this reaction scheme for the Cr(VI) dark and photochemi-
cal reduction by diols [84,86—88] was proven unambiguously when the
process was carried out in the absence of any solvent. By means of the

* According to this assumption the H-transfer in the case of sterically hindered alcohols can
be realized only in the presence of hydroxyl-containing solvents [181].
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induced polymerization and the EPR method it was shown that no radicals
are formed during the redox process. The EPR and kinetic data for Cr(V)
formation and decay showed that the first redox step of the diol oxidation in
a non-aqueous medium is a two-electron transfer leading to Cr(IV) forma-
tion. This reacts further with Cr(VI) [86], resulting in Cr(V) formation. The
latter, stabilized through complex formation with the diol was detected and
monitored experimentally by means of EPR. Its reduction to Cr(I1I) seems
also to be a two-electron transfer [84,86—88]. Using partially and totally
deuterated ethylene glycols [187], Cr(VI)-ester formation as a precursor in
the redox reaction was also proven together with the realization of the redox
steps via H transfer, equivalent to a two-electron transfer.

Numerous experimental data, however, are available showing free radical
formation in some other redox systems containing Cr(VI) [188—193]. Their
appearance is a result of one-electron redox steps realized in the course of
the overall Cr(VI) reduction. In order to explain these experimental facts
Rocek proposed another reaction scheme including both one- and two-elec-
tron processes [188,194]

Cr(VI) + S - Cr(IV) + B, (17)
Cr(IV) + S — Cr(III) + R* (18)
Cr(VI)+ R - Cr(V) + P, (19)
Cr(V) +S — Cr(III) + P, (20)

where R’ is a free radical, S the substrate, and P, are oxidation products of
different chromium species.

This mechanism is widely accepted for the oxidation of aldehydes, primary,
secondary and tertiary alcohols in water-acidic medium by Cr(VI)
[109,110,152,173,185,186,189,190,192-205]. The numerous mechanistic stud-
ies, however, do not show direct evidence for the fate of the intermediates
(free radicals, Cr(IV) and Cr(V) species) and the sequence of their formation.
In order to obtain additional information on the mechanism and reactivity
of the Cr(IV) and Cr(V) species Cr(VI) oxidation in water-acidic medium in
the presence of some transition metal ions (V(IV, Ce(11I)) [196,197,206—210]
was studied. The authors succeeded in studying the Cr(IV) oxidation sep-
arately, as on the basis of experimental evidence, and with the conditions
studied, Cr(VI) and Cr(V) do not react with the substrate. The kinetic data
indicate the significant difference in the oxidative action of Cr(IV) and Cr(V)
in water medium. Chromium(IV) is supposed to be highly effective in
oxidation processes connected with C—C cleavage, while Cr(V) is believed to
be responsible mainly for breaking of C~H bonds [191,196,197].

Studying the co-oxidation of alcohols and oxalic acid (or some hydroxy
acids) in water-acidic medium, Hasan and Rocek postulated a three-electron
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mechanism [198,211-225]

crvD) 4 s, ——=  Cros, (21)

Cre—=s, + S, —— = Crw<z1 (22)

c.~<S1 e CHIID + R+ P+ P, (23)
S2

Cr(VI)+ R > Cr(V) + P, (24)

Cr(V) +S, = Cr(III) + P, (25)

Cr(V)+S, » Cr(Il1) + P, ~ (26)

where S, = oxalic acid or a-hydroxy acid; S, = alcohol; R’= oxalic acid
radical and P,, P, = oxidation products.

On the basis of kinetic isotopic effect data it was proven that the
rate-limiting step of the overall reaction is C-H bond cleavage (eqn. (23))
[198,219,225]. We consider, however, that this mechanism is still disputable
as no direct evidence has been obtained both for the formation of the ternary

s . . .
complex Cr(s1 and especially for the simultaneous three-electron transfer in
2

the rate-limiting step.

Some other reaction schemes have been proposed for the mechanism of
chromium(VI) reduction. On the basis of kinetic data only, Haight et al.
[109] proposed a reaction scheme similar to that of Watanabe and West-
heimer (cf. eqns. (13)-(15)).

Cr(VI) + S = Cr(IV) + P (27)
2 Cr(IV) - Cr(V) + Cr(I1I) (28)
Cr(V)+S - Cr(Il) + P , v (29)

The only difference from eqns. (13)-(15) is that Cr(V) is supposed to be
formed as a result of Cr(IV) disproportionation (reaction (27)) instead of a
Cr(VI)-Cr(IV) reaction. The latter is considered to be thermodynamically
unfavourable in contrast to Cr(IV) disproportionation [152]. This assump-
tion, however, seems unlikely as it has already been shown and will be
discussed further, that Cr(VI)-Cr(IV) interaction proceeds with a very high
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rate even at low temperatures and in darkness [86,175]. Reaction (28) could
prevail only at quite high concentrations of Cr(IV) that can be scarcely
realized in the presence of unreacted Cr(VI). Possibly this contradiction is
the reason that the scheme is thought to operate only for the oxidation in
water medium of a restricted number of substrates such as hydrazine
[183,226] or hydroxylamine [227] known to act as two-electron reductants
[183,225] and of certain other substrates [228-230].

In the course of Cr(VI) reduction two consecutive two-electron transfers
take place according to other authors [231,232] leading to the formation of
Cr(II) as follows

Cr(V)+S -> Cr(IV) + P : (30)
Cr(IV)+S > Cr(II) + P (31)

Cr(Il) is a strong reducing agent and is oxidized immediately either by
atmospheric oxygen [231]

cr(11) % Cr(I11) (32)
or by unreacted Cr(1V) [232]

Cr(II) + Cr(IV) = Cr(V) + Cr(III) (33)
Cr(V) +$ - Cr(IlI) + P (34)

Wiberg and co-workers [111,172] had proposed another reaction scheme
(eqns. (35)—(38)) for the oxidation of aryl amines in acetic acid solution
including only one-electron steps

Cr(VI) + S = Cr(V) + R° (35)
Cr(VI) + R'= Cr(V) + P (36)
Cr(V)+S->Cr(IV)+ R’ (37)
Cr(V) + R'— Cr(IV) + P (38)

where S is the substrate and R’ the free radical.

According to these speculations and based again on kinetic data alone,
Cr(IV) thus formed is stable and does not participate further in redox
reactions. This reaction scheme is accepted for thiocarbamide oxidation with
Cr(VI) [233] and for chromyl acetate reduction with alkylaromatic com-
pounds in acetic anhydride medium [234]. Although the formation of Cr(V) *

* Most probably the EPR signal observed [234] is due to a Cr(V)-acetic acid complex as its
g-value (g =1.971) is almost the same as that reported by Kon [8] (g =1.965 + 0.003).
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and free radicals have been proven by means of EPR [111,233,234] and
induced polymerization [233] this reaction mechanism is still debatable.

It is evident that the mechanism of Cr(VI) reduction depends strongly
both on the nature of the substrate and the reaction medium. The oxidation
of 2-propanol and of cyclobutanol in water-acidic medium has been in-
terpreted both in terms of the Watanabe and Westheimer (eqns. (13)—(15))
[4,148,178] and Rocek (eqns. (17)—(20)) [173,192,195] reaction schemes. The
same is valid for the oxalic acid oxidation in water medium. On the basis of
kinetic data only Rocek has proposed two different mechanisms depending
on the reaction conditions: at high Cr(VI) concentration in strongly acidic
medium steps (17)—(20) operate [110,152], while at lower Cr(VI) concentra-
tion and in less acidic medium the three-electron mechanism (eqns. (21)—(26))
is preferred [213,216]. Numerous other experimental data are available
concerning the influence of the reaction medium on the Cr(VI) reduction
mechanism. It is proven that the rate of oxidation with Cr(VI) depends both
on the acidity [235] and on the nature of the acid [155,157,236-241]. The
effect of the anionic part is connected mainly with their tendency for
complexation with CrO;~. The following sequence was found for the
oxidation ability of such complex species [186,237]: H,CrPO, < HCrClO, <
H,CrSO, < HCrClO, < HCrNO,.

No experimental data have been available until now concerning the
mechanism of action of the anions mentioned above. As far as they do not
undergo oxidation it seems likely that they facilitate the introduction of the
substrate into the inner coordination sphere of Cr(VI), i.e. act as catalysts for
the substitution reaction.

A catalytic effect upon the oxidation with Cr(VI) is also shown by a series
of complexing agents such as picolinic acid [204,205], EDTA and other
polyvalent acids [242], 2,2’-bipyridyl and 1,10-phenanthroline [184,243-245].
Pyridine exhibits no catalytic effect [235,244,245] in these processes. In these
cases the mechanism of their catalytic action is again unclear. It is supposed,
however, that they stabilize some of the intermediate oxidation states of
chromium [204,205].

The nature of the reaction medium strongly affects the process of Cr(VI)
reduction. Studies concerning this process in non-aqueous solvents
{84,86-88,118,119,121,175,234,246,247] or in mixed water-organic media
[184,190,193,195,235] indicated a strong influence of the organic solvent
both on the mechanism and the reaction rate of the redox reaction. The same
conclusions can be drawn from the data available for the standard redox
potentials in water-acidic and organic media (see Table 1).

Investigations of the mechanism of Cr(VI) reaction with dithizone, thio-
B-diketones and some other ligands in organic media [95,118-121,175] have
also shown a strong solvent effect. Reduction proceeds and only Cr(V)
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complexes are formed in solvents with high donor ability, such as DMF,
DMSO, HMPA, etc., and not in acetonitrile (An) or in nitrobenzene (NB)
[95,119,120]). The photochemical reduction of Cr(VI) with a series of pure
solvents in a liquid phase and in a rigid glass matrix was studied using EPR
in the absence of any other substrate [174]. Solvents with a high donor
ability are capable of reducing Cr(VI) whose photochemical reduction by the
solvent proceeds via two consecutive two-electron steps (Watanabe and
Westheimer scheme, reactions (13)—(15)). The formation of a Cr(IV) pre-
cursor to that of Cr(V) was proven by EPR [174]. Such a redox process with
participation of the solvent can play a very important role in systems where
the ligand present cannot reduce Cr(VI) with sufficient rate, but can only
coordinate and thus stabilize the intermediate Cr(V) [120,123].

A strong solvent effect was observed for the stereospecific epoxidation of
alkenes with some Cr(VI) complexes [248]. The active species is an oxoch-
romium(V) complex whose existence was proven by EPR. It is supposed to
be formed via two consecutive one-electron oxidation steps with participa-
tion of the solvent (Solv)

Cr(VI) + Solv — Cr(V) + Solv* (39)
Cr(VI) + Solv* > Cr(V) + P (40)

No free radical formation was observed, however, and hence the two-elec-
tron reduction Cr(VI)— Cr(IV) followed by the Cr(VI)+ Cr(IV) reaction
resulting in Cr(V) formation seems more likely.

Interesting results were obtained studying the mechanism of
dichromate—dithizone interaction in organic media. Three reaction paths
[118,119,123] are possible depending on the nature of the solvent and the
Cr(VI): dithizone concentration ratio (see eqn. (41)). Using EPR it was
found that in solvents with a high donor ability (DMSO, DMF, HMPA, etc.)
and at low dithizone concentrations, the redox process proceeds via two

TABLE 1

Standard redox potentials of different chromium couples

Reaction Redox E'(V) Ref.
medium couple

Acidic (pH = 0) Crvi/crt 1.36 167, 228
Acidic (pH = 0) crv/ce'™ >1.75 167, 228
Acidic (pH = 0) crVyer™ >1.75 167, 228
Acetonitrile (An) cr¥l/crtt 1.632 247
Acetic anhydride (Ac,0) crYliyert™t 1.381 247

Acetone (Ac) - crYlyert 1.094 247
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consecutive two-electron steps (eqns. (13)—(15)). In the course of the Cr(VI)
reduction a relatively stable Cr(V) complex is formed, containing two
molecules of the substrate and a solvent molecule in the first coordination
sphere (VH) [123]. The kinetic stability of this complex depends on the
nature of the solvent *. According to the kinetic data the following order for
the stabilizing effect of the solvent was found [123]: HMPA > DMSO >
DMF > > MAA > TMP > > FA.

At higher dithizone concentration, the first reaction step is a one-clectron
transfer resulting in parallel formation of a free radical and Cr(V). In this
case another Cr(V) complex was formed, whose further reduction is realized
through a two-electron transfer. A reaction mechanism including a direct
one-electron reduction of Cr(VI) to Cr(V) has been proven experimentally
for the first time.

cram =—— [c's,] LI [copz,s] —=—= cram
Crvy \Dz
[crs, [cran]  cram

/L

Dz, s
KyCr,0; ————= [cr(VD—Dz—5]

(41)

-rR"

crin

l

Cr(II1)

where S = solvent; Dz = dithizone and R’ = free radical obtained from di-
thizone.

The mechanism of the Cr(VI)-oxalic acid interaction in water-acidic
medium is still disputed. Three different reaction schemes have been pro-
posed: Rocek discriminates two different mechanisms depending on the
reaction conditions [110,152,213,216] and the reaction scheme of Haight
[109] has also been suggested for the same system.

Another reaction mechanism was proven to be valid for the photochemi-
cal oxidation of oxalic acid in a non-aqueous medium [175]

* Many other experimental data are available concerning the role of the solvent in Cr(VI)
reduction and its stabilizing effect on the Cr(V) complexes with different ligands
[119,120,123].
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[CrV-L] - Cr(IV) + 2 CO, (42)
Cr(VI) + Cr(IV) - 2 Cr(V) (43)
Cr(V)+L—->Cr¥-L (44)
Cr(IIll} + 2CO, (45)
[Crva] ———<
crav) + R (46)
Cr(VI) + R'> Cr(V) + CO, 47)

The formation of Cr(IV) as a result of a two-electron transfer and its
interaction with the initial Cr(VI) giving rise to Cr(V) (processes (42) and
(43)) was directly proven using EPR. Further, studying the process of Cr(V)
reduction to Cr(IIl) in isolation (the Cr(V)-oxalic acid complex was ob-
tained from [pyH]*[CrYOCl,]™) the formation of free radicals and Cr(III)
was experimentally proven as a result of parallel reactions [175].

During the last three years, the reduction of the stable complex bis(2-
ethyl-2-hydroxylbutyrato)oxochromate(V) (synthesized first by Krumpolc
and Rocek [117]) was studied with hydrazine and hydroxylamine [249,250].
In both cases formation of a Cr¥-N-R (R = hydrazinium or hydroxyl-
aminium group) precursor complex is assumed. Further, hydrazine is con-
verted to N, by two consecutive two-electron steps [249]

Cr(V) Cr(V)
N,H, — N,H, -
—2H* —2e —2H" —2e

while the oxidation of hydroxylamine is supposed to be a one-step four
electron transfer leading to the formation of a Cr(I) complex [250]

(o]
= NO >z
Et,C—O o—c” - —c“
2[ N NH;OH* Et,C O\I I/o c (48)
/Cr\ l | /(lir‘\ ‘
cC—0 O—CEt — —
04 2 Oéc o] OH, O—CEt

Summarizing all the data reviewed, the mechanism of Cr(VI) reduction
and the oxidation capacity of Cr(VI), Cr(V) and Cr(IV) depend strongly on
the nature both of the substrate and the reaction medium. These results
might also be used for synthetic purposes. During the last ten years some
authors have varied the reaction conditions to achieve selective oxidation of
some alcohols to the corresponding aldehydes [251-254].
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D. PHOTOCHEMISTRY OF Cr(VI) REDUCTION

Cr(VI) oxidation of alcohols is photosensitive [255]. The first systematic
investigation of the photochemical oxidation of alcohols with K,Cr,0, in
water medium was provided by Bowen et al. [256-259] who supposed that
the HCrO, ions are the photoactive species. These authors showed that the
quantum yield of the reaction is independent of temperature (in the range
0-60°C), of K,Cr,0, concentration and of the wavelength (in the range
366-436 nm). On the other hand, the yield depends both on the concentra-
tion of the alcohol and pH. In the absence of alcohol the dichromate
solutions do not show any sensitivity. The quantum yield of the process was
found to be two HCrO, ions per quantum of absorbed light. On the basis of
these experimental data Bowen and Chatwin [259] have proposed two
reaction paths for the primary photochemical reactions; firstly

cr(lv) + P
Herogy — e [uero;]” —< (49)

HCroO, (deactivation)

and secondly

(HCrO; )(ROH) 3 Cr(IV) + P (50)
(HCrO; )(H,0) it HCrO, (deactivation) (51)

In order to explain the high quantum yield of the reaction and its
dependence on the hydrogen ion concentration the following scheme (eqns.
(52)—(54)) for the secondary reactions was proposed

2 Cr(1V) - Cr(V) + Cr(II1) (52)
Cr(IV) + Cr(VI) ' 2 Cr(V) (53)
Cr(V) + ROH — Cr(III) + P (54)

Weber and Asperger [260] studying the photochemical Cr,05~ oxidation
of glycerol in acidic and neutral water media have proposed another reaction
mechanism for the photochemical oxidation. It is based on their observation
that Cr,03~ solutions exhibit a higher photosensitivity in comparison with
CrO?~ and hence Cr,0%~ was supposed to be the photoactive species. It
should be noted, however, that the alternative assumption for [Cr,03™ -al-
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cohol] being the photoactive species could also be in agreement with this
experimental fact.

The profound studies of Klaning and Symons [148,171] on the pho-
tochemical oxidation of 2-propanol in rigid glasses have shown that the
primary photochemical reaction proceeds according to eqns. (50) and (51)
resulting in Cr(IV) formation [171]. They have also shown that the electronic
spectrum of the photoactive species Cr(VI)-alcohol is similar to that of
HCrO, [261] whose bands at 270 nm and 360 nm are due to p- and 7-charge
transfer from oxygen to chromium. It was shown that light with wavelength
corresponding to these bands is effective in the photochemical oxidation of
2-propanol [171].

. The dependence of the quantum yield on different reaction conditions was
studied [255] and found to depend on the alcohol and HCrO, concentra-
tions, acidity, intensity and wavelength of the light used for irradiation.

Recently Klaning reinvestigated the process of photochemical oxidation
of 2-propanol by HCrO, in water medium [173]. Using flash-photolysis and
an EPR technique combined with a spin trap and quantum yield measure-
ments at low light intensity he has confirmed the formation of Cr(IV) in the
primary process. The mechanism of the subsequent reaction involving Cr(IV)
is discussed.

The mechanism of K,CrO, photoreduction with alcohol was also studied
in the presence of crown ethers [262,263]. The authors have estimated again
that the primary photochemical reaction is the Cr(VI) reduction to Cr(IV)
[263]. In the course of the subsequent dark reactions, Cr(V) complexes and
free radicals are formed.

The photochemistry of the oxidation of several diols with chromates and
dichromates in non-aqueous medium was also studied [86-88,98,114]. The
-experiments have confirmed that the process of Cr(VI) reduction to Cr(1V) is
photosensitive [86-88]. The spectral sensitivity was also investigated and it
was found that the maximum reaction rate is obtained at irradiation with
wavelength 450 nm (¢ = 0.46) [86]. The reduction of Cr(V) to Cr(IIl)
(reaction (15)) is also photosensitive. In this case UV light with A = 270 nm
was shown to be the most effective [86]. The maxima in the spectral
sensitivity of both reactions correspond to the charge transfer bands of the
complexes Cr(VI)—-diol and Cr(V)-diol [86,114].

Studying the interaction of some organic solvents [175] and oxalic acid
[121] with Cr(VI) and Cr(V), the processes Cr(VI) - Cr(IV) and Cr(V)—
Cr(III) are shown to be photochemical steps.

The experiments at low temperature have proven unambiguously that
Cr(V) formation results from the Cr(VI) + Cr(IV) interaction [86,121]. This
dark reaction proceeds with a high rate in liquid phase. Investigation of
frozen solutions of Cr,02~—S and CrQ2~-S in isolation have shown that in
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the first system the Cr(VI)+ Cr(IV) is realized in the framework of the
complex Cr,02™ S [86,121] as follows

) o o )
i i
s_o_grm_o_lclfm_o' UL S'—O——Crm—o—ﬁrm—-O' (rate limiting) ‘ (55)
i i i
o)
|C|) 1]
s'—o—lrm— PO — = 2CRE) + P (fast) (56)

o_
I

where S stands for the substrate; S’ for an intermediate reaction product; P

far the final raactinn nradnet [RE 1211
1U1 div dilal Ivatuui piviule |OU,1241 .

Irradiation of the frozen solution containing Cr,02~—S leads to Cr(V)
formation in contrast to the CrO?~—S system [86,121] where in the rigid
glass the Cr(IV) species once formed in the first photochemical act cannot
react further with another Cr(VI). After melting, the dark reaction (14)
proceeds very rapidly and an intense EPR signal for Cr(V) is obtained only
after the appearence of the liquid phase. These experimental data are in
accordance with earlier observations [260] for a higher rate of Cr,0%
photoreduction in comparison with that of CrO?~.

The photochemical reduction of Cr(VI) in gelatine and other polymer
materials with respect to its application in photography has been studied
[264]. By means of EPR it was shown that in the dark reaction stable Cr(V)
species are formed, while upon irradiation simultaneously Cr(V) and free
radicals are present in the system. The mechanism of Cr(V) formation is
discussed and both intermediates are assumed to result from one-electron
transfer

Cr(VI)--- RH 3 Cr(V) + RH (57)
E. CONCLUSIONS

The variety of information summarized in the present review shows that
the formation of chromium(V) through reduction of chromium(VI) in solu-
tions depends strongly on the reacting species—Cr(VI) compound and the

“substrate, and on the reaction media. The concentration ratio Ceyy): Cs,
and the temperature are also parameters that in some cases can determine
the reaction pathway.
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