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Mechanistic Studies on the cis-[VO,(H,0),]" and
[Mo(CN)_]®~ Oxidations of the Re!v, Complex [(C,0,).-

Re(x-0),Re(C,0,).]* 1

J. William Atkinson, Mao-Chun Hong, Donald A. House, Panayotis Kyritsis, Yu-Jin Li,

Mohamed Nasreldin and A. Geoffrey Sykes”

Department of Chemistry, The University of Newcastle, Newcastle upon Tyne NET 7RU, UK

Rate constants (25°C) have been determined for the oxidation of the Re“, complex di-p-oxo-
bis[dioxalatorhenate(iv)]. [(C,0,),Re(u-0),Re(C,0,),]1*". /=1.00 M (CIO,” or CI7). Whereas the
complex is itself stable in air at pH 7 over many days, at lower pH there is a slow decay of the
446 nm peak (¢ =6840 M™ cm™ per Re“,) to give in air the colourless perrhenate(vil) [ReO,]~
product, peak at 225 nm (¢ = 3400 M cm™). The kinetics indicate a protonation step, equilibrium
constant K =24 M", followed by the decay process K =4.3 x 10® s'. With the one-equivalent
oxidants c¢is-[VO,(H,0),]* (1.0 V) and [Mo(CN),]*~ (0.80 V), stoichiometries of 6 mol of oxidant
per Re", are obtained indicating conversion through to Re*". Two kinetic stages have been monitored
with the oxidant in large excess. For the reaction with V¥V as oxidant the first stage is dependent on
[V] and [H*] as well as [Re",], giving the rate constant k, = 3.31 x 10* M2 s™'. Since in the
corresponding reaction with MoV as oxidant the reaction is independent of [H*] (ky, = 2.27 x 10*
M~ s7'), it is concluded that the VY reactant introduces the [H*]-dependent term. The second stage
of the V¥ reaction gives the rate law dependence K, = k,[V'] + k,. but with the less strong Mo
oxidant k., = k, which is ~0.20 s™. The spectrum of the Re"VRe" intermediate, peak at 529 nm (e =
3800 M cm™), was obtained by stopped-flow rapid-scan spectrophotometry. Reactions of less than
full stoichiometric amounts of V¥ with Re", followed by QAE-Sephadex chromatography at 0°C,
gave orange-pink (peak at ~495 nm) and maroon (=550 nm) intermediates, which undergo

spontaneous decay.

Earlier reports on the preparation of a dark brown Re'¥—
oxalato complex have appeared.'™ A single crystal X-ray
structure determination has demonstrated the dinuclear di-p-
oxo nature of the product, K,[(C,0,),Re(u-O),Re(C,0,),]-
3H,0 1, with in this instance a meso-AA arrangement of the
oxalato ligands.> The short Re-Re distance of 2.362 A is
consistent with a multiple metal-metal bond, and the
compound is diamagnetic. An X-ray crystal structure of the
Re'V,-edta (edta = ethylenediaminetetraacetate) complex has
demonstrated that here also a di-p-oxo structure [(edta)Re(p-
0),Re(edta)]* " is obtained, which incorporates two tetraden-
tate edta ligands. The latter has been the subject of previous
studies with cis-[VO,(H,0),]" as a one-equivalent oxidant.®
The kinetics implicate two isomers of Re'Y,, and protonation of
the unco-ordinated carboxylates of the edta ligands is evident.
Steps involving inhibition by V' (implicated in the back
reaction), and competition between V!V and H* for the free
carboxylate groups is observed. Although these observations
require intermediate formation of Re'YReY no spectrophoto-
metric evidence for the existance of such an intermediate was
obtained.® We now report corresponding studies with the
Re'Y,~oxalato complex from which different features have
emerged, particularly with respect to the identification of
intermediates. Comparisons with a third di-p-oxo Re',
complex [L(X)Re(u-O),Re(X)L]**, where L is the 14,7-
triazacyclononane ligand are also made.” The latter work is of
interest because mononuclear forms provide the lead-in to the
preparation of the dinuclear complexes described.

Experimental
Preparation of the Re" ,—~Oxalato Complex.—The synthesis

t Non-S1 unit employed: M = mol dm™.

of the Re'Y,—oxalato complex has been the subject of a number
of papers.?~ Indications are that all the procedures are not
entirely reproducible and that several products can be isolated.
A significant step was the determination of the crystal and
molecular structure of K, [(C,0,),Re(u-0),Re(C,0,),]-
3H,0.% The following procedure yields chromatographically
clean product. Hexachlororhenate(tv) (1.0 g, K?* salt;
2.09 x 10> M), prepared by H;PO, or I~ reduction of
ammonium perrhenate(vir) (Johnson Matthey) in concentrated
HC],® was dissolved in H,O (40 cm?®) at room temperature, and
solid oxalic acid, H,C,0,-2H,0, (1.6 g; 12.7 x 107> M) added.
The stirred solution was warmed to 60 °C, and K,C,0,-H,0O
(1.15 g; 6.25 x 1072 M) added. The colour changes from pale
lime green to dark yellow-brown during heating which was
continued for 1 h. Exposure to atmospheric O, may be relevant,
and the product is cleaner if low pH conditions are maintained.
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Table 1 Comparison of peak positions for the visible absorbance
spectra of di-p-oxo Re'Y, complexes [(C,0,),Re(1-0),Re(C,0,),1*"
1, [(edta)Re(n-O),Re(edta)]*” 2 and [L(CHRe(u-O),Re(CHL]** 3

(L = 1,4,7-triazacyclononane) in H,O, units A/nm (¢/M! cm™! per
dimer)

Complex % (g) A () A (g) A (&)

1 446 (6840) 525 (sh) (—) 624 (592) 744 (353)
2 450 (7880) 582 (sh) (588) 608 (sh) (267) 751 (260)
3 461 (4500) 520 (sh) (—) 621 (272) 757 (217)

The solution was evaporated to dryness at room temperature
and the black solid slurried with water (30 ¢cm?®). Following
filtration and washing with water (5 cm?), an equal volume of
cthanol was carefully added, with stirring, to the combined
filtrate and washings. Brown-olive green crystals were de-
posited in x50% yield, and these were collected from the ice-
cooled solution (2 h), washed with acetone and dried in air. A
further recrystallisation was induced by addition of alcohol to an
aqueous solution (30 cm?). A single band of pure complex was
then obtained by column chromatography from a Sephadex
QAE resin on elution with 2 M KCL. The visible absorption
spectrum in H,O gave peaks at A/nm (¢/M * cm™! per dimer):
744 (353), 624 (592), 446 (6840). Comparisons with correspond-
ing data for the edta and the 1,4,7-triazacyclononane (L)
complexes, Table 1,%7 indicate similar features for these di-p-
oxo complexes. The very intense absorption maximum in the
visible for the d3-d® metal pair is assigned to a symmetry
allowed n—n* transition.

Preparation of Oxidants.—Solutions of the V¥ aqua ion as
cis-[VO,(H,0),]" were prepared by dissolving the required
amount of ammonium vanadate NH,VO; (BDH, Analar) in
hot water, followed by addition of an equal volume of acid,
typically 1.0 M. The concentration of the yellow VY solutions
was determined by titration against a freshly prepared standard
solution of iron(il) ammonium sulfate, using ferroin as
indicator. The VY absorbance at 350 nm (¢ = 128 M cm™),
not a peak position, was used to determine concentrations. The
reduction potential for the cis-[VO,(H,0),]"-[VO(H,0);]**
couple is 1.0 Vin 1 M H*.° A sample of the light yellow
octacyanomolybdate(v) as Cs;[Mo(CN)g]-2H,0,'%!! was a
gift from Professor J. G. Leipoldt. It has negligible ab-
sorbance at the Re'Y,-oxalato 446 nm peak (and above)
used in these studies, with absorbance increasing steeply at
<400 nm. The [Mo(CN)g1*~ product has a peak at 365 nm
(g = 164 M~! cm™), and shoulder at 425 nm (¢ ~ 36 M™!
cm™'). Precautions were taken to avoid any contributions
arising from the photochemistry of [Mo(CN)g]? .12 Solutions
of the latter stored in the dark were stable for >6 h.
The reduction potential for the [Mo(CN)g]* ~-[Mo(CN)g]*~
couple is 0.80 V.12

Preparation of Other Reagents.—Solutions of VY were
prepared from hydrated vanadium(iv) sulfate (Aldrich) by
Amberlite IR(H) 120 cation-exchange chromatography in 1.0
M HCIO,. The solution was standardised from its known
UV/VIS absorbance spectrum, with ¢ = 170 M cm™! at the
765 nm peak.!* Other reagents including LiCl, NaCl, LiClO,
and HCIO, were of AnalaR grade purity.

Stability of Re', Complex.—Solutions of the oxalato
complex (2.6 x 10°* M) in water gave x3% decrease in
absorbance at 446 nm over 20 d at room temperature. On
addition of 0.3 M acid (HCIO,, H,SO, or trifluoromethane-
sulfonate) solutions became colourless within 1 d of
preparation. In acid the UV spectrum of the final product
indicates formation of the perrhenate(vi) ion, [ReO,] ", peak
at 225 nm (g = 3400 M1 cm™).
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Stoichiometries.—The absorbance at 446 nm (e = 6840 M™!
cm !) was monitored on addition of aliquots of [(C,0,),Re-
(u-0),Re(C,0,),1*~ from a Hamilton microsyringe to cis-
[VO,(H,0),]" in a spectrophotometer cell. A stoichiometry of
6:1 as in equation (1) was indicated. With [Mo(CN)g]*~ as

Re", + 6VY —— 2Re"M + 6VIY (1)

oxidant similar observations were made, giving the stoichio-
metry for reaction as in equation (2).

ReY, + 6MoY —— 2Re"" 4+ 6Mo'Y (2)

Kinetic Studies.—Kinetic studies were carried out at
25.0 £ 0.1 °C, and ionic strength / = 1.00 + 0.001 M adjusted
by appropriate amounts of LiCl, LiClO, or NaCl. In order to
study the decomposition of the Re'Y, complex HCI-LiCl
solutions were used. The same conditions were used for the
reaction with [Mo(CN)g]?~ as oxidant, where check runs using
NaCl were also carried out. With cis-[VO,(H,0),]" as oxidant
the conditions 7 = 1.0 M (LiClO,) were used so as to avoid
complexing anions. To meet the stoichiometry requirements
concentrations of oxidant were in > 60-fold excess. A Dionex
D-110 stopped-flow spectrophotometer with on-line data
system (OLIS, Bogart, GA, USA) utilisingan IBM AT computer
with suitable interface and data storage facilities was used. Rate
constants were calculated using an exponential fitting routine
from OLIS, who also supplied the rapid wavelength scan
attachment.

Rapid-scan Spectra—These were recorded for the reaction
of [(C,0,);Re(-0),Re(C,0,),]* " with ¢is-[VO,(H,0),]".
A pink coloured intermediate is observed by eye at various
reactant concentrations including 1: 1 and 2: 1 oxidant to Re'Y,
ratios. Formation of an intermediate with an absorbance peak
at 529 nm is indicated (Fig. 2). A slower (stopped-flow) decay of
this absorbance follows.

Other Intermediates.—Partial separation of two other
intermediates was achieved using anion-exchange QAE
Sephadex column chromatography. The first approach was to
react [(C,0,),Re(u-0),Re(C,0,),1*~ (1 mol) with a restricted
amount of ¢is-[VO,(H,0),]" (4.4 mol), and then load onto the
column under air-free conditions (N,). An alternative method
was to load the Re", complex as a tight band at the top of a
Sephadex column, and oxidise with less than a stoichiometric
amount of the VY reactant. On elution with 2 M KCl a band of
unreacted (4—) Re'Y,—oxalato complex (peak at 446 nm),
followed by an orange-pink band (most of which decayed
during the elution procedure), and a more stable pink band
were obtained. We had difficulty in isolating both these bands
in a pure state at 0 °C, but can report peak positions at ~495 nm
(orange-pink) and =550 nm (maroon) for the products. The
latter is, on the evidence obtained, different from the inter-
mediate detected by rapid-scan spectrophotometry (peak at
529 nm). The decay of the maroon coloured complex gives a
less intense absorbance at ~ 775 nm.

Using a batch technique Sephadex resin was saturated with
Re', complex (=1 x 107* mol), and then reacted with excess
cis-[VO,(H,0),]" (=5 x 10 mol) in 0.3 M HCIO,. The
Sephadex became a red colour. From the amount of VV
remaining, absorbance at 350 nm (¢ = 128 M~! cm™), a 2:1
stoichiometry with Re", formation was indicated.

Treatment of Data.—An unweighted least-squares treatment
of kinetic data was used.

Results
Decomposition of Re'Y ,—From the absorbance (4) decay of
the 446 nm peak of [(C,0,),Re(u-0),Re(C,0,),]* " kinetic
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Table 2 Effect of [H*] on rate constants k4 (25°C) for the
spontaneous decomposition of the Re'Y, complex [(C,0,),Re(p-
0),Re(C,0,),1**, I = 1.00 M (LiCl)

[H*I/M 103 kg, /s
0.20 1.41
0.30 1.91
0.40 2.18
0.50 2.1
0.60 2.50
0.60 2.60
0.70 2.75
0.90 2.95
1.00 3.08
0.8 -
& 2
- o
-3
N 0.4 |-
?
Q
0 i 1
0 2.5 5.0
(H+]—1/M—1

Fig.1 Linear dependence of k4.~ against [H*J* for the spontaneous
(25 °C) decay of [(C,0,),Re(p-0),Re(C,0,),1%", I = 1.0 M (LiCl)

plots of In (4, — 4_) against time were carried out. In air
such plots are linear to ~60% completion (7-8 h), and rate
constants ky.. obtained with [H*] in the range 0.20-1.00 M
are as listed in Table 2. Under air-free conditions there was
little absorbance change over the first &2 h indicating that O,
is an essential component to take the reaction through to
completion. A graph of k4. vs. [H*] (including a value
zero at pH 7) exhibits saturation kinetic behaviour consistent
with equations (3) and (4). Applying mass balance the de-

Re'Y, + H* == ReV,H* 3)
Re'Y,H* —£ products )
pendence (5) is obtained. A plot of k4. ! against [H* ]! is

_ KK[H"]
kyee = T+ KH'] 5

shown in Fig. 1, from which values of K =24 + 0.2 M,
and k = (4.3 £ 0.5) x 107° 5! are obtained.

Oxidation of Re', by cis-[VO,(H,0),]".—Stopped-flow
rapid-scan spectra indicate formation of an intermediate at
529 nm (e ~ 3800 M~ em™), with isosbestic points at 385, 490
and 617 nm, Fig. 2. Identical first-order rate constants k, ,, are
obtained from the 446 nm decay, and the absorbance increase at
529 nm with VY in large excess. The rate constants &, .., Table 3,
are dependent on [VY] and [H*], Fig. 3. The rate law can be
written as in equation (6). At 25 °C, I = 1.00 M (LiClO,), k, =

Rate = ko, [ReY,] = k([Re™,][VVI[H']  (6)

Table 3 First-order rate constants k., and k,,, at 25°C from
stopped-flow studies on the cis-[VO,(H,0),]" oxidation of the Re',
complex [(C,0,),Re(u-0),Re(C,0,),1* (1.0-5.0) x 10 M moni-
tored at 529 nm, / = 1.00 M (LiClO,)

[(H'I/M 10°[VVIM - kygefs K 2qnsfs !
0.50 1.0 18 0.24
2.0 34 0.28
3.1 52 0.29
4.7 72 0.34
6.2 102 0.38
7.8 126 0.41
93 154 0.45
0.40 1.0 15 0.22
35 44 0.28
6.0 84 0.34
7.5 107 0.41
0.30 1.0 12 0.23
25 28 0.28
5.0 55 0.36
7.5 88 0.43
0.10 1.0 4.1 0.23
L5 6.4 0.24
2.0 7.3 0.28
25 9.5 0.30
3.5 11.7 0.27
35 9.9¢ 0.27¢
35 11.5° 0.25"

a[VV] = 49 x 10- added.® [V"] = 10.0 x 10-* M added.

Absorbance

300 500 700

Fig. 2 UV/VIS stopped-flow rapid-scan spectra at 0.15 s intervals for
the first stage of the reaction of [(C,0,),Re(n-0),Re(C,0,),]*~ with
cis-[VO,(H,0),1*. The decay of the Re'V, absorbance (4) at 446 nm is
matched by the formation of an intermediate (B) absorbing at 529 nm

(3.31 £ 0.07) x 10* M2 s7'. At [H*] = 1.00 M the [H*]
term can be incorporated along with k, to give ky =
3.31 x 10* M! s7!, thus enabling comparison to be made with
kwmo- The second (stopped-flow) phase of the reaction, in which
there is a decay of the 529 nm peak, is shown in Fig. 4. First-
order rate constants, k,,,,, are also listed in Table 3. For k, g
there are two contributing terms, equation (7), both

klobs = k2[VV] + kO (7)

independent of [H*], and with k, also independent of [VV],
Fig. 5. From the slope and intercept k, = 26.6 + 1.4 M~ 57},
and k, = 0.21 + 0.01 s*. Addition of [V'V] up to 10 mM
produces no inhibition of the reaction.

Oxidation of Re'™, by [Mo(CN)g]® ~.—Biphasic kinetics
were monitored at the Re'", peak at 446 nm. The same rate
constants were obtained for a check run monitored at 529 nm.
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Fig. 3 Dependence of first-order rate constants, k,,, (25 °C) for the
first stage of the oxidation of [(C,0,),Re(u-0),Re(C,0,),1*~ with cis-
[VO,(H,0),]* monitored at 529 nm with [H*}/M = 0.50 (@), 0.40
(A), 0.30 (W) and 0.10 M (¥), 7 = 1.00 M (LiClO,)
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Fig. 4 Stopped-flow plots of absorbance against time at 529 nm
indicating the formation and decay of the intermediate observed in Fig.
2 for the oxidation of [(C,0,),Re(u-0),Re(C,0,),1*~ (x2 x 10°°M)
with cis-[VO,(H,0),]* (10 mM), [H*] = 0.10 M

Table 4 First-order rate constants k., and k,., at 25°C from
stopped-flow studies on the [Mo(CN)s]*~ oxidation of the Re',
complex [(C,0,),Re(p-0),Re(C,0,),]*~ [(2.3-4.6) x 10~5 M] moni-
tored at 446 nm, I = 1.00 M (LiCl)

[H"IM 10° [Mo"I/M kygp/s ™ K aans/s™
0.40 2.63 59 0.130
0.20 2.39 56 0.140
0.10 1.00 24 0.145
2.00 46 0.155
2.05 69* 0.199*
2.80 74 0.150
4.11 98* 0.187*
4.15 90 0.169
5.50 129 0.163

*I = 1.00 M (NaCl).

First-order rate constants k., and k,, are listed in Table 4.
The rate law for the first stage is independent of [H*],
Fig. 6, and is given by equation (8), where ky, =
(2.27 £ 0.14) x 10* Mt 57! The second stage is also independ-
ent of [Mo"], Fig. 7. Therefore the corresponding oxidant-
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Fig. 5 Dependence of first-order rate constants, k, ., (25 °C), for the
second stage of the oxidation of [(C,0,),Re(u-0),Re(C,0,),]*~ with
cis-[VO,(H,0),]* on the concentration of oxidant with [H*}/M =
0.50 (@), 0.40 (A), 0.30 (W) and 0.10 (¥), ] = 1.00 M (LiClO,)
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Fig. 6 Dependence of first-order rate constants &, (25 °C) for the
oxidation of [(C,0,),Re(u-0),Re(C,0,),]1*~ with [Mo(CN)g]*~ on
the concentration of oxidant at [H*] = 0.40 M (1), 0.20 M (¥), 0.10
M (@), I =1.00 M (LiCl), and [H*] = 0.10 M (A), /= 1.00 M
(NaCl)

Rate = k,,[Re",] = ky[Re'Y,][MoV] (8)

dependent k, term in (7) makes no contribution, and k,,,, =
0.17 s! corresponds to k,. The 15% smaller k, value here
appears to stem from effects of Li™, e.g. the association of Li*
with the Re'YRe" anion. Thus on adjusting the ionic strength
with NaCl instead of LiCl, a value of k, = 0.20 s™! is obtained,
in good agreement with the value k, = 0.21 5! for the VY study.

Discussion

The spontaneous decay of the Re'Y,~oxalato complex
[(C,0,),Re(u-0),Re(C,0,),]*~ is extremely slow (~3% in
20 d) at neutral pH, but more rapid in acidic solutions. This
suggests a mechanism for decay involving cleavage of the oxo
bridges and/or aquation of C,0,%~.1° The reaction studied in
air with [H*] in the range 0.20-1.00 M, using different acids
(I = 1.00 M), progresses to colourless perrhenate(vir) within 24
h at 25 °C. If air-free conditions are adopted the reaction is slow
initially with <39/ absorbance decay over 2 h (¢f. 209 decay in
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Fig. 7 Non-dependence of first-order rate constants &, (25 °C) for
the oxidation of [(C,0,),Re(u-0),Re(C,0,),1*~ with [Mo(CN)]*~
on the concentration of oxidant with [H*] = 0.40 M (1), 0.20 M (V),
0.10M (@), = 1.00M (LiCl),and[H*] = 0.10M (A)at] = 1.00M
(NaCl)

air). Over longer periods the reaction speeds up possibly due to
traces of O, entering the system, where O, is required to take
the reaction through to the Re"" product. In air the saturation
kinetic behaviour observed is in accordance with a protonation
equilibrium (K = 2.4 M!), followed by a rate-determining
decay process (4.3 x 107° s7!). Subsequent steps involving O,
appear to be relatively rapid.

Not surprisingly in view of these observations, the
stoichiometries for the oxidations of [(C,0,),Re(pu-
0),Re(C,0,),]* ™ with cis-[VO,(H,0),]* and [Mo(CN)g]*~
are both 6:1 mol of oxidant per Re',. The first stage of
oxidation gives a product with an absorbance maximum at
529 nm, Fig. 2. The product is assigned as Re'VRe" for a number
of reasons. Firstly the kinetics give no evidence for two stages,
and three isosbestic points are retained in the rapid-scan
spectra. In the second phase of the reaction a spontaneous decay
(ko) is obtained consistent with an odd-electron Re'YReV
product. Thirdly a maroon intermediate (peak at =550 nm),
separated by chromatography after reacting Re'v, with less
than full stoichiometric amounts of VY, is more likely to be
ReY, by analogy with the chemistry reported in ref. 7.

The stopped-flow studies on the VY oxidation of Re'Y, give a
single term rate law k,;[Re',]J[VV][H*], equation (6).
Protonation of Re'Y, is clearly one way in which the reaction
might proceed. However this does not appear to be the case
since the corresponding oxidation with [Mo(CN)g]> ™ gives no
[H*] dependence. We therefore associate the [H* ] dependence
with the VO,* —— VO?* conversion and protonation of the
VY reactant to give VO(OH)?*. What is unusual is that for the
second phase of the reaction, k,.,, = k,[VY] + ko, the k, term
is now independent of [H*]. This suggests that VY reacts
with Re'VRe" by a different mechanism, possibly one involving
O-atom transfer to assist conversion of the second Re'¥ to Re".
Some caution is required however since in the VV oxidation of
[Mo(CN)g]*~ the kinetic rate law has [H*]-dependant
terms.'® There are conflicting trends here which need to be
addressed further.

At[H*] = 1.0 M, the rate constant k, for the VY oxidation
of Re', givesky = 3.31 x 10*M !5, which can be compared
with the second-order rate constant ky, = 2.27 x 10*M ! 5!
for the Mo" oxidation. The driving force is less in the case of the
MoV oxidant, but reorganisation-energy considerations almost
certainly favour MoV, thus helping to explain the similarity of
the rate constants. Also the electron-self-exchange rate constant
for the reaction of [Mo(CN)g]*~ with [Mo(CN)¢]3~ has been
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determined and is large at 3 x 10* M ! s7'.!7 The k, term for
the second stage of the V¥ oxidation is much smaller (26.6 M™!
s7!) than ky, while in the [Mo(CN)y]*~ reaction no [Mo"]-
dependant term corresponding to k, is observed. This supports
the belief that a different mechanism is effective in the second
stage of the VY oxidation.

Similar UV/VIS spectra are noted for three Re'Y, complexes
known to have di-p-oxo structures, Table 1. Wieghardt and co-
workers’ have determined the structure of the analogous
purple ReY, complex (peak at 556 nm), which has two (anti)
terminal oxo groups in addition to the di-p-oxo ligands. A
similar anti structure (I) may be formed in the case of the
ReY,—oxalate complex, but at present the syn structure (II)
cannot be ruled out.

I ]
Re, Re Re, Re
N\ 0/ 3 \o/

I I

A key question with oxalate is whether the Re'Y, —— ReV,
conversion is achieved with all four oxalates remaining
chelated, in which case (with the additional oxo groups)
the Re atoms become seven-co-ordinate, or whether two of
the oxalates become monodentate. The (relative) difficulty
in converting Re'VRe" to ReY, in the oxalate case may be
related to the need for changes in ligation as the ReY
forms.

The mechanism proposed here can be summarised as in
equation (9), where *Re"Re" represents a second form of the

VY
kz

o 1 ©)

VV
*RewRev T RCV2

VV
Re'Y, —— Re''Re" ReY,
1

Re'YReY intermediate. Both stages of the V¥ oxidation are
unaffected by the addition of up to 10 mM V'V, This amount of
VIV produces a significant inhibition in the corresponding
oxidation of the Re'Y ,—edta complex 2. We have no information
as to the identity of the orange-pink product detected in
chromatographic separation of intermediates. However in the
case of the maroon product spontaneous decay gives a further
species with a less intense peak at =775 nm. Blue colours have
previously been associated with the mononuclear Re" state.’
Since this process also gives a peak at 460 nm disproportionation
to give Re'" and Re"! products is a further possibility. From
studies on the pulse radiolysis reduction of perrhenate(vim) it
would appear that rhenium(vi) as [ReO,]?>~, peak at 290 nm
(e = 1700 M cm™), is extremely unstable in neutral
solution.'® Cathodic reduction of the NMe, * salt of [ReO,]~
in acetonitrile gives olive [Re0,]°~ which is very air
sensitive.®

To summarise, as compared to studies on the Re'Y,-edta
complex® a rather different outcome is observed. The work
described suggests that oxalate provides a better opportunity
for studying in detail the progression of oxidation from Re',
with the formation of different intermediate states. In the
studies on the 1,4,7-triazacyclononane-co-ordinated Re!Y,
the emphasis has so far been on structural aspects.” The
fact that strong oxidants are required for oxidation is in
part due to the protection offered (in the present case) by
the oxalate ligands, which impede changes in the degree
of hydrolysis of Re. The special stability of di-p-oxo Re',
complexes, and to a lesser extent ReY, is a feature of
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the chemistry observed. The latter stages of oxidation are
achieved more easily than the earlier stages.

Finally, since comparison between Re and Tc are of
interest,?® we note that the oxalato complex K ,[(C,0,),Tc(u-
0),Tc(C,0,),]:3H,0 has been prepared, and the crystal
structure determined. This is identical to the Re',~oxalato
comg}ex, with a Tc-Tc separation of 2.361 A (¢f. 2.362 A for
Re).
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