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Abstract

The Cr(I1) reduction of [Co(bpy)s]*>* proceeds
by a series of steps which are accounted for by a
complex and highly unusual mechanism. The
chromium(IlI} product of the reaction is a dimer
formulated as  [Cry(bpyXOH),(OH,)¢]**. The
cobalt products include [Co(OH,)e]** and [Co(bpy)-
(OH,),4]%*. Intact free 2,2 -bipyridine and a reduced
bipyridine species are also recovered. Four con-
secutive reactions are observed on the stopped-flow
traces. The first one is independent of the [Cr(I)]
concentration indicating that reduction has already
occurred. The rate constant for this reaction is 46.3 +
0.2 s7!. The second reaction is auto-catalyzed and has
a rate constant of approximately (1.38 + 0.2) X 102
s~! assuming first order behavior. The thrid reaction
is dependent on [Cr(II)] and has a rate constant
kops = k'3 + k"3[H] where k'3 =53 +3 M s !and
k"3 = (4.6 £02) X 102 M™? s~ L. The fourth reaction
is independent of [Cr(II)] and has a rate constant
kops = k's + k"4[H*] where k'3 = 0.39 £ 0.02 5!
and k"4 = 2.16 + 006 M~ s™'. A mechanism con-
sistent with these observations is proposed.

Introduction

During the past decade, there has been an increas-
ing interest in the chemistry, photochemistry and
photophysics of d® coordination complexes con-
taining the ligand 2 2'-bipyridine (bpy) and its deriv-
atives [1—6]. The most thoroughly studied of these
species is [Ru(bpy);]** because of its ability to serve
as a photosensitizer in the decomposition of water
by visible light [1]. Indeed, the knowledge gained
from studies on this class of compounds has enor-
mously contributed to the theoretical understanding
of excited-state behavior of transition metal species.
In the present work, we undertook to investigate the
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thermal reactions of metal-bipyridine complexes,
especially their redox reactions. Since we anticipated
that the thermal redox chemistry of the known
photochemically active complexes might be com-
plicated by light-catalyzed processes, we began our
studies by examining the Cr(Il) reduction of [Co-
(bpy)s]®*, an expected fast classical outer-sphere
reaction.

The vanadium(II) reduction of [Co(bpy)s]**
had been reported by Davis et al in 1972 [7]. They
concluded that the one-ended dissociation of 2,2'-
bipyridine from Co(IIl) was slow and the reaction
was clearly of the outer-sphere type. The final
product of the reduction by V(II) was described
as high-spin [Co(bpy);]** having the electronic
configuration t, %> which dissociates readily into
[Co(bpy),(OH,),]*" and free 2,2"-bipyridine.

We have previously reported the complex behavior
that arises during the Cr(II) reduction of pentane-2 4-
dionatobis(2,2" bipyridine)cobalt(IIl) [8,9]. We now
describe an even more complicated series of reactions
that arise after the reduction of [Co(bpy)s;]** by
Cr(I). Since the oxidant apparently does not have
any lone pairs of electrons available for coordination
to the incoming reductant, one would naturally
anticipate that an outer-sphere process would occur.
Even if some free 2,2'-bipyridine became available
after the reaction began and became coordinated
to Cr(II) to give a new reductant, [Ct(OH,)4(bpy)]*",
an outer-sphere process is still expected. This ex-
pectation was not realized [10] so we examined this
series of intriguing and highly unusual reactions in
considerable detail.

Experimental

Reagents

Solutions for kinetic studies were prepared in
water which was deionized and distilled using a
Barnstead Glass Still (Sybron/Barnstead Ltd.) and
then re-distilled from alkaline permanganate in an
all-glass apparatus.

Chromium(Il) perchlorate solutions were prepared
by reducting chromium(III) perchlorate (G. Frederick
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Smith Chemical Co.) with zinc—mercury amalgam
in aqueous perchloric acid solution. The chromium-
(I) concentration of the solution was determined
every two or three days as described earlier [11].
All solutions were stored and handled using standard
syringe techniques under an argon atmosphere.

Purification of Tris(2,2"-bipyridine jcobalt(I1I])
Perchlorate Hydrate, [ Co(bpy )3 [ (ClO4)3+2.5H, 0

The complex was prepared by the method of
Burstall and Nyholm [12] and was purified on an
ion-exchange column. The yellow crystals of [Co-
(bpy)s](ClO4); were dissolved in water and the
resulting solution was applied on a Bio-Rex 70
cation exchanger (mesh size 100—200) in the sodium
ion form (Bio-Rad Laboratories). The yellow band
was physically removed from the column and the
complex was removed from the resin by the applica-
tion of a saturated aqueous sodium chloride solution.
A saturated aqueous solution of sodium perchlorate
was then added to cause precipitation. The crystals
were washed with cold water, then ether and were
dried in the air. The compound was twice re-crystal-
lized from hot water. Each time, it was precipitated
by adding a small amount of sodium perchlorate,
filtered and air-dried. The infrared spectrum showed
evidence for water in the sample. 4nal Calc. for
[Co(C1oHgN;)3] (Cl04)5°2.5H,0: C, 41.3; H, 3.33;
N, 9.65. Found: C,41.2;H,3.14;N,9.88%.

Physical Measurements

The proton magnetic resonance spectra were ob-
tained on a Varian T60 instrument. The 'C spectra
were run on a Varian CFT-20 spectrometer. All
visible and ultraviolet spectra were measured on a
Coleman Recording Spectrophotometer, Hitachi
Model EPS-3T or a Perkin-Elmer Model 330 Spectro-
photometer.

Kinetic Measurements

The kinetic runs were performed on the Hitachi
Model EPS-3T or on a Dionex D-110 stopped-flow
apparatus using the temperature controls described
previously [13]. All reactions were carried out with
greater than tenfold excess of reductant.

Product Analyses

The product analyses were performed at ambient
temperature by reacting [Co(bpy);]3* with Cr(II)
in approximately 1:1 and 1:2 ratios in 0.1 M HCIO,
for 5 min. Another series of analyses were performed
under 1:1 conditions but in a low acid environment,
0.01 M. After the reaction was complete, the solution
was diluted to 200-300 mi with distilled water
and a stream of air was bubbled through it for 10—20
min to ensure the complete oxidation of any remain-
ing excess Cr(I). The mixture was then ion-
exchanged on Sephadex SP-C25-120 strongly acidic

cation exchange resin. Increasingly concentrated
solutions containing NaCl and HCIO, from 0.05
M Na(Cl in 0.004 M HCIO4 up to a maximum of 0.40
M Na(l in 0.004 M HCIO, were used to elute the
products.

The complex [Co(byp)s;]®* is sensitive to light
so all experiments involving this species were per-
formed in a darkened room. The visible spectrum
of the complex remained unchanged for two days
under these conditions.

All chromium(IIl) and cobalt(1II) complexes were
characterized by UV-—Vis spectroscopy. The extinc-
tion coefficients were calculated on the basis of
cobalt and chromium concentrations which were
determined spectrophotometrically. Chromium(IIT)
was converted to chromate for these analyses [14]
and cobalt was analyzed as [Co(SCN)4]>~ employing
the standard procedure of Kitson [15].

Extraction of Reduced 2,2"-Bipyridine

The reaction between [Co(bpy)s]** and Cr(II)
was carried out in a 0.1 M hydrogen ion solution in
the absence of air. The reaction mixture was then
applied on a column containing Sephadex SP-C25-
120. The first band to be eluted was free 22'-
bipyridine. The second band was slightly pink in
color and it was determined by NMR spectroscopy
to be reduced 2,2'-bipyridine. This species was
extracted from the aqueous solution with ether,
concentrated and dried to give a colorless liquid
(reduced 2,2"-bipyridine, vide infra). It was charac-
terized by 'H and >C NMR spectrometry. Control
experiments on [Cr(bpy)(OH,)4]** produced the
expected amount of unreacted 2,2"-bipyridine.

Analysis of the 2,2'-Bipyridine Content of the
Chromium Dimeric Product

Chromatographic separation of the reaction mix-
ture of Cr(II) and [Co(bpy)s;]® under 1:1 condi-
tions yielded the red [Cr,(bpy)(OH),(OH,)¢]*
complex as the only product. The chromatographic
separation of the product was accomplished on
Sephadex SP-C25-120. The desired red band was
eluted from the column with an auqeous mixture
of 0.4 M NaCl in 0.004 M HC1O,. The 2,2 -bipyridine
ligand was then stripped from the chromium product
by converting it to the labile Cr(II) species using
amalgamated zinc.

For each analysis, 10 ml of the red solution con-
taining [Cr,(bpy }OH),(OH,)e]** was reduced with
zinc—mercury amalgam in an atmosphere of high
purity argon. This solution was allowed to stand
overnight before adding 2—3 ml of saturated Na,-
CO; solution. After being set aside for a further
2 or 3 h, the solution was exposed to air, kept over-
night in a sealed container and the free 2,2"-bipyri-
dine was measured after extracting it into 250 ml
of spectral grade n-heptane (Fisher Scientific Com-



pany) in several portions with vigorous shaking.
The concentration of free 2,2'bipyridine in n-
heptane was calculated from three separate de-
terminations, employing a standard curve prepared
by dissolving known amounts of pure 2 2'-bipyridine
in spectral grade n-heptane and then running the UV
spectra of these solutions.

Results

The product analyses studies show that instead
of the expected blue [Cr(OH,)¢]3* (the product that
should form as a result of outer-sphere electron trans-
fer), a purple material appears upon ion-exchange of
the reaction mixture. This complex does not elute
from a Dowex cation exchange column (50WX2)
even upon application of concentrated HCl. All
subsequent analyses were therefore performed on
a Sephadex strongly acidic cation exchanger (SP-
C25-120) under controlled pH conditions which
prevented the apparent decomposition process that
was occurring on the Dowex column. On Sephadex,
a red band is the only chromium-containing one
obtained, except for [Cr(OH,)s]** and the green
chromium dimer, if Cr(II) were used in excess. As
reported earlier [10], the most startling observation
to arise from the product analyses is that the stoichio-
metry of the reaction is not 1:1. If an excess of
Cr(II) is used, more than the stoichiometric quantity
is consumed in the reaction. The red Cr(III) product
obtained has a 4+ charge as determined by its behav-
ior on the ion-exchange column and upon analysis
(Table 1), it was found to contain two chromium(III)
atoms and one 22'bipyridine ligand, presumably
arranged as in compound I where the 2,2 bipyridine
ligand may be either cis or trans to the bridging
ligands.

OH, OH,
H,0 \ S N
PN
/Cr\ /Cr\
Ho | To7 | TN
OH; OH,

TABLE 1. Analysis of Cr(IIl) and 2,2'-bipyridine in [Cr,-
(bpy)(OH),(H,0)6]**

Amount of Amount of Ratio Cr:bpy
chromium 2,2'-bipyridine

(mol) (mol)

2,64 X 1075 1.28 X 1075 2.06:1.00
1.27 x 1075 6.90 X 1075 1.84:1.00
1.27 x 1075 6.76 X 1073 1.88:1.00

7

TABLE 2. Electronic spectra of Cr(IlI) and Co(IIl) com-
plexes of 2,2'-bipyridine

Complex Amax (nm)

(emax M~ Tem™1)

532 (26.7 £ 0.5)
442sh (31 £ 1)
412sh (84 £ 2)
390sh (126 + 3)
307 (12700 + 100)
247 (8600 £ 300)

538(21+1)
442sh (23 + 1)
412sh (59 + 4)
390sh (82 + 7)
307 (8500 = 700)
247 (5900 + 400)

492 (134 0.3)
304 (200 £ 10)
296 (20300 + 800)
245 (14000 £ 200)

[Cra(bpy)(OH)2(OH3)6]**

[Cr(OH2)4(bpy)]3*

[Co(bpy),(H,0),13*

This compound was found to be very stable and
showed no decomposition upon storage at room
temperature for several months. Details of the UV—
Vis spectrum of the compound are given in Table 2.

In performing the product analyses, the first
eluent obtained upon charging the column and
washing it with water was analyzed spectrophoto-
metrically and was found to be free 2,2"-bipyridine
ligand. The next fraction to come off the column
by adding 0.05 M NaC(l in 0.004 M HCIO, solution
was also analyzed and was found to contain reduced
2,2"-bipyridine. The proton magnetic spectrum was
run in deuterated chloroform. A set of unresolved
peaks appears centered at 7.8 ppm due to the protons
on the extensive conjugated double bond system. A
doublet at 4.3 ppm (J = 6 Hz) indicates that some
reduction has occurred. A possible structure which
is also consistent with the *C NMR spectrum is given
by II. In this spectrum there is a triplet at 68 Hz
(J = 1.5 Hz) assigned to carbons 6 and 6', two doub-

4 4"

P i 2 N
s/j(G'
N N
H H

I

lets centered at 130 (J = 2 Hz) and 132 (J = 2 Hz)
Hz assigned to carbons 5 and 5', 4 and 4’, and two
singlets at 134 and 170 Hz assigned to carbons 3 and
3"and 2 and 2', respectively.

The next band to come off the column is the
pink [Co(OH,)e]** species. This is followed by an
orange band which was identified as [Co(bpy),-
(H;0);]%* (see Table 2 for UV—Vis spectral data).
A yellow band of unreacted [Co(bpy)s]** complex,
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TABLE 3. Product analysis data for recovery of [Crz(bpy)(OH)g(Hgo)é]‘“’

[H*] Cr(11) used [Co(bpy)3]3* used Dimer recovered Percentage Cr(111) recovered/
(umol) (umol) (umol) Co(III) used

0.10 335 334 161 96 4

0.10 335 334 162 97.0

0.10 337 334 166 994

Average 98 + 2
0.01 111 111 55.5 100
0.10 692 345 224 130

TABLE 4. Product analysis data for recovery of cobalt products?

Cr(II) used [Co(bpy)3]3* used [Co(H,0)]%* recovered [Co(bpy)a(H,0),]%* recovered % Co products recovered
(umol) (umol) (pmol) (umol)
335 334 27.0 220 74.0
335 334 28.9 230 77.5
337 334 25.0 200 67.4
Average 73 + 6
692 335 393 301 98.9

aAll product analyses were performed at [H*] =0.10 M,

close to the highest red band, is eluted next. The
final red band was found to contain the [Cr,(bpy)-
(OH),(OH,)6]** ion (compound I). This compound
accounted for 98% of the reaction product based
on initial cobalt complex used. However, only 73 *
6% of the total cobalt is recovered as the orange
complex, [Co(bpy).(H;0)4]*" and the pink com-
plex [Co(OH,)s]*, the remainder being unreacted
[Co(bpy)s;]**. The quantitative data for the product
analyses are collected in Tables 3 and 4.

The actual reduction of [Co(bpy);]3* by Cr(II)
occurs very rapidly and cannot be observed on the
stopped-flow apparatus even at the lowest possible
concentrations of the reactants. A lower limit for the
reduction may be assigned to be k = 1.3 X 10* M™!
s1 (250 C, p = 1.0 M (LiCIOQ,), [H*] = 0.030 M).
On the stopped-flow instrument, four reactions are
observed after the initial reduction. The first two
were detected at 410 nm by observing a slow in-
crease and then a rapid increase in absorbance on the
oscilloscope. The second increase must be the result
of an autocatalytic process. The order of this reaction
could not be absolutely established since the rise
was very sharp. However, the kinetics were more
closely approximated by a first order treatment
than by any other so the rate constants are listed
in Table 6 as first order rate constants. Both of the
first two reactions were independent of the hydrogen
ion concentration. The kinetics of the first two ob-
served reactions were studied at 540 and 420 nm,
respectively, since there was very little interference
by the other reactions at these wavelengths (Tables 5
and 6). The first observed reaction had a rate con-

TABLE 5. Kinetic data for the first reaction observed in the
reaction of Cr(II) with [Co(bpy)3]3*

[H*]2 [Co(bpy)s]3* X 1032  [CrD)] X 1022 &y (s 1P
0.10  1.35 2.71 46.8
010 135 5.40 46.2
0.10 135 8.09 46.2
003 135 5.40 46.3
050 1.35 5.39 46.2
0.03 1.85 5.29 46.3
k=463 571

aConcentrations are initial values in molar units.  ®The
ionic strength was controlled to 1.00 M (LiCIO,4); the tem-
perature was controlled to 25.0 + 0.01 °C; wavelength em-
ployed to follow this reaction was 540 nm.

TABLE 6. Kinetic data for the second reaction observed in
the Cr(11) reduction of [Co(bpy)3]3*

[H*]2  [Co(bpy)s}¥ x 1032  [Crih] x 1022k, x 102
(shHP
0.10 135 271 1.37
0.10 1.35 5.40 1.38
010 1.35 8.01 1.37
010 135 540 1.38
0.03 135 539 1.37
003 135 539 1.37

aConcentrations are initial values in molar units. PThe
ionic strength was controlled to 1.00 M (LiClOg4); the tem-
perature was controlled to 25.0 + 0.1 °C; wavelength em-
ployed to follow this reaction was 420 nm.



TABLE 7. Kinetic data for the third reaction observed in the Cr(II) reduction of [Co(bpy)3]3+

[(H*]2 [Co(bpy)s]3* x 1032 [CrdD] x 102 2 Kops (M™Ls™1yP
0.10 135 2.71 9.49 x 101
0.10 135 5.40 9.50 x 10!
0.10 135 8.01 9.41 x 101
0.03 135 5.39 7.35 x 10!
0.10 135 5.40 9.50 x 10!
0.30 1.85 5.39 1.84 x 102
0.50 135 5.39 2.86 x 102
0.03 1.85 5.29 7.44 x 10!

aConcentrations are initial values in molar units.  PThe jonic strength was controlled to 1.00 M (LiClO,); the temperature was
controlled to 25.0 0.1 °C; wavelength employed to follow this reaction was 410 nm; k3 = kope/ [Cr(ID].

TABLE 8. Kinetic data for the fourth reaction observed in the Cr(II) reduction of [Co(bpy);]3*

[H*12 [Co(bpy)3]3t x 103 2 [Cr(D)] x 1022 kops (5THb-©
0.03 1.35 5.41 433 x10™!
0.10 1.35 5.41 6.30 x 107!
0.30 1.35 542 1.07

0.40 1.35 5.40 1.24

0.50 135 5.40 1.46

0.03 0.85 5.29 433 %1071
0.10 1.35 8.08 6.30 x 107!

aConcentrations are initial values in molar units.  PThe jonic strength was controlled to 1.00 M (LiClOg4). ¢The temperature

was controlled to 25.0 + 0.1 °C.

stant of 46.3 + 0.2 s~'. The rate constant for the
second observed reaction is (1.38 + 0.02) X 102 57!
over the Cr(II) concentration range of 2—-8 X 1072 M,
[Co(IID)] = 135 X 1073 M, and the range of H*
concentrations is 0.03 to 0.10 M. It is probable that
this constant masks a more complicated process
(vide infra). The third reaction observed was followed
by studying a slower increase in absorbance and it
exhibited both a chromium(II) and a direct hydrogen
dependence. The rate constant for this reaction is
kops = k'3 +k"3[H*] where k'3 = 53 +3M " !'s 'and
k"3 = (4.6 £02) X 102 M™? 571, Results of this study
are listed in Table 7. The fourth reaction was studied
at 400 nm and was found to be dependent only on
the hydrogen ion concentration (Table 8). The rate
constant for this reaction is kgps = k's + k"4[H*]
where &', = 0.39 + 0.02 s !and k", =2.16 £ 0.06
M™! 57! Finally, a much slower reaction was fol-
lowed at 465 nm with g = 1.0 M (LiClO,) at 25 °C
on a UV—-Vis spectrophotometer. This reaction (ks =
8.70 X 107° s7') was independent of the hydrogen
ion concentration and appears to be associated with
decomposition processes.

Since there is a real possibility that free 2,2’
bipyridine liberated in the first stages of an expected
outer-sphere reduction might be responsible for the
subsequent series of reactions, we looked at the

Cr(1) reduction of [Co(bpy)s;]®* in the presence of
added free 2,2 -bipyridine (8.44 X 107* M) in 0.10
M HCIO, at p = 1.00 M (LiClO,) and 25 °C. The
same four reactions were detected as described above
but the presence of this additional amount of free
ligand had a specific effect on the magnitude of the
rate constants observed. The first and third reactions
became much faster, whereas the second one (the
suspected autocatalysis process) was inhibited.
There was no effect on the rate constant of the
fourth reaction (see Table 9). These observations
will have to be accounted for in the development of
possible mechanisms (vide infra).

We also had to consider the possibility that some
or all of the observed reactions were due to the direct
interaction of Cr(Il) with free 2,2'-bipyridine
liberated in an outer-sphere process. Therefore, we
also studied the Cr(II) reduction of 22'-bipyridine
itself over the HCIO, concentration range 0.03 to
0.10 M (u = 1.00 M (LiCIO,) at 25 °C). Two fast
reactions were observed on the stopped-flow in-
strument. The first showed an increase in absor-
bance at 400 nm with a rate constant k = 3.17 X 103
M™! s7! and the second showed a decrease in ab-
sorbance at 360 nm with a rate constant & = 2.47
X 10" M7! 57!, both with [H*] = 0.10 M. Both
reactions were dependent on the Cr(II) and hydrogen
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TABLE 9. Kinetic data for the series of reactions following the Cr(II) reduction of [Co(bpy);]3* in the presence of added 2,2'-

bipyridine?

Reaction [Co(bpy);]3* b [Cran]® [bpy] P k

1 1.35 x 1073 5.40 x 1072 8.44 x 107 6.93 x 10ts~1

2 1.35x 1073 5.40 x 1072 8.44 x 107% 513 x 101571

3 1.35 x 1073 540 x 1072 8.44 x 107% 2.57x102M71s7!
4 1.35%x 1073 540 x 1072 8.44 x 107% 6.30 x 107157t

2The temperature was controlled to 25.0 + 0.1 °C and the ionic strength was controlied to 1.00 M (LiClOy). bConcentrations

are initial values in molar units.

ion concentrations, and neither of them corresponds
to any of the reactions observed in the Cr(II) reduc-
tion of [Co(bpy)s]®*.

A blank experiment was performed by oxidizing
5 X 1072 M Cr(I) in the presence of a saturated
solution of free 2,2"-bipyridine (8.44 X 10™* M) in
0.10 M HCIO,4. Product studies showed that less
than 2% of the bipyridine was incorporated into the
metal complex as Cr(bpyXH,0),* upon air oxida-
tion.

Discussion

The complicated nature of the kinetics and the
observation of an auto-catalyzed step suggests a
mechanism involving radical ions. The initial reduc-
tion product of the reaction between [Co(bpy)s]**
and Cr(Il) could not have been free ligand, [Co-
(OH,)6]** and [Cr(OH,)¢]** (the expected outer-
sphere products). If this were the case, all subsequent
reactions would arise from reactions between bpy
and [Co(OH,)s]** (an equilibrium), bpy and [Cr-
(OH,)6]* (far too slow) or bpy and [Cr(OH,)¢]**
(which we have established is not the case). We have
observed that the decomposition of [Co(bpy);]**
leading to loss of 2,2'bipyridine is light catalyzed.
This suggests that a rapidly attained light-induced
equilibrium between a chelated and unidentate 2,2'-
bipyridine ligand on the Co(II) complex is not
unreasonable (eqn. (1)). However, complex IV cannot
exist on any large scale since we have been unable
to find any spectroscopic evidence for it. Also,
reactions performed in the dark lead to the same
products as those carried out under bright illumina-
tion.

N 3+ N 3t
N\\/N ke N\CL/NMN
N/Cr\N> N NoH, (1)
\oN \oN

III v

An alternative mechanism is one having an equilib-
rium between normal [Co(bpy);]>* and a cyclometal-
lated structure as in eqn. (2).

N as N 3+
NN , N N
N Ke N

C - Co

5 2)
AN > SN (
s 4O

11} \'%

Monodentate 2,2"-bipyridine ligands have been
proposed before as reaction intermediates in the
aquation [16] of [Fe(bpy)s]**, for example, and it
has been claimed that such a species is present in the
reaction [17] of bpy with [Al(Me,SO)¢]>*. It has
also been suggested that a monodentate bipyridyl
complex may exist as one of the products of the
aquation of cis-[Cr(bpy),(H,0)CI)]** as evidenced
by ion-exchange chromatography [18]. Studies of
the photolysis of Ru(bpy)s;** in DMF indicate that
an intermediate monodentate bpy species is formed
in solution prior to formation of the final product,
[Ru(bpy),(SCN),] [19]. Attempts to isolate this
material as a crystalline solid were not successful
[20]. There is evidence for formation of a species
containing monodentate bpy in the photolysis of
Ru(bpy);** in aqueous solution but again it was not
possible to isolate the complex [21]. An early report
by Watts et al. [20] in 1977 of a monodentate bpy
(structure IV) in the protonated [Ir(bpy);]>* cation
based on spectral evidence and the observation of
a pK, of 3.0 for the free nitrogen atom, was sub-
sequently challenged by Gillard et al. [22] in 1979.
These workers instead formulated the complex as
a ‘covalent hydrate’ (structure VII). It eventually
became clear that there are three forms, two yellow
and one red, of the cation formally designated as
[Ir(bpy)s]**. One of the yellow ones is the usual
trischelated complex, originally prepared in 1974
by Flynn and Demas [23]. The other yellow one is
the protonated species first synthesized by Watts er
al. [20]. The evidence is now overwhelmingly in
favor of a cyclometallated structure for this com-
pound (structure VIII). Two crystal structures have
been reported on this species [24, 25], as well as one
on the red compound which was found to be the
deprotonated cyclometallated complex [26]. In
addition, NMR studies including one employing
500 MHz proton and 125 MHz carbon-13 spectros-
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copy were consistent with this interpretation [27,
28]. A cyclometallated 22"bipyridine ligand has
been observed to bridge two metal centers in tri-
osmium clusters [29]. In view of the definite assign-
ment of cyclometallated structures for the iridium
and osmium complexes, the postulation of a similar
mode of bonding in a cobalt intermediate (complex
V) is not unreasonable. Indeed, others have likewise
suggested cyclometallated intermediates in mech-
anistic studies [30—34].

An outer-sphere attack by Cr(II) on III and an
inner-sphere attack at the free N atom of IV or V is
a reasonable next step.

KorK'e
Co(bpy);** =— (3)
m  HHO

Co(bpy),(0-bpy)(H,0)** or Co(bpy),(bpyH)**

v A\
+ +
Cr(11) Crl1n)
| |
| |
/‘T 2+ N 6+
N ow N\J _NAN-Crill(OH, ),
/ct{ > + Cr(Ill) /co“‘
NN N owe « cram
\\N kN
IX X

After reduction, it is necessary to assume that
the electron remains largely confined in ligand type
orbitals on the 2,2"-bipyridine moiety forming ligand
radical intermediates, IX and X. Precedence for this
type of behavior may be found in studies of the mag-
netic and optical properties of tris-bpy complexes
[29], particularly those of chromium [35-—38]
and vanadium [39,40], as well as in bis-bpy com-
plexes of iridium containing cyclometallated ligands
[41—48]. These studies indicated that the reduction
of [Cr(bpy)s]** to [Cr(bpy)s]** is a metal-centered
process, i.e. Cr(IIl) is reduced to Cr(Il). However, the
second reduction to yield [Cr(bpy)s;]” is not only
ligand-centered but it also causes transfer of a metal
electron to the ligands [49, 50] to yield a complex
formulated as [Cr'(bpy)(bpy™);]* rather than
[Cr'(bpy),(bpy )]*. A quantitative calculation was
performed to interpret this behavior [50] but it
can also be understood qualitatively by considera-
tions of m-backbonding, i.e. Cr(II) can be stabilized
by good 7-accepting ligands such as a neutral bpy
in [Cr(bpy)s]**. However, the m-accepting ability
of a coordinated reduced bpy is sufficiently dim-
inished that it causes the oxidation of the metal
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center to Cr(IIl) via transfer of a metal electron to
an additional coordinated bpy. In the case of the
cobalt—radical ion complexes, IX and X, the electron
must remain on the ligand orbitals during the time-
scale of the reaction since cobalt(Il) is very labile
and its complexes normally fail apart rapidly.

The radical binuclear, X, is then attacked by
another Cr(Il) in an inner-sphere manner at the
water oxygens to give the dihydroxo binuclear
intermediate, XI. This species is very similar to the
usual O, oxidation product of [Cr(OH,)e]?*, that is,
the familiar green dimer, [(OH;)4Cr(OH),Cr-
(OH,)2]** and the surprising observation may be not
so much that a dihydroxy-bridged complex is an
observed product of this reaction but that dimeric
redox products of Cr(Ill) have been isolated only
very infrequently. It may be that they will be found
to be a common product of radical-mediated electron
transfers. Dimeric products of chromium(Il) reduc-
tions have been reported by Kuperferschmidt and
Jordan [51] but in their work the dimer arose as a
result of attack of excess Cr(I) on the double bond
of the free ligand in solution. In the present study,
it appears that the second electron transfer step
leading to the dimer is faster than the first so no
intermediate is detected and there is no evidence for
reduction of the coordinated ligand in the product.
/‘N H 5+
N-_N-—Crli(OH,),
Co‘ﬁ + o cr(ll)

S ——

+ Co(ll) + 2H* + 2bpy (4)

The [Co(bpy),(OH,);]3* product obtained may
arise in part from the decomposition of some of the
[Co(bpy)a(bpy+)]** species to yield [Co(bpy).-
(OH,),]** and bpy-.

The first observed reaction is independent of the
Cr(I1) concentration which means that, as postulated
above, reduction has already occurred. This reaction
is markedly accelerated by the presence of added
2.2 bipyridine. It can be reasonably attributed to
transfer of the electron from the coordinated 2,2'-
bipyridine to free 2,2 -bipyridine (eqn. (5)).

We were unable to test the order of any of the
reactions with respect to bpy concentration since
the ligand was not very soluble in aqueous solution.
The values quoted in Table 9 were for addition of
a saturated bpy solution. The rate constants obtained
under these conditions were reproducible but
attempts to use less concentrated solutions gave
kinetic results which were subject to large variation.



H,0 oH, 3
NAN 0 OH
\I s \| z -
el /cw‘ + bpy
VAN AN
Mo | 0 | “ow
H,0 OH,
XI H,0 4 OH; o
N~N o \ OH,
N s
S bpy + Cr”' critt (5)
|\ / ‘\
OH,
XII

The second observed reaction is auto-catalyzed
and is attributed to the annihilation of a 2 2'-bipyri-
dine radical by reaction with another radical species
to give reduced 2,2 -bipyridine — an observed product
(compound II). This reaction is inhibited by added
2 2" bipyridine which is to be expected if an equilib-
rium is established between free 2,2'-bipyridine
and its radical ion. The overall reaction for this step
is given by eqn. (6). Due to the autocatalytic nature
of this process, a detailed kinetic investigation is not

possible.
LI
N | 1 N (6)
H H

CICHE:
+ radical
N N i
There is considerable evidence that the protons

species

on the C3 and C3' positions of coordinated 2,2'-
bipyridine have enhanced acidities as a result of high
steric strain. The crystal structure of [Ru(bpy)s;]**
first illustrated this effect [52], and it was later
confirmed by NMR studies [53]. Constable and
Seddon found that addition of deuterated sodium
methoxide and methanol to a solution of [Ru-
(bpy)3]** in dimethylsulfoxide resulted in slow
deuterium—hydrogen exchange at the 3,3’-positions
of the ligated bipyridines [53]. There is similar
evidence [54] for weakly acidic character of the C3
and C3' hydrogens in [Os(bpy)s;]**. Our observed
product, compound II, has a bond between the C3
and C3' carbons which may result from the enhanced
reactivity at these positions and may mean that it
originates from a coordinated bpy of one of the
radical ions, IX, XI or XIII.

The third observed reaction is Cr(Il) dependent
and is also accelerated by the addition of free 2,2'-
bipyridine. A possible mechanistic explanation is
that this step involves a reaction between the minor
component of the initial reduction process, IX,
and a chromium(Il)—bipyridine complex (eqn. (7)),
the reduced species of which rapidly decomposes
to yield the bpy radical and [Cr(OH,)e]?*. The
reaction shows a direct acid dependence which
may indicate that the coordinated bpy has a tendency
to pick up a proton upon reduction to give XIII.

The step regenerates the original [Co(bpy);
starting material which may go through the cycle

]3+

/‘N 24
N\\{ N
/c°< o)+ [OH),CrH(bpy)]?* :3'9
N ‘ N
\n
X ;N 3
N\} N
e
[©OH,), crf (bpyHa ]2+ N/CKD\N )
XII N
111

tast

[(OH,), cr' (bpyHe) ]?* — [(oH)scr™]?* 4+ bpy.

X

again. Thus, we may obtain more than 100% of the
final [Cr,(bpyXOH),(OH,)¢]*" complex based on
the amount of [Co(bpy);]* used if an excess of
Cr(Il) is present. When free bpy is added, the labile
[CrM(OH,)4(bpy)]**  concentration is increased,
resulting in an increase in the rate of reaction. The
rate law for this step is

—d[complex IX]

d = (k'3 + k"3[H"])[complex IX]
t

X [Cr(ID)]

where k'3 =53 +3M 'sland k"3 = (4.6 £ 0.2) X
102 M~2? 5! as determined from the intercept and
slope of the plot of the acid dependence of the
reaction (Table 7).

We ascribe the fourth observed reaction which
is independent of Cr(II) and unaffected by the addi-
tion of free 2,2"-bipyridine to ring closure of the
22" bipyridine ligand on the chromium(III) binuclear
complex to give the observed product (eqn. (8)). This
reaction exhibits a direct acid dependence possibly
because protonation of the departing water molecule
makes it a better leaving group.

OH 4
l l OH2
\ / 0 \ / k,
/ l \ / |\ _HZO
12 OH, OH,
XII
FHZ 4+
Hy
™ b P 4 ®)
0/ I\
OH2 2
I
The rate law for this last step is
—d[complex XII] .
—a (k' + k" [H*])[complex XII]



where k'y = 039 + 0.02 s7' and k", = 2.16 £ 0.06
M™! 57! as determined from the intercept and slope
of the plot of the acid dependence of the reaction
(Table 8).

Confirmation or modification of our suggested
mechanism for this new class of autocatalyzed
reactions must await further thermal redox studies
on polypyridyl complexes. Preliminary studies on
the Cr(II) reduction of [Cr(bpy)s]®* in our labora-
tory indicates that a similar series of steps are in-
volved in this process, including an autocatalysis
step. We are also currently examining cyclometallated
oxidants in an attempt to discover if such species
are involved as intermediates in the [Co(bpy);]**
and [Cr(bpy)s]** reactions with Cr(IT).
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