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Photolyses of yu-amido-p-hyperoxo-dicobalt(III) complexes, [LCo(NH,,0;~ )CoL]*t (L=4NHj3 (1), en+
2NHs3 (2), 2en (3), tren (4)), (tren: 2,2’,2"-triaminotriethylamine, en: ethylenediamine) were investigated.
The photolysis of complex 4 in a neutral aqueous solution produced a p-hydroxo-pu-peroxo-dicobalt(III)
complex, [(tren)Co(OH,0227)Co(tren)]*T, together with a mononuclear cobalt(IIT) complex, [Co(NHjs)(tren)-
(H20)1**. A mononuclear complex and Co®* were produced in the photolyses of u-hyperoxo complexes 1 and
2 containing NH; ligand in neutral aqueous solutions. In acidic media, only mononuclear complex and Co**
were produced in the photolysis of all u-hyperoxo complexes examined. Quantum yields of the complexes
with NH; increased with increasing the number of coordinated NHz (¢=0.25, 0.11, 0.023, and 0.028 for
complexes 1, 2, 3, and 4, respectively, at 365 nm irradiation in neutral region). The quantum yields obtained

in acidic solutions were similar in magnitude to those obtained in neutral solutions.

In the search for the catalysts capable of activating
dioxygen for homogeneous oxidations under mild con-
ditions, cobalt(II) chelates have attracted perhaps the
most attention. Their catalytic activity often involves
the formation of cobalt-dioxygen adducts formulated
as peroxo or hyperoxo complexes. The photochemi-
cal behaviors of these complexes are very interesting;
Hyperoxo cobalt(IIT) complexes are formed upon irra-
diation of oxygenated aqueous solutions of cobalt(III)-
polyamine complexes,>? and hyperoxo and u-hyperoxo
cobalt(I1I) complexes with ammine or polyamine ligand
are recognized to be very photoactive.3—>

Photochemical reactions of u-hyperoxo-dicobalt(I1T)
complexes 1 and 3 in acidic aqueous solutions were
studied, and the stoichiometry of the reactions was
established:®

[LCo(NHz,05™)CoL]*t —2
Ht+ H0

[Co(H2O)(NH3)LP*T + Co®t + L4 0,. (1)

We have found that u-amido-u-peroxo-dicobalt(IIT)
complex, [(en)2Co(NHz, O2%7)Co(en)z]3*, is produced
in the photolysis of complex 2 in a neutral aqueous so-
lution (Eq. 2):%

2[(en)2Co(NHz, 02~ )Co(en)a]** + 3H,O + HT 2%
[(en)2Co(NHz, 02>~ )Co(en)s]**
+cis-[Co(NH;z)(en)2 (H20)]**
+cis-[Co(en)2(H20)2)*t + 0, + HY, (2)

where the acid ionization constants of cis-[Co(NHs)-
(en)2(H20)]3* and cis-[Co(en)y(H20)2]3+ are pK =6.05
(25 °C)” and pK,=6.06, pK2=38.15 (25 °C),® respec-
tively.

This work has been extended to the photolysis of sev-
eral other y-amido-p-hyperoxo-dicobalt(IIT) complexes:
1, 2, and 4 with ammine and/or other polyamine li-
gands. We have found that the photochemical decom-
position products of the p-hyperoxo-dicobalt(III) com-
plexes differ with the kind of the coordinated ligand
in the neutral region, but not in acidic solutions. The
quantum yields of the photochemical decomposition of
the p-hyperoxo complexes also changed significantly due
to the kind of ligand.

Experimental

Materials. [(NHs)z2(en)Co(NH2,027)Co(en)(NHs)o]-
(NO3)4+H20 (2) was prepared as follows: 1 g of [(NH3)4Co-
(NH2,027)Co(NH3)4](NO3)4 was treated with 0.22 g ethyl-
enediamine dissolved in 4 ml water at about 50 °C until the
smell of ammonia was weak. After the solution was cooled
to room temperature, 2 ml of 2 M (1 M=1 moldm™2) nitric
acid solution containing 1 g (NH4)2Ce (NO3)s was added to
the brown solution at ca. 25 °C and this mixture was left
to stand for 30 min. A green complex salt, [(NHs)2(en)-
Co(NH2,027)Co(en)(NHz3)2](NO3)4-H20, was precipitated
by the addition of ethanol, filtered, and washed with eth-
anol and ether. The complex was recrystallized from 2 M
nitric acid. The absorption spectrum of this complex has
absorption maxima at 470 nm (loge=2.62) and 699 nm
(log €=2.53), which were closely similar to those of related
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u-hyperoxo complexes.® 1Y) The Raman spectrum of the p-
hyperoxo complex showed a strong peak at 1042 cm™! in
the solid (excitation: 487.9 nm Ar* laser), assignable to
V(O—O).u) The structure of complex 2 was also supported
by the fact that one of photodecomposition products of
this complex was [Co(NH;z)3(en)(H20)]3* as described later.
Found: C, 8.02; H, 5.20; N, 28.93; Co, 19.05%. Calcd for
C4H320,5N13Co2: C, 7.85; H, 5.20; N, 29.36; Co, 19.01%.

[(tren)Co(NHz, 02~ )Co(tren)](ClO4)4-2H20'? (4) and
[(NH3)4Co(NH2,02~)Co(NH3)4] (NO3)4*® (1) were pre-
pared using the methods in the literature. Authentic sam-
ples ([(tren)Co(OH,02%7)Co(tren)](ClO4)3 {Amax=>500 (sh)
(loge=2.66), Amax=350 (loge=3.86)},'? [Co(NHs)s(en)-
(H20)](Cl04)s {fac; Amax=492.5 (loge=1.71), Anax=346.0
(loge=1.70)},** and [Co(NHs)(tren)(H20)](ClO4)(NO3)s
{Amax=482 (loge=2.00), Amax=349 (loge=1.88)}'*) were
also prepared using the methods in the literature.

Photochemical Procedures. Sample solutions were
irradiated in a quartz cell at room temperature, and the light
sources comprised a high-pressure mercury lamp UM-102
(100 W) or a Xe-lamp UXL-500D (500 W) (Ushio Electric
Co.). The first source was used to supply 313*® and 365
nm'®®) irradiation, which were obtained by a combination
of solution and glass filters. The second source was used for
470 nm irradiation: The wavelength selection was effected
by an interference filter with a transmittance maximum at
470 nm and fwhm of 15 nm and a glass UV cutoff filter
(Toshiba Y-46). The incident light intensities were measured
by potassium tris(oxalato)ferrate(IIl) actinometry.

Analytical Procedures. The absorption spectra were
recorded on a Shimadzu UV-2100 spectrophotometer. The
oxygen evolved by irradiation was measured polarograph-
ically with a Clarke-type electrode attached to a Yellow
Springs Instruments O meter as described previously.'”
Separations of the products were carried out with a cation-
exchange resin (CM-sephadex C-25 in the sodium form) de-
scribed previously.®) The identification of the products was
carried out by comparing the absorption spectra with those
of synthesized authentic samples. Co?T was determined
spectrophotometrically by extracting Co(II) from aqueous
solutions in methylisobutylketone in the presence of a large
excess of thiocyanate ion.'®)

Results and Discussion

Photolysis. = The absorption spectra of p-amido-
u-hyperoxo-dicobalt(III) complexes, [LCo(NHz,057)-
CoL]**, have absorption bands at ca. 300 (m,*—do),
ca. 350 (sh) (n,*—do), ca. 470 (d—d), and ca. 700 nm
(drt—7,*).1") These complexes are known to be stable
in acidic aqueous solutions. Valentine and Valentine,
Jr.,9 reported that the complexes 1 and 3 decom-
posed photochemically very easily to give a mononu-
clear cobalt (III) complex and Co?* in acidic aqueous
solutions, according to Eq. 1.

Complexes 2 and 4 also decomposed very easily
upon irradiation with near ultraviolet light (O3~ —Co-
(III) charge transfer bands). The absorption spectral
changes upon irradiation of complex 4 in an acidic aque-
ous solution are shown in Fig. 1A. The two absorption
peaks at 464 and 715 nm decreased with increasing ir-
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radiation time. The prolonged irradiation resulted in
two new weak absorption bands at 340 and 490 nm,
which were ascribed to [Co(NH3)(tren)(H20))3t. Sim-
ilar results were obtained for 365 and 436 nm irradia-
tion. The photolysis of the complexes 2 and 4 formed
a mononuclear cobalt(III) and Co*t in an acidic solu-
tion (Table 1), and the stoichiometry observed in the
decompositions was analogous to those observed with
the complexes 1 and 3 in an acidic aqueous solution
(Eq. 1).5%9

Complex 1 is unstable in a neutral aqueous solution,
while complex 2 is relatively stable; its absorption spec-
trum does not change for at least 40 min at room tem-
perature. However, complex 2 decomposed very eas-
ily upon irradiation with near ultraviolet light, and the
decomposition was accelerated by the increased pH of
the solutions accompanied by the detachment of the
coordinated NH3.?®) The complex reactions occur un-
der these conditions; therefore, the decomposition re-
actions have been studied in acetate buffer solutions of
pH=6 where the complexes 1 and 2 are stable. The
photochemical decomposition of the complexes occurs
uniformly in the buffer solution; the modes of the spec-
tral changes are similar to that in Fig. 1A. The pho-
tolysis of complexes 1 and 2 in the buffer solution of
pH=6 gave the same products as those in an acidic solu-
tion (Table 1). The results can be explained as follows:
The dissociation of the coordinated NHjs takes place
very rapidly compared to that of the coordinated en.2%
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Fig. 1. Absorption spectral changes of 1.00x107% M

[(tren)Co(NH2,0:~)Co (tren)]** aqueous solutions.
Irradiated at 3 min intervals at 313 nm. A:in 0.1 M
HCIO4 aqueous solution, B: in HyO.
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Table 1. Photochemical Decomposition Stoichiometries for [LCo(NHa,02~)CoL]** Complexes®

Photochemical products

L Acidity
[LCo(X, 0227)CoL3*] [CoL(NH;3)(H20)3*] [CoL(H20)23*] [Co®*]  [02]®
M x10° M x103 M x10° M x10° M x10°
ANH pH=6.0% 1.02 0.93 0.97
3 0.1 M HClO, 1.009 1.00%
pH=6.0° 0.99 0.87 1.01
2NHs+en 4 31 gCIO, 0.9 0.95 1.01
0 H20 0.46°) 0.53 0.40 0.49
en 0.1 M HCIO4 1.009 1.009  1.009
. H20 0.479 0.95 0.49
ren 0.1 M HCIO; 0.95 1.01 0.96

a) Initial concentration of [LCo(NHz2,02~)CoL]** was 1.0x10~3 M and all of the u-hyperoxo complexes were
decomposed. b) The evolved oxygen was determined at the low concentration of 1.0x10~* M [LCo(NH2,027)-
CoL]4+ ion in order to avoid generation of O2 bubbles gas in the cell equipped with an electrode of O2 meter

because of its low solubility. The values given in the column were multiplied ten times.

c) 0.1 M acetate buffer.

d) Ref. 5b; The experiment was carried out at the concentration of 5.0x10~4 M [LCo(NH3,02~)CoL]**t. Therefore,

the values given in the column were multiplied two times.

e) X=NHy~. f) Ref 5a. g) X=OH~.

Table 2. Quantum Yields in the Photolysis of [LCo(u-NHz,u-027)CoL]**
Solutions
L Medium Excitation Wavelenth/ nm
’ 313 320 350 365 405 470
ANH pH=6.0% 0.47 0.25 ‘ 0.089
3 0.1 M HCIO, 056 0.49®  0.40» 034 0.1» 0.112
pH=6.0¥ 0.22 0.11 0.044
2NHs+en 44 M HCIO, 027 0.12 0.042
N H,0 0.073 _ 0.023 0.005
en 0.1 M HCIO, 0.070 0.065° 0.0409 0.022 0.0057 0.004
. H,O 0.093 0.028 0.009
ren 0.1 M HCIO, 0.094 0.029 0.006
a) 0.1 M acetate buffer solutions. b) Ref. 5b. c) Ref. 5a.

Therefore, the photoinduced [Co(NHj3)4(H20)2]?T or
[Co(en)(NHj3)2(H20)2)?+ will decompose to give Co®**
and free ligands without reacting with O,.

The absorption spectrum changes of the complex 4
upon irradiation are given in Fig. 1B, which shows
that three isosbestic points were maintained through-
out the photolysis. The photochemical decomposition
products are given in Table 1. Identification of the u-
peroxo-dicobalt(IIT) complex, [(tren)Co(OH,0527)Co-
(tren)]3*, as a product, from the u-hyperoxo complex 4
rests on spectral investigation of the trivalent fractions
‘isolated by ion-exchange chromatography of the pho-
tolyzed solutions: The absorption spectrum of [(tren)-
Co(OH,05%7)Co(tren)]>* (Amax=350 nm) is very simi-
lar to that of [(tren)Co(NHz,0527)Co (tren)>t (Apax=
325 nm).'? However, there is some difference in wave-
length between Anax’s. The absorption spectrum of
the isolated dicobalt(III) complex exhibited an absorp-

tion maximum at 347 nm, assignable to [(tren)Co(OH,
0227)Co(tren)]3*. There results suggest the following
reaction mechanism (Egs. la, 3, and 4):

[(tren)Co(NHz, 02~ )Co(tren))** e—h—“l“’
*[(tren)Co(NHz, Oz—)Co(tren)]‘H' —Hfi
[Co(NH3)(tren)(H20)]* 4 [Co(tren) (H20)2)*t + 02 (1a)

[Co(tren)(H20)2]*" + O _
— [Co(tren)(H20)02)** + H20 (3)

[Co(tren)(H20)O2)*t 4 [Co(tren)(H20)2]*+
— [(tren)Co(OH, 0227 )Co(tren)]®t + H20.  (4)

The photoproduced [Co(tren)(H20)2]?* reacts with O
to give [(tren)Co(OH, O22~)Co(tren)]** according to
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reactions 3 and 4 where the rate constant k3 of reaction
3 is 2.8x10% M~1s71.21) This mechanism is also sup-
ported by [Co(tren)(H20)2]3" not being detected, and
the overall reaction is written as in Eq. 5:

2[(tren)Co(NHa, 05~ )Co(tren)]*t + 3H,0
— [(tren)Co(OH, 02>~ )Co(tren)]**
+2[Co(NHs)(tren)(H20)]*t + 05+ OH™.(5)

The photolysis of complex 2 forms p-amido- u-
peroxo-dicobalt(III) complex [(en)2Co(NHz,0527)Co-
(en)o]**+.9 On the other hand, the photolysis of com-
plex 4 in a neutral aqueous solution forms p-hydroxo-
p-peroxo-dicobalt(III) complex [(tren)Co(OH,0227)Co-
(tren)]3*. These results suggest the following mecha-
nisms: In the photolysis of complex 3, the reaction of
[Co(en)2(H50)2)%*, photoproduced by a reaction sim-
ilar to Eq. 1a, with the remaining u-hyperoxo com-
plex 3, leads to the formation of [Co(en)s(Hz0),]3t
and [(en)2Co(NHz, 0227)Co (en)]+ (Eq. 1).9) In the
photolysis of complex 4, the reaction of [Co(tren)-
(H20)2)2T with Oy precedes the reaction of that with
the remaining p-hyperoxo complex 4. The difference
in the decomposition mechanisms will be attributed to
the difference of the ease of the oxygenation of pho-
toinduced [Co(en)s(H20)2]?t and [Co(tren)(H20)q]?*.
These mechanisms are supported by the following facts:
1) Sasaki et al. reported that [(en);Co(OH,04%~)Co-
(en)o]** is formed from [Co(en)z(H20),)?t and O, at
pH>7.2% Natarajan et al. also reported that flash pho-
tolysis of a series of Co(IIT)-amine complexes (for exam-
ple; [Co (en)2(NO3)]3t) in aerated aqueous solutions
did not show any transient due to the oxygenation of
the photoproduced Co(II)-amine.?® 2) It was confirmed
that [(tren)Co(OH,02%7)Co(tren)]*t was formed very
rapidly even at pH=6 by air-bubbling through a solu-
tion of 1:1 molar ratios of Co?T and tren. The rate
constant of the reaction of [Co(tren)(Hz0)2]?*+ with O,
was reported to be 2.8x10% M~1s~1.2D

Quantum Yields.  Quantum yields for the pho-
tochemical decomposition of the u-amido-u-hyperoxo-
dicobalt(III) complexes are given in Table 2. If the am-
monia are substituted by tren, the quantum yield for
the p-hyperoxo complexes dropped very markedly as in
the case of the complex substituted by en. The quan-
tum yield for the complex 2, which has both NH; and
en, lay between those of the complexes 1 and 3.

The absorption band near 300 nm has been assigned
to a charge transfer transition (7,*—do) in which the
electronic charge density is transferred from the oxygen
to one of the cobalt(IIT) units. The photolysis at near-
ultraviolet light occurs in the same manner but with a
smaller quantum yield. The complexes, 1 and 2, which
have coordinated NHj groups, undergo efficient pho-
tochemical decompositions upon irradiation, and the
principal photochemical reactivity of these complexes
is associated with the absorption bands having maxima
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near 300 nm, which have been assigned to oxygen-to-
cobalt electron transfer transitions. The quantum yields
for all complexes investigated are the same essentially
in acidic and neutral solutions.

We thanks Dr. H. Sugiura for his measurement of
Raman spectra of complexes.
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