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We reported before on the photochemical decompositions 
of several psuperoxo-dicobalt ammines according to  reac- 
tion 1 , 2 3 3  where CoIII is a cobaltic-ammine derivative. This 

[CoJII(O,-)Co'I"~+ -4- CO"' + co2+ + 0, (1) 

work has been extended to include photochemical decom- 
positions of 1-3, which have other coordinated acido groups 
in addition to  superoxide. We sought to discover if addi- 
tional acido ligands and consequent low-lying ligand-to- 
metal electron-transfer transitions would change the course 
of photochemical decomposition of the [CoIII(O2-)CoIII] 
chromophore and if the acido-substituted psuperoxo-di- 
cobalt-ammine chromophores would undergo photoaqua- 
tion reactions as reported recently for a variety of [Co- 
(NH3)5(X)]2+ and [CO(NH~)~(X)(Y)]'~' 2+  derivative^.^ 

Preparations and interconversions of 1-3 as shown in 
Scheme I were carried out as described by Werner.' These 
reactions appear to establish the gross chemical structures 
of 1-3.6 The compounds are paramagnetic7 and their elec- 
tronic absorption spectra exhibit strong absorption ( E  200- 
400) near 700 nm as found for other ,u-superoxo-dicobalt 

Attempts to  provide further evidence for the 
presence of the [CoIII02-CoIII] chromophore by esr meas- 
urements were successful with 1 which gave the character- 
istic 15-line signal8 for [COIIIO~-COI~I] ,  ("Co, I = 7/2), 
with two equivalent Co centers. Fresh solutions of 2 in 
either 0.1 M HC104 or 25% H3P04 solution did not give a 
detectable esr spectrum, perhaps because of rapid exchange 
of ammine hydrogens with environment. Aged solutions 
of 2 in 0.1 M HC104 gave a 15-line spectrum we attributed 
to  1, produced by thermal aquation of ~ h l o r i d e . ~  Solutions 
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of 3 in 0.1 M HC104 or 25% were too unstable for 
esr studies." 

Irradiations of solutions of the perchlorate of 1, the ni- 
trate of 2,  and the chloride of 3 in 0. l M HC104 with X 
>345-nm light proceeded with gas evolution and gave mix- 
tures of ammines of Co2+ and CoIII which could be sepa- 
rated by ion-exchange chromatography. Complex l gave 
0.96 * 0.02 mol of gas and stoichiometric amounts of Co2+ 
and [ C O ( N H ~ ) ~ ( H ~ O ) ~ ] ~ +  as the only products. Visible ab- 
sorption spectra of photolyzed solutions of 1 taken immedi- 
ately after irradiation had Am, 505 nm (e 50.1).11 This 
visible maximum changed over 4-6 hr after photolysis was 
completed to Am, 506-507 nm ( E  48),9 values similar to 
those reported12 for thermally equilibrated mixtures of 
cis- and trans- [ C O ( N H ~ ) ~ ( H ~ O ) ~ ] ~ + .  There were other small 
changes in position and intensity of absorbance in the 300- 
500-nm range over the same period. These changes were 
not precisely reproducible from experiment to  experiment 
but their time scale at 25' was quite constant and we be- 
lieve they were due to  chemical transformations subsequent 
to  photolysis. The exact nature of the chemistry is un- 
known. We thought at first that the cis-diaquo isomer 
might be our major photolysis product and that the ob- 
served spectral changes were due to a cis to  trans isomeriza- 
tion to  bring about thermal equilibrium. This explanation 
was made unattractive by the report13 that at equilibrium 
under conditions similar to  ours, [ C O ( N H ~ ) ~ ( H ~ O ) ~ ] ~ '  exists 
almost entirely in the cis form. Consequently, we suspect 
the spectral changes we observe are due to  side reaction 
products produced in small amounts not detected by our 
chromatography experiments. Whatever the origin of the 
extra ab~orbance , '~  it is clear that the only important stoi- 
chiometry for photochemical decomposition of 1 is reaction 
2, which was observed from pH 0 to pH 3, at various ionic 

hv 
[(NH,),CO(NH,)(O,)(OH)CO(NH,),~~+ + 5 H +  + H,O ___f 

h 300 nm 
[CO(NH,),(H,O),]~+ + Co2+ + 3NH,+ + 0, (2) 

strengths, and with X >480, >345, and >3 10 nm light 
sources. 

proved to  be quite similar to  those observed before for 
other p-superoxo-dicobalt ammines.293 For reaction 2 we 
found the quantum yield for disappearance of 1 to  be $320 = 
0.50 ?r 0.05 and $350 = 0.42 k 0.04 and to  be independent 
of complex concentration and absorbed intensity in optically 
dense solutions. Electronic absorption spectra on partially 
decomposed solutions of 1 in the 300-700-nm region were 
consistent with the sole presence of the reactants and prod- 

The kinetics of 1 photodecompositions in dilute HC104 

(10) A solution of 3 in 85% H,PO, was stable as described by 
Y. Ohyagi, BUN. Chem. Soc. Jap., 15, 186 (1940), and gave a single 
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pected from 3, depending on the relative magnitudes of Jco(,) and 
Jc0( , ) .  The nature of cationic species formed from the chloride 
of 3 in 85% H,PO, is unclear in any case. 
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nitrate salt of 1 .  Nitrate ion is well known to absorb in this spec- 
tral region. 
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Scheme I. Preparations, Interconversions, and Decompositions of 1-3 

Notes 

(1) (NH,),CO,, heat (2 )  (1)” HC? C1, he/ \ (2 )  HC1 

(1) liq NH,  JHCl, heat 
(2)  dil H2S0, 

dil HC10, Co(NH,),(CI) ” 

ucts required by reaction 2. All of these data are strikingly 
similar to those observed earlier for [(NH3)4Co(NH2)(02)- 
C O ( N H ~ ) ~ ] ~ +  for which we found for reaction 1 : G320(disap- 
pearance) = 0.48 2 0.04 and $350 = 0.40 f 0.04; these parame- 
ters are also independent of pH, complex concentration, and 
light in ten~i ty . ’~  

Photochemical decompositions of solutions of the nitrate 
of 2 in 0.1 M HC1O4 gave the Coz+ ion together with mix- 
t ures of [ Co( NH 3)4(C1)(HZ0)] 2+ and [ C o(NH&(H 20) ’+> 

and gas was evolved. Results depended on irradiating wave- 
length as follows: (a) h 8 8 0  nm, [Co”’] = [CoIII], which 
was about 1 : 1 mixture of chloroaquo and diaquo complexes; 
(b) h 2350  nm, [Coz’] = [CoIII], which was mostly chloro- 
aquo with some diaquo; (c) X 2 3 0 0  nm, [Co”’] > 1.2[CoIII] ~ 

which was now mostly diaquo with some chloroaquo. The 
dependence of stoichiometry of 2 photodecomposition on 
irradiating wavelength was found to  be due to two experi- 
mental artifacts. Photolysis of 2 with h >480 nm light is 
very slow, allowing formation of 1 by thermal aquation to 
compete with photolysis of 2. Subsequent photolysis of 
1 produces [CO(NH~)~(H~O)~]’+  which is observed. In the 
X >350 and >300 nm cases, [ C O ( N H ~ ) ~ ( H ~ O ) ~ ] ~ ’  is formed 
by secondary photolysis of [CO(NH,)~(C~)(H,O)]~+, whose 
photolysis at 365 nm gives [ C O ( N H ~ ) ~ ( H ~ O ) ~ ] ~ +  and whose 
photolysis at 310 nm yields both Co2+ and [ C O ( N H ~ ) ~ -  
(H20)2l2+. Correcting our data for h >300, >350, and 
X 8 0  nm irradiations for competing thermal aquation of 2 
and secondary photolysis of [CO(NH~>~(C~) (H~O)]~+  shows 
that the stoichiometry for photodecomposition of 2 under 
all three sets of irradiation conditions is that demanded by 
reaction 3. Photoaquation of 2 was not detected. 

hv 
[(NH3)3(C1)Co(NH,)(0,)Co(NH,),(C1)]Z+ + 4H‘ + H,O -----+ 

h >300 nm 
[ C O ( N H ~ ) ~ ( C ~ ) ( H , O ) ] ~ ‘  + Co2+ i 3°C + C1- + 0, (3) 

The quantum yield for disappearance of 2 on 320-nm ir- 
radiations was 9320 = 0.75 f 0.10 when 1, = 5.4 X 
einstein/min 1. and decreased somewhat at lower intensities. 
Difference spectra taken on partially photolyzed samples of 
2 in 0.1 M HC104 were not explainable solely in terms of 
the reactants and products required by reaction 3.  This 
suggests formation of metastable photolysis intermediates 
which are later destroyed thermally or photochemically. 
Given the clean stoichiometry of reaction 3 for the photol- 
ysis and the mechanism we proposed earlier2i3 to  account 
for reaction 1 occurring in other systems, it is difficult to 

(15) It is somewhat curious that 1 and [(NH,),Co(NH,)(O,)- 
Co(NH,),I4+ should be such similar photochemical substrates when 
changing from NH, to  ethylenediamine; i.e., [(en),Co(NH,)(O,)- 
Co(en),I4+, produced a dramatic decrease in the quantum yield of 
photochemical decomposition of [ C O ~ ~ ~ O , - C O ~ ~ ~ ]  . 3  

write plausible metastable intermediates in the photolysis. 
It is easy: however, to imagine that in side reactions some 
oxidized halogen or amine species may be formed and the 
decay of these systems conceivably could lead to the weak 
dependence of $320 on I,. 

Photochemical decompositions of 3 in 0.1 M HC104 solu- 
tions were briefly studied. Such solutions are very unstable 
thermally and this hindered analysis. Nevertheless, we 
found that more Co2+ than CoIII was formed and all of the 
CoIII was C O ( N H ~ ) ~  Xn+ derivatives where X = C1 or H20 .  
In this unsymmetrical system, therefore, the Co center with 
the more acido groups is the one which is reduced. 

Our original intention in studying chromophores of the 
[CoIII02-CoIII] type was to  demonstrate that inorganic 
chromophores could be found whose properties might be 
varied and studied in a systematic way so as to permit study 
of those factors which influence the rates of photochemical 
reactions of inorganic chromophores. This paper concludes 
our work in this area. We have found that reaction 1 pro- 
vides the only major photochemical decomposition path- 
way for [CoIII02-CoIII] substituted with a variety of acido 
and ammine ligands. Although not all of the systems 
studied have been treated in detail, our data indicate that 
the same basic mechanism’ probably obtains in all  case^."^ 
This has enabled us to  study effects of different bridging2” 
and peripheral ligands on the magnitude and wavelength 
dependencies of quantum yields for [COO~-CO]~+ photode- 
c o m p o s i t i o n ~ ~ ’ ~  and to  make use of our knowledge of 
[COO;CO]~’ photochemistry as an analytical 
Experimental Section 

I. Preparations. 1. p-Amido-p-hydroxy-wsuperoxo-bis(tri- 
amminecobalt)( 1 +). Samples of [(NH J , Co (NH ,)(O ,) (0 H)Co- 
(NH,),](NO,), were prepared from [(NH3),Co(NH,)(0,)Co(NH,),I- 
(NO,), as described by Werner’ and then converted to [(NH,),Co- 
(NH2)(O,)(OH)Co(NH,)~](C10,),~3H,O by successive precipitations 
from 0.1 M HClO, with NaC10,. Electron spin resonance spectra 
in both H,O and 0.1 M HC10,: g = 2.025, Ac,, = 1 2  Oe, 15 lines; 
electronic absorption: in H,O, A,,, 703 nm ( E  203) and hsh 460 
nm (E 261); in 0.1 ?+f HClO,, A,,, 703 nm ( E  205) and 460 nm 
( e  256); in 10 M HClO,, A,,, 700 nm ( E  176) and hmax 460 nm 
( E  254). Anal. Calcd for Co,H,,N,O,,CI,: Co, 18.5;  K, 15.4;  H, 
4.24;C1, 16.7. Found: Co, 18.5;N:  15 .0 ;H,4 .01;Cl ,  17.01. 

Addition of HCI to  the nitrate of 1 in 0.1 M HC10, gave [(Cl)(NH,),- 
CO(NH,)(O,)CO(NH,),(C~)]CI~,~ which was converted to  the ni- 
trate by successive reprecipitations from aqueous solution with 
“,NO,. We could not obtain a perchlorate salt. No esr signal 
was observable from solutions of the nitrate of 2 in 0.1 M HClO,, 
25% H,PO,, or 85% H,PO, except that in the first solvent the 
spectrum of 1 gradually appeared due to  hydrolytic conversion 2 -+ 

1 .  Electronic absorption spectra of 2 in 0.1 MHC10,: Amax 700 
nm (E 177);  A,,, 460 nm ( E  265). Anal. Calcd for Co,H,,N,O,Cl,: 
Co, 25.5; N ,  27.3; H, 4.30; C1, 15.4. Found: Co, 25.5; N, 27.5; 
H, 4.24; C1, 17.1. 

2. p-Amido-~-superoxo-bis(chlorotriamminecobalt)(2+). 
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3. ~Amido-~superoxo-dichlorodiamminecobalttetr~mmine- 
cobalt(2t). This was prepared from [(NH,),Co(NH,)(O,)Co(NH,),I- 
(NO,), by Werner's p r o c e d ~ r e ; ~  we were only able t o  prepare the 
chloride salt [ (NH,),Co(NH,)(O,)Co(NH,) ,(Cl),] C1, , which was re- 
precipitated from H,O by addition of concentrated HC1. Anal. 
Calcd for Co,H,,,N,O,Cl,: Co, 28.8; N, 23.5; H, 4.88; C1, 34.7. 
Found: Co, 29.0; N, 24.3; H, 4.78; C1, 34.9. Solutions of the  
chloride of 3 in 0.1 M HClO, rapidly became grayish green, prob- 
ably due to replacement of coordinated chloride by H,O, giving 
[(NH,),Co(NH,)2(0,)Co(NH3)z(HzO)z]4+. This was reversed by 
addition of concentrated HC1, when the  chloride of 2 was precipitated, 
but  irreversible changes were rapid, leading t o  cobalt(II1)-pentaam- 
mine derivatives. Heating of the chloride of 2 in HCl gave [Co- 
(NH,),(Cl)]'+ as reported by Werner.' 

In  fresh 0.1 MHC10, solutions, we find Amax 720 n m  ( E  140), 
h,h 590 nm (E 131), and hmax 476 nm (E 271). 

4. Conversions of [(NH,),(C~)CO(NH,)(O,)CO(NH,),(C~)]~+ 
and [(NH,),Co(NH,)(0,)Co(NH,),(C1),12+ to  [ (~H,) ,Co(~H,)(O,)-  
Co(NH,),I4+. Following the general outline of the Werner proce- 
dure,' 1.0 g of the chloride of 2 (or 3) was added to 50 m l  of liquid 
NH, at -33". The mixture was stirred vigorously and allowed to 
warm slowly to  0". When complete solution of the chloride - 
of 2 had occurred, 25 ml of distilled water was added and,  with the 
solution temperature kept below +lo", the  solution was cautiously 
acidified with 6 N H2S0,  to pH 2. The solution was placed in the 
dark at  25" for 2 days, and then the finely divided precipitate of 
gray [(NH,),CO(NH,)(O,)CO(NH~)~](SO,), was removed by filtra- 
tion and converted to the corresponding nitrate.' From the chlo- 
ride of 2 was obtained a 41% yield of octaammine nitrate, whose 
high purity was indicated by electronic absorption spectroscopy 
[ hmax 700 nm (E 305), hmax 477 nm (E 368)] and by photolysis 
in 0.1 M HClO,.' Complex 3 gave the octaammine nitrate, bu t  
only in 19% yield, and samples we obtained contained other bi- 
nuclear cobalt ammines. 

cobalt(II1) ammines and other CoIII products of psuperoxo-dico- 
balt ammine photochemistry we have studied, [Co(NH,),(Cl)- 
(H,O)]'+ is quite unstable when irradiated with near-ultraviolet 
light and we corrected for this in photochemical studies of 2.  
Moggi, et ~ l . , ' ~  reported recently that o n  254- and 313-nm irradia- 
tion [Co(NH,),(Cl)(H,O)]*+ was converted not  only to  CoZ+ but  
also t o  [CO(NH,),(H,O),]~+. We have confirmed and extended 
these findings as summarlzed below. 

[Co (NH ,),(Cl) (H,O)I2+ 

5 .  Photochemistry of [CO(NH,),(CL)(H,O)]~+. Unlike most 

hv 

Quantum Yields 

Co '+ + [ Co (NH,),(H ,O) , 1 ,+ 

Co2+ [CO(NH,),(H,O),]~+ h 

0.24 0.10 254 nm 
Both aquation and reduction 313  nm 

observed 
<0.001 -0.01 365 nm 
<0.0001 <0.001 >480 nm 

11. Photochemical and Analytical Procedures. These have been 
described in our previous p a p e r s . ' ~ ~  Gas analyses were done with 
the aid of Dr. James White. 

Registry No. [(NH3)3Co(NH2)(02)Co(OH)(NH3)3] (C104),. 
37339-54- 1 ; [(C1)(NH3)3C~(NH2)(02)C~(NH3)3Cl] (NO,), , 
37339-56-3 ; [(NH~)~CO(NH~)(O~)CO(NH~)~(C~)~]C~~, 
37339-55-2; [(NH,)~CO(NH~)(O,)CO(NH,),I(NO,)~, 12139- 
90-1 ; [CO(NH, )~(C~) (H~~) ]~* ,  39262-43-6. 
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The study of coordination complexes has recently received 
added impetus with the discovery that some possess anti- 
cancer 
num-amine c o m p l e x e ~ , ~ > ~  for which antitumor properties 
have been demonstrated, a number of transition metal 
complexes of amino acids are now undergoing laboratory 
tests as anticancer agents:>' among these are complexes 
derived from the amino acid S-methyl-~-cysteine.' s 6  

Livingstone and Nolan' synthesized quite a large number 
of complexes of S-methyl-L-cysteine (SmcH): the poly- 
meric six-coordinate [ M ( S ~ C ) ~ ] ~  (M = Co, Ni, Cu, Zn, Cd) 
which involve coordination via the amino and bidentate, 
bridging carboxylato groups; the planar [M(SmcH)X2] (M = 
Pd, Pt; X = C1, Br) in which the ligand donors are thioether 
and amino groups; and [ C ~ ( S m c ) ~ A g l N 0 ~ ,  which involves 
ligand coordination to  copper via oxygen and nitrogen 
donors and to  silver via the sulfur atom. The work of 
Livingstone and Nolan had been preceded by the work of 
McAuliffe, Quagliano, and Vallarino' on the amino acid 
D L-methionine, a ligand which differs from S-methylcys- 
teine in possessing an extra -CHp- group in the carbon 
chain. The results in these two  paper^''^ lead to the con- 
clusion that the donor properties of these two ligands are 
very similar. In fact, work carried out in this laboratory, 
as well as adding to  the number of complexes of S-methyl- 
cysteine, shows that there are some significant differences 
in the complexing properties of these ligands. 

Experimental Section 

cals Corp.) and analytical grade metal salts were used without fur- 
ther purification. 

Preparation of the  Complexes. [Cu(Smc)(NO,)] . S-Methyl- 
L-cysteine (0.68 g, 0.005 mol) and Na,CO, (0.27 g. 0.0025 mol) 
in water (10 ml) were added dropwise to  a solution of Cu(NO,),. 
3H,O (2.42 g, 0.010 mol) in water (10 ml). Precipitation of a 
light blue solid occurred immediately. The solid was filtered, washed 

In addition to the well-publicized plati- 

Starting Materials. S-Methyl-L-cysteine (Nutritional Biochemi- 

w>th methanol (10 ml) and water (10 ml), and dried in VQCUO over 
P,O, : yield 85%. 

Na[Cu(Smc),J. A solution of Cu(N03),.3H,0 (0.60 g, 0.0025 
mol) in water (10 ml) was added to  a solution of S-methyl-L-cys- 
teine (1.35 g, 0.010 mol) and Na,CO, (0.53 g, 0.005 mol) in water 
(10 ml). Immediate precipitation of a blue complex occurred. 
The solid was filtered, washed with methanol (10 ml) and ethanol 
(10 ml), and dried in VQCUO over P,O,,; yield 75%. 
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