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Substitution reaction with ethylenediamine of coordinated glycinate ligand in bis(ethy1enediamine)- 
glycinatocobalt(II1) complex has been studied in the presence of photo-excited tris(2,2‘-bipyridine)ruthenium(II) 
complex in alkaline aqueous solution (buffered around pH 12) containing 1 . 0 ~  chloride ion at 25°C. VIS 
absorption and CD spectra were used for the racemate and the optically active isomers of the Co(1II) complexes, 
respectively. The reaction was catalyzed by the excited Ru(I1) complex to give tris(ethylenediamine)cobalt(III) 
complex. Mechanism of the ligand-substitution reaction and role of the excited Rn(I1) complex were discussed. 

Introduction. - Co(II1) complexes are characteristic in that they are intrinsically 
substitution-inert for their coordinated ligands (e.g. [ 11). This substitution-inertness has 
been interpreted in terms of an electronic structure of the central metal atom, i.e., (t2J6 
state for Co(II1) in an octahedral or pseudo-octahedral coordination. Such being the 
case, the ligand-substitution reaction of the Co(II1) complexes can be made labile by 
changing temporarily the electronic structure of the metal atom from (t,$ to (tz,)’(e,)l 
state by excitation or to (t2,)’(eJ2 state by charge transfer by means of any appropriate 
methods. Of course, final conversion from the (t,,)5(e,)1 or (tz,)’(e,)2 state to the (t,J6 
ground state is prerequisite after the ligand substitution processes. 

It was found that the coordinated glycinate ligand in bis(ethy1enediamine)- 
glycinatocobalt(II1) complex ([Co(gly)(en),lz+, where gly and en denote glycinate and 
ethylenediamine, respectively) is made labile and is substituted by en in the presence of 
photo-excited tris(2,2’-bipyridine)ruthenium(II) complex (*[Ru(bpy)J2+, where bpy 
denotes 2,2‘-bipyridine) to give tris(ethylenediamine)cobalt(III) complex ([Co(en),]”) 
even at room temperature. At this temperature, no thermal ligand-substitution reaction 
proceeds at all. The ligand-substitution reaction of [Co(gly)(en),]’+ with en was studied in 
the present investigation under the coexistence of *[Ru(bpy)JZ+ in alkaline aqueous 
solution (buffered around pH 12) containing 1 .OM chloride ion at 25 “Cunder the pseudo- 
first-order kinetic condition with respect to en. The reaction mechanism and role of 
*[Ru(bpy),12+ in the reaction will be discussed. 

Results. - The ligand substitution reaction did not proceed when [Co(g1y)(en),J2+ was 
directly photo-excited at the first absorption band (iT,,(Oh)tiAlg(Oh)) in the d-d transi- 
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Fig. 1. Change in amount of [Co(gfy)(en),j” determined by HPLC with pholo-irradiation time in the presence of 
(Ru(bpy)3/2’. [[Co(gIy)(en),l2+] = 1.00 x 1 0 - 2 ~  (initial state); [[R~(hpy)~]~’] = 1.00 X W 3 M ;  [en] = 2.00M; 
[OH-] = 1.58 x 10-2~ (buffered); [Cl-] = 1 .0~ ;  25”. Irradiation wavelength, 452 nm. No change in amount of 

[C~(gly)(en)~]~’ was noticed in the absence of [Ru(hpy),]”. 

tion but it did proceed when [Ru(bpy),J2+ was coexisted and photo-excited at the charge- 
transfer band (452 nm). Further, no photo-irradiation on a solution containing both 
[Co(gly>(en),]” and [Ru(bpy),12+ gave no progress of the reaction. Hence, we can expect 
the *[Ru(bpy),]’+-catalyzed ligand-substitution reaction. 

Separation by HPLC and characterization by UVjVIS absorption spectra were car- 
ried out on the *[Ru(bpy),]”-catalyzed ligand-substitution reaction product of 
[Co(gly)(en)J*+ under the large excess of en. The product was composed of [Co(en),13+ 
with no noticeable quantities of [Co(en),]’+ and other types of Co(I1) and Co(II1) com- 
plexes. Fig. I shows that the amount of [C~(gly)(en),]~+ decreases linearly with increase in 
the photo-irradiation time for the generation of *[Ru(bpy)J’+. Furthermore, the amount 
of [Co(en),13+ formed was found to increase linearly with increase in the irradiation time 
just in compensation for the decrease of [Co(gly)(en),]’+. Yield for the *[Ru(bpy),]’+-cata- 
lyzed ligand-substitution reaction of [Co(gly)(en)J2’ against *[Ru(bpy),12+ generated, 
@sub, was obtained from -d[[Co(gly)(en)J’+]/dt by HPLC based on the relation, 

Qsub = (-d[[Co(gly)(en),J2+]/dt) /I,@’ (1) 

where ZoQo corresponds to the formation rate of *[Ru(bpy),]” (this will be discussed 
later). The yield is summarized in the Table. It should be noted that the yield does not 
depend on the [Ru(bpy),]’+ concentration. 

The yield was also determined on the optically active isomers, 11 -(+)589- and A -(-)s89- 
[Co(gly)(en),12+ I ) ,  in the presence of racemic [Ru(bpy),]’+ by following CD spectral 

’) Absolute configuration of the complexes are indicated according to the IUPAC tentative rule: Inorg. Chern. 
1970.9, 1. 
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Table. Yield for Ligand-Substitution Reaction vs. * [ R ~ ( b p y ) ~ ] ~ '  Generuted 

2017 

[Co(g1y)(en)2l2+ -(+)sx9-[Co(g~y)(en)2IZ+ -(-)sss-[Co(gl~)(en)zj2+ 
[RU(bPY)312+ 0.4Sb), 0.41') 0.55d), 0.56e), 0.54') 0.55*) 

") QSUh = (-d[[C~(gly)(en)~]*']/dt)/I,@" (cf: the text). b, ") By HPLC. d)-f) By CD. Relative error by HPLC was 
5 2 0 %  and that by CD was f 5 % .  [[C~(gly)(en)~]~'] = 1.00 x 10-2~ .  [[Ru(bpy),]*+] ')= 1.00 x lo-*; 
") = 1.00 X lo-,; d, = 1.00 X ') = 2.00 X lo@; ') = 5.00 X IO-'M. [en] = 2.00M. [OH-] = 1.58 X 1W2M (buff- 
ered). [Cl-] = 1 . 0 ~ ;  25". 

-(-)~~~-[W'JPY),I*+ ~ 0.55d) 0.52d) 

change with the photo-irradiation time. The CD intensities of these isomers in the d-d 
transition ('T,,(O,)+ 'A,,(OJ) region decreased linearly with increase in the irradiation 
time with no change in the spectral pattern (cf. Fig. 2 for the A -(+)5x9 isomer). This means 
that these optically active isomers change to racemic [Co(en),],+ by the *[Ru(bpy),]*+-cata- 
lyzed ligand-substitution reaction. The yield for these isomers, as given in the Table, 
agrees with that for racemic [Co(gly)(en)J*+ when experimental errors by HPLC and CD 
are taken into consideration. 

Likewise, the yield was determined on the optically active isomers of [Co(gly)(en),]*+ 
in the presence of the optically active isomer of the Ru(I1) complex, A-(-),,,-[Ru(bpy),j2+, 
by following the CD-intensity changes of the former with the photo-irradiation time of 
the latter. (No photoracemization of the optically active isomers of [Ru(bpy),]*+ was 
ascertained by the CD spectra during the irradiation at 452 nm under the experimental 
condition.) The yield, which is also given in the Table, agrees well with that obtained 
above. Hence, it is concluded that in the *[Ru(bpy),]*+-catalyzed ligand-substitution 
reaction there are no specific and stereochemical interactions between *[Ru(bpy),]*+ and 
[Co(gly)(en),]*+, except charge or energy transfer between them. ([Ru(bpy),]*' and 
[Ru(bpy),I3' are inert in the thermal substitution of the coordinated ligand [2]). 

Wavelength [nm] 
(-) 

Fig. 2. CD-spectral ctiunge 11 i r l i  iilii~/i~-irra~;u/;oii t i r t i e  of'oyiicully uctioe isomer ( A-( +j5x9-[Co(glyj (en)2/2'j in 
the presence of rucemic [Ru(bpy)s/2+. [[C~(gIy)(en)~]*'] = 1.00 x 1 0 - 2 ~ ;  [[Ru(bpy),]*'] = 1.00 x W ~ M ;  
[en] = 2.00M; [OH-] = 1.58 X IO-*M (buffered); [Cl-] = 1 .0~ ;  25". Irradiation wavelength, 452 nm. Irradiation 
time, 1:O; 2: 60; 3:  120; 4: 180; 5 :  240; and 6: 300 min. No change in CD spectra was noticed in the absence of 

[Ru(~PY),~~'. 
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Fig. 3. Stern-Volmer plots for the quenching of fluores- 
cence intensity of [Ru(bpy)J2+ by [Co(gly)(en)z]2+. 
[[R~(bpy)~]”] = 1.00 x 10-3~ ;  25”. Excitation wave- 
length, 452 nm. Fluorescence wavelength, 607 nm. 0 

0 1 2 

10’ ~“Wglv)(en)~I’+l  [MI 

Fluorescence quenching of *[Ru(bpy),]’+ was determined in relation to concentration 
of [Co(gly)(en)J2+ by monitoring the fluorescence intensity at 607 nm. Fig. 3 shows the 
Stern- Volmer plots. 

&/I  = 1 + ~~““Co(glY>(en)2l2+1 (2) 
Here, I ,  and Zare the fluorescence intensities of *[Ru(bpy),12+ in the absence and presence 
of [C~(gly)(en),]~+, respectively, and Ksy is the Stern- Volmer constant. A linear relation 
with an intercept of unity was obtained between Z,/Z and [[Co(gly)(en),]*+] with K,, of 

Discussion. ~ In the present ligand-substitution reaction, *[Ru(bpy),]’+ can take either 
of two possible functions: a charge transfer or an energy transfer to change electronic 
structure of the central metal atom of the Co(II1) complex. Photochemical characteristics 
of [Ru(bpy),12+ have recently been well reviewed by Watts [2]: [Ru(bpy),]’+ is excited at ca. 
450 nm with metal-to-ligand charge transfer characteristics [3] to a lowest singlet excited 
state (‘CT *[Ru(bpy),]’+), which changes rapidly to the lowest triplet excited state (3CT 
*[Ru(bpy),]’+) with an intersystem crossing quantum yield of unity [2]. The latter then 
gives an emission band at 590 nm [3] (lifetime: 0.6 ps (aqueous solution at 25”) [4] [5]), and 
it behaves as an electron donor or acceptor according to the redox properties of 
the coexisting reaction partner ([Ru(bpy),]’+ + e--+,CT *[Ru(bpy),I2+, E” = -0.84 V; 
’CT *[Ru(bpy),]’+ + e-f[Ru(bpy),]+, E” = +0.82 V; [Ru(bpy),13+ + e-i[Ru(bpy),]’+, 
E“ = f1 .26  V; and [Ru(bpy),]’+ + e+[Ru(bpy),]+, E” = -1.28 V (us. SHE) [2]). If charge 
transfer is the case, then ‘CT *[Ru(bpy),]” should behave as an electron donor to 
[Co(gly)(en),]’+, because the latter has the formal redox potential, E” = -0.36 V (us. SHE) 

0.75 X 102M-’. 
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([Co(gly)(en),]" + e-+[Co(gly)(en),]+ [6]). Likewise, if energy transfer [7] is the case, then 
the process, 3CT *[Ru(bpy),]'+ + [C~(gly)(en),]"~[Ru(bpy)~]~+ + *[Co(gly)(en)J2+, 
should take place to generate *[Co(gly)(en),]" with electronic structure of 'Tlg(O,,) 
((t2,)'(eJ) or 3Tls(Oh)((t2g)5(eg)1) in analogy with that for [Co(NH3),I3+ [8] [9]. (Wilson and 
Solomon [8] reported that the potential energy surfaces at the excited and the ground 
states of [Co(NH3),13+ are in the following order: 

'TIg((t2J5(eg)') > 3Tlg(@2g)s(eg)1) > 5T2g((t2g)4(eg)2) > %g((t2s)6).) 
The Stern-Volmer constant, K,, of the quenching of 'CT *[Ru(bpy),]'+ with 

[Co(gly)(en)J*+ gives us the quenching rate constant, k,, of 1.25 x 10' M-'s-' by using the 
lifetime of 3CT *[Ru(bpy),]'+, q, ( = Ksv/kq), of 0.6 ps [4] [5]. This quenching rate constant 
is of the same magnitude as that for such quenchers as [Co(en),13+ (kq, 2.0 x lo7 M-'s-'; 
0 . 1 ~  H,SO,, air equilibrated; ca. 22" [lo]), [Co(OAc) (NH,)J2+ (k,, 2.1 x 10' M-'s-'; 0 . 1 0 ~  
LiCIO,, pH 5.8; 25"; AcO denotes acetate [I l]), etc., where the central metal atom of the 
quencher is reduced to bivalent state. These rate constants can be well compared with the 
rate constant ( 1O8-1OY M-'s-') at an infinite dilution of the diffusion-controlled reaction in 
aqueous solution estimated by the Debye equation') and with rate constants for the 
electron transfer processes in the *[R~(bpy),]"/[Ru(bpy)~]~+ couple of ca. 1 On M-'s-' [2]. 
These rate constants are also in line with those by the electron-transfer quenching 
process') [lo] [l 13. Furthermore, direct excitation of [Co(gly)(en),]'+ in the d 4  transition 
region caused no ligand-substitution reaction in the present investigation. Hence, it can 
be concluded that 'CT *[Ru(bpy),]'+ plays as the electron donor to [Co(gly)(en),]'+, and 
the charge transfer takes place uia an outer sphere, diffusion-controlled mechanism to 
give [Ru(bpy),13+ and substitution-labile [Co(gly)(en),]+. This charge-transfer process 
proceeds without any stereoselectivity because the yield for the ligand-substitution reac- 
tion does not depend on stereochemistry of the Ru(I1) as well as the Co(II1) complex (cf. 
Table). 

The fact that the yield does not depend on the stereochemistry of both complexes 
indicates further that the overall rate of the reaction is limited by the photo-excitation 
step of [Ru(bpy),12+ and that the racemization of the starting optically active isomers of 
[Co(gly)(en),]'+ takes place in the succeeding rapid step, to which the substitution-labile 
[Co(gly)(en),]+ is directly related. 

On the basis of the reaction mechanism deduced above, the following kinetic equa- 
tions can be derived: 

d"Co(en)313+lldt = ~ , l ~ ~ ~ ~ ~ ~ ~ ) 3 1 2 + l ~ ~ ~ ~ ~ ~ P Y ~ 3 1 3 + l  (3) 

-d[[Co(gly)(en),]*+]/df = d[[Co(en),l3']/dt (7) 

,) Lay ef ul. [I21 and Mok et al. [I31 pointed out that the quenching of some caged complexes, [Co(cage)]", 
proceeds through the parallel electron transfer ((1-10) x 10' M-'s-' [13]) and energy transfer (1 x 10' M-'s-' 
(131) pathways based simply on kinetic aspect of the reaction mechanism. 
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Here, k,,, ksub, k,, k,, and k,, denote the rate constants for the electron transfer between 
[Co(en),12+ and [Ru(bpy),]'+, for the ligand-substitution process of [Co(gly)(en),]+ with en 
and for the quenching by [Co(gly)(en),]*+, emission and radiationless transition of 
*[Ru(bpy)J2+, respectively; I,  is the intensity of the irradiating light and Go is the yield for 
the generation of *[Ru(bpy)J2+. Under the assumption that the steady-states hold for 
[Co(en),12+, [Co(gly)(en),]+ and *[Ru(bpy),]*+, Eqn. 8 can be derived from Eqns. 3-7 to give 
the relation between the observed rate, -d[[C~(gly)(en)~]'+]/d~, and concentration of 
[Co(glY)(en),l*+ : 

O/{L@' - ( - d ~ ~ C o ( ~ 1 ~ > ( e n > Z 1 2 ' l / d t ) }  = + {kq/(kem + kth)}[[Co(g1y)(en),12'l (8) 

Eqn. 8 is  a type of the Stern- Volmrr relation corresponding to the usual expression of 

I O / Z  = 1 + {k,/(kem + kth)~"Co(g~y)(en)21*+l (9) 

with the Stern- Volmer constant, K,, ( = k,z,), being equal to kq/(k,, + k,h) (cf. Eqn. 2). In 
the Tuble, the yield for the ligand-substitution reaction is given against *[Ru(bpy),12' 
generated, as has been defined by Eqn. 1 .  

In summary, the *[Ru(bpy),]*+-catalyzed ligand-substitution reaction proceeds ac- 
cording to the following mechanism: [Co(gly)(en),12+ is reduced by 'CT *[Ru(bpy),]" to 
give [Ru(bpy),]'+ and [Co(gly)(en),]+. This substitution-labile [Co(gly)(en),]+ complex 
then plays a rapid ligand-substitution with en to form [Co(en),12', which interacts with 
[Ru(bpy),13+ to give finally [Co(en)J3' and [Ru(bpy),]'+. 

Experimental. - [Co(gly)(en),]Cl, was prepared from trans-[CoC12(en),]C1 and glycine [I41 [IS]. Its optical 
resolution was carried out by using K2[Sb2(d-(+)-tart),].Hz0, where tart denotes tartrate, according to [ 151. 
[Ru(bpy),]Cl,.6 H20 was synthesized from RuC1, and 2,2'-bipyridine in DMF as reported in [16]. The complex 
was resolved into enantiomers by using (NH,),(d-(+)-tart) based on procedure in 1171. All the complexes and their 
optically active isomers were characterized by elemental analysis and UV/VIS-absorption and CD spectra. 
Ethylenediamine (en) of anal. grade was used and it was purified when necessary by distillation under reduced 
pressure before use. All other reagents used were of anal. grade. 

UVjVIS and CD spectra were recorded on JASCO spectrophotometers, models UVIDEC-I and -610 C,  and 
on JASCO spectropolarimeters, models J-20 and -500 C, respectively. pH of the soh. was measured with a Horiba 
glass electrode pH meter, model F7-SS. The pH meter reading was converted to  OH^.] by defining - log [OH-] of 
a s o h  containing 0.0100~ NaOH and 0.9900~ NaCl to be 2.00. 

Runs in the presence of *[R~(bpy)~]*+ were carried out at 25" in an alkaline aq. soh.  containing 1 .OM C1- and 
large excess of en over [C~(gly)(en),]~+ so that the pseudo-first-order kinetic condition with respect to en holds. The 
soh. was highly buffered for [OH-] owing to large [en]; no other huffer systems were necessary for its control. 
* [ R ~ ( h p y ) ~ ] ~ +  was generated by using maximum absorption wavelength at 452 nm of [ R ~ ( b p y ) ~ ] ~ +  with the 
irradiation of visible light from a Xe lamp (150 W) with a UV filter (Kenko SL-39) and a JASCO grating 
monochromator, model CT-25, so that any other excitation processes of [ R ~ ( b p y ) ~ ] ~ '  could be avoided. Intensity 
of the light source was checked when necessary by potassium tris(oxalato)ferrate(IlI) chemical actinometry [I81 
1191. Concentrations of [C~(gly)(en)~]*' and [Ru(bpy),]'+ were 1.00 x ~O-,M and 1.00 x lO-'-l.OO x 10-*~ ,  re- 
spectively; light absorption by the former could be neglected except the case for very low concentration of the 
latter, where correction was made on the light absorption by using molar absorption coefficients of the complexes. 
It was ascertdined by UVjVIS spectra and HPLC that neither photodecomposition nor ligand substitution of 
[ R ~ ( b p y ) ~ ] ~ +  proceeded under the photo-irradiation condition. After the regular intervals of the irradiation time, 
the sample soh.  was taken out for the HPLC analysis of the product in the case of the racemate or for the CD 
spectral measurements in the case of the optically active isomers. HPLC with a JASCO high-performance liquid 
chromatograph, model FAMILIC-100, to which a spectrophotometer, model UVIDEC-100, was attached, with a 
column of SP-Sephadex C-25 (Na+ form) and elution with 0.1-0.5~ aq. NaCl soh.  (programmed concentration) as 
an eluent afforded us good separation of [Ru(bpy),j2+, [Co(gly)(en),]*' and [ C ~ ( e n ) ~ ] ~ +  one another. 
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Fluorescence quantum yield for the Stern- Volmer plots of *[Ru(bpy),12+ in the presence of [Co(gly)(en)2]2’ 
was determined on a deoxygenated soh. at 25” by monitoring the fluorescence intensity at 607 nm under excitation 
at 452 nm with a hand-made spectrofluorometer, which was composed of JASCO grating monochromators, model 
CT-25 for the excitation and model CT-I0 C for the emission. The yield was corrected by using quinine in H2S04 
soln. as a standard [20]. 
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