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Abstract Cis-[Cr(en)2(SC203)]Cl" H20 has been synthesized by a new method involving 
the reaction of cis-[Cr(en)2Cl2]C1 with K2SC203 at 60°C and the kinetics of the acidic 
aquation of this complex have been studied. The complex has been characterized by IR 
and electronic spectroscopic techniques. The aquation of the purified product was carried 
out at 30, 40 and 50°C in acidic media at constant ionic strength. The experimental result 
indicates a pH-dependent aquation of the compound in HCI solutions to yield H2S and 
ethylenediamine. The plot of the rate of the reaction versus the square of the proton 
concentration, [H+] 2, produces a straight line giving the pseudo-first-order rate constant, 
kobs. Activation energies were found to be proportional with the entropies in various 
acidic solutions. The "isokinetic temperature" of 285 K and the free energy of activation, 
AG~ = 94.7 kJ tool ~, were determined from the linear relationship. The results of exper- 
iments for the aquation of this compound suggest a mechanism through formation of a 
conjugate acid of an asymmetric atom, and the Cr--S bond cleavage is considered as the 
rate determining step. 

Chromium(III) complexes of the type Cr(en)2X2 + 
have been the subject of extensive photochemical 
investigation, where en represents ethylenediamine, 
and X denotes F, 1 C1, 2 Br, 3 I, 3 SCN, 3 H20, 4 N3, 
OH 3~5 and C204  .6 Kirk et al. 6 reported that the ther- 
mal aquation of [Cr(en)2C204] + takes place by loss 
of ethylenediamine in acidic solution. The pho- 
tolysis of this ion occurs in the pH range of 1 3, 
yielding a monodentate protonated ethylene- 
diamine complex which in turn undergoes further 
thermal aquation with a loss of ethylenediamine 
ligand. 

* Author to whom correspondence should be addressed. 

The present work concerns the kinetics and 
photochemistry of a Cr(en)2X2 + type complex ion 
containing a monothiooxalate ligand ; apparently, 
this kind of work on Cr 111 complexes containing 
chelating sulphur and oxygen to Cr tll have rarely 
been reported. The kinetics of the Cr H1 complex 
in our work containing a Cr--S bond could be 
compared to the work on [Cr(en)2C204] +. 

Weschler et al. 7 have reported the oxidation 
of O,S-mercaptoacetato bis(ethylenediamine)chro- 
mium(III) by the oxidants Np w and Ce TM to the 
Cr 11~ monothiooxalato complex and considered it as 
a possible pattern for the aldehyde dehydrogenase 
reaction ; the details of the synthesis work, however, 
were not reported. 7 In our work, the complex was 
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prepared by the reaction of cis-[Cr(en)2C12] + with 
K2SC203 at 60~C, and was then characterized by 
IR and electronic spectroscopy. We also report the 
kinetics of thermal aquation of the above complex 
in HC1 solution at constant ionic strength of  6.0 
mol dm -3 in HC1 solution with a concentration 
range of 0.01-6 tool dm -3. 

EXPERIMENTAL 

Preparation of the complex 

Reagent grade chemicals were used to synthesize 
the complex. Published literature procedures were 
used to prepare cis-[Cr(en)2Clz]C18 and K28C203 .9 
To synthesize cis-[Cr(en)2(SC203)]Cl" H20, a 1.0 g 
sample of cis-[Cr(en)2Cl2]C1 was dissolved in 6 cm 3 
of water at 60°C producing a purple-red solution ; 
a 0.5 g sample of K2SC203 was added to the purple-  
red solution, the mixture was stirred to dissolve and 
was promptly filtered. The filtrate was stirred for 
several minutes before a reddish precipitate formed, 
which was then washed with ethanol and ether, then 
air dried. The yield of product salt was determined 
to be 0.70 g (60%). The crude product was further 
purified by dissolving in a small amount of water 
at 60°C, then filtered and recrystallized on cooling. 
These crystals were washed with methanol and 
ether, then air dried. The purified crystal weighed 
0.2 g (29%). Found : Cr, 15.6 ; C, 22.6 ; H, 5.0 ; N, 
16.2 ; S, 9.3. Calc. : Cr, 15.8% ; C, 21.9 ; H, 5.5 ; N, 
17.0; S, 9.7%. 

Analytical procedures 

Chromium(III) in the complex was oxidized with 
hydrogen peroxide in alkaline solution to form 
CrV~; it was then quantified spectrometrically at 372 
nm (e = 4815 mol - l  dm 3 cm-~). The C2042- ion 
was analysed by the method described by Buriel- 
Marti et al. 1° Lead acetate test paper was used to 
determine the amount  of H2S produced in the acidic 
aquation of the complex. The analyses of carbon, 
hydrogen, nitrogen and sulphur were performed by 
the Shandong Chemical Institute. Finally, the water 
of  hydration was determined from the weight loss 
from the complex, by baking it at 104°C for 4 h. 

Kinetic studies 

The thermal aquation rate of  cis-[Cr(en)z 
(SCzO3)] + was studied in HC1 solutions with a con- 
centration range of 0.01 6.0 tool dm -3, which was 
adjusted to an ionic strength of 6.0 tool dm -3 by 
the addition of  an appropriate amount of potassium 
chloride. The concentration of  the complex was 

chosen as 1.5 x 10 3 mol dm -3, and the pH of the 
solution essentially remained constant during the 
reaction. The progress of the reaction was followed 
by monitoring the absorbance, A, at 375 nm, the 
wavelength of maximum absorbance. An HP 
Model 8451A spectrometer was used for these 
measurements. A measured volume of the acidic 
solution was placed in a rectangular 1 cm cell and 
then placed in a thermostatic chamber within the 
HP89054A, with a controlling temperature of 
_+0.1°C. After the desired temperature was 
attained, a required amount of solid complex was 
added and shaken vigorously, then the system was 
ready to carry out measurements. It was possible 
to record absorbance against time in about 10 s 
after the addition of the complex. 

Absorbance measurements tbr aquation of the 
complex were recorded for 3~4 half-life periods. 
Absorbance value at infinite time, A~, was taken to 
be the value reached at 10~15 half-lives. The 
reported values of the pseudo-first-order rate 
constant, kobs, were determined by the least squares 
method, even though the plots of in ( A , - A ~ )  
against time were reasonably linear. 

RESULTS AND DISCUSSION 

The C1- ion is a relatively good leaving ligand, 
therefore an aqueous solution of cis-[Cr(en)2Cl2] + 
was chosen to react with K2SC203 to synthesize the 
complex cis-[Cr(en)z(SCzO3)]Cl'H20. The dis- 
placement reaction of C1- in cis-[Cr(en)2Cl2] + by 
SC2032- is a fast one, and the decomposition of a 
small amount of KzSC203 was observed at the start 
of the reaction, necessitating prompt filtration after 
mixing the reactants. 

The SC2032- ion in [Cr(en)2(SC203)] + is appar- 
ently a bidentate ligand which can form only a cis 
structure. The two chelating sites could be chosen 
from among four potential donor atoms of sul- 
phu~oxygen (S,O) or oxygen-oxygen (O,O). The 
IR spectrum of the monothiooxalato complex con- 
sists of absorption bands in the carbonyl region, 
which can be attributed to the ~ O ,  S--C----O 
and C - - O  vibrations. 9,H Three carbonyl-related IR 
bands for the monothiooxalato complex, regardless 
of the type of chelation, were observed. The cor- 
responding energies of these vibrations, however, 
are different from each other, providing an excellent 
criterion to determine the kind of chelation adopted 
by the complex. The monothiooxalato complex 
exhibits three intense bands in the ~ O  stretching 
region (1680, 1590 and 1400 cm-~), while the IR 
spectra of the complex shows two high-energy fre- 
quencies associated with O,O coordination and one 
low-energy, C - -O  related, stretching frequency 
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Table I. Absorption features of cis-[Cr(en)2(SC203)] + in aqueous 
solution 

Feature 

)~ (nm) e (mol 'dm 3 cm -t) Assignment a 

494 (max) 108.33 4Big ~ 4B2o(4T2~ ) 
434 (min) 59.42 
378 (max) 180.35 4BI .  q ~ 4Eg(nTig) 

a Octahedral parent states are given in parentheses. 
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indicative of an O,S chelation for the complex. The 
IR spectrum of cis-[Cr(en)z(SCzO3)]Cl'H20 
exhibits two other intense bands, one at 1053 
cm ~ attributed to C - -C  and the other at 853 
cm-1 associated with C- -S  stretching frequencies. 
Also, there are three weak bands at 3200, 1464 and 
1224 cm -1 that are associated with N - - H ,  C - - H  
and C - - N  stretching, respectively. There is also a 
broad band around 3400 cm 1 that corresponds 
to OH stretching of the water of crystallization. 
Appropriate assignments for the transitions and 
exact wavenumbers of the peaks are tabulated in 
Table 1] 2 

The kinetics of acidic aquation 

Representative spectra for acidic aquation of cis- 
[Cr(en)2(SC203)] + are shown in Fig. 1. At the 
beginning of the reaction, the spectrum shows dis- 
tinct isokinetic points, whereas, as the reaction pro- 
ceeds, the isokinetic points gradually disappear, 
indicating the possibility that some secondary pro- 

0.5 

0 I I 
300 400 500 600 

Wavelength  (rim) 

Fig. 1. Spectral changes during aquation of 1.5 × 10 -3 
mol dm 3 cis_[Cr(en)2SC203]+ in 4 mol dm -3 HCl and 
0.5 tool dm -3 ionic strength (KC1) at 50°C. Upper to 
lower spectra are at successive times of 0, 5, 15, 30 and 

50 rain. 

cesses could occur in the reaction. The spectrum of 
cis-[Cr(en)2(SC203)] + in acidic solution at the end 
of the reaction agrees closely with that of acidic 
aquation of cis-[Cr(en)2C204] +, which was pre- 
pared separately. The H2S produced from the aqua- 
tion of the complex in acidic solution was identified 
by lead acetate test paper. The pH of the solutions, 
shown in Fig. 2, is apparently increasing with time, 
suggesting that the acidic aquation of the complex 
is accompanied by the production of H2S and the 
loss of ethylenediamine. 

The pseudo-first-order rate constants at three 
temperatures for the acidic aquation of cis-[Cr(en)2 
(SC203)] + are tabulated in Table 2. The graphs of 
rate constants, kobs, against [H +] illustrated in Fig. 
3 are non-linear, whereas they become quite linear 
with positive slopes when kob S values are plotted 
versus squares of the proton concentration, [H+] 2, 
as can be seen in Fig. 4. The experimental results 
indicate that the pseudo-first-order rate constants 
become independent of ionic strength at ionic 
strengths below 1.5 mol dm -3 (KC1). 

The enthalpy and entropy of activation values 
for the reaction were determined from the 
Eyring relationship, kob s = (kT/h) exp (AS~/R) exp 
( -AH$/RT) .  A plot of ln(kobsh/kT) against lIT 
produces a straight line, enabling us to determine 
AS~ from the intercept and AH~ from the slope 
values ; however, we have calculated AH+ + values by 
the use of least squares analyses. We observe that 
when AH$ and AS + values are plotted against [H+], 
the result is a straight line, as shown in Fig. 5. 

Figure 6 shows an excellent linear relationship 
between the enthalpies and entropies of activation 
for the entire range of data for acidic aquation of 
the complex. It is clear that the changes in the values 
of AH~: are proportional to the changes of  AS~, 
which would cause only a small change in AG + 
values; therefore, a common mechanism would 
apply for our system. The values of isokinetic tem- 
perature and AG~: can be determined from the slope 
and the intercepts of the line, respectively. 13 

The results of the present investigation can best 
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be explained by a mechanism representing the fol- 

lowing equat ions  : 

kl 

[Cr(en)2SC203] + + [H +] 
k I 

[Cr(en)2HSC203] 2+ (1) 

k 2 
[Cr(en)zHSC203] 2+ + 2 H 2 0  , 

[Cr (en) (enH)(H20)C204]  2+ + H 2 S  (2) 

k 3 
[Cr(en)zHSC203] :+ + H  + + 3 H 2 0  , 

[Cr(en)(H20)2C204]  + + H 2 S + e n H ~  + (3) 

k 4 
[Cr(en)2HSC203] 2+ + 2 H  + + 4 H 2 0  , 

[Cr(en)(H20)3C204]  2+ + H2S + enH~ + . (4) 

The rate expression for the scheme is given by 

- d  In [Crm]/dt = kobs 

k ,k~[H+]+klk3[H+]2 +klk4[H+]3 
= ( 5 )  

k l+k2+kB[H+]+k4[H+]  2 

Consider ing the con t r ibu t ion  of k , + k2 to be neg- 
ligible in acidic aqua t ion  and dividing the numer-  
ator  and  denomina to r  by [H+], eq. (5) reduces to : 

kik2 + k , k 3 [ H  +] + k l k 4 [ H + ]  2 
kob s = (6) 

k3 + k 4 [ H  + ] 

Time (h) 
520 0 

2 0 . . . 0 / 0  ."X "-0''~" " ' ' ' °  - ' - ' 0" - - - - '~  2 

o __o..-a-" °.-.s'-:-- 

~ "  C . ~ . .  - - - - - ~ ' ~ ' - ' - "  " " "° 6 

I I I 1 I I 
20 60 100 140 180 220 260 

Time (h) 

Fig. 2. The pH changes of solutions for acidic aquation of 1.0 x 10 -2 tool dm 3 cis-[Cr(en)2SC203] ÷ 
with time in HC1 solution at room temperature. The concentration of H ÷ ion equals 0.05 mol dm -3 

for the upper line, 0.1 mol dm -3 for the middle line and 0.01 mol dm -3 for the lower line. 

Table 2. Pseudo-first-order rate constants for the aquation of 
cis-[Cr(en)2(SC203)] + at an ionic strength of 0.5 mol dm 3 

(KCl) 

104 kob s (S 1)a 

[H + ] 
(tool dm 3) 30oc 40oC 50oc 

0.01 0.57+0.005 0.82__+0.005 1.42_+0.02 
0.1 0.69_+0.01 1.04-1-0.01 1.49-t-0.02 
0.5 0.71 +0.15 1.10+0.04 1.57+0.03 
1 . 0 0  0.75+0.08 1.17-t-0.04 1.92+0.02 
2.00 0.77+0.001 1.36-+0.01 2.37___0.14 
3.00 0.86+0.03 1.62_+0.02 3.05-1-0.22 
4.00 1 . 0 7 _ + 0 . 2 1  2.36-1-0.26 4.23_+0.01 
6.00 1.64_+0.05 4.20+0.29 7.98_+0.54 

a The average of two or more independent runs. 
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Fig. 5. Plots of AH+ + and AS{ vs [H +] for cis-[Cr(en)2 
5C203] +. 
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Fig. 4. Plots of kob s VS [H+]2 for cis-[Cr(en)2SC203] +. 

Assuming  that  k 4 [ H  +] << k3,  eq. (6) would fur ther  
simplify to :  

kobs = k l k2 / k3  q-kl  [ H  +]  q-k]k4[H+]2/k3 • (7 )  

Since kobs bears a linear relat ionship to [H+] 2, the 
cont r ibut ion  of  the k l [H  ÷] term in eq. (7) is insig- 
nificant and our  exper imental  data  can best fit into 
the relat ionship : 

kob s = k l k 2 / k  3 q -k lk4[H+]2/k3  . (8 )  

The intercepts o f  the lines at 30, 40 and 50°C 
were 0 .07x  10 4, 1 .05x 10 - 4  and 1.66x 10 - 4  S - i ,  

respectively, and the cor responding  slopes 
yielded 2.18 x 10 6, 7.77 x 10 -6  and 1.63 x 10 -5 s -I  
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Fig. 6. Isokinetic plots for the acidic aquation of cis- 
[Cr(en)2SC203] +. 

mol  2 dm 6. The values of  the act ivat ion par-  
ameters  at [H +] = 0 ,  kobs=kjk2/k3, would be 
AH+ + = 35 .4+0 .2  kJ tool - l  and AS~ = 208_+0.6 J 
tool l K -  i. The  present  values of  these paramete rs  
are similar to those found for  the acid-catalysed 
dissociation o f  asymmetr ica l  chelate complexes,  ~4 
in which the rupture  of  the metal  chelate bond  is 
impor tan t  to the t ransi t ional  state. There was no 
free oxalate ion observed in solution at the end of  
the reaction for  the fo rmat ion  of  the conjugate  acid 
of  the asymmetr ica l  coordina ted  a tom.  There  is a 
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strong bond between Cr ul and a bidentate oxalate 
ion during the time that the rupture of the Cr- -S  
bond is in the transitional state. These AS;~ values 
are large and negative, the magnitude being higher 
in the more acidic solutions. The AS~ values indi- 
cate that the dissociation of one end of the chelate 
in the transitional state is a slow step corresponding 
to a highly ordered arrangement of the structure. ~5 
The acidified product from the transitional state 
would undergo further thermal aquation with loss 
of ethylenediamine and with an IR spectrum identi- 
cal to that of the acidic aquation of cis- 

[Cr(en)2C204]+; therefore, this last product is 
considered to be cis-[Cr(H20)4C204]+. 
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