
2682 Inorganic Chemistry, Vol. 12, No. 11, 1973 Charles J .  Weschler and Edward Deutsch 

ter, University of Illinois at Chicago Circle, and by financial 
support through Grant No, GP-33018 (to h4. R. C.) from the 
National Science Foundation. 

tion of this volume of the journal. Photocopies o f t h e  supplemen- 
tary material from thls paper o n b  or microfiche (105 x 148 mm,  
20X reduction, negatives) containing all of the supplementary ma- 
terial for the papers in this issue may be obtained from the Journals 
Department, American Chemical Society, 1155 16th St., N.W., Wash- 
ington, D. C. 20036. Remit check or money order for $3.00 for 
photocopy or $2.00 for microfiche, referring to code number INOKG- 

Registry No. [Me,"] [Me,B,,C,H, ,-], 39373-63-2. 

SUPPlementarY Material Available. A listing of structure factor 
amplitudes will appear following these pages in the microfilm edi- 7 3-2614. 

Contribution from the Department of Chernistry, 
The University of Chicago, Chicago, Illinois 60637 

Synthesis, Characterization, and Aquation Kinetics of 
Thiolatobis(ethylenediamine)chromium(III) Complexes 

CHARLES J .  WESCHLER and EDWARD DEUTSCH* 

Received Januavy 29, I973 

A general procedure for the synthesis of thiolatobis(ethylenediamine)chromium(III) complexes has been developed. These 
compounds exhibit an intense absorption in the near-ultraviolet spectrum which is characteristic of metal-sulfur bonding. 
The rates of aquation of two specific complexes, [Cr(enj,(SCH,COO)] + and [Cr(cn),(SCH,CH, NH,)]", in aqueous per- 
chloric acid media are reported as a function of acid concentration, ionic strength, and temperature. Aquation of both 
complexes is formulated as an approach to equilibrium between chelated and monodentate thiolato ligands, equilibrium 
being attained via the making and breaking of Cr-S bonds. This reaction proceeds predominantly through acid-catalyzed 
Cr-S bond fission, although the rates of acid-independent Cr-S and Cr-N bond cleavage are also competitive. The rates of 
Cr-S bond breaking are at least l o 4  times greater than the rates of Co-S bond breaking in the analogous cobalt(II1) com- 
pounds [Co(en),(SCH,COO)]' and [Co(en),(SCH,CH,NH,j]'+. This effect is in part attributed to the different Bronsted 
basicities of thiolato sulfur coordinated to cobalt(lI1) and chromium(II1). 

Introduction 
Recent reports' >' that low-valent sulfur functions as a re- 

markably efficient bridge for electron transfer from chromium- 
(11) to cobalt(II1) have generated considerable interest in the 
chemistry of thiolato complexes of cobalt(II1) and chromium- 
(III).334 In order to investigate the efficiency of electron 
transfer through a thiolato bridge to chromium(III), we have 
prepared certain thiolatobis(ethy1enediammine)chromium- 
(111) complexes by the reduction of organic disulfides with 
ethylenediamine-chromium(I1) mixtures. Since these are the 
first examples of thiolatoamminechromium(II1) compounds 
and because CrI'I-S bonds are well known to be more labile 
than C0III-S bonds,5 we felt it necessary to investigate thor- 
oughly the thermal aquation of two specific complexes, 
[Cr(en)2(SCH2C0O)]+ and [Cr(en)2(SCHzCH2NH2)]2+, before 
commencing redox studies. These investigations have not 
only aided in characterizing this new class of complexes but,  
since detailed kinetic studies of metal-sulfur bond cleavage 
are relatively rare,3 they have also significantly extended the 
range of experimental results pertaining to ligand substitu- 
tion reactions. Therefore in this paper we report on acid- 
catalyzed Cr-S bond fission, which for the above two com- 
plexes is generally faster than, but competitive with, acid- 
independent Cr-S and Cr-N bond fission. Cleavage of the 
Cr-S linkage in these complexes may be generally classified 
as an acid-catalyzed replacement of a basic multidentate lig- 
and; evidence is also presented for the reverse of this reac- 

(1) R. H. Lane and L. E. Bennett, J.  Amer.  Chem. Soc., 92,  1089 

(2) C. Shea and A. Hain1,J. Amer. Chem. Soc., 93, 3055 (1971). 
(3) R. H. Lane and L. E. Bennett, Chem. Commun., 491 (1971). 
(4) L. E. Asher and E. Deutsch, Inoig. Chem., 11, 2927  (1972). 
(5) F. P. Dwyer and A. M.  Sargeson, J.  Amer. Chent. Soc., 81, 

(1970). 

2335 (1959). 

tion via Cr-S bond formation. The corresponding cobalt- 
(111) complexes, [ C O ( ~ ~ ) ~ ( S C H ~ C O O ) ] +  and [ C O ( ~ ~ ) ~ ( S C H ~  - 
CH,NH,)I2+> are shown to be completely inert to Co-S bond 
fission under the conditions employed in this study. 

Experimental Section 
Equipment. Visible and ultraviolet spectra were recorded on  a 

Cary Model 14 spectrophotometer at room temperature, infrared spec- 
tra were recorded o n  a Beckman IR-10 spectrophotometer, and molec- 
ular weights were obtained with a Model 115 Hitachi Perkin-Elmer 
molecular weight apparatus. Kinetic experiments were followed on 
a Cary Model 16K spectrophotometer equipped with a thermostated 
cell compartment that maintained the temperature of reacting solu- 
tions to  better than i.0.2". Computer calculations were performed 
on an IBM System 360 located at the University of Chicago Computa- 
tion Center. The standard Los Alamos nonlinear least-squares pro- 
gram was adapted t o  this system and used for all data analyses.6 

Materials. All common laboratory chemicals were of reagent 
grade. Water was distilled tw-o times in Pyrex equipment. G. 
Frederick Smith doubly distilled perchloric acid was used for all 
kinetic experiments. Dowex 50W-X2 ion-exchange resin, 200-400 
mesh, was kindly donated by Dow Chemical Co. and was cleaned by 
a previously outlined procedure.' Cystamine dihydrochioride (97%) 
and dithiodiglycolic acid (96%) were obtained from Aldrich Chemical 
Co. and were used in preparative procedures without further purifica- 
tion. Chromium metal (99.999%) was purchasod from Apache 
Chemicals. Salts of 0,s-mercaptoacetatobis(ethy1enediamine)cobalt- 
(111) and N,S-(2-mercaptoethylamine)bis(ethylenediamine)~obalt(III)~ 
were prepared by the method of Lane and Bennett' and were recrys- 
tallized three times before use. 

formed by PCR Inc. of Gainesville, Fla. 
Analyses. Elemental analyses of solid compounds were per- 

Molecular weights were 

(6) R.  H. Moore and R. K. Zeigler, Report No. LA-2367, plus 
Addenda, Los Alamos Scientific Laboratory, Los Alamos, N .  M., 
1959. We are grateful to Dr. T. W. Newton (LASL, CMF-2) for pro- 
viding us with a copy of this program. 

(7) E. Deutsch and H. Taube,lnorg. Chem., 7 ,  1532 (1968). 
(8) I,. E. Asher and E. Deutsch, Inorg. Chem., 12, 1774 (1973). 
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determined in water by an isopiestic method; the water calibration 
curve was obtained with sodium chloride solutions of known con- 
centrations. The total chromium content of a sample was measured 
spectrophotometrically as chromate ( e 3 7 3  4815 F-’ cm-’) after oxida- 
tion of the appropriate aqueous solution with basic hydrogen perox- 
ide.’ Solutions of perchloric acid and lithium perchlorate were 
standardized by usual p r ~ c e d u r e s , ~ ~ ~ ~ ’ ~  and in addition lithium per- 
chlorate solutions were also standardized by controlled evaporation 
of aliquots to  yield defined hydrates” which were subsequently 
weighed. 

Preparation of 0,s-Mercaptoacetatobis(ethy1enediamine)- 
chromium(II1) Perchlorate. A concentrated solution of chromium- 
(11) perchlorate was prepared by dissolving 99.999% chromium metal 
in a slight excess of 20% perchloric acid under anaerobic conditions.” 
To this solution were successively added a deaerated 10% (v/v) solu- 
tion of ethylenediamine and a deaerated 30% (w/v) solution of dithio- 
diglycolic acid in proportions such that the molar ratio of chromium: 
ethy1enediamine:disulfide was 2:6: 1. Oxidation of the chromium(I1) 
occurred rapidly; all transfers up to this point were conducted under 
an inert atmosphere, and all operations after this point were per- 
formed in darkness or in dim light because of the photosensitivity of 
this class of compounds. Chromium(II1) hydroxide was removed 
and the resulting solution acidified with perchloric acid and cooled to  
give red crystals of 0,s-mercaptoacetatobis(ethy1enediamine)- 
chromium(II1) perchlorate (yield usually about 30%). This product 
was twice recrystallized from water before being used in kinetic 
experiments. Anal. Calcd for [Cr(en),(SCH,COO)]ClO,: C, 19.92; 
H,5 .03;N,  15.49;S,  8 . 8 6 ; 0 , 2 6 . 5 3 ; C r ,  14.37. Found:  C, 19.66; 
H . 4 . 9 9 ; N ,  1 5 . 3 7 ; S , 9 . 7 3 ; 0 ,  28.16;Cr, 14.01. Themolecular 
weight was determined to be 335 r 30 compared to a calculated value 
of 362. The composition of this compound was further confirmed 
by the single-crystal X-ray structure analysis reported in the following 
paper.13 

Preparation of N,S-(2-Mercaptoethylamine)bis(ethylenediamine)- 
chromium(II1) and Bis [N,S-(2-mercaptoethylamine)]ethylenediamine- 
chromium(II1) Salts. When cystamine dihydrochloride was reduced 
according to the above procedure, two different chromium(II1) com- 
plexes containing cysteamine (2-mercaptoethylamine) were obtained. 
These two products could be separated by ion-exchange chromatog- 
raphy or by fractional crystallization of the perchlorate salts from 
dilute sodium perchlorate. The product with apparent 1+ charge 
(determined by comparing ion-exchange elution characteristics with 
those of complexes of known charge) is red and may be  formulated 
as [Cr(en)(SCH,CH,NH,),]+, while the 2+ product is brown and 
may be formulated as [Cr(en),(SCH,CH,NH,)]Z’. It was shown that 
the proportion of I +  species in the product mixture could be in- 
creased by using excess disulfide in the original redox reaction or by 
injecting the disulfide into the en-CrII mixture. Formation of the 
2+ product was favored when the en-CrII mixture was injected into 
the disulfide solution. Both salts were twice recrystallized from 
water. Anal. Calcd for [Cr(en)(SCH,CH,NH,),]ClO,: C, 19.81; 
H, 5.54; N ,  15.40; S, 17.63; Cr, 14.29. Found: C, 20.08; H, 5.56; 
N, 15.31; S, 17.73; Cr, 13.99. Calcd for [Cr(en),(SCH,CH,NH,)]- 
(ClOJ,: C, 16 .12;H,4 .96;N,  15.66;S,7.17;Cr,  11.63. Found: 
C, 15.98; H, 5.01; N ,  15.27; S, 7.51; Cr, 11.52. The molecular 
weight of the perchlorate salt was determined to be 447 f 30 com- 
pared to a calculated value of 447. Recrystallization of the 2+ 
product from excess sodium iodide yielded the iodide salt. Anal. 
Calcd for [Cr(en),(SCH,CH,NH,)]I,: C, 14.35; H, 4.42; N, 13.95; 
S, 6.38. Found: C,  14.29; H, 4.45; N, 13.63; S, 6.19. 

were performed in aqueous acidic solutions that were maintained at 
constant ionic strength 1.00 f 0.01 or 4.00 * 0.04 F w i t h  LiClO,. 
Precautions appropriate to the light sensitivity of these reactions were 
taken at all times. However, no precautions were taken to  exclude 
oxygen from reaction solutions4 since a comparison of kinetic exper- 
iments under aerobic and anaerobic conditions showed no discernible 
difference in rate for either of the two complexes investigated in this 
work. Likewise, identical kinetic parameters were obtained when 
solutions wewprepared directly from crystalline starting material or 
from starting material which had been eluted from an ion-exchange 
column immediately prior to the aquation experiment. The rate of 
chromium-sulfur bond fission was monitored spectrophotometrically 

Kinetic Measurements and Calculations. All kinetic experiments 

( Y )  G.  W. Haupt, J .  Res. Nat. Bur. S tand. ,48 ,  414 ( 1 9 5 2 ) .  
( 1 0 )  R. J .  Baczuk and W. T. Bolleter, Anal. Chem.,  39,  9 3  (1967) .  
( 1  1 )  J .  P. Simmons and C. D. L. Ropp, J.  Amer. Chem. SOC., 5 0 ,  

( 1 2 )  D. G. Holah and J. P. Fackler, Jr.,Inorg. Syn.,  10, 26 (1967) .  
( 1 3 )  R. C .  Elder, L. R. Florian, R. E. Lake, and A. M. Yacynych, 

1650 ( 1 9 2 8 ) .  

Inorg. Chem.,  12, 2690 (1973) .  
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at 310 nm for [Cr(en),(SCH,COO)]’ and at  314 nm for [Cr(en), - 
(SCH,CH,NH,)]*+. For the former complex it was also possible to 
follow aquation at 385 nm, the observed rate constant being independ- 
ent of the wavelength employed. 

Three different methods were employed to calculate kobsd. (1) 
At p = (H’) = 4.00 F, fox [Cr(en),(SCH,COO)]’, kobsd could directly 
be obtained from the usual plots of In (A t  - A_)  vs. f ( the subscript 
o n A  denotes the time of that reading). These plots were linear for 
more than 90% of the reaction, thus providing the rationale for as- 
suming that the reaction being followed is a first-order process under 
all the conditions used in this study. This assumption is a prere- 
quisite to the following two treatments. (2) I f A m  did not  remain at  
a constant value but  instead slowly drifted t o  lower values, an ex- 
ponential form of the Guggenheim treatment (Kezdy time-lag 
method’“) was employed. All reactions treated by this method were 
followed for at least 2 half-lives. In several experiments the time 
interval chosen was varied over a wide range (0.5-2.5 half-lives), re- 
sulting in no significant variation in the calculated kobsd. The data 
described above ( p  = (a‘) = 4.00 F ,  for [Cr(en),(SCH,COO)]’) were 
also treated in this fashion and in all cases the calculated values of 
kobsd agreed to  within 2% of those obtained from first-order plots. 
The slope of each individual time-lag plot was determined by a linear 
least-squares calculation” which also yielded the standard deviation 
of the slope (uslope).  The standard deviation of kobsd (Oh) was cal- 
culated from uslope via the  expression’6 

(‘slope 
Ok = 

(slope)(time interval) 

and l/(Gk)’ was later used to  weight individual kinetic runs for the 
determination of activation parameters and Harned coefficients. In 
order to  maintain internal consistency, all of the rate constants in 
Table I, as well as those obtained at p = 4.00 F i n  Table 11, were ob- 
tained by the time-lag treatment. (3) In the aquation of [Cr(en),- 
(SCH,CH,NH,)]2+ at p = 1.00 F, an initial rate treatment which 
never considered more than the first 5% of the reaction was employed 
(see Table 11). In these experiments the spectrophotometer was 
zeroed on a 1.00 F HClO, solution in order to provide absolute 
absorbance readings, and A _  was assumed to  be  exactly zero; the 
error introduced into the calculated rate constant by this assumption 
is less than 2%. During the initial portion of these reactions (usually 
0-3% reaction) A t  decreased linearly with t ,  and the slope of this 
plot was calculated via the linear least-squares analysis previously 
described.” Division of this slope b y  A ,  (obtained by extrapolation) 
directly yielded 
ard deviation in this parameter (uk) being calculated from the stand- 
ard deviation of the slope (uslope) by the relationship 

(initial first-order rate constant), the stand- 

= (Sslope/AO 

Again, l/(Gk)’ was used to  weight individual kinetic runs for the 
determination of activation parameters. 

otherwise noted. 

Results and Discussion 
Synthesis and Characterization of Thiolatobis(ethy1ene- 

diamine)chromium(lII) Complexes. The successful synthesis 
of this class of compounds is due to four aspects of chro- 
mium chemistry. (1) In aqueous solution, chromium(I1) is 
readily complexed by one or two ethylenediamine ligands 
but has very little tendency to  add a third ethylenediamine.” 
( 2 )  Coordination of polyamines to chromium(I1) markedly 
enhances its reducing ability.l81l9 (3) Chromium(I1) usually 
reduces both organic and inorganic substrates via an inner- 
sphere (4) Upon oxidation from the labile 

All errors reported in this paper are standard deviations unless 

( 1 4 )  F. J .  Kezdy, J .  Jaz, and A. Bruylants, Bull. SOC. Chim. Belg., 
67.  681  1 1 9 5 8 ) .  

I -  ,- --, 
( 1 5 )  D. C. Baird, “Experimentation, an Introduction to  Measure- 

ment Theory and Experiment Design,” Prentice-Hall, Englewood 
Cliffs, N. J., 1962, p 186. 

( 1 6 )  C. H. Bamford and C. F. H. Tipper, “Comprehensive 
Chemical Kinetics,” Vol. 1 ,  Elsevier, New York, N. Y . ,  1969, p 391. 

( 1 7 )  R. L. Pecsok and J .  Bjerrum, Acta Chem. Scand., 1 1 ,  1419 
(1957). 

( 1 8 )  (a) K. D. Kopple, G. F. Svatos, and H .  Taube, Nature 
(London),  189, 393 ( 1 9 5 7 ) ;  (b) J .  K. Kochi and P. E. Mocadlo, J.  
Amer. Chem. Soc., 8 8 ,  4094 ( 1 9 6 6 ) .  
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Table I. Rate Data for Aquation of [Cr(en),(SCH,COO)]' a,b  

IJ = 1 .oo F ,  T = 10.0" p = 1.00 F, T =  25.0" I J= l .OOF,  T=39.3O IJ = 4.00 F, T =  25.0" 

0.050 
0.050 
0.088 
0.088 
0.202 
0.202 
0.328 
0.497 
0.497 
1.00 
1 .oo 

0.183 i 0.002 
0.197 i 0.002 
0.290 i 0.002 
0.291 i 0.002 
0.627 i 0.004 
0.616 i 0.004 
0.990 i 0.004 
1.463 i 0.009 
1.48 i 0.01 
2.69 i 0.01 
2.73 i 0.01 

0.026 
0.050 
0.050 
0.088 
0.088 
0.202 
0.202 
0.328 
0.328 
0.605 
0.605 
0.806 
0.806 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1.00 

0.309 i 0.006 
0.714 i 0.007 
0.733 i 0.007 
1.12 F 0.02 
1.15 i 0.01 
2.54 i 0.01 
2.54 i 0.02 
3.91 i 0.03 
3.87 i: 0.02 
7.33 i 0.02 
7.45 i 0.02 
9.54 i 0.03 
9.68 i 0.03 

11.6 i 0.1 
10.6 i 0.1 
10.6 i 0.1 
11.6 i 0.1 
11 .3  i 0.1 
11.3 i 0.1 

0.050 
0.050 
0.088 
0.088 
0.202 
0.202 
0.328 
0.328 
0.497 
0.497 
1 .oo 
1 .oo 

2.74 i 0.03 
2.73 i 0.03 
4.40 i 0.05 
4.61 i 0.03 

10.02 i 0.06 
10.09 i 0.06 
16.4 i 0.1 
16.4 i 0.1 
24.7 i 0.1 
24.4 i 0.1 
45.6 i 0.2  
43.4 i 0.3 

0.050C 
0.050 
0.050 
0.070C 
0.1oc 
0.1oc 
0.15c 
0.30C 
0.30C 
0.5oc 
0.75C 
1.ooc 
1.25c 
1.5oc 
1.75C 

4.48 i 0.04 
4.32 i 0.07 
4.50 i 0.06 
5.74 i 0.09 
8.14 i 0.06 

10.3 i 0.1 
12.3 i 0.1 
21.4 i 0.3  
22.6 i 0.2 
33.0 i 0.4 
43.3 I 0.3 
50.7 i 0.2 
52.9 = 0.3 
55.2 i 0.5 
58.8 i 0.6 

2.00c 
2.25c 
2.50c 
2.75C 
2.75c 
3.00C 
3.25C 
350c 
3.50C 
3.75c 
4.00c 
4.00c 
4.00C 
4.00 
4.00 

63.1 i 0.5 
64.9 z 0.9 
64.8 A 0.3 
71.0 t 0.6 
69.5 I 0.6 
76.4 5 0.8 
80.6 i 0.8 

75.6 i 0.2 
82.7 i 0.3 
88.2 i 0.7 
85.7 i 0.4 
84.8 t 1.1 
85.1 I 0.9 
85.5 i 0.5 

83.4 0.6 

Q Typical range of initial concentrations of [Cr(en),(SCH,COO)]' was (0.5-8.0) X F .  b Unless otherwise noted, kinetics were followed 
at 310 nm. C Kinetics were followed at 385 nm; the initial concentration of [Cr(en),(SCH,COO)]+ was as high as 2.0 X 10 * F.  

Table 11. Rate Data for Aauation of ICL(en1,(SCH,CH.NH,112+ 

@=l.OOF, T = 2 5 . 0 "  p = 1.00 F, T =  34.1" p =  l . O O F ,  T=44.3O p = 4 . 0 0 F ,  T =  25.0" 
[H'], 106kirObsd, [H'], 1O6kirobsd, [H'], 106k,0bsd, [H'], 106kkirobsd, [H'], 106k,,opsd, 

F sec-' F sec" F sec-' F sec-' F sec 
0.20 2.80 -L 0.03 0.20 
0.20 2.85 -L 0.03 0.20 
0.40 4.62 i 0.07 0.40 
0.40 4.14 i 0.04 0.40 
0.60 5.93 I 0.08 0.60 
0.60 5.69 i 0.06 0.60 
0.80 7.51 i 0.08 0.80 
0.80 7.23 i 0.07 0.80 
1.00 8.97 i 0.12 1.00 

9.91 i 0.17 
9.69 t 0.08 

14.4 i 0.1 
15.6 i 0.3 
18.5 i 0.2 
19.7 i 0.4 
25.3 i 0.2 
22.6 i 0.1 
28.0 i 0.5 

0.20 31.6 i 0.3 0.33 26.8 i 0.8 2.67 105 i 2 
0.20 30.2 i 0.3 0.67 40.0 i 0.5 2.67 106 i 1 
0.40 49.4 i: 0.5 1.00 54.7 i 0.6 3.00 114 i 2 
0.40 42.2 i 0.4 1.34 63.6 ?: 0.4 3.00 119 i 1 
0.60 6 7 . 8 i  1.1 1.34 67.6 i 1.1 3.34 127 i 2 
0.60 58.7 i 0.5 1.68 75.1 i 0.3 3.34 130 i 1 
0.80 79.5 i 1.2 1.68 72.7 i 0.9 3.68 139 i 2 
0.80 79.2 i 0.5 2.00 84.6 i 0.3 3.68 145 = 1 
1.00 91.5 i 1.6 2.00 83.6 = 2.2 3.99 157 i: 1 

1.00 8.91 i 0.10 1.00 27.2 i 0.5 1.00 89.0 i 1.1 2.33 96.8 i 1.0 3.99 161 z 3 
1.00 99.6 i 1.3 2.33 94.2 1.7 

a Typical range of initial concentrations of [Cr(en),(SCH,CH,NH,)]2+ was (4.0-13) X 10.' F .  b Kinetics were followed at 314 nm. 

2+ state to the substitution-inert 3-k state, chromium has a 
strong tendency to capture whatever ligands are in its first 
coordination sphere at the instant of electron 
While these facts suggest a simple mechanism for the reduc- 
tion of organic disulfides by ethylenediamine-chromium(I1) 
solutions, the actual situation must be fairly complicated 
since the reduction of cystamine dihydrochloride yields two 
cysteamine-chromium(II1) products in a ratio dependent 
upon reaction conditions. Despite the complexity and un- 
known mechanism of the reduction of organic disulfides by 
metal ions, the synthetic method made possible by these 
reactions is practicable and reasonably general, having now 
been employed to prepare several chromium(II1)- and cobalt- 
(111)-thiolato complexes. ' a 4  ,' 2 '' 

The three complexes reported in this paper are char- 
acterized by (1) their preparative chemistry, (2) the elemental 
analyses and molecular weight determinations reported in 

(19)  Chromium(I1) in aqueous acidic solution does not reduce 
cystamine dihydrochloride but does reduce dithiodiglycolic acid to  
yield, among other products, the 0,s-mercaptoacetatotetraaquochro- 
mium(II1) ion. The presence of a suitable chelating function in alkyl 
disulfides seems to be necessary for their reduction by hexaaquochro- 
mium(I1) and ethylenediamine-cobalt(I1) mixtures.* 

(1954) .  

(1970) .  

(20)  H. Taube and H. Myers, J .  Amer. Chem. SOC., 7 6 ,  2 1 0 3  

(2 1) J .  K. Kochi and J .  W. Powers, J .  Amev. Chem. Soc., 92, 137 

(22) N. Sutin, AccountsChem. Res., 1 ,  225 (1968) .  
(23)  H. Taube and E. S. Gould, Accounts Chem. Res., 2 ,  321 

(1969). 

the previous section, (3) the single-crystal X-ray structure 
determination of U,S-mercaptoacetatobis(ethy1enediamine)- 
chromium(II1) perchlorate which is reported in the following 
paper,I3 (4) their elution characteristics on cation-exchange 
resins which are consistent with their proposed formal 
charges, (5) the absence of an S-H absorption at about 2500 
cm-' in their infrared spectra and their lack of reaction with 
Benedict's solution,24 both lines of evidence indicating the 
absence of a free thiol function, and (6) their visible-ultra- 
violet spectra which are listed in Table I11 along with spectra 
of other complexes relevant to this discussion. 

There is one distinct feature of the spectra of the three 
thiolatobis(ethylenediamine)chromium(III) complexes pre- 
pared in this study which is common to all thiolatochromium- 
(111) and thiolatocobalt(II1) complexes prepared to date''3,4,s,z5 
and which seems to  be characteristic of thiolato coordination. 
The intense band observed in the near-ultraviolet region for 
all these complexes may reasonably be assigned as a ligand-to- 
metal charge transfer resulting from coordination of low- 
valent sulfur to  a potentially oxidizing center. A similar 
assignment has been made for the intense near-ultraviolet 
bands observed in a variety of S-bonded thiocyanato com- 

(24)  R .  Shriner, R. Fuson, and D. Curtin, "The Systematic 
Identification of Organic Compounds," 5th ed, Wiley, New York, 
N. Y . ,  1964,  p 118. 

(1967) .  
(25)  M. Ardon and H. Taube, J .  Amer. Chem. Soc., 89, 3661 
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Table 111. Selected Cr(II1) Absorption Spectra (200-700 nm)a 
Visible Ultraviolet 

hmax hmin hmax hmax hmax 
[ Cr(en),(SCH, COO)]' . . .  

[Cr(en),(SCH,CH,NH,)]*+ 560 
(39) cis-[ Cr(en)(SCH, CH, NH,),]' . . .  

[ Cr(en),(H,0)(OOCCH,SH)]2+ * . .  
[Cr(en),(H,O)(NH,CH,CH,SH)] ,+ . . .  

[Cr(en),13+ e . . .  
[Cr(SCH,CO0),l3- 

[Cr(S,P(OC,H,),),13' 

cis-[ Cr(en),(H, O),] '+ e 

cis- [ Cr( en),(C, 04)]+ e 

cis- [ Cr( en) ,( H, O)( enH)] '+ 

. . .  

. . .  

. . .  

310 250 
(1000) (7440) 
316 256 
(1100) (7600) 
282 21 3 
(15,600) (12,000) . . . c  . . .  

. . . d  . . .  

. . .  

280 
(15,200) 

a Wavelengths in nm; values inside parentheses are molar extinction coefficients E (F-'  cm-I); '' . . " signifies no band observed, while no 
entry signifies no band has been reported. b This work. Spectra recorded in aqueous perchlorate solutions at pH <3.  C E <20 at  310 nm. 
d E <20 at  316 nm. e C. S. Garner and D. A. House, Transition Metal Chem., 6, 59 (1970). f C. K. Jorgensen,Inorg. Chim Acta Rev., 2, 65 
(1968). g E. Jorgensen and J. Bjerrum,Acta Chem. Scand., 13,2075 (1959). 

p l e ~ e s . ~ ~ , ~ ~  Hence, the rate of chromium-sulfur bond fis- 
sion was monitored spectrophotometrically at these charge- 
transfer peaks, the thiolato complexes having much greater 
extinction coefficients (e > 1000) than the aquation products 
which do not contain a Cr-S bond (e <20). For [Cr(en),- 
(SCHzCOO)]' it was also possible to follow aquation at 385 
nm. However, it was not feasible to  monitor Cr-S bond fis- 
sion at wavelengths further into the visible portion of the 
spectrum since in this region the starting materials and initial 
aquation products (i.e., those produced by Cr-S bond cleav- 
age, but containing a full complement of Cr-N bonds) have 
similar extinction coefficients. Thus, the rate of absorbance 
decrease in this region of the spectrum is determined almost 
exclusively by the rate of Cr-N bond fission. 

absorption bands of [Cr(en)2(SCHzC00)]' agree very well 
with values calculated from the rule of av'erage environ- 
ment27328 and the known ~ p e c t r a ' ~ > ~ '  of [Cr(SCH2COf3)3]3- 
and [Cr(en>,l3' (20.5 vs. 20.0 kK for v 1  and 26.0 vs. 26.0 kK 
for vz ) .  A similar calculation cannot be done directly for 
[Cr(en)2(SCHzCH2NH2)]'+ since the spectrum of Cr(SCH2 - 
CHzNH2)3 has not been reported. However, Jorgensen" has 
had success in using the spectrum of Cr(SzP(OC2H5)2)3 as a 
crude model for calculating the spectral effects of mono- 
dentate thiolato coordination to chromium(III), and in the 
same manner we calculate31 v 1  to be 21.4 kK (observed, 21.4 
kK) and v z  to be 27.0 kK (v2 is obscured by the tail of the 
charge-transfer absorption). The spectral characteristics of 
[Cr(en)(SCH2CH2NH2)2]+ (i.e., no observable splitting and 
relatively high intensities of visible bands) cause us tentatively 
to assign the cis configuration to this complex.32 

It is also of interest that the energies of the observed visible 

(26)  H. H. Schmidtke, Ber. Bunsenges. Phys. Chem.,  71, 1138 

(27)  C. K. Jorgensen, Inorg. Chim. Acta Rev., 2,  65  (1968). 
(28) S. F. A. Kettle, "Coordination Compounds," Meredith 

(29)  E. Jacobsen and W. Lund, Acta Chem. Scand., 19,  2379 

(30) C. S. Garner and D. A. House, Transition Metal Chem., 6 ,  

(31)E.g., v I  = [2.5(22.83) + 0.5(14.40)]/3. 

(1967). 

Corp., New York, N. Y., 1969, p 121. 

(1965). 

119 (1970). 

Aqwation of the 0,s-Mercaptoacetatobis(ethy1enediamine)- 
chromium(II1) Ion. The aquation of [Cr(en)2(SCH~C00)]' 
in aqueous perchloric acid solutions proceeds via several 
successive steps with the first being sufficiently more rapid 
than succeeding ones so that it can be studied independently. 
The product of this first step behaves as a doubly charged 
cation on Dowex SOX2 resin and gives a positive test for 
reducing power with Benedict's ~o lu t ion . '~  These properties, 
along with its visible-ultraviolet spectrum (Le., lack of charge- 
transfer band in the near-ultraviolet region and similarity of 
visible spectrum to that of [Cr(en),(C,O,)]' and that of cis- 
[Cr(en)2(OH2)z]3+-see Table 111), support identification of 
this initial product as cis- [Cr(en)z(OH2)(00CCHzSH)]2+ 
showing that the first aquation step involves Cr-S bond cleav- 
age. That the initial Cr-S aquation step is reversible is 
demonstrated by the following experiment. A sample of 
[Cr(en)2(SCH2C00)]' was allowed to undergo Cr-S bond 
fission in 4.00 F HC104 and the product was adsorbed on a 
cation-exchange column. The initial aquation product, [Cr- 
(en)2(0H2)(00CCH2SH)]2+, was eluted with a chilled 1 .OO F 
NaC104-0.001 F HC104 solution, and then the spectrum of 
the product, in this solution, was immediately determined. 
Initially this solution exhibited no absorbance in the 290- 
350-nm region, but in less than 15 min a peak at 310 nm, 
which is diagnostic of Cr-S bonding, became discernible. 
The absorbance at this wavelength continued to increase with 
time, confirming that in low acid concentration the Cr-S 
linkage is re-formed.j3 Furthermore, from the time-lag cal- 
culation used to  obtain kobsd one can also obtain a hypothet- 
ical infinite-time absorbance that would have resulted if Cr-S 
bond cleavage were the only reaction effecting the absorb- 
ance change. At 3 10 nm, where the extinction coefficient 
of the product is less than 2% of that of the starting material 
(see Table 111), this calculated infinite-time absorbance 
(A_cdcd) should be effectively zero if the reaction goes to  

(32) C. S. Garner and D. A. House, Transition Metal Chsm. ,  6 ,  

(33) Competitive Cr-N bond fission precludes a direct determina- 
117 (1970). 

tion of the rate of Cr-S bond formation by this procedure. 
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completion. However, it is observed that this parameter is 
zero only at high acid concentration, and in fact Amcdcd in- 
creases as (H') decreases, reaching a value of about 30% of 
the initial absorbance at the lowest acid concentration inves- 
tigated, (H') = 0.050 F.  Thus the initial aquation of [Cr- 
(en)z(SCH2C00)]' may be formulated as an approach to an 
acid-dependent equilibrium between closed (0,s-chelated) 
and open (monodentate, carboxylate bound) mercaptoac- 
etate ligands. Unfortunately, since AEcdcd values are ob- 
tained by what is essentially an extrapolation procedure, they 
are not precise enough to be used to calculate equilibrium 
parameters. It can only be estimated that in 0.050 F HC104, 
at p = 1 .OO F and 25", the equilibrium ratio of open to  che- 
lated forms is approximately 2. 

Subsequent aquation steps presumably first involve Cr-N 
bond fission, since oxalato complexes of polyamminechro- 
miuni(IT1) ions34 and the acetatopentaamminechromium(II1) 
ion3' are known to  aquate via initial Cr-N bond fission. 
Then at some later time aquation of the carboxylate function 
must occur since [Cr(en)(OH2)4]3' is the predominant prod- 
uct isolated from extensively hydrolyzed solutions. The 
slowly drifting infinite-time readings discussed in the Exper- 
imental Section are considered to  result from Cr-N bond 
breaking which competes only marginally with Cr-S bond 
fission. At p = (H') = 4.00 F ,  the acid-catalyzed Cr-S bond 
cleavage of [Cr(en)2(SCH2COO)]' proceeds so much more 
rapidly than the acid-independent Cr-N bond fission that an 
A ,  for the former process can be obtained directly. 

Table I lists the first-order specific rate constants (kobsd) 
observed for Cr-S bond fission in [Cr(en)z(SCH2C00)]' as a 
function of acid concentration. At 25" and p = 4.00 F ,  a 
plot of kobsd vs. (HL) over the range (H') = 0.050-4.00 F 
gives a curve of continuously decreasing slope, whereas when 
Ilkobsd is plotted us. l/(H+), a straight line is obtained with 
slope = 107.9 ? 1.3 F sec and intercept = 94 k 10 sec (30 
data points, see Table I). At 25" and p = 1 .OO F ,  a plot of 
kobsd us. (H') is linear over the range (H') = 0.050-1.00 F .  
Thus the acid dependence of kobsd has the form 

kobsd = 
1 + c(H') 

where at p = 4.00 F ,  b < a(H') even for (H') = 0.050 F ,  and 
at p = 1 .OO F ,  c(H') 
possible aquation mechanisms that are consistent with this 
acid dependence, as well as with the overall approach to  
equilibrium, two seem sufficiently plausible to  warrant com- 
ment. Mechanism I is simply that which has been proposed 

Mechanism I 

1 even for (H') = 1 .OO F.  Of the many 

H,O + Cr(en),(SCW,COO)+ 3 Cr(en),(OH,)(OOCCH,S)' 
k - 0  

H' + Cr(en),(OH,)(OOCH,S)' 3 Cr(en),(OH,)(OOCCH,SH)2+ 
k- 2 

for the acid-catalyzed aquaton of [Fe(bipy),]'+ (and which 
by analogy is presumed to  operate in the aquation of [Ni- 
( en)3] '' and [ Ni( bip y ) 3]  2')36 and [ Cr( t e t ren)(C 031' yib 

(34) (a) A. D. Kirk, K. C. Moss, and J .  G. Valentin, Can. J.  Chem., 

(35)  E. Zinato, C. Furlani, G. Lanna, and P. Riccieri, Inorg. Chem., 

(36)  (a) F. Basolo and R. G. Pearson, "Mechanisms of Inorganic 

4 9 ,  375 (1971);  (b). J .  M .  Veigel, Inorg. Chem., 7 ,  69  (1968) .  

11,  1746 (1972) .  

Reactions," 2nd ed, Wiley, New York, N .  Y., 1967, p 218;  (b)  F. 
Basolo, J .  C. Hayes, and H. M.  Neumann, J.  Amer. Chem. Soc., 75, 
5102 ( 1 9 5 3 ) ; 7 6 ,  3807 (1954) .  

with the addition of a k-2 path to allow attainment of equi- 
librium. However, the undesirability of including a protona- 
tion reaction ( k z )  which does not proceed at the diffusion- 
controlled rate limit has been commented 0n34b937 and an 
alternate mechanism, which is not applicable to  the systems 
studied in this work, has been proposed for the aquation of 
[Co(bipy),]" 37 (and by analogy [Fe(bipy),]'+, etc.). In 
addition, Mechanism I seems unlikely since aquations of all 
the thiolatochromium(II1) complexes studied to  date, includ- 
ing the [(H20)5CrSC6H4NH3]3' ion: are catalyzed by acid. 
It is difficult to rationalize a rate-determining proton-transfer 
reaction operating in the aquation of monodentate ligand, 
and since there is no reason to expect different aquation 
mechanisms to govern acid-catalyzed Cr-S bond fission in 
[(Hz0)5CrSC6H4NH3]3+ and [Cr(en)2(SCH2C00)]', all fur- 
ther discussion is presented in terms of Mechanism 11. 

Mechanism I1 

1/Ka 
H' + Cr(en),(SCH,COO)' = [Cr(en),(SCH,COO)H]" 

ko 
Cr(en),(SCH,COO)+ + H 2 0  .F' Cr(en),(OH,)(OOCCH,S)* 

k o  

[Cr(en),(SCH,COO)HIZ+ + H,O 3 Cr(en),(OH,)(OOCCH2SH)z' 
k - 1  

1 I K p  
Cr(en),(OH,)(OOCCH, S)' + H' = Cr(en),(OH,)(OOCCH, SH)" 

Mechanism I1 is essentially that which has been proposed 
for the acid-catalyzed aquation of many chromium(II1) and 
cobalt(II1) complexes of basic ligands such as acetate, flu- 
oride, azide, etc. In several cases, e.g. ,  [(H20)5CrOOC- 
CH3]2',7 [(Hz0)5CrN3]2',38 and [(NH3)5C000CCH3]2',39 
protonation of the metal complex has been confirmed spec- 
trophotometrically and we attempted to obtain similar evi- 
dence. The absorbances of equimolar [Cr(en)2(SCH,C00)]+ 
solutions at 310 nm (when extrapolated back to the time of 
mixing) are approximately 7% lower when 4 F HC104, rather 
than 4 F LiC104 (pH 4), is used as the solvent. This change 
in absorbance is in the direction expected for protonation of 
sulfur; e.g., at the Co-S charge-transfer peak, the extinction 
coefficient of [ C O ( ~ ~ ) ~ ( S ( C H ~ ) C H ~ C H ~ N H ~ ) ] ~ '  is less than 
that of [ C O ( ~ ~ ) ~ ( S C H ~ C H ~ N H ~ ) ] " , ~  but the small magnitude 
of the change, which presumably results from the proton- 
ated and unprotonated forms having similar extinction 
coefficients, precludes a definitive confirmation of protona. 
tion. Despite the lack of absolute proof of protonation of 
[Cr(en)2(SCH2C00J]', the prevalence of acid-catalyzed aqua- 
tions that proceed via prior protonation argues strongly for 
the generality of the scheme and thus for the specific con- 
clusion that Mechanism I1 operates in our system. Mech- 
anism I1 consists of a rapid protonation equilibrium involving 
the chelated starting material, followed by a much slower 
chelation equilibrium attained by the making and breaking 
of Cr-S bonds via zero-order and first-order acid paths. For 
completeness, a rapid protonation equilibrium involving the 
monodentate product is also included. The formula [Cr(en),- 
(SCH2COO)H]2' represents the protonated form of the start- 
ing material, protonation possibly occurring at either of the 
carboxylate oxygens or at the coordinated sulfur. While the 

(37)  R. Davies, M.  Green, and A. G. Sykes, J Chem. Soc., Dalton 

(38)  J .  Templeton and E. L. King,J. Amer. Chem. Soc., 9 3 ,  7160  

(39)  M. B. Barrett, J .  H. Swinehart, and H. Taube, Inorg. Chem., 

Truns., 1171 (1972) .  

(1971) .  

10, 1983 (1971) .  
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thermodynamically favored site of protonation cannot be 
determined from our present data, the observation that Cr-S 
bond fission in both [ C ~ ( ~ ~ ) Z ( S C H ~ C H ~ N H ~ ) ] ~ +  and [(HzO)s - 
CrSC6H4N(CH3),I3' is acid catalyzed (and in these com- 
plexes there is no ambiguity as to the site of protonation) 
argues for protonation of the coordinated sulfur in the 
kinetically active form of [Cr(en)2(SCH2COO)H]2+. Mech- 
anism I1 leads directly to the rate expression 

if, at the wavelength employed, the extinction coefficients 
of the protonated and unprotonated forms of the starting 
material are identical and if the monodentate products do 
not have a significant absorption. The latter condition is 
verified by the data in Table 111, while the former is estab- 
lished by the spectrophotometric observations just described. 
These conditions also lead to  the following expressions for 
the equilibrium quotient which is defined as the total equi- 
librium concentration of monodentate products divided by 
the total equilibrium concentration of chelated species 

since KP[k-o/ko] = K,[k-,/k,]. The equilibrium described 
by K, probably involves loss of a proton from the thiol func- 
tion, as depicted in Mechanism 11, but may also involve loss 
of a proton from the coordinated water of [Cr(en);?(OHz)- 
(00CCH2SH)]2'. In the former case K, may reasonably be 
estimated as lo-' F from the pK2 of free mercaptoacetic 
acid (10.55 at 25°)40 and the observation4' that the pK, of 
coordinated glycine in [(NH3)5Co(OOCCH2NH3)]3+ is lower- 
ed only 1.3 units from that of free glycine. In the latter case 
K, may be estimated as lo-' F i n  accord with acid ionization 
constants observed for comparable aquoamminechromium- 
(111) complexes.42 For either situation K, Q (H') at all acid 
concentrations used in this work and thus eq 1 and 2 may 
be rewritten as 

k- l  (H') + Ka (H') 1 
The linearity of the l/kobsd-l/(H') plot implies the chem- 
ically reasonable situation that at p = 4.00 F ring closure by 
both possible paths, k- l  and IC-~K,/(H'), and ring opening 
by the acid-independent path ko, are always much slower 
than ring opening by the acid-dependent path kl(H')/K,. 
Thus the relationship 

(40) 0. S. Musailov, B. A. Dunai, and N. P. Komar, Zh. Anal. 

(41) R. Holwerda, E. Deutsch, and H. Taube, Inorg. Chem., 11, 

(42) C. S. Garner and D. A. House, Transition Metal Chem., 6 ,  177 

Khim.,  23, 157 (1968); Chem. Abstr. ,  68, 117573 (1968). 

1965 (1972). 

(1970). 
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holds, and the observed slope corresponds to  K a / k l  while the 
observed intercept corresponds to l / k l .  From these param- 
eters, k l  andK, are calculated to  be (1.06 i 0.1 1) X 
sec-' and 1.15 i 0.12 F ,  respectively. The linear kobsd- 
(H') plot of the 1.1 = 1 .OO F data implies that under these con- 
ditions ring closure via the k-,K,/(H') path is ineffectual 
over the entire range (H') = 0.050-1 .OO F ,  and (H')/K, < 1 
even at (H') = 1 .OO F .  Thus at unit ionic strength K, must 
be greater than 10 F. Since protonation of a positively 
charged species is expected to be favored at high ionic 
strength, this minimum tenfold increase in K, on going from 
p = 4.00 to 1 .OO F is entirely reasonable. It is also in agree- 
ment with the tenfold increase observed3' for the comparable 
K, of [(NH3)5Co(HOOCCH3)]3f and the qualitative increase 
reported7 for the K, of [Cr(OH2)5(HOOCCH3)]3+, when 
ionic strength is decreased from 4.00 to 1 .OO F. From the 
form of eq 1 appropriate to unit ionic strength 

where the last term is too small to be detected experimentally, 
it is seen that the slopes of kobsd-(Hc) plots correspond to k , /  
K,. At 10 ,25 ,  and 39.3" the values of these slopes are 
respectively (0.266 F 0.004) X 
0.02) X 
sec-' (12 data points). These three plots all have small 
positive intercepts with large standard deviations, to  wit 
(0.81 i 0.19) X 

rate term (ko + k-,) or they may result from changes in 
activity coefficients induced by substituting H' for Li' in the 
ionic medium.43 Since there is no definitive method to 
distinguish directly between minor rate terms and activity 
effects, the unit ionic strength data of Table I were succes- 
sively treated within each hypothesis. First, all 42 rate con- 
stants at each (H*) and temperature were weighted and then 
fitted according to the expression 

(1 1 data points), (1.1 1 & 
F-l (19 data points), and (4.42 f 0.09) X 

(2.5 & 1.4) X lo-', and (1 1.9 1: 4.4) X 
sec-' respectively. These intercepts could reflect the 

kobsd = e(H+)(P, + PI8)]e(H')eAS*s/Re- k AH*sIRT ( 3 )  

where 0 is the temperature in degrees centigrade, -(Pl + 
P2B) is just the standard Harned factor /3 separated into tem- 
perature-independent and -dependent portions, and the sub- 
script "s" refers to the slopes of the kobsd-(H') plots. The 
values of the four parameters that best describe the data with- 
in eq 3 are AH*, = 15.8 & 0.3 kcal/mol, AS*s = -18.5 & 0.9 
eu, PI = -0.28 +- 0.07 F - l ,  and P2 = -0.0105 & 0.0074 F-' 
deg-', the average deviation between calculated and observed 
rate constants being 5.3%. The value of /3 at 25" calculated 
from P1 and P2 is 0.54 F-'. This is much larger than 0.1 F-' 
which is generally considered to  be the upper limit for 0 ex- 
pected for H'-Li' s o l ~ t i o n s ~ ~ ~  This observation mitigates 
against the activity effect hypothesis and indicates that the 
intercept terms should be interpreted as real kinetic param- 
eters. It is worthwhile noting that reasonable estimates of 
ko (from the rate of Cr-N bond breaking) and k-' (from the 
value of Q at (H') = 0.050 F)  at 25" are ko = k - ,  = 1 X 
sec-' and thus the magnitude of the intercept term at 25" is 
consistent with the hypothesis that it reflects real kinetic 

(43) (a) For a general discussion o f  this phenomenon see H. S .  
Harned and B. B. Owen, "The Physical Chemistry of Electrolytic 
Solutions," 3rd ed ,  Reinhold, New York, N. Y . ,  1959, Chapter 14. 
(b) For previously observed effects o f  this phenomenon see J .  H. 
Espenson and D. E. Binau, Inorg. Chem.,  5 ,  1365 (1966); T. W. 
Newton and F. B. Baker, ibid., 4, 1166 (1965); C. Lavallee and T. W. 
Newton, ibid., 11, 2616 (1972); and references cited in these papers. 
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paths. When the weighted rate data are fitted to  the stand- 
ard Eyring expression 

kobsd = kT[eAS*mt,Re-AH*,t ,RT + 
h 

1 (4) (H+)~AS",/R e-AH* ,/RT 

where the subscripts "int" and "s" refer respectively to inter- 
cept and slope terms, chemically unreasonable values of 
AH*kt and AS*,, are obtained = 2.0 k 4.5 and 
AH*, = 16.8 i 0.2 kcal/mol, AS*,, = -75 i 16 and &*, = 
.-15.7 * 0.7 eu, average deviation between calculated and ob- 
served rate constants is 5.5%). These unreasonable results 
presumably arise since the contribution of ko and k-, to the 
Eyring expression are of the same exponential form. Equa- 
tion 4 should contain two acid-independent terrns of identi- 
cal form but not identical parameters; the solution of such 
an equation is not computationally feasible. In order to ob- 
tain meaningful activation parameters for the acid-depecdent 
rate term, AH*,, and AS*,, were fixed at their graphically 
estimated values (AH*ht = 15.7 kcal/mol and AS*,, = 
-27 eu) and AH*, and AS", were varied within eq 4 to  
determine their values which best fit the observed rate data. 
'This approach leads to what we consider to be the best values 
of AH", = 16.2 k 0.3 kcal/mol and AS*, = -17.6 IO .9  eu, 
the average deviation between calculated and observed rate 
constants being 6.5%. 

diamine)chromium(IZI) Ion. TIe  aquation of [Cr(en), - 
(SCHzCHzNHz)]2' in 4.00 I T  HC104 yields a product which 
behaves as a rriply charged cation on Dowex 50W-X2 resin. 
This product exhibits negligible absorption in the near-ultra- 
violet region where the starting material has an intense absorp- 
tion band characteristic of the Cr-S bond, and its visible 
spectrum is nearly identical with that of [Cr(en)?(OHz)- 
(enH)I4" (see Table 111). From this evidence the primary 
aquation product is identified as [Cr(en)z(OH2)(NH2CHz - 
CHzSH)]3' again indicating that the initial aquation step 
involves Cr-S bond cleavage. 

At y = 4.00 F and 25", the absorbance-time data for the 
aquation of [Cr(en)2(§CHzCHaNMz)]2+ were treated by the 
time-lag method as described for [Cr(en)z(SCHzCOO)]'. 
Again it is observed that the Amcdcd values obtained by this 
method increase with decreasing acidity. Furthermore, a 
solution of the 34- product ion, isolated from an ion-ex- 
change column in 4.0 F NaC104-0.001 F HC104, exhibits 
increasing absorbance at 314 nm. As in the case of the 
mercaptoacetato complex, these observations indicate that 
an equilibrium between the monodentate aquation product 
and the chelated starting material is operative. Thus a 
mechanism completely analogous to  Mechanism I1 discussed 
for [Cr(en)z(SCHzCOO)]+ is proposed for the aquation of 
[Cr(en)z(SCHzCH2NH2)]z', and since K ,  is still <(H') for all 
acid concentrations, the appropriate rate expression will 
again be eq la .  A plot of kobsd (p = 4.00 F> vs. (H') is lin- 
ear over the range (H") = 0.33-4.00 F i n  contrast to  the cur- 
vature observed under similar conditions for the mercapto- 
acetato complex. Thus for [Cr(en)z(SCHzCH2NHz)]2+ at p = 
4.00 F ,  (H')/Ka < 1 for all values of (H') studied, implying 
that K ,  > 40 F ,  and eq I C  is the appropriate form of the rate 
law. If the thiol function is the site of protonation in both 
complexes, the different K,'s for the protonated cysteamine 
and the protonated mercaptoacetato complexes may be 
rationalized in terms of electrostatic considerations. How- 
ever: it is possible that the respective values of K ,  may in- 

Aquation of the fi,S-(2-Mercaptoethylamine)bis(ethylene- 

stead reflect different protonation sites in the two complexes 
(thio! vs. carboxylate function). 

A linear least-squares treatment of the kobsd-(II+) plot 
gives a slope (kl/Ka) of (3.42 k 0.07) X lo-' F-' sec-' and 
an intercept (ko + k - ' )  of (1.68 5 0.18) X lo-' sec-'. The 
large value of the intercept strongly indicates that it reflects 
a real rate term rather than a Harned activity effect. 

= 1 .OO F ,  the absorbance-time data for the aquation 
of [Cr(en)2(SCH2CHzNHz)]z' may no longer be treated by 
the time-lag method since the kobsd obtained from this meth- 
od depends upon the time interval used in the calculation, 
indicating that the process is not first order during the entire 
time that it is being monitored. Presumably this effect arises 
from competition between Cr-S and Cr-N bond cleavage. 
By analogy to the mercaptoacetao equation, it is reasonable 
to  expect the rate of Cr-S bond fission in [ C ~ ( ~ ~ I ) ~ ( S C H ~ C H ~  - 
NHz)I2" t o  be slower at y = 1 .OO F than it is at 1-1 = 4.00 F 
(larger K ,  at lower ionic strength) whereas it has been 

that the rate of Cr-N bond fission is relatively 
insensitive to  ionic strength. Even though the kinetics are 
being monitored at a wavelength specific for Cr-S bonds, Cr- 
N bond fission may easily complicate the observed kinetics 
by producing a species that undergoes Cr-S bond fission at a 
different rate than does the starting material. This problem 
may be circumvented by looking at only the first few per 
cent of the aquation reaction, during which time there will 
be have been no significant buildup of the Cr-N aquation 
product, and thus the observed absorbance change results 
from Cr-S bond fission in the starting material (see Exper- 
imental Section for details). This approach is feasible in 
this system since it has been s h ~ w n ~ ~ ~ , ~ ~  that the rate of the 
firsT Cr-N bond fission in similar complexes occurs at a 
specific rate of about 1 X loW5 sec-' (25") independent of 
the nature of the other ligands coordinated to chromium, 
and thus Cr-N bond fission is never significantly faster than 
Cr-S bond fission. The specific rates of Cr-S bond breaking 
calculated from this initial rate treatment (kirobsd) are listed 
in Table 11. At all temperatures studied, plots of kirobd vs. 
(H') are linear and thus (H')/K, < 1 even at (H') = 1 .OO F. 
From eq I it is seen that 

At 

Linear least-squares analyses of the kirobsd-(H+) plots at 25 
(10 data points), 34.1 (10 d,ata points) and 44.3" ( I  1 data 
points) respectively give slopes of (7.61 F 0.18) X 
(22.3 5 1 .O) X and (79 k 4) X 
intercepts of (1.30k 0.12) X (5.73 i 0.68) X 
and (1 5 k 3) X 1 0-6 sec-' . Again the large values of the 
intercepts are strongly indicative of a real rate term rather 
than of an activity effect.43 All 31 rate constants in Table I1 
at p = 1 .OO F were weighted by the inverse square of their 
standard deviations and then were fitted to eq 4 by means of 
the previously described6 nonlinear least-squares program. 
The activation parameters that best describe these data are 
AH*,t = 23.0 i- 1.3 and AH*, = 22.3 k 0.6 kcal/mol and 
AS*h, = -8 5 4 and ASy, = -7.2 I 1.8 eu. The rate con- 
stants calculated from these activation parameters agree with 
the experimentally determined values with an average devia- 
tion of 4.0%. 

Summary 

F-' sec-' and 

A summary of the rate data presented in the previous sec. 

(44) S. J .  Ranney and C. S. Garner, Inorg. Chem.,  10, 2437 (1971). 
(45)  S. C. Pyke and R. G. Linck, Itzorg. Chem., 10, 2445 (1971). 
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Table IV. Summary of Kinetic Parameters for Aquation of Thiolatobis(ethylenediamine)chromium(III) Complexes in 
Terms of Mechanism I1 and Eq 1 

s (Ek,/Ka),a,b AH*,, As*,, 
Comulex u.F Ks? F P1 sec-' kcaiimol eu 
Cr(tga)c 1.00 >10 (1.11 i 0.02) x 16.2 i: 0.3 -17.6 i 0.9 (0.025 i. 0.014) X = k, + k - ,  
Cr(tga)c 4.00 1.15 k 0.14 (9.27 i: 0.11) X <0.2 x = k ,  + k - ,  

Cr(cys)d 4.00 >40 (34.2 i: 0.7) x (16.8 i 1.8) X = k ,  + k - ,  
Cr(cys)d 1.00 (7.61 i: 0.18) X 22.3 i 0.6 -7.2 ?: 1.8 (1.30 .t 0.12) X - k o e  

a At 25". b "s" and "int" refer respectively to  the slope and intercept of the acid-dependence plot. C Cr(tga) = [Cr(en),(SCH,COO)]'. 
d Cr(cys) - [Cr(en),(SCH,CH,NH,)I2+. e AH*int AH*, = 23.0 i: 1.3 kcal/mol; AS*int = AS*, = -8 i. 4 eu. 

tion is given in Table IV. Within the framework of Mech- 
anism 11, there are common kinetic arguments which favor 
the aquation of [Cr(er1)~(SCH~C00)1' relative to that of 
[Cr(en)2(SCH2CH2NH2)]2+ (subsequently referred to as 
Cr(tga) and Cr(cys), respectively). If for both complexes 
k ,  reflects Cr-S bond cleavage of the protonated complex, 
k l  should be greater for Cr(tga) since the cis carboxylate 
function of this complex has unshared p-orbital electrons 
which can overlap with the empty d2sp3 orbital of the Cr(II1) 
trigonal-bipyramidal transition state!6 The ko term is af- 
fected in the same manner; ko should also be favored for 
Cr(tga) since the lower charge of this complex promotes 
separation of an anionic m0iety.4~ In addition, the observed 
rates are inversely dependent on the parameter Ka, i.e., on 
the relative tendencies of the complexes to be protonated. 
Whether it is because of electrostatic reasons or because of 
the fact that different sites are being protonated, K ,  for Cr- 
(tga) is smaller than for Cr(cys), thus favoring the more rapid 
aquation of the former. Also, Ka decreases with increasing 
ionic and at p = 4.00 F ,  K, for Cr(tga) becomes 
small enough (and the range of acid concentrations is large 
enough) that saturation of the protonation equilibrium oc- 
curs; the inherently larger K ,  of Cr(cys) prevents saturation 
under these conditions. This domination of the observed 
rate by the value of Ka means that ko carries a significant 
portion of the reaction only when K ,  is large, e.g., Cr(cys) at 
p = 1 .OO F. Correspondingly, when K ,  is small, e.g., for 
Cr(tga) at p = 4.00 F ,  the contribution from ko is not ob- 
served at all. 

Lane and Bennett3 have studied Cr-S bond fission in [Cr- 
(OH2)4(SCH2COO)]' as a function of acid at p = 0.25 F and 
25". They concluded that a mechanism analogous to Mech- 
anism I1 is operative and calculated kl/K, = 7.0 X lo-' F-' 
sec-'. This is to be compared with k,/K, = 1.1 1 X F-' 
sec-' at p = 1 .OO F and 25' for Cr(tga). The significantly 
smaller value of kl/Ka observed by Lane and Bennett can 
reasonably be accounted for since (1) in general the rates of 
aquation of amminechromium(II1) complexes are greater 
than those of comparable aquochromium(II1) c ~ m p l e x e s ~ * > ~ ~  
and ( 2 )  the value of Ka for [Cr(OH2)4(SCH2COO)]' at p = 
0.25 F is larger than it would be at p = 1 .OO F. Lane and 
Bennett also determined Keq, equal to Q/(H+), to  be 10.3 
F-' .  Thus at (H') = 0.050 F, Q for [Cr(OH2)4(SCH2COO)]' 
is 0.5, which should be increased by a statistical factor of 4 
in order to be directly compared to the value of Q = 2 ob- 
served for Cr(tga) in 0.050 F acid. 

The difference between enthalpies governing the kl/Ka 
aquation path for Cr(tga) and Cr(cys) (see Table IV) is con- 
sistent with the previous discussion. However, the effect of 

(46) C.  S. Garner and D. A. House, Transition Metal Chem., 6 ,  207 
(1970). 

(47) F. Basolo and R. G. Pearson, "Mechanisms of Inorganic 
Reactions," 2nd ed,  Wiley, New York, N. Y., 1967, pp 159-160. 

(48) Reference 47, p 164. 
(49) C .  S. Garner and D. A. House, Transition Metal Chem., 6, 

187 (1970). 

this enthalpy difference on the observed rate is partially off- 
set by the activation entropy for Cr(tga) being more negative 
than that for Cr(cys) (see Table IV). This phenomenon pre- 
sumably arises from the presepce of the cis carboxylate of 
Cr(tga). One possible explanation for the effect is that, in 
the transition state, the carboxylate forms a specific hydrogen 
bond to a solvent molecule (possibly that solvent molecule 
which is also bound to the protonated sulfur). This would 
decrease the entropy of the transition state relative to the 
comparable Cr(cys) transition state in which there is no car- 
boxylate function available to bind solvent. It is also pos- 
sible that the entropy difference reflects different transition- 
state geometries or different protonation sites. 

The cobalt(II1) compounds analogous to Cr(tga) and Cr- 
(cys), i.e., [ C O ( ~ ~ ) ~ ( S C H ~ C O O ) ] +  and [ C O ( ~ ~ ) ~ ( S C H ~ C H ~  - 
NH2)I2+, do not undergo significant aquation under the con- 
ditions used in this work (half-lives in 1 FHC104, at 25", are 
greater than 4 months). This observation coincides with 
the phenomenology of metal-sulfur bond cleavage; e.g. , tris- 
(thiooxalato)chromate(III) racemizes much more rapidly 
than tris(thiooxalato)cobaltate(III),5 but it is not clear 
exactly what chemical factors lead to this greater lability for 
the Cr-S bond. The single-crystal X-ray structure determina- 
tions of Cr(tga) and Co(tga), which are reported in the follow- 
ing paper,13 provide data which eliminate one possible cause. 
The difference in bond lengths [(Cr-X) - (Co-X)] for X = N 
(average of those cis to  sulfur), S, and 0 are 0.125, 0.094, 
and 0.048 8, respectively. The nitrogens are coordinatively 
saturated and have no low-lying orbitals capable of bond- 
ing, and thus the M-N bond length difference provides a 
reasonable estimate of the inherently different radii of Cr- 
(111) and Co(II1). Since the M-S bond difference is less than 
this value, it would seem that the Cr-S bond is significantly 
shortened with respect to the Co-S bond (and the Cr-0 bond 
is even further shortened). This implies" that the Cr-S bond 
strength is actually greater than the Co-S bond strength and 
therefore the greater lability of the chromium-sulfur linkage 
cannot be attributed to the weakness of this bond. Nor can 
it be attributed to the relative strengths of the nascent metal- 
oxygen bonds since both chromium(II1) and cobalt(II1) com- 
plexes are considered to aquate via predominantly disso- 
ciative  mechanism^.'^ 3 5 2  Certainly a significant portion of 
the rate difference arises from the larger crystal field activa- 
tion energy associated with a d6 ion relative to a d3 i ~ n . ' ~ , ' ~  
However, in comparable compounds this effect leads only to  
a factor of 10-100 decrease in rate c o n ~ t a n t ~ ~ i ~ ~  and there- 
fore crystal field activation energies do not alone account for 
the observed labilities. It may be possible that the enhanced 
lability of the Cr-S bond is due to a greater tendency of 

(50) F. A. Cotton and R. M. Wing, Inorg. Chem., 4, 867 (1965). 
(5 1) Reference 47, p 238. 
(52) T. W. Swaddle and G. Guastalla,Inorg. Chem., 7, 1915 

(53) Reference 47, pp 145 ff, 169. 
(54) C. S. Garner and D. A. House, Transition Metal Chem., 6, 

(1968). 

202 (1970). 
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relevant X-ray structural data. will be related to the rates of 
electron transfer through tliiolat,o sulfur in a future com- 
munication. 
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sulfur to be protonated when it is coordinated to chromium, 
relative to when it is coordinated to cobalt. This would 
strongly favor the efficient acid-dependent aquation path for 
the chromium compound. The direction of this proposed 
variation in the Bronsted basicity of coordinated thiolato 
sulfur with the nature of the central metal ion is in accord 
with the observation that methyl iodide reacts more rapidly 
with the sulfur of Ni(NH2CH2CH2S)2 than with the sulfur of 
Pd(NH~CHzCHzS)2ss and with the observation that Cr(tga) 
and Cr(cys) salts are much more soluble than the correspond- 
ing cobalt compounds. These considerations, as well as 

(55) D. H. Busch, J .  A.  Burke, D. C. Jicha, M .  C. Thompson, and 
M. L.  Morris,Advan. Chem. Ser., No. 37, 125 (1963).  
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The single-crystal structures of mercaptoacetatobis(ethylenediamine)cobalt(III) chloride monohydrate, [Co(en),- 
(SCH, COO)]Cl.H,O, mercaptoacetatobis(ethylenediamine)chromium(III) perchlorate, [Cr!en),(SCH,COO)] C10, ~ and 13- 
mercaptoethylaminebis(ethylenediamine)cobalt(III) dithiocyanate, [ Co(en),(SCH, CH,NH,)] (SCN), , have been determined 
using the methods of X-ray crystallography. The unit cells and space groups are: [Co(en),(SCH,COO)]Cl.H,O, mono- 
clinic,a = 12.071 (8) A, b = 14.876 (9) A,  c = 7.539 (5) A, p = 110.41 (5)" ,P2, /a ,  Z = 4 ;  [Cr(en),(SCH,COO)]ClO,, mono- 
clinic,a = 12.250 (4) A, b = 10.155 (3)  A, c = 11.265 (3) A? p = 95.21 (4)",P2,/n, Z = 4 ;  [Co(en),(SCH,CII,NW,)](SC~I)~, 
orthorhombic,a = 15.418 (7) A,  b = 11.563 (6) A, c = 17.454 (IO) A, Pbca, 2 = 8. All intensity data were measured using 
a Syntex PI  automated diffractometer. The structures have been refined by least-squares methods using anisotropic 
thermal parameters and including hydrogen atoms to final conventionall7 factors of 0.033, 0.037, and 0.032, respectively. 
All three complex cations are pseudo-octahedral six-coordinate species. Both mercaptoacetate and p-mercaptoethylamine 
anions chelate to form five-membered rings. The mercaptoacetate complexes both exhibit AhS and AS h configurations in 
their centric crystals. The P-mercaptoethylamine complex adopts the Ahhh and AFSS configurations. All complexes ap- 
pear weakly hydrogen bonded. In both cobalt complexes, the trans (to sulfur) Co-N distance is 0.04 A longer than the 
average cis Co-N bond. The trans lengthening does not  appear to  occur in the chromium complex. The implications of 
the structural trans effect are discussed relative to  the electron-transfer reactions of the three complexes with chromous 
ion. 

Introduction 
Sulfur-containing ligands have been the subject of intense 

study in recent years. New synthetic techniques have been 
discovered which allow the preparation of stable metal com- 
p l e ~ e s " ~  whose free ligands are not stable. The peculiar 
effects of the sulfur-containing ligand on the geometric and 
electronic structures of dithiolate, dithiocarbamate, and 0- 
dithioketonate c o m p l e x e ~ ~ ~ ~ - ~  are now well documented. 
The reactions of complexes of sulfur-containing ligands offer 
interesting contrasts. Thus, electron-transfer reactions of 
cobalt(II1) complexes containing a thiolato ligand, 0-mer- 
~aptoethylamine~ or mercaptoacetate,' are extremely rapid; 
those of the analogous chromium(II1) complexes7 are not. 
The aquation of these chromium complexes is found to 
proceed via chromium-sulfur and also chromium-nitrogen 

(1) NIH Research Associate, 1971-1972. 
(2) R. H. Holm and M. J .  O'Connor, Progr. Inorg. Chem., 14,  

(3) S. E. Livingstone, Quart. Rev., Chem. SOC. 19, 386 (1965). 
(4) D. Coucouvanis, Progv. Inorg. Chem., 1 1 ,  233  (1970).  
( 5 )  G. N. Schrauzer, Transition Metal Chem., 4 ,  299  (1968).  
(6) J .  A. McCleverty, Progr. Inorg. Chem., 1 0 , 4 9  (1968).  
(7 )  E. A. Deutsch and C. J .  Weschler, unpublished results. 
(8) R. H. Lane and L .  E. Bennett, J. Amer. Chem. Soc., 92,  1089 

214 (1971).  

( 197 0). 

bond fission at rates convenient for kinetic study,' whereas 
the cobdt(lI1) analogs do not aquate. 

To provide structural information on which to base an 
understanding of these reactions, we have determined the 
structures of a series of mixed ligand complexes of the type 
thiolato-X-bis(ethylenediamine)metal(III), [M(en),- 
(SRX)ln+, where the metal atom, M, is either cobalt or 
chromium and where thiolato-X is either P-mercaptoethyl- 
amine or mercaptoacetate. We wished to determine (a) if 
the complexes are all six coordinate with metal-bonded sul- 
fur atoms, (b) the characteristic value of the metal-sulfur 
bond length, (c) whether some unusual structural detail such 
as a ground state trans effect, a peculiar conformation, or a 
set of unusual bond lengths (and presumably bond strengths) 
is present, and (d) whether the replacement of the carboxyl- 
ate group of mercaptoacetate (tga) by methylenamine in 
0-mercaptoethylamine (cys) and the consequent change in 
charge of the complex cation led to significant changes in 
structure. We report here the single-crystal structural de- 
terminations of mercaptoacetatobis(ethy1enediamine)co- 
balt(JI1) chloride monohydrate, mercaptoacetatobis(ethy1- 
enediamine)chromium(III) perchlorate, and 0-mercapto- 

(9) C. J.  Weschler and E. Deutsch, Inorg. Clzenz., 12. 2682 (1973). 




