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The kinetics of the chromium(lI)-catalyzed aquation 
o/ pentaaquopyridinechromium(fI1~ ion has been studi- 
ed as a junction of Ct3’ and Hi concentrations in the 
temperature range 25-55’ at ionic strength 1 .O M 
(HClOs+ NaClOd). The rate law is of the form 
-d[Cr(py).‘+J/dt = k_,[Cr(py)3+][C?‘][H’1-’ with 
kel = 1.40X 10m4 see-’ at 25’ and the activation para- 
meters ;I HEI = 20.6kO.2 kcal mole-’ and U& = 
-6.9 +- 0.6 cal mole-’ deg’. A hydroxy-bridged 
mechanism fo; the electron transfer is proposed and 
the role of the non-bridging pyridine l&and is dis- 
cussed. 

Introduction 

Pyridine shows no activity as a bridging ligand in 
electron transfer reactions involving chromium( II) as 
the reducing agent’,’ and is expected to behave as a 
non-bridging ligand in pentaaquopyridinechromium- 
(III) ion, Cr(py)3+, as the oxidizing agent. The non- 
bridging ligand effect on the electron transfer reaction 
between monosubstituted chromium(II1) complex 
ions, (H20)$ZrX”+, and chromium(l1) ion has been 
studied for a number of ligands X3-‘. We report here 
on the kinetic studies of the chromium(II)-catalyzed 
aquation of pyridinechromium( I I I) ion which accompa- 
nies electron transfer: 

Cr(py)‘+ +Cr’-SC?’ + H(py)’ + Cr” (1) 

The kinetics was studied as a function of acidity and 
temperature. The pyridinechromium( I I I J ion was 
recently prepared and 
aquaticn measured*. 

kinetics of its spontaneous 

Experimental Section 

Materials. Pyridinechromium( I II) ion in solution 
was prepared and analyzed as previously descrihedR. 
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Hexaaquochromium(II1) perchlorate was prepared 
by reduction of chromium trioxide with formic acid 
in excess perchloric acid9. Solutions of chromium(I1) 
perchlorate were prepared by zinc amalgam reduction 
of chromium(II1) perchlorate under nitrogen atmo- 
sphere. The concentration of chromium(I1) was 
determined spectrophotometrically by conversion of 
total chromium to chromate ion with alkaline peroxi- 
de.‘O An allowance was made for the chromium(II1) 
content which was checked at 408 nm.” 

The acid concentration of chromium( I I) solutions 
was determined by titration with standard sodium 
hydroxide, after oxidizing aliquots of stock solution 
by air and absorbing the chromium(II1) dimer and 
zinc ions on a cation-exchange column. Sodium per- 
chlorate was prepared by neutralizing sodium carbo- 
nate with perchloric acid. Sodium carbonate was 
recrystalized three times from water. All chemicals 
used (Merck) were analytical grade. All solutions 
were prepared with doubly-distilled water, 

Kinetics and Stoichiometry. The reaction was ini- 
tiated by an addition of a thermostated and deoxyge- 
nated pyridine chromium(Il1) solution to a thermosta- 
ted solution containing all the other components under 
nitrogen atmosphere. Aliquots were taken at known 
times, cooled to 0’ and the chromium(I1) was oxidized 
by air. The mixture was absorbed on a cation-exchan- 
ge column and the pyridinium ion separated from 
chromium(1 II) species by clution with 1 M HClO,. 
Analyses of the oxidized chromium showed that under 
the condition employed no chromate ion and O-5% 
of hexaaquochromium( I 11) was formed, the rest being 
the chromium(II1) dimer.” An extent of the reaction 
corresponding to the amount of the liberated pyridi- 
nium ion was determined at 255.6 nm on a Beckman 
DU-2 spectrol~hoIoiiieter. The pseudo first order rate 
constants were calculated from the slopes of the 
straight lines obtained by plotting log(D,-D,) vs. 
time, where D, and D,,arc the optical densities at time 
t and IO half lives ol‘ the reaction, respectively. Th’e 
initial concentrations of pyridinechromium( 111) ion 
were in the range 4.22~ IO-’ to 6.16~ 10m4 M and 
those of chromium(l1) ion in the range 2.89x lo-’ 

(8) A. Baka? and hl. OrbanoviC. /!u~r8. C/wn~.. 10, 2443 (1971). 
(9) I.D. Kirwin. P.l. I’roll. and L.H. Sutcliffe. ?‘nms. I‘uradoy Sot., 

60. 119 (1964). 
(IO) G.W. Haupl, I. Kcs. h’ull. Dur. Sfund , 45. 2331 (1952). 
(I 1) I .P. Facklcr, jr.. and D.G. Holah. Inorg. Ci~em.. 4, 954 (1965). 
(12) A.C. Adams, 1.R. Crook. F. Bockhoff, and E.L. King. /, Amer. 

(‘lrer71 SW, 90. 5761 (1968). 

Imrgmicu C’hinricu Acta j 6 : 4 1 December. 1972 



653 

Table I. The rate constants for the chromium(II)-catalyzed aquation of pentaaquopyridinechrumium(III) ion at 1.0 M ionic 
strength (NaCIO,). 

T(“) lO’H+(M) lffCI+(M) 10’k,b,(sec-‘) lO’k&W’sec-I) lOk_,(sec-‘) 

24.9 50.0 16.6 0.48 0.29 1.45 
24.9 5.00 4.91 1.43 2.90 1.45 
24.9 3.30 2.84 I .34 4.74 1.57 
24.9 2.50 1.86 1.07 5.72 1.43 
24.9 2.00 2.26 1.81 8.00 1.60 
24.9 1.66 1.51 1.33 8.82 1.46 
24.9 1.39 0.91 0.96 10.6 1.47 
34.9 50.0 13.9 1.22 0.87 4.35 
34.9 10.0 4.03 1.61 3.98 3.98 
34.9 10.0 5.56 2.43 4.36 4.36 
34.9 10.0 7.07 2.96 4.19 4.19 
34.9 10.0 7.54 3.21 4.26 4.26 
34.9 10.0 8.00 3.35 4.19 4.19 
34.9 10.0 9.22 3.94 4.27 4.27 
34.9 10.0 10.73 4.58 4.26 4.26 
34.9 10.0 11.96 4.78 4.01 4.01 
34.9 10.0 12.38 5.37 4.34 4.34 
34.9 10.0 13.79 6.00 4.36 4.36 
34.9 10.0 15.48 6.78 4.38 4.38 
34.9 5.0 5.92 5.21 8.79 4.39 
34.9 3.30 3.14 3.90 12.4 4.09 
34.9 2.50 2.25 3.69 16.5 4.12 
34.9 2.00 1.51 3.08 20.4 4.08 
34.9 1.66 0.79 2.10 26.7 4.43 
34.9 1.39 0.47 1.47 31.0 4.31 
45.0 50.0 16.6 4.53 2.73 13.7 
45.0 10.0 3.81 5.83 15.3 15.3 
45.0 5.0 1.70 5.14 30.2 15.1 
45.0 3.30 1.35 5.50 40.7 13.4 
45.0 2.50 0.64 3.61 56.2 14.1 
45.0 2.00 0.43 3.10 71.4 14.3 
45.0 1.66 0.29 2.46 85.0 14.1 
45.0 1.39 0.52 5.13 98.9 13.8 
55.0 50.0 10.4 7.40 6.85 34.3 
55.0 10.0 5.07 18.6 36.7 36.7 
55.0 5.0 2.79 21.4 76.8 38.4 
55.0 3.30 1.74 20.7 119. 39.2 
55.0 2.50 1.57 23.8 152. 38.0 
55.0 2.00 1.23 23.5 191. 38.2 
55.0 1.66 0.82 18.6 228. 37.8 
55.0 1.39 0.50 13.4 271. 37.7 

to 0.165 M. The ionic strength was maintained at 
1.0 M with sodium perchlorate. The change of per- 
chloric acjd concentration during a run due to the 
protonation of the liberated pyridine was negligible. 
The contribution of the spontaneous aquation to the 
rate of the aquation reaction was negligible. 

Stoichiometry of the reaction given by equation 1 
was confirmed by determination of chromium(I1) ion 
and pyridinium ion concentrations in kinetic solutions. 
The amount of chromium(I1) ion was checked at the 
beginning and at the end of the run by oxidation with 
an excess of iron( III) followed by titration of iron(I1) 
with standard dichromate. Pyridinium ion was de- 
termined in the eluate of the <(infinite-time, samples 
by recording UV spectrum on a Unicam SP 700 spec- 
trophotometer. 

Determination of pK,. Unsuccessful attempts were 
made to determine the apparent acid dissociation 
constant of pyridinechromium(II1) ion in 1 M ionic 
strength (NaClOd) at 25’. A thermostated well stir- 
red pyridinechromium(II1) perchlorate solution of 
known acidity was carefully titrated with carbonate 
free standard sodium hydroxide under nitrogen atmo- 
sphere and pH was measured with a M 26 Radiometer 

pH meter. Actual hydrogen ion concentration for 
every addition of sodium hydroxide was determined 
on the base of pH measurement from the pH-[H+] 
calibration curve independently obtained for the simi- 
lar set of the experimental conditions. However, K, 
calculated did not give results consistent enough, 
most likely because of the partial decomposition of 
the complex ion due to the high local concentrations 
of hydroxide ion. 

Results 

The pseudo first order rate constants (k& obtained 
for chromium( II)-catalyzed aquation of pyridinechro- 
mium( III) ion at different chromium(I1) ion concen- 
trations, different hydrogen ion concentrations, and 
four temperatures are given in Table I. The reaction 
is of the first rate order in chromium(I1) as explpcitly 
seen from the data at 34.9’ and 0.1 M HClOd. The 
second order rate constants expressed as kn = kobs/ 
(Cr2+) are given in the fifth column of Table I. At 
a particular temperature k II increase with decreasing 
perchloric acid concentration and a straight line is 
obtained when plotting kII us. l/(H+), with an inter- 
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cept seemingly equal to zero. 
Using the least-squares method the data at a parti- 

cular temperature were treated accordingto the expres- 
sion 

k,,=ko+km,/(H+) 

in order to determine the significance of the numerical 
value of k,. The computed k, values differed from 
zero within their standard deviations. In addition, 
for three out of the four temperatures negative values 
were obtained. We conclude that no contribution of 
an acid independent path to the rate of the reaction 
is observed, and that the rate law has the form: 

-[Cr(py)3+]/dt=k.l[Cr(py)3+][Cr’+][H+]e’ (2) 

The experimental k_’ values are given in the last 
column of Table I. 

The mixed second order rate constants given in 
Table I were treated simultaneously for all hydrogen 
ion concentrations and temperatures according to the 
expression 

k,, = kT,,,(H i )-‘e*S’-,,Re-“H’-.,H’ 

A CAE 90-40 computer and a nonlinear least-squares 
programI were used to calculate the best value of the 
enthalpy and entropy of activation as well as the rate 
constant at 25’. Each rate constant was weighted 
according to the inverse of its square. The calculat- 
ed values of the rate constants agreed with the k” 
given in Table I with an average deviation of 4.9%. 
The parameters obtained in this way have the values 
L\H_‘* = 20.6kO.6 kcal mole-’ and AS_“” = -6.9+- 
0.6 cal mole -’ deg-‘. The mean experimental k_’ 
from Table I having values (in lo4 set-‘) 1.49, 4.24, 
14.2, and 37.4 at temperatures of 24.9, 34.9, 45.0, 
and 55.0’ compare well with the respective values 
(in IO” set-‘) 1.40, 4.49, 13.4, and 37.3 calculated 
from the activation parameters for temperatures of 
25, 35, 45, and 55’ 

Conclusions 

The rate law for the chromium(II)-catalyzed aqua- 
tion of pyridinechromium( I II) ion is consistent with 
a transition state of the composition jCr(OH)Cr- 
(p~)~+j”‘. The lack of an acid-independent path for 
the catalyzed aquation is a strong indication that the 
preceding electron transfer proceeds by a hydroxy- 
bridged inner-sphere mechanism.‘4,‘5 

Hydrogen ion independent path makes no or little 
contribution in the analogous reaction of the other 

(13) The computer program is based on the Los Alamos Scientific 
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(14) A. Zwlckel and H. Teube, Discrrss. Faraday Sot., 29, 42 
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monosubstituted chromium(II1) ions, (H20)&rX”+, 
thus far studied and an operation of the hydroxy- 
bridged mechanism was proposed.3-’ The non-bridg- 
ing ligands X are assumed to operate from the posi- 
tion tram to hydroxy bridge in the halide ligands 
series:,” causing a reactivity decrease in the order 
I>Br>CI (lOlk_’ in set-’ at 25”: 213, 17.4, and 3.2, 
respectively) in accordance with the Orgel’s hypothe- 
sis.‘” The complexes with a stronger crystal field li- 
gand, including pyridine, react slower than the chloro 
complex but only roughly enter the picture. For the 
oxidants having a 3+ charge the ligand field sequen- 
ce HzO-py-NH3, which is the same as the sequence 
of the spontaneous aquation rates,‘7.8,4 is not strictly 
followed by the reactivity toward Cr*+ (104k_’ in set-’ 
at 25”: - 1 or - 0.2, 1.40 and 0.72, respectively).‘8’5b*‘9’4 
Similar observation was made for the complexes hav- 
ing azide,’ fluoride,‘” and cyanide6 as the non-bridging 
ligands (lO*k_’ in set-* at 25”: -0.06, -0.016, and 
w 1, respectively). 

The rate constants for the reduction of the latter 
six monosubstituted chromium(II1) ions by chrom- 
ium(I1) have not very different values, however. For 
the ligands having stronger crystal field than Hz0 it 
is likely that the cis isomers (with Hz0 trurzs to the 
hydroxy group) are more reactive than the truns iso- 
mers, as previously suggested?,” and that cis non-hridg- 
ing ligands show specific but minor effects on the 
rate. The rate of chloride-bridged electron transfer 
between Cr*+ and Cr(NH3)&1*+, for example, is en- 
hanced for a factor of d 15 by substituting water for 
ammonia in position tram to chloride ligand.” 

If Cr(OH)(py)*+ and Cr*’ species form the precur- 
sor complex in reaction 1 then a second order rate 
constant kz = k-‘/K, could be calculated were the 
acid dissociation constant (K,) known. K, for the 
Cr(H20)2-+ and a Cr(H20)4(py)z3+ species at 25” and 
[.L= 1 .O M have the values 4.0 x 1 O-’ M” and 6.0 x lo-” 
M*‘, respectively. It appears reasonable to assume 
K,- 5 x 1O--5 M for Cr(py)-” giving kz- 3M-‘. Howe- 
;;; $e$tter value would be meaningless if Cr(py)3’ 

form the precursor complex which depro- 
tonates in a step faster than the electron transfer. 
Evidence or indications for deprotonation of precursor 
complexes for some reactions have been observedz3,“. 

Acknowledgmertt. We wish to thank Mrs. A Baaki: 
for the help with some experiments. 

(15) N. Sutin. Acco~rnls C/IOU. /<es.. 1. 225 (1968). 
(16) L. Orgel, cc Report of the Tenth Solvay Conference n, Brussels, 

1956. p. 289. 
(17) I.P. Hunt and R.A. Plane, /. /l!ner. C’ho~~. SIX.. 70. 596C 

(1960). 
(18) A. Anderson and N.A. Bonncr. ibid. 76. 3826 (1934). 
(19) ‘This work. 
(20) T.1. Wijliams and C.S. Garner. Iuorg. Clwn~.. 9. 2@58 (1970). 
(21) E. Deutsch and H. Taube, ibid., 7, 1532 (1968). 
(22) A. BakaE and M. Orhanovic’. unpublished results. 
(23) D. Seewald. N. &tin, and K.O. Watkins, /. Amer. Chern. 

Sot.. 91, 7307 (1969). 
(24j.M.P. Liteplo and I.F. Endicott. ibid.. 91. 3982 (1969). 

Inorgunica Chimicu Acts 1 G : 4 / December, 1972 


