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Kinetics of Aquation and Formation of the Tetra-aqua(2,2'-bipyridyl)- 
chromium(iii) Ion t 
By Radovan MarEec and Mato  Orhanovid.' ' Ruder BoSkoviC ' institute, BijeniEka 54, Zagreb, Croatia, 

Kinetics of aquation of the tetra-aqua(2,2'-bipyridyl)chromium(ii1) ion and of its formation from bipy and hexa- 
aquachromium(iii) ion has been studied as a function of acidity and Cr3+ concentration a t  1 .OM ionic strength 
(NaCIO,). No build-up of the unidentate bipy intermediate has been observed and with an excess of CP+ ion 
present the first-order rate constant for the approach to equilibrium is given by kobr. = kl[Cr3+] + (k1k2/k2).  
At 140.2 "C the second-order formation rate constant k, = (2.0 f 0.1) x lO-*[H+]-l + (7.0 f 1.4) x lo-* 
[H+]-, I mot-l s-l and the composite term k-lk-2/k2 = (9.5 f 0-2) x 3. (6.3 f 0.3) x lO-'[H+]-l s-,. 
Speculative breakdown of the composite term yields the rate of ring closure k, = 5.3 s-1 and the rate of bond 
rupture k-; = 1.3 x 

Yugoslavia 

s-1 for the intermediate (Cr(OH,)5(bipy)]3+ ion, giving k,/k-,' = 408. 

~,~'-BIPYRIDYL (bipy) continues to be frequently used as 
a suitable ligand for kinetic studies of substitution reac- 
tions of transition-metal comp1exes.l-7 A preliminary 
investigation of the C$+-bipy system in nitrate media 
led to the isolation of diaquabis(2,2'-bipyridyl)chromium- 
(111) trinitrate.8 After detailed kinetic study of the 
aquation of penta-aquapyridinechromium (111) and cis- 
tetra-aquabis (pyridine)chromium(III) ions,1° it seemed 
proper to prepare and to investigate the kinetic behaviour 
of the mono(2,2'-bipyridyl) complex of chromium(II1). 
While this work was in progress preparation of the com- 
plex ion by another route was reported.ll 

The preparation of monosubstituted chromium(II1) 
complexes with unidentate aliphatic polyamines 12-15 

prompted the question as to whether the analogous uni- 
dentate bipy complex could exist as a relatively stable 
species in solution, in spite of the low conjugated acid- 
dissociation constant for the second nitrogen atom of the 
free ligand. A negative conclusion on this point can be 
drawn from the work presented here, in which we report 
a kinetic study of the aquation of tetra-aqua(2,2'-bipy- 
ridyl)chromium(m) ion and of its formation from bipy 
and hexa-aquachromium(II1) ion as a function of acidity 
and excess of C3+. 

EXPERIMENTAL 
Preparation of Tetra-aqua(2,2'-bipyridyZ)chromium(111) 

Ion.-The (2,2'-bipyridyl)oxodiperoxochromium(v1) 
species 16 is readily formed as a blue precipitate by addition 
of 2 mol equivalents of H,O, to an equivalent mixture of 
chromate ion and bipy dissolved in a minimal amount of 
water. A suspension of the blue species in IM-HC~O, de- 
composed on heating back to chromate ion, probably by 

t Presented a t  the 3rd Yugoslav Congress of Pure and Applied 
Chemistry, Ljubljana, 1972. Taken from the thesis submitted by 
R. MarCec in partial fulfilment of the requirements for the MSc. 
degree a t  the University of Zagreb, 1972. 

$ l w  = 1 mol dm-3. 
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dissociation of peroxo-ligands and by their subsequent de- 
composition. $ However, agitation of the suspension in 
Ina-HClO, for ca. 20 h a t  40 "C with a constantly present 
excess of H,O, led to a red solution containing mainly 
[Cr(OH2),(bipy)]3+ ion. The complex ion was separated 
from small amounts of chromiuru(m) ions formed and higher- 
charged polymeric species using a Dowex 50W-X8 ion- 
exchange column, from which i t  was eluted with 3hi-HC10,. 
The conceutration of [Cr(0H2),(bipy)l3+ in solutions ob- 
tained in this way was of the order of 5 x 10-3~.  The 
acidity of some stock solutions was reduced a t  0 "C to 
10% by dropwise addition to ~ M - Y ~ O H  for use in kinetic 
studies a t  lower acidities. WhiIe this work was in progress 
a different and less convenient preparative procedure was 
reported.11 

Other Materials.-Potassium dichromate or chromium(v1) 
oxide, 2,2'-bipyridyl, 30% hydrogen peroxide, 70% per- 
chloric acid, and sodium hydroxide, all Merck analytical 
grade, were used without further purification. All solutions 
were prepared with doubly distilled water. 

AnaZyticaZ Metttods.-Chromium(IIr) was determined 
spectrophotometrically as chromate ion (E 4.815 x lo3 
1 mol-l cm-l at 375 nm) after decomposition of the complex 
and oxidation with alkaline per0liide.l' Interference from 
bipy absorption was negligible ; bipy present in the complex 
ion was also determined spectrophotometrically a t  296 nni 
(E 1.38 x lo4 1 mol-l cm-,), after aquation of the complex at  
150 "C in l.O~-Hclo,. The concentration of perchloric acid 
in solutions of the complex was determined by the method of 
King and Neptune.l* All absorption measurements for 
analytical and kinetic purposes were made on Beckman 
DU-2, Hilger H-700, and Unicam SP 700 spectrophoto- 
meters. 

Kinetic Measure?nents.-In kinetic runs ampoules contain- 
ing aliquot portions of the reaction mixtures were kept a t  
140.2 f 0-2 "C in a thermostat filled with suitable paraffinic 

* R. G. Inskeep and J. Bjerrum, Acta Chem. Scand., 1961, 15, 
62. 

A. BakaE and M. OrhanoviC, Inorg. Chem., 1971, 10, 2443. 
lo A. BakaE, M.Sc. Thesis, University of Zagreb, 1972. 
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oil. At known times ampoules w-vere immersed in a cooled 
diethyl ether bath to stop the reaction and to remove the oil. 
The progress of the reaction was analysed spectrophoto- 
metrically by following an inverse change in the optical 
density at 330 and 280 nm. At these wavelengths E values 
(1 mol-1 cm-1) for [Cr(OH,),(bipy)]3+ ion are 5.1 x lo3 and 
2.8 x lo3; those of bipy in IM-HCIO, are 2.8 x lo3 and 
0.2 x lo3, while the values in 6 x 10-3~-HC10, (I = 1 . 0 ~ )  
are 3.8 x lo2 and 6.7 x lo3. The rate constants were 
calculated from gradients of straight lines obtained for three 
or more half-lives of the reaction by plotting log(D, - Q) or 

TABLE 1 
First-order rate constants for the approach to equilibrium 

in the aquation of [Cr(OH,),(bipy)]3+ at 140.2 "C and 
h i  ionic strength (HClO, + NaClO,) 

10[Cr3+] [ Cr PPY) ".I 
[H+]/ 102[Cr(bipy)3+]/ added/ 104k,b./ at equili- 
mEvI mM mM s-1 brium/% 
800 12.4 0 0.98 4.9 
800 12.4 30.6 1.03 9.9 
800 12.4 100 1.22 20.3 
800 12.4 200 1.44 30.9 
100 12.7 0 1-00 7.6 
100 12.7 6.36 1.16 16.9 
100 12.7 19.0 1.39 31.3 
100 12.7 31.7 1.63 41.8 
100 12-7 46.0 1.94 49-3 
100 12.7 62.0 2.26 67-3 
100 12.7 100 2.93 67.8 
100 12.7 240 6.08 82.6 
30.6 6.02 0 1.11 8.8 
16-0 6.02 0 1.41 10.8 
10.0 2-41 0 1.60 11.2 
10.0 2.41 2.50 2.41 39.7 
10.0 2-41 4.88 3.35 63.6 
10.0 2.41 10.1 4-72 67.8 
10.0 2.41 20.3 7.23 76.5 
10.0 12.4 23.7 7.80 76.8 
7-60 6.02 0 1.75 16.7 
6-00 6.00 0 2.01 15.5 

TABLE 2 
First-order rate constants for the approach to equilibrium 

in the formation of [Cr(OH2),(bipy)J3+ a t  140.2 "C and 
IM ionic strength (HClO, + NaC10,) 

[H+]/ 10a[bipy]/ 10[Cr3+]/ 104k,,b8/ at equili- 
m M  mM r n M  S-1 brium/ :& 

100 12.7 19.0 1.42 29.1 
100 12.7 31-7 1-74 39-3 
100 12.7 46.0 1-78 46.0 
100 12.7 62.0 2.16 66.2 
100 12-7 100 3-00 69.6 
100 12.7 170 4.46 76.3 
100 12-7 240 6.60 81.1 
30.6 6-05 18.3 2.64 51-2 
30.6 6-06 36.0 4.27 64.2 
16.0 6-06 12.2 3.40 67.7 
16.0 6.05 18.3 4.27 69.7 
10.0 2.41 2.50 1.89 33.9 
10.0 2.41 4-88 3-35 60.2 
10.0 2.41 10-1 4.67 60-3 
7-60 6.02 4.40 3-66 60.8 
7-50 6.02 8-14 4.81 63-1 
7-50 6.02 12.2 6.92 69.2 
6.00 6.00 6.10 6.26 62.6 
6.00 6.00 11.9 8-25 69.7 

[Cr(bipy) 3+1 

(Dt-  D,) against time, where Dt and D, are the optical 
densities a t  time t and 10 half-lives of the reaction, respec- 
tively. Similar results were obtained a t  both wavelengths. 
The amount of the complex ion (as yo of the total bipy) 

present a t  equilibrium after 8-10 half-lives of the reaction 
was calculated from the expression [Cr(bipy)s+] = 100 
(D, - De)/(Da, - Do)% for data in Table 1 or from 
[Cr(bi~y)~+] = 100 (D, - Do)/(Dm - Do)% for data in 
Table 2, where Do is the optical density of the reaction mix- 
ture before the start of the reaction and D, the calculated 
optical density expected for the complete aquation (Table 1) 
or the complete formation reaction (Table 2). 

In  the runs involving aquation, reaction concentrations 
of the complex ion varied in the range (1.27-0.241) x 
~O-,M, w-hile in runs involving the formation reaction con- 
centrations of bipy varied in the range (1.26-0.240) x 
~O-,M. Spectra of the ' infinite time ' samples in the pre- 
liminary work were not satisfactorily reproducible, probably 
due to oxidative impurities attacking (the relatively low 
concentration of) bipy a t  the high reaction temperature. 
Addition of isopropyl alcohol (to make i t  1 0 - 2 ~  in the reac- 
tion mixture) removed this difficulty, and did not interfere 
with kinetic or stoicheiometric measurements. 

RESULTS 
Spectra of Tetra-aqua( 2,2'-bipyridyl)chrornium( 111) Ion.- 

The visible and near U.V. spectra of tetra-aqua(2,2'-bipy- 
ridyl)chromium(rrr) ion were the same in O.l-3~-aqueous 

250 300 AInm 350 

FIGURE 1 U.V. absorption spectra of: (a) [Cr(OH,),(bipy)I3+ in 
1.0~-HC10,; (b), bipy in 1.0~-HC10,; and (c ) ,  bipy in 0 * 0 0 6 ~ -  
HClO, at I = 1 . 0 ~  (NaC10,) 

perchloric acid and in O.l-l~-HC10, a t  IM ionic strength 
(NaClO,), showing absorption (c/1 mol-1 cm-1) a t  529 (max.) 
(27.2), 465 (min.) (10.7), 442(sh) (31-2), 413(sh) (85.3), 389 
(max.) (132), and 387 nm (min.) (130). Our value for the 
absorption intensity of the first d-d transition band deviates 
slightly from the one reported by Ng and Garner l1 for a 
4M-HN03 medium (528 nm, E 29.5 1 mol-1 cm-1) and it is also 
similar to the value for cis-tetra-aquabis(pyridine)chromium- 
(111) ion in perchlorate media (533 nm, E 25-9 1 mol-1 cmd1).lo 
The U.V. spectrum (Figure 1) was unaffected by change of 
acidity in the range 1.9 x 10-2-l.0~ a t  1 . 0 ~  ionic strength 
and by ~M-HC~O,. 

Preliminary Kinetic Experiments and St0icheiometyy.- 
Preliminary kinetic runs with 1-27 x 10-4~-complex in 
~M-HC~O, showed that aquation of [Cr(OH,),(bipy)13+ was 
a very slow first-order process, with the specific rate 2.8 x 
10-4 s-1 a t  151 "C. The U.V. spectrum changed gradually to 
that of completely dissociated bipy with isosbestic points a t  
304 and 263 nm, in good agreement with isosbestic points 
shown in Figure 1 for a IM-HC~O, medium. U.V. absorption 

The spectral data refer to 25 "C. 
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spectra. of free and chromium(rr1)-bound bipy differ sig- 
nificantly and the hypothetical reaction intermediate in- 
volving unidentate bipy, [Cr(OH,),(bipy)lS+, would be 
expected to have another distinct U.V. spectrum. The clear 
isosbestic points observed during the aquation indicate that 
the unidentate bipy intermediate is likely t o  be present in 
low concentration. 

The 
rate of aquation of this intermediate is expected to be similar 
to those of penta-aquapyridinechromium( 111) ion, which 
would have a rate constant of 2.3 x 10-8 s-1 at  151 "C in 
1~-HC10,,~ a factor of 80 faster than aquation of the biden- 
tate bipy complex. The rate of chelate ring opening in the 
latter is expected to be of the same order of magnitude as the 
aquation rate of the first pyridine from ~is-[Cr(OH,),(py)J3~, 
which would aquate with k = 3.4 x 10-1 s-1 a t  151 "C in 
I M - H C ~ ~ , . ~ ~  The inertness of the bipy complex thus 
appears to be mainly controlled by a high rate of rechelation 
and the standard reaction scheme lB is applicable to  the 

The same conclusion is reached on kinetic grounds. 

kl , k 2  , 
Cr3+ + bipy kr-bip]lt , E c b i p y ] 3 + ( l )  

k-1 k-2 

chromium(II1)-bipy reaction with the k ,  path missing in the 
case of complete dissociation of the complex. 

Addition of Cr3+ ions to the reaction mixture led to an 
equilibrium, the same extent of which was reached for the 
same experimental conditions by either aquation of the 
complex or by its formation from Cr3+ and bipy, as routinely 
observed from the U.V. spectra in the 250-360 nm region. 
The isosbestic points were well preserved a t  all acidities and 
Cr3+ concentrations studied, and appeared at 263-264 and 
306-309 nm depending on the acidity used, in agreement 
with the spectra in Figure 1. 

Kiltetics of A p a t i o ~  and Fovmatiort of [Cr(OH2),(bipy)]3+ 
Ion.-First-order rate constants obtained at different con- 
centrations of Cr3+ and different acidities are given in 
Tables 1 and 2. The amount of [Cr(OH,),(bipy)13+ present 
a t  equilibrium after 10 half-lives of the reaction is given in 
the fifth column of the Tables. A high concentration of 
added Cr3+ ions was used to ensure that the formation com- 
ponent of the observed process was pseudo-first order. In 
experiments involving the aquation process and no Crst ions 
added (some data in Table l),  kobs. was calculated from the 
first half-life of the reaction to avoid interference from the 
formation reaction. The ionic strength was kept constant 
with sodium perchlorate. 

Assuming the stationary state for the relatively highly 
reactive unidentate bipy complex, the rate constant ob- 
served is given by equation (2). On the basis of the 

previous consideration that k ,  > k-l, expression (2) re- 
duces to (3). In agreement with equation (3), the rate 

k&fh = (h-1k-2/k2) f k1[Cr3t] (3) 

constants from Tables 1 and 2 were linearly dependent on 
[Cr3+], as shown in Figure 2 for some acidities. A t  a par- 
ticular acidity, both sets of rate constants, those for aquation 
and formation, fell on the same line. The gradients (k,) and 
intercepts (h-lk-2/h2) of the lines, computed using a non- 
linear least-squares program, are given in Table 3. 

The last two columns in Table 3 show good agreement 
between the apparent stability constants for [Cr(OH,),- 
(bipy)]3+ obtained from kinetic and thermodynamic data. 
The latter values, Keg = [Cr(bipy)3++3/[bipy][C9+], were 

1 1 1 1 I 
0.5 1.0 1 -5 2.0 

I O * [ C ~ ~ + I  I M  

Dependence of the first-order rate constant on excess 
of Cr3+ for the approach to equilibrium in the aquation (open 
circles) and formation (full circles) of [Cr(0H,J4(bipy)]3+ at 
140.2 "C and I = 1 . 0 ~  (NaC10,). [HClO,] = 0.8 (a), 0.1 (b) ,  
and 0 . 0 3 0 6 ~  (c) 

FIGURE 2 

TABLE 3 
Rate constants for aquation and formation of [Cr(OH,),- 

(bipy)13+ ion a t  140.2 "C and IM ionic strength 
(HClO, + NaC10,) 

10-2(k1k2/ 
[H+]/ 103k,/ 1OS(k-,k-,/ k-,k-,) / 10-2K,,l 
mM 1 mol-1 s-l k,)ls-l 1 mol-l 1 mol-1 

800 2.36 9.71 0.284 0.24 
100 19.7 10.2 1-93 2.1 
30.6 84.1 11.0 7.66 6.4 
16.0 169 14.1 11.4 12 
10.0 288 16.6 18.3 20 
7.6 361 17.8 20.2 22 
6.0 527 20.1 26.2 26 

I - 1  

FIGURE 3 Dependence of the second-order formation rate 
constant k ,  (full circles) and composite term k,,k-,lk2 (open 
circles) on inverse acidity for aquation and formation of 
[Cr(OH2),(bipy)l3+ a t  140.2 "C and 1 = 1 . 0 ~  (NaC10,) 

calculated from concentrations of the species present a t  
equilibrium at  ' infinite ' reaction times using data from 
Tables 1 and 2. Mean values of Kos for the particular 
acidities were calculated only for conditions with a t  least 
15% of [Cr(OH,),(bipy)13+ or bipy present a t  equilibrium. 

Both k ,  and k-,k-,/k, increased with decreasing acidity as 
shown in Figure 3. The least-squares treatment of the 

lQ F. Basolo and R. G. Pearson, 'Mechanisms of Inorganic 
Reactions,' John Wiley, New York, 1967, p. 223. 
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linear dependence of k-,K-2/lz, on inverse acidity gives 
equation (4). The dependence of k, on the inverse acidity 

h_,h-,/k, = (9-48 0.18) X + 
(6.28 f 0.26) x lO-'[H+]-' (4) 

was best fitted with the two term expression (5). 

k ,  = (1.97 f 0.11) x 10-3[H+]-' + 
(7.0 f 1.4) x 10-6(H+]-2 1 mol-1 s-1 (5 )  

DISCUSSION 

Linear dependence of k-,k-,/k, on [H+]-l for the reac- 
tion studied stems from protolytic equilibria involving 
aqua-ligands bound to CrIII and from the k-, and k-, 
processes.20 Protonation of the unidentate bipy ligand 
in the intermediate would reduce the rate of rechelation 
(k,) and would tend to show up as an acid-catalysed path 
in the aquation kinetics; the k-,k-,/k2 value at the highest 
acidity used ( 0 . 8 ~ )  deviates only 1.6% from the fitted 
straight line, indicating that no H+-catalysed path 
operates in the acidity range studied and that the k, 
process is acid independent. This behaviour is consistent 
with an expected low pK, value for the unidentate bipy. 
Thus protonation of the first nitrogen atom in the free 
ligand leads to pK, -0.52 for the second nitrogen,21 and 
3+ charge on CrIII probably decreases this value even 
more. Among the bivalent metal ions, lack of acid 
catalysis was recently found for dissociation of bipy from 
MnII in methano1,l in contrast to the direct observation 
of catalysis for NiII and Fen 22 and an indirect observ- 
ation for CuII in aqueous rnedia.23~24 

In an attempt to break down the term k_,k-,/k,, a fair 
estimation of k-, is possible. A linear correlation was 
recently found between the logarithm of the rate constant 
and pK, of the free ligand for the aquation of a series of 
[Cr(OH2),(Xpy)]3f ions (Xpy = substituted pyridine) .% 

Linearity retained on extrapolation of the rate data to 
140.2 "C. It is reasonable to assume that the aquation 
of the unidentate bipy intermediate fits the linear cor- 
relation and the aquation rate constants k,' = 1-30 x 
lo-, s-l for the acid-independent path and k-," = 4.7 x 
10-3 1 mol-l s-l for the acid-inverse path can be extra- 
polated at  pK, 4-35, the pK, of bipy.26 The preceding 
consideration implies that the acid-independent term in 

* en = Ethylenediamine, dien = 3-azapentane-1,5-diamine, 
trien = 3.6-diazaoctane-1, 8-diamine, and tetren = 3,6,9-tri- 
azaundecane-1, 1 l-diamine. 

zo M. OrhanoviC and M. AvdagiC, Inorg. Chem.. 1973, 12, 492. 
21 I;. M. Westheimer and 0. T. Benfey, J .  Amer. Chenz. SOL, 

1966, 78, 3509. 
22 F. Basolo, J. C. Hayes, and H. M. Neumann, J .  Amev. 

Claem. SOC., 1953, 75, 5102; 1954, 76, 3807. 
23 T. S. Rsche and R. G. Wilkins. Chem. Comm., 1970, 1681. 

expression (4) corresponds to the reaction of [Cr(OH,),- 
(bipy)Ia+ and [Cr(OH,),(bipy)]3+ species, while the acid- 
inverse term is a composite term itself involving aqua- and 
monohydroxo-forms of the two species. Substitution of 
k - i  in the first term of (4) gives k,,'/k, = 7.3 x or 
the stability constant K, = k,/k-, = 137 for the 
[ Cr (OH,) (bip y ) ] + species. 

An estimation of k - i  is less certain. It was found that 
the rate of ring opening (k2) in monobipyridyl and 
monoethylenediamine complexes of Nin, and specula- 
tively for PtII, is an order of magnitude slower than the 
rate of bond rupture in the respective unidentate inter- 
mediates (k,) ,z7-29 An energy barrier related to rotation 
of the freed end of the bidentate ligand was invoked to 
account for the rate difference. With chromium(rr1) the 
situation appears different; [Cr(OH,),XIn+ (X = Hen+, 
H2dien2+, H3trien3+, and H4tetren4+) and [Cr(OH,),Y]"+ 
(Y = en, Hdien+, H2trien2+, and H,tetren3+) * were 
isolated as stable species in solution.l2-ls The directly 
measured aquation rates of bi- and uni-dentate com- 
plexes gave k-,/k, = 2.7 a t  60 "C for en with a further 
increase to 8 and 15 for sterically more crowded dien and 
trien complexes. Similar behaviour is to be expected for 
bipy and it seems that the k-;value for [Cr(OH2)4(bipy)]'L+ 
is best approximated by the aquation rate of cis- 
[Cr(OH,),(py)J3+, which aquates a factor of 9.5 faster 
than [Cr(OH,),(py)]3+ at  90 "C. Extrapolated to 140.2 
"C, the aquation rate constant €or the cis-bis(pyridine) 
species via the acid-independent path has the value 
3.9 x 10-2 s - , . ~  Substitution of the value of k-,' so 
obtained in the acid-independent value of k-,k-,/k2 from 
expression (4) leads to k,  = 5.3 s-l for [Cr(OH,)5(bipy)J*f 
ion. The estimated value of k,/(k, + &'), 0.998 at 
140.2 "C and I = I-OM, shows that bond rupture in 
[Cr(OH,),(bipy)]3+ species occurs 0.2% and ring closure 
9943% of the time. 

The second-order formation rate constant k ,  is con- 
sistent with k, = K&, where K f  is the cation-dipole 
association equilibrium constant and kr the first-order 
rate constant for the first bond formation. [H+]-l and 
[H+]-2 Paths for the formation reaction presumably arise 
from involvement of C$+, [Cr(OH)J2+. bipy, and Hbipy+ 
species. 
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