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Abstract 

The initial reaction of Crz07'- in phosphate buffer (pH 6.03-8.54, 25.0°C, I = 1 . 0  M 

NaC104) follows the rate law hob, = ~K[HPO~'-]/(~+K[HPo~'-1). This is interpreted as 
arising from the reversible and rapid formation of a chromium(v~)-phosphato intermediate 
of increased coordination number (K = 5 . 5 ~ t l . 3  M-I),  and rate-determining loss of ~ r 0 4 ' -  
from this species (k = 4 .4h0 .5  s-I) to give ~ 0 3 P 0 ~ r 0 3 ' -  (pKz = 6.96). This appears to  be 
the first clear demonstration of an addition-elimination (stepwise) mechanism for substitution 
at  chromium (vI). Subsequent equilibration of ~ 0 3 ~ 0 ~ r 0 3 ' -  to  give HCr04- and H2P04- 
( K  = 5.95% 1.90 M-l) is seen as a separate process which is subject to  specific H+ and OH-, 
and general base (HPO~'-) catalysis, in addition to a spontaneous reaction. 

Introduction 

Mechanistic studies of substitution at a chromium(v~) centre have focused 
almost exclusively on the reaction of HCr04- with nucleophiles (equation 
(I), B = H2P04-,I H2P03-,2 SCN-,3 C O ( N H ~ ) ~ O H ~ ~ + , ~  S2032-5) and with 
oxygen-exchange processes occurring in the Cr2072-/HCr04-/Cr042- s y ~ t e m . ~ ? ~  

However, the recent observation of nucleophilic attack by Tris buffer on Cr2072- 
and hydrolysis of the resultant H3N+C(CH20H)2CH20Cr03- intermediate8 has 
prompted us to re-examine the factors governing the reactivity of nucleophiles 
toward dichromate. Of the 36 oxygen and nitrogen bases used in an early study 
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of catalysis of Cr2072- hydrolysis,g and another nine examined more r e~en t ly ,~  
only Tris has a demonstrated nucleophilic capacity, although sulfur centres in 
S2032-5 and glutathionelo may also add. 

We now report that the reaction of HP04'- with Cr072- in aqueous solution 
leads indirectly to the formation of H03POCr032-, and we describe the rate laws 
for the production and decay of this species. Evidence is presented which shows 
that the first process involves the rapid and reversible addition of HP04'- to 
Cr20T2- to give a chromium(v1) intermediate of increased coordination number 
(five or six), and that it is the breakdown of this species to H03POCr032- and 
c1-0~~- which is rate determining. A subsequent slower reaction is observed and 
this corresponds to equilibration of H03POCr032- with H2P04- and HCr04-. 

Experiment a1 
Rate data were obtained by using a Durrum D-110 stopped-flow spectrophotometer coupled 

to a Northstar Horizon computer running OLIS software1' for data  storage and manipulation. 
Rate constants (kf,,t, k,l,,) for reactions which exhibited biphasic behaviour were obtained 
by use of the non-linear least-squares fitting routine V-Data Fit appropriate to a consecutive 
first-order reaction: A + B + C. For processes which followed pseudo-first-order kinetics, rate 
constants were obtained by using the linear least-squares fitting routine Normal Data Fit. 
Excellent fits were achieved in all cases up to 97-98% of the total absorbance change. 

Reactions of ~ ~ 0 7 ~ -  were monitored at  470 or 442 nm following stopped-flow mixing 
of equal volumes of pH 4 .0  chromium(v~) solution ( 8 . 3 3 ~  M, I = 1 . 0  or 0.02 M 

(NaC104)) and H ~ P o ~ - / H P o ~ ~ -  buffer ( [P04JT = 0.060-0.666 M adjusted to  I = 1 .0  
or 1.99 M ((NaC104)). Under these conditions the reaction mixtures initially contained 
c. 43% [Cr] as ~ r 2 0 7 ~ -  with the remainder distributed between HCr04- and cr0d2- 
(KD = [ c ~ ~ o , ~ - ] / [ H c ~ o ~ - ] ~  = 80 M-l, pKz(HCr04-) = 5.71 at  25 '~) '  depending on the 
pH of the reaction mixture (6.03-8.54). 

The reaction of monomeric chromium(v~) in phosphate buffers was followed after stopped- 
flow mixing of equal volumes of pH 8 . 5  chromium(v~) solution ( 8 . 3 3 ~  1-3 M, I = 1 . 0  M) or 
pH or 8.0 chromium(v~) solution ( 4 . 1 6 ~  M, I = 1 . 0  M) and H ~ P o ~ - / H P o ~ ~ -  buffer 
( I  = 1 . 0  M), with monitoring at 450 or 350 nm respectively. Under these conditions the 
reaction mixtures initially contained <3% of [CrIT as ~ 1 2 0 7 ~ ~ .  

Solutions of chromium(v~) were prepared from anhydrous Na2Cr04 (Fisher Scientific, 
certified) which was dried under vacuum (105°C/0.2 mmHg). Adjustment of pH was made 
by addition of HC104 (70% w/w). Phosphate buffers ( I  = 1.00, 1.99 M) were prepared from 
filtered (Celite) stock solutions of NaH2P04 (2.00 M), N ~ ~ H P o ~ ~ -  (0.666 M) and NaC104 
(2.00 M). pH measurements were made with a Radiometer PHM 82 pH meter equipped with 
G2020B (glass) and K 4040 (calomel) electrodes. Meter standardization was carried out by 
using phosphate (pH 6.865) and borate (pH 9.185) buffers. Acidity constants are reported 
as concentration constants, K: = [A-][H:~/[HA], with [H+] = aH+/7*, pH = -log aH+,  
y* = 0.767 (25.0°C), I = 1 . 0  M,  NaC104. 

The acidity constant of H2P04- at  25OC was determined by potentiometric titration of a 
0.0500 M solution of Na2HP04 ( I  = 1 . 0  M, NaC104) with 1.00 M HC1, pKz = 6.1310.04. 

Errors in rate and equilibrium constants are reported at  the 99% confidence level ( h 3  
standard deviations). 

Results 
The rapid decrease in absorbance observed at 470 nm following stopped-flow 

mixing of equal volumes of weakly acidified chromium(v1) solution (containing 
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43% of [ C r l ~  as Cr20v2-) and phosphate buffer (giving [CrV1] = 4 . 1 6 ~ 1 0 - ~  M, 
[ p o * ] ~  = 0.150 M, pH 7.17) may be analysed in terms of a consecutive first-order 
reaction scheme A 4 B + C. Fig. 1 shows this with the calculated absorbance- 
time trace corresponding to kfast = 1 -90 s-', AAfast = -0.170, kslOw = 0.150 s-', 
AA,1,, = -0.150, which give excellent agreement with the observed data. I t  was 
not possible to find a wavelength where the absorbance changes were in opposite 
senses, and in the range 445-500 nm both processes gave rise to absorbance 
decreases. However, the difference in the two reaction rates (k fas t /k s low  = 13) 
was such as to remove ambiguity from the analysis* and it allowed both rate 
constants to be well defined. The first observed reaction is consequently equated 
with the first mechanistic process. Also, studies at 442 nm showed that this 
wavelength is an isosbestic for the second process, and absorbance-time data a t  
442 nm analysed as a single exponential corresponding to kfast irrespective of 
the reaction conditions (pH 6.03-7.21, [PO4lT = 0.05-0.400 M). Rate constants 
kfaSt and kslow found from studies at 470 and 442 nm, and over the pH range 
6.03-8.54 at [PO& = 0.030-0 400 M,  are given in Table 1. 

When the chromium(v~) reagent used in the stopped-flow experiments contained 
only HCr04- and CrOd2- (i.e. no significant Cr2072-), the reaction with phosphate 
buffer gave rise to a single first-order process. Table 2 gives rate constants 
obtained at 350 nm corresponding to reaction at [ C r l ~  = 2.08x104 M, and at  
450 nm corresponding to reaction at  [CrIT = 4 . 1 6 ~ 1 0 - ~  M. 

No attempt was made to analyse the absorbance changes associated with the 
reactions since, in general, both the initial and final absorbances were dependent 
on the solution pH as a consequence of the changing distribution of monomeric 
and dimeric chromium(v1) species (see below). This factor also limited the pH 
range used. For example, the absorbance change at  350 nm was too small (<0.02 
for [CrIT = 2 . 0 8 ~  lo-* M) to be useful in the reaction of monomeric chromium(v~) 
at pH > 6.4. Similarly, at pH < 6.3  diminishing absorbances associated with 
the second process in the biphasic reaction prevented analysis of kinetic data 
collected under these acidity conditions. 

0 3 6  - Fig. 1. Calculated and observed changes 

Discussion 
The first observed reaction of Cr20v2- with phosphate is interpreted as arising 

from nucleophilic attack by HPOd2- with rapid and reversible formation of a five- 
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Table 1. Observed and calculated first-order rate constants (kfaSt, kslow) for the reaction of 
~ r z 0 7 ~ -  in phosphate buffers, 25OC, I = 1.0 M (NaC104) 

Rate constants measured at 470 nm unless otherwise stated; [C~]T  = 4 . 1 6 ~ 1 0 - ~  M 

pH lo7 [H+]/ k~ Is-' k , ~ ~ ~ l s - ~  
M M ~ a l c . *  Obs. CalcB 

A Calculated values of kfaSt according to equation (2) and the values of the constants given 
in the text. 

Calculated values of kslOw according to equation (3) and the values of the constants given 
in the text. 
' Measured at 442 nm. 

or six-coordinate chromium(v~)-phosphato intermediate (K)  which subsequently 
undergoes rate-determining loss of Cr04'- (k) to give H03POCr03, Scheme 1. 
This mechanism is suggested by the curvature in the plot of kfast v. [HP04'-1, 
Fig. 2, with kfast approaching a limiting value at high [HP042-]. Accordingly the 
variation of kfast with [HP04'-] is given by equation (2) with K = 5 . 5 f  1 . 3  M-' 

and k = 4.4h0.5  s-I (HP04'- concentrations were calculated from [P04JT 
and pH by using a measured value of the acidity constant for H2P04-, 
Kil = (7.510.8) x M at I = 1 . O  M (NaC104), 25°C). Values of kfast calculated 
according to equation (2) are included in Table 1 and show good agreement with 
the observed values. 
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Table 2. Observed and calculated &st-order rate constants for the reaction of monomeric 
chromium(w) in phosphate buffer, 25. O°C, I = 1.0 M (NaC104) 

Rate constants obtained following mixing of chromium(v1) solution, initially at  pH 8.0, with 
phosphate buffer and observation at 350 nm unless otherwise stated. [CT]T = 2 . 0 8 ~  M 

PH lo6 [H+]/M [ P O ~ ] T / M  kobs/s-' kcalcls-' A 

A Rate constants calculated according to equation (3) and the values of constants given in 
the text. 

Chromium(v~) solution initially pH 4.5. ' Chromium(v~) solution initially pH 8.5,  [CrIT = 4 . 1 6 ~ 1 0 - ~  M,  450 nm. 

Scheme 1 

3 0 -  

Fig. 2. Variation of kfast (= kObs) 
with [ H P O ~ ~ - ]  for reaction of 2 0  - 

~ r z 0 7 ~ -  in phosphate buffer a t  - 
25OC and I = 1 .O M (NaC104). L 

-33 - 
The points are experimental data ~f % 
and the curve is drawn with use 

of equation (2) and the values of 1 0 -  

the constants given in the text. 
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We favour this mechanism over one involving ion pair formation between 
Cr2072- and HP042- with product formation arising from a pre-associated 
HP042-.Cr2072- species. This would require Krp(=K)  = 5 . 5  M-l, a value more 
in keeping with a (2+).(1-) ion pair* than one involving two 2- charged ions. 

Coordination numbers greater than four are known in chromium(v~)-0x0 
diernistry. Thus, six-coordinate r12,r12-[Cr0(02)2(py)] is produced on treating 
Cr2072-(aq) with H202 and workup from ethereal pyridine,16 and the related 
q2,q2-[Cr0(02)2(bpy)] has been shown to be seven-coordinate.17 Also, the direct 
pathways for oxygen exchange into Cr2072-(aq)7 and might 
suggest the presence of five-coordinate hydrated intermediates. In the present 
study the kinetic data appear to require the intermediacy of a chromium(v1) 
species of increased coordination number, and that its breakdown to products is 
rate determining. 

HP04?- CrOd2- 
t H+ t H+ 

i3- 
03p/  'CQ + H+ Scheme 2 

The second observed reaction corresponds to relaxation according to Scheme 2. 
For this process the observed first-order rate constant, kslOwl follows equation (3), 
with K:2 corresponding to the known acidity constant of Hero4-  at 25OC and 
I = 1 .0  M (1.97x1W6 M), and K,C3 to the acidity constant of H03POCr032-. 

Least-squares fitting of the data (Table 1) was carried out with the recognition 
that pathways established for the hydrolysis of Cr20T2- 8>9 were also likely 
for the hydrolysis of H03POCr032-. Accordingly, contributions to k-l (and 
concomitantly to kl) are found for the spontaneous reaction, from acid catalysis, 
from general base (HP04'-) and from specific OH- catalysis. Thus: 

and a good fit to equation (3) is achieved by using ko = 0.17710.055 s-l, 
kH = (1.94f 0.40) x lo4 M-I S-l1 kHPO, = 0.8717fO.413 M-' S-l, koH = 
(2.4% 1.2) xlo5 M-' s-l, a value for Ka3 of ( 1 . 0 9 % 0 . 6 5 ) ~ 1 0 - ~  M and a k ~ l k - ~  

* The Fuoss equation14 predicts values of 1-5 M-I for this cornbination.15 
l4 FUOSS, R. M., J. Am. Chem. Soc., 1958, 80, 5059. 
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l6 Pedersen, B. F., and Pedersen, B., Acta Chem. Scand., 1963, 17, 557. 
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ratio of 5.954~1.90 M - ~ .  The kl/lcl ratio defines the formation constant of 
H03POCr032-.* This has previously been directly determined at  25OC as having 
values of 2 .9 f0 .8  M at I = 0.25 M~~ and 6 f 2  M-' at I = 3.0 M-'.' The pK& 
value of 6.96f0.40 shows that H03POCr032- is a slightly weaker acid than 
H2PO4- (pKil = 6.1311r0.04). 

The above interpretation was verified through a direct study of the kinetics of 
formation of H03POCr032- from monomeric HCr04-. Good agreement is seen 
(Table 2) between the observed rate constants and those calculated from equation 
(3) and the above values for the rate and equilibrium parameters. This latter 
study also supplements that of Haight et a1.l who established Cr-0 bond cleavage 
and Hf and general acid-base catalysis in the hydrolysis of H03POCr032- 
(pH 5 5, I = 3.0 ~ ) . t  

Some comment on the factors which govern the reactivity of oxy anions 
as nucleophiles toward Cr2072-, and which favour the observation of BCr03 
intermediates, is appropriate. Firstly, although both Tris and HP042- are able 
to function as chelating agents, the ability to chelate is not a requirement. Thus 
in the presence of several potential N-0 che la t e~ ,~  and in HC03-/C0s2- and 
HC204-/C2042- media,7 Cr2072- is hydrolysed smoothly to Cr042- without 
the accumulation of a detectable intermediate (pseudo-first-order kinetics). This 
does not preclude a nucleophilic pathway, but it does mean that any addition 
product must be hydrolysed much more rapidly than it is formed. This is 
certainly a possibility since the H+- and OH--catalysed pathways shown here 
for H03POCr03 may allow only a narrow pH window for the detection of such 
an intermediate, especially when its stability is substantially less than that of 
Cr2072- itself. Secondly, since the hydrolysis of BCr03 species (B = ~ r i s , ~  
H03P0, '  0 2 H P 0 2 )  is known to be subject to general base catalysis (see above) 
this must also be true of ~ r ~ 0 ~ ~ -  (B = 03CrO) so that a direct pathway to 
hydrolysed products is always present. Any contribution made by the indirect 
nucleophilic pathway is presumably determined by the steric, electronic and, 
possibly, lack of hydrogen-bonding properties of B. 

* This species gives rise to  a 3 1 ~  n.m.r. signal at 3.20 ppm (relative to H3P04 external 
reference) in aqueous solutions containing 16.7% DzO, I = 1.0 M,  25OC. 
t Where comparison is possible good agreement is seen between rate constants determined in the 
two studies, e.g. k~ = 1 .9x  lo4 M-I s-I in the present work compared to kH = 2 . 0 ~  lo4 M-I 

s-l reported in ref. 1. Many of the processes, however, can be interpreted in terms of 
kinetically indistinguishable alternative mechanisms. See, for example, ref. 19. 
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