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yet, addition of a proton to MoO4
2- is not diffusion con

trolled,'5 implying that a structural change, perhaps tetrahe
dral to octahedral coordination, accompanies the reaction. 
Certainly, the known solid-state structures of molybdate and 
tungstate oxyanion complexes are octahedral,16 with cis-
dioxygen coordination in the absence of full occupation by the 
complexing ligand or ligands. This situation has led some in
vestigators to regard oxyanion complexation and oxyanion 
polymerization (or condensation) as examples of addition 
rather than substitution.9'17 This point, though interesting, is 
less fundamental than determining the trends, if any, in the 
complex formation rate constants with variations in ligand 
properties. 

Ligand discrimination by oxyanions has been discussed for 
CrO4

2-,7 where it may be present, but is obscured by accom
panying catalytic behavior, and for M0O42"" and WO42- with 
substituted 8-hydroxyquinolines.10 With these ligands, it was 
established that the main pathways for complexation involve 
the protonated oxyanion. No conclusion was drawn with re-
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Abstract: Rate constants for the complexation of molybdate and tungstate with catechol derivatives have been determined at 
25 ± 1 0C and ionic strength 0.5 M (NH4Cl) by the approach-to-equilibrium technique on a stopped-flow apparatus. Ligands 
studied were 1,2,4- and 1,2,3-trihydroxybenzene (pyrogallol), 3,4,5-trihydroxybenzoic acid (gal)ic acid), 3,4-dihydroxyphe-
nylalanine (L-Dopa), and [3,4-dihydroxyphenyl]-2-methylaminoethanol (D-epinephrine). The formation of the mono (1:1) 
complex is more rapid for protonated than for unprotonated oxyanion. From the hydrogen ion dependence of the relaxation 
time it was determined that reactions of completely deprotonated ligand with completely deprotonated oxyanion, and com
pletely protonated ligand with protonated oxyanion, do not contribute, within experimental error, to the observed rate of com
plexation. The relaxation times (standard deviations ±5%, except for pyrogallol and 1,2,4-trihydroxybenzene ±10%) consist 
of acid-independent and -dependent parts which contain kinetically indistinguishable terms for which upper limits could be 
deduced by setting all but one term equal to zero. Some of the upper limits exceed diffusion control allowing minimum limits 
to be set for the terms previously set equal to zero. For some pathways the upper and lower limits are approximately the same, 
leading to the actual value within experimental error and the uncertainties in the associated acid dissociation constants and 
estimated diffusion controlled rate constants. For molybdate and tungstate complexations with these and other ligands a trend 
in complex formation rate constant with basicity occurs. Namely, if the oxyanion is protonated the most basic ligand is most 
reactive. If the oxyanion is unprotonated, the least basic ligand is most reactive. The fastest rate of complex formation occurs 
when the protonated oxyanion reacts with the most basic ligand fully deprotonated at the binding sites. These trends are ex
plained by assuming that the tetrahedral unprotonated oxyanion reacts by an addition mechanism, and the (postulated) octa
hedral protonated oxyanion reacts by a substitution mechanism. Ligand basicity then controls complex formation in substitu
tion by assisting elimination of the OH- groups to be replaced through a hydrogen-bond-transfer mechanism, but hinders ad
dition through the same effect. For 1,2,4-trihydroxybenzene the kinetics of formation of mono and bis complexes has been de
termined at ionic strength 0.1 M. Unlike the formation of the mono complex, the formation rate of the bis complex decreases 
with decreasing pH. This effect is also explained by the fact that the reactive metal-containing species in the higher order com
plex formation step is already octahedrally coordinated. There is no conversion to octahedral form upon protonation, and the 
influence of ligand protonation dominates the process. 
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spect to the influence of, say, ligand basicity on the rate of 
complex formation. In order to gain more information on the 
role played by ligand basicity in this type of reaction, a sys
tematic investigation of the kinetics of complex formation with 
one ligand and several of its derivatives was undertaken. 

As complexes between oxyanions and catechol and its de
rivatives have been well characterized,18-20 and afford a rea
sonable range in basicity, we are reporting the results of a ki
netics study with several of these compounds. A start had al
ready been made in the case of catechol itself." Catechol
amines are frequently of potent physiological activity,21 e.g., 
as hormones, but are not commonly regarded as ligands. These, 
and the other catechol chelating agents used, are named and 
shown below. 

R 

1,2-dihydroxybenzene: R = R' = H; catechol 
1,2,3-trihydroxybenzene: R = OH, R' = H; pyrogallol 
1,2,4-trihydroxybenzene: R = H, R' = OH 

H O O C - r ^ V - O H 

OH 
3,4,5-trihydroxybenzoic acid: gallic acid 

CH2 

I 
H2NCHCOOH 

3,4-dihydroxyphenylalanine: L-Dopa 

OH 

HOCH 
I 

H3CNCH2 

[3,4-dihydroxyphenyl]-2-methylaminoethanol: 
L-epinephrine (adrenaline) 

Experimental Section 

Materials. The following reagent grade chemicals were used without 
further purification: 1,2,4-trihydroxybenzene (Aldrich); ammonium 
hydroxide, pyrogallol, gallic acid, sodium tungstate (Baker); L-epi
nephrine (Calbiochem.); sodium bisulfite (Na2S2Os), sodium mo
lybdate (Fisher); ammonium chloride (Mallincrodt); and L-Dopa 
(Nutritional Biochemical Corp.). The ligand solutions were prepared 
fresh by weight for each experiment; the molybdate and tungstate were 
taken from 0.50 M stock solutions. Water was doubly distilled. 

Kinetics Studies. All kinetics studies were run on a stopped-flow 
apparatus equipped with a Biomation 610B transient recorder and 
Datacap E103 coupler interfaced to a Teletype 33 ASR for direct 
digital output on paper tape.22 Least-squares routines,23 run on a 
PDP-IO computer, were then carried out to obtain relaxation times 
(as in the approach-to-equilibrium method), followed by overall for
ward and reverse rate constant determinations by weighted least 
squares. 

The kinetics studies were carried out at 25 ± 1 0C and ionic strength 
0.5 M (NH4Cl), unless otherwise noted. In the 1:1 studies reaction 

Figure 1. Plot of l/r0bsd against molybdate concentration for the formation 
of the 1:1 complex between gallic acid and molybdate. Total initial gallic 
acid concentration = 1.9 X 10-4 M, T = 25 0C, ionic strength = 0.5 M; 
O = pH 7.3; A = pH 7.7; D = pH 8.0; X = pH 8.3. Calculated least-
squares straight lines have been drawn through the data points. At the 
highest concentrations of oxyanion studied, the data points tend to fall 
below the calculated values, especially at the lowest pH's studied. This 
effect is due to the slight amount of molybdate polymerization occurring 
in these solutions. 

rates were measured under pseudo-first-order conditions with the 
concentration of oxyanion (0.25-7.50 X 10 -2 M) in large excess 
(>25-fold) over that of ligand (1.00-3.00 X 10~4 M). To avoid oxy
anion condensation, molybdate solutions were all at pH >7.3 and those 
of tungstate at pH >8.0. Oxidation of the catechol derivatives was 
minimized by bubbling argon through the ligand solutions and adding 
sodium bisulfite (0.01 M). Control experiments without bisulfite 
showed that this reagent did not affect the relaxation times signifi
cantly. 

After ammonium chloride was added to bring the solutions to 0.5 
M ionic strength, the pH was adjusted and buffered with ammonium 
hydroxide. The hydrogen ion concentration was measured with Cor
ning Model 7 and Radiometer pH meters. The experimental runs were 
monitored spectrophotometrically at 340 nm. 

At a given pH and oxyanion concentration, we made at least five 
experimental determinations of the relaxation times. The standard 
deviations of the relaxation times were within ±5%, except for pyro
gallol and 1,2,4-trihydroxybenzene, which were within ±10%. 

To observe the rate of the second step of chelation to form a 1:2 = 
metal oxyaniomligand complex, 1,2,4-trihydroxybenzene (0.29-1.52 
X 1O-2 M) was present in great excess (at least 200-fold) over the 
concentration of oxyanion (1.5 X 1O-5 M). Ionic strength was 0.1 M 
(NH4Cl) and all other conditions and methods were as previously 
described for the first step. Some studies of the first step of complex-
ation of molybdate with 1,2,4-trihydroxybenzene were also carried 
out at ionic strength 0.1 M. 

Results and Treatment of Data 

Oxyanion Dependence. The observed pseudo-first-order 
relaxation times for the complexation of molybdate with cat
echol derivatives are shown in Table I; those for tungstate with 
catechol derivatives are shown in Table II. Because the con
centrations of the metal were always in large excess over that 
of the ligand, close to equilibrium conditions obtain, and the 
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Table I. Observed Relaxation Times for the 1:1 Complexation of Molybdate with Catechol Derivatives 

Ligand 

1,2,4-Trihy-
droxybenzene 

104[Ligand]0(M) 
Pyrogallol 

104[Ligand]0(M) 
Gallic acid 

104[Ligand]0(M) 
Epinephrine 

104[Ligand]0(M) 
L-Dopa 

104[Ligand]0(M) 

1O2IMoO4
2-] 

(M) 

0.75 
1.00 
1.50 
1.90 
2.00 
2.50 
2.90 
3.00 
3.50 
4.00 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 

0.50 
0.75 
1.00 
1.50 
2.00 
2.50 
3.00 
3.75 
4.00 
5.00 
6.00 
7.00 
7.50 

0.50 
1.00 
1.50 
2.00 
3.00 
4.00 
5.00 
7.50 

0.50 
1.00 
1.50 
2.00 
3.00 
4.00 
5.00 
6.00 
7.50 

0.50 
1.00 
1.50 
2.00 
2.50 
3.00 
4.00 
5.00 
7.50 

7.3 

16.8 
22.7 
31.0 

30.8 
33.8 
38.4 
42.3 
— 
46.7 

50.2 
— 
— 
— 
— 
— 

2.1 
— 
23.0 
23.2 
27.9 
37.2 
— 
45.6 
54.3 
— 
68.5 
74.5 
— 
84.5 

1.0 
33.8 
63.2 
85.3 

106. 
145. 
173. 
194. 
264. 

2.9 
9.62 

— 
22.0 

— 
42.6 

56.6 
1.5 

11.4 
18.9 
21.9 

28.4 
35.2 
43.3 
58.8 
2.5 

7.7 

— 

— 

— 
— 
— 

— 
— 
— 
— 
— 
— 
— 
29.1 
42.8 
48.8 
67.7 
71.2 
91.2 
91.7 
— 

132. 
— 
— 
— 
— 

1.0 
34.4 
53.0 
66.0 
86.3 

115. 
155. 
191. 
262. 

1.9 
10.05 
14.5 
16.7 
20.6 
28.0 
36.0 
42.0 

52.4 
1.7 

7.8 

26.2 
28.9 
32.3 
34.2 

36.8 
— 
— 

47.4 
— 

51.5 
— 

56.1 
— 
2.1 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

— 
— 
— 
— 
— 

— 
— 

— 
— 

— 
— 

8.0 

— 

— 

— 
— 
— 

— 

— 
— 
— 
— 
— 
29.2 
35.7 
47.5 
68.0 
80.9 
81.6 
93.2 

115. 
112. 
155. 
195. 
— 
— 

1.0 
32.7 
— 
— 
90.1 

— 
155. 
232. 

1.9 
9.82 

13.5 
— 
21.4 
27.6 
33.5 
44.7 

51.4 
1.4 
9.59 

12.2 

21.8 

36.5 
50.7 

2.3 

8.2 

22.4 

26.3 
27.3 

29.7 
34.3 
37.5 

39.2 
— 
— 
— 

49.9 
51.2 
2.1 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

— 
— 
— 
— 
— 

— 
— 

— 
— 

— 
— 

1/fobsd ' 
pH 

8.3 

— 

— 

— 
— 
— 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
23.5 
41.6 
45.1 
59.2 
84.7 

100.8 
120. 
154. 

1.6 
9.43 

— 
19.4 

— 
37.3 

49.8 
2.0 

(S- 1 ) 

8.4 

— 

— 

— 
— 
— 

— 
— 
— 
— 
— 
— 
— 
— 
26.6 
— 
— 
— 
46.1 
51.7 

110. 
— 
92.3 

145. 
130. 
161. 

1.0 

8.5 

— 

27.2 

— 
— 

36.9 

41.5 
42.2 
46.2 
49.0 
48.1 
50.9 
2.1 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

7.79 
11.3 
14.5 
17.8 

23.4 
26.7 
35.1 
43.7 

2.5 

8.6 

— 

•— 

— 
— 
— 

— 
— 
— 
— 
— 
— 
— 
— 

18.2 
17.1 
24.0 
28.4 
— 

37.4 
45.8 
47.2 
52.9 
53.8 
— 

61.4 
1.0 

8.7 

12.3 
14.1 

14.8 
16.2 

17.8 
— 
— 

— 
— 
— 
— 

32.5 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

8.8 

12.8 
14.4 

15.9 
17.3 

19.6 
— 

20.5 

25.1 
— 
— 
— 

31.7 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

7.63 
10.5 
13.9 
18.2 

23.6 
30.7 
37.5 
48.1 

2.7 

9.0 

— 
13.4 

14.4 
14.8 

16.7 
— 

17.4 
19.1 
— 

22.6 
— 

23.6 
26.4 
— 
— 
— 

13.0 
10.6 
12.3 
13.9 
— 

15.7 
23.4 
17.5 
20.25 
28.6 
— 

26.0 
1.0 

4.81 

8.18 
9.99 

14.6 
18.4 
22.3 
29.0 
2.3 

observed relaxation times may be represented by 

l/r0bsd = A:lf([M] + [L]) + A:lr (D 
where ku = overall forward rate constant, k\T - overall reverse 
rate constant, [M] = equilibrium concentration of all the metal 

oxyanion species, and [L] = equilibrium concentration of all 
the ligand species present. Since [L] « [M], [M] is approxi
mately equal to the initial concentration, [M] o, of metal oxy
anion, and the expression becomes, 

1/Tobsd = &if[M]0 + ^Ir (2) 
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Table II. Observed Relaxation Times for the 1:1 Complexation of Tungstate with Catechol Derivatives 

Ligand 

1,2,4-Trihydroxybenzene 

104[Ligand]0(M) 
Pyrogallol 

104[Ligand]0(M) 
Gallic acid 

104[Ligand]0(M) 
Epinephrine 

104[Ligand]0(M) 
L-Dopa 

104[Ligand]0(M) 

102[WO4
2-] 

(M) 

0.25 
0.50 
1.00 
2.50 
5.00 
7.50 

0.25 
0.50 
1.00 
2.50 
5.00 
7.50 

0.25 
0.50 
1.00 
2.50 
5.00 
7.50 

0.25 
0.50 
1.00 
2.50 
5.00 
7.50 

0.25 
0.50 
1.00 
2.50 
5.00 
7.50 

8.00 

1.96 
2.45 
5.86 

15.3 
25.3 
2.1 

— 
11.6 
21.2 
49.2 
89.7 

111. 
1.1 

— 
6.38 

11.5 
27.1 
52.8 
78.9 

1.0 
— 

2.32 
4.42 
9.83 

19.2 
25.9 
0.93 

— 
2.00 
3.83 
8.52 

15.6 
20.9 

1.1 

8.20 

1.76 
2.65 
5.96 

14.6 
17.0 
— 
2.0 
5.23 
9.18 

15.0 
32.3 
41.3 
— 
1.2 
4.93 
9.14 

17.2 
38.0 
63.5 
— 
1.0 
1.20 
2.33 
4.58 
9.86 

17.6 
— 
0.99 
1.04 
1.91 
3.65 
7.89 

14.5 
— 
1.0 

1/fobsd (s 
PH 

8.50 

1.74 
4.48 

13.1 
24.5 
38.1 
2.1 
— 
5.64 
7.65 

24.1 
56.9 
65.0 
0.95 
— 
9.32 

19.8 
42.8 
73.7 
82.7 
0.91 
— 
2.70 
4.59 

10.4 
20.1 
27.4 

1.0 
— 
2.37 
4.34 
9.51 

17.3 
22.6 

1.2 

') 

8.85 

1.95 
1.82 
7.50 

18.3 
28.5 
2.1 
— 
3.66 
8.25 

18.5 
29.0 
60.1 

1.1 
— 
9.39 

15.6 
34.4 
63.2 
73.5 

1.0 
— 
2.58 
4.79 

10.9 
19.1 
26.1 
0.97 
— 
2.38 
4.11 
9.55 

16,7 
22.9 

1.0 

9.00 

0.541 
0.600 
4.35 

17.2 
25.9 
2.1 
4.35 
7.95 

17.6 
42.9 
67.1 
— 
0.99 
— 
9.95 

17.7 
43.1 
68.7 
88.7 

1.1 
1.39 
2.27 
4.48 

10.3 
17.3 
— 
1.0 
1.29 
2.46 
4.50 

10.2 
17.2 
— 
0.98 

Plots of l/r0bsd vs. [M]0 are linear in all cases (Figure 1), with 
the intercepts equal to ku and the slopes to A:if. These values 
are tabulated in Tables III and IV. 

Molybdate and 1,2,4-Trihydroxybenzene. Variation of the 
ligand concentration is complicated by several factors. When 

Scheme I 

L'- =*=̂  MoO4L
5" 

HL"" *^fc MoO4HL4" 

MoO4
2" + I 

jl H2L" ^ Mo04H,L'" 

E1L ^ MoO4HX2 

L'" =*=*= HMoO4L
4" 

HL-- HMoO4HL'-

HMoO4" + 

H2L ^ HMoO4HX2-

HX =̂ *= HMoO4H1L" 

ligand is present in excess, it interferes with the absorbance of 
the complex. The rate of oxidation increases and also begins 
to interfere with rate determinations. The coupling of the first 
and second steps is difficult to resolve. Finally, most of the 
catechol derivatives are not sufficiently soluble for such studies. 
However, in order to demonstrate that no error is made with 
respect to the rate constants for the first step, and to obtain data 
for at least one second step complexation, the chelation of 
molybdate by 1,2,4-trihydroxybenzene was studied for ligand 
dependence as well as for molybdate dependence. Treatment 
of the data for this system will be explained in detail in order 
to establish a basis for the general treatment of oxyanion 
complexation with catechol derivatives. 

Consideration of the variously protonated forms of 1,2,4-
trihydroxybenzene and molybdate leads to Scheme I for the 
first step. 

Utilizing detailed balance, and the acid dissociation con
stants of molybdate and ligand, one can express the overall 
forward rate constant as 

t i f = {k,K1nKz1Kz2K^ + k2KmKaiKa2[H+) 

+ k3KmK^ [ H + ] 2 + MTm[H + ] 3 + *5[H+]tfa,tfa2A:a3 

+ k6 [H+ ] 2K,, Ka2 + h [H+] 3Kai 
+ ks[H+r)/(Km + [H+]XKz1K32Kz3 

+ KaI^a 2 [H + ] +/(Ta1[H + ] 2 + [H + ]3) (3) 

where Km = [H + ] [MoO 4
2 " ] / [HMoO 4 " ] ~ 10"4, tfa, = 

[H + ] [H 2 L-V[H 3 L] = 10-9 O 8 ,#a2 = [H + ] [HL 2 " ] / [H 2 L"] 
= 1 0 - " 82, and ^ 3 3 = [ H + ] [ L 3 - ] / [ H L 2 " ] ~ 1 0 " 1 3 . 
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Table III. Apparent Forward and Reverse Rate Constants for the Complexation of Molybdate with Catechol Derivatives'1 

Ligand 
PH ,2,4-Trihydroxybenzene Pyrogallol Gallic acid Epinephrine L-Dopa 

7.3 
7.7 
7.8 
8.0 
8.2 
8.3 
8.4 
8.5 
8.6 
8.7 
8.8 
9.0 

7.3 
7.7 
7.8 
8.0 
8.2 
8.3 
8.4 
8.5 
8.6 
8.7 
8.8 
9.0 

814. ± 7 1 . 

520. ± 29. 

507. ± 19. 

303. ± 18. 

337. ± 14. 
312. ± 5 . 
219. ± 17. 

14. ± 1. 

19. ± 1. 

15. ±0.3 

27. ± 1. 

8.3 ±0.5 
9.7 ±0.2 
9.7 ±0.5 

*if(M-
1080 ±50 
2770 ± 230 

2730 ± 160 

2040 ± 270 

835 ±53 

3810 ±270 
3420 ± 60 

2810 ± 120 

2090 ± 90 

— 

682 ±30 
697 ± 20 

681 ±37 

613 ± 17 

274 ± 35 

14. ±3. 
20. ± 3. 

18. ± 2 . 

7.6 ± 9.8 

11.± 1. 

8.± 1. 

*ir(s- ') 
21.±4 

18. ± 1 

19. ± 7 

14. ± 1 

6.6 ±0.8 
6.8 ±0.4 

6.7 ±0.7 

6.5 ±0.3 

789 ± 52 

601 ± 4 

544 ± 25 

618 ±20 
389 ± 9 

4.0 ± 1.2 

6.5 ±0.2 

5.6 ±0.5 

4.6 ± 0.4 
2.7 ±0.4 

" No studies were carried out at a given pH where there is a blank. 

Table IV. Apparent Forward and Reverse Rate Constants for the Complexation of Tungstate with Catechol Derivatives 

Ligand 
pH 

8.00 
8.20 
8.50 
8.85 
9.00 

8.00 
8.20 
8.50 
8.85 
9.00 

1,2,4-Trihydroxybenzene 

260 ±41 
432 ± 73 
523 ± 10 
316 ±65 
448 ± 60 

0.60 ±0.34 
0.62 ±0.31 

-0.87 ± 0.08 
-1.0 ±0.08 

0.19 ±0.55 

Pyrogallol 

1580 ± 110 
1220 ± 116 
883 ± 76 
597 ± 55 
863 ± 43 

3.9 ±0.9 
2.3 ±0.5 

-0.86 ± 0.99 
0.83 ± 0.60 

-0.47 ± 0.47 

Gallic acid 

^ I f ( M - 1 S - ' ) 

1030 ± 1 
1500 ± 90 
1340 ± 180 
1130± 80 
1340 ± 110 

* l r ( s - ' ) 
1.2 ±0.1 
1.3 ±0.5 
5.4 ±2.6 
4.2 ± 1.5 
3.4 ± 1.0 

Epinephrine 

372 ± 9 
368 ± 24 
369 ± 10 
357 ± 12 
369 ±21 

0.47 ± 0.08 
0.37 ±0.12 
0.88 ±0.12 

1.2 ±0.3 
0.50 ±0.15 

L-Dopa 

305 ± 14 
299 ± 12 
313 ± 17 
309 ± 13 
373 ± 27 

0.54 ±0.16 
0.32 ± 0.06 

1.0 ±0.3 
0.95 ±0.22 
0.43 ±0.14 

not contribute significantly to the overall forward rate constant. 
The slope of this plot equals k4 + /c7ATal/ATm - 5.52 X 102, and 
the intercept is equal to Zc3AT3 i + k^K^K^IKm = 1.67 X 10 - 8 

(see Table VIII, footnote a). If k4 » /c7ATal/ATm, Ac4 = 5.5 X 

A similar expression can be written for k\r. However, be
cause it involves the acid dissociation constants of the com
plexes, which are unknown, such an expression is not very 
useful. Apparently for similar reasons, other workers10 have 
not pursued expressions for /c l r. 

Under the conditions of this study (pH ranged from 7.3 to 
9.0) Km » [H + ] , and the terms ATalATa2ATa3 and ATaIAT32[H

+] and conversely, if Zc6AT3 JAT32/AT1 

are negligible with respect to ATal [ H + ] 2 and [H + ] 3 . Thus the 
denominator in eq 3 becomes Arm(ATal + [H + ] ) [H + ] 2 , and, 

102(M- 1 S- ' ) , but if M W ^ n 
S-1). If Ar3ATaI » * 6 * a l * W * n 

» A4, k7 = 6.6 X 107 (M-
A3 = 7.9 X 101 (M-

, » Zc3ATaI, k6 = 5.3 
( M - 1 s_ 1) . These values represent upper limits only. 

- i 

1 0 9 

, nr I I-TT+-I\ _ Zc1AT3IAT32AT33 A2AT31AT32 
/CU(ATa1 + [H I ) " [ H + ] 2

 +-^]~ 

+ A3AT3, + M H + ] + * S ^ ' * ' f f ' 3 + ^ ^ 

, /C7ATa1[H
 + ] ( / C 8 [ H + ] 2 

ATm Km 

A plot of Ar1 KAT3I + [H+]) vs. [H+] is linear (Figure 2), which 
implies that the pathways represented by k\, A2, A5, and k& do 

The treatment of the second step 

M L + L ^ ML2 

is more complicated than that of the first because the rate 
equations for the first and second step are coupled. The re
ciprocal relaxation times are the roots of the associated qua
dratic characteristic equation and are given by24 

l / f± = [(an + a22) 

± V ( a n + a 2 2) 2 - 4(aua22 - a\2a2\)]/2 (5) 
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where flu = fcif([M] + [£])_+ k]r,_al2 = k\T, a2\ = Zc2K[L] 
- [ML]), and a22 = k2(([ML] + [L]) + k2r. Under the con
ditions of these experiments, [M]totai « [L]t0tai, [L] ~ [L]o, 
[M] « [L], and [ML] « [L], so, au s k\([L]0 +kir,a\23i 
k[r, a2x s fc2f[L]o, and 022 = ^2f[L]o + k2r. 

Values for the observed relaxation times for the complexa-
tion of molybdate and 1,2,4-trihydroxybenzene, at ionic 
strength 0.1 M, are given in Table V. The overall forward and 
reverse rate constants for the first step were calculated as 
outlined previously, and these values were substituted into the 
characteristic polynomial for which eq 5 is the solution, to
gether with the values for [L]o and 1 /r0bsd- The values of k2( 
and k2r thus determined are also given in Table V. When the 
values of A:if, k\r, k2f, and k2, are substituted back into eq 5, 
l/Tobsd is found in all cases to correspond to the negative 
root. 

General Treatment for the First Step. Because of the various 
protonated forms possible for both the metal oxyanions and 
the ligands, a general complexation reaction scheme (Scheme 
II) can be written (X = Mo,W) 

Scheme II 

HL'- 'V + 1 =£*• XO4HL'-*"1 

XO4
2- + I 

H 2 L ' - V + 2 £± X 0 4 H 2 L ' - v 

H.yL' 
*.v+l 

X O 4 H N L ' - 2 

! 
HL'- N - + 1 HXO4HL1 q-N 

HXO 4
- + 

H2L'' 
k \ +4 

H.s-L' 

HXO4H2L' 

HX04H,vL'-

q-S + i 

where TV = number of ionizable protons of the ligand (N =2 
for catechol; 3 for 1,2,4-trihydroxybenzene and pyrogallol; 4 
for gallic acid, L-Dopa, and epinephrine); and q equals the 
charge on the fully protonated ligand (q = O for catechol, 
1,2,4-trihydroxybenzene, pyrogallol, and gallic acid; q = +1 
for epinephrine and L-Dopa). 

Making use of detailed balance and the various equilibrium 
constants, one may then write 

ku~ 

[W -'(Ic1K10 + [H+] W n ) " i f ' * . 
J-O 

(Km + [H+]) I' ([H+] 1-1 n 
J=O 

(6) 

-iL«-

KaJ). 
l]/[UNL9], and/(T3 where K^ = 1, JP81

 s [H+][H7V-
= [H+][HN-IL«-']/[HN-I+IL<I-

Specific values of Ka, for given ligands and oxyanions (Table 
VI), allow the denominators in eq 6 to be simplified by elimi
nating terms which do not contribute significantly. The 
equation can then be rearranged slightly and written in the 
general form, 

4 8 12 16 
[H+] X 10" IM) 

Figure 2. Plot of A:If(AT8, + [H+]) against [H+] for molybdate plus 
1,2,4-trihydroxybenzene, 1:1 step (T = 25 0C, ionic strength = 0.5 M). 
Calculated least-squares straight lines have been drawn through the data 
points. 

Table V. Molybdate Plus 1,2,4-Trihydroxybenzene Relaxation 
Times and Rate Constants 

First Step: Molybdate 

102[MoO4
2-] 

(M) 

3.02 
2.02 
1.51 
1.01 
0.76 
0.50 
0.37 
0.20 

ku (M-1S-1) 
*ir(s- ') 

in Excess, M + L v± ML; [L] 
10-4M. 

7.0 

— 
20.4 
16.6 
13.6 
11.3 
10.2 
— 

913. ±39. 
6.8 ±0.4 

lAobsd (S - 1) 
pH 

7.3 

31.6 
24.3 
15.8 
14.8 
14.0 
11.1 
— 
7.97 

831. ±29. 
6.9 ±0.5 

0 = 2.1 X 

7.8 

— 
15.3 
13.6 
11.8 
10.8 
9.56 
— 

497. ± 48. 
8.1 ±0.4 

Two Coupled Steps: Ligand in Excess, M + 2L *± ML + L ^ 
ML2; [M]0 = 3.0 X 10"5M. 

lAobsd=l/r-(S-I) 
102[l,2,4-Trihydroxy- pH 

benzene] 
(M) 7.0 7.3 7.7 

1.52 
1.40 
1.27 
1.17 
1.02 
.97 
.64 
.61 
.51 
.49 
.33 
.31 
.29 

k2f(M-] 

.72 

.71 

.61 

.44 

s- ' ) 29.3 ± 6 . 7 13 

.72 

.60 

.46 
l . ± 11. 

2.29 

2.09 

1.39 

1.18 

.87 

269. ± 57. 

kuQ= RlS (7) 
*2r(s - 1 ) 0.38 ±0 .07 0.35 ±0 .07 1.0 ± 0 . 2 
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Table VI. pA:a's Used in 

Reactant 

Molybdate 
Tungstate 
1,2,4-Trihydroxybenzene 
Pyrogallol 
Gallic acid 
Epinephrine 
L-Dopa 

This Paper 

P-^a 1 

~4 
3.5 
9.08 
9.28 
4.22 
2.58 
2.3 

P AT3 2 

4 
2.3 

11.82 
11.43 
8.38 
8.7 
8.8 

pKa3 pKa4 

>13 
~14 

10.49 13.1 
10.0 ~13 
9.8 13.0 

Ref 

a 
b 
C 

C 

d,e 
f.g 
g,h 

" L. G. Sillen and A. E. Martell, Chem. Soc, Spec. Publ., No. 25, 
41 (1971). Cf. J. J. Cruywagen and E. F. C. H. Rohwer, Inorg. Chem., 
14, 3136 (1975). b L. G. Sillen and A. E. Martell, Chem. Soc, Spec. 
Pub!., No. 25,45 (1971). c J. Sunkel and H. Staude, Ber. Bunsenges. 
Phys. Chem., 72, 567 (1968). d G. Ackermann, D. Hesse, and P. 
Volland, Z. Anorg. AlIg. Chem., 377 (1), 92 (1970). e K. Gilbert, 
unpublished results, f A. C. Andrews, T. D. Lyons, and T. D. O'Brien, 
J. Chem. Soc, 1776 (1962). e R. B. Martin, J. Phys. Chem., 75, 2657 
(1971). h J. E. Gordon and R. F. Jameson, J. Chem. Soc. A, 2615 
(1968). 

where 
A'+l 

R= Z [H + ] ''Kk1Kr 
N-i+ 1 

+ [u+}ki+N+l) n Kj 
j=0 

and the expressions for Q and 5 are tabulated in Table VII for 
specific oxyanion-ligand systems. Plots of k\fQ vs. [H+] for 
the ten systems studied give straight lines with slopes and in
tercepts as given in Table VIII. Therefore, for both molybdate 
and tungstate, the only pathways which contribute to the 
overall forward rate in Scheme II are 3, 4, 6 and 7 for 1,2,4-
trihydroxybenzoic acid and pyrogallol, and pathways 3, 4, 7, 
and 8 for gallic acid, epinephrine, and L-Dopa. 

The slope is equal to the sum of two terms, one a function 
of /c,\-+1 (or k,\, for gallic acid, epinephrine, or L-Dopa) and 
the other of &2A--+1 (or /c2,v)- These terms are not distinguish
able kinetically, as the pathways they represent are related by 
a proton transfer from ligand to metal oxyanion; these are the 
"acid dependent" terms. Similarly, the intercept is the sum of 
a term depending on k^ (or &JV-I, for gallic acid, epinephrine, 
or L-Dopa) and another term depending on k2N (or &2jv-i)-
These rate constants are also related by a proton transfer from 
ligand to metal oxyanion and are kinetically indistinguishable; 
these are the "acid-independent" terms. For those intercepts 
which were negative, the maximum value was taken to be the 
intercept plus three times the standard deviation. 

Upper limits for the values of the individual rate constants 
can be found by setting one term equal to zero in each of these 
coupled expressions and solving for the remaining rate con
stants, as in the molybdate-1,2,4-trihydroxybenzene example. 
In this way maximum values are found for all four pathways 

allowed for each system. These values are tabulated in Table 
IX. 

Some of the values for upper limits exceed diffusion-con
trolled rate constants; e.g., in the third column of Table IX, kiN 
or &2A-i> for the complexation of HXO4- with H^-2L, or 
HA<_3L (doubly or triply charged). If we set the diffusion-
controlled rate constant for these reactions at 1.0 X 109 M - 1 

s_1, we can use this value toobtain a minimum value for k^ or 
/CN-I, with which these reactions are coupled kinetically. The 
minimum values of ks, or fc/v-i, as determined, are given in 
Table X together with the maximum values previously deter
mined. 

Discussion 
For the ligand-oxyanion systems studied, there is no sig

nificant contribution to the reaction rate from pathways which 
apparently can have no proton transfer, for example, from a 
pathway of a completely deprotonated ligand, Li~N, reacting 
with M0O42-, or a completely protonated ligand, H/vIA re
acting with HM0O4-. Furthermore, since some of the values 
for the kinetically indistinguishable pathways exceed diffusion 
control, minimum values were established for the reaction 
XO4

2- + HJV-IL (or H^_2L) (X = Mo or W). The upper and 
lower limits for the rate constants of these pathways are ap
proximately the same, within the uncertainty in the pAVs of 
the ligands and oxyanions, and the arbitrariness of choosing 
a value for the diffusion-limited rate constant. Therefore, the 
unprotonated forms of molybdate and tungstate contribute to 
the overall forward reaction rate, and the values given in col
umns three and four of Table X for £/v-i (or fcjv-2) are ap
proximately the actual values, and not merely limits. 

To examine the trends in basicity, consider Tables XI and 
XII where the ligands are arranged vertically in the order of 
increasing rate constant. Also included in Tables XI and XII 
are rate constants from other studies9-13 for the complexation 
of molybdate and tungstate with additional ligands. Some of 
these ligands are not catechol derivatives and contain chelating 
nitrogen atoms. The pAVs are also listed, and the ligands are 
grouped according to reaction with XO4

2 - or HXO4-. 
Reading across the table shows an increase in rate constants. 

Thus, the protonated oxyanion is generally more reactive than 
the unprotonated, as has been noted.10 However, comparing 
protonated with unprotonated oxyanion and reading down the 
table shows that, if the oxyanion is protonated, it is the most 
basic ligand that is most reactive. If the oxyanion is not pro
tonated, the least basic ligand is more reactive. 

To understand these trends we begin with a consideration 
of the structures of the oxyanions in solution. The structure is 
tetrahedral in the crystalline state of the uncomplexed oxy
anions such as sodium molybdate and sodium tungstate,25-29 

Table VII. Specific Q and S Expressions 

k]fQ = - R = KmE ( [H + ] ' - ' * , TI K3J)+ L Ik1+N+1[R+]' TT * . ; ) 
i ; = 1 \ J=O I i - l \ J = O I 

Ligand Q 

Catechol 
1,2,4-Trihydroxybenzene 
Pyrogallol 

Gallic acid 

Epinephrine 

L-Dopa 

K.i + [H+] 
*. i + [H+] 
*al + [H + ] 

K,2 + [H+] + 

K*2 + [H+] + 

Ka2 + [H+] + 

Ka2^a3 

[H+] 

Ka2-K"a3 

[H+] 

A"a2^a3 

[H+] 

Km[H + ] 
Km[H + P 
/ U H + P 

Kn1[H + ] 2Ka, 

K m [ H + ] 2 K a l 

Kn1[H + ] 2Ka, 
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Ligand Slope 
Expression for: 

Intercept 

Catechol 

1,2,4-Tihydroxybenzene 

Pyrogallol 

Gallic acid 

Epinephrine 

L-Dopa 

k3 + k>ir 
* a l 

^ a I 

Km 

Ka2 

Km 

Kj2 

Km 

«4 + kz — 

kA + Ic7 

k4 + k-, 

k4 + k$ 

k4 + ks 

k2Ka] + k4 

Ar3Af3I + k6 

k3Ka] + k6 

kiK^ +k-, 

kiKa + k-i 

k3K*2 + h 

Km 

Ka]Ka2 

Km 

Ka]Ka2 

Km 

K^Kzi 

Km 

K^K^j 

Km 

K^K21S 

Km 

Ligand 

Values for: 

Mo 
Slope ( M - ' s - 1 ) 

W Mo 
Intercept (s ') 

W 

Catechol* 
1,2,4-Trihydroxybenzene 
Pyrogallol 
Gallic acid 
Epinephrine 
L-Dopa 

3.0X 102 

5.52(±0.58) X 102 

1.10(±0.04)X 103 

4.25(±0.02) X 103 

7.17(±0.20)X 102 

6.47(±0.30) X 102 

1.09 X 102 

1.25(±0.31) X 103 

8.64(±1.20)X 102 

3.69(±0.06) X 102 

3.52(±0.51)X 102 

1.9 X 10"7 

-1 .36(±1 .01)X 1 0 - 8 " 
-6.14(±3.41) X 1 0 - 7 " 
-2.39(±0.24) X l ( r 6 a 

7.56(±1.69)X 10"7 

5.35(±1.45)X 10-7 

8.09X 10"8 

-1 .48(±4 .41)X 1 0 " 7 a 

5.96(±1.20)X 10-6 

7.64(±0.19) X 10"7 

5.31(±1.57)X 10-7 

" For negative intercepts, the expression was set equal to the intercept + 3 times the standard deviation. * Calculated using data from ref 
Il and 13. 

but the aqueous state is less well defined. Although there is 
some evidence that an octahedral form exists in solution,12'30 

its presence has been most closely associated with the proton-
ated oxyanion.'5-' 73° Addition of a proton is then thought to 
involve coordination of two water molecules leading to an oc
tahedral complex as Mo(O)2(OH)3H2O^30 or MoO-
(OH)5-.31 The structure Mo(O)2(OH)3H2O- has been in
ferred from 95Mo and 97Mo NMR studies on aquo molyb
date.30 Thus, at least one structural form of protonated, un-
chelated oxyanion would be related in coordination number 
and electronic structure to the octahedrally coordinated che
lates, which are well defined both in solid state and solu
tion.16 

If the protonated oxyanion is octahedral, then complex 
formation of, for example, molybdate with a catechol derivative 
will be by a substitution reaction, and two of molybdenum's 
oxygen groups will have to leave. Since at least one of these 
groups is hydroxide ion, which is presumably tightly bound, 
it is difficult to reconcile such a rapid, facile substitution with 
such a poor leaving group.32 However, the departure of the 
metal-bound oxygen will be aided if, instead of hydroxide ion, 
a water molecule is removed from the central metal atom, while 
a hydroxide ion is inserted into the solution at a point more 
remote from the oxyanion. This changeover can be achieved 
through hydrogen bond assisted proton transfer. A more basic 
ligand binding site orients water molecules more favorably 
about the leaving OH - group and thereby assists in the process. 
This mechanism is illustrated below for doubly deprotonated 
catechol reacting with protonated molybdate in the cis-dioxo 
form suggested in the NMR study.30 

stoichiometry: Mo(O)2(OH)3H2O- + C6H4O2
2" 

^ Mo(O)2(OH)2C6H4O2
2- + H2O + OH~ 

mechanism: 

O—H 

)̂ !} 

OH" 

H.,0 
H.,0 

OHD 

H.,0 

Therefore, the rate of complex formation of protonated mo
lybdate with doubly deprotonated ligand oxygen binding sites 
increases with increasing basicity (columns five and eight, 
Tables XI, XII). If the structure of the protonated molybdate 
is MoO(OH)5- rather than Mo(O)2(OH)3H2O-, the mech
anism for reaction with doubly deprotonated catechol would 
be similar to that given above, except that both leaving groups 
would be hydroxy ions, and both would be assisted by such a 
proton transfer. 

Suppose, now, that one of the ligand's complexing oxygen 
atoms is protonated and one is not. The unprotonated, hydro
gen-bonding oxygen must be correctly oriented with respect 
to the hydroxy, rather than the water, of the metal-containing 
oxyanion; then, the hydroxy group can be assisted by proton 
transfer in leaving as a water molecule. This steric requirement 
would be expected to reduce the rate of complexation. In ad
dition, the protonated ligand binding site will be less nucleo-
philic for the oxyanion's central metal atom, and this effect 
might influence ring closure. Hence, with respect to full de-
protonation of the ligand chelating atoms, a ligand with one 
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Table IX. Upper Limits for Individual Forward Rate Constants (M - 1 s -1) 

Ligand 
H A - I L 

kN 

MoO 4
2 - + 

H A L H A - 2 L 

kiN 

H M o O 4 - + 
H A - I L 
kiN+\ 

Catechol0 

1,2,4-Trihydroxybenzene 
Pyrogallol 
Oxine-S03- * 
Oxinec 

3.OX 102 

7.9 X 101 

1.3 X 102 

2.5 X 103 

4.1 X 102 

3.OX 102 

5.5 X 102 

1.1 X 103 

5.0X 106 

5.0X 105 

3.0 X 10'° 
5.3 X 109 

3.6 X 109 

~4.0 X 107 

~ 1 . 5 X 10s 

4.8 X 10' 
6.6 X 10' 
2.1 X 108 

~ 3 . 9 X 106 

~ 4 . 5 X 106 

HA_2L 
kN-i 

H A - I L 
kN 

HA-3 L 
kiN-1 

H A - 2 L 

k2N 

Epinephrine 
L-Dopa 
Gallic acid 

3.8 X 102 

3,3 X 102 
7,2 X 102 

6.5 X 102 

4.25 X 103 

3.8 X IC 
2,1 X K 

3.6 X 10' 
4.0 X 10' 
1,OX 108 

HA—I L 
kN 

WO4
2" + HWO4- + 

H A L 

kN+1 

HA-2L 
kiN 

H A - I L 
&2A+I 

Catechol'' 
Pyrogallol 
Oxine-S03- * 
Oxine6 

1.3 X 102 

5.6 X 102 

1.3 X 104 

2,4 X 103 

1.1 X 102 

1.3 X 103 

<1.5X 106 

2.OX 105 

1.3 X 1010 

4.7 X 1010 

- 6 . 2 X 10s 

- 2 . 6 X 109 

1.7 X 10' 
7.5 X 108 

<3 X 106 

- 5 . 4 X 106 

H A - 2 L H A - 1 L 

kN-1 kN 

Epinephrine 3.8 X 102 3.7 X 102 

L-Dopa 3.3 X 102 3.5 X 102 

Gallic acid 1.4 X 103 8 .6XlO 2 

a Calculated from data in ref 11. * From ref 10. c From ref 9. d Calculated from data in 

Table X. Upper and Lower Limits for Rate Constants ( M - 1 s_ 1) 

Molybdate 
Ligand kt Lower limit Upper limit 

HA-3L 
& 2 A - 1 

1.2 X 109 

6.6 X 108 

1.4 X 1010 

ref 13. 

Lower limit 
Tungstate 

H A - 2 L 
kiN 

5.8 X 10' 
7.OX 10' 
6.6 X 10' 

Upper limit 

Catechol" 
1,2,4-Trihydroxybenzene 
Pyrogallol 
Gallic acid 
Epinephrine 

k2 

k3 

k3 

k3 

ki 

2.9 X 102 

6.4 X 101 

0.95 X 102 

3.OX 102 

7.9 X 10' 
1.3 X 102 

1.2 X 102 

5.5 X 102 

1.3 X 103 

6.6 X 10' 

1.3 X 102 

5.6 X 102 

1.4 X 103 

3.8 X 102 

" Calculated using data from ref 11 and 13. 

chelating atom protonated would be expected to react more 
slowly. Columns five and eight of Tables XI and XII show that 
this effect is consistently observed for each ligand by at least 
one order of magnitude. Even though the overall complexation 
rate constant has been depressed relative to full deprotonation, 
the rate constants for the different ligands are still seen to in
crease with increasing basicity. 

This same form of ligand—one chelating oxygen protonated 
and one not—reacts more slowly (about three to six orders of 
magnitude) with unprotonated oxyanion than it does with 
protonated oxyanion. Moreover, the dependence of the rate 
constant on pKa is exactly opposite. The rate of complexation 
of singly protonated ligand with unprotonated oxyanion de
creases with increasing basicity. These two observations 
strongly suggest that the oxyanion species is fundamentally 
different in the protonated and deprotonated forms. If, for 
example, unprotonated oxyanion exists tetrahedrally coordi
nated and protonated oxyanion octahedrally coordinated with 
one or two water molecules present, complexation of unpro
tonated oxyanion would be an addition, rather than a substi
tution reaction, and would be likely to show differences in rates 
and dependencies from complexation of protonated oxyanion. 
Furthermore, since no oxygen-containing group such as O H -

or H2O leaves the unprotonated oxyanion, oriented water 
molecules are of no help and, in fact, may hinder complexation. 
The rate of complex formation would then increase with de
creasing basicity. 

This explanation can be tested on a trend in higher order 
substitution which differs from that observed in the formatioii 
of the mono complex. That is, whereas for the first step the 
overall forward rate of complexation decreases with increasing 
pH, that of the second step increases. Protonated oxyanion 
reacts faster than unprotonated oxyanion, regardless of the 
ligand form, and the more deprotonated ligand reacts faster 
with protonated oxyanion. The degree of protonation of the 
oxyanion is seen to have the mbre powerful effect on the rate 
of complexation than the degree of protonation of the ligand. 
(Compare the rate constants of column 2 with column 5 in 
Table IX, in contrast with the rate constants of column 4 vs. 
column 5.) This effect may be due to the postulated difference 
in structure of the oxyanions—tetrahedral if unprotonated and 
octahedral if protonated. Thus, for the first step (1:1 com
plexation) the overall forward reaction will be faster as more 
protonated oxyanion exists, i.e., at lower pH's. For the second 
step, the metal-containing reactant is already in octahedral 
coordination, and the degree of protonation of the ligand as-
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Table XI. Effect of Basicity of Ligand on Reactivity with Molybdate 
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Form of 
molybdate: 

Form of 
ligand:" 
Ligand* 

1,2,4-Trihydroxy-
benzene 

Pyrogallol 
Catechol'' 
L-Dopa 
Epinephrine 
Oxine^/ 
Oxine-SOr e 

MoO4
2-

+ 
A BH 

MM-1S"1) 

0.76 X 102 

1.3 X 102 

3.0X 102 

3.3 X 102 

3.8 X 102 

4,1 X 102 

2.5 X 103 

pATB 

9.1 

9.3 
9.2 
8.8 
8.7 
5.0 
3.9 

Ligand 

EDTA* 

Oxine-S03- ' 
Oxine d-f 
Epinephrine 
L-Dopa 
Catechol 

HMoO4" 
+ 

A - B H 

1,2,4-Trihydroxy-
benzene 

Gallic acid/ 
Pyrogallol 

Z t ( M - 1 S - 1 ) 

2.26 X 105 

- 3 . 9 X 106 

4.5 X 10« 
3.6 X 107 

4.0 X 107 

4.8 X 107 

6.6 X 107 

1.0 X 108 

2.1 X 108 

P*a 

2.0 

3.9 
5.0 
8.7 
8.8 
9.2 
9.1 

8.4 
9.3 

Ligand* 

EDTA* 

O x i n e - S 0 3 - e 

0\mtd-f 
L-Dopa 
Epinephrine 
Pyrogallol 
1,2,4-Trihydroxy-

benzene 
Catecholc 

H M o O 4 

+ 
A B 

A: ( M - 1 s - 1 ) 

2.26 X 105 

4.OX 107 

1.5 X 108 

2.1 X 108 

3.8 X 108 

3.6 X 109 

5.3 X 109 

3.OX 10 1 0 

pATa 

2.0 

8.2 
9.6 
9.8* 

10.0* 
11.4 
11.8 

12.0 

" A and B represent the unpro tona ted a toms . For catechol and its derivatives, A = B = oxygen; for oxine and o x i n e - S 0 3
- , A = nitrogen, 

B = oxygen; see footnote g regard ing E D T A . T h e pK^'s given represent those for A H in the first two (identical) l igand forms and those for 
BH in the third ligand form. * N o values were obta inable for gallic acid due to its negative intercept (Table V I I I ) . c Values calculated using 
d a t a from ref 11. d From ref 9. ' F rom ref 10. f T h e ra te cons tants for oxine should be " n o r m a l i z e d " to account for the decreased repulsion 
of its less negative charge . This correction would decrease the substitution ra te constant relative to oxine sulfonate. Likewise, the rate constants 
for gallic acid should be "normal ized" to account for the extra repulsion of the additional negative charge, which would increase the substitution 
rate constants relative to other catechol derivatives. g From ref 12 note that EDTA is tridentate here, with two chelating oxygens and one chelating 
nitrogen; since one of these is protonated, EDTA may be seen as A - B H or as A" B, depending on which two ligands one treats. However, 
as can be seen here, the rate constants fit into the trends with respect to basicity for either series. * Although the pA^'s for L-Dopa and epinephrine 
are usually not assigned to the second phenolic group, the kinetics data would seem to warrant such an assignment. The rate constants in columns 
5 and 8 of Tables XI and XII differ by an order of magnitude, and so indicate a difference in the attacking site. 

Table XII. Effect of Basicity of Ligand on Reactivity with Tungstate 

Form of 
tungstate: 
Form of 
Uganda 
Ligand 

Catechol* 
3,4-Dihydroxybenzoic 

acid*'c 

L-Dopa 
Epinephrine 

Pyrogallol 
Gallic acid'' 
Oxine c r f 

O x i n e - S 0 3 - d 

WO4
2-

+ 
A - B H 

Ar(M-1S-1) 

1.2 X 102 

2.4 X 102 

3.3 X 102 

3.8 X 102 

5.6 X 102 

1.4 X 103 

2.4 X 103 

1.3 X 104 

P*a 

9.2 
8.8 

8.8 
8.7 

9.3 
8.4 
5.0 
3.9 

Ligand 

Oxine-S03- d 

Oxine c-d 

Catechol* 

HWO4 

+ 
i 

A - B H 

3,4-Dihydroxybenzoic 
acid*'c 

Epinephrine 
Gallic acidc 

L-Dopa 
Pyrogallol 

/ t ( M - ' s - ' ) 

<3 X 106 

~5.4X 106 

1.7 X 107 

4.8 X 107 

5.8 X 107 

6.6 X 107 

7.OX 107 

7.5 X 108 

P*a 

3.9 
5.0 

9.2 
8.8 

8.7 
8.4 
8.8 
9.3 

Ligand 

Oxine-S03- d 

L-Dopa 

Epinephrine 
Oxine''"* 

Catechol* 
Gallic acid1. 

Pyrogallol 

HWO4 
+ 

A B 

3,4-Dihydroxybenzoic 
acid*'*1 

-

MM- 1 S- 1 ) 

~6.2 X 108 

6.6 X 108 

1.2 X 109 

-2.6 X 109 

1.3 X 10'° 
1.4 X 1010 

4.7 X 1010 

7.7 X 1010 

P*a 

8.2 
9.8*1 

10.0' 
9.6 

12.0 
10.5 
11.4 
12.0 

XI. 
" See footnote a, Table XI. * Values calculated using data from ref 13. c See footnote/, Table XI. d F rom ref 10. e See footnote h, Table 

sumes more importance. Consequently, the rate increases with 
increasing pH. 

We now return to the initial observation of this section, the 
relative inactivity of unprotonatedolybdate with completely 
unprotonated ligand, and of protonated molybdate with fully 
protonated ligand. In line with the previous discussion, pro
tonated molybdate requires some assistance, in the form of 
proton transfer from water, in the leaving of an oxygen. 
However, if the ligand is fully protonated, it is not as capable 
of orienting water molecules to assist in the proton transfer to 
molybdate's oxygen. Thus there is no significant contribution 
to the forward reaction rate from the pathway involving 
H X O 4

- and fully protonated ligands. 
On the other hand, increased hydrogen bonding was pos

tulated to interfere with simple addition. Thus, the reaction 
of tetrahedral, unprotonated oxyanion with a ligand having 
both chelating atoms deprotonated, which is therefore capable 

of maximum hydrogen bonding, does not contribute signifi
cantly to the overall forward reaction rate. 

Further support for the ideas outlined in this section comes 
from an examination of the reaction of molybdate with mo
lybdate. Here, one may regard one molybdate molecule as a 
ligand and the other as the oxyanion. The observation that 
unprotonated molybdate does not react with fully deprotonated 
ligand then correlates with the fact that molybdate is com
pletely monomeric in basic solutions, where molybdate exists 
solely as the unprotonated tetrahedral ion. In slightly acidic 
solutions, where H M o O 4

- does exist, reaction, i.e., polymer
ization, occurs. 

Although the observed reactivity patterns suggest the in
terpretation advanced here, namely, that H X O 4

- is struc
turally different from XO4 2 - , the results are also compatible 
with ligand addition to tetrahedral H X O 4

- . Protonation of 
X O 4

2 - would lengthen the metal-oxygen bond, thereby low-
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ering the activation energy required to form the increased 
coordination number activated complex of an associative 
mechanism. The greater reactivity of the more basic ligands 
would then be due to the stronger bonding of these more nu-
cleophilic ligands. Finally, the inverse trend in the reactivity 
of unprotonated M o O 4

2 - and W O 4
2 - may be illusory, as the 

rate constants in column two of Tables XI and XII are mainly 
upper limits, and the real trend, if any, may not have been 
demonstrated. Nevertheless, when considering the kinetics data 
for mono complex formation with different ligands, higher 
order complex formation, and the kinetics of oxyanion pro-
tonation and polymerization, the most consistently applicable 
mechanism seems to be associative addition to tetrahedral 
X O 4

2 - and associative substitution on octahedral HXO 4
- . 
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selected for study a series in which the interaction between the 
metal centers can be altered while retaining about each a 
constant environment. The series we chose is based on 4,4'-
bipyridine as the bridging group, with the changes in structure 
and composition being limited to the bridging group and, 
within it, to the connection between the pyridine rings. The 
study by Harriman and Maki3 on intramolecular electron 
transfer in the radical anions derived from 4,4'-dinitrobiphenyl 
species with similar structural alterations in the 1,1' positions 

Intramolecular Electron Transfer Mediated by 
4,4/-Bipyridine and Related Bridging Groups 

H. Fischer, G. M. Tom, and H. Taube* 

Contribution from the Department of Chemistry, Stanford University, Stanford, 
California 94305. Received February 4, 1976 

Abstract: At 25°, the first-order specific rates for the reduction of Co(III) by Ru(II) in the complexes of the type 
[ ( N H 3 ) S C O 1 1 1 L - L R U 1 K N H J ) 4 H 2 O ] with L-L as 4,4'-bipyridine, l,2-bis(4-pyridyl)ethylene, 3,3'-dimethyl-4,4'-bipyridine, 
bis(4-pyridyl) sulfide, and l,2-bis(4-pyridyl)ethaneare 44 X 1O-3, 18.7 X 1O-3, 5.5 X lCr3,4.9X l(r3 ,and 1.20X 10-3S"1, 
respectively. The extinction coefficients for the mixed valence species, [(NH3(sRumL—LRuM(NH3)5], with the same bridg
ing ligands decrease in the same order as do the specific rates recorded, and a relation of at least limited validity between these 
two kinds of measurements is thereby indicated. For the Co(III)-Ru(II) complexes with the first four bridging ligands the 
values of AH* for intramolecular electron transfer are within experimental error constant (AH* ranges from 20.0 to 20.3 kcal 
mol-1) and the small differences in rate are reflected mainly in AS* which ranges from 2.6 cal deg-1 mol~' for the fastest re
action to —1.9 for the slowest. These results suggest that the Franck-Condon barrier for electron transfer is constant for the 
series, and that the slight rate differences result from the slower reactions being not quite adiabatic. In the four systems re
ferred to, the bridging group apparently mediates in electron transfer, but in the reaction with the last-mentioned bridging Ii-
gand, electron transfer appears to take place directly between the metal centers. 
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