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Kinetics and Mechanisms of the Reactions of Vanadyl lon with g-Di-

ketones

By Michael J. Hynes ® and Brigid D. O’'Regan, Chemistry Department, University College, Galway, lreland

The kinetics and equilibrium constants of the reactions of vanadyl ion with 4,4,4-trifluoro-1-(2-thienyl)butane-1,3-
dione (Htftbd), 1,1,1-trifluoropentane-2,4-dione (Htfpd), and pentane-2,4-dione (Hpd) to form the mono com-

plexes have been investigated in aqueous solution at 25 °C and / = 1.0 mol dm-2,

The values of the equilibrium

constants, K, for the reaction [VO]2+ + HL === [VO(L)]* + H* where HL represents the undissociated form of
the B-diketone are 0.565 % 0.09, 0.32 + 0.05, and 0.11 * 0.02 for Hpd, Htftbd, and Htfpd respectively. The kinetic
data are consistent with a mechanism in which the vanadyl ion reacts with the enol forms of Htftbd and Htfpd by

parallel acid-independent and inverse-acid paths.

The rate constants for reaction of [VO]}?* with HE, the un-

dissociated enol tautomers of Htftbd and Htfpd, are 7.6 and 3.5 dm?® mol-1 s-! respectively. The [VO}%+ ion
reacts with the enolate ion of Htftbd and Hftpd with rate constants of 3.6 x 10% and 2 x 102 dm® mol-! s-! re-
spectively, while it reacts with the keto-tautomer of Hpd with a rate constant of 4.4 dm® mol-* s-1,

ALTHOUGH a large number of oxo-metal species of the
type [MO,]** are known for the transition metals many
of them do not exist as discrete entities in solution or in
the solid state! The two most well known of these
species are the oxovanadium(1v), or vanadyl, ion [VO]?*,
and the dioxouranium(vi), or uranyl, ion [UO,}?*. Com-
plexes of these two oxo-metal ions have been extensively
investigated.!® As part of our continuing investigations
into the kinetics and mechanisms of the complexation
reactions of oxo-metal ions, particularly those involving
B-diketones as ligands,®7 we have investigated the
reactions of vanadyl ion with pentane-2,4-dione (Hpd),
4,4 4-trifluoro-1-(2-thienyl)butane-1,3-dione (Htftbd),
and 1,1,1-trifluoropentane-2,4-dione (Htfpd). Despite
the fact that complexes of [VO)?* with B-diketones are
numerous and that these, together with their adducts,
have been widely studied,® there are little kinetic data
available on the substitution reactions of vanadyl
complexes with these ligands. A number of studies have
reported solvent-exchange data and complex-formation
rates of [VO]®* with various other ligands.®1® The
kinetics of hydrolysis of [VO(pd)]* have been previcusly
reported 8 but in view of the greatly increased under-
standing of the mechanisms of the interactions of metal
ions with B-diketones since the original study was
carried out it was decided to reinvestigate the reaction.
Additionally, the formation reactions of the above
complex were not investigated in the original work.

EXPERIMENTAL

Stock solutions of [VO]** were prepared from vanadyl
sulphate (B.D.H.). Aliquots of these solutions were
analysed by adding an excess of ethylenediaminetetra-
acetate solution and back-titrating the excess with an Mg**
solution to an Eriochrome Black-T end-point. The Mg?*t
solution was prepared by dissolving magnesium metal in
dilute hydrochloric acid. The vanadyl sulphate from which
the stock solutions of [VO]2* were prepared was found to
contain approximately three molecules of water per molecule
of [VO][SO,]. In some of the kinetic runs [VO][NO,],
was substituted for [VO][SO,]. This was prepared by
adding Ba[NO,], to aqueous solutions of [VO][SO,] and
filtering off the precipitate. Within the experimental
error, the rate constants did not display any effects due to
the presence of sulphate.

Spectra were recorded on either Beckman DB-GT or
Pye—Unicam SP 800 u.v.-visible spectrophotometers. pH
Measurements were made with a Pye model 290 pH meter
equipped with a Pye Ingold E;’ combined electrode.

All solutions were freshly prepared for the kinetic runs.
Aqueous solutions containing [VO]2* were found to be stable
for at least a period of 3 h. Pentane-2,4-dione was
freshly distilled prior to use. The ionic strength of the
solutions was adjusted using Na{ClO,] as the inert electro-
lyte. Initially it was found that there was an interaction
between the [VO]?* and the sodium perchlorate used (Koch—~
Light). This was probably due to a trace of iron(im)
present in the commercial salt. This was removed by
passing an aqueous solution of Na[ClO,] over Zeo Karb 225
cation-exchange resin in the sodium form. The raffinate
was then concentrated and the sodium perchlorate which
crystallised was dried in vacuo. The water content was
determined by thermogravimetric analysis. Sodium per-
chlorate purified in this manner gave no detectable
reaction with [VO]2*,

The rate constants were measured using an Applied
Photophysics stopped-flow device. The drive syringes and
mixing chamber were thermostatted at 25.0 4+ 0.1 °C.
Reaction conditions involved using a large excess of metal
ion to ensure that only the mono complex was formed.
The kinetic data were recorded using a Tektronix model
5100 storage oscilloscope. The stored traces were photo-
graphed on Polaroid film and plots of —In(4 — Ay)
against time were obtained.

RESULTS AND DISCUSSION

Equilibvium Measurements.—The equilibrium con-
stant for reaction (1) was determined by a spectro-
photometric method. In the case of 8-diketones existing
in tautomeric keto- and enol forms, K; can be partitioned

[VOJ2* + HL <= [VO(L)]* + H* (K)) (1)

between the equilibrium constants Kx and Kg for the
reactions of the keto- (HK) and enol (HE) forms respect-
ively [equations (2)—(4)]. At equilibrium equations

[VOJ2* + HK <= [VO(E)]* + H* (Kx) (2)
[VO2* + HE == [VO(E)]* + H* (Ks) (3)

where 1/K; = (1/Kg) + (1/Kx) and
(HE]/[HK] = Kk/Kz (4)
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(5) and (6) hold where M2+ represents [VO]2* and
[HL], and [M2*], are the total ligand and metal concen-
trations respectively. In the absence of other absorbing
species the concentration of [ML]* at equilibrium is

[HL] = [HL], — [ML]* (5)

[M24] = [M?*], — [ML]* (6)
equal to A/e where A is the absorbance per unit path
length and ¢ is the molar absorptivity of the complex.
Making the appropriate substitution in the preceding
equation relationship (7) is obtained where 4 = (1 +

[M>Jo[HL], _ [M**],+ [HL], 4L (1)

AR[H™) eh[H*] eK;

Ky/[H*]) and K, = 1.7 X 107 mol dm™ is the hydrolysis
constant of [VO]2* in aqueous solution.’” Hence a plot

of the left-hand side of equation (7) against ([M2*], +
[HL],)/A[H™*] should yield a straight line of slope 1/c and

TaABLE 1

Equilibrium constants for formation of mono-g-diketone
complexes of [VO]2* in aqueous solution at 25 °C and
I = 1.0 mol dm-3

Ligand A/nm K, Kyg Ky
Hpd 330 0.55 + 0.09 0.67 + 0.10 3.14 + 0.49
Htftbd 360 0.32 + 0.05 0.32 + 005 73.05 + 10.73
Htfpd 330 0.11 4 0.02 0.11 + 0.02 10.39 - 1.88

intercept 1/eK;. Tigure 1 shows the plots suggested by
equation (7) for reaction of [VO]?* with Htftbd, Htfpd,
and Hpd while Table 1 gives the results obtained for
K,, Kg, and Kx.

Kinetic Measurements.—(a) Reaction of [VO2* with
Htftbd and Htfpd in aqueous solution. When aqueous
solutions of [VO]2* were treated with solutions of either
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Ficure 1 Plot of equation (7) for reaction of [VO]2+ with -

diketones in aqueous solution at 25 °C and 7 = 1.0 mol dm™.
8-Diketones: (a) Htftbd, (b) Hpd, and (¢) Htfpd

Htftbd or Htfpd a one-step reaction was observed.
Tables 2 and 3 contain the kinetic data. The kinetic
data are consistent with a scheme in which the vanadyl
ion does not react directly with the keto-tautomer.
Complex formation takes place by a mechanism in which
[VO]?* reacts with the enol form of the p-diketone
according to equation (8) where M2+ = [VO2*, kup' =

J.C.S. Dalton

TABLE 2

Observed rate constants for the reaction of [VO}2*
with Htftbd in aqueous solution @

Expt. 103[VO2+]/ 103[H+]/ 102k o1,/
no.b mol dm™ mol dm™ st
1 2.0 2.24 0.55
2 5.0 2.24 0.60
3 8.0 2.24 0.60
4 10.0 2.24 0.63
5 2.0 1.95 0.56
6 5.0 1.95 0.60
7 10.0 1.32 0.78
8 12.0 1.32 0.74
9 2.5 50.0 1.15
10 2.5 75.0 1.27
11 2.5 100.0 1.34
12 2.5 125.0 1.61
13 5.0 125.0 1.43
14 5.0 150.0 1.74
15 5.0 200.0 1.98
16 5.0 100.0 1.54
17 8.0 100.0 1.66
18 10.0 100.0 1.68
19 16.0 100.0 1.78
20 5.0 200.0 2.83
21 8.0 200.0 2.76
22 10.0 200.0 2.86
23 16.0 200.0 2.84
24 5.0 300.0 3.67
25 10.0 300.0 3.67

¢ [Htftbd] == 1.0 x 107* moldm™3, A = 366 nm, and 7 = 1.0
mol dm™ Na[ClO,]. % Experiments 1—8 were run in the for-
ward direction, 9—25 in the reverse direction.

kHE[A\/Iz+], k_HE’ == k_n].}[H+], and kHE/k—HIC = KE The
solution of equation (8) has been previously described.18-20
Using the assumption that & > k. relationship (9) may be
obtained for Aq.s for the slower of the two possible
relaxations. Equation (9) is more conveniently written

TABLE 3

Observed rate constants for the reaction of [VO]2*
with Htfpd in aqueous solution ¢

Expt 103[VO2+]/ 103[H+]/ 102&016./
no.b mol dm™ mol dm™3 s1
1 6.0 1.10 1.33
2 10.0 1.10 1.69
3 12.0 1.10 1.46
4 16.0 1.10 2.05
5 6.0 1.20 1.30
6 8.0 1.20 1.54
7 10.0 1.20 1.46
8 12.0 1.20 1.55
9 5.0 1.58 1.25
10 8.0 1.58 1.64
11 6.0 1.95 1.19
12 10.0 1.95 1.73
13 12.0 1.95 1.89
14 16.0 1.95 2.11
15 10.0 5.00 1.00
16 10.0 10.00 1.03
17 10.0 20.00 1.20
18 10.0 40.00 2.14
19 10.0 100.00 4.51
20 10.0 200.00 7.18
21 5.0 200.00 6.45
22 8.0 200.00 7.40
23 5.0 300.00 9.88
24 10.0 300.00 9.05
25 20.0 300.00 9.05
26 10.0 100.00 3.90
27 8.0 10.00 4.15
28 10.0 400.00 12.60

¢ [Htfpd] = 1.0 x 107 mol dm™, A = 366 nm, and 7 = 1.0
mol dm™. % Experiments 1-—14 were run in the forward
direction, 15—28 in the reverse direction.
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Ficure 2 Plot of equation (10) for reaction of [VO]%+ with
Htftbd in aqueous solution at 25 °C and I = 1.0 mol dm™.
[H+] = 1.95 x 107 (A), 2.24 x 10 (y), 0.10 (@), 0.20 (W),
and 0.30 () mol dm™

as in (10). The data in Tables 2 and 3 are consistent

with equation (10) and plots of the left-hand side against

1/[M2*] are in fact linear (Figures 2 and 3) with common

ke

400

HK HE ==~ [ME]" (8)
k_HE’

. { ok M2] }
obs. == R M2Y] + A -+ (RauH )/ Kg)
{1 + ((HT)/K[M?*]}  (9)

1+ [HY}/ Ky [M*]
(H']

Rops.
| == (1/ke) + <ﬁlﬁ)<keT]Zp + m) (10)

intercepts of 1/k, and slopes S [equation (11)]. Equ-
ation (11) may be rewritten as (12). In order to deter-
mine the dependence of kg on [H*], trial substitutions

60| o’

(m]

=
=)

1/ K, VO 1N} (k) s

»
=)

1073 {14 ([H*

100
[VO*1/ dm 3mol !
Ficure 3 Plot of equation (10) for reaction of [VO]2+ with

Htfpd in aqueous solution at 25 °C and / = 1.0 mol dm™.

[Ht] = 1.20 x 107 (A), 1.95 x 107 (), 0.10 (O), 0.20 ([7),
and 0.30 mol dm™ (@)

9

were made for kgn for example, equations (13) and (14).
Plots of 1/{S — ([H*]/k.Kw)} against 1/[H*] are linear
(Figures 4 and 5) showing that kgy has the form indicated

S = (ke:;E +%> 1)
1/{S — ((H*]/keKz)} = kekun/ks (12)
kaw = a + (b/[H"]) (13)
kap = a + b[H*] (14)

in equation (13). Therefore equation (12) may be
written as equation (15). TFrom the slopes and inter-
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Ficure 4 Plot of equation (11) for reaction of [VO]2+ with
Htftbd in aqueous solution at 25 °C and I = 1.0 mol dm™3.
[H+] = 1.95 x 107 (O), 2.24 x 1072 (@), 0.10 (x), 0.20 (m),
and 0.30 mol dm™ (A)
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Ficure 5 Plot of equation (11) for reaction of [VO]2+ with

Htfpd at 25 °C and I = 1.0 mol dm™3. [H*] = 1.20 x 107
(O), 1.95 x 103 (@), 0.10 (A), 0.20 (X ), and 0.30 mol dm™
()]
cepts of the plots shown in Figures 4 and 5 values of a4
and & are found to be 7.6 dm3 mol? s and 0.35 s!

S — (H*][keKz)} = (kefkda + {(ke/k)b/[H™]} (15)

respectively, in the case of Htfbd, and 3.5 dm3 mol? s71
and 0.1 s7! respectively in the case of Htfpd.

It has been shown 20 that the form of the rate law
obtained here is consistent with the mechanism outlined
in Scheme 1 where [M(HE*)]2* and [ME*]* are unstable
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intermediates in which one end of the diketone is
attached to the metal centre. Assuming that equili-
brium is maintained between both HE and E-, and
[M(HE*)]?* and [ME*]*, and applying the steady-state

approximation, equation (16) is obtained for kyz. Two
b — — 1t (Kanky/[HY))
HE k_y + Kuurk_4/[H] (16)

1+

ky + Kuuwks/[H*]
limiting cases of equation (16) are relevant.20

Case L 1f {h+ (Kuushyf[H)} > (b, +
(Kunek_o/[H*))} equation (16) reduces to (17). In this
kae = ky + (Kupk,/[H"]) (17)

instance a = &, and b = kgpk,. The implications arc
that formation of the singly bonded intermediate is slow
and that the subsequent ring-closure reactions are rapid.

Case 2. Alternatively if {k, -+ (Kuurks/[H'])} <

KHE

M2 + HE M2+ E-
H.

by 115 k, [k-k

2. Kmue

[M(HE*)] [ME¥]*
HO

ka | |k-2 ks ["-3

1 1
IME]*+H* (Mel*
SCHEME 1

{ky + (Kumgk,/(H*])} equation (16) reduces to (18).
In this equation K, = k,/k, and K, = k/k,. Under

kue = Kjky + (KauKks/[H']) (18)

these conditions @ = Kk, and & = KupK,k,;, and the
rate-determining step is closure of the chelate ring.

With Htfbd. Comparison of equations (10) and (15)
shows that in terms of the proposed reaction scheme the
rate of the acid-independent reaction of the enol tauto-
mer of Htfbd with [VO]?* is 7.6 dm?® mol™? s while the
rate of reaction of [VO]2* with the enolate ion of Htftbd
is 3.6 x 10% dm?3 mol1 s

The reactants in the acid-dependent reaction may be
formulated as [VO]?* and E~ or alternatively as [VO-
(OH)]* and HE as shown in equations (19) and (20). If

[VO* + E- 2 [VO(E)]* (19)
[VO(OH)]* + HE 2» [VO(E)]* + H,0  (20)

the reaction pathway of equation (19) is adopted then
ky = 3.6 x 103 dm?® mol™ s*1, whereas if the pathway of
equation (20) is adopted k; = b/Kp = 2.0 x 10* dm3
mol? s where Ky, (1.7 x 1075 mol dm3) is the hydrolysis
constant of [VO]2*.

With Htfpd. The kinetic data for this system were
analysed in terms of the reaction of [VO}?* with the

J.C.S. Dalton

enol form of Htfpd exactly as was done for the reaction
of Htftbd and [VO]?*. Values of a and b in equation
(156) were found to be 3.5 dm® mol? s and 0.1 s
respectively. In terms of Scheme 1, %, the rate of
reaction of [VOJ** with HE the enol tautomer is 3.5
dm?3 mol* 571, while %, the rate of reaction of [VO]?* with
the enolate ion is 2 x 102 dm3 mol™? s1. The pathway
represented by equation (20) involving reaction of
[VO(OH)]* with HE gives a value of 5.9 x 103 dm3 mol?
s for k.

(b) Reaction of [VOJ2* with Hpd in aqueous solution.
The reaction of [VO]*" with Hpd was carried out in
aqueous solution over a wide range of metal-ion and H*
concentrations. Under the experimental conditions
used for most of the kinetic runs, a one-step reaction

TABLE 4
Reaction of [VO]** with Hpd in aqueous solution ¢

Expt. 103VO2+]/ 103[H*]/ Rovs. | kux ¥/
no.b moldm™ mol dm™ s dm?® mol™1s™?

1 4.0 1.20 0.031 5.46
2 7.0 1.20 0.039 4.44
3 10.0 1.20 0.061 5.18
4 2.0 1.95 0.021 4.85
5 4.0 1.95 0.027 4.20
6 7.0 1.95 0.046 4.75
7 10.0 1.95 0.056 4.43
8 12.0 1.95 0.078 5.18
9 20.0 1.95 0.119 5.21
10 5.0 4.17 0.035 3.53
11 10.0 4.17 0.046 2.97
12 15.0 4.17 0.081 3.91
13 16.0 4.17 0.085 3.91
14 20.0 4.17 0.094 3.64
15 10.0 10.0 0.020 0.95
16 10.0 20.0 0.034 1.22
17 10.0 40.0 0.062 1.71
18 10.0 80. 0.108 2.47
19 10.0 200.0 0.278 5.65
20 10.0 350.0 0.450 8.48
21 10.0 450.0 0.630 11.70

22 20.0 200.0 0.024

(0.48)

23 20.0 100.0 0.023

(0.42)

24 10.0 100.0 0.048

(0.24)

25 10.0 10.0 0.060

(0.20)

26 16.0 10.0 0.040

(0.40)

27 10.0 10.0 0.040

(0.22)

2x = 330 nm, [Hpd] = 2.0 x 107% mol dm™, and J = 1.0
mol dm™ Na[ClO,]. ? Experiments 1-—14 were run in the
forward direction, 15--21 in the reverse direction and one-step
reaction was observed. Experiments 22—-27 were run in the
reverse direction and two steps were observed. ¢ Zkq,,, for
faster reaction is given in parentheses. 4 Calculated from
equation (21). Kg = 3.14, Kx == 0.67 (Table 1).

was observed and a single value of Aqs was calculated
from a plot of —In(4 — 4.) against time (Table 4).
However, under certain conditions, ¢.g. a combination of
high H* and metal-ion concentrations, and particularly
for reactions carried out in the ‘ reverse ’ direction, two
reaction steps were observed. The half-lives of the two
steps were usually quite close and the resulting values
of kg, are only considered to be qualitative (experi-
ments 22—27 in Table 4). Attempts to treat the data
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for these reactions in terms of the mechanism proposed
for reaction of [VO]2+ with both Htftbd and Htfpd were
unsuccessful and the data do not obey equation (10).
The kinetic data for experiments 1—14 in the forward
direction may be analysed in terms of equation (21). In
terms of this mechanism ko for the slow reaction is
kHK

[VO]2+ 4- HK _k_...n
_HK

[VO(E)}* === [VO}** + HE (21)

given by A= c¢/p where ¢ = (kuxk_ms -+ k_mxk_up)
[H+][M2+] |- kHKkHE[M2+] and [b = (k_HK + k-HE)
[H*] 4 (kux + kup) [M?'] and [M?**] represents [VO]?*.
Making the reasonable assumption that [VOJ?* reacts
more rapidly with HE than with HK to eliminate all
but the largest terms in the expressions for ¢ and ,
expression (22) is obtained for kgx where kng/k_np = Ky

kux =
A [H*] 4 Ku[M?'] } (22)
Robs. 1+ (Kg/Kx)[HJ[MZ] + Kg[M22

and kugf/k_ng = Kx. The daia in experiments 1—14
(forward reaction) satisfy equation (22). The average
value of kpx is 4.4 4 0.2 dm?® mol? s, and the con-
stancy of the kuyx values (Table 4) supports the reaction
pathway chosen in equation (21).

The data for experiments 15—21 (reactions run in the

kq )
M3'+HE T—— MI+E” +H'
k—a
“-el ke “-5] [“5
2 K .
[M(HE)] JE— [MEJ"+H*
SCHEME 2

reverse direction) do not satisfy the above mechanism.
The data may be analysed in terms of the mechanism
shown in Scheme 2 as was done for reaction of [UQ,]2*
with Hpd.? Applying the steady-state approximation
to E~ and assuming that [M(HE)}?* and [ME]* are in
equilibrium, equation (23) is obtained for kos. Since

11

of 0.010 4 0.002 s (k) as shown in Figure 6. These
values suggest that the main dissociative path of the
complex {VO(pd)]* occurs via the protonated complex
[VO(Hpd)]2* to Hpd and [VO]?* with a small contri-
bution from the k_ pathway, resulting in production of
the enolate ion. The value of 1.26 dm3 mol? s! obtained
for the slope of the plot suggested by equation (25) is
in fair agreement with the value of 2.37 dm?® mol? s
obtained by Pearson and Moore 18 for the same plot at
ionic strength 0.25 mol dm3.

Table 5 summarises the kinetic data for reaction of

o~sr
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Tlﬂ
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o
e
0-2
v
[ ]
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i 1
00 02 04

[H*] /mol dm™3

FIGURE 6 Plot of equation (24) for reaction of [VO]2+ with
Hpd in aqucous solution at 25 °C and I = 1.0 mol dm™

[VO]2+ with Htftbd, Htfpd, and Hpd. The solvent-
exchange rate of [VO]?* has been previously reported in
the range 500—590 s1.1L121415  Tn testing whether a
formation rate constant is normal or not it is convenient
to consider the dimensionless parameter R given by 2!
R = 4k;/3K ks where ks is the rate of complex form-
ation, K, is the outer-sphere association constant, and
ks is the rate of solvent exchange. TIor ‘normal’
substitution of co-ordinated water molecules R should
have a value close to unity. The values of K, are
usually calculated using the Eigen-Fuoss equation 223

b sk H'[M2'] + ksk o[H'] + koke{H ][M*] + kikgIM2*)® 4 (kb o[H']Y/K) + kske[M2*][H"]
obs B [H'| + kM2

k.o = 3 X 1010 dm3 mol™? s7, it is reasonable to assume
that k,[H*] » k£;{M2*] and that terms having k_, in
the numerator will be large compared to the other terms.
Applying these approximations to equation (23), rela-
tionship (24) is obtained for k. For reactions in the

kovs, = kg[M2] + kg + (k_g[H*]/K)
ks, = (ko[H)(K) + kg

reverse direction the expression for kg, reduces to
equation (25). A plot of kg against [H*] is linear with
a slope of 1.26 £ 0.02 dm3 mol ™ st (k_¢/K) and intercept

(23)

in the case of charged ligands, and from Rorabacher’s
modification # for uncharged ligands. Table 5 gives the
R values for the reactions studied in this work. The
value of & for [VO]2* was taken as 500 sX. The rate of
water exchange in [VO(OH)]* has not been reported but
is probably close to the value of 2.3 x 10 s obtained
for water exchange in [VO(C1)]*.1* This is the value
used for the calculation in Table 5.

It is immediately obvious that the R values for re-
action of [VO]?* with the enol tautomers of Htftbd and
Htfpd, and with the keto-tautomer of Hpd, are within
a factor of two of each other, but are considerably less
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than wunity. The reduction in rate compared to
‘ normal ’ reactions is however considerably less than the
three orders of magnitude observed for reaction of Nij%*
with the enol tautomer of Htttbd.25* The reaction of
[(VO]** with the enolate form of Htfpd must be con-
sidered normal on this basis while the reaction with the
enolate form of Htftbd is more rapid than would be
expected. Although the solvent-exchange rate of [VO-
(OH)]* is uncertain, within the limits of the approxim-
ation made for it, the R values for reaction of [VO(OH)]*
with the enol tautomers of Htftbd and Htfpd are rela-
tively normal.

If the alternative mechanism [case 2, equation (18)] is
considered for reaction of [VO]?* with Htftbd and
assuming that %, has a normal value of 113 dm® mol™* s71,
k_y is equal to 1.55 s™* and 4, is equal to 0.104 dm3 mol™?
sl Therefore ky/k ; is 6.7 X 1072 dm3 molt. For the
reaction of [VO]?* with Htfpd the values of &, and k,/k_;

TABLE 5
Kinetic data for reaction of [VO]?" with -diketone
species @
Metal Ligand kg/dm? of
species ®  Ligand species mol™s™! dm?® mol* R
[VOj2+ Htitbd HI 7.6 0.3 0.07
E- 3.6 x 103 0.9 11
[VO)2+ Htipd HE 3.5 0.3 0.03
E- 2 x 102 0.9 0.6
[VO]2+ Hpd HK 4.4 0.3 0.04
[VO(OH)1+ Htitbd HE 2 x 104 0.3 3.9
[VO(OH)]+ Htipd HE 5.9 x 10 0.3 1.1

¢] = 1.0 mol dm™, 298 K; distance of closest approach
=500 pm. ¢k, for [VO]?* is taken as 500, k, for [VO(OH)]* as

2.3 x 10t s7L
are 0.34 dm® mol? s and 3.1 x 102 dm? mol™ respect-
ively. Due to the fact that the rate constant for reaction
of [VO]2* with the enolate form of either Htftbd or Htfpd
is not depressed below the normal value, we must assume
that kg/k, ~1. Thus, the conditions for the case 2
mechanism is %,/k; € 1. As noted by Sutin and co-
workers,20 this implies that the two monosubstituted in-
termediates [M(NH#*}]?* and [ME*]" (Scheme 1) have
rather different kinetic properties.  Although it is likely
that the enol (and keto-) tautomers of p-diketones are
poor entering groups with the result that 2, < %,, due to
the fact that the co-ordinated enolic oxygen is less basic
in [M(HE*)]2* than in [ME*]*, k&, is probably much
larger than k_,. It follows that & [k, < kyfk ,.

The results show that the keto-forms of both Htftbd
and Htfpd are inert to attack by metal ions and that
reaction of metal (and oxo-metal) ions with these ligands
occurs by a mechanism in which the metal ions react with
the enol form of the B-diketone. It is also consistent
with the conclusions of earlier work that the rates of
reaction of the enol and keto-tautomers of 8-diketones
with metal ions are generally slower than would be
predicted on the basis of the Eigen-Wilkins mechanism.

* Using R = 4k/3K ks, k¢ for reaction of [VOJ?+ with neutral
and singly charged ligands should be 113 and 338 dm3 mol™! s
respectively. However, thc experimental results reported to
date vary somewhat: [VO]2+ + [SCN]~, ki = 160;% [VO]*+
+ glycine, k¢ = 1300;% [VO]** -} tartaric acid monoanion,
ky = 170 dm3 mol™ s71.13
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However, the rates of complex formation when the eno-
late ion is the ligand are relatively normal.

Sutin and co-workers 2 have stated that there are
three factors which must be considered when investigat-
ing the kinetics of metal complex formation with
protonated multidentate ligands: (4) strong intramole-
cular bonds which convert the protonated ligand into a
poor entering group; (iz) the energetics of proton release
from a unidentate intermediate which may slow down
the rate of ring closure (proton-controlled ring closure);
and (¢447) ring strain associated with the formation of a
six-membered ring chelate. Although it is often difficult
to distinguish between these effects, the present work
clearly shows that factor (#4) is not of paramount
importance in determining the overall slow rate of com-
plex formation with g-diketones. Sutin and co-work-
ers 20 interpret their results in terms of factor (i7) on the
basis that intramolecular hydrogen bonding would not
slow the reactions by the three orders of magnitude
observed for reaction of Ni?* with the enol tautomer of
Htftbd. However, it is now also clear that, for some
metal ions at least, the reduction in rate is very much
less than this, for example the reactions of Fe3® and
[Fe(OH)]?* with the enol tautomer of Hpd are described
as ‘normal "2 The situation is further complicated by
the fact that slower reactions such as the formation of
complexes of Fe3* and [VO]** are not likely to be as
affected by steric factors as more rapid reactions, e.g.
those involving the formation of complexes of Cu?*,
Additionally, the stability of the precursor complex will
affect the overall rate of complex formation. It appears
that the relative importance of these various factors is
dependent on the lability of the metal species. As has
previously been pointed out,?® kinetic data on the direct
reaction of the various metal species with the enolate
forms of p-diketones would be very valuable in elucidat-
ing the intimate details of the mechanisms of these very
interesting reactions.

One of us (B. D. O’'R.) thanks the Department ot Educa-
tion for a studentship.
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