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Hydrolysis Mechanisms for the Organopalladium Complex [Pd(CNN)P(OMe);]BF, in
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The acid-catalyzed hydrolysis of the organopalladium complex [Pd(CNN)P(OMe);]BF, species was monitored
spectrophotometrically at different sulfuric acid concentrations (3.9 and 11.0 M) in 10% v:v ethanol—water
over the 25—45 °C temperature range and in 30% and 50% (v/v) ethanol—water at 25 °C. Two acidity regions
(I and II) could be differentiated. In each of the two regions the kinetic data pairs yielded two different rate
constants, kjops and kyobs, the former being faster. These constants were fitted by an Excess Acidity analysis
to different hydrolyses mechanisms: A-1, A-2, and A-Sg2. In region I ([H,SO,4] < 7.0 M), the ki values
remained constant k3% = 1.6 x 1073 s™! and the set of kau, values nicely matched an A-Sg2 mechanism,
yielding a rate-determining constant ko asg» = 2.4 x 1077 M ' s™!. In region II ([H,SO4] > 7.0 M), a switchover
was observed from an A-1 mechanism (kg; = 1.3 x 107* s7!) to an A-2 mechanism (kgr» = 3.6 x 1073
M~!s7!). The temperature effect on the rate constants in 10% (v/v) ethanol—water yielded positive AH* and
negative AS* values, except for the A-1 mechanism, where AS* adopted positive values throughout. The
solvent permittivity effect, &, revealed that k{3, and ko a, dropped with a fall in &, whereas the ko asg> value
remained unaffected. The set of results deduced is in line with the schemes put forward.

Introduction

Cyclometalation of organic substrates by transition metal
complexes is an emerging field in organometallic chemistry and
has been given increased attention.! Organic moieties may
undergo metalation with formation of carbon—metal bonds by
using transition metal complexes with two-electron donor atoms.
Cyclometalated compounds constitute an important tool to
activate the C—H o bond stabilized by the additional coordina-
tion of the metal to a heterodonor atom, forming transition metal
complexes. These structures have been suggested as frozen
intermediate species in metal-catalyzed chemical reactions, thus
contributing to shed light into the mechanism of such catalytic
processes.? In most cases, the intramolecular activation of the
C—H bond comes about with N-containing ligands, the metal
quite often being palladium(Il).> The chemistry of organopal-
ladium complexes has developed increasingly over the last few
decades; a number of reactions which had long been regarded
as impracticable are now known to proceed smoothly with Pd
catalysts, and several scientific dreams have become viable.*
The cyclopalladated compounds formed this way quite often
display a characteristic ability as starting materials in organic
syntheses and have given way to a wide slate of reactions which
proceed with notable regio- and stereoselectivity, leading to
extensive possibilities for synthetic applications.?

However, despite the interest aroused by the chemistry of
cyclopalladated compounds, so far only few kinetic and
thermodynamic contributions have appeared, none of which
were performed in highly acidic media.’ In a previous paper,
we reported the acid—base behavior of a set of four [Pd(CN-
N)R]BF;, cyclopalladated complexes in concentrated sulfuric
acid.” Likewise, the kinetics of the hydrolysis of 2-acetylpy-
ridinephenylhydrazone (HCNN), a tricoordinated chelant donor
ligand, was investigated in highly sulfuric acidic media.® With
these precedents in mind, in this work we aim for a deeper
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knowledge on the pronounced stability of this type of organo-
metallic complexes by looking into the hydrolyses of the title
palladated complex in highly acidic media. Inasmuch as the
reaction rate fell with rising solvent permittivity, the effect of
aqueous—organic mixed solvents with different composition has
also been undertaken using different ethanol—water mixtures.

Experimental Section

The [Pd(CNN)P(OMe);]BF, complex was synthesized as
described elsewhere,” the other reagents being commercially
available. The spectral curves were recorded on a computerized
HP8452A spectrophotometer fitted out with a diode array
detection system and a temperature cell-holder adapter. Inas-
much as the substrate is only sparingly soluble in pure water,
the solvent effect on the kinetics was investigated using 10%,
30%, and 50% (v/v) ethanol—water solvents. Sulfuric acid was
used to attain the required medium acidity in the 3.9—11.0 M
range. The solutions used were prepared by careful addition of
the appropriate H,SO, amounts to 100 mL bottles containing
known amounts of doubly distilled deionized water. For
instance, substrate solutions in 30% (v/v) ethanol—water were
freshly prepared directly in the quartz cell by syringing 0.30
mL of pure ethanol into 1.4 mL of the adequate H,SO, solution;
after the thermal equilibrium was reached, 0.30 mL of the proper
substrate sample dissolved in pure ethanol (3.3 x 107* M) was
added to the cell. A similar procedure was used with the other
solvents.

The proton concentration, cy+, the Excess Acidity function
X, defined as the extra acidity of the medium due to its nonideal
behavior, and the water activities for each aqueous sulfuric acid
concentration were all obtained from published sources.!”
Fulfillment of the Lambert—Beer law was assessed at all
wavelengths used. Sets of acidity functions for sulfuric acid in
ethanol—water mixtures are lacking in literature. However,
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Figure 1. The palladium(Il) complex [Pd(CNN)P(OMe);]* with the
ligand 2-acetylpyridinephenylhydrazone (CNN).

2,0

Absorbance

o
(¥ 0,
8 1,0
o ]
-
o
»n 0,0
o
<

0,5

t=0s
\!
t=108500 s
0,0 T T T T
190 260 330 400 470 540
A (nm)

Figure 2. Absorption UV—vis spectral curves corresponding to
hydrolysis of 5 x 107> M [Pd(CNN)P(OMe);]* complex in 10% (v/v)
ethanol—water. [H,SO4] = 5.2 M, T = 25 °C; time interval between
consecutive spectra, At = 7750 s. The insert shows the first step of
consecutive reaction, At = 155 s.

considering that the ethanol effect on the pH measurements in
10% ethanol—water has been shown to be negligible,!' a
negligible effect on the excess acidity function can also be
surmised. Hence, at 25 °C the X values introduced in 10%
ethanol—water were those defined in aqueous solution, and for
the other temperatures the X values were corrected according
tOlZ

. 298.15X, 50 1
T @273.15+ 1) M

In 30% and 50% ethanol—water the X values used were
calculated from eq 2,'3 using the Hammett acidity function H,
defined in these solvent media'*!3

H,+logcy = =X 2)

The kinetic data of two consecutive reactions can be analyzed
by nonlinear least-squares fitting, using the double-exponential
equation

At — ae_klnhst + ﬂe—kznbsf + y 3)

Garcia et al.

1,5

1,24

Absorbance

K=d
©
1

Absorbance
o
3
1

0,3

A (nm)

Figure 3. Absorption UV—vis spectral curves corresponding to
hydrolysis of 5 x 107> M [Pd(CNN)P(OMe);]" complex in 10% (v/v)
ethanol—water. [H,SO4] = 9.1 M, T = 25 °C; time interval between
consecutive spectra, Ar = 480 s. The insert shows the first step of
consecutive reaction, At = 12 s.

corresponding to the integrated rate equation for a reaction
intermediate species, where A, stands for the absorbance reading
at time ¢ at a given wavelength, o represents the rise in
absorbance from the initial value to the maximum absorbance
of the intermediate,  stands for the decline in absorbance from
the maximum reached to completion, and y is the absorbance
at infinite time. The disappearance of the reactant was analyzed
using the single-exponential equation

A=Ay — A)e ™ + A ©)

where Aj and A.. stand for the initial and the final absorbance
readings, respectively, and A, represents that at intermediate time
intervals.

To properly analyze the two processes independently from
one another, the kinetic study was carried out by monitoring
the decrease with time of the absorbances measured concurrently
at the maximum wavelength and at the isosbestic points of the
second process (365 and 274 nm in the lower and upper acidity
region, respectively). Application of this procedure has enabled
us to analyze in each acidity region the first kinetic process
independently from the second, because at the isosbestic
wavelengths the variation of the absorbance with time can be
put down to solely the first process. The reactions were followed
at least up to 90% completion, which corresponds to reaction
times larger than 3.32 In 2/kqs, kobs being the observed rate
constant.'® The rate constants were independent of the substrate
concentration in the acidity range investigated. Each rate
constant was measured in triplicate, and the values concurred
within 5%.

The nonlinear least-squares method has the advantage over
Guggenheim’s and similar methods'” of requiring only a normal
Gaussian error distribution of the fitting; the data pairs need
not to be taken evenly, neither is it necessary to monitor the
reaction to completion. The program used was based on the
Marquardt—Levenberg algorithm;'® after the initial estimated
values are introduced, the process is iterated until the conver-
gence is attained for the minimum value of the x> parameter.
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Figure 4. Absorbance vs time plots corresponding to the set of spectra of Figure 3: (A) A = 416 nm, continuous line fitted with biexponential eq

3; (B) 4 = 274 nm, continuous line fitted with monoexponential eq 4.
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Figure 5. Plots of pseudo-first-order rate constants kjqs (A) and kaqps (B) vs molar sulfuric acid concentration for the hydrolysis of [PA(CNN)P(OMe)s]
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at 25 °C: (Od) 10% (v/v) ethanol—water; (@) 30% (v/v) ethanol—water; (A) 50% (v/v) ethanol—water.

Kinetic Models

To determine the reaction mechanisms at medium and high
acidity levels, outside the pH scale, a number of methods of
dealing with kinetic data such as those of Zucker—Hammett, '
Bunnett,?’ LFER,?' and Cox—Yates!®?2 are available. The three
first treatments establish the medium acidity in terms of the
Hammett acidity function, H,.>* However, in this case the Excess
Acidity method put forward by Cox—Yates was preferred
insofar as it describes the system better. The excess acidity
function, X, which displays the very useful feature of being zero
in the standard state of activity coefficients unity, has become
a powerful tool to study the medium acidity effect on equilibria
and reaction rates, thus enabling us to distinguish between
different hydrolysis mechanisms. Recently, a new set of
measurements as a function of sulfuric acid concentration and
temperature has come available.”*

The Excess Acidity method has proved to be a valuable tool
for the mechanistic elucidation of a wide variety of reactions
in strongly acidic aqueous media, particularly in sulfuric acid.
This treatment has been applied to the acid-catalyzed hydrolyses
of lactams,” hydroxamic acids,’®*” and antiinflammatory
drugs,? including Wallach rearrangement of azoxypyridines.?’
Recently Cox has suggested a new mechanism for benzamide
hydrolysis in strong acids®*® and reviewed the hydrolysis
mechanisms of benzimidates, esters, and amides in aqueous
sulfuric acid.®' In acid media, reactions are most commonly
catalyzed via mechanisms classified as A-1, A-2, or A-Sg2* as
follows:

A-1 Mechanism. If, as occurs in this case, the starting
material is [Pd(CNN)P(OMe);]", the unprotonated substrate
(S™), then the following mechanism applies

+ 4 Ko 2+
S"+H *f—SH 5)
ast
2+ a0y
SH ) A (6)
A"+ H0—P (7)

fast

involving a fast protonation equilibrium of the substrate S¥,
followed by the rate-determining unimolecular evolution of SH**
either to an intermediate species A>* (which subsequently reacts
quickly) or directly to products. If, under the reaction conditions,
the substrate is predominantly protonated, csyz + > c¢s+, then
the relevant rate equation is

Coma+

=logk, \, + (m" — Dm*X
Cope + Csr g Ko.A1 ( )

®)

log k. — log

obs
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The slope parameter m* accounts for the location of the transition
state and correlates the substrate activity coefficients with those
of the transition state according to

fS+fH+
log—— =

m log f—S+fH+ ¥
S Ssme+

= mm*X ©))

The m* parameter, defined in eq 10, relates the substrate
activity coefficients to those of the standard base that serves to
define the X function and reflects the susceptibility of the
protonated substrate to become stabilized by solvation

lo fs+fH+ =1o foI—H
g fSH2+ £ fBH+

= m*X (10)

To find out the m* value and therefore to be able to establish
the reaction mechanism, the proper m* value corresponding to
the protonation equilibrium in high acidity media, pKsy2 +, must
be evaluated. The m* values are temperature independent.'%-33
The plot of the left-hand side of eq 8 vs X should yield a straight
line, whose ordinate provides the log ko A; value. In addition,
the m* value should be greater than 1.34%

A-2 Mechanism. This is similar to A-1 except that the
protonated substrate, SH?*, instead of evolving alone, reacts
with another species in the bimolecular rate-determining step

e oy
S*+H =——SH (11)
fast
2+ k()‘AZ
SH™" + nNu——P (12)

slow

where Nu stands for the nucleophile, normally water, and # is
the number of molecules. The corresponding derived Excess
Acidity rate equation, which governs the hydrolysis for pre-
dominantly unprotonated substrates, has the form

c
log k., — log CSH7+S_‘+_ . — logcy: — nlogay, =

kO,AZ

log + mm*X  (13)

SH2+
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where the parameter m* must be close to unity***® and the

protonation correction term log(cst/(csy2 + + cs+)) reflects the
feature that the substrate is not fully protonated at higher acid
concentrations.?> To be able to plot the left-hand side of eq 13
vs X, the ko o> parameter can be determined if the equilibrium
constant is previously known.

A-Sg2 Mechanism. The bimolecular pathway put forward
by Cox involves a rate-determining proton transfer to the
monoprotonated substrate:??

k ASE!
st 4+ g ==gsp*" (14)

slow

SH** + H,0—P (15)

fast

that yields the rate equation
10g kypy — 10g g = l0g kg asp + m'm*X  (16)

The plot of the left-hand side of eq 16 vs X has enabled
us to determine the kg asg value. For an A-Sg2 scheme the
m* value, characteristic of the type of mechanism, should be
less than 1.%7

Results and Discussion

The kinetic data will then be discussed in terms of the Excess
Acidity analyses and potential mechanistic switchover. The acid
hydrolysis of the [Pd(CNN)P(OMe);]BF, complex (Figure 1)
was studied in highly acidic 10% (v/v) ethanol—water mixtures
over the 25—45 °C temperature range. In 30% and 50% (v/v)
ethanol—water the working temperature was 25 °C. Figures 2
and 3 show the UV—uvis spectral curves recorded at different
time intervals in 5.2 and 9.1 M sulfuric acid, respectively; in
both cases two consecutive pseudo-first-order reactions could
be differentiated. The two sets of spectral curves clearly differed
in shape, which points up that different active species are
involved depending on the medium acidity. Figure 4 shows the
biexponential absorbance decay of the spectral curves recorded
in the region of the intermediate species (416 nm) and the
monoexponential decay observed for the substrate at 274 nm,
where the spectral curves of the second step display an isosbestic
point. The ko rate constants at 416 nm were deduced from the
nonlinear least-squares fitting using eq 3 and the absorbance
values for the disappearance of the reactant, 274 nm, were
analyzed using eq 4. The values deduced for ks with eq 4
matched fairly well with those arising from eq 3. Table 1 lists
the values deduced for the observed ko and koo rate constants
as a function of acidity, temperature, and ethanol—water content.
The kjobs constants were larger than ks across the whole acidity
range. Figure 5 shows the change of kiqs and kaops With the
H,SO, concentration using mixed solvents of different composition.

Hydrolysis Mechanisms. The kinetic criteria established to
discriminate between different hydrolysis mechanisms were
applied to the sets of data pairs. To this aim, the overall acidity
range outlined in Figure 5 was split into two well-differentiated
stretches. In region I (3.6—6.5 M sulfuric acid) the hydrolysis
rate constants increased only very smoothly with rising acidity.
By contrast, in region II (6.5—11.0 M sulfuric acid) the rates
increased sharply without hinting at a plateau even at fairly high
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TABLE 2: Rate-Determining Constants (ky4), and m* Values at Several Temperatures, for [Pd(CNN)P(OMe);]" Reacting via

the Three Mechanisms in Sulfuric Acid

Garcia et al.

10% v:v ethanol—water

30% v:v ethanol—water

50% v:v ethanol—water

25 °C 30 °C 35 °C 40 °C 45 °C 25 °C 25 °C
Low Acidity Region (3.6—6.5 M H,SOy)
kiops 1.92 x 1073 3.07 x 1073 423 x 1073 6.45x 107° 8.67 x 1073 537 x 107 5.60 x 1074
A-Sg2 mechanism (eq /6)
koaser M7 s™h) 239 x 1077 476 x 1077 8.75 x 1077 1.66 x 107® 2.20 x 107° 1.21 x 1077 2.98 x 1077
m* 0.61 0.58 0.56 0.53 0.58 0.57 0.50
High Acidity Region (6.5—11.0 M H,SO,)
A-1 mechanism (eq 8)
koar (571 125 x 107* 3.06 x 107* 6.59 x 107* 147 x107° 289 x 1073 9.29 x 1072 221 x 1073
m* 1.74 1.70 1.66 1.63 1.59 1.60 1.52
A-2 mechanism (eq 13)
koar M7's7h 356 x 107 538 x107% 958 x 1073 1.68 x 1072 2.90 x 1072 1.59 x 1073 8.40 x 107
m* 1.04 1.07 1.07 1.07 1.08 0.78 0.83
SCHEME 1: Mechanism for the Hydrolysis of [Pd(CNN)(OMe);]" in the 3.6—6.5 M H,SO, Acidity Region
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| OH,

acidities, which suggests that the two regions are governed by
different mechanisms.

Region I. In this acidity range two consecutive pseudo-first-
order reactions were observed (Figures 2 and 5). The faster
reaction, ks, is unaffected by the change in the medium acidity
(Table 1 and Figure 5A). For the slower process, ks, the rate
constants varied with medium acidity only smoothly (Figure 5
B) and were scrutinized in light of eqs 8, 13, and 16. The A-Sg2
mechanism, eq 16, best fitted the kinetic constants (Figure 6).
The m* = 0.57 value deduced for the different temperatures
and ethanol contents concurs with the Cox—Yates criterion
established for the A-Sg2 mechanism (Table 2). The ko asg, rate
constants deduced for the rate-determining step at several
temperatures are given in Table 2. To our knowledge, no upper
limit for the koasg» value has in principle been reported in
literature for the wide variety of reactions that follow the A-Sg2
mechanism. 2238740

The mechanism put forward is outlined in Scheme 1. In a
previous work, we calculated the dissociation constant pKg2+

= —4.2 for the [Pd(CNN)P(OMe);]BF, complex protonated in
the orthopalladated C atom (form II).* In this acidity region the
kiops values were essentially independent of the proton concen-
tration (Table 1, below 6.5 M H,SO,). In the presence of a
solvent, the complex undergoes an addition reaction by an
incoming ligand over its square-planar Pd atom (form III), the
averaged rate constant being ki%,s = 1.6 x 1073 s™!. The potent
o donor nature of the P(OMe); moiety renders the Pd—P(OMe);
bonding stronger, and the Pd-frans N bonding weaker, the latter
becoming broken.® Hence, the kY, rate constant accounts for
the rupture of the N—Pd bond.

Therefore, both water and ethanol can in principle be regarded
as suitable candidates as incoming ligands. Hardness/softness
relationships and steric considerations can be of help to
scrutinize which of the two candidates may act as a reactant
species. Using heats of formation, proton affinities, and ioniza-
tion potential data, Pearson has shown that CH;OH is 1.4 times
harder than H,O.*! In view of the lack of hardness data for
ethanol, a value for ethanol closer to methanol than to water
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SCHEME 2: Mechanism for the Hydrolysis of [Pd(CNN)P(OMe);]" in the 7.0—11.0 M H,SO, Acidity Region

®
/
H,sC \ H30+ H;C

/ \

N-"Pd—P(OMe)a = N—
/ PK. 2+ /

HN SH HN

o

\
o]

can be surmised; this feature and the weaker water steric effect
have enabled us to suggest water as the preferred ligand (form
III). Finally, the P(OMe); ligand promotes a strong trans effect.
The pronounced tendency of this kind of compound to hold
the equatorial position in the reaction intermediate forces the
ligand in a trans position with regard to P(OMe); to hold the
same position.

The data analysis for the second process, kyqns, 1S consistent
with an A-Sg2 mechanism; Figure 6 shows the good fitting of
eq 16 to the kinetic data collected at different temperatures.

0,0

-0,7-

1,44

log k, .- log[cg, - (Cgp+Cs)]
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Figure 7. logkions — log(cspz +)/(cs2 + + ¢st) vs X (sulfuric acid) plot
for an A-1 mechanism, eq 8, 10% (v/v) ethanol—water, at different
temperatures: (O) 25 °C, (®) 30 °C, (¥) 35 °C, (a) 40 °C, and (®) 45
°C.

Ha
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k(),Al \
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The mechanism commences with the attack of a second proton
to the N,y atom in the hydrazone of form III. Such an attack is
more difficult for syn conformers; thus the rotation of the C—H
o bond is feasible and gives rise to an anti conformation
transition state. The data analysis is consistent with an A-Sg2
mechanism with a trication species as the transition state, bearing
two positive charges on the Pd atom and the third one on the C
atom. Whereas the C—N bond becomes more labile, a water
molecule stabilizes the transition state by a concerted mecha-
nism. The rate-determining step is the formation of the activated

X

Figure 8. logksq,s — log(cst)/(csy2 + + cs) — logey+ — logap,o vs X
(sulfuric acid) plot for an A-2 mechanism, eq 13, 10% (v/v)
ethanol—water, at different temperatures: (O) 25 °C, (®) 30 °C, (¥)
35 °C, (a) 40 °C, and (@) 45 °C.
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TABLE 3: Activation Parameters Obtained from the Rate
Constants of the Rate-Determining Step in 10% (v/v)
Ethanol—Water

AH¥/KJ mol™! AS*T K~ mol™! r eqs

kitps 57+2 —106 =7 0.998 17
5942 —98+7 0.998 18

ko.asE2 87£6 =78 £ 19 0.993 17
90+ 6 =70 £ 19 0.994 18

ko.a1 122 +£2 88 +7 0.999 17
124 +£2 96 £+ 7 0.999 18

ko.az 81 +3 —19+11 0.998 17
84 +3 —11+£10 0.998 18

complex, followed by a fast step that evolves to reaction
products (Scheme 1). Phenylhydrazine possesses two different
basic sites prone to protonation pK; = 7.95* and pK, = —5.2%
(Hy value for half-protonation). Theoretical calculations have
demonstrated that it is the nonsubstituted N atom that becomes
preferentially protonated.** Brignell et al.** reported ten H, units
separation between the first and the second protonation in
substituted phenylhydrazines.* In this acidity region only the
monoprotonated phenylhydrazine form is present.

Region II. Like in region I, the mechanism in region II
(between 7.0 and 11.0 M H,SO,) consists of two consecutive
reactions with rate constants ki and kg, (Scheme 2). The
kinetic data of the first effect, ko, nicely fulfilled eq 8 at all
temperatures (Figure 7) and yielded an averaged m* = 1.7 value
(Table 2), concurrent with the Cox—Yates requirement for an
A-1 mechanism. Comparison of the spectral curves correspond-
ing to the second process (Figure 3) with those corresponding
to the hydrolysis of the 2-acetylpyridinephenylhydrazone (L)
ligand indicates that the two sets of curves match the same
species and that L is an intermediate species of the
[Pd(CNN)P(OMe);]BF, hydrolysis. In fact, two acidity dis-
sociation constants were reported earlier® for the L ligand,
pKiut= 5.2 and pKyn2+ = —5.8. The fitting of eq 13 to the
kaons values deduced at all temperatures (Figure 8) using pKj 2+
= —5.8, and m* = 0.94,% yielded the averaged value m* = 1
(Table 2), which concurs with the A-2 mechanism, n = 1 being
the number of water molecules involved in the bimolecular
mechanism. To evaluate the m*, m*, and log ko> parameters
for the A-2 mechanism in 30% and 50% ethanol—water,
nonlinear least-squares minimization iterations according to eq
13 were also carried out (Table 2). On the basis of the

-6-%
] A

Inko‘ A

' 1 M T M 1 M T M ) M 1
0,013 0,014 0,015 0,016 0,017 0,018 0,019
1/e
r

Figure 9. Variation of In ko vs 1/e;. T = 25 °C: (A) (koo = kitps);
(-) A-2 mechanism (kO.A = kO‘A’Z); (.) A—SEZ mechanism (k(),A - kO,ASEZ)v

Garcia et al.

dissociation constant obtained (pK, = —5.2) phenylhydrazine
is partially diprotonated in this acidity region.*!
Temperature Effect. Reaction rates almost always increase
with temperature.'> Two forms are commonly used to express
the temperature effect on the rate constants, the Arrhenius
equation and the transition state theory Eyring equation*®

koa — AS*  AHY
kT~ R RT a7

where ko 4 is the rate constant, £, k, and R are universal constants,
and AS* and AH* are the entropy and the enthalpy of activation,
respectively. According the Absolute Rate Theory and using
the Clarke and Glew method*’ (Cox3%3! found it advantageous
over the usual Eyring expansion) to express log kg, in terms of
AG* and AH*

B AG*
IOg kO,A = 10.31883 + IOgT - m +
( AH* )(T— 0

RTIn 10 T ) (18)

where AG* is the activation free energy; the activation entropy
AS* can easily be obtained from AG* = AH* — TAS*. All the
activation parameters were obtained at the reference temperature,
6 = 298.15 K. The activation parameters obtained using eqs
17 and 18 from the log ko A/T vs 1/T plots are very similar (Table
3).

The activation entropy, related to the reaction probability,
includes orientational, steric, bulk, and solvation contributions.
If, nevertheless, the activation process involves dissociation
effects such as bond breaking within the single species, then a
large and positive AS* value is likely. As stated earlier, the AS*
value for a bimolecular reaction relies on the choice of the
concentration scale. For rate constants in dm* mol~! s™! units,
the AS* value is likely to be substantially negative, at least if
the second-order kinetics is a manifestation of a bimolecular
mechanism, not a more complicated scheme.'® The vast majority
of substitution reactions in square-planar complexes undergo
an associative mechanism reflected by the negative AS* value.*®
The negative activation entropies for the A-Sg2 and A-2
mechanisms bear out a bimolecular reaction, whereas the
positive AS* value for the A-1 scheme indicates, as suggested,
a unimolecular process. The AS* values deduced (Table 3) also
show that in region I the first reaction, kjy,s, undergoes an
associative mechanism, confirming the proposed scheme.

Solvent Effect. In this study, 10, 30, and 50% (v/v)
ethanol—water mixed solvents were used, with solvent permit-
tivity values, 73.67, 63.88, and 52.72, respectively.*’ The rate-
determining constants k are independent of the medium acidity.
Several formulations have been developed to interpret the
solvent permittivity effect for ion—ion, ion—dipole, and
dipole—dipole reactions in solution. For the ion—ion reaction,
A-Sg2 mechanism (Scheme 1), the In kg asg> Vs 1/¢, dependence
fulfills eq 19'°

NZ,Zye*
In ko ygpr = Ik AP

“ " (e )e,RTr, (1)

where ks is the rate constant in the reference state of a
hypothetical solvent of infinite dielectric permittivity. In this



Organopalladium Complex in Sulfuric Acid

work, the slope of the straight line should be negative, consistent
with the obvious feature that the transition state is more polar
than the positively charged reagents; however, Figure 9 shows
that the slope is close to 0, concurrent with the concerted
mechanism put forward (Scheme 1). For ion—dipole interac-
tions, constant k{y,s values, and the A-2 mechanism (Schemes
1 and 2), the following formulation was developed for the limit
case of a zero approximation ion—dipole angle

NZP 1
e (4me,)2¢,RT

Tion Iy

where ko stands for kitys and kg ao.

The slope of the In &, vs 1/¢, plot depends on the relative 7o,
and r; values, the ion and transition state radii. The negative
slope (Figure 9) reveals that r;,, is smaller than rs, consistent
with the proposed mechanisms.
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