KINETICS AND EQUILIBRIUM OF COMPLEX FORMATION
BETWEEN THEPALLADIUM (I1) AQUOION AND AROMATIC
AMINES IN AQUEOUS SOLUTION
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We have investigated the kinetics and equilibrium of the complex formation in aqueous solution between
the tetraaquopalladium(ll) ion and a series of closely structurally related uncharged ligands (aniline derivatives)
with the aim of studying the reactivity of palladium (II) complexes in ligand substitution reactions

Pd (H:0)2* + HaNGsHeX 2 Pd (HaNGsHiX) (H20)2¥ - H0, ¢))

where X =p-OCHg, m-CHy, p-CHs, H, m-Br, m-NO,, and p-NO,. The ionic strength of the solution was held con-
stant at 2.0 M and the kinetics were investigated over the temperature range from 5 to 35°C,

When solutions of palladium perchiorate (~ 10~* M) and aniline (~ 1072 M) in 2 M HC10,4 are mixed, it is
observed that the optical density of the solution increases exponentially with time and is accompanied by the ap-
pearance of a new absorption maximum at 290 my. An analysis of the dependence of the equilibrium optical den-
sity on the concentration of aniline shows that one molecule of aniline is involved in the complex formation and
that the stability constant of the complex is of the order of 10" M~!, When concentrated HCl10, is added to a solu-
tion in which the equilibrium has been established, the optical density at 290 mu decreases exponentially with
time according to the same law as observed for the forward reaction, This latter fact suggests that the complex
formation is reversible, Similar changes in the optical density in the region from 280 to 320 mu were also ob-
served in the case of the other amines in the given series.

The high values of the stability constants allow one to study the complex formation in highly acidic media
where the palladium (1I) ion exists solely in the aquoform [1, 2] and the equilibrium ionization of the amines

HaNCeHaX 4+ H* =2 HaN+CeH X (2)

is strongly displaced to the right hand side with the concentration of the basic form of the amine lying within the
limits from 107 to 10~® for a total concentration of about 102 M in the solution. Under these conditions reaction
(1) has a halftime of 1 to 100 minutes and its rate can be measured using the conventional spectroscopic method.

The kinetic experiments were carried out under zeroth order conditions with respect to the amine since the
total concentration of the amine exceeded the concentration of the palladium ions by 20 to 200 times. The value
of the observed first order rate constant kops was independent of the initial concentration of Pd(H,0),2" when the
concentration was varied from 10™% to 103 M, but it increased when the concentration of the amine was raised.
The concentration of the basic form of the amine was calculated allowing for the equilibrium in Eq. (2) using the
pK, value of the amine at the given temperature [3] and the acidity functions H, for the aqueous solutions of HC10,

[41:
lg([H3N+CsH4X] / [HzNCGH&X]) = pKa — Ho. (3)

The linear form of the dependence of kypg on the concentration of the basic form of the amine (Fig. 1) con-
firms that one molecule of the amine participates in reaction (1) since the dependence of k.. on the concentra-
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Fig. 1. Dependence of the observed first order rate constant kg, on the
concentration of the basic form of the amine,

Fig. 2. Dependence of the logarithms of the rate constants ky and k_; and the
equilibrium constant K for reaction (1) on the Hammett o-constant.
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Fig. 3. A cross-section of the potential energy surface of reaction (1) along the coor-
dinate corresponding to the motion of the entering group (R, ). The difference in en-
ergy between the minima of the terms for the initial and final states only corresponds
to the heat of reaction along the above-mentioned coordinate. The overall heat of
reaction is determined by the position of the minima of the multidimensional terms.

Fig. 4. The dependence of the energy of activation for reaction (1) in the forward and
reverse directions on the heat of reaction. The curves are graphical plots of functions
(9) and (10) obtained from the experimental data by a least squares treatment.

tion of the basic form of the amine under zeroth order conditions with respect to the amine and H,O satisfies
the equation:

kobs == kg[HzNCGH&X] + k_.g, 4)

where k is the rate constant for reaction (1) in the forward direction and k_, is the rate constant in the reverse di-
rection. The stability constant of the complex Kgap was calculated as the ratio k;/k-;. The values of Kgiab ob-
tained by this method coincide with the values found from an analysis of the dependence of the equilibrium optical

density on the amine concentration,

The dependence of the forward and reverse rate constants for reaction (1) on temperature obeys the Arrhenius
equation for the whole series of amines. The calculated values for the energy of activation and heat of reaction
AH=E;—E_, are shown in Table 1. The values of k; and Kg;,}p increase with increasing basicity of the amine or
electron donor properties of the substituent in the benzene ring, while the values of k-y decrease along this series.
However, the po correlation is only almost linear for ky and is nonlinear for k.; and Ksah (Fig. 2). The results in
Table 1 also show that the reaction series studied is not isentropic.
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TABLE 1

Value of X iy (25°) ke (35°)  [Kstabf25%) E,, E_, _pH= AS™,
in HoNGgH,X| M~-tsec™!|  sec™ M- |keal/inolefkeal /molelieal/mats| e.u.
p-OCHs |1,8-10¢ | 2,810 |6,4.107 | 11,9 17.8 —5,9 | +16
m-CHs | 4.7-10° | 4.6.10- | 37.107 | 112 16.0 48 | 118
p-CHs 2,3.100 | 2,1.107% 1,1.108 10,8 17,6 —6,8 +14
i 171400 | 6.8.10¢ | 1)6.107 | 10’8 1679 —61 | 412
m- Br 9'8.10% | 5.0.10~ |2'0-10° | 8.5 18)5 | —10l0 | —5
m- NOg 5,7.10°% 1,2.10~% | 4,8.10% 9,6 20,4 - —10,8 —10
p-NO2 9,8.10% | 2,9.107 3,4.104 8,5 21,7 —13,2 —23

At the present time it is difficult to give any clear physical interpretation to the free energies of reactions of
the type under consideration. The contemporary quantum mechanical theory of the kinetics of chemical reactions
in polar media [5] allows one to give an interpretation to the relationship between the energy of activation and the
heat of reaction even in the absence of any detailed information concerning the form of the potential energy surface,
The nature of such a relationship depends on the reaction mechanism of (1)

1) Associative type A [6] or SN2jim [7] with the slow formation of a five coordinate complex followed by a
rapid loss of H,0,
: ‘ slow fast
PA(H20)2* + HaNGeHeX 22 Pd(H:0s)- (HaNGeH,X)2+ = PA(H2NCsH,X) (H20)2*+ H20 (5)

\

2) An associative mechanism of the same type as above but with a rapid first stage and a slow second stage.
3) Synchronous type I3 or Sy2 [7] exchange mechanism.,

Both variants of the associative mechanism are described by a single type of kinetic scheme if the reverse
reaction is considered in the first case and the forward reaction in the second case. When this is done it follows from
the stationary state conditions that the slow stage is only very slightly reversible,

The following features are common to all of the mechanistic variants listed above: 1) all the degrees of free-
dom of the nuclei participating in the reaction are classical; 2) a charge redistribution occurs during the course of
the reaction which leads to a reorganization of the solvent around the reacting particles (during this process the char-
acteristic frequencies of the fluctuations in the polarization remain practically unchanged); 3) the characteristic
frequency corresponding tothe metal-departing group bond is sharply lowered from 300 to 500 cm™ in the complex

tol 1o 10 em™ in the solvent, The characteristic frequency corresponding to the motion of the entering group is
sharply increased,

In the case of the synchronous mechanism, there is a sharp change in the frequencies of both the entering and
departing groups in the transition state, During this process the bond between the metal and the departing group is
only slightly strained and the entering group is located at a small distance from the metal which is almost coincident
with its final distance along this coordinate (Fig. 3). The contribution to the energy of activation of the forward re-
action due to the departing group is zero while the contribution from the entering group is Efqm. Analogously, the
contribution to the energy of activation for the reverse reaction from the motion of the amine is equal to zero but a
contribution Ef20 appears, due to the motion of the H,0 molecule,

According to quantum theory [8], the energy of activation for the forward reaction in the case of the synchron-
ous mechanism can be expressed in the following manner:

Ey=E™ 4+ (Es+ AH — EM™ ETOv4ES, (6)

where Es is the energy of the reorganization of the solvent. The second term in (6) is the contribution to the energy
of activation due to the reorganization of the solvent., The relationship (6) also remains valid in the case where

some reorganization of the unsubstituted groups takes place during the course of the reaction, provided that the char-
acteristic frequencies do not undergo a sharp change.

In the case of the two stage mechanism, a sharp change in the frequency takes place during the slow stage for
just one of the groups, either the departing or the entering group, The observed energy of activation is equal to the
sum of the energies of activation for the slow stage and the heat of the preceding equilibrium. In the first variant
of the mechanism, the energy of activation of reaction (1) in the reverse direction can be expressed in the form

E_ = AH' 4 (Es+ AH" + Ef™)?/4Es, )
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where AH' is the heat of reaction for the combination of H,0 with he aminotriaquopalladium (II) ion and AH" is
the heat change accompanying the removal of the amine molecule. In the second variant of the associative mechan-
ism, the activation energy for reaction (1) in the forward direction will be expressed in the following manner:

E, = AH" 4 (Es+ AH' + EFC2/4E, (8

It can be seen from Egs. (6), (7), and (8) that the dependence of the activation energy for reaction (1) on the
heat of reaction is expressed by the equation of a parabola for all three variants of the reaction mechanism, When
the experimental data for the dependence of the activation energy on the heat of reaction (Fig, 4) is submitted to a
least squares treatment, it leads to equations of the form

E; = 85+ (0.195AH + 2.75)% kcal/mole, ©
E_,=16.1 4 (0.195AH — 0.181)? kcal/moale, (10)

Wwith the help of the numerical values for the coefficients in Eqs. (9) and (10), the parameters occurring in

Egs. (6), (1), and (8) can be determined. When this is done, it turns out that the stage involving the rapid forma-
tion of the five coordinate intermediate complex must be endothermic for both variants of the associative mechan-
ism. For the first variant [Eq, (7)] AH' =+ 8,5 and for the second variant [Eq (8)] AH" =+ 16,1 kcal/mole. It follows
from this that the activation energy of the slow stage lies within the limits from 0 to 3.4 kcal/mole (first variant)
or 0 to 5.6 kcal/mole (second variant) and must be considerably lower than the activation energy of the proposed
fast stage (8.5 or 16.1 kcal/mole, respectively). Furthermore, one of the parameters appearing in Eq. (7) or (8), E,
EAM, or E/ H>0 must be negative, which is physically absurd,

At the same time, Eq, (6) agrees with Eq. (9) when the physically reasonable values E;=+6.6, EAm-+ 8.5, and
Ef20 =1 16,1 kcal/mole are taken for these parameters, Hence from the point of view of the quantum theory of
chemical kinetics in polar media [5], the synchronous exchange mechanism of type I, or Sy2 is to be considered
as the only mechanism which agrees with the experimental results,
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