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The energetics and reaction path in a series of Sy2 substitution reactions at square-planar Pt(ll) complexes have
been studied by the application of density functional theory (DFT). Calculated free energies show excellent correlation
with their experimental counterparts, while the enthalpic and entropic contributions individually indicate the presence
of weak intermolecular interactions not accounted for in the present model. The nature of the leaving ligand has
been shown to be much more significant in determining the activation barrier than that of the entering ligand; it is
inferred (and confirmed by analysis of individual bond energies) that the reaction is driven by the dissociation of
the leaving ligand, with the entering ligand playing a more passive role. Analysis of the intrinsic reaction coordinate
indicates, further, that the trans ligand plays an unexpectedly dynamic role in stabilizing the transition state due to
competition between stabilization and the steric effects of the entering and leaving ligands. The cis ligands, by
contrast, are shown to move only slightly through the course of the reaction.

Introduction complex, where [N] represents the concentration of the

The mechanism and kinetics of ligand substitution involv- nucleophile and [M] that of the metal complex:

ing square-planar &metal complexes have been studied rate= (k, + k,[N]))[M] @
extensively: Although such reactions have been reported for v
metals including not only platinum, palladium, and nickel

but also rhodium, irridium, and gold, substitutions at plati- by the nuclophile (Scheme 1), while corresponds to the
num centers have enjoyed particular attention due to their g ent-assisted mechanism, in which a solvent molecule
exceptionally low rate of reaction. For such systems, ex- gigplaces the leaving group and is subsequently displaced
perimental reaction enthalpies and entropies, and in someby the nucleophile. The effect of the cis and trans ligands
cases the corresponding activation parameters, are availablg, ihe reaction rate, as well as that of the nucleophile and
for a wide variety of ligand combinatiorfs? With respect leaving group, has been extensively review&gxperimen-

to comparitive studies involving monodentate ligands, how- (5| stydies indicate, further, that the majority of these
ever, the most complete set of experimental data available g ctions occur by an associative mechanism involving first
is that for the hydrolysis, ammoniolysis, and anation reactions 5 \yeak square-pyramidal encounter complex and, subse-
of species of the form PED)(NHz)yX4-x-y, where X'is  q,ently, a distorted trigonal-bipyramidal transition state, as

either CI or Br2® _ illustrated in Scheme 2Here “M” is the metal center, “N”
The available experimental data support a rate law of the 5 tne nucleophile, “L” is the leaving group, “T" is the trans

form given in eq 1 for substitutions at a square-planar Pt(Il) ligand, and “X” and “Y” are the cis (or “axial”) ligands.
Theoretical studies indicate that the-NI—L angle in the

The rate constark, corresponds to a direct3 substitution
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Sy2 Substitution at Square-Planar Pt(Il) Complexes

Scheme 1. Principal Substitution Mechanisms
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Figure 1. Proposed energy profiles foy substitution.

was calculated as the union of the paths of steepest descent on the
electronic enthalpy surface, in mass-weighted Cartesian coordinates,
going from the transition state to the reactants and products. In all
values reported, electronic entropy was neglected; standard expres-
siong® were used to calculate the remaining gas-phase enthalpic
and entropic contributions at nonzero temperature, including the
zero-point vibrational contribution.

Thermodynamic parameters for the solvation of the chloride ion
were obtained from a recent compilation of experimental valties.
The remaining solvation enthalpies (included for both single-point
calculations and geometry optimizations) were obtained using the

Despite the importance of this class of reactions, and a COSMO methotf as implemented in AD The solvent excluding

long history of many experimental and a few theoretical

surface was used along with an epsilon value of 78.4 for the

studies, however, the intimate details of the mechanism for dielectric constant of water as the solvent. Atomic radii used were
Su2 substitution at a square-planar Pt(ll) complex remains 1-39. 1.8, 1.16, 1.4, and 1.3 A for Pt, Cl, H, N, and O, respectively.

a matter of some debatelThe general reaction is, for in-
stance, variously reported as involving either a single

Although the Born energy reported by the COSMO model is, strictly
speaking, a free energy, the entropic contribution accounts for
erhaps 2% of the total energ¥.The solvation enthalpy was

transition state (Figure 1a) or two transition states Sep‘f"r""teofherefore taken as the difference between the gas-phase energy and
by an intermediate (Figure 1B).

) . . . o that calculated using the COSMO solvation model.

This study comprises a computational investigation of the £ the purposes of calculating the remaining solvation entropies,
reaction path and energetics of the hydrolysis, ammoniolysis, the solvation process was broken into three steps, following \Rfertz.
and anation reactions noted above, with=XCl. It will be Here, the solute in its gas phase is first compressed to the molar
assumed only that the initial attack of the nucleophile occurs volume of the solvent. The compressed solute gas then loses the
at the metal center, with no further constraints placed upon same fraction of its entropy as would be lost by the solvent in going
the geometry of the transition state. Trends in both reaction from gas (at its liquid-phase density) to liquid. Finally, the solute
path and energetics will be discussed in terms of the nature9as is expanded to the density of the desired solution (i.e., 1.0

of the nucleophile and the associated ligands. L/mol). _ _ _ _
The entropy change for the first and third steps, which are strictly

changes in molar volume, is given S = R In Vi, Vi i, where
Vi is the final molar volume and/y,; is its initial value. The
entropy fractiono lost in the second step can be determined from
the absolute entropies of the solvent in its g&gaJ) and liquid
(Sig®) phases, as shown in eq 2, taking care to include again the
change in molar volume.

Substituting the appropriate parameters for wéteve havea

Computational Details

Results were obtained from DFT calculations based on the
Becke-Perdew exchange-correlation functiok&ll* using the
Amsterdam Density Functional (ADF) progrdMThe standard
double< STO bases with one set of polarization functions were
applied for H, N, and O atoms, while the standard triplbasis
sets were employed for Cl and Pt atoms. The 1s electrons of N _ —0.46. The sum of the entropy changes accompanying each of
and O, as well as the +2p electrons of Cl and the 1gif electrons__ the three steps then gives the total solvation entropy; at a
of Pt, were treated as a f_rozen core. The standard set of aUX'I'arytemperature of 298.15 K, we have (again, for water) eq 3.

s, p, d, f, and g STO functions, centered on each nucleus, was used
to fit the electron density and the Coulomb and exchange potentials
in each SCF cycle. Reported energies include first-order scalar
relativistic correctiond® Gas-phase electronic enthalpies were
calculated from the KohnSham energies. The intrinsic reaction
coordinate (IRC) calculated was based on the theory of Fkui.

It is convenient that (by chance) the constant terms in eq 3 very
nearly cancel on expansion, and the solvation entropy in water can
therefore be approximated in more qualitative discussions as 50%
of the gas-phase entropy, with the opposite sign.
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~ Sig® — (Sjas T RIN Vi Vingad ) lightest, and the longest metdigand bond only 15% longer
o= o @ than the shortest. Translational entropy, which varies as the
(Sgas +Rln Vm qu/Vm gag . .
’ ’ logarithm of the molecular mass, and rotational entropy,
AS, = (—14.3 calmol 1K) — which varies as the sum of the logarithms of the principle

moments of inertia, therefore differ little among the product
and reactant complexes. Due also to the similarity of the
free ligand masses, the change in translational entropy is
therefore smaller than 2 cal/(K/mol) in each case. Further,
The reactions studied here are summarized in Figure 2.it follows that the change in rotational entropy stems almost
They have been studied extensively by experimental tech-entirely from the difference in rotational entropy between
niques, and reliable kinetic data are therefore available.the nucleophile (WO or NHs) and the leaving group
Complexes in Figure 2 are represented in a manner similar(chloride, which has zero rotational entropy) and is uniformly
to that used by Elding; with H,O and NH represented by  equal to about-10 cal/(K/mol) (the approximate rotational
“O” and “N”, respectively. Reactions-19 are hydrolysis entropy of the nucleophiles).
reactions, reactions 5 are ammoniolysis reactions  Vibrational entropy is negligible for the nucleophile and
analogous to the hydrolysis reactions-@, and reactions  |eaving group, which are either atomic (¢br contain very
1'-15 are anation reactions. stiff bonds (HO or NHs). Change in vibrational entropy
Classification of Reactions.Calculated thermodynamic  therefore arises primarily from an increase in the number of
parameters, with and without the solvation contribution, and vibrational degrees of freedom in the complex on replace-
the corresponding experimental values in aqueous sofution ment of an atomic ligand with a molecular one, with a smaller
are summarized in Table 1. The reactions, numbered ac-contribution arising from the difference in bond strength
cording to Figure 2, are sorted according to the transition between the two. Trends in the total change in gas-phase
state involved, the numeral identifying the equatorial ligands entropy follow those for the latter contribution, which varies
(Chart 1) and the letter identifying the axial ligands (Chart most strongly between reactions, while the absolute values
2). We will discuss, first, trends in the reaction enthalpies are dominated by the much stronger rotational contribution
and entropies individually before making a comparison of and are therefore all about10 cal/(K/mol).
the calculated reaction free energies to experimental values. Solvation Contribution to Entropy of Reaction. In
Heat of Reaction in Gas Phase and in SolutionThe solution, the entropy of reaction is found to be abetd
calculated gas-phase reaction enthalpies in Table 1 arecal/(K/mol) in all cases. This is due to two factors: first, a
determined almost entirely by the effect of Coulomb interac- reduction from the gas-phase value by about 50%; second,
tions between the chloride ion and the product metal a contribution of+10 cal/(K/mol) due to the disruptive
complex. Values range from abott50 kcal/mol for reac- effects of the product cloride ion on the local structure of
tions giving a singly negative product complex (reaction 1) the solvent, calculated as the difference between the solvation
to about+225 kcal/mol for reactions giving a doubly positive entropy as determined by the method of WertzZ1§ cal/
product complex (reaction 6). This trend is also seen in (K/mol)) and that observed experimentalty@ cal/(K/mol)).
solution, where it determines the trend iXH between This phenomenon is especially pronounced in aqueous
reactions for which the transition state composition differs solutions, such as those considered here, due to the extensive
only in the nature of the axial ligands. The relative strength hydrogen bonding in pure wat&The entropies of reaction
of the P+E, Pt-L, and P+T bonds, however, becomes in solution are also found to be more uniform than their gas-
equally important in the determination &fH in solution. phase counterparts due to a reduction of the gas-phase
Thus, in solution, reactions—19, in which Cl is displaced  variations by the same factor of 50% employed above.
by H,O, are calculated to be endothermic while reactions Free Energy of Reaction.The calculated free energies
10—15 (displacement of Cl by Nl are calculated to be  of reaction correlate very well with the experimental values,
exothermic. NH is therefore predicted to give the strongest with a systematic overestimation by about 1.2 kcal/mol and
metak-ligand bond of the three, followed by Cl, and finally an rms statistical error of about 1.3 kcal/mol. It is therefore
H,O. The calculated reaction enthalpies indicate that the surprising that the calculated enthalpies and entropies of

0.46@ — 14.3 caimol K ) + (7.98 caimol *-K ™) (3)

Results and Discussion

Pt—NH; bond is about 12 kcal/mol stronger than the-Bt reaction differ quite significantly from their experimental

bond, while the PtH,O bond is about 8 kcal/mol weaker values. Reactions 3 and 8 serve as a particularly clear

than the Pt+Cl bond. example. Differing only in the replacement of a cisQH
Translational, Rotational, and Vibrational Contribu- ligand with an NH, the two reactions give experimental free

tions to Entropy of Reaction. For its part, the gas-phase energies which are both similar to one another and also in
entropic contribution can be divided into translational, good agreement with the calculated values. The experimental
rotational, and vibrational components. The metal complexesreaction enthalpy for reaction 3, however, is 6 kcal/mol
in Figure 2 are geometrically similar to one another, each higher than that for reaction 8, while the corresponding
containing a platinum center surrounded by a set of four difference in entropies is 17 cal/(K/mol), in contrast to the
ligands. The heaviest ligand is only twice the mass of the calculated values, which differ only slightly between the two
reactions. It seems unlikely that the experimental values are
(25) Elding, L. I.Acta Chem. Scand.97Q 24, 1527. in error (kinetic data for reaction 8, for instar®ayere taken
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Cl__cl 1 cl__c N_N 6 N__N N_c 11 N_ ¢l
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Figure 2. Model reactions.
Table 1. Experimental and Calculated Enthalpies, Entropies, and Free Energies of reaction
gas phase with solvatiort exped
reacrt TS AS AH AG AS AH AG AS AH AG
1 la —7.61 —44.34 —42.07 6.09 3.18 1.37 2 3 2.0
8 1b —7.58 41.79 44.05 6.11 7.11 5.29 -7 2 4.4
3 1c —9.69 41.79 44.68 4.96 6.63 5.15 10 8 5.0
5 1f —10.80 140.83 144.05 4.35 12.19 10.89 -5 3 4.3
10 2a —8.91 —60.55 —57.90 5.39 —16.55 —18.15
12 2c —9.86 31.62 34.56 4.87 —12.27 —13.72
14 2f —12.44 121.08 124.79 3.46 —10.73 —11.76
2 3a -10.32 35.42 38.49 4.62 5.66 4.28 -6 0 1.8
4 3c —2.68 124.49 125.29 8.78 7.32 4.70 -2 3 3.6
9 3e —15.44 226.66 231.27 1.82 7.55 7.01
6 3f —5.65 222.99 224.67 7.16 10.46 8.32 —-23 -2 4.9
11 4a —7.46 15.85 18.07 6.18 —13.96 —15.81
13 4c —10.04 105.31 108.30 4.77 —12.42 —13.85
15 4f —4.38 199.06 200.36 7.86 —8.16 —10.50
7 5a —10.21 44.45 47.50 4.68 6.84 5.44 -10 1 4.2

aReaction numbers according to Figure®umeral indicates ligand combination in the equatorial plane (Chart 1); letter indicates ligand combination
in the axial positions (Chart 2y.AS in cal/(K/mol); AH in kcal/mol; AG in kcal/mol (at 298.15 K)9 Reference 5.

Chart 1. Possible Ligand Combinations in the Equatorial Plane of the
Transition State

E

d

T—Ft

\CI

1. T=CL,E=H,0 3. T=NH,,E=H,0 5. T=H,0,E=H,0
2. T=CL,E=NH, 4. T=NH,, E=NH,

Chart 2. Possible Ligand Combinations in the Axial Positions of the
Transition State

a. (C1,Cl d. (H,0,H,0)
b. (Cl, H,0) e. (H,0,NH,)
c. (CLNH,) f. (NH,, NH,)

between 15 and 3%C, spanning a factor-of-10 range in the
forward and reverse reaction rates and giving very linear
Arrhenius plots); a reexamination of the model is in order
at this point.

Enthalpy —Entropy Compensation. The phenomenon of
enthalpy-entropy compensation has been studied exten-
sively?® Of possible importance in the present case is
compensation between the enthalpic and entropic contribu-

(26) Liu, L.; Guo, Q.-X.Chem. Re. 2001, 101, 673.

tions in weak intermolecular interactiofsWe have ne-
glected, in the present model, a number of such interactions
including weak association of the chloride ion with the
product complex. In all but two of the reactions studied, the
product complex is either neutral or positively charged; such
interactions might therefore be expected to be significant and
would act to lower both the reaction enthalpy and entropy,
while leaving the free energy unchanged. Enthalpgitropy
compensation therefore might account for the almost sys-
tematic overestimation of both parameters in this study.
Furthermore, it has been shown that the explicit solvent
solvent interaction terms of the solvation entropy and
enthalpy contributions (which are neglected in a continuum
model of solvation) cancel in the expression for the free
energy of solvatior® It is reasonable to expect that such
interactions might play a role in the experimental differences
noted between reactions 8 and 3. In the former case, the
product complex contains cis aqua ligands and might be
expected to serve as a template for hydrogen bonding within
the solvent. This is not true in the latter case. Accordingly,

(27) Williams, D. H.; Westwell, M. SChem. Soc. Re 1998 27, 57.
(28) Yu, H.-A,; Karplus, M.J. Chem. Phys1988 89, 2366.
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Table 2. Average Ligand Bond Lengths for Ground-State Species AH* in solution. By contrast, variation of the leaving ligand
bond length (A) (“E” for the reverse reactions) has a profound impact on the
trans group HO al NHa calculate_d activation barrle_r, though a similar comparison is
not possible for the experimental values. Comparing now
H.0 2.06 2.30 2.02 : .
al 211 234 205 reactions 1and 10, we see a difference of almost 20 kcal/
NH; 212 2.35 2.06 mol favoring the reaction in which water (the weaker of the

two “E” groups) is the leaving ligand. These trends are
the enthalpy and entropy of reaction are observed to be muchrepeated for all reaction pairs in which a group 1 transition
lower for reaction 8 than for reaction 3. state (Chart 1) is replaced by the corresponding group 2
It is important, therefore, not to devalue the calculated transition state, or a group 3 transition state by a group 4
enthalpy and entropy values entirely, for although they differ transition state. The average difference in the calculated
from the corresponding experimental values, trends in the enthalpic barriers between those reactions witd s an
calculated values may nevertheless reflect important differ- entering ligand and those with Nkh the same position is
ences in the true reaction energetics. The preceding discus?2.3 kcal/mol (4.2 kcal/mol experimentally) and always favors
sion of the calculated enthalpies and entropies may remainNHs. The corresponding calculated difference witfO-and
relevant, and in what follows, we will continue to discuss NH; as leaving ligands gives an average value of 18 kcal/
these properties individually as well as discussing their mol and always favors 0.
cumulative effect. That variation in the leaving ligand has the greater effect
Parameters Influencing Ground-State GeometryPt—L on enthalpic barrier indicates that its dissociation from the
bond lengths for the species in Figure 2 depend most stronglycomplex plays a more important role in the intimate
on the identity of the ligand L and of the group trans to it. mechanism than does the approach of the entering ligand. It
Table 2 summarizes the average bond lengths for each cases therefore likely that the entering ligand plays a more
individual cases in each set differ by less than 0.01 A from passive role and (1) is axially bound to the complex before
the average values. Variation of the trans group shows athe leaving ligand begins to dissociate or (2) moves in from
strong effect on ligand bond length which is independent of the first solvation shell as the leaving ligand begins to
the identity of the ligand. The calculated trans influenrce  dissociate® Although our IRC studies (discussed later) do
the weakening of a ligand bond due to competition with the indicate that the entering ligand approaches from an axial
group trans to it-follows the expecteldorder NH; > Cl > position in some cases, we have been unable to optimize a
H,O. Ammonia, which we have shown in the previous structure in which the entering ligand was even weakly bound
section to be the strongest bound ligand of the three, isthere. It seems more likely, therefore, that the latter is true.
predicted to compete most effectively as a trans ligand, giving Bond Making and Bond Breaking in the Transition
the longest bonds for ligands trans to it. Water, the weakest State. This picture is supported by a bond-energy analysis
bound of the three, competes least effectively and gives theon the reactant, product, and transition state for reactions 1
shortest bonds for such ligands. and 10. For the purposes of calculating bond energies, the
Comparison of Calculated Kinetic Parameters to entering and leaving ligands were removed individually from
Experimental Values. Table 3 compares the entropies, the product and reactant, respectively, and from the transition
enthalpies, and free energies of activatimalculated in the  state, and the bonding energy was calculated for the resultant
gas phase and in agueous solutidn experimental values  complexes without geometry reoptimization. From the sum
(in aqueous solution) for the forward reactions, while Table of this energy and that of the ligand was subtracted the energy
4 compares the corresponding parameters for the reversedf the unaltered complex to give an estimate of the bond
reactions. Transition state structures were determined fromenergy attributable to each ligand alone. In each case, the
the energy maximum of a linear transit along the bond length bond energy of both entering and leaving groups was
difference coordinatAR = R(Pt—E) — R(Pt—Cl) (cf. Chart calculated to be less than 2 kcal/mol in the transition state,
1). The optimized structures were shown to have exactly onecompared to a bond energy in the ground-state species of
imaginary frequency, as expected for a transition state between 12 and 30 kcal/mol depending on the ligand
species. Note that the calculated barriers for the hydrolysisexamined. The energy change on going from reactant to
reactions investigated are systematically higher than thosetransition state is therefore dominated by the breaking of the
for the corresponding ammoniolysis reactions; we can Pt—Cl bond (which, in both cases, loses about 90% of its
therefore assert that none of the ammoniolysis reactions occubond energy in this period while the entering ligand achieves
primarily by the solvent-mediated mechanism (e.g. Schemeonly 10% of its final bond energy). Similarly, the energy
3) in aqueous solution. change on going from transition state to product is dominated
Influence of Entering and Leaving Ligands on En- by the formation of the PtE bond. For both forward and
thalpy of Activation. Variation of the entering ligand (that ~ reverse reactions, then, the activation process is dominated
is, of “E” for the forward reactions) has only a small effect by bond breaking, the bond to the entering ligand becoming
on the activation enthalpic barrier both experimentally and significant only very near the transition state. Even so, the
theoretically. Comparing reactions 1 and 10, for instance process is only weakly associative; taking these together, it

(WhICh differ Only in the entering _“gand mVOIVed)’ we see (29) Langford, C.; Gray, H.igand Substitution Processé®enjamin: New
a difference of only 0.4 kcal/mol in the calculated value of York, 1966.
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Table 3. Comparison of Activation Parameters for the Forward Reactions

gas phase with solvatior? expeb

reacn TS AS AH* AG* AS AH* AG AS AH* AG*
1 la —30.47 7.57 16.65 —16.76 17.44 22.44 -8 21 23.4
8 1b —29.88 11.31 20.22 —16.44 20.75 25.65 —11 20 23.3
3 1c —28.24 19.23 27.65 —15.54 20.97 25.60 -9 20 22.7
5 1f —31.94 20.81 30.34 —17.56 20.23 25.47 —-11 19 22.3
10 2a —26.94 19.91 27.95 —14.84 17.04 21.46 -22 16 22.6
12 2c —25.06 20.38 27.85 —13.81 17.31 21.43 —18 16 21.4
14 2f —33.74 20.35 30.41 —18.54 16.37 21.90 —33 10 19.8
2 3a —27.46 18.91 27.10 —15.12 20.58 25.09 -30 15 23.9
4 3c —31.09 23.55 32.82 —17.10 21.14 26.23 —14 20 24.2
9 3e —40.45 30.92 42.98 —22.20 21.10 27.72 —-11 20 23.3
6 3f —33.49 24.49 34.47 —18.40 21.77 27.26 —18 18 23.4
11 4a —26.34 21.71 29.56 —14.51 19.37 23.69 —18 18 22.9
13 4c —24.23 18.52 25.75 —13.36 20.02 24.00 —15 18 22.5
1 4f —20.82 13.65 19.86 —11.50 19.18 22.61 —15 17 215
7 5a -31.30 19.31 28.64 -17.21 24.08 29.21 -12 24 27.6

aASin cal/(K/mol); AH in kcal/mol; AG in kcal/mol (at 298.15 K)° Reference 5.

Table 4. Comparison of Activation Parameters for the Reverse Reactions

gas phase with solvation? expeP
reacn TS AS AH¥ AG* AS AH¥ AGH AS AH* AGH
1 la —22.86 51.90 58.72 —22.85 14.26 21.07 -10 18.4 21.4
8 1b —22.30 —30.48 —23.83 —22.54 13.63 20.35 —4 17.7 18.9
3 1c —18.55 —22.56 —17.03 —20.50 14.34 20.46 —-19 12 17.7
5 1f —21.14 —120.01 —113.71 —21.91 8.04 14.58 —6 16.2 18.0
10 2a —18.04 80.46 85.84 -20.22 33.59 39.62
12 2c —15.20 —11.23 —6.70 —18.68 29.59 35.15
14 2f —21.30 100.73 —94.38 —22.00 27.10 33.66
2 3a —17.14 —16.50 —11.39 —19.74 14.92 20.81 —24 15 22.2
4 3c —28.41 —100.94 —92.47 —25.88 13.82 21.54 —-12 17 20.6
9 3e —25.00 —195.74 —188.29 —24.02 13.55 20.71
6 3f —27.84 —198.50 —190.20 —25.57 11.31 18.93 5 20 18.5
11 4a —18.89 5.86 11.49 —20.69 33.33 39.50
13 4c —14.20 —86.79 —82.56 —18.13 32.44 37.85
15 Af —16.44 —185.41 —180.50 —19.35 27.34 33.11
7 5a —21.08 —25.14 —18.86 21.88 17.24 23.77 -2 22.8 23.4

aASin cal/(K/mol); AH in kcal/mol; AG in kcal/mol (at 298.15 K)° Reference 5.

Scheme 3. Solvent-Mediated Pathway for Reaction 10 be attributed to a second contribution, arising from the
Cl__Cl 1 Cl__Cl CL__cl delocalization of charge throughbonding between the trans
C1C1 — CIEIO — C1|Z|N ligand and the metdl.The enthalpic trans effect order is

1

reflected in the calculated free energies and is again in

might be equally well described as following a facilitated SXCElIENt agreement with experiment. ,
dissociative mechanism. Translational, Rotational, and Vibrational Contribu-

Influence of Trans Ligand on Enthalpy of Activation. tions to Entropy of Activation. By' an argument similar to
Variation of the trans ligand is found to have an effect on that presented for the corresponding reaction parameters, the
the enthalpic barrier which is of the same magnitude as thatransiational part of the gas-phase entropy of activation is
noted for variation of the entering ligand, the so-called trans expected to stem almost entirely from the loss of the trans-
effect experimentally following the order N# CI > H,0, lational entropy of the nucleophile (abouB5 cal/(K/mol)).
where all other ligands remain unchanged. Similarly, in Similarly, the change in gas-phase rotational entropy stems
solution, reactions with Cl as the trans group are calculated @lmost entirely from the loss of rotational freedom in the
to be favored enthalpically by an average of 1.7 kcal/mol nucleophile and is therefore near zero for the reverse
over the corresponding reactions with &b the trans group ~ (anation) reactions and about10 cal/(K/mol) for the
and by 4.8 kcal/mol over those with,8 as the trans group. ~ forward (hydrolysis and amoniolysis) reactions. The degrees
The trans influence, discussed earlier, contributes substanof freedom lost are exchanged for vibrations, resulting in an
tially to this effect by modifying the strength of the bond increase in the gas-phase vibrational entropy by about 15
between the leaving ligand and the metal center. It is cal/(K/mol). The balance of these effects gives a gas-phase
therefore important to the trans effect that (as already activation entropy of about30 cal/(K/mol) for the forward
demonstrated) the reaction kinetics are sensitive to thereactions and about20 cal/(K/mol) for the reverse, the dif-
strength of the bond to the leaving ligand. The relative ference between the two resulting from loss of the rotational
strength of Cl as a trans ligand despite its moderate transentropy of the nucleophile in the reverse reactions. Variations
influence is in excellent agreement with experiment and can in each are (as was the case for the reaction entropies) due
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Scheme 4. Indirect Mechanism for Reaction 7 __OH, NH,
—Pt
o_C 8 o_ < o__da o__«a /
— m -«— «— E' \C P
ca ca g o0 «a 0 o cl o ' !
Figure 3. Schematic representation of the transition state geometries. (Only
Table 5. Transition State Geometries equatorial ligands are shown.)

bond angles (deg) bond lengths (A) y
TS charge T+M-E T-M—ClI T—-M E—M Cl—-M
la -2 150.8 143.8 231 2.61 2.92 -
1b -1 149.0 143.2 2.30 2.63 2.88 =
1c -1 151.5 142.1 2.32 2.57 2.88 S
1f 0 151.6 141.4 2.32 2.52 2.84 =
2a -2 135.8 148.3 2.36 2.56 2.67
2c -1 133.2 1475 2.37 2.52 2.64
2f 0 133.7 147.3 2.38 251 2.63 Reaction Coordinate
3c 0 150.1 144.4 2.02 2.59 2.89
3e +1 149.9 143.7 2.03 253 2.85 Figure 4. Schematic reaction profiles for reactions 1 and 10.
3f +1 149.9 143.7 2.04 2.52 2.85 . . . .
4a -1 138.2 148.3 2.05 2.60 2.72 ligand and an early transition state where N$the entering
3;3 +f 11%5 1132'3? 5-8? 5-552 5-22 ligand. This difference arises from the relative strengths of
5a 1 1506 1416 212 248 280 the metat-ligand bonds, as determined earlier (NH ClI

> H,0) and can be rationalized through the Hammond

to differences in the vibrational contribution and are on the postulate. Figure 4 shows the enthalpic profiles for reactions
order of £5 cal/(K/mol). 1 and 10. For reaction 1, which is endothermic, the product

Solvation Contribution to Entropy of Activation. For is higher in energy. and therefore closer in energy to the
the forward reactions, the solvation contribution to the transition state, than the reactant. By the Hammond postulate,
activation entropy is about 50% of the gas-phase value, orwe therefore expect the transition state to more closely
+15 cal/(K/mol). In the absence of other factors, one would resemble the product, as is observed. By contrast, for reaction
similarly expect the solvation contribution for the reverse 10 (which is exothermic), the reactant is higher in energy;
reactions to be abouit10 cal/(K/mol). Instead, the disruptive  an early transition state is the result.
effects of the reactant Clanion, noted previously, very Influence of Charge on Transition State GeometryThe
nearly cancel this contribution; the solvation contribution for effect of charge on the transition state geometry can be
the reverse reactions is therefore small. The resulting examined by the comparison of transition states having the

solution-phase activation entropies are abo@b and—20 same equatorial ligands but different axial ligands. As charge
cal/(K/mol) for the forward and reverse reactions, respec- goes from positive to negative values (that is, a®nd
tively. NH; axial ligands are replaced by Q] the Pt-T bond length

Particularly in solution (where variations in the activation is generally decreased slightly while the## and PtCl
entropy are reduced, as before, by a factor of about 50%),bond lengths are increased more substantially. The presence
variations in the activation entropies are much smaller in of a more negative charge in the reactant weakens the bond
relative magnitude than those in the activation enthalpies. to the CI leaving group by Coulomb repulsion. This results
Trends in the free energy of activation therefore principally in both a longer PtCl bond and an earlier transition state
follow those noted above in its enthalpic part. As was the (and therefore a longer PE bond). Steric repulsion between
case for the reaction free energies, the calculated activationthe trans group and these ligands is thereby reduced, and
free energies agree very well with experimental values wherethe trans bond is shortened, stabilizing the transition state
the latter are available. This agreement is especially remark-and completing the observed trends.
able in light of the suggestion by Eldifighat reaction 7, in Intrinsic Reaction Coordinate. Supplemental to the data
particular, occurs only negligibly by the direct process shown in Table 5, the IRC has been calculated for reactions 1 and
in Figure 2, instead proceeding predominantly by an indirect 10 (the hydrolysis and ammoniolysis of PfCl respec-
mechanism (Scheme 4). tively). It should be noted, first, that no evidence was found

Influence of Entering and Leaving Ligands on Transi- for the existence of a reaction intermediate in either case.
tion State Geometry. We turn, finally, to the calculated The range over which the IRC was studied leaves open the
structures of the transition states, summarized in Table 5.possibility of a weakly bound encounter complex between
The first trend here is a series of systematic differences the entering ligand (or leaving ligand) and the reactant (or
between groups 1, 3, and 5 of Chart 1 (for whick-EH,0) product); however, our attempts at obtaining an optimized
and groups 2 and 4 (for which E NH3). In the former structure for such a complex indicate that it does not exist.
case, PtCl bond lengths are larger, Pt—Cl angles Figure 5 shows the variation of metdigand bond lengths
smaller, and FPt—E angles larger than in the latter. More along the IRC for reaction 10. The reaction coordinate
particularly, in the former case the-Pt—Cl angle is smaller  indicated represents the distance from the transition state in
than the T-Pt—E angle, while in the latter case the opposite mass-weighted coordinates. The IRC shown exhibits a
is true. These observations are illustrated for clarity in Figure number of features which are common to both reactions; we
3 and indicate a late transition state whep®Hs the entering  will discuss the role of each ligand in turn.
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4.0 small. Variations in the trans ligand bond length appear to
be the product of two effects. The first is steric interaction
3.0 S _’#“'.‘R‘(Pt-CI) with the entering and leaving ligands and reaches a maximum
- m:b“::::_ R(Pt-E) near the point of greatest symmetry (that is, where the
< 20 ssus T—Pt—E angle is equal to the-TPt—Cl angle). For reaction
U 10, which exhibits an early transition state, this occurs
2 10 - somewhat after the transition state is achieved. The second
il \\“‘ effect arises from the ability of the trans ligand to stabilize
%’ 0.0 the transition state by a reduction in the-Htbond length.
This effect becomes strongest very near the transition state,
-1.0 where the energy of the system reaches a maximum and
AR Lo ; : .
stabilization despite the steric consequences begins to become
-2.0 , ' - favorable. The net result of the two effects is a broad peak
-20 -10 0 10 20 30 in Pt—=T bond length, with its maximum near the point of
RC (amu”zbohr) great_e.st symmetry and a “notch” near the location of the
transition state.
(a) In summary, the timing of the transition state has been
240 founq to be det(.armi'ned by the relqtive strengths of the
) R(Pt-T) entering and leaving ligands, the transition state more closely
PR resembling the complex (reactant or product) containing the
2.39 o : 2
weaker bonding ligand. The absence of an intermediate in
— / \ two of the reactions studied has been demonstrated and the
:.(, 2.38 IRC shown to closely resemble the bond length difference
v 237 M f‘ \ coordinateAR. The cis ligands are found to play a very static
S / role in the reactions studied, while the trans ligand plays a
‘5,‘ / \, R(Pt-X) \ more dynamic role, briefly approaching the metal center and
0 236 ¥ » stabilizing the transition state despite the opposing force of
steric repulsion.
2.35
R(Pt-Y) Concluding Remarks
2'34_20 10 0 10 20 30 Our purpose in this investigation was to examine the
intimate mechanism of \& substitution at a square-planar
RC (amUUZbOhr) Pt(Il) complex. To this end, density functional theory has
(b) been applied to the investigation of a systematic and
experimentally well-studied set of hydrolysis, ammoniolysis,
rigurﬁ 5. (ljRC Lor Leacdtilon lOf; d(_<’:1f2 changes in éhzg and PffCl Pondf and anation reactions involving such complexes. Our results
jenaths and n e pond enah diference conrdna(as afuncton o do not suppor the existence of a reaction intermediate in
lengths as a function of the reaction coordinate. any of the reactions studied; instead, in aqueous solution

these reactions are found to proceed through a single

The entering ligand is predicted to approach (and the transition state, as shown in Figure 1a. The geometry found
leaving ligand depart) at an angle of about-9d.0° with for the transition states is not unlike that found in other
the trans group. Angles to both the entering ligand and the theoretical studie$The role of each ligand in determining
leaving ligand change linearly along the IRC over the region the details of the geometry for both ground states and the
in which one is exchanged for the other. The same is true of transition state has been discussed.
the PtCl and PtE bond distances (Figure 5a). Furthermore,  The predicted activation and reaction free energies also
the bond length difference coordinateR, for which the data ~ show excellent agreement with experiment; observed trends
points and a linear regression are shown in Figure 5a, isin reaction kinetics as a function of the entering, cis, and
exceptionally linear over the entire range studied, supportingtrans ligands are reproduced in the calculated activation
our choice of this coordinate in optimizing transition barriers. The calculated enthalpic and entropic components
states above. The cis (or axial) ligand bond lengthsXt individually, however, differed significantly from the cor-
and PtY, by contrast, change very little over the course of responding experimental values. This deviation (and its
the reaction (Figure 5b). That the two otherwise identical absence in the corresponding free energy values) was
cis ligands do not show similar changes in bond length in attributed to compensation between the enthalpic and entropic
the cases examined here indicates, further, that the smalleffects of weak interactions not considered in the present
changes observed are probably the result of asymmetric sterianodel, including Coulomb interactions with the counterion
interactions with the nucleophile. and modification of solventsolvent hydrogen bonding.

The behavior of the trans ligand (Figure 5b) is perhaps Interestingly, it was found that the leaving group plays a
most interesting of all, though its movement is again quite dominant role, relative to that of the entering group, in
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determining the activation barrier. This observation gives role, moving only very little through the course of the
important insight into the intimate mechanism of the reaction, reaction.
suggesting that the entering group is pulled in from the first It is important to place these results in context, for we
solvation shell only after the leaving ligand begins to have examined here substitution reactions involving only
dissociate and that it is this dissociation which is most three ligand types, two of these quite similar in their
important in the activation process. Analysis of changes in interactions with the metal center and all in aqueous solution.
bond energies during the reaction confirms this hypothesis The present study is therefore not intended to represent an
and indicates that the leaving group has lost 90% of its exhaustive consideration of all possible modes of interaction
ground-state bond energy (while the entering group hasbut rather an investigation into a common subset. Further
gained only 10% of its bond energy) when the transition study involving different solvents, or strongeracceptors
state has been attained. andsr-donors as ligands, in particular, would be valuable to
Analysis of the intrinsic reaction coordinate has, further- the development of a more general understanding of the
more, indicated a much more dynamic role for the trans mechanism.
ligand than was expected. Over the bulk of the reaction path,
the trans ligand was shown to be repelled by the combined
steric effects of the nucleophile and leaving group. Very near
the transition state, however, a transient shortening of the Supporting Information Available: Optimized geometries of
Pt—T bond was observed, which is believed to be connected the structures discussed (Cartesian coordinates, in A). This material
with the stabilization of the transition state by the trans group. is available free of charge via the Internet at http://pubs.acs.org.
The cis ligands, by contrast, were shown to play a very static 1C020294K
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