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Abstract: Quantum chemical studies suggest that the Shilov reaction, the activation of alkane CH bonds by Pt salts
in aqueous acid solution, goes via transfer of a hydrogen atom from a metltaneplex to a neighboring Cl ligand

in what is best described assabond metathesis. This avoids the formation of Pt(IV) and is quite similar to the
mechanism proposed by Shilov himself. The hydrogen atom being transferred is not very protonic which is best
seen by the fact that the transition state is not stabilized by additional water molecules in the bond breaking region,
which would be expected to hydrogen bond to any protonic hydrogen. The calculated activation energy, with
contributions from temperature and long-range dielectric effects, is in very good agreement with the experimental
estimate. An alternative oxidative addition/reductive elimination sequence was found to be competitive for Pt. For
Pd, the transition state energy for this pathway is much higher tham fmnd metathesis, and oxidative addition

can therefore be disregarded. Althougly dond metathesis mechanism seems more likely for Shilov chemistry
with Pt, an oxidative addition/reductive elimination sequence cannot be safely excluded in the Pt case. The second
coordination sphere of the solvent is found to play an important role in the Shilov reaction, both as ultimate proton
acceptor from the methane and also in the energetics of methane binding; the latter directly contributes to the overall
activation energy. The presence of only a few waters in the computational model allows these effects to be studied.
The origin of the unusual preferential attack on primary versus secondary CH bonds in the system has been traced
to the higher polarity of tha&-alkyl versus the isoalkyl bond formed in tleebond metathesis step.

Introduction catalyst, for example. By the early 1980s, however, this and
other objections had been completely overcome, and interest

The Shilov reactio’;? alkane oxidation using soluble plati- . . : .
oV I xication LUsing Soitib'e piat shifted to discovering the detailed mechanisriRecent work

num salts, holds a central place in alkane activation chendistry.  ° - . .
It was the first in a series of new alkane reactions that were [N this area has been carried out by Labinger and Berema

6
discovered in the period 197®53 The work developed from Py Horvatht _ . . .
the results of Garnett and Hodgegho found that [PtG]> There are several puzzles associated with Shilov chemistry,

ion dissolved in an aqueous deuterated acid medium is capablgVNich still remain unexplained. The first is simply that the
of effecting H/D isotope exchange in arenes. Shilov and co- system operates in aqueous solution, where one would expect

workers looked at essentially the same system, but with alkanestr,'at .the alkane would not be "%‘b.'e to compete with water for
binding to the meatl. The selectivity is remarkable; for example,

as substrates. This was an important and nonobvious experi- he ori c t both ethanband e
ment, because at that time, alkanes were considered inert to alf"® Primary CH group of both ethandland propaneturns out

reagents except metal surfaces, powerful oxidants like per- to be more reactive than the Gigroups, which are normally

manganate, and certain reactive radicals. The alkane is indeed"Uch more reactive; even methane itself is reactive. TheiC
deuterated under these conditions, and the selectivity pattern®0Nd Selectivity resembles that of oxidative addition, but the
(primary G-H > secondary &H > tertiary G-H)P was very oxidative addition pathway
unexpected because both radical and electrophilic reagents
normally give selective attack at tertiary CH bonds. In a later
variant of the reactiof€ [PtClg]2~ ion was used as a primary
oxidant with the result that the alkane is chlorinated and
hydroxylated; the selectivity remains essentially that of the Pt(ll)
catalyst (primary €H > secondary €H > tertiary C—H)
however, and not that of radical or electrophilic chlorination.
The results were so surprising that some observers looked for
alternative explanations of the data. One early concern was
that metallic platinum in colloidal form might be the active
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Pt(ll) + R—H — R—Pt(IV)—H Q)
seems for many reasons unlikely, in particular for the palladium
analogue. Shilov proposkdthat the reaction starts out as an

oxidative addition but that a proton is lost during the process
(eq 2). In some cases, the-Rt(Il) fragment was trapped with

Pt(ll) + R—H — R—Pt(Il) + H* 2)

certain ligands and the resulting alkyl complex could be detected
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(R = Me) or isolated and characterized R 2-naphthylyd For the transspecies the water pathway is not relevant.

The Shilov reaction has been extended to other metals, in theTemperature and dielectric medium effects were also evaluated.

early period by Rudakdvand recently, in a more detailed way, Finally, in order to investigate the selectivity pattern for the

to Pd(I1)® and to Hg(ll)? C—H activation (see above),€H bond breaking in propane
Chemical reactions in aqueous solutions currently constitute for either a central €H bond or a terminal €H bond was

an important and very active research area. Experimenta| studied. Most of the calculations were done at the hybrld DFT

information concerning the role of the solvent water molecules (density functional theory) level, but some energies were also

for the reactions is still very sparse. This is therefore an area evaluated using recently parametrizal initio methods.

where theoretical model calculations are particularly suitable . .

in helping to provide increased understanding. However, the COmputational Details

modeling of these reactions can be quite difficult. Forreactions Most of the present calculations have been performed using an

involving transition metal complexes there are four different empirically parametrized (DFT) method, hereafter termed B3LYP. The

types of interactions involving water molecules which affect B3LYP functional can be written as

chemical reactions. First, there are the water molecules that

bind directly to the metal and therefore strongly influence the F&3-YP = (1 — A)FSater ARHF 4 BREecet cRLP +

electronic and geometric structure of the metal complex. (1— C)EYWN

Second, there are the water molecules, sometimes from the ¢

second coordination sphere, that participate directly in the

reaction through proton transfer, for example. These interactionsWhere N . 0C

are often the most difficult to model accurately. To stabilize €1ange,F™"is the exchange functional of Beckefc is the

the charges involved in a proton transfer, several water co'relation functional of Lee, Yang, and Pé&trand F.™ is the

molecules might be needed. Third, there are the water correlation functional of Vosko, Wilk, and Nusdh. A, B, andC are

. the coefficients determined by BedRessing a fit to experimental heats
molecules that hydrogen bond to the ligands of the metal of formation for a common benchmark t&stonsisting of 55 first-

complex. These water molecules may also require an explicit 5pq second-row molecules. However, it should be noted that Becke
treatment in the computational model. Fourth, there are the giq not useF." in the expression above when the coefficients were
water molecules that only contribute through the long-range determined, but used the correlation functional of Perdew and Wang
polarizability. This dielectric effect can also be quite important instead” The introduction of gradient corrections, Hartregock

for stabilizing charges that can appear in the reaction. The exchange, and empirical parameters has made this type of hybrid DFT
Shilov reaction is an interesting case where enough is known approach highly competitive in accuracy with the most accurate standard
experimentally to allow an adequate test of the molecular guantum chemical methods. For Iarge systems it is very much faster
models. Even though in principle many aspects of the aqueoustha” more accurate standard correlation methods. The B3LYP calcula-
solvent should ideally be considered, the present paper will show 101 Were carried out using the GAUSSIANO2/DFT packéige.
that outer sphere effects can sometimes be modeled by includinqN For some of the present palladium systems comparative calcplatlons
only a modest number of water molecules in the computation. ere performed using the recently developed PCI-80 sCREfRel his

. " ) : - parametrized scheme is based on calculations performed using the
Since some of the key mechanistic details of the Shilov reaction g gified coupled pair functional (MCPF) meth&dyhich is a standard

still are lacking, another purpose of the present study is t0 gquantum chemical, size-consistent, single reference state method. The
provide some of this information. A detailed understanding of zeroth-order wave functions were determined at the SCF level. All
the Shilov reaction should help understanding other important valence electrons were correlated including the 4d and 5s electrons on
reactions occurring in water, such as the Wacker process, inthe palladium atom. If standard doul@glus polarization (DZP) basis
which the solvent water molecules are also directly involved in sets are used, it has been shown that about 80% of the correlation effects
the reaction steps. The Wacker process has been studied i Zond ,S”engﬂ;s al;e %btai“ed ir’]“?SpﬁCtivebOf, thz SbySte,m Slt“d(ijedq- A
; _good estimate of a bond strength is thus obtained by simply adding
:g:céeﬁzcgp&peeﬁazggﬁrggﬂy&?gfg:ﬁp?;,fl:t?g?]rcsgﬁl,ﬁmgor 20% of the correlation effects, and this is what is done in the PCI-80

dditi tep i h licated than iust imol schemé? The parameter 80 is thus an empirical parameter, which is
addition step IS much more complicate an Just a simple . fitted but still chosen to give agreement with experiment for a

addition of an OH, but requires the involvement of several  gjimijar benchmark test as the one used for the B3LYP method. There
water molecules. The-©H bond breaking step has also turned  are thus clear similarities between these methods in this respect. The
out to be quite difficult to model accurately. Work in progress use of a single scaling parameter for the entire periodic table is the
uses more refined models to study these steps of the Wackerkey feature of the PCI-80 scheme. Other scaling schemes exist, such

2
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methane use the M&H->0), complexes as models for the active 833 \L/ee,k C';SY?-lng’WV'\I/I'(; Earkl R. CPT\%SC Re/j 1338 Eii*égg%g. 1200

H H H 0SKO, S. M., 1K, L.; Nusalr, an J. yS 3 .
met_al complexes, where the. met?" M is either _pallad|um or (16) Pople, J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.; Curtiss,
platinum. Although theérans-dichloride is the species actually | A. J. chem Phys 1989 90, 5622.
observed, calculations were also performed for ¢heform, (17) Perdew, J. P.; Wang, Phys Rev. B 1992 45, 13244. Perdew, J.
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involving H dissociation both to a chloride and to a water ligand. | jackson, K. A.; Pederson, M. R.; Singh, D. J.: FiolhaisPys Rev.

B 1992 46, 6671.
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as those due to Truhlar et#l.In those schemes different parameters
are used for different systems. In the PCI-80 calculations relativistic
effects were added using perturbation theory for the maskcity

and Darwin termg3 The PCI-80 calculations were performed using
the STOCKHOLM set of progrants.

Essentially the same standard DZP basis sets were used for both
the B3LYP and the PCI-80 calculations. For first-row atoms the
primitive (9s, 5p) basis of Huzinagfawas used, contracted according
to the generalized contraction scheme to [3s, 2p], and one d function
was added. For hydrogen the primitive (5s) basis from ref 24 was
used in the PCI-80 calculations, augmented with one p function and
contracted to [3s, 1p]. For the B3LYP calculations a primitive (4s, 5 Hio-Hi0
1p) basis contracted to [2s, 1p] was used instead. In the PCI-80 et
calculations an all-electron description was used for the palladium atom H0-- (H,
using the Huzinaga primitive bastextended by adding one diffuse d — t-pr-a
function, two p functions in the 5p region, and three f functions, yielding H,0--H,0
a (17s, 13p, 9d, 3f) primitive basis. The core orbitals were totally Figure 1. Free energies along the reaction pathway for the reaction
contracted except for the 4s and 4p orbitals which have to be describedbetween PtG[(H,0), and methane. The energies include an estimate
by at least two functions each to properly reproduce the relativistic for long-range dielectric effects. At the bottom left the relative energy

+10

CHy
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o
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effects. The 5s and 5p orbitals were described by a ddutdmtraction

and the 4d by a tripl€ contraction. The f functions were contracted
to one function giving a [7s, 6p, 4d, 1f] contracted basis. For the
B3LYP calculations, on the other hand, the relativistic effective core
potentials (RECPs) according to Hay and \Wadwere used for
palladium and platinum. In these RECPs, the valence orbitals are
described by a doubgbasis except for the d orbital which is described
by a triple ¢ basis. No f functions were used. In the PCI-80
calculations, the polarization functions were removed on the atoms not
directly involved in the bond for which the bond strength is evaluated.

for the [PtCH(OH,),](CH4)(H20) complex compared to the [PHEDH,)-
(CH4)](H20), complex is also shown. The energies were obtained at
the B3LYP level except for the (@#D,)" structure which was obtained

at the PCI-80 level.

Results and Discussion

The discussion of the results from the model calculations on
the Shilov reaction is divided into six subsections. Most of the
discussion will focus on results for the reaction between methane

This saves considerable computer time, and the experience using thisand the PtG{H,0), trans-dichloride complex, but some results

procedure is quite good.

All the geometries of the present study have been optimized at the
B3LYP level using the above basis sets without polarization functions.
All degrees of freedom were optimized. Zero-point vibrational effects
were added on the basis of B3LYP calculations for the reactions
between PdG(H:0), and methane. From the computed Hessians

temperature dependent enthalpy effects and entropy contributions were

also obtained following procedures from standard textbédk$he
temperature used was 298.15 K.

The simplest way to obtain an estimate of long-range dielectric
effects is to use the Onsager mogfe® In this model, a spherical cavity

for the corresponding palladium complex and also fordise
dichloride complex will also be mentioned. The free energies
(298.15 K) obtained for selected points along the reaction
pathway for the platinurtrans-dichloride reaction are displayed

in Figure 1. These energies include an estimate of long-range
dielectric effects. In the first subsection the initial step of the
Shilov reaction is discussed. This is the methawater ligand
exchange, for which two different models have been used. The
critical C—H activation step is discussed in the second subsec-
tion and the final step of the reaction in the third. In the fourth

is placed around the molecule and the solvent is described as a dielectrisubsection, the problem of primary versus secondarid®ond

medium. The dipolar energy contribution of the solvation energy is
then given by

_e—14

T2t 1R

whereR is the cavity radius and is the dielectric constant. These

activation is discussed for the case of the reaction with propane.
Finally, in the fifth and sixth subsections, the alternative reaction
pathway following an oxidative addition/reductive elimination
mechanism is investigated.

a. Methane—Water Ligand Exchange. One of the main
surprises in the Shilov reaction is that an alkane is able to replace
a directly bound water ligand. If palladium is taken as an

effects were obtained self-consistently using the SCRF (self-consistentexample, the metaiwater bond strength for ans-dichloride

reaction field) method as implemented in the GAUSSIAN92/DFT
program. The dielectric constant of water was taken to be 80.4. The
cavity radii were obtained following the standard procedure in the
program. The volume inside a contour of 0.001 electron/bdénsity

was first determined. The radius of the spherical cavity is then taken
to be 0.5 A larger than the radius corresponding to this volume.

(22) Brown, F. B.; Truhlar, D. GChem Phys Lett 1985 117, 307.
Gordon, M. S.; Truhlar, D. Gl. Am Chem Soc 1986 108 5412. Gordon,
M. S.; Truhlar, D. GlInt. J. Quantum Cheml 987, 31, 81. Gordon, M. S.;
Nguyen, K. A.; Truhlar, D. GJ. Phys Chem 1989 93, 7356.

(23) Martin, R. L.J. Phys Chem 1983 87, 750. See also: Cowan, R.
D.; Griffin, D. C. J. Opt Soc Am 1976 66, 1010.

(24) STOCKHOLM is a general purpose quantum chemical set of
programs written by P. E. M. Siegbahn, M. R. A. Blomberg, L. G. M.
Pettersson, B. O. Roos, and J. Aliflo

(25) Huzinaga, SJ. Chem Phys 1965 42, 1293.

(26) Huzinaga, SJ. Chem Phys 1977, 66, 4245.

(27) Hay, P. J.; Wadt, W. Rl. Chem Phys 1985 82, 299.

(28) McQuarrie, D. A.Statistical Thermodynamig#iarper and Row:
New York, 1973.

(29) Onsager, LElectr. Moments Lig1936 58, 1486.

(30) Wong, M. W.; Frisch, M. J.; Wiberg, K. B. Am Chem Soc 1991,
113 4776.

is about 30 kcal/mol (without zero-point vibrational effects)
while the metat-methane bond strength is only about 10 kcal/
mol. The bond strengths are about the same for platinum. It
therefore appears as if it would require an activation energy of
about 20 kcal/mol to attach methane directly to the metal. There
are several obvious approximations in this reasoning, the main
one being the neglect of the presence of the second coordination
shell. If this shell is taken into account, a simple estimate leads
to a quite different result. In the second coordination shell,
methane is expected to have very weak binding to the complex
since it lacks a dipole moment and the distance to the metal is
quite large. A second sphere bond strength of only about 3
kcal/mol is therefore probably a reasonable estimate. Water
on the other hand has a relatively large dipole moment and is
therefore substantially bound in the second coordination shell.
Calculations give a value of about 18 kcal/mol for the second
sphere bond strength of water to a square planar JdgD),
complex3! If these bond strengths are included in the model,

(31) Siegbahn, P. E. M.; Crabtree, R. Mol. Phys, in press.
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Figure 2. Structure of the [PtG(OH,);](CH4) complex. The free
energy difference compared to the structure in Figure 338 kcal/
mol.

Figure 4. Structure of the [PtG(OH,)(CH,)](H20). complex. The
free energy difference compared to the structure where methane is in
the second coordination shell4s10.5 kcal/mol.

two structures. For palladiuntrans-dichloride the energy
difference is very similar, 4.6 kcal/mol. The temperature effects
consist of two components with opposite effects. The temper-
ature dependent enthalpy effect stabilizes the methane complex
of Figure 3 by 1.4 kcal/mol while the entropy effect destabilizes
this structure by 3.6 kcal/mol. The latter effect can be
rationalized by the higher degree of rigidity when methane is
bound to the metal.

The above simple model is probably quite reasonable, but
one striking feature casts some doubt on it. As seen in Figure
3, the water molecule in the second coordination shell does not
take the position occupied by methane in Figure 2. Instead,
when methane is attached to the metal, water swings around
the PtCl bond to bind on the other side via a hydrogen bond
to the water ligand. In fact, this geometric change is quite
important, on the order of 2015 kcal/mol. It is clear that this
geometry change requires that the new position for water is
Figure 3. Structure of the [PtG(OH;)(CH,)](H2-0) complex. available and not already occupied by another water molecule.

In the simple model used, this position may be too easily
the exchange of water and methane between the first and secondvailable since no additional solvent molecules are present. The
coordination shells should cost only about 5 kcal/mol, an easily model should therefore be improved by simply placing an
accessible energy. However, this model still contains several gdditional water molecule in this position to prevent the
simplifications, such as the effect of the methane on the different geometric change of Figure 3 from occurring. Some calcula-
metat-water bond strengths. It can be added that exchanging tions were therefore performed on a model with one additional
a chloride with a water molecule from the second coordination water molecule. The position close to methane is again very
shell is too costly to improve the methaneater ligand  hydrophobic, and water still does not want to occupy this
exchange. At the present computational level the chletide position. When water swings around the-Pi bond, water
water exchange is endothermic by about 10 kcal/mol. has to squeeze into the site between the water originally in this

The simplest model which is able to describe methamater position and the chloride ligand. This leads to the structure
exchange is given in eq 3 where we use square brackets toshown in Figure 4, with an energy difference of 10.5 kcal/mol
designate the inner sphere. The optimal geometry with methanecompared to the corresponding calculation where methane is

in the second coordination shell. It is clear that the result using

[MCI,(OH,),I(CH,) — [MCI(OH,)(CH,I(H,0)  (3) this model still has some uncertainties. It should, for example,

be added that the entropy gain by coordinating methane to the

in the second coordination shell is shown in Figure 2, while metal, as compared to the situation where methane is surrounded
the corresponding geometry with methane directly bound to the by water, is neglected since it is very difficult to obtain a reliable
metal is shown in Figure 3. The energy difference between estimate for this quantity. However, no other tractable model
these two structures is quite small for platinum, only 3.8 kcal/ appears substantially better than the ones used here.
mol in favor of the structure in Figure 2. This value is thus The structures in Figures-2} contain some interesting
not far away from the second simple estimate given above. Sincefeatures worth noting. First, the methane moleculeyis
the dipole moment is higher for the structure of Figure 3, the coordinated to the metal with a rather short-Ftbond distance
effect of the dielectric medium, studied through an SCRF of 1.80 A and a long €H distance of 1.17 A. The second
calculation, is to lower the energy difference still further to 1.6 shortest PtH distance is 2.43 A. For the corresponding Pd
kcal/mol. Zero-point vibrational effects and temperature effects complex, methane is more neanj§-coordinated with P¢H
lead to a final energy difference of 3.8 kcal/mol between these distances of 1.95 and 2.29 A. The most interesting aspect of
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a charge of+0.26 in then!-coordinated form. The other
hydrogen atoms on methane have charges in the rafigE9

to +0.22. As a consequence of these small charge changes,
the dipole moment hardly changes at all from 3.21 to 2.74 D.

The energy at the transition state is 20.5 kcal/mol higher than
for the methane complex of Figure 3. Since al€bond (H-
CH) containing a large amount of zero-point vibration is broken
and a bond (HCI) with much less zero-point vibration is
formed, the net effect of zero-point vibration is to lower the
transition state energy by 3.7 kcal/mol. Temperature effects
lower the transition state still further by 1.4 kcal/mol to 15.4
kcal/mol. Long-range dielectric effects finally increase the
transition state energy by 1.1 kcal/mol to a final value of 16.5
kcal/mol. It should be noted that the total activation energy of

Figure 5. Structure of the €H activation transition state for the the $h|(|jO;/ rfeactltt)ir: IS thtfl sum of thlls erll‘elggy ani thFe ene:[rhgy
reaction between methane and the t€40), complex following the required to form the methane compiex of Figure 4. From the

o bond metathesis pathway. The free energy difference compared toresults in the previous subsection the predicted total ac’Fivation
the structure in Figure 3 i$-16.5 kcal/mol. energy is thus the sum of 16.5 and 10.5 kcal/mol which is 27.0

kcal/mol. Experimentally, the activation energy has been
the structure in Figure 4 concerns the-B distances. The  measured for benzene (25.7 kcal/mol in H/D exchange and 25
O—H bonds in water molecules which are just hydrogen bonded kcal/mol in oxidation)} and since Chllreacts about 15 times
are about 1.0 A. A typical ©-H hydrogen bond distance isin  slower, the activation energy should be close to 28 kcal/mol.
the range 1.61.8 A. In Figure 2 there is one ‘©H bond The very good agreement between the calculated activation
distance with an intermediate length of 1.42 A, and in Figure 4 energy and the experimental estimate must be regarded as
there are two intermediate-©H bond distances of 1.32 and fortuitous to some extent considering the present model as-

1.48 A. This shows that there is some tendency for®H sumptions, but shows that the model used at least is quite
covalent bonding in the direct platinurvater interaction and  reasonable. The energy difference between the methane
also some tendency for formation of a s(B)"CIl~ ionic complex and the transition state is almost identically the same
complex in the outer sphere. for the palladium and platinutians-dichlorides, differing only

PCI-80 calculations were performed for the critical binding by 0.1 kcal/mol. The corresponding energy difference for the
energy of methane to the metal center. These calculations werecis-dichloride of palladium is significantly higher than for the
done for the PAG(H20)(CH,) trans-dichloride complex. The  trans-dichloride, by 6.7 kcal/mol. This effect is attributed to
result was a bond strength of 15.2 kcal/mol compared to the the weaker PeCl polarity in the cis-dichloride systems. A
B3LYP result of 12.1 kcal/mol. These energies do not contain larger charge on the chloride helps in the abstraction of the
zero-point, temperature, or dielectric effects. Since the PCI-80 hydrogen and also leads to a less directional character of the
scheme is known to slightly overestimate these bond strengths,chloride bond.
the B3LYP result appears quite reasonable, perhaps being a few  gince the water molecule in the second coordination shell is
kilocalories per mole too small. , far away from the site of the -€H activation (see Figure 5),

b. C—H Dissociation Step. The key part of the Shilov  the importance of including it might be questioned.  In fact it
reaction is clearly the €H activation step. Two different 55 only included to keep the system as much as possible the
mechanisms have been suggested for this activation (see thgame from start to end of the entire reaction. However, for the
Introduction). The first one is sim.ply oxidative addition leading  trans-dichloride of palladium the calculations were repeated
to a PY(IV) complex (see subsections e and f). The second oneyiihout this ligand. This had as expected a rather small effect,

suggested by ShiIo_v, is that a proton is lost during the activation lowering the barrier by 2.2 kcal/mol. An attempt was also made
step. The calculations on the present model systems, eq 4, leaq, place a water molecule close to the hydrogen atom being

transferred in order to see if this could stabilize the transition
[MCI,(CH)(OH,)I(H-0) — [MC|(C|H)(CH3)(OH2)](H2((21) state. The result of this optimization was that the added water

molecule moved away from this region with a considerable gain
to a transition state with the structure shown in Figure 5. As IN energy. This calculation is perhaps the best illustration of
seen in this figure there is a four-center transition state the factthat the hydrogen atom transferred is not protonic. If it
resembling that ofr bond metathesis. The hydrogen atom Would have been protonic, the added water molecule should
moves between methane and chlorine while retaining a shorthave stayed in the neighborhood and stabilized the protonic
Pt—H distance. At the transition state the-t distance is ~ charge. The Mulliken charge on the transferred hydrogen atom
1.99 A. Since an HCI ligand is being formed, the—t does not indicate any protonic character either, being about the
distance increases from 2.41 to 2.63 A. The-@tdistance ~ Sa@me as the ones for the hydrogen atoms in methane. It can be
shortens from 2.42 to 2.10 A. A few minor effects can be noted @dded that the possible hindrance for the hydrogen transfer from
for the nonactive water and chloride ligands. The secord Pt having water molecules in the neighborhood should be energeti-
Cl bond and the PtH,O bonds are strengthened somewhat as cally very small, since the water molecules can easily move
the first P&Cl bond is weakened. The seconc-Ri distance ~ out of the way.
goes from 2.45 to 2.40 A and the-PD distance from 2.16 to For thecis-dichloride an alternative reaction pathway was
2.02 A. There is also a slight increase of the distance betweenalso investigated, in which the-@4 bond dissociates toward
the water molecules from 1.42 to 1.51 A, indicating somewhat the water ligand. In order to promote this transfer a prior step
less polarity in this region. The charges on the different atoms is introduced in which the two water molecules in the model
do not change significantly in this process. The hydrogen atom form one OH ligand directly bound to the metal and one second
transferred has a charge $0.23 at the transition state versus sphere HO™ group bound in between the chloride ligands. For
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platinumcis-dichloride this step requires 12.8 kcal/mol (without
zero-point and temperature effects). For palladium the energy
requirement is very similar, 12.1 kcal/mol. From this point the
C—H bond can now dissociate toward the OH ligand and form
water. For platinum this point is 26.8 kcal/mol higher than the
starting point with attached methane and water ligands. For
palladium this energy is 28.2 kcal/mol. This means that for
the palladiuntis-dichloride this reaction pathway is unfavorable
compared to the dissociation toward a chloride by only 1.1 kcal/
mol. However, both barriers for thes-dichloride are substan-
tially higher than the one for theéransdichloride, and a
rearrangement from thieans- to thecis-dichloride in order to
dissociate the €H bond is therefore ruled out.

PCI-80 energies were evaluated for some of the structures
discussed above. These benchmark test calculations were made.
at the outset, and the system was therefore the palladism rugure 6. Structure of the [PLCI(CIH)(CE)(OH,)I(H20) complex. The
dichloride. For the energy barrier from the structure where kree energy difference compared to the structure in Figure 865

. . cal/mol.
methane is attached to the metal to the transition state-fdi C
dissociation toward a chloride, the discrepancy between the PCI-

80 energy and the B3LYP energy is only 0.9 kcal/mol, so the

energies obtained at the B3LYP level should be quite reliable

for this type of pathway. This is important since this is the

most plausible type of pathway. For the other pathway where

the dissociation goes toward the water ligand, the discrepancy

is larger. For the first step where the OH ligand and th&H

group are formed the PCI-80 energy cost is 4.9 kcal/mol higher

than the one at the B3LYP level. For the second step, leading

to the transition state, the PCI-80 energy is also higher, now by

5.6 kcal/mol, than the B3LYP energy. This means that this

pathway, which was already ruled out on the basis of the results

at the B3LYP level, becomes even less likely on the basis of

the PCI-80 results. It can be added that, in general, results both

at the B3LYP level and at the PCI-80 level are found to give

good agreement with available experimetddowever, results Figure 7. Structure of the PtG(CH;z)(HsO,) complex. The free energy

such as some of the present ones show that this is not alwaydglifference compared to the structure in Figure 3-8.9 kcal/mol at

the case and it is therefore important to continue to do the PCI-80 level.

calculations at different levels in order to get better estimates

of the errors. The structure in Figure 6 goes over a very small energy barrier
c. Final Part of the Reaction. The final part of the Shilov  as the hydrogen swings over to the other side of thedPbond.

reaction considered here is a proton transfer from the HCI ligand This energy barrier was not determined but must be small, at
to an outer sphere water: most a few kilocalories per mole, on the basis of the fact that

it was very difficult to obtain geometry convergence to the
[MCI(CIH)(CH2)(OH,)](H,0) — [MCI,(CHy)] (H.O,)" structure in Figure 6. Even small deviations of the starting
(5) geometry lead to dissociation of the -&@ bond, with the

hydrogen moving toward the water ligand. A precise value of
From theo bond metathesis transition state in Figure 5, this the energy barrier for breaking the-&H bond is furthermore
pathway goes via an intermediate which has a very shallow local without much significance for the present overall reaction as
energy minimum. This intermediate, shown in Figure 6, can long as the barrier is small. It can be added that a determination
be described as an HCI complex analogous to halocarbonof a transition state for a reaction with a very small barrier is
complexes?® Apart from the HCl ligand, the structure of Figure computationally very difficult and the structure obtained will
6 is quite similar to the one for the transition state in Figure 5. be very sensitive to the level of treatment. Passing the small
The PtC distance is slightly shorter, 2.04 A compared to 2.10 barrier, the complex reorganizes to the quite symmetric structure
A, and the distance to the active chloride ligand is also slightly shown in Figure 7. This structure contains an@* ligand
shorter, 2.58 A compared to 2.63 A, while the@ distance  with two hydrogen bonds to the chlorides. The distances
is longer, 2.24 A compared to 2.16 A. The rest of the complex between the central proton and the two oxygens are quite short,
remains almost perfectly intact. The energy difference betweenonly 1.20 A. The ionic character of this complex is seen by
the HCI complex in Figure 6 and the complex in Figure 3 is the quite large dipole moment of 8.30 D compared to, for
10.2 kcal/mol in favor of the one in Figure 3. Adding zero- example, 2.74 D, at the transition state in Figure 5. The energy
point vibrational and temperature effects leads to an energy difference between the structure of Figure 7 and the one in
difference of 7.6 kcal/mol. Long-range dielectric effects further Figure 3 is very small, only 0.8 kcal/mol in favor of the one in
decrease the energy difference to 6.7 kcal/mol. These energyFigure 3. Zero-point vibrational and temperature effects lead
differences are very similar for the corresponding palladium to a reversal of stability favoring the structure in Figure 7 by

complex. 0.6 kcal/mol. However, a much more important effect is the
(32) Blomberg, M. R. A Siegbahn. P. E. M., Svensson.JMChen long-range dlele_ctrlc_ effect. D_ue to the Iarge dipole moment
Phys, in press. for the structure in Figure 7, this structure is now favored by as

(33) Kulawiec, R. J.; Crabtree, R. ioord Chem Rev. 1990 99, 89. much as 13.2 kcal/mol. An interesting aspect of the structure
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in Figure 7 is that the (5D,)™ group is in a plane which is
essentially perpendicular to the plane defined by the other three
ligands. The vacant site in the plane of this 3-coordinate
T-shaped complex is stabilized by ttranseffect of the methyl
group.

For the (HO,)™ complex a significant difference between
the B3LYP energy and the PCI-80 energy was found. For the
corresponding palladiutmans-dichloride complex the stability
with respect to the methane structure shown in Figure 3 is 7.3
kcal/mol smaller at the PCI-80 level than at the B3LYP level.
This is a rather important difference in the present context. With
this 7.3 kcal/mol correction the g@,)" complex becomes less
stable by 4.6 kcal/mol than the starting complex with methane
in the second sphere (corresponding to the complex in Figure
4). This instability of the (HO2)™ complex is necessary in order
to explain the experimental fact that this methyl complex is not
observed experimentally. Experimentally, only isotope ex-
change is observed. Figure 8. Structure of the PtCI(HCI)(¢17)(H,O) complex, obtained

Reversal of the steps described above, withra@ming from after activation of a terminal €H bond in propane.
the solvent, leads to isotope exchange in the methane. Shilov
noted that multiple H/D exchange occurs before substrate is as much as 5.0 kcal/mol stronger than the®jH-(iso) bond.
dissociation from the catalytic site. This may be a result of the The results for the present model are thus in accord with
stability of the methane complex, which is therefore able to e€xperiments which show a higher tendency for primary than
undergo several CH dissociation steps before leaving the site.for secondary €H activation. The origin of the stronger-Pt
The chlorination/hydroxylation chemistry seen with [Ri€t CsHz(n) bond is a large degree of polarity in the bonding. In
as primary oxidant may result from inner sphere oxidation of @ recent study of metalalkyl bond strengths for the transition
the Pt(ll-Me species to the Pt(I\WMe form, followed by metals of the entire second row it was shown that it is the ionic

nucleophilic displacement of platinum by attack of @ H,O component of the binding that is responsible for the tréfids.

on the Pt(IV)-Me. We have not considered these steps in detail major argument invoked was that the differences in bond

in this paper, however. strengths for different alkyls, like methyl, ethyl, isopropyl, and
d. Primary versus Secondary G-H Bond Activation. One ~ n-propyl, increase markedly to the left in the periodic table,

of the unusual features of the Shilov reaction is that primary Where the bond polarity is larger due to the lower ionization
C—H bonds are more easily activated than secondanHC  potentials of these metals. For all metals the methyl bond
bonds. To see if this result could be reproduced by the presentstrength is stronger than the ethyl bond strength which in turn
simple models, calculations were performed foriCactivation is stronger than the isopropyl bond strength. Tgopyl bond
for a terminal and a central-€H bond of propane. To reduce strength is also significantly stronger than the isopropyl bond
the cose of the calculations, one of the water ligands (the onestrength. These trends are explained by the size of the negative
in the second coordination shell) was removed. This was showncharge on carbon. The more methyl substituents there are on
(see subsection b) to have only a very small effect on the the carbon, the less negative is the charge on carbon and the
reaction energies. Ideally, the transition state fertChond weaker is the metaicarbon bond. The presence of the strongly
breaking should then be compared for the activation of the two €lectronegative chloride ligands in the present platinum com-
different G-H bonds. However, for the present reaction the plexes clearly leads to a substantially positively charged
point on the reaction pathway where the molecular HCI ligand Platinum atom even though the charge is very far away from
is present (see Figure 6) is sufficiently close to the transition the valence state of2.
state that this point can be used for the comparison, following €. An Alternative Oxidative Addition/Reductive Elimina-
the Hammond postulafé. This simplifies the calculations tion Sequence. An oxidative addition pathway has been
considerably since a minimum is much more readily located suggested for the Shilov reaction in recent work by Stahl,
than a transition state. The structure obtained fomtpeopyl Labinger, and Berca® who find that [Pt(en)(CkPh)CI]
ligand is shown in Figure 8. undergoes oxidative addition of HCl at78 °C to give

The first point of interest in the calculations concerns the [HPt(en)(CHPh)Ch] (en= ethylenediamine). On warming, this
strengths of the different-€H bonds in propane itself. Atthe  Pt(IV) alkyl hydride loses a Clion to give a kinetically-inferred
B3LYP level these bond strengths are 97.6 kcal/mol for a but unobserved intermediate that in turn rapidly loses toluene.
terminal C—H bond and 94.0 kcal/mol for a centrat-E& bond. Assuming the intermediate is an alkyl hydride, one can invoke
This difference of 3.6 kcal/mol is what normally makes the reversibility arguments to make the case thatHCoxidative
central G-H bond easier to activate. The corresponding values addition to Pt(l) may occur in the key step of the Shilov
at the PCI-80 level are somewhat higher with values of 100.6 reaction. The intermediate might, however, undergo rearrange-
and 98.2 kcal/mol, respectively, which leads to a slightly smaller ment to an agostic complex of the type [Pt(en}{&H:Ph)-
difference of 2.4 kcal/mol. Experimental values are 101.2 and Cl]*, which would be compatible with the bond metathesis
98.1 kcal/mol, respectivel? pathway.

For the Pt(HCI) n-propyl and isopropyl complexes the We have therefore looked at the oxidative addition pathway
calculated energies favor thepropyl complex by 1.4 kcal/  in the model system. The corresponding Pt(IV) species,

mol at the B3LYP level. This means that the@;H-(n) bond cistrans[Pt(H)Me(OH,):Cl] (Figure 9), is indeed stable, being
only 4.6 kcal/mol in energy above the outer-sphere methane

(34) Norman, R. O. CPrinciples of Organic Synthesi€hapman and
Hall: London, 1978; p 85. (36) Siegbahn, P. E. Ml. Phys Chem 1995 99, 12723.

(35) McMillen, D. F.; Golden, D. MAnnu Rev. Phys Chem 1982 33, (37) Stahl, S. S.; Labinger, J. A.; Bercaw, JJEAmM Chem Soc 1995
493. 117, 9371.
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of the two processes is perhaps not surprising when we consider
that the transition state structures for the two cases are rather
similar. The differences tend to manifest themselves after the
transition state: in oxidative addition, the H ends up on the
metal, but ino bond metathesis it ends up orcas-ligand.

For Pd(ll) and especially Hg(ll), a bond metathesis pathway
must be involved, in view of the instability of Pd(IV) and the
nonexistence of Hg(IV). Since Pt(Il), Pd(R)and Hg(lIP are
the three best known catalysts for Shilov type chemistry,
assigning ar bond metathesis pathway to all three is therefore
most economical and attractive in accounting for the strong
Figure 9. Structure of the PtG(OH,).H(CHs) Pt(IV) complex, similarities found. In the best-studied case of Pt(ll), a number
obtained after an oxidative addition reaction. of features of the reaction are most consistent withond
metathesis. The rate of reaction is found to increase with
decreasing IP of the alkane or arene very closely, and the fact
that both types of substrate follow the same curve suggests the
same mechanism is adopted for b&thSuch a relationship is
reasonable for & bond metathesis reaction but has never been
found for the oxidative addition pathway. There is also a sharp
fall off in activity by a factor of 100 on moving from [Pt&l
(OHy);] to [PtCI(OH,)]~ and to [PtCJ]2—.2¢ This would not
be expected on the oxidative addition model, because the
chloride ions should stabilize Pt(IV). Again in agreement with
o bond metathesis, hard base ligands for Pt give the highest
reactivity1f

We conclude that Hg and Pd proceed hylaond metathesis
mechanism and Pt may well also do the same, although an

oxidative addition/reductive elimination sequence cannot be
Figure 10. Structure of the PtG{OH,),H(CHs) transition state for the safely excluded in this case.
oxidative addition reaction.

_ N Conclusions
complex. The appropriate transition state for loss of;@Hd ) ) )
reductive elimination, see Figure 10, is comparable in energy The results suggest that the Shilov reaction goes via transfer
with the o bond metathesis transition state. Without entropy ©Of @ hydrogen atom from a methare complex, first to a
effects this transition state is 23.8 kcal/mol above the outer N€ighboring Cl ligand in what is best described as hond
sphere methane complex. The entropy effects calculated forMmetathesis and then to solvent water. This avoids the formation
this complex actually reduce the barrier further by 2.1 kcal/ Of Pt(IV) and is quite similar to the mechanism proposed by
mol. However, the present model is inadequate for the Shilov himself. Methane has such a higkiphat a mechanism
calculation of entropy effects for this particular structure. As nvolving full deprotonation would be very endothermic, but
seen in Figure 10, one water molecule is almost free in this the metal provides a route for net proton transfer to solvent in
model which leads to a large entropy gain. In reality, this water Which both the incipient methyl group and the proton being
molecule is engaged in hydrogen bonding with other solvent transferred are strongly stqblllged by coordination. At. the
molecules. If this effect had been included in the computational transition state for the €H activation the hydrogen atom being
model (which is too expensive in practice), it is likely that transferre_d is not very protonic, however_. This is best seen in
entropy effects actually would increase the barrier slightly @ calculation where an additional water is placed close to the
instead. It should be added that this problem is only present transferred hydrogen. If the hydrogen atom would have been
for this particular structure in the present study. In all other protonic, this would have led to a stabilization of the transition
structures, all ligands are bound in a way reasonably representaState. Instead, the added water molecule moved away from the
tive of the real situation. For the present purposes it is sufficient ©—H bond breaking region in the geometry optimization. The
to conclude that the barrier should be somewhere above 23.gMulliken charge on the hydrogen atom, which is a less certain
kcal/mol, which is thus (just like the barrier fos bond measure of the protonic character, did not show any tendency
metathesis) in reasonable agreement with the measured barriePf Pecoming very positive either. The charge is rather similar
of about 28 kcal/mol. The PCI-80 calibration calculations show t© the ones for the hydrogen atoms in methane.
that this dissociation is well described at the B3LYP level. The ~ An alternative oxidative addition/reductive elimination se-
calculated barriers for these two pathways are thus too close induénce was also investigated and was found to be competitive
energy for the case of the platinum reaction to distinguish these With the o bond metathesis pathway for Pt, but is not tenable
pathways. However, for Pd this transition state lies 36.0 kcal/ for Pd(ll) or Hg(ll). Although a0 bond metathesis mechanism
mol above the outer sphere methane complex. The well-known S€ems more likely for Shilov chemistry with Pt, an oxidative
instability of Pd(IV) makes the oxidative addition pathway add|t|on_/reduct|ve elimination sequence cannot be safely ex-
completely implausible in this case. cluded in the Pt case. . .

f. Oxidative Addition or ¢ Bond Metathesis? ¢ bond The breaking of a €H bond in methane occurs in two steps.
metathesis pathways are very difficult to distinguish experi- In tht_a first step met_hane |s_coord|nated to the metal. The energy
mentally from oxidative addition/reductive elimination se- reduirement for this step is 10.5 kcal/mol for the best model
quences, except fodnetals where oxidative addition is not used here. In the second step thekCbond is broken with a
permitted. The two pathways tend to have rather similar ™ (3g) Hodges, R. J.; Webster, D. E.; Wells, P.JBChem Soc, Dalton
selectivity and rate dependence on the coligands. The similarity Trans 1972 1972.
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calculated barrier for the bond metathesis pathway of 16.5 to the higher bond strength in thealkyl versus the isoalkyl
kcal/mol. The total activation energy is thus the sum of these formed in thes bond metathesis. By the Hammond postufate,
two energies which is 27 kcal/mol. This value is in very good these bond strength differences are expected to lead to differ-
agreement with the experimental estimate of 28 kcal/mol. To ences in the transition state energies for the two reactions. The
the calculated activation energy, zero-point vibrational and bond strength differences are found to arise from differences
temperature effects contribute2.9 kcal/mol, while long-range in the polarity of the P& C bond in each case.

dielectric effects contribute-1.7 kcal/mol. For the oxidative Quantum chemical calculations have in general tended to be
addlyon pathway, a slightly lower barrier of 2_4 kgal/mol Was more often applied in the past to structural rather than
obtained, but the entropy effects were left out in this case since nechanistic problems, but the increasing power of the methods
they cannot be well predicted using the present model. now available is beginning to change this picture. Experimental
The second coordination sphere of the solvent plays an yechanistic studies have proved difficult in the Shilov system,

important role in the chemistry, not just as ultimate Proton 54 so it provides a case in which the value of such calculations
acceptor from the methane but also in the energetics of methanqS particularly clear

binding, an important factor because it directly contributes to
Fhe overall activation energy. The presence of onIyafewwaFers Acknowledgment. R.H.C. thanks the NSF and P.E.M.S.
in the computational model allows these effects to be studied. .
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attack on primary versus secondary CH bonds has been tracedA9541894



