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Organometallic coordination catalysts based on thedGctiva-
tion reaction currently show the greatest potential for the develop-
ment of new, selective, hydrocarbon hydroxylation chemistry.
Previously, we reported on a platinum catalyst, Pt(bpymjiegym
= n?-{2,2-bipyrimidyl}), that converts methane to methanol in
concentrated sulfuric acid with a 70% one-pass yfeld.he
practicality of this system is limited as the average catalyst rate,
TOF ~ 1073 s71, is below the commercially viable target ofl
s L This is due to severe inhibition of the CH activation step (which
is the rate-determining step for oxidation in the presence of 1 M
water or methanol) by the reaction products, resulting in a maximum
methanol concentration to1 M rather than the~5 M required
for efficient separation.

On the basis of our understanding of the mechanism of the Pt-

(bpym)CL/H,SO, systemih2 we identified two key steps that
contribute to the overall CH activation barrier of32 kcal/mol:

(A) ~27 kcal/mol for coordination of the hydrocarbon (RH) and
(B) ~5 kcal/mol for cleavage of the coordinated CH bond. In
designing improved catalysts, it is important that both steps be
explicitly considered to ensure that catalyst modifications that
decrease the energy requirements for onedamtproportionately
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solvents. Furthermore, due to inaccuracies of free energy calcula-
tions in solvents, nAG results have been included.

The picolinate ligand was chosen because it is a commercially
available monoanionic, chelating N- and O-donor ligand that is
stable to protic, thermal, and oxidizing conditions. We have recently
shown that O-donor ligands can facilitate the-i& activation
reaction as well as selective functionalization of the—RI
intermediate, and computational screening indicated that C/H
activation should be facile using this ligand.

Solutions ofl were prepared by treatment of the known K[Pt-
(pic)Cl;] with silver acetate in TFA (Scheme 1) and has been
characterized byH and 3C NMR, as well as high-resolution
electrospray ionization mass spectrometry. Due to the anionic
character ofl, we were unable to isolate it as a pure material without

increase the other. This should be possible since the bonding incontamination from AgOAc, either by recrystallization or extraction.

the ground state and cleavage transition state should be différent.

However, the neutral derivative, Pt(pic)(Me){§}, has been

We now report that using an interplay between computational and prepared and fully characterized By and3C NMR as well as
experimental methods an efficient system has been designed whichelemental analysis. Furthermore, in situ NMR confirms that all

catalyzes H/D exchange magnitudes faster than the Pt(bpym)CI

system. This improvement results from a reduction in the energetics

for coordinationwithouta corresponding increase in the energetics
for cleavage.

We postulated that replacing the neutral bipyrimidine in Pt-
(bpym)(X), with a monoanionic ligand, such g8-N,O-picolinate
(pic), would yield a complex which would have reduced energetics

acetate is present as free HOAc in the TFA solution.

In situ NMR studies ofl in TFA also showed thall was
thermally stable in CECO,H at 70°C for several days in air. At
100°C, a slow reaction occurs to quantitatively generate PY{pic)
and a black precipitate (believed to be Pt black), with2of ~10
days. As reactions with methane were found to require temperatures
above 100°C, the CH activation studies were conducted with

for RH coordination due to the increased electron density at the benzene where reaction could be readily observed 4C7@pon
metal center. Furthermore, calculations predicted that use of heating a mixture of benzene (0.1 mL) ands;CB.D (1 mL)

bidentate TFA ligands in lieu of Cl ligands could facilitate CH
cleavage via a six-membered cyclic transition state thatois
proportionately higher in energy relative to that for the Pt(bpym)-
(X)2 system, resulting in a predicted lower overall barrier for CH
activation for the K[Pt(pic)(TFA) system. Similar six-membered,
cyclic transition states have previously been postulated by Ryabov
and in a recent computational study for cyclometalation of
dimethylbenzylaminé.

All calculations utilized the Jaguar 6.5 suite, using B3LYP/
LACVP** ++ with ZPE and solvent corrections for the TFA
medium (PoissorBoltzmann continuum solvent, with = 8.42
and radius probe= 2.479)%¢ Diffuse functions were not used for
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containing 4 mM ofl to 70°C, catalytic incorporation of deuterium
into benzene was observed. Analysis by GC/MS shows 43 turnovers
after 1 h (TOF of~1.2 x 1072s71). On the basis of the temperature
dependence, a\G* of ~23 kcal/mol was estimated. Control
experiments without catalyst did not lead to any observable H/D
exchange €0.5%) under the same reaction conditions. To compare
the catalytic activity ofl to the Pt(bpym) system, Pt(bpym)TEFA
was prepared and characterized by elemental analysis, high-
resolution mass spectroscopy, dhtland3C NMR. H/D exchange
with Pt(bpym)TFA shows that this complex is 300 timkessactive
(TON of 4.6 after 20 h, TOR 6.4 x 1075 s71) than1 under similar
conditions. Unfortunately, direct comparison with (bpym)RtGI
not possible as it is not soluble in TFA.

Our theoretical calculations of CH activation with these systems
(Figure 1) are consistent with the experimental results. According

10.1021/ja060973k CCC: $33.50 © 2006 American Chemical Society
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Figure 1. Thermodynamics of the calculated mechanism for the benzene
C—H activation: Pt(pic), solid line; Pt(bpym), dashed line.

Figure 2. C—H cleavage transition state TS1. Bond lengths in angstroms.

to our calculations] activates benzene-€H bonds with aAH¥ ~
21 kcal/mol, which is significantly lower than the27 kcal/mol
calculated for Pt(bpym)TFAbut comparable to the experimental
activation barrier of~23 kcal/mol obtained fof.

As can be seen in Figure 1, the calculated resting state of the
Pt(bpym) system is a bis-TFAcomplex with an overall neutral
charge, Pt(bpym)TFA Loss of TFA™ generates a cationic species
that coordinates benzene wittH of ~14 kcal/mol. TheAH* for
the subsequent CH cleavage step, leading to the phenyl complex
is ~13 kcal/mol. The calculations also show that the resting state
of the picolinate system is a his-TFA complex, but in this case,
this species is anionic, Pt(pic)TRA Here, consistent with our
original expectation that increasing the electron density at Pt could
facilitate substrate binding, thaH for loss of a TFA and
coordination of benzene is considerably less than that for the neutral
Pt(bpym)(TFA) complex at~5.0 kcal/mol: a factor of almost 3
times lower! Furthermore, thaH* for CH cleavage shows only a
slight increase to~16 kcal/mol, leading to an overall decrease in
the rate of CH activation for the picolinate complex. Ligand
exchange between PHTFA and solvent DTFA is expected to be
facile, as the three-coordinate phenyl species is only uphill by 18.2
kcal/mol (not shown). While a five-coordinate ligand exchange,
associative transition state cannot be ruled out, the 18.2 kcal/mol
can be considered an upper bound.

The C-H cleavage occurs through a six-membered transition
state, TS1 (Figure 2), where the covalent-P® and C-H bonds
are broken while the PtC and G-H bonds are created. Both-©
bonds are 3/2 bond order, with thebond transforming into a
o-bond. The reaction is best described as an electrophilic substitu-
tion proceeding via addition of the Pt center to the arene ring (as

opposed to a-bond metathesis involving only theframework).
Similar transition states have been implicated in other theoretical
works#8 but this is, to the best of our knowledge, the first time
this kind of solvent participation has been included by design for
CH activation.

It is not clear why theAH* values for CH cleavage for the Pt-
(pic) and the Pt(bpym) systems are similar given the dramatic
differences in the\H for benzene coordination (Figure 1). We are
carrying out further studies to understand the fundamental basis
for these differences in order to design CH activation-based
oxidation catalysts that have low barriers for both coordination and
CH cleavage in coordinating media, such as water.

In summary, we have demonstrated that a strong interaction
between experimental and theoretical research can lead to deeper
understanding as well as fast practical progress. A novel, facile
transition state for €H cleavage has been identified. Enhanced
C—H activation reactivity was predicted conceptually for the class
of compounds, supported theoretically and shown experimentally
for a picolinate platinum system. Specifically, we demonstrated a
well-defined, late metal, N,O-ligated complex, which is competent
for arene C-H activation, exhibits thermal and protic stability, and
is an efficient catalyst for H/D exchange.
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