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Summary: The more electron-rich, thermally, air, and protic
stable, cyclometalated Pt(II)(NNC) trifluoroacetate complex (3)
(NNC) κ3-6-phenyl-4,4′-di-tert-butyl-2,2′-bipyridine) was syn-
thesized with the expectation that it would be less susceptible
to H2O inhibition than the Pt(bpym)(TFA)2 system (bpym) κ2-
2,2′-bipyrimidine) for the catalytic oxidation of hydrocarbons.
Complex3 was found to catalyze the H/D exchange between
benzene and trifluoroacetic acidVia CH actiVation but at a rate
slower than the Pt(bpym) complex. Experimental and theoretical
studies show that while the use of the more electron-rich NNC
ligand motif lowered the∆H for substrate coordination relatiVe
to the Pt(bpym) system, a larger increase in the barrier for CH
cleaVage led to an increase in the oVerall barrier for CH
actiVation.

Homogeneous catalysts that operate by the CH activation
reaction currently show the greatest potential for the develop-
ment of new, selective, hydrocarbon oxidation chemistry.1 Many
of the new systems currently being studied utilize neutral biden-
tate nitrogen ligands with Pt.2 Recently a monoanionic bidentate
nitrogen-ligated Pt system has been reported by Baker and Ber-
caw and shown to undergo CH activation.3 Peters et al. have
recently reported a monoanionic tridentate amido NNN platinum
pincer complex that activates the CH bond of benzene in the
presence of a bulky organic base.4 We previously reported a
bidentate, N-ligated, electrophilic platinum(II) bipyrimidine cata-
lyst, Pt(bpym)Cl2 (bpym) κ2-2,2′-bipyrimidine), for the direct
conversion of methane to methylbisulfate in 70% yield and>90%
selectivity in concentrated sulfuric acid.1a Studies indicated that
this catalyst system operates via a CH activation/functionaliza-
tion reaction sequence involving a Pt-CH3 intermediate.1a,5The

key limitation of this system is inhibition of the catalyst with
decreasing acidity of the sulfuric acid solvent as the reaction
products, H2O and CH3OH, increase beyond∼1 M.

Consistent with the inhibition of the Pt(bpym) system by
weaker acid solvents, the related Pt(bpym)(TFA)2 complex
shows no H/D exchange reaction with methane in CF3CO2D
(Ho ) 2.6). As with most systems examined in detail,1g,2b,5,6

theoretical and experimental studies show that the overall
activation energy for CH activation with the Pt(bpym)Cl2/H2-
SO4 system results from two key barriers: (A) hydrocarbon
(RH) coordination and (B) CH cleavage, defined as shown in
Figure 1. Of these two contributions, the∆H for methane
coordination (27 kcal mol-1, L ) X ) HSO4

-) far outweighs
the∆Hq for CH cleavage (5 kcal mol-1).5 Further, calculations
show that the inhibition by H2O results from ground state
stabilization, L) H2O in Figure 1, which increases the∆H for
methane coordination by∼7 kcal mol-1, rather than from
destabilization of the transition state (TS) for CH cleavage.5b

One strategy that we are exploring to increase the rate of
CH activation and overcome water inhibition is to develop more
electron-rich Pt catalysts that are sufficiently stable to protic,
oxidizing media. Conceptually, increasing electron density at
the Pt(II) center could be expected toreduceH2O or CH3OH
binding to theσ-acceptor orbitals on Pt(II) since H2O and CH3-
OH are goodσ- or π-donors but notπ-acids, thereby minimizing
inhibition by destabilizingthe ground state.7 Assuming that

* Corresponding author. E-mail: rperiana@usc.edu.
† University of Southern California.
‡ California Institute of Technology.
(1) (a) Periana, R. A.; Taube, D. J.; Gamble, S.; Taube, H.; Satoh, T.;

Fujii, H. Science1998, 280, 560 (b) Shilov, A. E.; Shul’pin, G. B.ActiVation
and Catalytic Reactions of Saturated Hydrocarbons in the Presence of Metal
Complexes; Kluwer Academic: Dordrecht, 2000; p 560. (c) Jia, C. G.;
Kitamura, T.; Fujiwara, Y.Acc. Chem. Res.2001, 34, 633, and references
therein. (d) Crabtree, R. H.J. Chem. Soc., Dalton Trans.2001, 2437. (e)
Labinger, J. A.; Bercaw, J. E.Nature2002, 417, 507. (f) Jones, W. D.Acc.
Chem. Res.2003, 36, 140. (g) Periana, R. A.; Mironov, O.; Taube, D.;
Bhalla, G.; Jones, CJ.Science2003, 301, 814. (h) Conley, B. L.; Tenn, W.
J., III; Young, K. J. H.; Ganesh, S. K.; Meier, S. K.; Ziatdinov, V. R.;
Mironov, O.; Oxgaard, J.; Gonzales, J.; Goddard, W. A., III; Periana, R.
A. J. Mol. Catal. A2006, 251, 8

(2) (a) Heyduk, A. F.; Zhong, H. A.; Labinger, J. A.; Bercaw, J. E. In
ActiVation and Functionalization of C-H Bonds; Goldberg, K. I., Goldman,
A. S., Eds.; ACS Symposium Series No. 885; American Chemical
Society: Washington, D.C., 2004; pp 250-263. (b) Tilset, M.; Lersch, M.
Chem. ReV. 2005, 105, 2471. (c) Johansson, L.; Tilset, M.; Labinger, J. A.;
Bercaw, J. E.J. Am. Chem. Soc.2000, 122, 10846.

(3) Iverson, C. N.; Carter, C. A. G.; Baker, T.; Scollard, J. D.; Labinger,
J. A.; Bercaw, J. E.J. Am. Chem. Soc.2003, 125, 12674.

(4) Harkins, S. B.; Peters, J. C.Organometallics2002, 21, 1753.

(5) (a) Kua, J.; Xu, X.; Periana, R. A.; Goddard, W. A.Organometallics
2002, 21, 511. (b) Muller, R. P.; Philipp, D. M.; Goddard, W. A., III.Top.
Catal. 2003, 23, 81.

(6) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T. H.
Acc. Chem. Res.1995, 28, 154, and references therein.

Figure 1. Generalized energy diagram emphasizing the two key
steps involved in the CH activation reaction: RH coordination and
CH cleavage.
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binding of the hydrocarbon, RH, isnot the rate-determining step,
then the activation barrier for the overall CH activation reaction
will depend on the energy differences between the ground state,
L-M-X, and the CH cleavage transition state (i.e., the
energetics for binding RH is not relevant to the overall activation
barrier). Under these circumstances, the key to obtaining a net
reduction in the overall barrier for CH activation in weakly
acidic solvents will be to ensure that the degree ofdestabilization
of the ground state brought about by ligand modifications is
greater than that for the CH cleavage transition state.

Significantly, unlike non-transition metal ions such as Hg(II),
Pt(II) can potentially interact in the TS for CH cleavage with
bothσ-acceptor andπ-donor orbitals.8 In the Pt(bpym)Cl2/H2SO4

system, the CH bond was shown theoretically to be cleaved by
an electrophilic substitution (ES) pathway that involves CH
donor interactions toσ-acceptor orbitals on Pt(II).5 Increasing
electron density at the metal center in a weaker acid solvent,
HX, could be expected todestabilizethe transition state for this
mode of cleavage (either minor or significant changes), assuming
that the metal center still behaves as an electrophilie. However,
if the dominant pathway for CH cleavage switches to an inser-
tion (so-called oxidative addition (OA)) pathway (by interactions
between the CHσ* antibonding orbitals andπ-donor orbitals
on Pt(II)), followed by rapid proton loss, then a net decrease in
the overall barrier for CH activation could be possible by ligand
modifications that increase electron density at the Pt center.
Therefore, it should be possible tostabilizethe CH cleavage by
insertion as well as destabilize water coordination by increasing
the electron density at Pt(II). Herein, we report on the synthesis
of an electron-rich, thermally stable, monoanionic, tridentate,
pincer, platinum NNC complex, Pt(NNC)TFA, and experimental
and theoretical comparison of the reactivity for CH activation
and functionalization relative to the Pt(bpym)(TFA)2 system.

It is now well established that the tridentate pincer ligand
motif can impart both thermal stability and reactivity to transi-
tion metal complexes.9 This has been demonstrated with the
thermally stable PCP-Ir systems of Kaska, Jensen, and Gold-
man10 that catalyze the thermal dehydrogenation of alkanes. The
tridentate ligand 6-phenyl-2,2′-bipyridine (NNC-H) and its
derivatives have been shown to readily form stable, cyclom-
etalated complexes with platinum, Pt(NNC)X.11 However, most
of the interest in these complexes has been focused on the
photoluminescent properties, and to our knowledge no catalysis
studies have been reported. The corresponding cyclometalated
NNC platinum(II) chloride complex,1, Pt(NNC)Cl (NNC )
κ3-6-phenyl-4,4′-di-tert-butyl-2,2′-bipyridine), was prepared
through a modified procedure reported by Lu et al.,11cby heating
the NNC-H ligand with K2PtCl4 in glacial acetic acid. To create
a potentially active catalyst, the chloride was replaced by a more
labile leaving group using silver trifluoroacetate to obtain the
corresponding trifluoroacetate complex (3), Pt(NNC)TFA, in
good yields (Scheme 1). Complex3 is air stable and was fully
characterized by1H and13C NMR, as well as mass spectroscopy

and elemental analysis. All nine expected aromatic resonances
were observed, and platinum satellites (JPt-H ) 33 Hz) were
observed for the ortho proton on the metalated phenyl ring of3.

Control studies carried out by heating a trifluoroacetic acid
solution of3 for 11 h at 200°C under argon confirmed that3
was thermally stable to acidic solutions. No insoluble Pt metal
was visible and analysis by NMR (after workup) showed that
no significant decomposition occurred as3 was recovered with
∼91% mass balance (1,3,5-trimethoxybenzene as an internal
standard) with minor amounts of what is believed to be the ion-
pair or solvento complex.

Dissolution of3, an orange solid, in CH2Cl2 results in an
orange solution. However, consistent with the hoped-for destabili-
zation of the ground state and lability of the TFA- by use of the
more electron-rich NNC ligand, dissolution in CF3CO2H leads
to a blue solution, which we believe is due to acid-assisted disso-
ciation of the TFA- ligand and formation of [Pt(NNC)]+TFA-

as either a three-coordinate ion-pair or solvento complex. Some
evidence for this is that removal of the CF3CO2H in vacuo leads
to a blue residue that after treatment with a mixture of water and
CH2Cl2 and subsequent evaporation of the CH2Cl2 layer leads
to quantitative recovery of3 as a yellow-orange solid. Additional
evidence that the blue solution results from dissociation of the
TFA- ligand is the observation that when orange CD2Cl2 solu-
tions of3 are treated with the poorly coordinating, strong Lewis
acid B(Ph-F5)3, a dark blue-black solid is generated. Consistent
with the expected lability of the TFA-, reaction of the blue
solution of3 in CF3CO2H with excess LiCl leads to immediate
formation of the yellow-orange chloride derivative Pt(NNC)Cl,
1. While a three-coordinate ion-pair or solvento complex best
fits these observations, another possibility is that the complex
becomes protonated in the presence of added CF3CO2H to gener-
ate a Pt(IV) hydride. However,1H NMR studies in which HTFA
(3.8 equiv) was added to a solution of3 in CD2Cl2 at -70 °C
did not show any evidence of a protonated platinum species.

Having established that3 was thermally stable under protic
conditions and the TFA ligand was labile in CF3CO2H solvent,
the efficiency for catalyzing the H/D exchange reactions between
methane and CF3CO2D or D2SO4 was investigated and com-
pared to the reference system, Pt(bpym)(TFA)2. As was the case
for the Pt(bpym)(TFA)2 system,3 was also found to beinactiVe
for catalyzing the H/D exchange between methane and CF3CO2D
at temperatures as high as 200°C. Significantly, however, while
solutions of the Pt(bpym)(TFA)2 in CF3CO2D are stable in both
the presence and absence of methane,3 decomposed at 200°C
to colloidal platinum in the presence of methane. Since the
control studies showed that trifluoroacetic acid solutions of3
are thermally stable at 200°C in theabsenceof methane, these
results could suggest that reaction with methane occurred with
the Pt(NNC)TFA complex in CF3CO2D. Given the instability
of 3 with methane that precludes rigorous study, this potentially
interesting result was not further investigated. Interestingly,
catalytic H/D exchange between methane and sulfuric acid could
be observed with Pt(NNC)Cl,1, without obvious decomposition,
but at a factor of∼10 lower than the Pt(bpym) system. Thus,
heating1 in D2SO4 with methane (500 psi) for 10 h at 180°C
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Scheme 1. Synthesis of Pt(NNC)X Complex 3
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resulted in∼14% conversion of methane to the deuterated
methane isotopologues (CH3D 5.39%, CH2D2 2.53%, CHD3

2.3%, CD4 4.2%), with a turnover number (TON) of 61.70 and
a turnover frequency (TOF) of∼1.61 × 10-3 s-1. However,
unlike the Pt(bpym) system, only a small amount of methyl-
bisulfate production (TON of∼2) was observed, suggesting that
the Pt(NNC) system may not undergo efficient functionalization
of the Pt-CH3 intermediates in sulfuric acid, an oxidizing acid.

To further investigate the chemistry of this Pt(II)(NNC) sys-
tem, we turned to benzene as a substrate, as the barriers for CH
activation could be expected to be lower and the system more
stable and amenable to fundamental study in the weaker, nonox-
idizing acid solvent CF3CO2H. Complex3 is soluble12 in ben-
zene, and we investigated whether the stoichiometric CH activa-
tion, Scheme 2, would proceed to generate the phenyl complex
Pt(NNC)Ph,4. In situ NMR analyses showed that no reaction
is observed after heating3 in C6D6 for 12 h at 180°C. To invest-
igate whether this was due to unfavorable thermodynamic or
kinetics, we used DFT to calculate the∆Hrxn for the formation of
4 from reaction of benzene with3 as shown in Scheme 2. The
calculations20 show that the CH activation reaction, Scheme 2
(assuming trifluoroacetic acid as solvent), is unfavorable by∼18
kcal mol-1 (vide infra) and that the equilibrium concentration of
the likely CH activation product, Pt(NNC)Ph,4, would be too
low to observe. In an attempt to drive the formation of the CH
activation product,3 was heated in neat benzene at 160°C with
Hunig’s base (diisopropylethylamine) in the hope that this strong
base could drive Scheme 2 to completion. However, no phenyl
product was observed in this reaction and3 was recovered.

To examine whether4 could be reversibly generated by CH
activation, we investigated if3 could catalyze the H/D exchange
between benzene and trifluoroacetic acid. When the reaction
was carried out at 180°C with a 1:4 by volume mixture of
benzene (C6H6) and deuterated trifluoroacetic acid (CF3CO2D),
respectively, catalytic incorporation of deuterium into benzene
was observed to generate C6H5D with a TOF of 8.18× 10-3

s-1 (TON of 14.7 turnovers after 30 min). Almostno other
benzene isotopologues, e.g., C6H4D2 or higher, are observed at
TONs below 60, suggesting that H/D exchange occurs via
sequential, as opposed to parallel, formation of the isotopologues
C6H5D1 f C6H4D2 f etc.1g,2c,21At these temperatures, control
experiments in the absence of3 show that some H/D exchange
occurs between C6H6 and CF3CO2D, and the reported H/D

exchange rates are corrected for this background activity (see
Supporting Information).

The catalytic system is stable, as a plot of TON versus time
shows a linear increase (see Supporting Information). Complex
3 could also be isolated from the C6H6/CF3CO2H reaction
mixtures by quenching with water followed by extraction with
CH2Cl2 and evaporation. Both1H and 19F NMR analyses of
the solid residue confirmed that3 could be recovered in 92%
yield based on internal standardization with 1,3,5-trimethoxy-
benzene. Consistent with the theoretical calculations showing
that the expected phenyl complex,4, is less stable than3, no
evidence for formation of4 was found in these isolation experi-
ments. The H/D exchange reactions were carried out at several
temperatures between 160 and 190°C, and the activation barrier
was determined to be 32.4 ((2.5) kcal mol-1. Significantly,
under similar conditions, the related system Pt(bpym)(TFA)2

7a

was found to bemoreactive for H/D exchange between C6H6

and CF3CO2D with an activation barrier of∼27 kcal mol-1.
Given the central importance of the phenyl complex Pt(NNC)-

Ph, 4, in the expected mechanism for H/D exchange, we
synthesized this material for study. The phenyl complex was
obtained by heating the chloro complex,1, with diphenyl zinc
in THF at 80°C. The compound was fully characterized by1H
and13C NMR, as well as mass spectrometry, elemental analysis,
and X-ray crystallography. Suitable crystals of4 were grown
by slow vapor diffusion of pentane into a benzene solution.22

As can be seen in the thermal ellipsoid plot in Figure 2, the
ligand binds in a tridentate fashion with the phenyl ring (C26-
C25-Pt1-C16) at 60.9° to the plane of the ligand. Consistent
with this phenyl complex as an intermediate in the proposed
mechanism for H/D exchange, complex4 was found to catalyze
the H/D exchange between benzene and trifluoroacetic acid at
180 °C with an almost identical TOF (9.1× 10-3 s-1) as that
of 3. Also consistent with the proposed intermediacy of4 in
the CH activation reaction with3 as well as the calculations
showing that4 is unstable with respect to3, Scheme 2, treatment
of 4 with trifluoroacetic acid (2.5 equiv) resulted in the formation
of free benzene and the trifluoroacetate complex3. Significantly,
when CF3CO2D was used for the protonolysis, only C6H5D was

(12) Complex3 is moderately soluble at room temperature, but very
soluble at elevated temperatures.

(13) Becke, A. D.,J. Chem. Phys.1993, 98, 5648.
(14) Lee, C.; Yang, W.; Parr, R. G.Phys. ReV. B 1988, 37, 785.
(15)Jaguar 6.0, Schrodinger, LLC: Portland, Oregon, 2005.
(16) Harihara, P. C.; Pople, J. A.Theor. Chim. Acta1973, 28, 213.
(17) Hay, P. J.; Wadt, W. R.J. Chem. Phys.1985, 82, 299.
(18) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.; Sitkoff, D.;

Nicholls, A.; Ringnalda, M.; Goddard, W. A.; Honig, B.J. Am. Chem. Soc.
1994, 116, 11775.

(19) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R.;
Ringnalda, M.; Sitkoff, D.; Honig, B.J. Phys. Chem.1996, 100, 9098.

(20) Details for the theoretical calcualtions can be found in the Supporting
Information. To simplify the calculations, thetert-butyl groups were replaced
by methyl groups.

(21) Gerdes, G.; Chen, P.Organometallics2004, 23, 3031.
(22) Crystal data for4: C30H32N2Pt, C6H6; monoclinic, space groupP2-

(1)/c, a ) 13.002(2) Å,b ) 16.534(3) Å,c ) 13.345(2) Å,V ) 2853(8)
Å3, Z ) 4, final R indices (I > 2σ(I)) R1 ) 0.0298, wR2) 0.0638. Details
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Scheme 2. Stoichiometric CH Activation of Benzene with 3

Figure 2. Thermal ellipsoid plot of4 with 50% probability. Hydro-
gens and benzene cosolvent were removed for clarity. Selected bond
distances (Å) and angles (deg) are as follows: Pt(1)-C(16),
1.990(4); Pt(1)-N(1), 2.116(3); Pt(1)-N(2), 2.006(3); Pt(1)-C(25),
2.014(4); N(2)-Pt(1)-C(25), 179.65(15); C(16)-Pt(1)-N(1),
159.50(13).
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observed; no other isotopologues of benzene were observed.
This is consistent with the sequential H/D exchange observed
with CF3CO2D/C6H6 mixtures and the proposed intermediacy
of 4 in the catalytic reaction.

To obtain further insight into why the Pt(NNC) system was
slower than the Pt(bpym) system for CH activation, DFT calcu-
lations were used to compare the systems, Figure 3. Significant-
ly, the calculations show that stabilization of the TFA- anion
with an explicit HTFA solvent molecule, [TFA-H-TFA]-, is
required to correlate the theoretical with the experimental data.
The calculations show that the global ground state is a solvento
species, [Pt(NNC)(HTFA)]+[TFA]-, 2, that is∼1.8 kcal mol-1

lower in energy than3.23 This is consistent with the experimental
observation that upon heating the blue CF3CO2H solutions (attri-
buted to TFA- ionization) of3 (an orange solid), the color re-
versibly changes to reddish-orange. As can be seen, in accord-
ance with experimental results, the calculations predict that the
Pt(NNC)TFA system has a higher barrier for the overall CH
activation reaction.24 As observed in earlier theoretical studies
with methane in sulfuric acid,5 the lowest energy pathway
identified for the Pt(bpym) system7a involves benzene coordina-
tion (∆H ≈ 14 kcal mol-1) via a dissociative process (that can
be considered an upper limit for this step), followed by CH
cleavage via electrophilic substitution (ES),TS1 (∆Hq ≈ 13
kcal mol-1), Figure 3. The predicted value (which is the sum
of these two steps) of the overall CH activation barrier,∆Hq )
∼27 kcal mol-1, for the Pt(bpym)(TFA)2 system is consistent
with the experimental activation barrier of∼27 kcal mol-1.

Interestingly, despite our expectations that CH cleavage by
[Pt(NNC)X]+ could proceed by a lower energy pathway involv-
ing an insertion (as opposed to ES) pathway followed by rapid
proton loss, the pathway that best fits the experimental activation
energy of∼32 kcal mol-1 is one involving CH activation via
benzene coordination,5 (∆H ≈ 9 kcal mol-1 via an upper limit
dissociative process), and cleavage via electrophilic substitution
(ES), TS2 (∆Hq ≈ 25 kcal mol-1), for an overall barrier of
∼34 kcal mol-1. The calculations do show, as expected, that
CH cleavage by insertion (TS3, ∆Hq ≈ 19 kcal mol-1) is lower
than the ES pathway,TS2. However, the calculations show that
reversible proton loss from the product of CH cleavage by inser-

tion, [Pt(NNC)(Ph)(H)]+, 6, is a higher energy pathway,TS4,
than the ES,TS2, pathway. Thus, the calculations and experi-
ment show that our expectations were met that the Pt(NNC)
would be (A) thermally stable to protic media, (B) able to
catalyze the CH activation reaction, and (C) able to reduce the
∆H for substrate coordination from∼14 for the Pt(bpym) system
to ∼9 kcal mol-1 for the Pt(NNC) system. However, the expect-
ed reduction in the∆Hq for CH cleavage with the Pt(NNC)
system (∼25 and∼19 kcal mol-1 via the ES and insertion
pathways, respectively) relative to the Pt(bpym) system (∼13
kcal mol-1 via a ES pathway) wasnot realized, and this accounts
for the lower overall CH activation rates of the Pt(NNC) system.

In conclusion we report the synthesis of a new, acid and ther-
mally stable cyclometalated 6-phenyl-4,4′-di-tert-butyl-2,2′-bi-
pyridine Pt(II) trifluoroacetate complex (3) that is more electron-
rich than the Pt(bpym) system. The results suggest that this com-
plex, unlike Pt(bpym)(TFA)2, reacts with methane in trifluoro-
acetic acid but decomposes. The complex catalyzes H/D exchange
with methane in sulfuric acid at a lower activity than the
Pt(bpym)Cl2 system, and only low levels of methylbisulfate are
generated. In a comparison to the bpym system for H/D ex-
change between C6H6 and CF3CO2D we find that the bpym sys-
tem is faster. Thus, our expectations that the more electron-rich
Pt(NNC) system would minimize inhibition by H2O by ground
state destabilization did not lead to a more effective catalyst.
Theoretical studies show that while we were successfully able
to lower the energetics for substrate coordination, the concomi-
tant increase in CH cleavage barrier was greater, therefore
leading to an overall increase in the barrier for CH activation.
These results show that modifying the bpym system to increase
the overall activity for methanol generation in the presence of
water will require a more detailed understanding and greater
predictability of the various structure-function relationships for
coordination, CH cleavage, and oxidative functionalization.
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Figure 3. Energy diagram for the Pt(NNC)X and Pt(NN)X2 systems.
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