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A metal complex “walking” over electron-richπ-conjugated
systems is believed to be a key process1-7 in many chemical
transformations involving arene functionalization and activation of
strong C-C, C-H, and C-X (X ) halide) bonds.8-11 Despite
several experimental12 and computational studies,5,13-17 ring-walking
is often difficult to prove unambiguously, as the vast majority of
metal-promoted arene functionalization reactions are bimolecular,
require elevated temperatures, and intermediates are not observed.
A detailed mechanistic understanding of metal-arene interactions
would lead to the design of new selective metal-mediated processes.
We demonstrate here, both by experiment and by Density Func-
tional Theory (DFT) calculations, a selective chemical transforma-
tion in which metal coordination to a stilbazole double bond is
followed by a ring-walking process prior to intramolecular aryl-
halide oxidative addition to a low-valent metal center.

The reaction of 4-[trans-2-(4-bromophenyl)vinyl]pyridine (1)
with a stoichiometric amount of Pt(PEt3)4

18 in dry THF at room
temperature for 2 days results in the selective formation of the new
complex2 by η2-coordination of the metal center to the CdC double
bond (Scheme 1). Complex2 was formed quantitatively as judged
by 31P{1H} NMR spectroscopy, isolated as a light yellow solid in
80% yield, and fully characterized by1H, 31P{1H}, and 13C{1H}
NMR spectroscopy, elemental analysis, mass spectrometry, and
single-crystal X-ray crystallography (Figure 1, left).

Yellow crystals of complex2 were obtained upon slow evapora-
tion of a pentane solution under a nitrogen atmosphere at room
temperature. The X-ray structure of2 in Figure 1 clearly shows
the η2-coordination mode of the metal center to the double bond
with the aryl-bromide bond intact.

The reaction of1 and Pt(PEt3)4 in toluene or THF at 65°C for
24 h in a sealed pressure vessel results in the quantitative formation
of complex3 by the activation of the aryl-bromide bond (Scheme
1). Complex3 (Figure 1) was isolated as a white solid (80%) and
characterized by the same means as for2. For instance, the31P{1H}
NMR spectrum of3 exhibits one sharp singlet atδ 11.1 ppm for
both 31P nuclei, flanked by195Pt satellites, indicating that both
phosphorus atoms are magnetically equivalent. The observed1JPtP

) 2752 Hz is typical of two mutually trans phosphorus atoms bound
to a d8 Pt(II) center. The thermolysis of2 in solution or as a solid
at 65 °C also results in the quantitative formation of complex3.
Thus, metal-olefin coordination is kinetically preferred over the
thermodynamically favored aryl-halide bond activation. It is likely
that unsaturated platinum complexes are initially formed, which in
principle can undergo coordination to the CdC double bond or
C-Br oxidative addition.

To probe the mechanism of the formation of complex3, a series
of in situ 31P{1H} NMR follow-up experiments were done (Figure
2). The reaction2 f 3, for which intermediates were not observed,

follows first-order kinetics in complex2, indicating a unimolecular
process. Furthermore,t1/2 (3.0× 10-4 s) for the thermolysis of2 in
toluene is independent of the concentration of2 (0.012-0.072 M)
or the presence of excess PEt3 (2-10 equiv). Therefore, any mech-
anism involving metal-olefin dissociation and/or a bimolecular
reaction can be excluded, as the reaction rates of these pathways
should be affected by the concentration and are expected to follow
higher-order kinetics. A pathway involving the intermediacy of un-
saturated platinum species would have been slowed by the presence
of excess PEt3. Furthermore, dissociation could lead to the formation
of bimetallic species, which were not detected. Moreover, the fluoro

† Department of Organic Chemistry.
‡ Department of Chemical Research Support.

Figure 1. ORTEP diagrams of complexes2 (left) and3 (right) (thermal
ellipsoids set at 50% probability). Bond lengths and angles are given in the
Supporting Information.

Figure 2. Representative in situ31P{1H} NMR follow-up measurements
of the thermolysis of2 at 331 K: (a) C6D6, 25 mg/mL,k ) -2.1 ×10-5

s-1, R2 ) 0.992; (b) C6D6, 8.3 mg/mL,k ) -2.2× 10-5 s-1, R2 ) 0.998;
(c) THF, 25 mg/mL,k ) -3.4 × 10-5 s-1, R2 ) 0.986; (d) THF, 25 mg/
mL, 2 equiv of PEt3, k ) -3.6 ×10-5 s-1, R2 ) 0.997.
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analogue of2 is stable for at least 2 weeks at 195°C in THF. Un-
der these conditions, dissociation of Pt(PEt3)2 is expected to result
in nonselective reactions with itself, the solvent, and the ligand.
Increasing the solvent polarity (e.g., benzene vs THF) resulted in
a rate increasekTHF/kbenzene≈ 1.6 at 331 K. This solvent effect indi-
cates that the rate-determining step in the reaction2 f 3 is most prob-
ably the oxidative addition of the aryl bromide to the low-valent
metal center. It is known that aryl-halide oxidative addition proceeds
via a polar transition state whose barrier will be lowered by increasing
the solvent polarity.4 To verify the nature of the rate-determining
step, the iodo analogue of2 was prepared. Its complete conversion to
the product of aryl-iodide oxidative addition was observed at room
temperature in THF within 2 days, whereas complex2 is stable under
these reaction conditions. This demonstrates that there is a lower
activation barrier for the ring-walking process than for oxidative
addition. The activation parameters for the thermolysis of2 (58-78
°C) in toluene were determined from an Eyring plot:∆Hq ) 16.0(
3 kcal/mol,∆Sq ) 130( 4 eu, and∆Gq

298Κ ) 28.2( 4 kcal/mol.
DFT calculations were performed to support the above mentioned

findings.19,20For reasons of computational cost, PEt3 was substituted
by PH3. Ten local minima were located on the potential energy
surface (PES, Figure 3), seven of which correspond toη2-
coordination of Pt(PH3)2 to the bridging double bond (4), the phenyl,
and the pyridine. The remaining local minima correspond toη1-
coordination of Pt(PH3)2 to the pyridine nitrogen (5) and the cis
(6) and trans (7) oxidative addition products. The transition state,
TS(8-6), between the Pt(PH3)2 η2-coordinated to CBr-Cortho bond
of the benzene ring (8) and6 was located as wasTS(4-diss)for
the dissociation of Pt(PH3)2 from 4.

The PES is characterized by an energy well around4 (Figure
3), which was chosen as the zero-energy reference point. Theη2-
coordination of the metal center to either aromatic ring is higher
by ∆G298K ) 16-26 kcal/mol. The transition state for oxidative
addition has a relative energy of∆Gq

298K ) 32.8 kcal/mol. The cis
(6) and trans (7) oxidative addition products are lower in energy
by ∆G298K ) -22.2 and-24.3 kcal/mol, respectively.

Coordination of Pt(PH3)2 to either ring disrupts the aromaticity,21

as indicated by the changes in bond lengths in comparison to those
of the free ligand (1) (see Supporting Information). Coordination
of the metal center to a C-C bond of the phenyl ring results in
lengthening of the adjacent and opposite C-C bonds by∼0.05 Å
and shortening of the other two by∼0.03 Å. In addition, the
hydrogens bonded to theη2-coordinated carbons are bent out of
the plane of the ring by∼24°. This may account (at least partially)
for the relative stability of4.

Dissociation22,23 of Pt(PH3)2 from 4 was calculated to have a
∆G298K ) 3.9 kcal/mol. A transition state for this reaction was found
to lead to a reaction barrier of∆Gq

298K ) 22.2 kcal/mol, while
migration from4 to 9 (η2-coordinated to the Cpara-Cmeta bond of
the benzene ring) is∆G298K ) 21.0 kcal/mol. Dissociation from8
has a barrier of∆Gq

298K ) 9.7 kcal/mol, which is lower than that
of TS(8-6) (∆Gq

298K ) 17.0 kcal/mol). The energy of this “loose”
transition state should be taken with caution because of (a) the
fundamental deficiencies of DFT for dispersion interactions, and
(b) inordinate sensitivity to the geometry. Stableη2-arene complexes
are known.1-7 Phosphine dissociation from arene complex10 has
a high reaction barrier (∆Gq

298K ) 31.4 kcal/mol).
In summary, olefin coordination to a zero-valent platinum

complex is kinetically favored over aryl-halide oxidative addition.
The transformation of2 f 3 proceeds both in solution and in the
solid state. Contrary to what one would expect based on textbook
organometallic transformations, the experimental data demonstrate
that a metal-olefin dissociation mechanism followed by aryl-
halide bond activation does not occur. Instead, the metal center
walks over theπ-conjugated ring system until it reaches and
activates the aryl-halide bond. DFT calculations support such a
premise, although Pt(PH3)2 dissociation could not be conclusively
ruled out. The implications of these findings for other late transition
metal complexes and otherπ-conjugated ligand systems are
currently under investigation.
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Figure 3. Reaction profile (kcal/mol, PCM(THF)-BMK/SDB-cc-pVTZ//
BMK/SDD) for the ring-walking and the structures of the various complexes.
(Atomic color scheme: C- orange, H- white, Pt- dark blue, N- light
blue, Br - red, P- yellow.)
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