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Low-coordinate, low-valent complexes of palladium are ex-
tremely important catalytic intermediates in a variety of organic
synthetic transformations.1 Recent reports have illustrated the utility
of bulky monophosphines such as 2-(dicyclohexylphosphino)-
biphenyl (dcpBiph) to accelerate palladium-mediated activation of
the carbon-chlorine bond of chloroarenes under relatively mild
conditions.2 It has been proposed that either the highly reactive
14e- fragment, (R3P)2Pd, or the 12e- fragment, (R3P)Pd, may be
the key intermediate for the C-Cl oxidative addition with the
chloroarene.3,4 Despite interest in these low-coordinate complexes,
the structure and bonding of these species have not been extensively
studied. We now report the synthesis and unusual structure of
(dcpBiph)2Pd (1), some of its conformational behavior in solution,
and reactions with halobenzenes.

The reaction of phosphines with (tmeda)PdMe2
5 often give

bisphosphine dimethylpalladium complexes. For bulky phosphines,
these readily reductively eliminate ethane to yield P2Pd(0) which
may be trapped with cycloalkenes6 or allowed to dimerize.7

Similarly, heating a mixture of 2 equiv of dcpBiph and (tmeda)-
PdMe2 in benzene led directly to the bright yellow and slightly
air-sensitive (dcpBiph)2Pd in 82% yield (eq 1).8

An X-ray crystal structure of1 was obtained. The ORTEP
drawing in Figure 1 reveals a highly congested coordination sphere
in which the biphenyl substituents shield nearly one hemisphere
about the palladium atom and the cyclohexyl groups shield the rest.9

An obvious difference between this structure and those of the few
other reported structures of (R3P)2M (M ) Pd, Pt) is the unusually

large deviation of the P1-Pd-P2 angle of 154.82(4)° from
linearity.10 Close inspection of the interatomic distances within the
coordination sphere reveals an unusually close contact between only
one biphenyl carbon atom, C20, and the palladium atom (C20-Pd
) 2.676(5) Å). This intramolecularη1-coordination of an arene to
palladium(0) is unprecedented and evidently partially satisfies the
electron deficiency at palladium, a stabilizing interaction that is
accommodated by the bent P1-Pd-P2 framework.11 It should be
noted that the coordinating arene ring is planar and that there is no
significant bond alternation among the C-C bonds of the ring. Thus,
the palladium atom appears to interact solely with theπ cloud of
the interacting arene, leaving the nominal sp2 hybridization at C20
undisturbed.12 By contrast, a more classicalπ-alkene interaction
is evidenced by the recently reported biaryl complexes (o-phen-
anthryl)PCy2Pd(dba)13 and [BINAP(O)]2Pd14 where a rare intramo-
lecularη2-arene coordination to Pd(0) exists. A CP-MAS31P NMR
spectrum of solid1 shows a broad AB pattern indicative of the
two inequivalent phosphorus environments.

The room-temperature1H and 13C{1H} NMR spectra of1 in
solution show sharp resonances which are consistent with an
“average” symmetric structure in which the two biphenyl groups
are indistinguishable. The room-temperature31P{1H} NMR spec-
trum shows one broadened resonance at 31 ppm. This indicates
that theπ-coordinated and free biphenylphosphine substituents are
rapidly exchanging on the NMR time scale. The origin of the
exchange is not due to the interchange of free and bound ligands
since an equimolar mixture of dcpBiph and1 gave rise to two
distinct 31P signals, ascribable to complex1 and the free ligand,
that remain unchanged up to 70°C.

The variable temperature31P{1H} NMR spectrum of1 in toluene-
d8 was examined. As the temperature is lowered, the31P{1H} NMR
spectrum of pure1 shows broadening of the31P resonance followed
by ultimate recoalescence into two distinct features at-90 °C: a
sharp AB pattern withδA ) 58 ppm,δB ) 15 ppm,2J(P-P) )
156 Hz and a slightly broadened singlet at 13.5 ppm. The AB
pattern is very similar to that found in the solid state, and is therefore
assigned to a conformer of1 that possesses bothπ-coordinated
and free biphenylphosphine substituents (A). The larger remaining
resonance at 13.5 ppm corresponds to the majority species in
solution (75%) at-90 °C. The 31P chemical shift of this sym-
metrical species is virtually identical toδB of conformerA and is
attributed to a species for which none of the arene substituents are
interacting with the palladium atom. The NMR spectra of solutions
containing1 are insensitive to total concentration of1 both at-90
°C and at room temperature, thereby precluding monomer-dimer
or higher oligomerization equilibria. We therefore ascribe the
majority low-temperature species to a conformer (or set of
conformers) of1 that possesses two noncoordinating biphenyl
groups (B).15

Figure 1. ORTEP drawing of1. Thermal ellipsoids are at the 30%
probability level. For clarity, hydrogen atoms are omitted, and the cyclohexyl
carbons are represented by spheres of arbitrary radius. Selected bond lengths
(Å) and angles (deg): Pd-P1, 2.2744(11); Pd-P2, 2.2778(11); P1-Pd-
P1, 154.82(4).
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Full line shape analysis16 of the variable temperature31P{1H}
NMR spectra gave∆H ) 2.04(5) kcal mol-1 and∆S ) -2.09(9)
cal mol-1 K-1 for the equilibrium shown above. These small
differences in energy are consistent with a conformer equilibrium.
The thermodynamic parameters also reveal that conformerA, while
the minority species at very low temperatures as indicated, becomes
the predominant species near room temperature. The activation
parameters for Af B of ∆Hq ) 7.5(5) kcal mol-1 and ∆Sq )
-5(1) cal mol-1 K-1 reflect a fairly congested transition state for
the conformer interconversion.

Since1 may be relevant to catalytic chemistry involving C-X
activation, the reaction of1 with halobenzenes was investigated.
The reaction of1 with excess PhX (X) Cl, Br, I) in benzene at
room temperature resulted in the expected formation of thetrans-
phenyl palladium halide complexes2a-2c (Scheme 1). The reaction
times follow the expected order of PhI (minutes)< PhBr (1 day)
< PhCl (several days). The phenyl palladium iodide (2c) is unstable,
however, and quickly gives rise to the bridging diodide (3) and
free dcpBiph ligand. Complex3 likely arises from ligand dissocia-
tion and dimerization of the resulting tricoordinate palladium
intermediate. Most interesting is the formation of the phosphonium
salts 4b,c as minor products (∼5% yields).17 These products
probably arise from the metalation of an ortho carbon of the distal
biphenyl ring of the phosphine ligand, followed by reductive
elimination a P-C bond from the palladium. This implies that a
palladium-arene interaction, similar to that observed in1, may
exist for the Pd(II) complexes (2b,c). In the case of2b,c, the
interaction has additional chemical significance in respect to arene
metalation.
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