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palladium on the tin-bound carbon atom.!*

The possibility of synthesizing ketones by using Pd-
(Ph-BIAN) catalysts was demonstrated by the coupling
of benzoyl chloride with Sn(CHj3), and reaction of benzyl
bromide with Sn(CHj), under 1 bar of CO pressure. These
reactions are highly selective, since in both cases the ketone
was formed as the only product in good chemical yield
(88-98%). In a separate experiment it was shown that
(Pd(Ph-BIAN)Br(CH,Ph)] in THF or CDC]; reacts rapidly
with CO at atmospheric pressure and room temperature
to yield the Pd-acyl complex [Pd(Ph-BIAN)Br(C(O)-
CH,Ph)] quantitatively,'” which explains the high effi-
ciency and selectivity of the carbonylative coupling.

We conclude that the new palladium complexes of type
1 and 2, containing the cis-fixed bidentate nitrogen ligand
Ph-BIAN, are active catalysts in a variety of selective
carbon—carbon bond-forming reactions which can be car-
ried out under mild reaction conditions using small
amounts of catalyst (generally 1 mol %).

(17) NMR (in CDCl,): 3.40 ppm, Pd(CH,Ph); 4.14 ppm, Pd(C(0)-
CH,Ph). IR (CH,CL): 1715 cm™, Pd(C(O)CH;Ph).

Further studies, involving the scope and limitations of
the Pd(Ph-BIAN)-catalyzed carbon—carbon bond-forming
reactions as well as mechanistic investigations and com-
parison with other ligands (e.g. other (cis-fixed) bidentate
nitrogen ligands and phosphines), are currently in progress.
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Summary: The thermal energy reactions of Tat, Nb*,
and NbL* (L = O, N) with arenes in the gas phase result
in cleavage of the aromatic rings with formation of me-
tallacyclopentadiene ion complexes via a retro-alkyne
cyclotrimerization mechanism. The ring cleavage reac-
tions are proposed to involve bent arene intermediates,
analogous to recently observed Ta- and Nb-benzene
complexes generated in solution by alkyne cyclo-
trimerization. The d° system NbO,* reacts with pyridine
exclusively via C-H bond activation involving a o-me-
tathesis transition state.

The interaction of arenes with transition-metal systems
has clear implications for the metal-catalyzed [2 + 2 + 2]
cycloaddition reactions of alkynes and nitriles and for the
activation of C-H bonds in aromatic systems.!? In accord
with this interest, the reactions of benzene and its halo-
gen-substituted analogues with gas-phase atomic metal
ions have been the subject of numerous recent investiga-
tions.>® Some of the most reactive gas-phase metal ions
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Figure 1. Plot of the decay of In (Ta*) as a function of time in
the reaction of thermalized Ta* with (i) C¢Hg and (ii) CsDg. The
ratio of the slopes yields a kinetic isotope effect of ky/kp = 1.1
+ 0.1.

react directly with benzene to generate benzyne com-
plexes,* and subsequent reactions for some metals produce
coordinated polyphenylenes.’® We report here on the
unusual thermal reactions of Nb* and Ta* with benzene
and pyridine, including ring cleavage by a retro-alkyne
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cyclotrimerization mechanism and the generation of co-
ordinated polycyclic aromatic hydrocarbons by fragment
coupling at the metal center.

Atomic metal cations were generated in a Fourier
transform ion cyclotron resonance mass spectrometer
(FT-ICR)™® by laser desorption/ionization of pure rods of
Nb or Ta.® After desorption, the ions in the trap un-
derwent a 0.5-s thermalization period, during which time
they were translationally and electronically cooled by
roughly 15 collisions with the reactant benzene or pyridine
(1 X 107 Torr). The remaining unreacted metal cations
were then isolated using swept RF ejection pulses.
Thermalization is confirmed by the linearity of the kinetic

I“—Ta+ + CH,
Table I. Primary Reaction Products
implied DO
M+ dr products® kcal mol™!
M*-Benzene Primary Reaction Products
Ta* d¢ TaCgH,* >77
TaC4H‘+ >152
TaCZH2+ ¢
Nb* d4 NbCeH,* >77
M*-Pyridine Primary Reaction Products?
Ta+ d TB.C4H4 >116
Nb* ds NbCH,* >116
NbO* d? NbOCH,** >116
NbN* 42 NbNC,H,*¢ >116
NbO** d° NbO,C;H;N*

plots (see Figure 1); plots for nonthermal reactions show
significant initial curvature. The NbL* complexes were
synthesized by reactions 1-3.1

Nb* + N,O0 — NbO* + N, 1)
— NbN* + NO 2)
Nb0+ + N20 - Nb02+ + N2 (3)

The primary products in the gas-phase reactions of Ta*,
Nb*, and NbL* (L. = O, 2 O, N) with benzene and pyridine
are shown in Table I. Products include formation of the
benzyne and pyridyne complexes, elimination of acetylene
and HCN, and formation of the acetylene complex. Pro-
duction of TaC,H,* from benzene only occurs if the Ta*
reactant ions are not thermalized, suggesting the reaction
is endothermic. The primary products are unusual because
all other metal ions reported to date react with benzene
by slow adduct formation or by C-H bond activation to
form metal-benzyne complexes.®-

Thermochemical values implied by these reactions are
also shown in the tables.!! Cleavage of a benzene or
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¢ Products accounting for 290% of reaction yield.
b Thermochemical data used to derive these values were obtained
from ref 11. °Product formed from reaction of nonthermalized
Ta* reactant ions. ¢Coordinated C;H; is a minor (<7%) product
of thermal pyridine-metal ion reactions. ¢Small (<10%) amounts
of dehydrogenation and/or adduct formation are also observed.

pyridine ring is clearly a high-energy process involving loss
of aromaticity and C-C (and in pyridine, C-N) bond
breaking. The Tat-benzene reaction implies D(Ta*-C,H,)
> 152 kcal/mol, while the NbL*=pyridine reactions in-
dicate D(NbL*-C,H,) > 116 kcal/mol. The high ligand
binding energies are a reflection of the product stability
that drives the ring cleavage. Both of these values are only
consistent with formulation of MC,H,* as a metalla-
cyclopentadiene ion (structure I). Typical M—C ¢ bonds

+/ == +
AN M

I II

for these metals are in the range of 55-65 kcal/mol.!?
Though the binding energy for TaC,H,* is greater than
the sum expected for two M-C o-bonds (~110-130
kcal/mol), in this case the metal has two extra electrons
that can be donated to the r-system to form an aromatic
complex of enhanced stability. A metallacyclopentatriene
structure, similar to structure II, is not possible for the
NbL* products because it requires an unreasonable oxi-
dation state for the metal. Any other reasonable structure
for MC H,* would involve side-on olefin coordination to
the metal. Typical Ta*-olefin and Nb*-olefin binding
energies are in the range of 45-70 keal/mol,'® well below

(12) A method for predicting M-C and M~H bond energies may be
found in: Armentrout, P. B.; Georgiadis, R. Polyhedron 1988, 7, 1573.
(13) Buckner, S. W.; Freiser, B. S. Polyhedron 1988, 7, 1583.
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the presently observed values. Pyridine, but not benzene,
cleavage by Nb* occurs simply because HCN elimination
from pyridine requires 32 kcal/mol less energy than
acetylene elimination from benzene, which also explains
why nitrogen is not retained in the metal complex in any
of the pyridine reactions.

Scheme I presents a mechanism for the reactions of Ta*
with benzene, corresponding to the reverse of the cyclo-
trimerization of alkynes.!? The reaction of Ta* with C;D;
generates the analogous deuterated products with a very
small to negligible kinetic isotope effect (ky/kp = 1.1 £
0.1; see Figure 1), consistent with the formation of a tan-
talacyclopentadiene intermediate that does not require a
C-H bond-cleavage step. The formation of the acetylene
complex from “hot” Ta* involves subsequent decomposi-
tion of internally excited TaC,H,* by a retro-Reppe
mechanism.! An analogous mechanism is proposed for the
pyridine reactions.

The mechanism shown in Scheme I involves a “bent”
ring system. Recent structural characterizations of a few
tantalum-benzene complexes have shown the benzene
distorted into a “boat” configuration with a 26° out-of-
plane bend.'* The two benzene carbon atoms bent toward
the metal center have Ta—C distances close to that ex-
pected for o-bonds. These complexes were synthesized by
[2 + 2 + 2] cycloaddition reactions. Niobium cluster
complexes have also been characterized which incorporate
multiple boat benzene ligands, each with at least a 22.6°
out-of-plane bend.’®* The d* Nb* and Ta* and the d?
NbN* and NbO* systems all can form the Nb~C bonds
(see structure III) necessary to initiate the ring-cleavage

II1
process. This is consistent with the condensed-phase ob-

(14) (a) Wexler, P. A.; Wigley, D. E. J. Chem. Soc., Chem. Commun.
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Spivack, B.; Stanley, G.; Eisenberg, R.; Braitsch, D. M.; Miller, J. S.;
Abkowitz, M. J. Am. Chem. Soc. 1977, 99, 110.

servation that boatlike benzene structures are only ob-
served for lower oxidation state early transition metals with
two or more d electrons. The d° NbO,* cannot form the
necessary Nb—C bonds; thus, pyridine ring cleavage is not
observed. However, many d° systems can activate C-H
bonds through four-centered o-metathesis transition
states,'® as in structure IV. In accord with this, NbO,*
slowly dehydrogenates pyridine.

N
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The primary benzyne and metallacyclopentadiene
products will undergo subsequent reactions with either
benzene or pyridine. Reactions out to 90 s and at pressures
up to 1 X 107 Torr have been investigated. Ta* reacts with
benzene as many as four times while Nb* dehydrogenates
up to three benzene molecules. Previous work on the
reactions of halogenated benzene showed coupling of
benzyne ligands to form metal ion—polyphenylene com-
plexes.3* To probe for coupling of the unsaturated ligands
on Ta* we have performed collision-induced dissociation
experiments on the TaC,,Hg* product of reaction 4.

TaC4H4+ + CsHe - Taclng+ + H2 (4)

Observation of a small peak at the m/e value corre-
sponding to naphthalene cation suggests the secondary
formation of Ta(naphthalene)*, most likely by a Diels—
Alder mechanism. Subsequent reactions of TaC,;Hg* with
benzene support the view of coupled hydrocarbon frag-
ments that leave the metal center relatively unhindered.
We are currently investigating the reactions of a variety
of arenes with these metal cations to probe these inter-
esting processes in more detail.

Acknowledgment. We acknowledge the donors of the
Petroleum Research Fund, administered by the American
Chemical Society, for support of this work. We gratefully
acknowledge many helpful discussions with Professor
David E. Wigley.

OM910732N

(16) Rothwell, L. P. Polyhedron 1985, 4, 177.

Stereoselection Effects in the Catalytic Hydroamination/Cyclization of
Aminoolefins at Chiral Organolanthanide Centers

Michel R. Gagné, Laurent Brard, Vincent P. Conticello, Michael A. Giardello,
Charlotte L. Stern, and Tobin J. Marks*
Department of Chemistry, Northwestern University, Evanston, lllinois 60208-3113
Received April 22, 1992

Summary: The chiral organolanthanide complexes
Me,Si(Me,CsXCsH;R *)LnE(SiMe;), (R* = (-)-menthyl,
(+)}neomenthyl; Ln = La, Sm; E = N, CH) serve as pre-
catalysts for the enantioselective or diastereoselective
hydroamination/cyclization of aminoolefins to chiral pyr-
rolidines and piperidines.

We recently reported!® on the synthesis, structural

characterization, and efficacy (high enantiomeric excesses
and turnover frequencies) as precatalysts for asymmetric
olefin hydrogenation of the chiral organolanthanide com-
plexes Me,Si(Me,C;) (C:H;R*)SmCH(SiMes), (1 and 3; R*

(1) (a) Conticello, V. P.; Brard, L.; Giardello, M. A.; Tsuji, Y.; Stern,
C. L.; Sabat, M.; Marks, T. J. J. Am. Chem. Soc. 1992, 114, 2761-2762.
(b) Symmetry labels refer to the planar chirality element associated with
Ln coordination to the appropriate cyclopentadienyl enantioface.
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