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Catalytic chemistry of soluble transition-metal complexes with
alkylamine substrates is not well developged limited number
of platinum-group alkylamido complexes have been isol&téH,
even fewer possegshydrogen$,#-15 and few examples have
been formed directly from an amiféé2° We communicate
the general and reversible activation of primary alkylamire-N
bonds by palladium complexes. These reactions allow for (1)
isolation of palladium alkylamides that possg¢bsfydrogens,

(2) the first X-ray structure of a low-valent late-metal alkylamide
(3) information on the thermodynamic relationship between a
bridging transition-metal hydroxide and its bridging amido
analog, (4) strong evidence for an-M activation mechanism
that involves two amines along the pathway toward cleavage
of a single amine N-H bond, and (5) an autocatalytic pathway
requiring product amine in the reverse extrusion of amine by
water.

Addition of excess primary amines to the triphenylphosphine-
ligated palladium aryl hydroxide dimet?! led to complete
consumption ofl, elimination of water, and formation of
palladium amides at either room temperature or slightly above
room temperature, as outlined in Scheme 1. The direction of
these reactions stands in marked contrast to reactions of mai
group systems and can be rationalized by hard/soft concepts
Alkali-metal amides, of course, react violently with water to
form the corresponding hydroxides. The palladium mitextt
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butylamido hydroxo compoun® was generated in 68% yield
by 3P NMR spectroscopy (B{tolyl)s internal standard) by
heatingl in neattert-butylamine at 70°C for 1 h and was
isolated in 62% yield after recrystallization from THF/Gt As
one would then expect, anilines also reacted wvii#? The
mixed palladium 2,6-dimethylanilido hydroxo compoudhdias
generated in 97% yield¥P NMR spectroscopy) by mixing a
THF solution of1 with 10 equiv of 2,6-dimethylaniline at 70
°C for 1 h and was isolated in 58% yield.

Remarkably, primary amines that would give palladium
amides with3-hydrogens reacted cleanly withto give product
amido complexes as air stable, crystalline solids. In one case,
a THF solution ofl was reacted with 10 equiv sEebutylamine
at room temperature fo5 h to give a 96% yield ofsec
butylamido complex4 by 3P NMR spectroscopy and 72%
isolated vyield. Similarly, the bis(isobutylamido)palladium
complex5 was generated as a single isomer in 87% yield and
was isolated in 69% yield by stirrinfjin neat isobutylamine at
room temperature for 15 min. Reaction of 1 equiv of isobu-
tylamine gave 1/2 half equiv of product and 1/2 equiv of
remaining starting material. It was not necessary to use neat
amine to observe complete reaction bf but high amine
concentrations did reduce the formation of side products. The
syngeometry of2, 3, and4 and theanti geometry of5 shown
in Scheme 1 were deduced frof#P{1H}, 1H, and 13C{1H}
NMR spectral data, and were confirmed by X-ray diffraction
in the case of compound. Attempts to prepare analogous
dialkylamido complexes by similar exchange reactions resulted
in the decomposition of and formation of PPO.

An ORTEP diagram of is provided in Scheme 1 with the
distances (A) and angles of one of the two halves of the
molecule. The four-membered ring core is markedly puckered.
The dihedral angle between the-®d1-N and O-Pd2-N
planes is 123.0%9or 57 away from planar. As discussed
recently?2 some bridging hydroxo and amido complexes are
bent and others are planar. The two halves of the core appear
chemically, though not crystallographically, equivalent, and the
two Pd-0O and Pd&-N distances are indistinguishable. Despite
the larger size of nitrogen and the presence of an N-bound alkyl
group, the PeN distances are shorter than the-Ral distances.

As demonstrated below, the shorter distance is not a result of a
stronger Pe-N bond23

The formation of palladium amide—5 from 1 was
reversible. Addition of an excess of water to a THF solution
of 2—5 resulted in the formation of and the corresponding
primary amine. Upon standing for up to 2 da§%{'H} NMR

(22) For a well-characterized example and related references, see: Ruiz,
J.; Martinez, M. T.; Vicente, C.; Garcia, G.; Lopez, G.; Chaloner, P.;
Hitchcock, P. B.Organometallics1993 12, 4321.

(23) For a recent discussion of bond lengths and strengths, see: Ernst,
R. D.; Freeman, J. W.; Stahl, L.; Wilson, D. R.; Arif, A. M.; Nuber, B.;
Ziegler, M. L.J. Am. Chem. S0d.995 117, 5075.

S0002-7863(95)04129-1 CCC: $12.00 © 1996 American Chemical Society



Communications to the Editor

spectroscopy showed the presence of only the amido complexesScheme 2

2—5 and1. However, when solutions were allowed to stand
for more than 4 days, the solutions turned from clear to brown,
and the formation of triphenylphosphine oxide began to be
observed.

The equilibrium in eq 1 was established in the presence of
an amount of water that led to partial conversionlofo 4.

K=24

1+ H,N-secBu

4+H,0 (1)

AG = —1.9 kcal/mol

After the reaction reached equilibrium, the concentrations of
and 4 were measured byP NMR spectroscop¥, and an
equilibrium constant of 24- 1 was obtained. Because equal
numbers of molecules lie on either side of egA&y® for this
reaction is likely to be small andGygg® = AH®.25 From the
resulting AH, of 1.9 £ 0.1 kcatmol™, the known 119
kcakmol~! O—H bond strength of water, and the-i bond
strength ofsecbutylamine presumably similar to the known 100
kcalFmol™! value for HNMe=?® one can conclude that the
bridging Pd-u-OH—Pd interaction is stronger than the bridging
Pd—u-NHR—Pd interaction by roughly 17 kcahol™.27 It is
difficult to directly compare these results to those for terminal
amido and hydroxo system%put the metat-hydroxo linkages
are stronger than the metadmido linkages in both cases.

The mechanism for NH bond cleavage that follows from
our kinetic data is, perhaps, counterintuitive but is consistent
with fundamental information on ligand substitution and proton
transfer. Kinetic data were obtained at 25 by monitoring
the decay of the equilibrating isomers of the hydroxide dimer
1 by *H NMR spectroscopy in THREg solvent. Conditions of

excess amine were employed, ensuring its constant concentration

throughout the reaction and complete consumptiof. ofThe
reaction was first order it andsecondorder in [NH-secBu],
despite the single amide ligand in the proddc® Reaction
rates were independent of [Pk 1.1 x 1074 s71 for
0.130-0.390 M) and were qualitatively unaffected by added
water.

Three possible mechanisms for the reactiorilafith sec
butylamine are illustrated in Scheme 2. The second-order
dependence of the reaction on,ftsecBu] is consistent with
only path A. Path A also predicts a first-order dependence on
[1]. This first-order dependence results from reversible proton
transfer and irreversible formation éby reaction of two halves
of the original 1, one half existing as a mononuclear amido
intermediate and the other half as a mononuclear hydroxo
intermediate. Paths B and C would show a first-order depen-
dence on [amine]. Other potential mechanisms involving
phosphine dissociation are ruled out since they would be either
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inverse first order in [PP#i if dissociation were reversible, or
zero order in [HN-secBuU] if dissociation were irreversible.

In addition to the counterintuitive second-order dependence
on [amine], proton transfer from the coordinated amine to form
a coordinated water may also appear counterintuitive as a result
of the 10 log unit difference between amine and watkg p
values in organic solven#8. However, this unfavorable equi-
librium corresponds to only 14 keahol~! of the 22 kcalmol~!
AGeg' for the overall reaction. The reversible proton transfer
also leads to an unusual prediction fq/kp. The observed
kinetic isotope effect for the formation af from 1 will be
dominated by an equilibrium isotope effect for the reversible
proton transfer. The value &§/Kp for the proton transfer and
thereforeky/kp for the overall reaction is likely to be less than
1 as a result of the higharoy thanvyy. We have, indeed,
observed an inversky/kp of 0.7 + 0.1 for the exchange of
1—(u-OD), with D,N-secBu.

Finally, the reaction of amine with by pathway A leads to

an unusual prediction for the mechanism of the reactiod of
with water to form1. Microscopic reversibility requires that
the mechanism for the formation 4fand amine from4 and
water be the reverse of path A and that the extra amine involved
in the forward reaction also be involved in the reverse reaction.
Thus, the reverse reaction should be first order in water and
first order in product amine and should show autocatalytic
behavior. Consistent with this prediction, addition of only water
to 4 gave little reaction after several days, but addition of amine
and water ta4 established the final equilibrium quantities bf
and4 after several hours.

In summary, we have revealed the first kinetic and thermo-
dynamic data on a general-NH activation process of unacti-
vated amines with late-transition-metal complexes, and these
reactions produce palladium amides beafidgydrogens. We
are continuing to study these processes as well as the reaction
chemistry of the palladium amido products.
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