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The reductive elimination reaction (eq 1) is a key transforma-
tion in organometallic chemistry, often representing both the
product-forming and rate-determining steps in a number of
important transformations, both stoichiometric and catalytic.1

Examples include chemistries as varied as hydrogenation, hy-
droformylation, carbonylation, hydrocyanation, and coupling
reactions.2 While the importance of this transformation is clear,

a quantitative understanding is not as well developed as other
fundamental reactions in organometallic chemistry,1a,3 although
C-H, Si-H, and C-C elimination have received significant
attention.1,4 The effect of ancillary ligands on the energetics of
reductive elimination is lacking to a significantly greater degree.
This latter point is particularly important, as chelating diphos-
phines with large bite angles have recently been shown to be
especially beneficial in a number of important catalytic reactions
and these ligands are now receiving a great deal of attention.5-7

In several cases it is speculated that large bite angle diphosphines
accelerate reaction rates by enhancing the rates of product-forming
reductive elimination,5a-d,8 and two prior studies offer evidence
for this conclusion.5c,9 We have found that reductive elimination
of RCN from the complexes (diphosphine)Pd(R)(CN) (R) CH2-
TMS, CH2CMe3) provides a unique opportunity to study the
kinetics of this important transformation and a quantitative
measure of how it is influenced by the chelating diphosphine.
These complexes also serve as models for two important

transformations: nickel-catalyzed olefin hydrocyanation10 and
palladium-catalyzed coupling reactions.8

The complexes (diphosphine)Pd(R)(CN) are prepared via the
route shown in eq 2. The synthesis of the dialkyl precursors
follows procedures described for similar complexes.11 Conversion

of the dialkyls to the alkyl cyanide complexes is accomplished
by one of two methods: treatment with CF3CO2H, followed by
Bu4NCN, or by direct reaction with excess HCN.12 Complexes
1-5 present a series wherein the chelate ring size/bite angle is
methodically changed while maintaining constant donor properties
at phosphorus, as shown by IR.13

Heating a colorless solution of complex1 andg1.5 equiv of
diphos in THF-d8 leads to quantitative formation of TMSCH2-
CN and bright yellow Pd(diphos)2, as determined by1H and31P
NMR monitoring. A kinetic analysis shows the reaction is first
order in1 and is independent of the excess diphos concentration,
for >5 half-lives. Events leading to the transition state are thus
intramolecular, and the excess ligand serves only to trap Pd(0).
The formation rate of TMSCH2CN is equal to the decay rate of
1. Kinetic analyses of reductive elimination from complexes2-5
were also conducted. As with1, all experiments were conducted
in the presence of a small excess of the appropriate diphosphine.
The entire series exhibits first-order decay in [Pd(alkyl)(cyanide)]
and zero-order dependencies on the excess diphosphine. All
kinetic runs showed clean formation of TMSCH2CN and Pd-
(diphosphine)2, the latter confirmed by independent generation
from Pd2dba3 and 4 equiv of diphosphine.14

The reductive elimination rate increases significantly with
increasing diphosphine bite angle (Table 1). Thus, progressing
from the small bite angle (∼85° 7b) ligand diphos in1 to the larger
bite angle of DIOP (∼100° 7b) in 3 results in a nearly 104-fold
rate increase. Complex2, with an intermediate bite angle (dppp,
∼90° 7b), lies between these two extremes. Because the substit-
uents at phosphorus are essentially identical throughout this series
the kinetic ordering is attributable to changes in the chelate ring
size and is not electronic in origin.15 Increasing chelate ring size
results in increased bite angles, chelate flexibility, and steric size,
and all would be expected to enhance reductive elimination in
the present case. These factors favor both a mechanism involving
an intact chelate ring (where∠PPdP is ideally larger in the
transition state than in the square planar starting material) or one
involving preequilibrium chelate ring opening. Increasing the
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diphosphine bite angle and sterics compresses the∠CPdC, forcing
the two carbon atoms closer together, and this would also be
expected to accelerate C-C bond formation and subsequent
elimination.16 Enhanced reductive elimination rates with increas-
ing bite angle has been previously suggested5c but quantified only
in the case of (diphosphine)Ni(CH3)2, where elimination of ethane
is 50 times faster for dppp than for diphos, similar to that observed
here.9 Computational studies indicate that reductive elimination
proceeds with reduced barriers when∠PPdP in hypotheticalcis-
(PH3)2Pd(CH3)(CHdCH2) is allowed to increase along the reac-
tion coordinate.8

The rate law and activation parameters (∆Sq) rule out a
mechanism involving coordination of excess phosphine to give
an 18 e intermediate which then reductively eliminates product.17

However, the kinetic data do not distinguish between mechanisms
involving four-coordinate (16 e) or three-coordinate (14 e)
intermediates, the latter involving dissociation of one arm of the
diphosphine chelate. The ligand dissociation preequilibrium
mechanism is generally favored with related monophosphine d8

complexes such as (R3P)2M(X)(Y) (M ) Ni, Pd, Pt), and (R3P)-
Au(R′)3.1d,2,5e,18 Both mechanisms are consistent with the observed
kinetic ordering with respect to chelate ring size. Exchange of
the inequivalent P nuclei in complexes1-5 is not observed by
31P NMR during the course of the reductive elimination, but the
time scale of this experiment is of no use for discriminating the
two mechanisms.19

An attempt to distinguish these mechanisms has been made
through the use ofgem-dialkyl and Thorpe-Ingold effects.21 gem-
Dialkyl substitution is known to greatly enhance and stabilize
ring formation in organic ring systems. The new ligands Et2-
dppp and (CH2)3dppp were prepared to investigate the effect of
gem-dialkyl substitution on reductive elimination. Both disfavor
a phosphine dissociation preequilibrium due to unfavorable gauche
interactions in their ring-open forms (gem-dialkyl effect), interac-
tions which are absent in dppp. At the same time, these ligands
differ in their bite angles; of this series, Et2dppp should have the
smaller bite angle due to angle compression at the central carbon
atom and (CH2)3dppp should have the larger bite angle due to

angle enlargement (Thorpe-Ingold effect). Thus, reductive
elimination by a mechanism involving chelate ring opening and
a three-coordinate intermediate should exhibit the kinetic ordering
4,5 < 2. Instead, the observed kinetic ordering tracks the bite
angles (4 < 2 < 5). While this ordering result supports a
mechanism involving an intact ring, the effect ofgem-dialkyl
substitution has not been widely exploited or quantified in metal-
phosphine systems.21 Therefore, these results are offered as
evidence for an intact chelate ring but do not conclusively rule
out a phosphine dissociation preequilibrium.22

Activation parameters are provided in Table 1. These data
show that the reductive elimination is dominated by the∆Hq term,
with a small but favorable entropic contribution of 0-14 eu.
Trends in∆Hq and∆Sq are not obvious, with the exception that
substituents on the chelate ring tend to increase both parameters.
An interpretation of the change in∆Hq is difficult23 but the
increase in∆Sq may reflect increased flexibility in the transition
state of the ring-substituted systems.

The small∆Sq suggests that elimination of the coupled product
occurs after the transition state, and the mechanism presented in
Scheme 1 is proposed to account for these results. This
mechanism resembles the familiar migratory insertion of CO into
metal-carbon bonds to produce acyl complexes. Considering
the isoelectronic relationship between CO and CN-, this is a
reasonable conclusion. Further note that reductive elimination
of (CH3)3CCH2CN is faster than TMSCH2CN. Elimination of
CH3CN from (diphosphine)Pd(CH3)(CN) is, in turn, much slower
than TMSCH2CN,24 and thus the kinetic ordering with respect to
the alkyl group is (CH3)3CCH2 > TMSCH2 . CH3. This order,
as well as its magnitude, is the same as that observed for migratory
CO insertion,25 adding further support to the suggestion that the
mechanisms are related.26 These results have bearing on other
examples of reductive elimination reactions in that they also
appear to involve a migration mechanism involving three-center
transition states andσ or π bound intermediates, as opposed to
concerted mechanisms.1b,4,8

In conclusion, relatively minor changes in the chelate bite angle
have been shown to induce a significant effect (ca. 104-fold) on
the rate of reductive elimination. Further studies of the effect of
ancillary ligands on reductive elimination reactions are in progress.
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Table 1. Rate Data and Activation Parameters for Reductive
Elimination of RCN from the Complexes (diphosphine)Pd(R)(CN)

Complex
k at 80°C

(s-1)a,b
∆Hq

(kcal mol-1)c
∆Sq

(e.u.)c

temp
range
(°C)

1 2.1(0.2)e-6 30.8(3) 2.3(8) 85-119
2 5.0(0.7)e-5 27.3(1.2) -1(3) 60-98
3 1.0(0.2)e-2 28.2(0.4) 12(1) 36-60
4 2.1(0.1)e-5 32.9(0.6) 13(2) 65-94
5 7.4(0.7)e-5 32.5(0.9) 14(3) 60-94
diphosPd (CH2CMe3)(CN) 2.6(0.1)e-5 28.7(0.5) 1(2) 66-87

a Rate constants at the common temperature of 80°C are calculated
by interpolation or extrapolation of linear regressions of the Eyring
data (see the Supporting Information).b Values in parantheses are 95%
confidence limits.c Values in parantheses are the standard error.

Scheme 1
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