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Although reductive elimination has been known for over 40 years
and is an essential step in coupling reactions,1-6 within the catalytic
cycle, there are very few quantitative kinetic studies of the Csp2-Csp2

reductive elimination.7,8 Investigation of stoichiometric reactions of
biaryl Ni, Pd, and Pt complexes reveals valuable insight into the
reductive elimination step.9-11 The rate constants of the reductive
elimination of Csp2-Pd-Csp2 and Csp2-Pt-Csp2 systems have been
measured to be in the range of 10-3 to 10-5 s-1.9,10 In sharp contrast,
catalytic reactions for Csp2-Csp2 couplings appear to be much faster,
as catalytic processes can occur at temperatures as low as -30 °C
which indicates a much lower energy activation barrier.12

Collman et al. in 1987 discussed that the rates of many reductive
elimination reactions are very difficult to obtain because they are
so exothermic and the corresponding oxidative addition is un-
known.13 In fact, until today, there are still few bis-aryl Ni and Pd
complexes that have been employed to study the reductive
elimination step.9-11,14 To obtain a quantitative measurement of
reductive elimination, stoichiometric systems have to be carefully
designed to provide meaningful data. For example, recently, the
corresponding Pt complexes have been successfully investigated.9

However, it is possible that these systems do not accurately reflect
the reductive elimination rate in the catalytic cycle.15

To gain an accurate measurement of the rate of Csp2-Csp2

reductive elimination within a catalytic reaction, it should be the
rate-determining step.8,16,17 In cross-coupling reactions, when aryl
chlorides or aryl bromides are utilized as electrophiles, oxidative
addition is usually the rate-determining step.5,16 Although aryl
iodides are known to react more rapidly, to our knowledge,
reductive elimination has not been shown to be rate-limiting with
these electrophiles. Thus, it is important to devise a new system
that allows quantitative investigation of reductive elimination rates
within the catalytic cycle.

Recently, we have been focusing on oxidative coupling reactions
and were inspired to investigate the kinetics of Csp2-Csp2 coupling
reactions (Scheme 1).18-20 With the proper choice of oxidant A-B
and organometallic reagents that rapidly undergo oxidative addition
and transmetalation, reductive elimination might become a rate-
determining step and, therefore, can be measured quantitatively. Herein,
we report our efforts in the kinetic measurement of the Csp2-Csp2

reductive elimination step in a catalytic sequence occurring through a
Ni-catalyzed Negishi-type oxidative coupling reaction.

The model system we have devised shown in eq 1 consisted of
desyl chloride (2-chloro-1,2-diphenylethanone) 2 as the A-B type
oxidant and aryl zinc 1. Our initial studies began with reactions
catalyzed by Pd(OAc)2 at 20 and 0 °C. As shown in Figure 1, plots
of [Ar-Ar] formation vs time gave straight lines which indicates
that the reaction rate is independent of [1] and [2]. Since
Ni-catalyzed coupling reactions are also known, we then investi-
gated the kinetics with our newly devised model employing
Ni(acac)2 as the catalyst. To our surprise, these reactions were so
fast that they went to completion within seconds at 20, 10, and
even 0 °C (Figure 1). Thus, we further lowered the reaction
temperature to -35 °C, so that we could obtain a significant number
of data points. At this temperature, the reaction was completed
within 6 min, and the kinetic plot was also a straight line. Again,
this clearly shows that the reaction rate is independent of [1] and
[2].8,21
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Scheme 1. Proposed Mechanism for the Oxidative Coupling
Reaction

Figure 1. Reaction progress profiles for oxidative coupling reactions in
the presence of different catalyst systems at varied temperatures with in
situ IR.
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The kinetic profiles in both Pd- and Ni-catalyzed oxidative
coupling reactions show that the rates are independent of [1] and
[2]. This indicates a zero-order kinetic behavior. With the catalytic
cycle shown in Scheme 1, if either the oxidative addition or
transmetalation step is the rate-determining step, the reaction rate
will decrease as 1 or 2 is consumed, resulting in a first-order kinetic
curve. If the reductive elimination is the slow step, the reaction
rate will only depend on [Ar-Ni-Ar]. The rate will be independent
of [1] and [2] and will show a zero-order kinetic curve. Thus, data
in Figure 1 imply that the reductive elimination step in this oxidative
coupling reaction might be the rate-determining step.

To confirm that the reductive elimination is indeed a rate-limiting
step, it is necessary to perform the kinetic studies with different
initial [1] and [2] (see Supporting Information Figure S1). All
reactions exhibit zero-order kinetic plots and show identical rates.
The results do indicate that the rate of this oxidative coupling is
independent of [1] and [2] and that reductive elimination is the
rate-limiting step. It is also noteworthy that the catalytic reaction
is first-order in Ni(acac)2 (see Supporting Information Figure S2)
and the overlay of the same excess experiments suggests that
catalyst deactivation does not occur (see Supporting Information
Figure S1).22

Thus far, all evidence connects the zero-order kinetic behavior
with reductive elimination as the rate-limiting step. However,
another possibility exists. If the Ni species generated from the
reductive elimination of Ar-Ni-Ar is different from the Ni species
required for oxidative addition of 2, and the rate-determining step
is the transformation between these two species, then zero-order
kinetics will also be observed. We define this transformation as
the “black-box process”.23 To distinguish between the reductive
elimination as the rate-limiting step or the “black-box process”,
reactions of arylzinc reagents bearing different functionalities were
carried out (see Supporting Information Figure S3). The oxidative
coupling reactions of p-MeOPhZnCl and p-ClPhZnCl were carried
out at -10 °C in the presence of 0.2 mol % Ni(acac)2, and different
rates were observed (Table 1, entries 8 and 9). This excludes the
possibility of the “black-box process” as the rate-limiting step.
Hence, reductive elimination as the rate-determined step in this Ni-
catalyzed oxidative coupling is unambiguously confirmed.

Our model reaction provides an opportunity to quantitatively
determine the rate and the Arrhenius parameters for the Csp2-Csp2

reductive elimination step. In Table 1, we have explored the kinetics
of the reactions with different aryl zinc reagents and different
temperatures. All of the reactions exhibit zero-order kinetics, and
the rate constants for the reductive elimination range from 0.23

s-1 at -35 °C to 3.5 s-1 at 0 °C, which is ∼3-4 orders of
magnitude greater than the reported values.9

For the Arrhenius parameters, plots of ln(k/T) vs 1/T (see
Supporting Information Figure S4) for the reaction of p-MePhZnCl
give a smooth linear relationship, allowing calculation of the
activation energy in the oxidative coupling reaction. According to
the Arrhenius equation, we obtain the values of ∆H‡ and ∆S‡ (∆H‡

) 9.7 kcal mol-1, ∆S‡ ) 35 J mol-1 K-1). In addition, the positive
∆S‡ value is consistent with reductive elimination as the rate-
limiting step.

The remarkable feature of our results is that the system uniquely
allows direct quantitative investigation of a Csp2-Csp2 reductive
elimination within a catalytic cycle. Even at -35 °C, the rate
constant of the reductive elimination of Csp2-Csp2 is 0.23 s-1,
which is an unusually fast reaction rate. The value itself reveals
the facile nature of Csp2-Csp2 reductive elimination process.
The novel and reliable oxidative coupling model allows us to gain
an insight into the activation energy barrier and entropy of the
reductive elimination, which derived from a living catalytic cycle.
Moreover, it is also remarkable that this is a system without
phosphine or nitrogen based ligands, and the small value of ∆H‡

reveals that, for this particular reaction, fundamentally the reductive
elimination step is an extremely facile process.
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Table 1. Reductive Elimination Reaction Rate Constants of
Csp2-Ni-Csp2a

a For details of kinetic profiles, see Supporting Information.
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