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Abstract: The mechanism of the Heck reaction using
palladium complexes with large phosphoramidite
ligands is investigated. The catalyst precursor is an
inactive dimer that equilibrates with the active
monomeric species. A series of kinetic models is
introduced and compared with concentration profiles
obtained from FT-NIR spectroscopy. First, an ana-
lytical solution of the differential equations for a
simplified mechanism is considered. This fits well at
low conversions but deviates at higher conversions
with increasing deactivation. Formation of palladium
clusters and palladium black is then included, with the
simplification that all the deactivation processes are
represented by a single first-order process. This

results in a five-step mechanism that describes the
dimer-monomer equilibrium, the Pd(II)/Pd(0) cata-
lytic cycle, and the catalyst deactivation process. The
model can be used to monitor the transient concen-
trations of the virtual Pd(0), Pd(II), and dimer
catalyst species, and helps to explain the effects of
water. The high resolution of the measurements and
low error levels of the models render this approach a
powerful tool for mechanistic studies in homogeneous
catalysis.
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Introduction

The palladium-catalysed cross-coupling of aryl halides
and olefins (the Heck reaction) is one of the most useful
protocols in fine-chemical synthesis.[1±6] The reaction
tolerates a broad range of functional groups and
conditions, and has been optimised to give turnover
numbers and turnover frequencies in the millions.[7,8] It is
also used in several large-scale commercial process-
es.[9,10] Hundreds of studies were published on this
reaction since its discovery by Heck and Mizoroki in
1968, but the intricate mechanism of the catalytic cycle is
still a hot point of scientific debate, that also extends to
the mechanisms of the Stille, Suzuki, and Ullmann
coupling reactions.[11±15] The classic four-step catalytic
cycle (Scheme 1) is riddled with solvent,[16] salt,[17±19] and
catalyst precursor[20] side-effects that, contrary to their
name, are now considered to play a major role in the
reaction. Another problem is the deactivation of the
homogeneous palladium catalyst via clustering to form
palladium black.[21] The palladium clusters complicate
things even further, as they themselves may catalyse the
reaction or act as catalyst precursors.[22,23]

A promising ligand system for the Heck reaction is the
family of bulky monodentate phosphoramidites.[24]

Here the catalyst precursor is a dimer. Although the
isolated dimer 1 is itself inactive, when dissolved in the
reaction mixture it equilibrates with the monomer 2,
that can then participate in the catalytic cycle
(Scheme 2). Dimer-monomer catalyst equilibria are
reported for a number of palladium-catalysed reactions,
and recent investigations support the concept where the

Scheme 1. Classic catalytic cycle for the Heck reaction.
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dimer acts as a −reservoir× for the active monomer.[25,26]

However, as in many homogeneously catalysed systems,
it is difficult to propose a comprehensive mechanism
due to the complexity of the reaction and the lack of
high-resolution concentration profiles.

In thispaper,wemonitor theHeckreactionbetweenPhI
and n-butyl acrylate to give n-butyl cinnamate in the
presence of the dimer catalyst precursor 1. Using in situ
high resolution near-infrared spectroscopy, we examine
the reaction profiles in detail and fit a kinetic model to the
data. To our knowledge, this is the first model that explains
all three stages of the reaction: the dimer-monomer
equilibrium activation period, the catalytic cycle itself,
and the deactivation of the catalyst as palladium black.

Results and Discussion

In a typical reaction [Eq (1)], PhI, n-butyl acrylate, and
Et3N were mixed in N-methylpyrrolidone (NMP) in the
presence of 1.0 mol % dimer 1 at 50 �C. The concen-
tration profiles of PhI and n-butyl cinnamate were
monitored using Fourier-transform near-infrared (FT-
NIR) spectroscopy. For comparison and validation
purposes, samples were also analysed by GC.

�1�

Previously, based on preliminary kinetic profiles at
80 �C obtained using GC analysis, one of us proposed a
first-order mechanism for this reaction, with the migra-
tory insertion as the rate-determining step.[24] This
simplified mechanism does not take into account the
full dimer-monomer equilibrium and the fact that the
homogeneous Pd(0) complex deactivates as palladium
black. However, the mechanism is in good agreement
with the GC data at low and medium substrate
conversions.

By lowering the reaction temperature to 40 ± 50 �C
and using FT-NIR, we can probe the mechanism in
detail. In contrast to GC, FT-NIR affords an excellent
time resolution, which means that every reaction profile
contains sufficient sample points to enable a meaningful
residuals analysis. Moreover, precise monitoring of
the reactants and products over the entire reaction
duration enables the construction of kinetic models
that take into account the whole reaction profile,
giving a more accurate presentation than the con-
ventional initial rate methods.[26] Figure 1 shows a
typical concentration profile of PhI obtained at
50 �C (for comparison, the results of the GC analysis
are also shown). The profile is more complex than
a first-order reaction. It begins with an activa-
tion period, and ends with a deactivation (the forma-
tion of palladium black). Furthermore, it shows a
curious acceleration in between (vide infra). Never-
theless, the first-order rate constant estimated
from this profile can still be used as a starting
guess for the more detailed kinetic and mechanistic
models.

The kinetic model was constructed in two stages. First,
we extended the mechanism to include the dimer-
monomer equilibrium [Eqs. (2) and (3), where k1 and k2

are the rate constants for the dissociation and the
formation of the dimer precursor, and k3 is the rate
constant for the catalytic reaction).

Scheme 2. Dimer-monomer equilibrium and catalytic cycle. Note that in the first turnover the Heck product will be dictated by
the organic residue of the catalyst precursor, in this case PhCN. In subsequent turnovers the product will depend on the ArX
substrate.
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�2�

�3�

If we then denote the dimer as A, the monomer as Q, and
the aryl halide as B, we obtain the simple pair of
equations (4) and (5), from which we derive the
corresponding pair of differential equations (6) and (7).

Rather surprisingly, these differential equations do
have an analytical solution [Eqs (8) and (9), respective-

ly, where A(0)�A0 and B(0)�B0]. This solution
describes a process that begins with an induction period,
followed by a reaction that obeys a first-order rate law in
the palladium concentration. The induction period ends
when the dimer-monomer equilibrium is reached. Using
this analytical solution, we can generate simulated
concentration profiles that correspond to various {k1,
k2, k3} sets, and superimpose these on the experimental
results. The set {k1� 0.0746, k2� 6.07, k3� 17.46}, ob-
tained by a least-squares fit of Eqs. (8) and (9) to the
experimental reaction profile at 40 �C, explains well the
experimental results, including the initial induction
period (see Figure 2). The length of the induction period
strongly depends on the temperature and on the
magnitudes of k1, k2, and k3. The ratio k2/k1 equals
81.3, which corresponds to an equilibrium constant for
the dimer dissociation Kdiss � 0.012 M. Although the

Figure 1. Time-resolved reaction profiles for iodobenzene
conversion in the Heck coupling with butyl acrylate at 50 �C;
−� × symbols represent FT-NIR data; −�× symbols represent
GC data from the same reaction.

�8�

�9�
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model is still inaccurate because no deactivation is
included, this low equilibrium constant already shows
that most of the catalyst is present as the inactive dimer.

The residuals, however, are still structured (see inset
in Figure 2), even at low conversions where deactivation
is supposed to play only a minor role. This is not
surprising, as the large number of data points gives a
precise representation of the reaction profile, and in
reality deactivation through clustering begins as soon as
there are Pd(0) species in the solution (in all of the
reactions, palladium black formed at 20 ± 50% conver-
sion). Moreover, as the model tries to describe all of the
data, deviations at higher conversions will affect the
model also in the beginning of the reaction. The
deactivation increases with the conversion. At ca. 70%
conversion, it becomes the dominant factor and the
model deviates from the data. Nevertheless, the overall
fit is remarkable, considering the simplicity of the model
and the complexity of the reaction.

With the above model as a starting point, we
considered possible pathways for catalyst deactiva-
tion.[21] In principle, whenever the palladium atoms
cluster, chances are that they will not dissolve back into
solution but aggregate further and finally precipitate
from the solution as palladium black. In addition to the
formation of Pd(0) clusters, disproportionation of
{Pd(II), Pd(0)} pairs is also possible.[27] These various
clusters can react further with Pd(0), Pd(II), and/or with
any of the clusters already present in the solution. If we
encode, as above, Pd(II) as Q, and Pd(0) as Q0, we obtain
a plethora of (reversible?) deactivation processes
[Eqs (10) ± (15)] for which there is obviously no ana-
lytical solution. Furthermore, even if one can fit the

deactivation constants kd1 to kd6 using numeric methods,
what would be the chemical meaning of such a
complicated model? Instead, we chose to combine all
of the deactivation reactions into one process, regardless
of the palladium species that is deactivating. This
simplification basically states that all palladium species
can deactivate via a first-order process with a single
deactivation constant.

Finally, we extended the model of the catalytic cycle to
include the formation of a Pd(II) species and a Pd(0)
species. The overall reaction mechanism is shown in
Eqs. (16) ± (18). The differential equations that corre-
spond to Eqs. (16) ± (18) have no analytical solution, but
they can be solved numerically using an iterative
process. Solving for the reaction rate constants {k1...k5}
we obtain the set {0.362, 289.8, 53.90, 14.00, 39.80}. k1 is
much smaller than k2, meaning that the dimer dissoci-
ation is very slow. Once enough Q species form, the
catalytic cycle and the deactivation proceed at similar
rates. As shown in Figure 3, this solution gives an
excellent fit to the experimental data, and yet it uses only
five variables (five kinetic constants). Moreover, this
mechanism tallies with −chemical intuition× as well as
with previous simpler models. The residuals are mostly

Figure 2. Three reaction profiles generated from the analyt-
ical solution shown in Eqs. (8) and (9) (solid curves). Each
curve corresponds to a set of {k1, k2, k3} values. The results are
compared to the FT-NIR data (dotted curve, obtained at
40 �C). The inset shows the residuals obtained when the
solution for the set {k1� 0.0746, k2� 6.07, k3� 17.46} is
superimposed on the FT-NIR data, the dashed lines in the
inset denote the experimental error limits.

Figure 3. The solid curve is the reaction profile for the Heck
coupling of n-butyl acrylate and iodobenzene generated from
the numerical solution of the differential equations pertain-
ing to the mechanism shown in Eqs. (16) ± (18). Superim-
posed on this profile is the actual experimental data obtain by
FT-NIR. Reaction conditions are as in Figure 2. The inset
shows the residuals (dashed lines in the inset denote the
experimental error limits).
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within the experimental error limits (Figure 3, inset). In
the new model, the equilibrium constant for the dimer
dissociation is only 1.2� 10�3 M, giving further support
to the hypothesis that most of the catalyst is present in
solution as the inactive dimer.

In addition to providing values for the reaction and the
deactivation rate constants, we can use this kinetic
model to track virtual −catalyst species× in time (there is
often no way to do this experimentally, because it is
difficult to monitor the low concentrations of similar
species such as Q and Q0 with any accuracy). Figure 4
shows the calculated reaction profiles for the dimer
precursor and the two monomer species. We see that
first the dimer concentration declines, and subsequently
the concentrations of the Pd(II) and Pd(0) monomer
species increase to a −steady state× level, that gradually
diminishes owing to the deactivation process. The
deactivation also shifts the dimer-monomer equilibrium
to the side of the active monomer. If we consider the 15 ±
30 min range, we see that the deactivation even accel-
erates the reaction at first, as more and more Q0 species
are formed.

The generality of a model is a measure of its
usefulness. If we make small changes to the system, we
should expect these changes to be reflected in the values
of {k1...k5}. The changes should be sufficiently small so

that the reaction pathway itself is not altered. To test
this, we performed more reactions, this time without
filtering the water residues from the solvent. These small
amounts of water are known to promote catalyst
deactivation. A kinetic analysis of the concentration
profile in the presence of water gave the k values {0.119,
288.2, 35.00, 11.90, 831.7}. Comparing these values with
those obtained in the absence of water {0.362, 289.8,
53.90, 14.00, 39.80}, we see that the dimer-monomer
equilibrium is almost unchanged, and that the values of
k3 and k4 also remain very similar. The only major
change is in the deactivation constant ± it is twenty times
higher in the presence of water! Again, the model is in
good agreement with empirical findings.

Another interesting point is the difference between
the first turnover and the subsequent ones. The dimer 1
is comprised of two monomers that already include an
ArX molecule. In this study we used p-cyanobromo-
benzene to prepare 1, as this gives a stable dimer (we
have tried to use the corresponding PhI derivative, but it
is much more difficult to isolate and store without
decomposition). The dimer-monomer equilibrium is
thus also a function of the reaction progress ± immedi-
ately in the beginning of the reaction, all the catalysts
would give the cyano derivative of the product, rather
than product 2. As more and more catalyst molecules
react, the balance will change in favour of product 2
formed from iodobenzene. There is only 1 mol %
catalyst, so the effect on the product yield is small. The
effect on the initial kinetics of the reaction, however, is
significant. The model cannot account for this discrep-
ancy, as it does not distinguish between the two
substrates. If we try to model it, it gives a biased result,
but no bias is observed if we exclude the first 15 time
points (out of 271). This means that it takes ca. 8 min to
take the cyano −pre-catalyst× out of the catalytic cycle.

Finally, one may ask whether these results can be
generalised to other, similar cross-coupling reactions.
Recently, Blackmond and co-workers have used calo-
rimetry to monitor a Heck coupling reaction catalysed
by a dimeric palladacycle complex.[20,26] In that system,
the catalyst precursor is converted to the active mono-
mer by a reduction step, which is assumed to be
irreversible under the conditions employed. The rate
law obtained for that system is complicated by this extra
activation step and no deactivation is included, but the
conclusion is essentially similar: Most of the catalyst
exists in solution as the dimer that functions as a
−reservoir× for generating the monomer. This can help us
in devising more efficient catalyst systems: A lower
palladium concentration can assist the reaction kinetics,
as the amount of active catalyst is limited by the dimer-
monomer equilibria rather than determined by the
overall palladium concentration. In principle, immobi-
lisation of the palladium catalyst could help overcome
the deactivation problem, enabling the system to
operate also at higher palladium concentrations.

Figure 4. Calculated concentration profiles for the dimer
species A (−�× symbols) and the two monomer species Q
(solid curve) and Q0 (broken curve) calculated from the
numeric solution of the differential equations pertaining to
the mechanism shown in Eqs. (16) ± (18). Reaction conditions
are as in Figure 2.
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Conclusions

From initial rate kinetics carried out under pseudo-
order conditions it may seem that palladium-catalysed
Heck reactions are simple, but the simplified reaction
schemes are to some extent a result of the measurement
conditions themselves. In contrast, non-invasive in situ
spectroscopic analysis is a powerful method for obtain-
ing precise mechanistic information under actual reac-
tion conditions. Using real-time FT-NIR, we show here
that for the catalysts investigated in this study the dimer-
monomer equilibrium governs the reaction×s induction
period, and that a mechanism with two −virtual species×
of Pd(0) and Pd(II) can fit the experimental data over
the entire reaction duration to a series of well defined
elementary reactions. The model is sufficiently robust to
withstand changes in the experimental conditions, such
as the presence/absence of water. The operational ease
and the low computational costs of the models involved
make this approach a powerful tool for mechanistic
investigations in homogeneous catalysis.

Experimental Section
Near-infrared spectra were recorded on a Perkin Elmer
Spectrum GX FT-IR instrument from 15000 cm�1 to
2700 cm�1 at 2 cm�1 resolution. Spectral data analysis was
performed using the Net Analyte Signal (NAS) approach.[28,29]

GC analysis was performed using an Interscience GC 8000 Top
instrument with a DB-1 column (30 m� 0.32 mm; film thick-
ness 3 �m). Unless noted otherwise, chemicals were purchased
from commercial firms (� 98% pure) and used as received.
The catalyst precursor 1 was synthesized as published pre-
viously.[24] n-Butyl acrylate was filtered prior to use through a
plug of basic alumina (ca. 150 mesh size) to remove the
quinone stabiliser.N-Methylpyrrolidinone (NMP, solvent) was
also filtered prior to use, except in the water-containing
experiments.

Procedure for Heck Coupling of PhI with n-Butyl
Acrylate

PhI (1.16 mmol, 0.237 g), n-butyl acrylate (1.16 mmol, 0.149 g)
and Et3N (1.33 mmol, 0.135 g) were mixed in N-methylpyrro-
lidinone (2.5 mL) for 5 min at 40 0C together with an equimolar
amount of dihexyl ether (internal standard for GC measure-
ments). In another vial, the catalyst precursor dimer 1
(0.0131 mmol, 10.2 mg, 1.1 mol % relative to substrate) was
dissolved in NMP (2.5 mL) and warmed to 40 0C. The two
solutions were then mixed to start the reaction. The concen-
trations of n-butyl acrylate and PhI at t� 0 were 0.233 M and
0.256 M, respectively. The reaction mixture was divided into
two vessels, an FT-NIR cuvette and a vessel for taking GC
samples. Both vessels were kept under identical conditions
using a thermoregulated bath. 10 �L aliquots of the reaction
mixture were taken at regular intervals, quenched with a
saturated NH4Cl solution in H2SO4 0.05 M and analysed by

GC. The reaction at 50 0C was similarly performed. Duplicate
experiments showed excellent concentration reproducibility.

Kinetic Analysis

If a kinetic scheme and data are present it is possible to find
estimates of the kinetic constants. One way to do this is to
define a �2 merit function [Eq. (19)] and then determine the
constants by minimising this merit function.[30]

Here yi are the measurements, y√i are the estimations from
the model and k is the vector of unknown kinetic constants. We
seek those values for k that give the lowest difference in square
sense of the model with the measurements. There are several
numerical options to perform this search. We used a MAT-
LAB[31] standard non-linear least squares solver, LSQNON-
LIN. This method requires initial guesses of k to find a
minimum. Care should be taken when assigning these initial
values, as they can also lead to local minima of the merit
function, rather than to the desired global minimum. To avoid
these local minima, we fit first the kinetic constants using the
simplified reaction scheme given in Eqs. (4) and (5) (no
deactivation) to the first part of the data where catalyst
deactivation is negligible. We then confirm that the results are
independent of the initial guesses. Finally, we use these
estimates together with an initial value for the deactivation
rate constant k5 as initial values for the whole set of data using
the complex kinetics scheme [Eqs. (16) ± (18), deactivation
included]. This two-step procedure turned out to be robust
against variations in the initial guesses and we therefore
assume that the global minimum for the merit function has
been reached. It is impossible to rigorously prove that the
results are indeed at the global minimum. One diagnostic tool
is to examine whether other initial guesses yield a lower
minimum value. Another diagnostic tool is to study the
residuals, i.e. the differences between measurement and model,
as shown in Figures 2 and 3. Structure in these residuals would
mean that either the model is not perfect (as we believe the case
is here, using the simplified one-constant deactivation process)
or that the minimisation algorithm is stuck in a local minimum.
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