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Introduction

The development of monoligated palladium catalysts for
cross-coupling reactions has led to an extraordinary variety
of efficient synthetic methods of proven reliability.[1] Palladi-
um-catalyzed amination of aryl halides is of particular inter-
est because it provides direct access to valuable nitrogen-
containing fine chemicals and pharmaceuticals.[2] Bulky,
electron-rich biaryl phosphanes, developed by Buchwald
and co-workers, are particularly useful for this transforma-
tion because fine-tuning of the structure can accelerate all
of the elementary steps within the catalytic cycle.[3] Indeed,
several types of sterically hindered trialkylphosphines can
also be used for this purpose.[4–7] These monophosphine li-
gands have expanded and complemented the scope of C�N
coupling reactions, in competition with classical Pd–biden-
tate phosphine complexes.[8–12]

In view of their practical interest, numerous detailed
mechanistic and kinetic investigations that deal with C�N
bond formation catalyzed by diphosphine–palladium com-
plexes have appeared in the literature.[9–12] However, com-
prehensive studies on the catalytic cycle with monophos-
phine complexes are much rarer[13] and mostly focus on elu-
cidation of the nature of the active catalyst.[14] On this point,
there has been some consensus that monoligated phos-
phine–Pd complexes are the real catalytic species.[13–15] Isola-
tion and characterization of palladium intermediates has
also been used to track potential catalytic pathways for such
monophosphine–palladium systems.[16,17] Very recently, the
reactivity and stability of dimeric monophosphine–PdI com-
plexes, such as [(PtBu3)PdBr]2, in Suzuki cross-coupling has
been studied experimentally and theoretically, which con-
firmed that monomeric Pd0 species formed by a reductive
pathway, and not bimetallic- or monomeric PdI species, op-
erate in the most likely scenario.[18]

We have previously reported[19] that the dinuclear Pd
complex 1 [Pd2Cl ACHTUNGTRENNUNG(m-Cl)PtBu2 ACHTUNGTRENNUNG(Bph-Me)] (Bph-Me=2’-
methyl-[1,1’-biphenyl]-2-yl), which contains a single biaryl-
phosphine ligand (Scheme 1), shows outstanding catalytic
activity without an induction period in amination reactions
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of aryl chlorides at room temperature. It was proposed that
bimetallic 1 readily generates the monometallic species [Pd-ACHTUNGTRENNUNG(PtBu2)ACHTUNGTRENNUNG(Bph-Me)] in situ, which acted as the true catalyst in
the amination reaction.

Herein, we describe spectroscopic, crystallographic, and
kinetic studies of the mechanism of the amination of p-
chlorotoluene (2) with p-toluidine (3) catalyzed by 1
(1 mol%) at room temperature (Scheme 1). Although aryl
chlorides are very unreactive electrophiles and anilines are
poorly coordinating bases, the amination catalyzed by com-
plex 1 is a clean reaction, not complicated by the formation
of triarylamine byproducts; the reaction is essentially com-
plete within 3 h under the reaction conditions studied.[19b]

Cross-coupling reactions are generally assumed to pro-
ceed through simple oxidative addition/reductive elimina-
tion mechanisms and the potential appearance of secondary
cycles at high conversions due to the increasing concentra-
tion of species formed during the reactions are normally
overlooked. In this paper, we propose a mechanistic model
that accounts for the observed kinetic behavior over the
whole reaction and shows that a secondary catalytic cycle
has to be taken into account at high conversion. This behav-
ior might also be operative in other cross-coupling reactions
catalyzed by monophosphine palladium complexes.

Results and Discussion

Spectroscopic and structural studies on the stability and evo-
lution of precatalyst 1 under the selected reaction condi-
tions : The high catalytic activity displayed by 1 suggests that
not only isolation, but also in situ detection and characteri-
zation, of the catalytically active species and resting state of
the catalyst might be exceedingly challenging. Nonetheless,
we studied the evolution of 1 in the presence of the isolated
reactants (or combinations thereof) by 31P{1H} NMR spec-
troscopy and X-ray crystallography (see the Supporting In-
formation) to rationalize the conversion of precatalyst 1 into
the catalytically active species and to understand its stability
under the actual reaction conditions.

We found that 1 was unreactive toward 2 at 25 8C, despite
that one of the two Pd atoms in 1 is formally zero valent
and that the catalytic amination readily occurs at room tem-
perature. Thus, both the dark-green color of the solution
and the 31P NMR spectrum (d=59.3 ppm) of 1 remained un-
changed upon addition of 2. In contrast, the addition of
NaOtBu (4.6 equiv) to 1 resulted in an immediate color
change to deep red. Also, two new singlet resonances ap-
peared in the 31P NMR spectrum, one at d= 53.7 ppm
(major), which could correspond to the putative monoligat-
ed Pd0 species or a 1·OtBu complex,[20] and one at d=

23.1 ppm (minor), which corresponded to the free ligand
PtBu2ACHTUNGTRENNUNG(Bph-Me).[19] It is worth mentioning that the observa-
tion of free phosphine under these conditions, together with
the precipitation of palladium black, provides a clear hint
on the formation of the active species and on its decomposi-
tion mode in the absence of additional reagents (Scheme 2).

A similar change in the 31P NMR spectral pattern was ob-
served when NaOtBu was added to a solution of 1 contain-
ing 2, except that no resonance from free PtBu2ACHTUNGTRENNUNG(Bph-Me)
could be seen. In this case, the signal attributed to the
mono ACHTUNGTRENNUNGligated Pd0 species (d=53.7 ppm) was accompanied by
a broad resonance at d�59 ppm. According to close prece-
dent,[21] this peak could correspond to the oxidative-addition
product.[22] On the other hand, the addition of 3 or a combi-
nation of 3 and NaOtBu to 1 led to complex 31P NMR spec-
tral patterns, indicative of non-selective transformations, and
was accompanied by the formation of considerable amounts
of free PtBu2ACHTUNGTRENNUNG(Bph-Me) ligand and palladium black. Thus,
the very clean reaction promoted by 1 under the actual cata-
lytic conditions clearly suggests that the activation of the
precatalyst is initiated by interaction with NaOtBu, which
triggers formation of the catalytically active species, and
that interaction with 3 only occurs after the oxidative-addi-
tion step (Scheme 2). These results are in agreement with
Buchwald�s calorimetric and 31P NMR spectroscopic meas-
urements on the activation of several Pd precatalysts by
base, which showed that activation occurs readily at 80 8C
with weak bases like K2CO3, at RT with NaOtAmyl, and
even at �20 8C with metal hexamethyldisilazides
(HMDS).[15]

Complementary information was obtained from X-ray
analysis of crystalline materials that deposited in low yield
from the samples described above. Thus, the reaction of 1
with 3 gave rise to the known[19] cyclometalated dimer 6
(Figure 1). A remarkable, previously unreported isomer of 6
was identified by single-crystal X-ray diffraction to be
among the products of the reaction of 1 with 2 and NaOtBu.

Scheme 2. 31P NMR spectroscopic studies on the activation of 1.

Figure 1. ORTEP drawing of complex 6 with thermal ellipsoids set at the
50% probability level. All hydrogen atoms have been omitted for clarity.
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This complex (7), a result of cyclometalation at the aromatic
CH3 group of the Bph-Me ligand, displays an unusual seven-
membered palladacycle moiety (Figure 2). Interestingly, an-
other crystal from the same sample (see the Supporting In-

formation) was comprised from 7 (ca. 70 %) co-crystallized
with its doubly OH-bridged analogue (ca. 30 %), produced
by hydrolysis of 7 with adventitious H2O. Finally, we deter-
mined an X-ray structure of the cyclic phosphonium salt 9
with [Pd2Cl6]

2� as the counterion (Figure 3), likely formed
by cyclopalladation of the aromatic ortho C�H bond, fol-
lowed by reductive elimination (Scheme 3).[23]

It is interesting to realize that the diversity of the ob-
served C�H activation reactions undergone by the phos-
phine ligand in complex 1 can be tracked back to closely re-
lated PdII intermediates that arise either from the decompo-
sition of precatalyst 1 to 5 (X=Cl) plus palladium black,[19b]

or from the oxidative-addition intermediate (5, X=Ar) in
the cross-coupling catalytic cycle (Scheme 3). Although both
putative intermediates 5 are likely precursors of 6, 7, and 9,
it is experimentally known that under the actual amination
reaction conditions cross-coupling is much faster than any
potential C�H activation decomposition pathways.[24]

Kinetic analysis : Kinetic studies were conducted by continu-
ous monitoring of the reaction shown in Scheme 1 by in situ

FTIR spectroscopy under synthetically relevant conditions
up to full conversion. Initially, the amount of base and stir-
ring speed were optimized to ensure homogeneity (see the
Supporting Information for details).[25, 26] Data collected
were analyzed by following Blackmond�s method,[27] which
has proven to be particularly reliable for cross-coupling re-
actions and allows extraction of information throughout the
entire reaction under realistic conditions, thus avoids the use
of pseudo-zero-order conditions, high dilutions, or initial-
rate measurements that might give rise to conclusions that
are difficult to translate into practical systems.

In Figure 4 a, plots of rate versus concentration of 2 are
represented for three runs at different initial concentrations
of 2 and 3. In all cases, the reaction rates were high at the
beginning but suffered a pronounced decrease after approxi-
mately 50 % conversion was reached. The plots of the reac-
tions with different initial concentrations but the same
excess ([e]= [3]0�[2]0) do not overlay at the beginning. Im-
portantly, the reaction was faster at lower rather than higher
concentrations of the reactants. This observation suggested
either catalyst deactivation or product inhibition.[27] An ad-
ditional experiment was carried out by adding a known
amount of product 4 to the reaction mixture (10 mol %).
The reaction rate in the presence of 4 was lower, indicative
of product inhibition (see the Supporting Information for
details). It is noteworthy that although product inhibition
has been observed by Hartwig et al. in [Pd ACHTUNGTRENNUNG(BINAP)2]
(BINAP= 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl) cata-
lyzed amination reactions,[9c] we are unaware of other re-
ports of this effect in cross-coupling aminations.[28]

Figure 4 b displays plots of the catalyst turnover frequency
(TOF) versus concentration of 2 for two runs with different
catalyst concentrations. These plots overlay, which indicates
that the catalyst is stable throughout the process and that
the reaction is first order with respect to 1.[27]

Figure 2. ORTEP drawing of complex 7 with thermal ellipsoids set at the
50% probability level. All hydrogen atoms have been omitted for clarity.

Figure 3. ORTEP drawing of phosphonium salt 9 with thermal ellipsoids
set at the 50% probability level. All hydrogen atoms have been omitted
for clarity.

Scheme 3. Rationalization of the formation of palladacycles 6 and 7 and
phosphonium salt 9 from 1.
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Further analysis of the data shown in Figure 4 a led to im-
portant conclusions. By normalizing the reaction rate by the
concentrations of 2 and 3, the dependencies on both reac-
tants could be analyzed (Figure 5). It became clear that two
different “reaction regions” were operative. Figure 5 a shows
the plot of rate/[3] against [2]. It is apparent that the plots
overlay in the left-hand region (high conversion), but not in
the right-hand region (low conversion), which indicates
complex behavior. The curve shape suggested saturation ki-
netics in 2 at high conversion, confirmed by reciprocal plots
of these data (see the Supporting Information).

The plot of rate/[2] against [3] exhibited a similar behav-
ior (Figure 5 b). Again, the curves did not overlay in the
low-conversion region. At higher conversion, the plots over-
layed, but the almost-perfect flat shape indicated the reac-
tion to be zero order with respect to 3. The non-overlaying
areas of the curves are explicable if the product-inhibition
effect described above is taken into account. The difference
is more pronounced at the beginning of the reactions when
the differences in reaction rate are higher.

Mechanistic proposal : The kinetic investigations gave an in-
dication of the steps involved in the mechanism:

1) the catalyst was stable throughout the reaction and the
rate was first order with respect to catalyst concentra-
tion.

2) at initial rates and up to almost 50 % conversion (right-
hand side of the plots in Figures 4 and 5) product inhibi-
tion was detected and dependencies on reactant concen-
trations indicated saturation kinetics for both 2 and 3.

3) beyond 50 % conversion to the end of the reaction (left-
hand side of the plots in Figures 4 and 5), saturation ki-
netics for 2 and zero-order dependency on 3 were found.

To shed light on this apparently complex behavior, ex-
haustive kinetic modeling was carried out.[29] Simple catalyt-
ic cycles did not provide reasonable fittings, even with prod-
uct inhibition. Eventually, two interconnected catalytic
cycles were required fit all of the experimental data
(Figure 6). The use of models that involved these two cycles
arose from consideration of the interaction of chloride
anions (formed in the reaction) with the active catalytic spe-
cies to generate a secondary anionic cycle that would oper-
ate simultaneously.[30] Obviously, the concentration of chlor-
ide anions increases as the reaction proceeds and, therefore,
the relative weight of this secondary cycle must increase in
parallel. Indeed, anionic Pd species have been proposed to

Figure 4. a) Plot of rate versus [2]. b) Plot of catalyst TOF versus [2].
Conversion increases from right to left. Figure 5. a) Plot of rate/[3] versus [2]. b) Plot of rate/[2] versus [3]. Con-

version increases from right to left.
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be catalytically active;[13,26,31] in particular, the effect of
chloride anions cannot be disregarded.[28]

The first cycle includes oxidative addition of 2, binding of
3, and reductive elimination of 4. The observed product in-
hibition is taken into account to yield the first rate equation
(v1)

[27] that corresponds to the behavior observed predomi-
nantly at the beginning of the amination reaction. This
means that neither a well-defined rate-limiting step, nor a
catalyst resting state, is involved in the process.

A much simpler rate equation (v2) corresponds to the
second cycle (the predominant behavior at the end of the
amination reaction), in which there is zero-order kinetics
with respect to 3.[27] The two cycles are linked by means of a
factor that varies as the reaction progresses; different
weights are given to v1 and v2 depending on the needs of the
fitting (Figure 6). This is mathematically expressed by using
the partition factor (a). The implications of such a parame-
ter will be discussed later.

Simultaneous optimization of conversion-dependent a

and the kinetic equation parameters produced an excellent
fit to the experimental data (Figure 7).[29] It should be em-
phasized that as long as the catalyst does not decompose
(Figure 4 b) its overall concentration is constant throughout
the process (as in the model used), regardless of how many
different catalytically active species are involved.

It is also worth comparing the values of the rate constants
involved in the model. The oxidative-addition step for an
anionic pathway should be faster than for a neutral one, as
found in the model; k21/k�21 is one order of magnitude
bigger than k11/k�11 (19.9 versus 1.66 m

�1). At the same time,
reductive elimination should be faster for a neutral cycle;
indeed k12 is two orders of magnitude bigger than k22, al-
though, in this case, some caution must be assumed because
the values obtained from the model constants combine
amine binding and reductive elimination.

At this point, the a-factor evolution was analyzed to
verify the quality of the model because a random or illogical
evolution would indicate a pointless mechanistic proposal,
regardless of the quality of the fitting. Figure 8 shows a plot
of a versus the concentration of 2. The constant smoothly
decays from 1 to 0.30 at approximately 50 % conversion

(only cycle 1 in operation; Figure 6), then stays at approxi-
mately this value until the end of the reaction. From a
chemical perspective, the evolution of a indicates that the
second catalytic cycle becomes more important over time,
with the contribution of its active catalyst to the overall
process increasing up to 70 % {[1]0ACHTUNGTRENNUNG(1�a)}. As already dis-
cussed, the observed trend is in agreement with the forma-
tion of a new catalytic species from the original catalyst as
the reaction proceeds toward completion. The stabilization
of the value of a at high conversion is in agreement with sat-
uration of the solution with chloride ions in the late stages
of the reaction.

An alternative illustration of the mechanism that involves
two catalytic cycles comes from components analysis of the
reaction rate. By plotting the rates of both cycles illustrated
in Figure 6 (v1 and v2) versus the concentration of 2, their
contributions to the overall reaction rate can be visualized
(Figure 9). It can be seen from Figure 9 that cycle 1 predom-
inates at the beginning of the reaction. Approaching approx-
imately 50 % conversion, cycle 2 gains more weight, and
from then onwards contributes equally to the overall rate
and even surpasses the contribution of cycle 1 at the end of
the reaction. After 50 % conversion, a�0.30, which means
that the amount of active palladium species involved in

Figure 6. General kinetic model for two interdependent cycles shifting
throughout time, and model equations used for the fitting. The value of a

can vary between 0 and 1.

Figure 7. Model fitting to the experimental data and calculated kinetic
parameters by the least-squares method; k11/k�11 =1.66 ACHTUNGTRENNUNG(�0.02) m

�1; k12 =

30.8 ACHTUNGTRENNUNG(�0.3) m
�1 min�1; KP =1.86 ACHTUNGTRENNUNG(�0.02) m

�1; k21/k�21 =19.9 ACHTUNGTRENNUNG(�0.2) m
�1; k22 =

0.33 ACHTUNGTRENNUNG(�0.01) m
�1 min�1.

Figure 8. Evolution of a with reaction progress (from right to left).
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cycle 2 exceeds that operating in cycle 1. Nonetheless, both
cycles contribute similarly to the overall reaction rate be-
cause cycle 2 is intrinsically slower than cycle 1, which can
seen from the rate constants for the irreversible reaction
steps (k12 =30.8 versus k22 = 0.33 m

�1 min�1).
Although anionic cycles based on chloride binding are

usually faster than neutral mechanisms,[32] it seems that in
this particular case only the oxidative addition is accelerat-
ed. This would lead to an overall slower secondary cycle
that would eventually predominate due to the increasing
concentration of chloride ions. To confirm this hypothesis,
sodium chloride (10 mol % with respect to 2) was added at
the beginning of the reaction and a marked decrease in the
rate of product formation was observed. Moreover, almost
total inhibition was observed when tetrabutylammonium
chloride (a fully soluble source of chloride anions) was used
as an additive (see the Supporting Information for details).
To discount any effect due to the tetrabutylammonium
cation,[33] an additional experiment was performed in the
presence of lithium chloride (20 mol %), which is more solu-
ble in THF. Inhibition was again observed; conversion after
1 h decreased from 54 % (control experiment) to 34 %.[34–36]

Thus, these results strongly indicate that the interaction of
chloride anions with the catalyst leads to an alternative,
slower mechanism, which is in full agreement with the kinet-
ic studies reported above.

Conclusion

The amination of p-chlorotoluene (2) with p-toluidine (3) in
the presence of the dinuclear palladium complex 1 involves
a complex mechanistic scenario. According to the kinetic
analysis, the reaction is subject to product inhibition and
two distinct catalytic cycles are involved in the overall proc-
ess. The two cycles contribute differently to the formation of
the final product. Additionally, their contributions change
continuously as the reaction progresses. The appearance of
chloride anions in the medium as one of the reaction prod-

ucts leads to a new anionic catalytic species that makes the
secondary cycle gain importance with time. For this reason,
both cycles appear to be linked throughout the reaction
progress in a cooperative way: the rate decrease of the regu-
lar neutral cycle as conversion increases is compensated by
the secondary anionic cycle.

It is believed that both cycles 1 and 2 involve mononu-
clear Pd species; these species could not be identified be-
cause of their exceptionally high reactivity. Deduced from
the 31P NMR spectroscopic and X-ray diffraction studies re-
ported here, one of the two Pd atoms of 1 is easily lost upon
addition of NaOtBu—the base used in stoichiometric quan-
tities in the catalytic process and a key element for the out-
standing reactivity of 1 in amination reactions.

The stability of the catalyst has been also addressed. It
has been found that in the absence of substrates to process,
the active catalytic species readily experiences cyclopallada-
tion with geometrically available C�H bonds in the phos-
phine ligand. This could be a common mechanism of decom-
position for Pd–monophosphine ligand complexes.

Although detailed structural information on catalytically
active species derived from 1 could not be obtained, our
work provides valuable information and guidelines for fur-
ther studies (e.g. by computational means). Our results also
bear implications for further improvements to the valuable
aromatic amination reaction by suppression of product in-
hibition in the primary catalytic cycle and the slower, yet
active, secondary cycle. It is likely that secondary anionic
catalytic cycles also operate in other amination reactions
catalyzed by palladium complexes. These slower, yet impor-
tant, catalytic reaction pathways were apparently unnoticed
in previous kinetic studies that focused only on initial rates
of reaction.

Experimental Section

Typical kinetic experiment : Reagents and precatalyst 1 were stored in a
glovebox, and anhydrous solvents were used. Reactions were carried out
in a jacketed, three-necked, heart-shaped glass reactor thermostatized at
25 8C. Measurements were taken with an in situ ReactIR apparatus
equipped with a diamond probe immersed in the reaction mixture. A
representative signal corresponding to product formation (ñ=1611 cm�1)
was tracked. The reaction vessel was heated at 110 8C for 1 h under a ni-
trogen flow, then cooled to 40 8C and the background IR spectrum was
collected. Sodium tert-butoxide (534 mg, 5.56 mmol) and catalyst 1
(16.6 mg, 0.0278 mmol) were introduced. The vessel was simultaneously
purged with nitrogen and cooled to 25 8C. A solution of 2 (329 mL,
2.78 mmol) and 3 (328 mg, 3.06 mmol) in anhydrous THF (5 mL) was
added by syringe under vigorous stirring (1000 rpm). Recording of the IR
spectra was started immediately after the addition.
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