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A mechanistic investigation of the Pd-catalyzed
cross-coupling between N-tosylhydrazones and
aryl halides†
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The cross-coupling of N-tosylhydrazones and aryl halides forms carbon–carbon bonds, producing 1,1-di-

substituted alkenes. Though it has proven extremely useful in several fields of chemistry, its mechanism

remains experimentally unexplored. Combining benchtop NMR and real-time mass spectrometry

afforded the ability to monitor the catalytic intermediates as well as the rate of product formation.

Introduction

The formation of carbon–carbon bonds is essential to many
fields including, but not limited to, pharmaceutical synthesis,1

medicinal chemistry,2,3 natural products,4–7 and materials.8

Palladium catalysis is one of the most common and reliable
methods of carbon–carbon bond formation, especially for late-
stage assembly of two segments in a total synthesis,9–17 and
this area was recognized with the awarding of the 2010 Nobel
Prize in Chemistry to Suzuki, Heck, and Negishi.18

The Barluenga cross-coupling reaction has emerged more
recently as an efficient method of accessing carbon–carbon
bonds.19 A palladium catalyst is used to form a carbon–carbon
bond between an N-tosylhydrazone and an aryl halide, mainly
aryl bromides.19 The substrate scope has since been extended
to provide access to a variety of products, including but not
limited to benzyl halides,20 aryl nonaflates,21 and alkenyl
halides.22 N-Tosylhydrazones as cross-coupling partners allevi-
ate the need for stoichiometric amounts of organometallic
reagents, and can easily be produced from the corresponding
ketone or aldehyde in situ.23,24 In contrast to the Mizoroki–
Heck cross-coupling reaction, the Barluenga cross-coupling
does not require an alkene as a coupling partner, and pro-
duces a geminal alkene rather than a trans-alkene. Due to its
advantageous functional group tolerance, this cross-coupling
reaction has vast potential in synthetic chemistry, and proven
applications in cancer treatments,25 natural product
synthesis,26,27 and polymer synthesis.28

Based on the fact that N-tosylhydrazones exhibit nucleophi-
lic behaviour, in combination with previous palladium

studies, Barluenga and coworkers19 proposed the mechanism
to begin with oxidative addition of the organic halide to the
active palladium(0) complex (Fig. 1). The N-tosylhydrazone
undergoes base-mediated decomposition, and the product
then binds to the palladium complex, resulting in a palla-
dium–carbene complex. It is suggested that this complex
would then undergo migratory insertion of the aryl group to
produce an alkyl palladium complex. In the final step,
β-hydrogen elimination generates the aryl olefin product, and
regenerates the initial palladium(0) active catalyst species. The
catalytic mechanism has been studied computationally,29,30

however reaction intermediates for this catalytic cycle have yet
to be observed experimentally.

Herein, we report examination of the mechanism of the
cross-coupling between N-tosylhydrazones and aryl bromides.
Catalytic intermediates are studied in real-time by pressurized
sample infusion-electrospray ionization-mass spectrometry

Fig. 1 Proposed catalytic cycle of the reaction between
N-tosylhydrazones and aryl halides.19
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(PSI-ESI-MS), and the overall reaction progress is monitored by
benchtop NMR spectroscopy.

Results and discussion

In order to adapt the heterogeneous reaction conditions devel-
oped by Barluenga, a reaction screen was carried out in search
of homogeneous conditions to facilitate accurate offline
sampling, as well as online monitoring via PSI-ESI-MS.31–34

Several bases, solvents and catalysts were analyzed in combi-
nation with the SPhos ligand, but only a few generated
product, and only one generated product and was homo-
geneous (see ESI†). The lack of product generated while
screening dioxane as a solvent was contradictory to the results
of Barluenga,19 however this is attributed to the use of stock
solutions in this reaction screen as not all reagents were
soluble in dioxane. A control reaction in dioxane with hetero-
geneous reaction components was successful outside of the
reaction screen. Homogeneous reaction conditions were found
in methanol, catalyzed by Pd(OAc)2 with sodium tert-butoxide
as a base. Further analysis led to a ternary solvent system com-
posed of methanol, toluene, and tetrahydrofuran (1 : 1 : 1), as
toluene allowed the reaction to be run at higher temperatures
and THF improved the solubility of reagents. After the solvent
system was finalized, the reaction was performed with the pre-
catalyst Pd2(dba)3 and was found to increase the rate of the
reaction compared to Pd(OAc)2 under these conditions, and
was carried forward for reaction monitoring at 70 °C.

The reaction was monitored using a Nanalysis 60 MHz
NMR instrument35 over 48 hours to determine the rate of
product formation under homogeneous conditions (see ESI†).
Rather than using a flow cell/flow system,36 aliquots were with-
drawn from the reaction vessel at regular intervals (Fig. 2). The
reaction was observed to be complete after 24 hours as the
concentration of product did not increase from 24 to 48 hours.

Results from a 300 MHz NMR spectrometer mapped closely to
that of the benchtop instrument (see ESI†). All reactions were
quantified using the distinct alkene signal at 5.43 ppm as it
occupies a region of the spectrum free from any other signals.

Benchtop NMR spectrometers do not require liquid helium
nor liquid nitrogen to maintain the temperature of the
magnet, and the permanent magnets used can be influenced
by the temperature in the room.37 To ensure reproducibility,
the reaction was performed in triplicate using the now-estab-
lished homogeneous reaction conditions (Fig. 2, inset).

The rate of reaction is approximately constant for hours
1–10, following an induction period of approximately one
hour. The overall reaction kinetics appear to be first order.
Further interrogation of the rate of reaction (see ESI†) showed
the reaction was not accelerated by doubling the bromotoluene
concentration, but it approximately doubled upon addition of
two equivalents of the tosylhydrazone. This can be attributed
to the instability of in situ diazo intermediates as they are
prone to decomposition pathways. After the removal of the
proton, the tosylhydrazone will then either remain intact as
the active diazo intermediate or undergo unimolecular fission
at a fixed rate.40 By doubling the concentration of tosylhydra-
zone, the amount of readily available diazo intermediate
increases thus leading to a faster rate.

Upon introducing para-substituents on the aryl bromide
substrate, maximum rates were subjected to a Hammett ana-
lysis (Fig. 3). Five substituents with varying electron-withdraw-
ing and electron-donating capabilities were compared to the H
reference substituent, however no clear differences in rate were
observed, with all rates being well within the same order of
magnitude. This insensitivity contrasts with data from a
related oxidative addition reaction (trendline for which are

Fig. 2 1H-NMR reaction monitoring using final reaction conditions
based on screen (inset) over 48 hours, error bars indicate triplicate
experiments. Dashed green line represents first order fit. Conditions: 1%
[Pd], 2% SPhos, 0.003 mol acetophenone tosylhydrazone, 0.003 mol
bromotoluene, 0.0067 mol NaOt-Bu, 70 °C.

Fig. 3 Hammett plot of log(k/kH) vs. Hammett parameter (σp)
38 for

para-substituted aryl bromides as labelled. k represents the initial reac-
tion rate of each substituent, and kH represents the initial reaction rate
of the H-substituted substrate. The trendline represents the oxidative
addition of para-substituted aryl bromides to Pd(0) as reported by Lu
et al.39
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shown on Fig. 3), many of which display the same sort of reac-
tivity pattern as is observed for the oxidative addition step
alone. Others have also found similar insensitivity of substi-
tution patterns for bromoanilines in this reaction.41

Given the insensitivity to substituent effects, we compared
the bromobenzene data to that of iodobenzene and chloroben-
zene (Fig. 4). The chlorobenzene reaction did prove to be
much slower, with no product detected before the 3 hours
mark in the reaction and a rate of 0.001 mol L−1 s−1.
Iodobenzene got off to a faster start but the reaction rate after
the first hour (0.017 mol L−1 s−1) was essentially identical to
that of the bromobenzene (0.015 mol L−1 s−1). This result
suggested that oxidative addition is not controlling the overall
rate of reaction except in the case of the chlorobenzene. The
higher initial rate for iodobenzene suggests that the oxidative
addition reaction is fast enough that it does not limit the rate
even at the start of the reaction. We concluded that the turn-
over limiting step lies off-cycle for aryl iodides and bromides,
this being the transformation of the N-tosylhydrazone into the
active dinitrogen intermediate. For the chlorobenzene, oxi-
dative addition is most likely the turnover-limiting step.
Newman and coworkers have overcome this challenge in aryl
chloride substrates via controlled addition of the
N-tosylhydrazone.30 This effectively prevents the unstable
diazo intermediate from undergoing unproductive side
reactions.

For further insights into the reaction, we probed the system
using electrospray ionization mass spectrometry. ESI-MS ana-
lysis requires charged species to accurately observe catalytic
intermediates.42 In this case, a sulfonated SPhos (sSPhos)
ligand was an ideal candidate as it is very similar to SPhos,
which was used throughout this study up to this point, and
has an inherent negative charge. In a control reaction, sSPhos
was found to have the same kinetic profile as SPhos (see ESI†),
indicating that the presence of a sulfonate group does not sig-
nificantly change the reaction.

Initial PSI-ESI-MS analysis (Fig. 5) involved a solution of
sSPhos (L, the charge-tagged ligand) to which sequential
addition of Pd2(dba)3, bromotoluene and a mixture of aceto-
phenone tosylhydrazone and sodium tert-butoxide were added.
Coordination of L to palladium occurred rapidly, with the pro-
duction of [Pd(L)(dba)]− proceeding to completion with a half-
life of approximately 0.9 minutes. Oxidative addition of bromo-
toluene to [Pd(L)(dba)]− to form [Pd(L)(Ar)Br]− was slower,
with the disappearance of the [Pd(L)(dba)]− following pseudo
first order kinetics with a half-life of 7.6 minutes.

However, the appearance of product [Pd(L)(Ar)(Br)]− did not
remotely match the amount of reactant being consumed,
suggesting that the difference in peak heights was something
other than a discrepancy in ion response factor. As there were
no other anions appearing during this process, it seemed
likely that the “missing” ion intensity was the result of charge
neutralization via formation of a zwitterion (not visible in
either ion mode). To test this assumption, we looked at the
same reaction but with neutral SPhos, so that any species with
a positive charge would instead be cationic rather than zwitter-
ionic, and be detectable in the positive ion mode.

[Pd(SPhos)(Ar)]+ was observed to form after the addition of
bromotoluene in positive ion mode, suggesting that the zwit-
terion was indeed Pd(L)Ar (i.e. the positive charge of the
complex is cancelled out by the negative charge on the ligand).
To confirm that the missing [Pd(L)(Ar)(Br)]− is sequestered as
Pd(L)(Ar), the mass spectrometer was operated in positive ion
mode and negative ion mode simultaneously, monitoring both
reactions under identical conditions (Fig. 6). Pd2(dba)3 was
combined with both SPhos and sSPhos in a flask and allowed
to stir at 70 °C. The catalyst activation step was deemed
complete upon the establishment of a stable signal of
[Pd(L)(dba)]−. Bromotoluene was added to the reaction vessel
to initiate the oxidative addition step. In negative ion mode,
[Pd(sSPhos)(dba)]− (Fig. 6, red trace) began decreasing in
intensity as expected, and hardly any [Pd(sSPhos)(Ar)(Br)]−

formed, as previously observed (Fig. 6, blue trace). In positive
ion mode, an immediate increase in [Pd(SPhos)(Ar)]+ was
observed (Fig. 6, green trace), demonstrating a dissociative

Fig. 4 Effect of aryl halide on the initial rate of product formation.
Conditions: 1% [Pd], 2% SPhos, 0.003 mol acetophenone tosylhydra-
zone, 0.003 mol ArX, 0.0067 mol NaOt-Bu, 70 °C.

Fig. 5 PSI-ESI-MS monitoring of the oxidative addition of bromoto-
luene to Pd(sSPhos)(dba).
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equilibrium between [Pd(L)(Ar)(Br)] and Pd(L)(Ar) that lies
towards Pd(L)(Ar).

Upon addition of acetophenone tosylhydrazone and
sodium tert-butoxide the spectrum became completely domi-
nated by deprotonated acetophenone tosylhydrazone and the
tosyl anion, indicating that the excess charged base effectively
suppressed ions from any other source, and the spectrum
became bereft of any palladium-containing ions (Fig. 7).

Conclusions

The combination of PSI-ESI-MS and NMR provides comp-
lementary information on the mechanism. The ESI-MS results
show that the catalyst activation and oxidative addition steps
are both fast enough to not affect reaction turnover, but the
oxidative addition step is slow enough for aryl bromides that it
can account for an induction period not observed for aryl
iodides. PSI-ESI-MS also shows that after oxidative addition,
the reaction is partitioned primarily as the cationic [(phos-

phine)Pd(Ar)]+, although this species is in equilibrium with
the neutral (phosphine)Pd(Ar)(X). Addition of tosylhydrazone
and base showed that the deprotonation and tosyl dissociation
steps are both very fast. We do not see any further palladium-
containing intermediates due to ion suppression effects from
the added base, but NMR evidence provides pointers as to why
we may well not have seen anything even if this effect was not
operational. Doubling the bromotoluene concentration had no
effect on rate, nor did changing substituents on the aryl ring,
but doubling the tosylhydrazone concentration doubled the
rate of reaction. Putting all this information together, the evi-
dence points towards a reaction whose palladium-containing
resting state is the cationic oxidative addition product in all
cases except for chlorobenzenes, and whose overall rate is con-
trolled by its reaction with the diazo derivative derived from
the tosylhydrazone decomposition. As such, efforts to improve
the reaction should seriously consider focusing on the accel-
eration of this step.
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