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ABSTRACT: The copper-free Heck−Cassar−Sonogashira (HCS) reaction, known since 1975, nowadays represents one of the
most powerful methods for C−C bond formation in organic synthesis with several industrial applications. Despite its great success,
the mechanism is still under discussion, with several reported possible pathways. To clarify the copper-free HCS reaction
mechanism, stoichiometric and catalytic reactions were carried out and monitored by 31P/1H NMR spectroscopy, HPLC, and GC
chromatography. In particular, the investigation of the role of the base, mimicking the real catalytic conditions, highlighted the fact
that secondary amines rapidly induce precatalyst reduction and decrease the energy barrier for the alkyne carbopalladation step. The
results supported the mechanism via direct coordination of the terminal alkyne on the oxidative addition complex. Depending on the
palladium counterion, and independent of the solvent, aromatic substitutions, temperature, and terminal alkyne substitution, these
studies support two different pathways: with halides, a neutral route, and with the triflate, a cationic one.
KEYWORDS: Heck−Cassar−Sonogashira reaction, copper-free, palladium, mechanism, cross-coupling reaction

■ INTRODUCTION
With the exception of the Buchwald−Hartwig amination, the
main palladium-catalyzed cross-coupling reactions were
discovered in the 1970s.1 However, only in the new
millennium, these catalytic reactions have been deeply
investigated, resulting in an incredible increase in publications,
as well as patents and industrial applications.2 The Suzuki−
Miyaura3 cross-coupling reaction is the most explored,
followed by the Heck4 and the Heck−Cassar−Sonogashira
(HCS)5 reactions. In particular, the last ones consist of the
palladium-catalyzed substitution of a terminal alkyne hydrogen
with an aromatic ring (Scheme 1),6 and several applications in
the pharma industry have been reported.7

In the beginning of 1975, Heck5a and Cassar5b independ-
ently published the palladium-catalyzed coupling of aryl halides
with alkynes using different bases, solvents, and temperatures
(sodium methoxide/dimethylformamide (DMF)/50 °C and
neat triethylamine/100 °C, respectively). A few months later,
Sonogashira5c reported a similar protocol under milder
conditions, using neat diethylamine at room temperature,

with CuI as the cocatalyst. The presence of the Cu(I) salt
allowed the reaction to undergo complete conversion with aryl
iodides even at room temperature. Sonogashira suggested the
involvement of copper salts in the formation of complex C as a
critical step of the catalytic cycle. Several scientists have
studied the nature of the Cu(I)−Pd(II) transmetalation
process, and the most recent mechanism is the one outlined
in Figure 1a.8 There is a general consensus on the fact that the
Sonogashira protocol is centered on a transmetalation (TM)
step from a copper(I) alkyne complex Fa or Fb and the Pd(II)
oxidative addition complex B. Understanding the reaction
mechanisms leads to the development of efficient protocols by
optimizing ligands, counterions, solvent, and the base. This
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knowledge enables chemists to avoid byproduct formation, to
increase the atom economy, and to save time and chemicals.

The general mechanism of the copper-free Heck−Cassar
protocol is described in Figure 1b, but the coordination of the
alkyne is still a matter of investigation for several research
groups.
Heck−Cassar Protocol Mechanism. The first step in the

HCS reaction mechanism, as for all cross-coupling reactions, is
the oxidative addition (OA) of the Aryl−X onto the Pd(0)
complex. This step has been extensively studied by several
research groups and for this reason was not investigated in this
paper.9 Harvey and co-workers9a carried out DFT calculations
and reported that, depending on the ligand, the reactive Pd(0)
species can be Pd(0)L or Pd(0)L2. Moreover, the presence of
anionic palladium species, postulated by Amatore and co-
workers, such as [Pd(0)L2X], can play a role in the presence of
halides.9b However, for the sake of clarity, in the reaction
schemes, we considered the Pd(0)L2 complex as the reactive
Pd(0) species when using the triphenylphosphine (PPh3)

ligand and B, both as trans isomers. In fact, the Bcis complex,
coming from the OA, isomerized to Btrans, which is more
stable by 4.9 kcal with PPh3 as the ligand and iodide as the
halide10 (see Supporting Figure S184). Btrans was detected in
the reaction mixtures and synthetized. Similarly, the reductive
elimination RE was not part of this study.

The mechanistic hypothesis of the Heck−Cassar protocol
has been intensively studied by several scientists. In 1975,
Heck proposed a mechanism where the oxidative addition
complex generates the σ-complex C by the direct reaction with
the deprotonated acetylene.5a A simple comparison of the high
pKa of the acetylene (the pKa of phenylacetylene is >20) with
the bases generally used does not support this hypothesis.11 In
2003, Soheili and co-workers at Merck proposed a mechanism
where the acetylene, entering the metal coordination sphere,
generates the π complex G, which, after π/σ (G/C) switching
promoted by the base, efficiently produces the coupling
product (Figure 1b).12 A few years later, Mårtensson’s studies
supported the Soheili deprotonation mechanism, ruling out the

Scheme 1. General Scheme of the HCS Reaction

Figure 1. General mechanisms of the Sonogashira (a) and Heck−Cassar (b) protocols.
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potential involvement of a carbopalladation step and proposing
an anionic or a cationic coordination process.13 Later, scientific
efforts devoted to shedding light on the Heck−Cassar protocol
mechanism were mainly centered on the nature of the π/σ
switching and, in addition to the anionic and cationic
coordination−carbopalladation step, an ionic pathway was
also proposed (Figure 2).10b On examination of the DFT data,

the energy barriers did not look very different considering the
standard operational conditions in polar aprotic solvents at a
temperature of >60 °C. In addition, the different coordina-
tion−carbopalladation processes appear to be a function of
several factors, such as the nature of the leaving group, the pKa
of the alkyne, the solvent, and the strength and nucleophilicity
of the base. In 2018, Kosm̌rlj and co-workers proposed a
general mechanism for the Heck−Cassar protocol based on a
second cycle of palladium, as shown in Figure 3.14 The
mechanism was supported by DFT calculations, kinetic studies,
and 31P NMR analysis of intermediate complexes. The model
consists of two distinct palladium cycles and assumes a
Pd(II)−Pd(II) transmetalation (TM) process, similar to that
of the Sonogashira coupling between the oxidative addition
complex B and the copper(I) alkyne complex F (compare
Figure 1a and Figure 3).

Based on the Pd(II)−Pd(II) TM in Figure 3, the main side
product should be the homodimer 4 generated from complex
M via a simple reductive elimination (RE) process. However,
this hypothesis was not in line with our findings.15 In fact, we
designed a green sustainable palladium-catalyzed reaction
process using green solvents and N,N,N’,N’-tetramethyl
guanidine (TMG) as the base, in the presence of different
phosphines. Under these conditions, the alkyne homodimer 4
was never observed, even by GC-MS. However, when the

oxidative addition step to generate B was inefficient, the
corresponding enyne, originating from self-hydroalkynylation,
was observed. However, the formation of this side product was
easily controlled by the slow addition of the alkyne.15b The
self-hydroalkynylation is the starting point of the oligomeriza-
tion process. These observations matched with the results
reported by Buchwald in 200316 and triggered this
investigation on the Heck−Cassar protocol, which focuses
the attention on the fate of the alkyne under both
stoichiometric and catalytic conditions.

Several parameters must be considered in order to control
the reaction, such as the ligand, base, solvent, leaving group,
concentration, and temperature. The highly reactive palladium
species that are generated under the cross-coupling operative
conditions can also promote parallel side reactions that could
completely change the outcome. Monitoring the reaction
through 31P NMR, HPLC, GC, and DFT calculations, the
target of this study was to shed light on the Heck−Cassar
protocol mechanism under operative conditions.

■ RESULTS AND DISCUSSION
Pd(II) Precatalyst Reduction. A rapid and complete

precatalyst reduction is critical for an efficient process.
Therefore, we investigated the base, ligand, and solvent effects
on the reduction of (PPh3)2PdCl2. The stoichiometry of the
reaction requires one molecule of water and generates one
molecule of triphenylphosphine oxide. Three bases used in the
HCS reaction, i.e., TMG, pyrrolidine (PYR), and triethylamine
(TEA), were tested in two different solvents, CDCl3 and
DMF-d7 (Table 1).17 PYR and TEA are standard bases for the
HCS reaction, while TMG was introduced by Cabri et al. only
in 1998.18 Using 31P NMR, we observed that the nature of the
base affects the reduction process. TMG, with a high pKa (23.3
in acetonitrile),19 was more efficient than PYR in reducing the

Figure 2. Heck−Cassar protocol based on direct coordination of the
alkyne, via cationic, anionic, and ionic routes.

Figure 3. Heck−Cassar protocol based on the Pd(II)−Pd(II)
transmetalation mechanism.
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precatalyst (entries 1 and 2 versus entries 3 and 4, respectively,
Table 1) at room temperature.

Interestingly, in the presence of an excess of PPh3 for entries
1−4, the conversion of (PPh3)2PdCl2 into Pd(0) complexes
was completed in a few minutes (see Supporting Figures S12,
S14−S16).

Route A (Scheme 2) is very efficient, and the base affects the
reduction process, probably by increasing the phosphine
mobility, and when extra quantities of PPh3 are present, the
Pd(II) reduction is fast and complete. On the contrary, TEA
was not able to reduce the precatalyst via phosphine oxidation
at room temperature (entries 5 and 6) and the addition of
phenylacetylene 2a led to the quantitative formation of
complex M following route B (see Supporting Figures S17−
S18).
Catalytic Cross-Coupling Reactions. The Heck−Cassar

copper-free mechanism was studied using a standard protocol:
reacting 4-NO2PhI 1NO2 with 1.1 equiv of phenylacetylene 2a,
2 equiv of the base, and 20 mol% precatalyst (PPh3)2PdCl2.
The presence of the nitro substituent on the aromatic ring of
aryl iodide 1NO2 is able to slow down the RE step and increase
the chances of detecting intermediate complexes of the
catalytic cycle. The Pd(II) complexes BNOd2

I , C, M, and L
(Figure 3) were individually synthetized according to
previously reported procedures.14 For this purpose, only
TMG and PYR were screened as the base, while TEA was
not tested, because of its inefficiency in generating Pd(0)
species at room temperature. Independent of the bases or
solvents used, it is possible to observe the formation of a small
amount of M. Nonetheless, with the addition of PPh3, which
accelerates the Pd(II) reduction, complex M was not detected
by 31P NMR, regardless of the organic base (TMG, PYR) and
solvent (DMF-d7, CDCl3) used (see Supporting Figures S22−

S25). In Figure 4, the 31P NMR of the reaction with TMG as
the base, with and without additional quantities of PPh3, is
reported.

Complex M was formed and detected only when the
reduction of the Pd(II) precatalyst was inefficient. Accordingly,
when using palladium tetrakis triphenylphosphine (Pd-
(PPh3)4) as a catalyst, M was never detected (see Supporting
Figures S26-S28).

The potential formation of palladium nanoparticles during
the reduction of the precatalyst or the cross-coupling process,
which could theoretically interfere with the experiments, was
ruled out by specific experiments (see Supporting Figures
S164−S169).
Side Reactions. The primary objective of the experiments

described in Table 2 was the evaluation of the stability of
critical Pd(II) complexes at different temperatures in CDCl3
and DMF-d7, monitoring the formation of the desired coupling
product 3a and the homocoupling 4a, within a 30 min
timeframe.

Complex M remained stable at 25 °C in CDCl3 and in
DMF-d7 (entries 1−2 and Supporting Figures S57−S60).
However, at 60 °C in CDCl3 (entry 3 and Supporting Figure
S62), after 30 min, 30% of complex M was converted into the
reductive elimination product 4a. In DMF-d7, the conversion
into 4a was faster; in fact, already at 40 °C, the conversion was
completed within 30 min (entry 4 and Supporting Figures
S64−S67). The OA complex 4-NO2-Pd(PPh3)2I BNOd2

I in the
presence of M in CDCl3 generated only a small amount of the
cross-coupling product 3a at 25 °C (entry 5 and Supporting
Figure S69), while at 60 °C in DMF-d7, M generated mainly 4a
and only 21% of the coupling product 3a (entry 6 and
Supporting Figures S70−S71). These results showed that the
formation of the homocoupling product 4a is diagnostic of the
presence of complex M. As expected, the cross-coupling
between the oxidative addition complex BNOd2

I and 2a generated
exclusively the target product 3a, entries 7 and 8 (Supporting
Figures S73−S75). In other words, the HCS coupling did not
require the formation of M.

The oxidative addition complex BCHd3

I or BNOd2

I was stable in
CDCl3 or DMF and did not generate, as described by
Kosm̌rlj,14a the Ar2PdI2 and Ar2Pd(PPh3)2. This last complex
is the intermediate of a palladium-catalyzed Ullman-type
reaction that follows a completely different path.20 The Ar−Ar
homocoupling product was never detected.
Alkyne Direct Coordination versus Pd(II)−Pd(II)

Transmetalation. Stoichiometric Reactions and Kinetics.
The stoichiometric reactions described in Figure 5 were
performed in CDCl3 because of the scarce solubility of M in

Table 1. Evaluation of Base and Ligand Effects on
(PPh3)2PdCl2 Reduction to Pd(0)a

entry base solvent conv (%) +PPh3
b conv (%)

1 TMG DMF-d7 64 100
2 TMG CDCl3 85 100
3 PYR DMF-d7 31 100
4 PYR CDCl3 65 100
5 TEA DMF-d7 0 0c

6 TEA CDCl3 0 0c

aReactions were carried out at room temperature with 0.013 mmol of
precatalyst and 0.026 mmol of base in 600 μL of solvent for 10 min.
Conversions of Pd(II) into Pd(0) were calculated by 31P NMR. bTwo
equivalents of triphenylphosphine were added. cThe quantitative
formation of M was observed.

Scheme 2. Pathway for Pd(II) Precatalyst Reduction
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other solvents. It is possible to observe that the reaction carried
out between complex BNOd2

I and M at room temperature in
CDCl3 with 1.1 equiv of TMG in triplicate (Figure 5a, green
dots) was slower than the couplings BNOd2

I /2a (red dots) (see
Supporting Figures S31 and S36). In order to replicate the
identical conditions of Kosm̌rlj et al.,14a the reaction was also
performed using PYR as the base and 4-CH3‑PhPd(PPh3)2I
BCHd3

I as the oxidative addition complex (Figure 5b). The

outcomes of the experiments were similar to the one in Figure
5a (see Supporting Figures S44 and S49).

These experiments highlighted that complex M was able to
promote the cross-coupling, but this pathway was significantly
less efficient than the direct reaction between the oxidative
addition complex BR

I and the alkyne 2a, both red dot kinetics
in Figure 5a,b. Also, in this case, the direct coordination was
faster than the Pd(II)−Pd(II) transmetalation, and in all
reactions, the Vmax was at t=0 (see Supporting Figures S55,
S56).

Kosm̌rlj observed a different result14a however�the out-
come of the stoichiometric reaction can be affected by the
solubility of the complexes and the quality of the CDCl3. In all
of the experiments described in Figure 5, the palladium
complexes were freshly prepared, phenylacetylene was brand
new, and CDCl3 was passed over alumina to eliminate any
trace of acidity. In fact, chlorides can easily exchange the iodide
in the oxidative addition complex.14b In addition, these
reactions produce Pd(0) species, which can react with
CDCl3, generating other side products,21 or with 2a, further
decreasing the available alkyne.15b The direct competition
between M and 2b in reacting with the OA complex B,
described in the next paragraph, avoided any variability or
interference of reagents, solvents, or reaction conditions,
especially at the beginning of the reaction when the
stoichiometry is respected.

Figure 4. 31P NMR of the HCS reaction carried out with 1NO2 (0.5 mmol), 2a (1.1 equiv), and TMG (2 equiv) as bases in DMF-d7 (0.5 M) at 25
°C without additional quantities of PPh3 (a) and with the addition of 2 equiv of PPh3 (b). Complex R is the OA complex with the TMG
coordinated to palladium.

Table 2. Pd(II) Complex M Stability Studiesa

entry solvent T (°C) BNO d2

I 2a M conv (%) 3a/4ab

1 CDCl3 25 1 M (0)b 0/0
2 DMF-d7 25 1 M (0)b 0/0
3 CDCl3 60 1 M (30)b 0/100
4 DMF-d7 40 1 M (100)c 0/100
5 CDCl3 25 1 1 BNOd2

I (5)b 100/0

6 DMF-d7 60 1 1 M (100)c 21/79d

7 CDCl3 25 1 1 BNOd2

I (36)b 100/0

8 DMF-d7 60 1 1 BNOd2

I (42)b 100/0
aAll reactions were carried out for 30 min with [C]=0.024 M. For
entries 7 and 8, 1.1 equiv of TMG was added. bThe mixture was
analyzed after 30 min by 1H NMR. cThe mixture was analyzed after
30 min, and the conversion was calculated using 31P NMR. dThe ratio
3a/4a was determined by HPLC.
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Stoichiometric Competitive Reactions. The competition
between the direct coordination process and the Pd(II)−
Pd(II) transmetalation one was studied under several reaction
conditions with an equimolecular amount of the complexes BR

I ,
M, and phenylacetylene 2b (Scheme 3), which allowed
separation of the products coming from the different reaction
mechanisms; see Table 3. Compounds 4b, 4c, 5a, and 5b were
not detected.

With the use of a 1/1/1 ratio of BR
I /M/2b, preferential

formation of 3b was observed after 1 h in CDCl3 at 25 °C
independent of the substitution on the aromatic ring of BR

I and
the base (entries 1−4 and Supporting Figures S76-S88). The
use of 10 equiv of 2b, which mimics the excess of the alkyne in
a catalytic reaction, completely suppresses the formation of 3a
(entries 5−6 and Supporting Figures S89−S92). In order to
perform the reaction under completely homogeneous con-
ditions and to demonstrate the flexibility of the system,
different solvents were screened at 60 °C.

The competition reactions selectively delivered the alkyne
cross-coupling product 3b independent of the solvent used,
namely, CDCl3, DMF, N-methyl-2-pyrrolidone (NMP), N-
buthyl-2-pyrrolidone (NBP), hydroxyethyl-2-pyrrolidone
(HEP), tetrahydrofuran (THF), ethanol (EtOH), and toluene
(entries 8−15 and Supporting Figures S93−S103), obtaining a

complete conversion of BNOd2

I into 3b. Product 3b can be
generated only by the direct coordination mechanism, ruling
out the Pd(II)−Pd(II) transmetalation process.

In all of the reactions, the only side product detected was the
homocoupling product 4a coming from the reductive
elimination RE of M. In summary, complex M is formed
only when the palladium precatalyst is not efficiently reduced
to Pd(0); however, it is unstable, and by reductive elimination,
it generates Pd(0) and the homocoupling product 4a (see
Scheme 2 route B). Accordingly, the homocoupling products
were not detected in catalytic reactions performed using
Buchwald’s15b and bidentate phosphine ligands (see Support-
ing Figures S154−S162), provided that the reduction of the
Pd(II) precatalyst was efficiently performed.

In addition, even under conditions where M is stable
(CDCl3/25 °C), the direct coordination reaction is faster than
the Pd(II)−Pd(II) transmetalation one. These data support
the direct coordination mechanism hypothesis, which deserves
further investigation to establish the role of both the base and
the leaving group in directing the reaction toward an anionic,
cationic, or ionic mechanism (Figure 2).
Oxidative Addition Complex. BNOd2

X −Base Interaction. In
order to understand the behavior of the different Pd(II)

Figure 5. (a) HCS reaction between the oxidative addition complex BNO d2

I (0.018 mmol) with 2a (1 equiv) and TMG (1.1 equiv) and with M (1
equiv) in CDCl3 (0.024 M) at 25 °C. (b) HCS reaction between the oxidative addition complex BCHd3

I (0.0095 mmol) with 2a (1.2 equiv) and Pyr
(5 equiv) and with M (1.2 equiv) and Pyr (5 equiv) in CDCl3 (0.013 M) at 25 °C.

Scheme 3. Competition between M and 2b in Reacting with Oxidative Addition Complex BNOd2

I and BCHd3

I .a,b
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complexes under operative conditions, we carried out 31P
analysis of the oxidative addition complexes BNOd2

X with several
leaving groups X, namely, I, Br, Cl, or OTf, in the presence of
TMG, PYR, or TEA in DMF-d7. The results are described in
Table 4. The base effect was studied using 50/20/10 equiv of
the base with respect to the Pd(II) complex BNOd2

X to reproduce
the operative conditions. In fact, when using a 1 mol% catalyst,
the data showed the impact of 1.1 equiv of the base on the
oxidative addition catalyst at different conversions (60, 90, and
99%). The 31P spectra clearly showed that complexes R were
the dominant Pd(II) species with TMG and PYR (entries 1−6
and Supporting Figures S104−S109), independent of the base
excess. The tertiary base TEA was not able to enter the metal
coordination sphere (entries 7−9 and Supporting Figure
S110).

The value of the equilibrium constant k is generally low and
in line with that of Jutand and co-workers.22 It is clear that the
presence of a large excess of base pushes the equilibrium
toward the formation of the R complexes (Figure 6).
Interestingly, with the exception of the chloride complex
(entry 6), TMG was always more efficient than PYR in
replacing PPh3 in the Pd(II) coordination sphere (entries 1,2
and 4,5). The introduction of a methoxy group at position 4 of
the phenyl iodide favored the formation of complex R (entry
10 and Supporting Figure S111).

The results showed that the exchange between the base and
the halide does not take place because of the high strength of
the Pd(II)−I,Br,Cl bonds.23 In fact, the formation of
complexes R is perfectly balanced by the release of free PPh3
in solution (see Figure 8a BNOd2

Br + 20 equiv of TMG). With
oxidative addition complexes coming from aryl halides, the
triphenylphosphine release begins upon the addition of the
first equivalent of TMG or PYR into the mixture. The 31P

NMR spectra showed two or three peaks related to complexes
Ra−c. With aryl halides, we carried out DFT calculations with
TMG as the base, and the data supported the hypothesis that
among the different isomers, Ra was the most stable (Figure
6). However, the energy difference between Ra and Rb (1.8−
2.3 kcal) is smaller than that between Rb and Rc (5.3−6.0
kcal), independent of the halide (Figure 6a). Considering the
oxidative addition complex generated with triflate as the
counterion BNOd2

OTf , the formation of complexes Rd−g is even
more efficient than the one coming from the corresponding
aryl halide. Complex BNOd2

OTf is completely dissociated in DMF,
and with the addition of the first equivalent of TMG, the
formation of two peaks was observed at 27.78 and 19.32 ppm
in the 31P NMR spectrum. With the excess of base, only the
peak at 27.78 ppm is observed along with the corresponding
amount of PPh3. The complex at 19.32 ppm has only one
molecule of TMG attached to the palladium (Rd,e), while the
complex at 27.78 ppm has two molecules of TMG (Rf,g). The
cationic complexes Rd,e generated from BNO d2

OTf and one
molecule of TMG in the coordination sphere of the palladium
and those generated with two molecules of TMG (Rf,g) have
almost the same energy (Figure 6b−c). However, the slightly
more stable complexes are those that result from the first
substitution of one molecule of TMG in trans (Rd), and thus,
these are the ones that are likely to react in the mechanism
giving complexes Rg rather than Rf.

The mechanisms and energies for the interconversion
among the intermediates Ra, Rb, and Rc starting from
complex trans-BNOd2

I are shown in Figure 7. The only R isomer
that can be formed from trans-BNOd2

I is Ra, which is the most
stable complex. Ra can isomerize to give first Rb and then Rc.
The total energy required to go from Ra to Rb is 17.5 kcal/
mol, while the energy needed to form complex Rc from Rb is
25.9 kcal. These calculations are in line with the 31P NMR,
which shows the presence of a largely predominant R isomer
and small amounts of the other two when just 10 equiv of base
is used (see Supporting Figure S107). On the other hand,
when a large excess of base is present, mimicking the reaction
conditions, the isomerization is completely inhibited and only
the most stable isomer, presumably Ra, is detected. This
supports the base dissociation mechanism passing through
TSRa.

Alkyne Coordination Step. The intermediate complexes
described in Table 4 and in Figure 6 support a coordination
process of the alkyne, which is very close to the one postulated
for the Heck-type reaction coordination−carbopalladation
step.24 The reaction mechanism, via neutral (Ra-c) or cationic
(Rd-g) complexes, is mainly related to the nature of the
counterion in the oxidative addition Pd(II) complex B. The
coordination of the base and then the alkene/alkyne took place
in a neutral complex with the halide counterion (Ra-c) and in
a cationic complex with the triflate (Rd-g).

To the reactions with 20 equiv of base described in Table 4,
20 equiv of 2a were added. Independent of the counterion, the
formation of complex C that preceded the RE step is a fast
process (Supporting Figures S114−S128). In Figure 8, the 31P
NMR spectra showed that starting from BNO d2

Br , the addition of
the base generated a mixture of two main peaks at 27.71 and
31.03 ppm (Ra-c), which disappeared after 10 min from the
addition of 2a, forming only complex C at 28.03 ppm. We
detected the trans isomer of complex C, which is 4 kcal more

Table 3. HCS Cross-Coupling Competition Studies, Direct
Coordination versus Pd(II)/Pd(II) Transmetalation
Processa

entry B solvent base T (°C) BR
I conv (%)b 3a/3bc

1 BNOd2

I CDCl3 TMG 25 73 0/100

2 BNOd2

I CDCl3 PYR 25 60 0/100

3 BCHd3

I CDCl3 TMG 25 66 2/98b

4 BCHd3

I CDCl3 PYR 25 41 3/97b

5d BNOd2

I CDCl3 TMG 25 60 0/100

6d BCHd3

I CDCl3 PYR 25 59 0/100

7 BNOd2

I DMF TMG 40 100 0/100

8 BNOd2

I DMF TMG 60 100 0/100

9 BNOd2

I CDCl3 TMG 60 100 0/100

10 BNOd2

I NMP TMG 60 100 0/100

11 BNOd2

I NBP TMG 60 100 0/100

12 BNOd2

I HEP TMG 60 100 0/100

13 BNOd2

I THF TMG 60 100 0/100

14 BNOd2

I EtOH TMG 60 100 0/100

15 BNOd2

I toluene TMG 60 100 0/100
aReactions were carried out with BR

I /M/2b in a 1/1/1 ratio, 1,1 equiv
of base with a concentration of 0.13 M under nitrogen for 1 h.
bDetermined by HPLC-MS. cDetermined by GC-MS. In entries 7−
15, the conversion of M into 4a was completed. d10 equiv of 2b were
added.
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stable than the corresponding cis isomer (see Supporting
Figure S186). Using the BNOd2

Br complex, we studied the effect of
the alkyne on the reaction outcome. Complex C was rapidly
generated after 10 min at room temperature, and it was absent
after 5 h, while complete conversion to the corresponding
HCS products 3a−l was detected by HPLC (Figure 9 and
Supporting Figures S129−S152).

These results further support the observation that the
different excess of alkyne, necessary to achieve complete
conversions under standard conditions, is not determined by
the alkyne reactivity in the HCS coupling. The alkyne
coordination and the π/σ switching, necessary to generate C,
are very fast, and we were unable to detect any intermediate.
Therefore, the only possibility was to take advantage of DFT
calculations.
DFT Calculations. Density functional theory calculations of

the HCS copper-free reaction coordinates were performed
with the PBE/def2-TZVP level of theory25 starting from the
oxidative addition complexes, namely, BNO d2

I and BNO d2

OTf ,
phenylacetylene 2a, and TMG as a model system to gain
molecular-level insights into the mechanism of the alkyne
carbopalladation step. According to the experimental data on
the effect of the TMG base, two different mechanisms were
studied using the iodide and the triflate as counterions: the
neutral/anionic pathway via Ra−c for the halide species and
the cationic/neutral pathway via Rd−g for the triflate as the

leaving group. Ra and Rg were selected among the different
isomers based on the data described in Figure 6.

The computed Gibbs energy profile for the copper-free HCS
reaction starting from the oxidative addition complex BNOd2

I is
shown in Figure 10a.

The energy of the transition state of the direct
carbopalladation of the acetylene on complex BNOd2

I , without
passing through TS0I, was found to be 32.0 kcal/mol
(TS1PPh3). This is the energy necessary for the mechanism
involving tertiary amines. With secondary amines, like TMG,
the key step of the process is the transformation of BNOd2

I into
intermediate Ra through the displacement of one equivalent of
PPh3 by the base. Our calculations found a barrier of 20.2 kcal/
mol (TS0I), a difference in energy offset by the excess base
that is used in the process. The reaction coordinate was based
on Ra because it was the most stable isomer; see Figure 6a.
The ability of the secondary amine to enter in the coordination
sphere of the metal is critical because it lowers the energy
required for the acetylene carbopalladation step. The energy
required to go from Ra to G through TS1I is only 22.9 kcal/
mol, a process favored by 7.1 kcal over the direct passage from
TS1PPh3. The calculations therefore reinforce the concept that
the carbopalladation step is much faster when passing through
complex Ra, instead of going directly from complex BI. The
step from Ra to G through TS1I is the rate-determining step of
the alkyne carbopalladation process. All subsequent energy

Table 4. Base Effect on the Oxidative Addition Complexes BNOd2

X , X = I, Br, I, OTfa

base/BR
X ratiob

entry X BR
X base 50 equiv 20 equiv 10 equiv k

1 I BNOd2

I Pyr 93/7 85/15 68/32 0.182

2 Br BNOd2

Br Pyr 91/9 78/22 68/32 0.099

3 Cl BNOd2

Cl Pyr 93/7 82/18 70/30 0.134

4 I BNOd2

I TMG 100/0 97/3 93/7 0.910

5 Br BNOd2

Br TMG 96/4 85/15 74/26 0.122

6 Cl BNOd2

Cl TMG 87/13 71/29 63/37 0.074

7 I BNOd2

I TEA 0/100 0/100 0/100

8 Br BNOd2

Br TEA 0/100 0/100 0/100

9 Cl BNOd2

Cl TEA 0/100 0/100 0/100

10 I BOMe
I TMG >99/1 99/1 94/6 0.306

11 OTf BNOd2

OTf TMG 100/0 100/0 100/0 c

aThe reaction was performed with BR
X (0.026 mmol) dissolved in DMF-d7 (600 μL). bRatios of the complexes and equilibrium constants were

calculated using 31P NMR (see the Supporting Information, Paragraph 9). cIt was not possible to calculate k since the formation of the R complex is
efficient even with a low amount of base.
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barriers from G to C are lower than the previous transition
state from R to G. The deprotonation of the acetylene is also
favored because the base, having just left the complex to make
room for the alkyne, remains near the intermediate, facilitating
the formation of the anionic complex N with an energy barrier
of 9.8 kcal/mol. The rupture of the Pd−I bond from the
anionic complex N requires a low activation energy, and the
replacement with PPh3 is therefore very efficient. In fact, the
ΔG between N and TS3I is only 12.6 kcal/mol, affording the
neutral complex C, which undergoes reductive elimination
with a free energy of 10.8 kcal/mol, giving rise to the coupling
product 3 and regenerating the catalyst.

In contrast to the neutral/anionic mechanism that occurs
with halides as leaving groups, the HC reaction with triflates is
characterized by a cationic/neutral mechanism; see Figure 10b.
Currently, there are no data in the literature on DFT
calculations for aryl triflates. The Pd−OTf bond is weaker
than the Pd−I bond and easily dissociates even in the presence
of a ligand such as DMF. For this reason, we started the Gibbs
energy profile of the mechanism from BNOd2

OTf with DMF instead
of TfO- as the Pd(II) ligand. Based on experimental 31P NMR
data, the key initial step was the formation of the complex Rg
with two TMGs coordinated to the metal. The coordination of
the first TMG stabilized the cationic complex by −2.9 kcal/
mol (ΔG between BNO d2

OTf and Rd). Similar to the previous
mechanism, the second TMG replaces one of the PPh3 ligands,
with a Gibbs free energy of 24.0 kcal/mol, to give the isomer
Rg, corresponding to the rate-determining step of the process
(TS0OTf). The carbopalladation of the acetylene into Rg takes
place with an energy barrier of 20.0 kcal/mol. This transition-
state energy barrier from Rg to TS1OTf is lower than the one
previously calculated for the corresponding mechanism step
from the iodide complex Ra. Interestingly, the average distance
between the sp carbons of the alkyne and the palladium
complex in TS1I was 2.40−2.47 Å, while for TS1OTf, a distance
of 2.62−2.92 Å was sufficient to activate the C−H bond,
creating a lower stressful steric interaction. Analogous to the
mechanism outlined for the iodide, after TS1OTf, all of the
other reaction steps required lower activation energies: the

Figure 6. Gibbs energies in DMF (ΔGDMF, kcal mol‑1) at 298 K for
isomers of complexes R with counterion halide (a) and a triflate (b).

Figure 7. Reaction coordinate of the interconversion among the intermediates Ra, Rb, and Rc.
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TMG base, which had just come out of the coordination
sphere in TS1OTf, deprotonates the acetylene, favoring the
switch from the π complex S to the σ complex T with an
activation energy of only 4.3 kcal/mol. This process is highly
favored because it leads to the more stable complex T and
subsequently to the intermediate C through the displacement
of TMG by the phosphine with a ΔG energy of 15.8 kcal/mol.
The cis/trans isomerization of complex C was not discussed
since it is not relevant for the reaction mechanism and can only
affect the kinetic of the RE being the trans isomer more stable
and unable to generate the final product.

With both halide and triflate, the DFT calculation showed
that the phenylacetylene insertion to the complex R is
thermodynamically favored over the direct coordination to B.

This result is consistent with the experimental data described
in Figure 8. The formation of complex R and C is accelerated
by the excess of reagents being both bimolecular processes. In
fact, the base and the alkyne are always present in large excess
with respect to the Pd(II) complexes in a catalytic reaction.

The proposed reaction mechanism is described in Figure 11.
In the presence of a halide as a counterion, the direct
coordination of the alkyne took place in a neutral complex G
(Figure 11a), while with triflate, the coordination took place in
a cationic complex S (Figure 11b).

Concerning the overall reaction rate-determining step, with
iodides, the oxidative addition and the coordination of the
alkyne transition states have similar energy requirements,
around 17−20 kcal/mol.10b,26 On the contrary, for bromides,

Figure 8. (a) 31P NMR spectra of the complex BNO d2

Br (0.026 mmol) dissolved in DMF-d7 (0.6 mL) followed by the addition of TMG and 2a at 25
°C. (b) 31P NMR spectra of the complex BNO d2

OTf (0.013 mmol) dissolved in DMF-d7 (0.6 mL) followed by the addition of TMG and 2c at 25 °C.

Figure 9. Alkyne carbopalladation into complex BNOd2

Br (0.026 mmol) in 600 μL of DMF-d7.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.3c02787
ACS Catal. 2023, 13, 12048−12061

12057

https://pubs.acs.org/doi/10.1021/acscatal.3c02787?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02787?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02787?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02787?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02787?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02787?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02787?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c02787?fig=fig9&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c02787?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


chlorides, and triflates, the oxidative addition is by far the most
demanding step, with an energy higher than 30 kcal/mol27 and
higher than that of the acetylene carbopalladation TS1Br,Cl,OTf,
which in our calculations turns out to be just 20−23 kcal/mol.

■ CONCLUSIONS
The investigation of the fate of palladium complexes
mimicking operative catalytic conditions was crucial to
understand the copper-free HCS reaction mechanism.

Palladium species are highly reactive and can undergo side
reactions that have the potential to significantly influence the
outcome of the reaction and affect data interpretation. In fact,
the bis acetylene Pd(II) complex M is not involved in a
standard HCS copper-free reaction. This complex is unstable
and unable to compete with the direct coordination process of
the alkyne.

The direct coordination process is faster and more efficient
than the Pd(II)−Pd(II) transmetalation mechanism. The
outcome is independent of the leaving group, solvent, alkyne,

Figure 10. DFT-calculation-computed reaction profile and solution-state Gibbs free energies in the DMF (ΔGDMF, kcal mol−1) PBE/def2-TZVP
level of theory at 298 K for stationary points of the Heck−Cassar protocol mechanism. (a) Energy profile with iodide as the counterion. (b) Energy
profile with triflate as the counterion.
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or temperature used. The homocoupling product in the HCS is
diagnostic of the formation of complex M, which rapidly
generates the active Pd(0) specie. We already reported that
with the monodentate Buchwald’s ligand or bidentate
phosphines the only side product is the enyne, coming from
the oxidative addition on the terminal alkyne C−H bond.15a,b

The presence of secondary organic amines in the copper-free
Heck−Cassar protocol was investigated to understand their
fundamental role in promoting precatalyst reduction and
entering the coordination sphere of the metal. Experimental
results showed that under catalytic conditions, the large excess
of secondary amines with respect to the palladium metal and
the phosphine ligand affect the Pd(II) complexes and their
fate. Theoretical calculations and experimental results showed
that there are two different catalytic cycles depending on the
type of the involved counterion. When a halide is the
counterion, the mechanism involves the coordination of the
alkyne in a neutral Pd(II) complex. On the other hand, when
the leaving group on the aromatic ring is triflate, which is
completely dissociated from the metal, two molecules of the
secondary amine enter the palladium coordination sphere,
promoting the coordination of the alkyne in a cationic Pd(II)
complex. We have reported herein for the first time a DFT
calculation on the aryl triflate reactivity in HCS coupling.

This mechanism, which highlights the critical role of the
counterion, was found to be similar to the coordination−
carbopalladation step involving the alkene in the Heck
reaction.23
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