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Phosphine-free catalysts for the Mizoroki—Heck cross-coupling
reaction offer significant advantages in terms of air and moisture
stability. We synthesized two palladium(i) complexes featuring a
thiolate-imine-thioether SNS pincer ligand: Pd(x?>-SNS™¢), (Pd-1)
and PdI(x3-SNSM®) (Pd-2). Their catalytic activities were compared,
with Pd-2 demonstrating excellent reactivity at a low catalyst
loading of 1.5 mol%, efficiently producing olefin products across
various substrates within 5 hours. Conversely, Pd-1 showed no
catalytic activity due to its isomerization to a Pd(i)-N,S, complex
via imine C-C bond formation at elevated temperatures, which
restricted access to coordination sites necessary for oxidative
addition and alkene coordination. Heating Pd-2 with excess NEtsz
affords a Pd dithiolate tetramer, [Pd(p-k3-SNS)], via selective C—S
bond activation.

Over the past decades, transition metal-catalyzed coupling
reactions, such as the Mizoroki-Heck," Suzuki-Miyaura,
Sonogashira,® Negishi* and Stille® reactions, have revolutio-
nized synthetic organic chemistry by enabling the efficient for-
mation of carbon-carbon bonds. These methodologies have
become pivotal for accessing complex molecules in agrochem-
icals, pharmaceuticals, and fine chemical manufacturing.®
Among them, the Heck reaction, independently discovered by
Mizoroki” and Heck® in the 1970s, remains a cornerstone for
constructing intricate molecular frameworks.

Palladium catalysis is central to the Heck reaction, owing to
its unique ability to toggle between oxidation states (0 and +2)
and its versatile coordination chemistry.” While phosphine-
based ligands have traditionally dominated this field,** their
cost, air sensitivity, and toxicity have driven the search for
more sustainable alternatives.”' In response, phosphine-free
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ligands—including N-, O-, and S-donor systems—have gained
traction due to their stability, reduced toxicity, and cost-
effectiveness."

In previous work, we employed a thiolate-based SNS ligand
(L1 in Scheme 1) with first row metals as catalysts for
hydroboration'*"” and azide-alkyne coupling reactions.'® This
ligand framework is air-stable, nontoxic, and synthesized from
inexpensive starting materials,'® addressing key drawbacks of
phosphine ligands. Notably, the thiolate group can serve as a
bridging element,"* forming dinuclear compounds that can
serve as stable precatalysts. Additionally, the thioether donor
exhibits potential hemilabile behaviour during the catalytic
cycle, assisting in the formation of active catalytic species."”
The potential redox non-innocence of the ligand®*' further
stabilizes the metal’s oxidation state during catalysis, enhan-
cing its versatility. In the Co and Fe complexes the thiolate SNS
ligands undergo an intramolecular coupling, affording com-
plexes bearing the redox non-innocent N,S, ligand (Fig. 1A
and B).">** Thermolysis of the isolated Ni(L1), complex also
gives rise to Ni(N,S,) (Fig. 1C).>>** In this work we extend the

.

Fig. 1 [Fe(N3Sy), (A), [Co(N2S,)IILi>Cl] (B) and Ni(N,S;) (C) complexes.
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Scheme 1 Synthesis and molecular structure of Pd-1. The complex is
centrosymmetric, with the Pd-1 atom located on a crystallographic
twofold rotation axis. Displacement ellipsoids are drawn at the 50%
probability level, and all hydrogen atoms have been omitted for clarity.
Selected bond distances (A) and angles (°): Pd1-N1 = 2.090(2), Pd1-S1 =
2.2658(9), N1-Pd1-S1 = 83.39(7), N1-Pd1-N1 = 102.26(12), S1-Pd1-S1
=91.62(6).

application of L1 to a second-row transition metal, focusing on
the exploration of palladium-catalyzed Heck reactions.

The four-coordinate complex Pd(k>-SNS™), (Pd-1) was syn-
thesized from readily available Pd(u) acetate and two equiv. of
the protonated thiolate ligand tautomer (HL1; Scheme 1). The
geometry of Pd-1 exhibits a significant distortion from square-
planar coordination (74 = 0.11), likely due to steric hindrance
between the thioether groups. Nonetheless, its symmetrical
structure (Pd-S1 = 2.2658(9) A) contrasts with the Ni analog
(Ni-S1 = 2.1718(7) A and Ni-S2 = 2.1673(7) A).>° Moreover, the
deviation from the ideal 90° angle is more pronounced in Pd-1
[N-Pd-S = 83.397° vs. 86.53(6) and 86.68(6)° for N-Ni-S].

The catalytic potential of Pd-1 was evaluated in the Heck
reaction. However, Pd-1 at 5 mol% loading produced none of
the coupling product in DMF solvent after 24 hours at 120 °C.
To explain the lack of catalytic activity, we anticipate the for-
mation of Pd(N,S,) at elevated temperatures (Scheme 2) as dis-
cussed for Ni above.”®>? In the generally accepted mechanism
for the Heck reaction, the Pd(0) active catalyst requires two cis
vacant sites to oxidatively add the aryl halide and a third to
bind the alkene. Even if Pd-1 were to undergo reduction to Pd
(0) by the triethylamine base (vide supra), the rigidity of its tet-
radentate ligand and the resulting lack of two cis vacant sites
would prevent it from both performing the oxidative addition
step and binding the alkene in the cis position required for
subsequent insertion.
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Scheme 2 Isomerization of Pd-1 to the Pd(N,S;) complex.

The "H NMR spectrum of Pd-1 at elevated temperature
reveals complete transformation into a new species (Fig. S37),
while the ESI-MS spectrum shows the presence of a compound
with the same m/z as Pd-1 (Fig. S4}), presumably Pd(N,S,).
This observation supports our hypothesis of the formation of
inactive Pd(N,S,). To address this issue, we modified our
design to incorporate a single SNS ligand. PdI, was treated
with one equivalent of (L1)” to afford the four-coordinate
complex PdI(x*>-SNS™¢) (Pd-2) (Scheme 3). Pd-2 adopts a
slightly distorted square-planar geometry (74 = 0.07).
The bond length between Pd1 and S1 is similar to that in Pd-1
(2.2524(10) A), while the Pd1-N1 bond in Pd-2 (2.047(3) A) is
significantly shorter than that in Pd-1 (2.090(2) A). The
strain in the 5-membered thiolate metallacycle in Pd-2
[N1-Pd1-S1 = 87.43(9)°], is less than that in Pd-1 (83.39(7)°),
allowing the former to be closer to an ideal square-planar
geometry.

(HL1, 1 eq.) —Pld_
NaHMDS (1 eq.
Pdl, (1a.) _N
THF, r.t., 15h Pd.2
- HMDS, - Nal ; .
2 (orange - 84% yield)

Scheme 3 Synthesis and molecular structure of Pd-2 showing one of
the two independent molecules present in the asymmetric unit.
Displacement ellipsoids are drawn at the 50% probability level. The
second molecule and all hydrogen atoms have been omitted for clarity.
Selected bond distances (A) and angles (°): Pd1-S1 = 2.2524(10), Pd1-S2
= 2.2930(10), Pd1-N1 = 2.047(3), Pd1-I1 = 2.5834(4), N1-Pd1-I1 =
174.58(9), S1-Pd1-S2 = 175.38(4), N1-Pd1-S1 = 87.43(9), N1-Pd1-S2 =
97.01(9), S1-Pd1-11 = 87.17(3), S2—-Pd1-11 = 88.40(3).
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Table 1 Optimization table for Pd-2-catalyzed Heck reaction

R X
O
=

Pd, Et;N S
solv., temp., time \

Entry  Cat. (mol%)  Solvent  Time (h) Temp. (°C)  Yield”
1 PdI, (5) DMF 24 120 n.r.

2 Pd-1 (5) DMF 24 130 n.r.

3 Pd-2 (1.5) DMF 24 120 >99%
4 Pd-2 (1) DMF 24 120 84%
5 Pd-2 (1.5) CeHg 24 Reflux n.r.

6 Pd-2 (1.5) MeCN 24 Reflux n.r.

7 Pd-2 (1.5) MeOH 24 Reflux n.r.

8 Pd-2 (1.5) H,0 24 Reflux 48%
9° Pd-2 (1.5) DMF 24 120 90%
10° Pd-2 (1.5) DMF 24 120 n.r.
117 Pd-2 (1.5) DMF 24 120 85%
12 Pd-2 (1.5) DMF 24 105 >99%
13 Pd-2 (1.5) DMF 24 95 87%
14 Pd-2 (1.5) DMF 5 105 >99%
15 Pd-2 (1.5) DMF 4 105 88%

Reaction conditions: styrene (1 mmol), 10d0benzene (1.2 mmol) NEt;
(2 mmol) in 2 mL of DMF. “Isolated yields. ” Base = Na,COs. “ Base =
KOBu. 1.5 mmol of NEt;.

In contrast to Pd-1 and PdI, which were inactive in the
Heck reaction (Table 1, entries 1 and 2), 1.5 mol% of Pd-2
quantitatively converted the substrates into the desired
product (entry 3). However, reducing the catalyst loading to
1 mol% resulted in a decreased yield of 84% (entry 4). Notably,
the use of solvents with lower boiling points failed to produce
the desired olefin product (entries 5-8), while the reaction
achieved nearly half (entry 8).
Consequently, DMF was selected for subsequent experiments.
Among the bases tested, 2 equiv. of triethylamine proved to be
the most effective, whereas Na,CO; exhibited lower activity and
KO'Bu failed to activate the catalyst (entries 9 and 10).
Additionally, using less than 2 equiv. of base adversely affected
the reaction yield (entry 11). The optimal reaction temperature
was determined to be 105 °C, with an 87% yield observed at
85 °C (entries 12 and 13). Monitoring the reaction over time
showed completion within 5 h (entries 14 and 15). With the
optimized conditions established, we conducted a small sub-
strate scope study to evaluate the efficiency of Pd-2 in the Heck
reaction. A range of aryl groups bearing electron-donating and
electron-withdrawing substituents at different positions was
examined (Table 2). Notably, the catalyst failed to produce the
desired coupling product when chlorobenzene was used as the
substrate. Electron-withdrawing groups at the ortho and para
positions of iodobenzene resulted in quantitative yields
(entries a and b). In contrast, the presence of a methyl group
at the para position reduced the yield to 95% (entry c).
Similarly, introducing a methyl group at the para position of
styrene further decreased the yield to 80% (entry d), while the
same substituent at the ortho position afforded a quantitative
yield (entry e). The introduction of a chloride group at the para
position also resulted in a quantitative yield (entry f).

conversion in water
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Table 2 Substrate scope table for Pd-2-catalyzed Heck reaction
under optimized conditions

Pd-2 (1.5mol%)
EtsN (2 eq.)

DMF, 105 °C, 5 h

AT + Ar—I A‘/\/Ar
r

a (>99%) b (>99%) (95%)
d (80%) e (>99%) f (>99%)

Reaction conditions: alkene (1 mmol), aryl halide (1.2 mmol), Et;N
(2 mmol) in 2 mL of DMF. Isolated yields in parentheses.

To assess the reusability of Pd-2, a second batch of starting
materials was introduced into the reaction vial following the
completion of the initial Heck reaction under standard labora-
tory conditions. Notably, the results of this subsequent run
demonstrated quantitative conversion, highlighting the cata-
lyst’s impressive reusability. This outcome further reaffirms
the catalyst’s robust stability in the presence of environmental
factors such as air and moisture. These findings are consistent
with similar studies in the field, in which catalysts exhibiting
high reusability and stability have proven to be invaluable for
sustainable and  cost-effective  synthetic  processes.**
Additionally, after filtration of the reaction mixture through
Celite, no black solid was observed, providing strong evidence
for a homogeneous catalytic reaction. This was further con-
firmed by examining the GC-MS spectra of the filtrate, which
showed no evidence of the free protonated thiolate ligand.
These observations emphasize the critical role of our thiolate
ligand in stabilizing the palladium coordination sphere.

To investigate the activation step and assess catalyst stabi-
lity under the reaction conditions, we performed stoichio-
metric NMR experiments. Specifically, we dissolved complex
Pd-2 in DMSO-dg with triethylamine, transferred the solution
into an NMR tube, and heated it at 120 °C for 24 h. The colour
of the solution changed from green to red. The "H and '*C
NMR spectra were then compared with those of Pd-2. The "H
NMR analysis, shown in Fig. S7,7 provided valuable insights.
Notably, it revealed the presence of an imine proton, indicat-
ing that the thiolate ligand remained coordinated to the metal.
This observation supports the idea that the ligand effectively
stabilizes the metal complex even under reaction conditions.
Furthermore, a closer examination of the "H NMR spectrum
showed that approximately half of the triethylamine remained
unreacted, while the remainder had undergone reaction,
leading to the formation of various byproducts in the reaction
mixture. Over a period of one month, crystals grew from the
reaction mixture. Characterization of these crystals by X-ray
crystallography revealed a palladium-dithiolate tetramer in

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Synthesis molecular  structure of Pd-3:(CgHe)>.
Displacement ellipsoids are drawn at the 50% probability level. The two
benzene solvate molecules and all hydrogen atoms have been omitted
for clarity. Selected bond distances (A) and angles (°): Pd1-S1 = 2.267(2),
Pd1-S2 = 2.293(2), Pd1-N1 = 2.059(8), Pd1-S3 = 2.328(2), S1-Pd1-N1 =
95.8(2), S2-Pd1-N1 = 86.1(2), S1-Pd1-S3 = 84.51(8), S2—Pd1-S3 =
94.08(8).

which the five-membered ring thiolate sulfur bridges to a
second Pd atom (Fig. 2). The Pd1-S1 bond in Pd-3 (2.267(2) A)
is within the same range as that in Pd-1 and Pd-2, while the
Pd1-N1 bond (2.059(8) A) is shorter than in Pd-1 but longer
than in Pd-2. Notably, the Pd1-S2 bond length in Pd-3 (2.293
(2) A), in which the sulfur atom is in the thiolate form and
bridges to another Pd center, is identical to the Pd-thioether
bond in Pd-2. Interestingly, this selective S-Cy bond acti-
vation of L1 has been observed previously in Co-** and Ni-thio-
late®® complexes, using amido and N-heterocyclic carbene
ligands as the base, respectively. In this work, Et;N is pre-
sumed to have caused the activation. Unfortunately, our efforts
to regrow the crystal for isolation, further characterization, and
catalytic/mechanistic investigation were unsuccessful.

In conclusion, this study makes significant contributions to
the broader exploration of SNS-thiolate complexes in Pd-cata-
lyzed, phosphine-free Heck reactions. Complex Pd-1 did not
exhibit reactivity in the Heck reaction, likely due to isomeriza-
tion into Pd(N,S,) (Pd-3), highlighting the versatile nature of
the redox-active N,S, ligand. While Pd-2 is not the most
efficient catalyst reported for the Heck reaction,>® its catalytic
performance in aqueous solution and its stability as an air-
sensitive complex are noteworthy. The fortuitous isolation of
the product from the reaction of Pd-2 with Et;N led to the dis-
covery of a dithiolate palladium tetramer, in which the
thioether arm underwent selective S-C bond activation. This
observation complicates the proposal of a definitive mecha-
nism for Pd-2 in the Heck reaction but provides a valuable
foundation for future studies.

This journal is © The Royal Society of Chemistry 2025
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