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An efficient methodology was developed for performing
palladium-catalyzed E-E (E = S, Se) bond addition to
alkynes under solvent free conditions. Compared to reac-
tion in solvent significant enhancement of reaction rate,
improved efficiency and remarkable catalyst stability were
observed under solvent free conditions. The addition reac-
tions were carried out with high stereoselectivity and yields
in a short reaction time.

Nowadays development of organic synthesis is focused on
environmentally friendly procedures with fewer toxic sub-
stances involved. Special attention is paid to minimize quantity
of organic solvents used in the reaction, since very often
organic solvents are ecologically harmful and flammable. In
addition, using large quantities of solvents gives rise to waste
removal concern.

Undoubtedly, solvent free organic synthesis is the best eco-
friendly methodology to overcome the above problems.! Very
often performing the reaction under solvent free conditions
requires applying microwaves to bring additional energy to the
system. Many examples of microwaves assisted solvent free
organic synthesis procedures have already been published.? In
contrast, transition metal catalyzed solvent free methodology is
at the beginning stage of development and encounters several
difficulties due to the multicomponent nature of the system.
In this case excluding solvents also has an economical benefit,
since transition metal catalyzed transformations usually require
rigorously dried and purified solvents treated under an inert
atmosphere. At the moment solvent free methodology has been
successfully applied to cross-coupling reactions: Suzuki coup-
ling,* Heck reaction,* and C-N bond formation.> However,
to the best of our knowledge no studies have been published
concerning transition metal catalyzed addition reactions to
unsaturated species under solvent free conditions.

The addition reactions are performed with 100% atom effi-
ciency with no waste materials formed. In particular, E-E bond
addition to alkynes is a recognized tool for modern organic and
element-organic synthesis.® A very efficient palladium catalyzed
S-S and Se-Se bond addition reaction to alkynes has been
developed leading to Z-substituted alkenes with high stereo-
selectivity.” The addition reaction represents a convenient single
stage way of two carbon-element bond formations and leads to
important products required in synthetic organic chemistry?®
and materials science.’ Recently we have studied the mechanism
of the E-E (E = S, Se) addition reaction to alkynes and have
found that the catalytic cycle involves dinuclear palladium
complexes (Scheme 1)."°

T Electronic supplementary information (ESI) available: full experi-
mental details of synthetic procedure, compound separation and purifi-
cation, details of spectroscopic studies, kinetic measurements and
compound characterization. See http://www.rsc.org/suppdata/ob/b3/
b312471a/
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Continuing our recent studies we have developed a new
synthetic approach to palladium catalyzed S-S and Se-Se
bond addition to alkynes under solvent free conditions.
Besides economical and ecological advantages the approach is
superior in respect of higher reaction rate and better catalyst
efficiency.

The present study is the first example of a transition metal
catalyzed addition reaction under solvent free conditions.

The key point of the solvent free reaction is the presence
of an excess of phosphine ligand (entries 1, 2; Table 1). In
the absence of an excess of PPh; rapid polymerization of

Table 1 Catalytic Ar,E, addition to alkynes under solvent free
conditions
Pd(PPh3), 1 mol%
PPhs 15 mol% R
R—= + AI’2E2 .
1 solvent free ArE 2 EAr
Entry  ArE, Alkyne Conditions®  Yield’, %
1 Ph,S, 1-A 80°C,8h 0¢
: OH
1-A
2 Ph,S, 1-A 80°C,8h 99 (90)
3 Ph,S, 1-B 80°C,8h 99 (90)
1-B
4 Ph,S, 1-C 80°C,8h 98 (85)
= NMe,
1-C
5 Ph,S, 1-D 80°C,8h 97 (80)
= % n
Bu
1-D
6 Ph,S, 1-E 80°C,8h 96 (85)
1E
7 Ph,S, 1-A 100°C,2h 99 (90)
8 Ph,S, 1-B 100°C, 2 h 99 (90)
9 Ph,S, 1-C 100°C,2h 99 (85)
10 Ph,S, 1-D 100°C, 2 h 98 (80)
11 Ph,S, 1-E 100°C,2h 97 (85)
12 Ph, Se, 1-B 100°C, 2 h 96 (87)
13 Ph,Se, 1-C 100°C,2h 97 (80)
14 (p-MePh),Se, 1-B 100°C,2h 95 (85)
15 (p-FPh),Se, 1-B 100°C,2h 95 (85)

“The reactions were performed in 1 mmol scale."" * Determined with
NMR spectroscopy, the isolated yield is given in parentheses;'? in all
cases Z/IE > 97 : 3 was observed. ¢ The reaction was carried out with
1 mol% of Pd(PPh;), without addition of PPh;.
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the palladium catalyst is observed resulting in a dark brown
precipitate insoluble in common organic solvents (6, Scheme 1).

Under the reaction conditions at 80 °C (or higher) both Ph,S,
and PPh, are molten and Pd(PPh;), can be easily dissolved in
the Ph,S,/PPh; melt. An excess of PPh; prevents precipitate
formation and results in a homogeneous melt. Therefore, stir-
ring is no longer needed for the system. The addition process
was performed under very simple reaction conditions in a
sealed tube. Excellent yields were obtained for various alkynes
(entries 2-5; Table 1). No difference in the product yield was
observed in the reactions performed under an inert atmosphere
or under air. Due to quantitative conversion and the absence of
solvent product separation is much simplified as well. In fact,
filtering out palladium complex and PPh; on silica or a rapid
flash chromatography'® suits very well for most of the cases
studied.

With 1 mol% of the catalyst and 15 mol% of PPh; heating at
80 °C for 8 h results in quantitative product yields for several
alkynes with various functional groups (entries 2-5; Table 1).
Under these conditions two equivalents of Ph,S, can be added
to hepta-1,6-diyne with 96% product yield (entry 6; Table 1).
A significant acceleration of the reaction under solvent free
conditions makes it possible to achieve quantitative yields with
1 mol% of catalyst in 8 h (entries 2-6; Table 1), while the same
reaction in solvent requires 12-16 h of heating and 2-3 mol%
of the catalyst.'* Increasing the temperature to 100 °C allows
quantitative yields to be achieved after 2 h of reaction time. We
have shown that Se-Se is less reactive toward alkynes in the
palladium catalyzed reaction in solvent compared to the S-S
bond." However, the difference in reactivity is less apparent
under solvent free conditions, both S-S (entries 7-11) and
Se-Se bonds (entries 12-15, Table 1) quantitatively adding to
alkynes. In all cases studied, the addition proceeds in a syn-
manner with high stereoselectivity leading to Z-configuration
of the products (entries 2—15; Table 1).'

For complete utilization of sulfur- and selenium-containing
species Ar,E, : alkyne = 1 : 1.5 ratio should be used. Changing
the color of reaction mixture from dark-brown to orange or
yellow indicates the completion of the reaction. In this case
Pd(PPh,), is released at the end of the addition process.

A detailed NMR study of the catalytic reaction has shown a
significant acceleration of Ph,S, addition to the triple bond of
1-B in the solvent free conditions (Table 2).

A typical 1 mmol scale setup!! results in a reaction volume
of about 0.6 ml under the solvent free conditions (entry 1;

Table 2 Catalytic Ph,S, addition to 1-B under solvent free conditions
and in solvent*

Total reaction Solvent
Entry volume, ml added,’ ml Yield,® % ti'h
1 0.6 — 66 1.5
2 2.0 1.4 25 4.2
3 5.0 4.4 14 7.6

“The reactions were performed in 1 mmol scale at 80 °C with 1 mol%
of Pd(PPh,), and 15 mol% PPh,. ® Toluene was used as a solvent.
“ Measured with NMR spectroscopy after 2 h of reaction. ¢ Time
needed for 50% conversion of Ph,S,.

Table 3 Temperature dependence of the yields of 2-B under solvent
free conditions*

Entry Temperature, °C Time, min Yield,” %
1 80 120 66
2 80 270 91
3 80 450 99
4 100 15 63
5 100 30 92
6 100 60 99
7 120 5 99
8 140 <3 99

“The reactions were performed in 1 mmol scale with 1 mol% of
Pd(PPh;), and 15 mol% of PPh,. * Measured with NMR spectroscopy;
in all cases Z/E > 97 : 3 was observed.

Table 2). Adding as little as 1.4 and 4.4 ml of solvent dram-
atically decreases the reaction rate by factors of approximately
3 and 5, respectively (entries 2, 3; Table 2). Obviously, reaction
rate enhancement under solvent free conditions originates from
the concentration effect.

The rate of catalytic Ar,E, addition to alkynes in solvent
cannot be substantially improved at higher temperatures due to
rapid catalyst decomposition. We found that the palladium
catalyst is much more stable in the solvent free conditions. For
the Ph,S, addition across a triple bond in 1-B increasing the
temperature to 100 °C allows the reaction time to be shortened
to 1 h (Table 3). With the temperature increased to 120 °C
or higher no longer than 5 min of reaction time is required
(Table 3).
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Table 4 Catalytic Ph,S, addition to alkynes with different reaction scale and amount of catalyst used

Entry Alkyne Reaction scale, mmol Pd(PPh;),, mol % Time, min Yield,” %
1 1-A 1 1.0 <3 97
2 1-A 1 0.1 30 97
3 1-A 10 0.1 30 97
4 1-A 10 0.01 60 97
5 1-A 10 0.001 300 70
6 1-B 1 0.1 30 98
7 1-B 10 0.1 30 98

“ The reactions were performed at 140 °C with 15 mol% of PPh,. ® Measured with NMR spectroscopy.

To check the scope of the catalytic reaction at high temper-
ature we have repeated Ph,E, addition to alkynes 1-A-1-D at
140 °C (entries 2-12, Table 1). In all cases after 5 min of
heating 96-99% product yields were obtained with high stereo-
selectivity (Z/E > 97/3). It is known that long heating at
high temperatures could lower overall stereoselectivity of E-E
addition due to noncatalytic thermal reaction or double bond
isomerisation.® However, this was not the case for the studied
solvent free system, since reaction time at high temperature is
very short.

Reaction rate enhancement and remarkable catalyst stability
at high temperature give an opportunity to perform addition
reactions with a rather small amount of catalyst (entries 1-5,
Table 4). Particularly, 97% product yield was observed with
only 0.01 mol% of catalyst (entry 4, Table 4). Even with as low
as 0.001 mol% of catalyst a 70% yield was observed after 5 h of
reaction at 140 °C (entry 5, Table 4).

Performing reactions with 0.1 mol% of catalyst requires
about 1 mg of Pd(PPh;), for the synthesis of ~3 g of the addi-
tion products (entries 3, 7; Table 4).

The developed solvent free methodology provides the same
quantitative yields for 1 and 10 mmol of reaction scale (entries
2-3 and 6-7; Table 4). For the alkyne 1-A this corresponds to
0.33 and 3.32 g of the final product, respectively (2-A).

Recently we have shown that the mechanism of Pd(PPhj;),
catalyzed Ar,E, (E = S, Se) addition to alkynes in toluene or
benzene solutions involves dinuclear complexes'® formed after
the E-E bond oxidative addition to zero valent palladium (4, 5;
Scheme 1). It was shown that the concentration of dinuclear
complexes in solution is increased in the presence of excess of
PPh,.!"* Most likely, triphenylphosphine prevents catalyst poly-
merization leading to insoluble [Pd(EAr),]," (6) and ensures
homogeneous reactions conditions.

To clarify the reaction mechanism under solvent free condi-
tions we have performed a ¥P{'H} NMR study directly in the
molten Ph,S,/PPh;. Adding Pd(PPh;), to the melted Ph,S,/PPh,
at 80 °C results in the appearance of two major resonances at
0 = 30.4 and 29.0 ppm (Fig. 1A) corresponding to dinuclear
complexes 4 and 5 (Scheme 1).'7 Similar complexes were
detected in toluene in the oxidative addition reaction of Ph,S,
to Pd(PPh,), (6 = 30.8 and 29.4 ppm).!®'> The small difference
in the chemical shifts of dinuclear complexes in the molten
Ph,S,/PPh; and in the toluene solution indicates rather similar
solvation properties of both media. This is one of the key
factors for developing a successful synthetic procedure under
solvent free conditions.

SIP{'H} NMR monitoring of the catalytic reaction in the
molten Ph,S,/PPh; confirmed the presence of the dinuclear
complexes 4, 5 (Fig. 1A). The observation indicates that the
catalytic process under solvent free conditions, involves di-
nuclear complex [Pd,(EAr),(PPh,),] (4, 5) formation. The pres-
ent study suggests the same mechanism of the catalytic reaction
under solvent free conditions and in solvent.

Remarkable catalyst stability provides the necessary condi-
tions for recycling. Indeed, we have found that palladium
catalyst can be easily separated by flash chromatography after
completing the reaction.'”® The *'P{'"H} NMR spectrum of the
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Fig. 1 *P{'H} NMR spectra of the dinuclear complexes trans-, cis-
[Pd,(SPh),(PPh;),] (4, 5): A —in the melted Ph,S,/PPh; without solvent;
B - in a toluene solution in the presence of a 15 fold excess of PPh;; C —
in a toluene solution in the presence of twofold excess of PPh;; D —in a
toluene solution.

isolated compound shows several lines in the region of 29.5—
31.0 ppm (Fig. 1D). Adding an excess of PPh; increases the
intensity of the signals corresponding to dinuclear complexes 4,
5 (0 = 30.8 and 29.4 ppm) simultaneously decreasing the
intensity of the other lines (Fig. 1C). In a 15 fold excess of
the ligand only two signals of 4 and 5 are detected (Fig. 1B).
The NMR study confirms the suggestion made earlier: an
excess of the ligand prevents catalyst oligomerization and shifts
the equilibrium toward dinuclear complexes."

Recycled catalyst shows the same catalytic activity and stereo-
selectivity in the Ar,E, addition reaction under solvent free
conditions compared to the initial Pd(PPh;),. The recycling



Table 5 Catalytic Ph,S, addition to alkynes using recycled catalyst*

Cycles Alkyne Yield,” %
1 1-A 98
2 1-B 96
3 1-D 97

“The reactions were performed in 1 mmol scale with 1 mol% of initial
Pd(PPh;), and 15 mol% of PPh, at 140 °C.* * Measured with NMR
spectroscopy after 8 h.

sequence being repeated three times does not substantially
effect the reaction yield (Table 5).

For catalyst recycling the optimal Ar,E, : alkyne ratiois 1 : 1.
In this case the dark-brown complex [Pd,(EAr),(PPh;),] is the
final form of the catalyst, which can be easily recycled under
regular conditions in air. As mentioned above, in the case of
an excess of alkyne air-sensitive Pd(PPh;), is formed, which is
hardly possible for recycling.

The present article reports the first example of a transition
metal catalyzed E-E bond addition reaction to unsaturated
molecules in the absence of solvent. Two key-factors are of
great importance for the reaction: 1) solvation properties of
Ar,E,/PPh; are similar to those of aromatic solvents; and 2) the
excess of PPh; ligand effectively blocks polymerization of
palladium complexes and keeps the active form of the catalyst
in the melt. In the present case the solvent free reaction was
performed as a simple thermal process without microwave
irradiation.

In the developed solvent free methodology quantitative
yields of stereoselective Ar,E, addition to alkynes can be
achieved in very simple reaction conditions, followed by a
significantly simplified product separation procedure. The
developed methodology combines several advantages: 1) atom
efficiency of the addition reaction; 2) high stereoselectivity of
the transition metal catalyzed transformation; and 3) econom-
ical and ecological benefits of the solvent free conditions. In
addition, significant acceleration of the reaction was observed,
as a result reaction time was decreased from several hours to a
few minutes with less catalyst used. An important advantage of
the solvent free methodology is the ability for catalyst recycling.

The NMR study has shown the formation of dinuclear
intermediate complexes [Pd,(EAr),(PPh,),] in the catalytic reac-
tion performed under solvent free conditions, therefore, sug-
gesting the same catalytic reaction mechanism as in solution.
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