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Rapid alkylations of thiols are performed in a packed-bed flow reactor where potassium carbonate acts as a heteroge-
neous base in anhydrous solvents at ambient temperature. The reaction also has a high efficiency as the removal of the
solvent is the only work up required to isolate the product. The products can be used in a subsequent oxidation which was
performed sequentially in semibatch mode. The alkylations of phenol and benzyl amine have been demonstrated on an
array of bases, but higher temperatures and longer reaction times are required than with thiols.

1. Introduction

Electrophilic alkylation of thiols is usually performed using
alkyl halides with a base. It has been demonstrated that thiols will
react directly with alkyl halides in the absence of solvent and
catalysts; however, high temperatures and long reaction times were
necessary [1] (Figure 1).

The reaction rates can be improved with catalysts, especially
in combination with flow chemistry. Very efficient protocols
use phase transfer catalysts such as tetrabutylammonium bro-
mide to shorten reaction times [2]. The use of a copper catalyst
with microwaves provides a rapid route at elevated temper-
atures for 120 °C using aqueous potassium tert-butoxide as a
base [3]. These processes still require high temperatures even
when performed in microreactors with superior thermal transfer
properties than batch reactors. Saxena and coworkers utilized
nickel nanoparticles for the catalytic oxidative coupling of a
thiol with an alcohol in a batch reaction performed at ambient
temperature [4]. Further optimization revealed acetonitrile to be
an optimal solvent for that reaction. Alkylation of thiophenol
has also been demonstrated with readily available and cheap
bases such as potassium carbonate. However, additional trie-
thylamine was required, and the resultant mixture required
chromatography [5].

Silica gel has also been used as a heterogeneous catalyst for the
alkylation of thiols. The surface facilitated the reaction to proceed
at room temperature but generated a disulfide side product that
still required chromatographic purification [6]. The application of
a solid supported base, such as morpholinomethyl-polystyrene
(PS-NMM, £2.90/mmol) has been described for the alkylation
of thiols in the context of the synthesis of thionicotinamides

Figure 1. Reaction set up. BPR: back pressure regulator

Scheme 1. Benzylation of thiophenol as model reaction

inhibitors [7]. A heterogeneous inorganic base in a packed-bed
flow reactor would be a cheaper and more accessible alternative to
solid supported bases that have been used in flow mode [8].

2. Results and Discussion

Our approach was to use readily available materials in flowmode.
The use of a microreactor would also create a high rate of heat and
mass transfer. We investigated the use of a dry organic solvent flown
through a packed-bed reactor of an inexpensive inorganic base.

A glass Omnifit column [9] was loaded with the maximum
quantity of potassium carbonate (2.5 g) and used as the packed-
bed reactor that can withstand higher pressures generated by
solvents heated above their boiling points (Figure 1).

Potassium carbonate (£0.007/mmol) does not dissolve in
organic solvents and allows an application as a heterogeneous
base in flow using anhydrous reaction conditions. This process
has an exceedingly high atom efficiency, which follows the first
of the principle of green chemistry, as only the solvent has to be
removed to isolate the product [10].

In initial investigations, thiophenol 1 and benzylchloride 2 were
used as a model reaction. When dry ethanol was used as the
solvent, thioether 3 was obtained in good yield (80%) (Scheme 1).
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Other dry solvents were also investigated as shown in Table 1
(entries 2–4). We discovered that acetonitrile is an ideal solvent for
this reaction, which is in accordance with results from Saxena and
coworkers [4]. The solubility of potassium carbonate and potas-
sium chloride is negligible in acetonitrile below 100 °C [11]. An

aqueous workup was performed to evaluate if any salt was in the
product, but there was no discernible difference in isolated yields
indicating no salts were eluted (Table 1).

Increasing the concentration led to a reduced yield of 3
(Table 1, entry 5) indicating that the K2CO3 is consumed in the
reaction. The reagent stream was flowed continuously; after 1 h,
unreacted starting material is observed on TLC in 100% hexane.
The column is depleted after 5 h, and product formation cannot
be observed.

The amount of potassium carbonate is then the limiting factor;
for higher concentrations, a larger packed-bed reactor would be
required. Na2CO3 as a base achieved only 16% yield, resulting
from the polarising ability compared to K2CO3, which has been
reported in literature [12].

Most substrates reacted with good yields at room temper-
ature. Short chain alkyl halides (Table 2, entries 8–10) required

Table 1. Solvents investigated in the model reaction. Thiophenol and benzyl
bromide were dissolved in dry acetonitrile (0.05 M) and flowed at 1 mL/min
through an Omnifit column packed with 18.1 equivalents K2CO3 at 25 °C

Entry Solvent 3 Yield (%)

1 EtOH 80
2 Et2O –
3 THF –
4 MeCN 96
5 MeCN 67a

aConcentration of 1 and 2: 0.5 M.

Table 2. Dry acetonitrile (0.05 M) containing thiophenol and alkyl halide was flowed at 1 mL/min through an Omnifit column packed with 18.1 equivalents
K2CO3 at 25 °C without back pressure regulator

Entry Alkyl halide Product Temperature (°C) Back pressure (bar) Yielda (%)

1 25 – X = Cl 96
X = Br 99

2 25 – 99

3 25 – 84

4 25 – 93

5 MeI 25 – 83

6 25 – 75a

7 25 – 99

8 100 (25) 3.5 (−) 89 (20)

9 100 (25) 4.0 (−) 86 (n.r.)

10 100 (25) 1.7 (−) 85 (n.r.)

11 25 – 98

12 100 (25) 1.5 (−) 60b (30)

aValues in parenthesis are yields at 25 °C.
bColumn chromatography performed.
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heating to 100 °C which was accompanied by attaching the
Vapourtec back pressure regulator.

Some other thiols substrates were investigated as well (Table 2,
entries 11 and 12). 2-Bromothiophenol reacted at room temper-
ature to form 13 in almost quantitative yield, whereas benzyl thiol
required heating and also further purification to remove impurities.
The use of allyl thiol to produce garlic metabolites such as allyl
methyl sulfide was successful and the product identified by NMR,
but could not be purified due to its volatility.

We investigated also the alkylation of other nucleophiles
under basic reaction conditions. N-Alkylations of amines were
attempted in the flow system, and it was found that higher
temperatures were required. Increasing the residence time also
improved the reaction. Prolonged exposure to potassium carbo-
nate explains the increase in yield when the flow rate is reduced.
The reaction shown in Scheme 2 was also performed using
several other bases; sodium carbonate, caesium carbonate, mag-
nesium oxide, and calcium carbonate. The reaction did not
proceed as readily, and the results are reported in the supporting
information. Attempts to improve the yield using DMF and
acetone were unsuccessful (Scheme 2).

Secondary amines should proceed more readily because the
pKa is lowered with each successive alkylation of the amine. We
evaluated the effect of performing the alkylation using two
equivalents of 2, which produced a crude mixture that contained
mainly 16, but the NMR revealed only traces of tribenzyl
amine. We also attempted to produce the tertiary amine 17 by
reacting 2 with N-benzylmethyl amine. Although the secondary
amine has a lower pKa, the reaction did not proceed. This
method could be very useful for selectively mono-alkylating
primary amines.

The alkylation of phenol has only shown low levels of
reactivity and maybe impeded by the size of the reactor and
other limits of the equipment. Increasing the temperature and
reaction time improves the yield. The lowest flow rate that can
be achieved on the Vapourtec E-series is 0.1 mL/min. At a
temperature of 150 °C, the reaction had to be abandoned as the
caesium carbonate begins to turn brown and backpressure
spikes to the machine limit (10 bar). Compared to thiols,
phenol did not react as readily using potassium carbonate.
We have shown that this reaction does proceed when using
sodium carbonate, caesium carbonate, magnesium oxide, and
calcium carbonate. The largest rate of reaction was achieved
with caesium carbonate leading to ether 19 in 82% yield as
shown in Scheme 3.

The reaction with aniline and benzyl alcohol was also inves-
tigated using the packed-bed reactor loaded with different
bases. Neither showed any reactivity on any of the bases and
was eluted from the system unreacted.

To demonstrate that the reaction mixture from the primary reac-
tion is clean enough to perform a second reaction without work up, a
subsequent oxidation was performed. The approach taken was to
have a semibatch reaction, in which the reaction mixture from the
flow reactor was added to one equivalent of hydrogen peroxide. The
oxidizing mixture was stirred overnight, and the sulfoxide 20 was
isolated in 93% yield (Scheme 4). Under these reaction conditions,
no over-oxidation to the sulfone was observed.

This two-step reaction sequence was also attempted in a con-
tinuous-flow synthesis. With the available reactor coil (10 mL), we
achieved a 25% conversion to the desired sulfoxide 20. The
maximum residence time possible for the oxidation was 5 minutes,
due to the incoming flow rate of 1.0 mL/min of both reaction
streams from the packed-bed reactor and the oxidant-containing
solution. Longer reaction times were required, hence why we
utilized a semibatch approach to obtain a high yield (93%).

3. Conclusions

The use of heterogeneous potassium carbonate packed-bed
flow reactor has been demonstrated in flow mode for the alky-
lation of thiols using primary alkyl halides at ambient temper-
atures. This procedure only needs evaporation to isolate the
product and has eliminated the aqueous work up required in
previous literature procedures. The reaction is clean enough so
that a subsequent reaction could be performed. Amines and
phenol have shown some reactivity in this system with an array
of bases. However, higher temperatures and longer residence
times are required when using amines and phenols.

4. Method

4.1. General Method for the Flow Synthesis of Sulfides.
All the glassware was oven dried at 120 °C prior to use. Anhy-
drous solvents were obtained from a MBRAUN SPS-800 solvent
purification system.

Anhydrous potassium carbonate (2.5 g, 18.1 mmol) is loaded in a
dry Omnifit column and attached to a Vapourtec E-series machine.

A solvent flask was prepared, charged with 4 Å MS (3.5 g) under
argon, into which acetonitrile (100 mL) was added. The flask was

Scheme 2. N-Alkylation of benzyl amines

Scheme 3. O-Alkylation of phenol

Scheme 4. Subsequent oxidation in batch directly after the flow alkylation
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attached to Vapourtec V3 pump. The column was heated to 25 °C
and primed with 1 mL/min dry acetonitrile (5 mL) for 5 min.

A reagent flask was prepared, charged with 4 Å MS (3.5 g)
under argon, and into which, acetonitrile (20 mL, 0.05 M),
thiol (1.0 mmol), and alkyl halide (1.0 mmol) were added. The
flask was attached to Vapourtec V3 pump. Then the column
was additionally primed with 1 mL/min from the reagent
flask for 5 min to achieve a steady state, and the eluted product
was discarded. Then the product was collected over a further
5 min. The solvent was removed under vacuum to produce the
desired sulfide.
4.2. Semibatch Synthesis of Benzylphenylsulfoxide. The

above process was performed but collected into a flask, and
30 w/v% H2O2 (1 mL, 1 mmol) was added. The mixture was
stirred at 50 °C overnight. The mixture was quenched with satu-
rated Na2S2O3 solution (5 mL) and then extracted with dichloro-
methane (3×20 mL) and dried over MgSO4. Column
chromatography was performed using a Biotage Isolera with the
following method. The crude mixture (110 mg) was loaded onto a
TELOS 12 g Silica Flash Column (15 mL column volume). The
gradient was performed; 100% hexane for 1 column volume (CV),
then increased to 60:40 hexane–ethyl acetate over 40 CV, then to
100% ethyl acetate over 13 CV, and held at 100% ethyl acetate for
5 CV. The solvent from the appropriate fractions was removed and
dried on a high vacuum to produce the title compound as a color-
less solid (102 mg, 93%).

Supporting Information

Electronic Supplementary Material (ESM) is available in the
online version at doi: 10.1556/1846.2015.00009.
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