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The first example of an alkyl–aryl Negishi coupling in a practical, sustainable, and high-yielding process using a
silica-supported catalyst in flow is described. Excellent conversions and good functional group compatibility were
obtained under very mild conditions. Functionalized alkyl groups were also introduced to provide access to syntheti-
cally useful molecules and to demonstrate the versatility of the method. The scalability was assessed, and a throughput
of 7.5 mmol/h of processed substrate was achieved. All crude products were free from phosphine derivatives and
ready for use in subsequent reaction steps.
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The development of efficient methods to perform alkyl–aryl
or C(sp3)–C(sp2) couplings is one of the main challenges for
palladium-catalyzed cross-coupling reactions [1]. The ability to
conduct these complex chemical transformations in a clean,
sustainable, and easily scalable manner and in such a way that
they can be introduced in a multistep approach [2], without
additional purification, is highly desirable. Such protocols will
help to increase the prevalence of sp3 carbons in medicinal
chemistry molecules as this has steadily decreased recently,
allowing medicinal chemists to access new chemical space [3].
In recent years flow chemistry has appeared as a novel

technology that allows very efficient heat transfer, good control
of reaction temperature and enhanced mass transfer. This
approach also permits the integration of several steps in one
single streamlined process, thus shortening the time from
research to development and production [4]. From an environ-
mental point of view, the use of continuous-flow reactors con-
tributes to sustainability as the level of hazardous waste is
reduced [5].
Numerous studies have shown the value of flow procedures

for C(sp)–C(sp2) or C(sp2)–C(sp2) cross-coupling reactions
with either homogeneous or heterogeneous catalysts [6–10].
Despite the usefulness of homogeneous catalysts, contamina-
tion of the final product with metal and the associated ligands
represents a major drawback for their application, especially in
the production of chemicals where strict guidelines limit the
levels of heavy metals [6b]. This issue can be overcome in
homogeneous system by recycling the catalyst using ionic
liquids as a catalyst support [7], or by employing heterogeneous
catalysts [8]. Catalyst immobilization is of significance for flow
chemistry as it allows simple catalyst recovery and reuse [9]. In
addition, typical packed-bed reactors provide better accessibil-
ity of substrates to catalyst, an advantage that significantly
surmounts the slow kinetics of the heterogeneous nature of the
reaction and simplifies the purification of the final products.
However, leaching of Pd species, swelling of polymer supports,
deposition of products/by-products, and poor catalyst cartridge
life cycles complicate their use in continuous-flow systems [6a].
In spite of the progress in this area, to the best of our knowl-

edge, alkyl–aryl or C(sp3)–C(sp2) coupling in a continuous-
flow approach, using either homogenous or heterogeneous

catalysts, has not been reported to date. This process is usually
performed in batch by Kumada, Stille, Negishi, or Suzuki–
Miyaura coupling chemistry. The Stille reaction suffers from
the high toxicity of organotin compounds. Aryl–aryl Kumada
couplings have already been performed in flow using supported
catalysts [10]. In this case, intermediate washing steps were
necessary to remove the insoluble magnesium salts deposited
on the surface of the catalyst. Moreover, Grignard reagents are
not compatible with certain functional groups, and this limits
the substrate scope and versatility. Finally, trifluoroborate salts
are the most suitable boron species for Suzuki–Miyaura alkyl–
aryl coupling [11], although their limited solubility makes them
difficult to handle in flow. Taking all these considerations into
account, Negishi coupling seems to be the most promising
approach as it offers good solubility of reagents, versatility,
and a broad scope [12]. Despite these facts, Negishi cross-
couplings in flow have not been reported to date. Progress in
this field is of great synthetic interest for the exploration of new
chemical space [3].
After screening a wide variety of reaction conditions in batch

using microwave irradiation, SiliaCat DPP-Pd [13] was identi-
fied as the most suitable catalyst for the coupling of a model
system consisting of 1-bromo-4-nitrobenzene (1a) and dime-
thylzinc (2a) (see Supporting Information for experimental
details). These preliminary results served as a starting point
for optimizing the reaction under flow conditions.
Flow reactions were performed in a Vapourtec R2+R4

system. A solution of the aryl halide 1a in tetrahydrofuran
(THF) was combined with a solution of dimethylzinc (2a) in
toluene. The mixture was passed through a 6.6-mm (i.d.),
Omnifit column containing 1 g of supported catalyst (particle
size 63–250 μm, length 55 mm) as shown in Figure 1. The
residence time was calculated based on flow and confirmed
using violet crystal as internal tracer. The product was collec-
ted and analyzed by gas chromatography–mass spectrometry
(GC–MS). In an initial attempt, full conversion was obtained
using a 1/1.3 ratio of 1a/2a, at 60 °C and a residence time of
300 s (Table 1, entry 1). GC–MS analysis of the crude product
showed a clean chromatogram of the expected compound. Full
conversion could also be achieved under milder conditions, i.e.,
reducing the temperature to 40 °C (entry 2) but not at room
temperature (entry 3). However, even room temperature reac-
tions were possible on reducing the concentration of reagents* Author for correspondence: jalcazar@its.jnj.com
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(entries 6 and 7). Further experiments showed that a small
excess of dimethylzinc (1.3 equivalents) was necessary to
ensure good conversions (entries 8 and 9). At 40 °C, it was
even possible to shorten the residence time to only 1 min
(entries 11 and 12). In summary, the reaction proceeded
smoothly and in a very clean manner at concentrations in the
range 0.1–0.5 M, temperatures from room temperature to 60 °C
and reaction times from 1 to 5 min, in contrast to the lack of
efficiency found for nitro groups in the Negishi batch protocol
reported by Cárdenas et al. [14].
Due to the high reactivity found for 1a, the scope and

limitations were studied at 60 °C, 0.25 M and a 3-min residence
time, as they proved to be general for most of the substrates.
Aryl bromides reacted smoothly under these conditions (Table 2,
entries 1–7). However, some homocoupling was observed as
a side reaction for electron-rich substrates (entry 4). A reduction
in the concentration to 0.1 M minimized this side reaction. Aryl
iodides could also be alkylated with excellent conversions and
very good isolated yields (entries 8–10). In this case, homocou-
pling was also observed for deactivated substrates. The use of
lower concentrations (0.1 M) again minimized this problem.
Aryl chlorides (entries 11–14) proved to be more challenging,
and only activated substrates (entries 11 and 14) could be
coupled with good conversion at higher temperature (80 °C).
It was disappointing that aryl nonaflates gave almost no conver-
sion at all (entry 15). As one would expect from the previous
results, the reaction is also chemoselective, allowing for selec-
tive reaction of a bromide in the presence of a chloro-substituent

(entry 16). It can be seen from the results in Table 2 that the
reaction shows excellent functional group compatibility: ester,
ether, nitro, cyano, ketone, and even aldehyde groups are tol-
erated. This approach is also suitable for chloro- and bromo-
substituted pyridines. In addition, ortho substituents did not
appear to have an adverse affect on the reaction outcome
(entries 2, 3, and 8).
The same catalyst cartridge could be employed for more than

20 consecutive reactions without a decrease in activity. In order
to demonstrate the stability of the supported catalyst and the
scalability of the procedure, larger scale runs were executed on
substrates bearing carbonyl functional groups (Scheme 1). For
these experiments, the reagents were continuously fed into the
reactor for a longer period of time using the general conditions.
The conversion was checked every 30 min to ensure that it re-
mained constant. It can be seen from Figure 2 that the outcome
of the reaction did not change with time, thus proving the
stability of the catalyst for long runs. After work-up and puri-
fication of the product, isolated yields of 83% (3f) and 84% (3g)
were obtained. The use of this flow procedure allowed up
to 7.5 mmol/h of substrate to be processed without a noticeable
decrease in the activity of the catalyst. The calculated TON for
the 4-h reaction was higher than 120. Moreover, the same
catalyst system could be used later for other reactions. The

Figure 1. Experimental set up of the flow system

Table 1. Optimization of model reaction in flow

Entry 1a/2aa Rt/s T/°C 1a/Mb Conv.c

1 1/1.3 300 60 0.5 100
2 1/1.3 300 40 0.5 100
3 1/1.3 300 rt 0.5 85
4 1/1.3 300 60 0.1 100
5 1/1.3 300 40 0.1 100
6 1/1.3 300 rt 0.1 100
7 1/1.3 300 rt 0.25 100
8 1/1 300 40 0.1 90
9 1/0.5 300 40 0.1 40
10 1/1.3 180 60 0.25 100
11 1/1.3 60 40 0.1 100
12 1/1.3 60 40 0.5 100

aMolar equivalents.
b Feed concentration of 1a.
cConversions determined as percentage by GC–MS.

Table 2. Exploration of aryl halides 1a–p

Entry Substrate Product Yielda

1 4-NO2–C6H4–Br (1a) 3a 97
2 2,4,6-triMeC6H2–Br (1b) 3b 83
3 3-MeO–2-Br–pyridine (1c) 3c 83
4 4-MeO–C6H4–Br (1d) 3d 66b

5 4-Et–C6H4–Br (1e) 3e 87
6 4-Ac–C6H4–Br (1f) 3f 82
7 4-CHO–C6H4–Br (1g) 3g 81
8 2-CN–C6H4–I (1h) 3h 73
9 4-tBu–C6H4–I (1i) 3i 71b

10 4-MeO–C6H4–I (1j) 3d 81b

11 4-CO2Et–C6H4–Cl (1k) 3j 73c

12 6-MeO–2-Cl–pyridine (1l) 3k 35c

13 3-MeO–2-Cl–pyridine (1m) 3l 43c

14 6-Me–2-Cl–pyridine (1n) 3m 87c

15 4-NO2–C6H4–ONf (1o) 3a –
16 4-Cl–C6H4–Br (1p) 3n 75d

a Isolated yield (%).
b 0.1 M ArX, <10 % homocoupling detected.
cReaction at 80 °C.
d 5% dimethylated product.
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palladium content of the crude product was also determined,
and a level of only 0.027 ppm of Pd was found. These results
demonstrate the low level of leaching of metal catalyst from the
support.

Finally, the organometallic species was varied to prove the
versatility of the procedure and to validate its utility (Table 3).
As expected, the reaction could be performed successfully using
other primary diorganozinc reagents such as diethylzinc 2b
(entry 1). However, what truly interested us was to assess or-
ganozinc halides as coupling partners. Reactions involving
these reagents should be performed in THF to avoid precipita-
tion, which occurred when toluene was added. Organozinc
derivatives 2c, 2d, and 2e were effectively coupled with bro-
moarenes 1a and 1e (Table 3, entries 2–6). The successful
coupling of reagent 2d opened up the possibility of extending
the reaction to arylzinc reagents, which is especially important
considering that 2-pyridyl analogues are troublesome organo-
boronic reagents in traditional Suzuki–Miyaura cross-couplings
[15]. Since the Negishi cross-coupling is also a powerful tool
for installing other groups beyond simple alkyls, the cyano,
dioxolane, and ester functionalized alkyl reagents 2f, 2g, and
2h were selected as the next coupling partners. These com-
pounds were coupled in acceptable to good yields (Table 3,
entries 7–9), further underscoring the value of the procedure.
As an additional and useful application, we addressed the

challenge of combining the use of functionalized alkyl and aryl
moieties to obtain difunctionalized molecules of great poten-
tial in organic synthesis and medicinal chemistry (Scheme 2). In
this way, 1g and 2g were coupled in high yield to give the
monoprotected dialdehyde 3x. This compound was recently
reported for the first time in lower yield [16] and allows further
selective derivatization. A second example was the reaction be-
tween 2-nitrobromobenzene 1q and organozinc 2h to give
compound 3y in 81% yield. Further flow hydrogenation of this
compound in an H-Cube® instrument provided quantitatively
the intermediate amine [17], which spontaneously cyclized
to compound 4 during evaporation. This represents a nice
combination of two flow procedures to obtain interesting bicy-
clic compounds with minimal purification steps.
In conclusion, the first general example of alkyl–aryl cou-

pling in flow using organozinc reagents has been demonstrated.
The reaction boasts mild conditions and short residence times.

Good to excellent conversions were achieved in most cases, and
products were isolated directly after aqueous work-up or with
minimal purification, improving yields and extending the scope
of other previously reported procedures in batch. In addition,
the process has very good functional group compatibility (in-
cluding reactive groups such as esters, ketones and aldehydes)
and is applicable to heterocyclic substrates and compounds
bearing ortho substituents. Aryl bromides, iodides, and activa-
ted chlorides gave excellent conversions, whereas nonaflates/
triflates could not be coupled efficiently. The scalability was
assessed and proved to be successful, allowing a throughput of
7.5 mmol of processed substrate per hour in combination with
very good isolated yields. Furthermore, organozinc bromides
can also be utilized if the solvent is changed to pure THF and
2 equivalents of organozinc reagent are used. This allows the
clean introduction of functionalized alkyl groups onto function-
alized aryl groups to create molecules of high interest in organic
and medicinal chemistry. Further work on the application of
this approach to compounds of biological interest will be cov-
ered in future publications.

Experimental Section
General Procedure for Negishi Couplings in Flow. Two

solutions were prepared: one with the aryl halide (1 equivalent) in
dryTHFandonewith theorganozinc indrysolvent (1.3equivalent).
These solutions were then pumped using the R2 + R4 Vapourtec

Scheme 1. Scale-up runs

Figure 2. Negishi coupling between 1f and 2a for 4 h

Table 3. Scope of organozinc reagents 2b–h

Entry Ar–Br R1R2Zn Product Yielda

1 1a Et2Zn (2b) 3o 85
2 1a 2-PyridylZnBr (2c) 3p 50b

3 1a cyPrZnBr (2d) 3q 62b

4 1e cyPrZnBr (2d) 3r 94c

5 1e 2-PyridylZnBr (2c) 3s 90c

6 1e C6H5CH2ZnBr (2e) 3t 74c

7 1e NC(CH2)4ZnBr (2f) 3u 55c

8 1e (CH2O)2CH(CH2)2ZnBr (2g) 3v 68c

9 1e EtO2C(CH2)2ZnBr (2h) 3w 51c

Standard conditions: 0.25 M, THF/Toluene 1:1, 60 °C, 3-min residence
time.

a Isolated yield (%).
b THF as solvent, 80 °C, 5-min residence time.
c 2 equiv. organozinc reagent, THF as solvent, 2.5-min residence time.

Scheme 2. Preparation of difunctionalized compounds
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system. The mixed solution was driven through a preheated glass
column containing the supported catalyst (SiliaCat DPP-Pd, 1 g),
which was packed manually. The outcome was collected over water
and extracted with ethyl acetate or diethyl ether. The organic layer was
separated, dried (MgSO4), and filtered, and the solvents evaporated in
vacuo to obtain the desired product, which usually did not require
further purification.
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