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ABSTRACT: A multijet oscillating disk (MJOD) millireactor system suitable for operating at cryogenic temperatures has been
developed, assembled, and investigated. This new reactor system (cryoMJOD) was realized with the purpose to prepare various
phenylboronic acids in a continuous two (three)-step telescoped synthetic process at temperatures in the interval −50 to −75 °C.
In this process, n-butyllithium was reacted with a phenylbromide to provide the corresponding phenyllithium derivative,
whereupon a borate was added under the formation of target product phenylboronic acid in good selectivity and medium-to-
good yield (50−75%). These results were competitive with results previously revealed in the literature. The residence times of
the telescoped two-step process were considerably shorter compared to those of batch mode operations for the identical
syntheses. The flow process was optimized by means of statistical experimental design and multivariate regression, upon which
the process was utilized for the production of a series of phenylboronic acid derivatives, all in medium-to-good yield. One of the
substrates, 4-methoxyphenylboronic acid, was submitted for throughput improvements, resulting in a process with capability to
produce the product phenylboronic acid in a quantity of 2.0 kg × day−1.

■ INTRODUCTION
Continuous flow chemistry in terms of microreactor technology
has during the past two decades been implemented both in the
academic laboratory as well as within industrial R&D and
production of fine- and pharmaceutical chemicals.1 A number
of flow reactor suppliers have been established that offer a
variety of different flow reactor systems and equipment.2 The
major part of the suppliers provides microreactor technology
dedicated to flow chemistry in solution phase only. However,
other technologies have also been developed and adopted for
processing slurries using a flow chemistry platform. Recently,
Ley and collaborators3 investigated the potential for processing
slurries in a reaction that produced a nonsoluble salt during the
course of the reaction. Such operations are generally impossible
to conduct in a microreactor due to clogging of the micro-sized
flow channel. For this purpose, a “Coflore” agitating cell reactor
(ACR)4 that roughly operates according to the principles of a
continuously stirred tank reactor (CSTR)5 was utilized. In our
laboratory we have also demonstrated the use of the multijet
oscillating disk (MJOD) reactor system (Fluens Synthesis)6 for
heterogeneous reactions, namely by successfully conducting the
Hoffmann rearrangement reaction7 that involved a heteroge-
neous reaction system.8 Hulshof and collaborators9 have
demonstrated the use of the continuous flow microwave
reactor system “FlowSynth” by Milestone srl2c to conduct two
processes in heterogeneous phase, namely a biocatalyzed
esterification of (R,S)-1-phenylethanol with vinyl acetate and
esterification of (S)-pyroglutamic acid with n-decanol.
The MJOD reactor technology previously reported from our

laboratory,8 was designed, manufactured, and developed as a
general reactor platform for conducting flow reactions under

standard solution-phase reaction conditions in a temperature
range of −10 to +150 °C, and multiphase (gas−solid−liquid)
conditions. A recently disclosed paper from our laboratory
demonstrates the MJOD flow reactor as a platform for
conducting gas−liquid phase, namely molecular oxygen as the
terminal oxidant in an organocatalyzed epoxidation of olefins,10

for catalytic processes including processes that require inert gas
(Ar, N2) conditions, and for reactions that involve slurries or
precipitates of solids during the course of the reaction.
Another important application area for flow chemistry lately

visited by three different research groups involves reactions and
processes that require cryogenic temperatures in batch. Werner
and collaborators11 have investigated the preparation of
phenylboronic acids in flow using micromixers combined
with tubular reactors. Ley and collaborators12 reported a study
involving an in-house developed microreactor system dedicated
for low-temperature reactions. By means of this system, a series
of pinacol boronate esters and 4-fluorophenylboronic acid were
prepared at cryogenic temperatures. Buchwald and collabo-
rators13 also disclosed results that involved flow synthesis of
phenylboronic acids at room temperature or above. A flow
process setup was used, which was integrated with one more
step that permitted production of various substituted biphenyls
via the Suzuki reaction. Herein we will reveal results from a
project that encompassed design and development of a
cryoMJOD flow reactor and results from the development of
a highly effective two-step telescoped process for the synthesis
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of a reagent of paramount importance in organic synthesis,
namely phenylboronic acids.
The importance of this reagent was confirmed by the award

of the Nobel Prize14 in chemistry in 2010 to Akira Suzuki.
Suzuki and collaborators published two papers15 in 1979 on the
discovery of a new versatile and practical palladium-catalyzed
reaction, today known as the Suzuki reaction.16 This reaction
involves an organoboron compound as a coupling partner with
a vinyl or an aryl halide in a palladium-catalyzed cross coupling.
The reaction was shown to take place by base activation of the
organoboron reagents to produce the corresponding boronate
intermediates, which facilitate a transmetalation reaction that
implies an organic group transfer from boron to the palladium
catalyst whereby two organic moieties are coupled under
release from palladium. The reaction was also extended to
include coupling reactions with alkyl groups and arylboronic
acids, which can also take part in the palladium-catalyzed cross-
coupling reaction. More than 30 years of research, innovation,
and development have resulted in a copious body of total
syntheses that lead to unsymmetrical substituted biphenyls,
some of which have great benefit to society and life. Examples
of such products are the fungicide, Boscalid,17 and the
pharmaceutical chemical valsartan18 that is an AT1 angiogenesis
receptor that dilates blood vessels and reduces the blood
pressure. Furthermore, compounds bearing the boronic acid
moiety have also been investigated as an antineoplastic19

protease inhibitor,20 and a number of other medicinal
remedies.21−23

The goal of the project disclosed herein was two-fold, namely
(1) to design and realize a flow reactor suitable for performing
continuous flow processes at cryogenic temperatures based on
the multijet oscillating disk (MJOD) reactor system that
previously was designed and developed in our laboratories8 and
(2) to utilize this new flow chemistry equipment as a reactor
platform for development and synthesis of a series of
phenylboronic acid derivatives.

■ METHODS AND RESULTS
The MJOD Flow Reactor System. Figure 1 displays a

general three-dimensional (3D) drawing of a MJOD reactor
that includes (1) the oscillator section, (2) the output section,
(3) the reactor body, and (4) the input section. In addition, a
number of auxiliary supporting units, such as feeding pumps, a
cryostat with a circulating pump, a precooling unit (heat
exchanger) placed prior to the input section, and reservoirs for
raw materials, solvents, and final product were utilized.
The right-hand side of Figure 1 shows a transparent, bottom-

up view of the input section, including a small fraction of the
reactor zone (reactor body). The MJOD assembly is located in
the center of the reactor tube. The outer shell of the reactor
body forms a ring-shaped room (cavity) that encapsulates the
whole length of the reactor tube through which the cooling
fluid (pure ethanol) was circulated. The whole length of the
cryoMJOD flow reactor body was encapsulated using a
polyethylene foam insulation sleeve with a wall thickness of
lwt = 13 mm.
Due to the advantageous contact surface ratio vs the net

reactor volume, an outstanding heat transfer capacity was
attained. A variable-frequency and variable-amplitude oscillator
was used for the vertical “piston movement” of the MJOD unit.
An electric motor connected to a cam mechanism was used to
power the up−down movement of the MJOD assembly. In
addition, the cam assembly provides control of the amplitude

by linear translation of the cam assembly to a predefined
position (i.e., the distance to the motor shaft). Frequencies in
the range of f = 1−10 Hz and amplitudes in the range of A =
0.5−15 mm can be achieved by adjusting the motor speed and
the cam assembly. Various types of feeding pumps can be used
to feed the substrate, reagents, catalysts, and solvents into the
MJOD reactor through the feeding channels of the input
section, which is located at the bottom of the vertically placed
reactor body. The substrate and various reagents are
continuously pumped into the reactor tube via the input
section, which implies that the reaction mixture is pushed
upwards in the reactor tube practically without backmixing.24

From the input section, the reaction mixture passes through the
jets of the MJOD discs from one reaction cavity upwards to the
next one. Together with the up−down movements of the
MJOD discs, the tightening of the cross section (that is the tiny
jets in one of the MJOD discs) creates vortices and thus an
extremely good mixing of the reacting components. The
postreaction mixture (that it is the mixture that comes out from
the output section) is collected in suitable batches for workup.
The temperature control for the MJOD reactor body was
performed by means of a thermostat and a circulator pump.
Previous studies in our laboratory have shown that the MJOD
reactor system possesses an outstanding mass and heat transfer
ability for the system, which in general results in a significantly
increased reaction rate.

Modification of the MJOD Flow Reactor for Utilization
at Cryogenic Temperatures. The parts of the reactor section
were manufactured identical to those of the general MJOD flow
reactor model. The MJOD unit was constructed by four-jet (djet
= 1.25 mm) discs; in total 133 pieces (pcs) were used, which
correspond to 132 interdisc cavities, each of a volume of Vcavity
≈ 0.65 mL. The four-jet disks that cover the entire cross section
of the tubular reactor (D = 10 mm) were manufactured with
Teflon for the general MJOD model and were replaced by discs
manufactured with Polyzene for the cryogenic model. Three
reagent supply (inlet) lines of the input section were used.
These were connected to precision piston- or syringe-feeding
pumps. One input line at the output section of the MJOD

Figure 1. Three-dimensional drawing of the MJOD millireactor (left)
shows the four various sections, (1) the oscillator section, (2) the
output section, (3) the reactor body, and (4) the input section. A
fraction of the reactor body (3) and the input section (4) are shown in
enlarged view to the right in the figure. The reactor body consists of
the heat exchanger chamber that surrounds the reactor tube where the
multijet oscillating disk (MJOD) assembly is inserted. The MJOD unit
comprises the perforated discs (5) that are fixed on the oscillator
piston shaft with “the spacers” (6). This MJOD unit is connected to
the (1) oscillator unit that transfers an oscillating vertical (up−down)
movement of this “numerous-headed” piston.
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reactor was connected to a pressurized gas tank containing
argon. The argon flow was adjusted to a pressure slightly above
atmospheric pressure.
The cooling fluid, pure ethanol, was cooled and regulated by

a thermostat (temperatures were selected in the range of −50
to −75 °C, as measured in the cooling fluid) and circulated
through the heat exchanger. The cam mechanism and electrical
motor that constitute the oscillator was tuned to provide
oscillations with an amplitude of A = 5 mm with a frequency f
≈ 2 Hz.
Screening, Development and Suboptimization of the

Telescoped Lithiation and Boronation Process. The
syntheses of phenylboronic acid 1b and derivatives comprise
two distinct synthetic steps that are both conducted at
cryogenic temperature. Werner et al.11 have studied the
production of phenylboronic acid in flow using micromixer/
tubular reactors at room temperature and even higher.
Recently, Ley and collaborators12 and Buchwald and
collaborators13 demonstrated the synthesis of phenylboronic
acids in microreactor systems, although only under restricted
production capacity. Concurrently with the recently disclosed
studies,12,13 we were in progress with the design and
development aiming at approaching an MJOD flow reactor
system suitable for cryogenic temperatures. This flow reactor
system was designed in such a way that it was possible to
introduce a reagent at various positions in the flow reactor and
thus at various time intervals during the course of a reaction.
Such an MJOD reactor body enables performing two or more
different reactions in a telescoped manner, which is a
requirement for the process leading to phenylboronic acid
derivatives.
The Batch Record. The three-step synthesis leading to

phenylboronic acid 1a is performed at cryogenic temperatures
under inert (argon) atmosphere. The first step (a) of Scheme 1

consists of a reaction between a bromobenzene a and n-
butyllithium, which provides the corresponding phenyllithium
derivative c. Then in the second, but telescoped step (b), a
boron reagent is introduced, which reacts with the phenyl-
lithium intermediate c that was produced during the course of
reaction step a to provide the target product phenylboronic
acid 1b after an acidic quench, step c, of Scheme 1.
Implementation of the Synthesis on the MJOD Flow

Reactor. A cryoMJOD flow reactor setup based on the
conventional addition sequence was assembled as shown in the
process flowchart of Figure 2a. In this process setup, the
substrate (in reservoir R1) was pumped with pump P1, and the
n-BuLi reagent (diluted in pentane and placed in reservoir R2)
was pumped with pump P2. The two separate tubes from P1
and P2, respectively, were connected to a precooler (C/HE2)

at the entrance (the input section) to the flow reactor. From
this point and throughout the reactor part L1 of the reactor
body, the substrate and the reagent were thoroughly mixed by
the MJOD unit. Then, at the beginning (at the lower point) of
the reactor part L2 of the reactor body, a third input line was
connected. By means of the pump P3, this tube supplied the
borate reagent from reservoir R3. The target product was
received and collected at the output section at the end of (at
the top) the reactor part L2. The two reservoirs R4 and R5
contained anhydrous hexane and anhydrous THF, respectively.
When the reagent reservoirs and substrate reservoirs were
emptied, the feeding from the each solvent reservoir was
connected to the respective feeding pumps.
Each of the two reactor parts, L1 and L2, corresponds to a

certain reaction residence time, which was a function of the
flow rate within the reactor body, and thus the pump rates.

Exploratory Flow Experiments. The initial experiments
using the process setup of Figure 2a were rather discouraging,
because only low yields and selectivity were achieved. Since we
were, at the outset, unfamiliar with operating the MJOD flow
reactor system under cryogenic temperatures and with the
different experimental parameter settings, the existing batch
records were copied too strictly. In practice, initially relatively
long residence times were applied when various reaction
temperatures were explored. Table 1 provides a small selection
of the results in this initial phase of the experimental work
carried out with a cryoMJOD flow reactor as shown in the flow
diagram in Figure 2a.
Based on earlier experience with the MJOD flow reactor8 and

the results of the new exploratory experiments (Table 1), the
reaction time was considerably reduced and reaction temper-
atures were used in accordance with previously published batch
records.
Some few different substrates were also used in the screening

study. However, this approach did not appear to have any
significant influence on the outcome. For further exploration
and development of the flow process 1-bromo-4-methoxyben-
zene 2a was selected as substrate. We decided to postpone a
more thorough investigation of the influence of various
functional groups in the substrate and to focus on establishing
and optimizing a flow chemistry record.

Optimization of the cryoMJOD Flow Process. A simple
statistical experimental design25 aimed at investigating the
influence of two experimental variables, x1 as the reactor
residence time [min] and x2 as the reaction temperature [°C].
The exploratory experiments, using substrate 2a, revealed that
both of these variables (x1, x2) possess a major influence on the
outcome of the reaction. Thus, a full factorial design including
two center-point experiments, 2k + 2 = 22 + 2 = 6 experiments
was generated and conducted with the cryoMJOD flow reactor.
The experimental design (1−6) with corresponding responses
is summarized in Table 2.
The model matrix [1 x1 x2 x1 × x2] was multivariate

correlated to the response vector by using multiple linear
regression (MLR).26 The estimated model with numerical
values of the regression coefficients is provided in eq 1. Figure 3
shows the isocontour projection of the response surface
(contour map) using eq 1. The product statistics estimated
for the model provided in eq 1 were: R2 = 0.714 and RMSEP =
7.71.

Scheme 1
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The blue-colored lines and numbers displayed in the contour
map of Figure 3 exhibit the yield predicted by the model of eq

1. The numbers printed in black are the actual results achieved
at the current experimental settings (entries 1−5 of Table 2).
By means of this contour map, the first step optimization was
attempted. With the goal to further optimize the yield, a
moderate extrapolation was performed. By using the settings x1
= +1.5 and x2 = −2.0 (in coded units), the contour map (model
eq 1) predicts a yield of ∼100%. However, when the actual

Figure 2. Flow diagrams for two setups (a) and (b) for the multijet oscillating disk (MJOD) flow reactor systems. P: pump; R: reservoir, (R4’s
contain anhydrous hexane, R5’s contain anhydrous THF); O: oscillator [A = 0.5−5 mm; f = 0.5−3 Hz], C/HE1: cryostat/heat exchanger, T = −65
°C. C/HE2: precooler (T = −65 °C) for substrate and reagents, each line (tube length) of 500 mm with internal diameter of d = 1.5 mm. MJOD:
multijet oscillating disc reactor [K = 133 discs of d = 9.8 mm; each disc has four jets of d = 1.25 mm, with reactor tube lengths, L1 = 1530 mm, L2 =
960 mm, and L = L1 + L2 = 2490 mm with internal diameter of di = 10 mm.
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experiment was conducted in the laboratory, the predicted yield
was not achieved; instead, yield was only 69% (printed in red in
the contour map).
On the basis of this result, one might preliminarily conclude

that the response surface ascends and reaches a maximum in a
yield at approximately 70% and then levels off. However, this
limited screening design included only two of the experimental
variables; thus, some of the other variables that were not
systematically investigated can be of significance and at a fixed

level outside the region investigated herein. Further attempt to
optimize the process was not performed.

Improvement of the Throughput. A high reactor
throughput is of paramount importance in chemical produc-
tion. In the current case, a maximized throughput can be
obtained by (1) reducing the reactor residence time, (2)
increasing the concentration of the reactants, or (3) by a
combination of (1) and (2). For the process leading to
phenylboronic acid derivatives, the MJOD flow reactor
residence time was optimized as described in the previous
section and could not be shortened more, at least not for the
substrate 1-bromo-4-methoxybenzene 2a that was utilized
during the optimization study above.
Thus, we turned our efforts towards investigating the

performance of our flow process using various concentrations
of the substrate 2a. For this investigation again the cryoMJOD
flow reactor setup of Figure 2a was utilized.
A series of experiments involving substrate concentrations in

the range of 0.18−1.34 mmol × mL−1 was carried through.
Detailed reaction conditions with corresponding results for this
series of experiments are summarized in Table 3.
At the highest concentration (entry 6, Table 3), the

cryoMJOD flow process did not operate properly due to a
high backpressure, which was caused by the high viscosity of
the reaction mixture. The experiments of entries 1−5 of Table
3 provided all good isolated yields (60−75%) of target product
4-methoxyphenylboronic acid 2b. Variations in the outcome
appeared to be due to workup difficulties.
Our effort to improve the throughput of the flow process was

successfully completed, starting out from a capacity of 0.35 kg
× day−1 and approaching a throughput of >2.0 kg × day−1. This
throughput capacity improvement corresponds to an improve-
ment of approximately 6 times the capacity of the initial
process.

Investigation of the Versatility of the Flow Process to
Phenylboronic Acid Derivatives. Next, the versatility of our
two-step telescoped flow synthesis process described in the
previous sections was investigated. Thus, a small selection of
substituted bromobenzenes (Table 4) that were submitted to
our flow process, was made. This selection was based on our
interest for the target products, but these substrates also
represent a span in substitution pattern from nonsubstituted at
entry 1 to the crowded ring of substrate in entry 6. For
comparison purposes, the corresponding batch mode process27

was also carried out for the same series of substrates. Both
series of experiments revealed comparable results, see Table 4.

Table 1. Introductory experimentsa

residence time [min] product

entry reactor platform substrate nsubstrate [mmol] temp. [°C] step 1 step 2 yield [%]

1 MJOD 3a 15.0 −50 30 45 3b 10b

2 MJOD 3a 15.0 −60 15 22 3b 40b

3 MJOD 3a 15.0 −70 15 22 3b 61c

4 Batch 3a 13.3 −78 120 240 3b 74c

5 MJOD 3a 14.0 −70 10 15 3b 57c

6 MJOD 3a 14.0 −70 5.0 7.4 3b 72c

7 Batch 2a 25.0 −78 110 180 2b 69d

8 MJOD 2a 42.0 −70 3.0 4.3 2b 71d

9 MJOD 2a 42.0 −65 9.62 − 2b 50d,e

a2a = 1-bromo-4-methoxybenzene, 2b = 4-methoxyboronic acid. 3a = 1-bromo-2-methoxybenzene, 3b = 2-methoxyphenylboronic acid. bIsolated by
column chromatography. cIsolated by crystallization and filtration from mother liquor. dIsolated by acidic extraction. eThe reaction was performed in
one step of length L1 + L2

Table 2. Full factorial design with center-point experiments
22 + 2 for investigation of the relation between the reaction
temperature and the residence time of substrate 2a

experimental designa response

entry x1 x2 yield [%]b

1 −1 −1 52
2 +1 −1 70
3 −1 +1 64
4 +1 +1 31
5c 0 0 72
6c 0 0 69
7 +1.5 −2 69

aA quantity of 40 mmol of the substrate 2a was used in each of the
experiments. x1 the reactor residence time [min] [−1, 0, +1] = (3.00 +
4.30, 3.75 + 5.37, 4.50 + 6.45) [min]. x2 the reaction temperature [°C]
[−1, 0, +1] = (−70, −65, −60) [°C]. bPercent isolated yield. cThe
experiment was performed two times, providing a mean yield of 71%.

Figure 3. Response surface plot (isocontour map) describing the
performance (yield) of the reaction as a function of the two variables,
x1, reaction time (reactor residence time), and x2, reaction temper-
ature, were varied.
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The small variations in isolated yield between the flow and
batch protocols can be justified by product losses during the
experimental workup procedure that involved precipitation of
solid product followed by filtration.
The isolated yields were according to literature,28 exemplify-

ing that our flow synthesis process operates reasonably well
with both electron-donating and -withdrawing substituents in
the substrates.
The literature reports a large variation in the isolated yields

of phenylboronic acid derivatives. For example, the isolated
yields for 4-methoxyphenylboronic acid 2b29 and 4-chlorophe-

nylboronic acid 4b,29a,c were reported in the range of 59−91%
and 34−74%, respectively.
The only experiment with a substantial difference between

the cryoMJOD flow reactor and the batch mode is reported in
entry 6 of Table 4. This substrate contains three methoxy
substituents and one methylgroup, which give a very electron-
rich and activated aromatic ring.
The isolated yield obtained for product 6b with the

cryoMJOD reactor (entry 6 in Table 4) is significantly higher
compared to that with the batch mode protocol, corresponding
with 50% relative improvement. This improvement can be due
to the much shorter residence time in the flow reactor. The
flow process we have developed requires only one-sixth of the
residence time as demanded by a typical batch mode protocol
in order to achieve a complete conversion of charged substrate.

An Alternative cryoMJOD Flow Process Record. Li and
collaborators30 have previously demonstrated that if the borate
reagent and the substrate were mixed before the n-BuLi reagent
was added, an increased yield could be achieved in some cases,
while the contrary was observed for some other substrates. For
example, when 1-bromo-4-methoxybenzene 2a was used as
substrate, a substantially reduced yield (26%)31 was achieved
compared to the standard addition method for batch reactions
(96%).31

In order to explore this approach, and thus potentially
simplify the flow reactor setup by changing from setup a to
setup b of Figure 2, our test experiment using the cryoMJOD
reactor resulted in a slightly lower yield (50% isolated yield)
compared to the outcome (72% isolated yield) when the
standard addition method was used (with the setup of Figure
2a). Compared to the batch protocol of Li and collaborators,30

we achieved approximately a 2-fold yield with our modified
flow process, although lower than that of the setup using the
telescoped fashion (Figure 2a). The process performance with
the setup of Figure 2b was in line with the batch record
disclosed by Li and collaborators, but with higher yield. The
conversion of the bromoderivative was in the range 70−75%.

■ EXPERIMENTAL SECTION

General Methods. NMR spectra were recorded on a
Bruker Spectrospin DMX 400 with field strength of 400 MHz
for 1H nuclei and 100 MHz for the 13C nuclei. Chemical shifts
were calibrated using the solvent peaks. High-resolution mass
spectra were recorded on a JEOL AccuTOF T100LC
spectrometer operated in DART mode.
Starting materials and reagents were purchased commercially

and used without further purification unless indicated

Table 3. Conditions and results of reactions testing increased concentrations of substrate 2a

Csubstrate
[mmol × mL−1] residence time [min] ratio THF:pentane

isolated yield [%]

production capacitya

entry nsubstrate [mmol] step 1 step 2 step 1 step 2 step 1 step 2 [g × h−1] [kg × day−1]

1 40 0.18 0.17 3.75 5.37 10.1 10.8 72 14.7 0.35
2 80 0.40 0.33 3.75 4.89 3.8 4.5 60b 27.0 0.65
3 120 0.60 0.50 3.75 4.88 9.1 10.0 64c 43.8 1.05
4 160 0.86 0.67 3.75 4.55 5.7 6.9 75 72.9 1.75
5 200 1.15 0.83 3.75 4.22 3.5 4.7 64 84.0 2.02
6d 240 1.34 1.00 3.75 4.38 2.7 3.3 − − −

aProduction based on the isolated yield. The production capacity in the [kg × day−1] unit is calculated on the basis of the observed production
capacity [g × h−1]. bDifficult workup cThe workup procedure was not scaled up properly dThe experiment failed due to a high viscosity of the
reaction mixture, causing a backpressure that exceeded the pressure of the feeding pump.

Table 4. Series of bromobenzenes (1a−6a) for the
preparation of the corresponding phenylboronic acids (1b−
6b) using the cryoMJOD flow reactor
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otherwise. Anhydrous THF and hexane were prepared by
distillation over sodium and benzophenone under nitrogen.
General Procedure for Flow Experiments (setup

Figure 2a). Prior to utilization, the reactor system was flushed
with argon. The pumps were connected before the reactor was
cooled to −65 °C. All reservoirs and the reactor were kept
under argon at all times via a manifold. PTFE-tubing (i.d. 1.6
mm) was utilized.
A dried Schlenk flask designated as reservoir 1 (R1) was

charged with 1-bromo-4-methoxybenzene 2a (5.06 mL, 40.0
mmol) and anhydrous THF (190 mL). A second dried Schlenk
flask designated as reservoir 2 (R2) was charged with 2.0 M n-
BuLi in pentane (24.0 mL, 48.0 mmol, 1.2 equiv). A syringe
designated as reservoir 3 (R3) was charged with trimethyl
borate (6.76 mL, 60.0 mmol, 1.5 equiv) and dry THF (13.5
mL).
The tubing leading to the reactor from the three reservoirs,

R1, R2, and R3, were filled with the solutions before the
reaction was started so that they would enter the reactor
immediately as soon as the pumps were started.
The oscillator was started, and the substrate (R1) was

pumped into the reactor at 11.0 mL × min−1 using pump (P3)
drive FMI QBG-MB-Q48532 and pump head Q1-SSY. n-BuLi
in pentane (R2) was pumped into the reactor at 1.34 mL ×
min−1 using pump drive FMI QG20-2-MB-Q48532 and pump
head Q1-CKC-W. The pump head of P2, Q1-CKC-W, was
protected from the outside atmosphere by pumping anhydrous
hexane (mixture of isomers) through the gland port with a
syringe pump (1 mL × min−1) and drained to the waste
container.
Trimethyl borate (R3) was pumped into the reactor at a rate

of 1.13 mL × min−1 by means of a syringe pump. However, the
pump P3 was started after 3.75 min, which corresponds to the
residence time of reaction step 1. At that point of time, the
pumps P1 and P2 had filled the reactor body up to the P3 inlet
point. The postreaction mixture started to leave the output
section after a total residence time of 9.12 min.
The first 60 mL of reaction mixture was thrown away before

120 mL of reaction mixture was collected into a round-bottom
flask containing saturated ammonium chloride solution (120
mL) under stirring. The reaction mixture leaving the reactor
was clear and colorless. The last 60 mL of reaction mixture was
also thrown away. After 17.7 min, the reservoirs R1 and R2
were empty, and the pumps were switched to pumping dry
THF. After 21.5 min, the reservoir R3 was empty.
The pumps and reactor were washed with anhydrous THF

followed by acetone before the reactor was emptied through
one of the bottom inlets, and the reactor was dried overnight
with a stream of N2. The pump head of P2 was disassembled,
washed with water, and dried in an oven at a temperature of
100 °C.
The volume of the collected fraction was measured before

the organic solvents were removed under reduced pressure.
The remaining aqueous phase was acidified with 3 M HCl. The
aqueous phase was then extracted with dichloromethane (3 ×
50 mL), and the combined organic phase was washed with
saturated NaCl solution (1 × 50 mL) and dried over anhydrous
Na2SO4. The solution was filtered and the solvent removed
using a rotary evaporator under reduced pressure, giving a
white semisolid contaminated with a yellow-colored oil.
The crude product was stirred with hexane (mixture of

isomers) (15 mL × 3). The solvent was removed on a Büchner
filter. The filter cake was dried to provide a white-colored

powder. The yield (in the range 54−77%) was adjusted
according to the volume collected from the output section of
the MJOD reactor. All reactions proceeded with full conversion
of the bromobenzene.

Procedure for Flow Experiment (setup Figure 2b).
Prior to utilization, the reactor system was flushed with argon.
The pumps were connected before the reactor was cooled
down to −65 °C. All reservoirs and the reactor were kept under
argon at all times via a manifold. PTFE-tubing (i.d. 1.6 mm)
was utilized.
A dried Schlenk flask designated as reservoir 1 (R1) was

charged with 1-bromo-4-methoxybenzene 2a (5.31 mL, 42.0
mmol), trimethyl borate (7.09 mL, 63.0 mmol, 1.5 equiv) and
anhydrous THF (200 mL). A second dried Schlenk flask
designated as reservoir 2 (R2) was charged with 2.0 M n-BuLi
in pentane (25.2 mL, 50.4 mmol, 1.2 equiv). The tubing
leading to the reactor from the two reservoirs were filled with
the solutions before the reaction was started so that they would
enter the reactor immediately as the pumps were started. The
oscillator was started and the substrate and borate (R1) was
pumped into the reactor at 11.2 mL × min−1 using pump drive
FMI QBG-MB-Q485 and pump head Q1-SSY. n-BuLi (R2)
was pumped into the reactor at 1.32 mL × min−1 using pump
drive FMI QG20-2-MB-Q485 and pump head Q1-CKC-W.
The pump head of P2, Q1-CKC-W, was protected from the
outside atmosphere by pumping anhydrous hexane (mixture of
isomers) through the gland port with a syringe pump at 1 mL ×
min−1. This solution passed through the pump head and into a
waste container.
The first 60 mL of reaction mixture were thrown away before

120 mL of reaction mixture was collected into a round-bottom
flask containing saturated ammonium chloride (120 mL) under
stirring. The solution coming out of the reactor was clear and
colorless. The last 60 mL of reaction mixture was also thrown
away. After 19.2 min R1 and R2 were empty, and the pumps
were switched to pumping dry THF, giving a residence time of
3.75 min in reaction step one and 5.87 min in step two. The
pumps and reactor were washed with anhydrous THF followed
by acetone before the reactor was emptied of solvent through
one of the bottom inlets, and the reactor was dried overnight
with a stream of N2. The pump head of P2 was disassembled,
washed with water, and dried in an oven at a temperature of
100 °C.
The volume of the collected fraction (114 mL) was measured

before the organic solvents were removed under reduced
pressure. The remaining aqueous phase was acidified with 3 M
HCl. The aqueous phase was then extracted with dichloro-
methane (3 × 50 mL), and the combined organic phase was
washed with a saturated NaCl solution (1 × 50 mL) and dried
over anhydrous Na2SO4. The solution was filtered and the
solvent removed under reduced pressure, giving a white
semisolid contaminated with yellow oil. The solid was stirred
in hexane (mixture of isomers) (3 × 15 mL). The solvent was
then removed on a Büchner filter. The isolated solid product
was air-dried to provide a white powder (1.51 g), which
corresponds to an isolated yield of 50% after adjusting
according to the volume collected from the reactor.

General Procedure for Batch Experiments. A dried
Schlenk flask was charged with 1-bromo-4-methoxybenzene 2a
(1.28 mL, 10.0 mmol) and anhydrous THF (48 mL) under
argon. It was cooled in a dry ice bath (−78 °C) for 5 min
before adding 2.0 M n-BuLi in pentane (6.0 mL, 12.0 mmol, 1.2
equiv) dropwise over 20 min using a syringe pump. After
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addition, it was left under stirring for 1 h before adding
trimethyl borate (1.69 mL, 15.0 mmol, 1.5 equiv) as a neat
liquid and stirred for 30 min. The mixture was allowed to warm
to room temperature and stirred for another 1.5 h. The mixture
was quenched in a saturated ammonium chloride solution (30
mL), and the organic solvents were removed under reduced
pressure. The remaining aqueous phase was acidified with 3 M
HCl. The aqueous phase was extracted with dichloromethane
(3 × 25 mL), and the combined organic phase was washed with
saturated NaCl solution (1 × 25 mL) and dried over anhydrous
Na2SO4. The solution was filtered and the solvent removed
under reduced pressure, giving a white semisolid contaminated
with a yellow oil. The crude product was stirred with hexane
(mixture of isomers) (15 mL × 3). The solvent was removed
on a Büchner filter. The filter cake was dried to provide a white-
colored powder.
Phenylboronic Acid (1b). [98-80-6], C6H7BO2, MW 121.93.

Bromobenzene 1a (4.26 mL, 40.0 mmol) was used in the flow
experiment. The experiment was conducted as described above
in the general procedure for flow experiments. A sample (108
mL) of the reaction mixture was collected from the output
section of the MJOD flow reactor. This sample was worked up
to provide a white powder (1.32 g), which corresponds to an
isolated yield of 60%. The corresponding batch experiment,
utilizing 1a (1.06 mL, 10.0 mmol), provided an isolated yield of
65% (0.75 g). 1H NMR (400 MHz, CDCl3): δ 8.24 (dd, 2H, J1
= 8.0 Hz, J2 = 1.4 Hz), 7.59 (tt, 1H, J1 = 7.4 Hz, J2 = 1.4 Hz),
7.50 (m, 2H).
4-Methoxyphenylboronic Acid (2b). [5720-07-0],

C7H9BO3, MW 151.96. 1-Bromo-4-methoxybenzene 2a (5.06
mL, 40.0 mmol) was used in the flow experiment. The
experiment was conducted as described above in the general
procedure for flow experiments. A sample (114 mL) of the
reaction mixture was collected from the output section of the
MJOD flow reactor. This sample was worked up to provide a
white powder (2.07 g), which corresponds to an isolated yield
of 72%. The corresponding batch experiment, utilizing 8 (1.26
mL, 10.0 mmol), provided an isolated yield of 69% (1.05 g). 1H
NMR (400 MHz, CDCl3): δ 8.15 (d, 2H, J = 8.1 Hz), 6.99 (d,
2H, J = 8.1 Hz), 3.87 (s, 3H).
2-Methoxyphenylboronic Acid (3b). [5720-06-9],

C7H9BO3, MW 151.96. 1-Bromo-2-methoxybenzene 3a (5.14
mL, 40.0 mmol) was used in the flow experiment. The
experiment was conducted as described above in the general
procedure for flow experiments. A sample (111 mL) of the
reaction mixture was collected from the output section of the
MJOD flow reactor. This sample was worked up to provide a
white powder (2.17 g), which corresponds to an isolated yield
of 77%. The corresponding batch experiment utilizing 3b (1.28
mL, 10.0 mmol) provided an isolated yield of 86% (1.30 g). 1H
NMR (400 MHz, CDCl3): δ 7.84 (d, 1H, J = 7.3 Hz), 7.44 (t,
1H, J = 7.8 Hz), 7.02 (t, 1H, J = 7.3 Hz), 6.90 (d, 1H, J = 8.3
Hz), 6.26 (s, 2H), 3.90 (s, 3H).
4-Chlorophenylboronic Acid (4b) . [1679-18-1],

C6H6BClO2, MW 156.37. 1-Bromo-4-chlorobenzene 4a
(7.735 g, 40.0 mmol) was used in the flow experiment. The
experiment was conducted as described above in the general
procedure for flow experiments. A sample (120 mL) of the
reaction mixture was collected from the output section of the
MJOD flow reactor. This sample was worked up to provide
white, fluffy needles (2.07 g), which corresponds to an isolated
yield of 66%. The corresponding batch experiment, utilizing 11
(1.934 g, 10.0 mmol), provided an isolated yield of 59% (0.93

g). 1H NMR (400 MHz, deut-DMSO): δ 7.82 (d, 2H, J = 8.0
Hz), 7.39 (d, 2H, J = 8.0 Hz).

2-Methylphenylboronic Acid (5b). [16419-60-6], C7H9BO2,
MW 135.96. 2-Bromo-1-methylbenzene 5a (4.63 mL, 40.0
mmol) was used in the flow experiment. The experiment was
conducted as described above in the general procedure for flow
experiments. A sample (117 mL) of the reaction mixture was
collected from the output section of the MJOD flow reactor.
This sample was worked up to provide a white powder (1.28
g), which corresponds to an isolated yield of 48%. The
corresponding batch experiment, utilizing 5a (1.16 mL, 10.0
mmol), provided an isolated yield of 52% (0.71 g). 1H NMR
(400 MHz, CDCl3): δ 8.20 (d, 1H, J = 7.4 Hz), 7.44 (t, 1H, J =
7.4 Hz), 7.27 (m, 2H), 2.80 (s, 3H).

2,3,4-Trimethoxy-6-methylphenylboronic Acid (6b).
[212573-50-7], C10H15BO5, MW 226.03. 2-Bromo-3,4,5-
trimethoxy-1-methylbenzene 6a (10.550 g, 40.0 mmol) was
used in the flow experiment. The experiment was conducted as
described above in the general procedure for flow experiments.
A sample (114 mL) of the reaction mixture was collected from
the output section of the MJOD flow reactor. This sample was
worked up to provide a white powder (2.30 g), which
corresponds to an isolated yield of 54%. The corresponding
batch experiment, utilizing 6a (2.638 g, 10.0 mmol), provided
an isolated yield of 36% (0.81 g). 1H NMR (400 MHz,
CDCl3): δ 6.54 (s, 1H), 5.85 (s, 1.74H), 3.92 (s, 3H), 3.86 (s,
3H), 3.81 (s, 3H), 2.50 (s, 3H). 13C NMR (100 MHz, CDCl3):
δ 160.0, 155.5, 142.8, 139.7, 111.6, 77.9, 62.5, 61.5, 56.5, 24.2.
HRMS (DART): m/z (MH+) calcd for C10H16BO5 227.10908,
found 227.10925.

Long Time Run Flow Experiment. Prior to the
experiment, the three main pumps (P1, P2, and P3) were
connected to the input sections of the MJOD reactor, and the
reactor was flushed with argon before it was cooled to a
temperature of −65 °C. All the reagent and substrate reservoirs,
the product collector tank, and the reactor tube were kept
under argon throughout the experiment through an argon
distribution manifold. The reservoir R1 (a dried borosilicate
flask [5 L]), was charged with 1-bromo-4-methoxybenzene 2a
(68.5 mL, 542 mmol) and anhydrous THF (2600 mL).
Reservoir R2 (a dried Schlenk flask [500 mL]) was charged
with 2.0 M n-BuLi in pentane (325 mL, 650 mmol, 1.2 equiv).
Reservoir R3 (a dried Schlenk flask [500 mL]) was charged
with trimethyl borate (91.6 mL, 813 mmol, 1.5 equiv) and
anhydrous THF (183 mL). Reservoir R4 (a dried Schlenk flask
[500 mL]) was charged with anhydrous hexane (400 mL,
mixture of isomers). Reservoir R5 (a dried Schlenk flask [500
mL]) was charged with dried THF (400 mL). The
interconnecting tubing from the various reservoirs to the
pumps and further to the input sections of the MJOD reactor
were filled with the various reagent and substrate solutions in
order to prepare for initiating the reaction, allowing entrance to
the reactor at the identical time. The substrate (R1) was
pumped into the reactor at a rate of 11.1 mL × min−1 using a
piston pump (P1).33 n-BuLi in pentane (R2) was pumped into
the reactor at a rate of 1.36 mL × min−1 using a piston pump
(P2). Trimethyl borate (R3) was pumped into the reactor at a
rate of 1.14 mL × min−1 with a piston pump (P3). Barrier
liquid (R4) was pumped through the pump head of P2 by
pump P4 at a rate of 1.6 mL × min−1. Barrier liquid (R5) was
pumped by P5 at a rate of 1.3 mL × min−1. The various
reservoirs and pumps were interconnected to the MJOD
reactor body input sections by means of PTFE tubing (1.6 mm
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i.d.) connected to the various reservoirs by means of rubber
taps/seals.
The pumps, P1, P2, P4, and the oscillator were started

simultaneously. The pumps P3 and P5 were started 3.75 min
later, which corresponds to the residence time of reaction step
1. At that point of time, the pumps P1 and P2 had filled the
reactor body up to the P3 inlet point. The postreaction mixture
started to leave the output section after a total residence time of
9.12 min.
The reactor was run for 4 h before the reservoirs were empty.

The postreaction mixture (∼3200 mL) was collected in four
equal amounts (800 mL each) in four flasks, each containing
saturated NH4Cl solution (320 mL) under stirring. The reactor
was washed with anhydrous THF (200 mL) for 15 min, and
this wash was collected in the last of the four collection flasks.
The pumps, P1, P2, P3, and the reactor were washed with
acetone before the reactor was emptied of solvent through one
of the bottom inlets, and the reactor was dried overnight with a
stream of N2. The pump heads of P2 and P3 were dismantled,
washed with water, and dried at 100 °C.
Workup. The organic solvents were removed under reduced

pressure. The combined aqueous solutions (∼1300 mL) were
acidified with 3 M HCl (120 mL). Because of the large volume
a continuous liquid−liquid extractor was utilized instead of a
separatory funnel. Dichloromethane (500 mL × 3) was refluxed
in the extractor for 2.5 h each time to extract the organic
compounds. The combined organic fractions (∼1600 mL) were
split into two parts and each washed with a saturated sodium
chloride solution (250 mL). The combined organic phases
were dried over Na2SO4 and filtered, and the solvent was
removed under reduced pressure using a rotary evaporator to
obtain a white solid contaminated with a yellow oil.
The resulting crude was stirred with hexane (mixture of

isomers) (50 mL × 3). The solvent was removed on a filter
nutch to provide a white-colored powder. The filtrate was
evaporated, giving another two crops with the same method to
achieve a total isolated yield of 55%. 1H NMR (400 MHz,
CDCl3): δ 8.15 (d, 2H, J = 8.1 Hz), 6.99 (d, 2H, J = 8.1 Hz),
3.87 (s, 3H).
Experimental Conditions for the Investigation of the

Throughput Capacity of the cryoMJOD Flow Reactor.
Experiment at 40 mmol scale: R1: 1-bromo-4-methoxyben-
zene 2a (5.06 mL, 40.0 mmol) and anhydrous THF (192 mL).
R2: n-BuLi in pentane 2.0 M (24.0 mL, 48.0 mmol, 1.2 equiv).
R3: trimethyl borate (6.76 mL, 60.0 mmol, 1.5 equiv) and
anhydrous THF (13.5 mL). P1: 11.13 mL × min−1, P2: 1.36
mL × min−1, and P3: 1.14 mL × min−1. Residence time in L1:
3.75 min and L2: 5.37 min. Vsample = 114 mL, reaction mixture
was collected at the output section of the MJOD reactor giving
the product 2b as a white powder in 2.07 g, 72% isolated yield.
Experiment at 80 mmol scale: R1: 1-bromo-4-methox-

ybenzene 2a (10.1 mL, 80.0 mmol) and anhydrous THF (144
mL). R2: n-BuLi in pentane 2.0 M (48.0 mL, 96.0 mmol, 1.2
equiv). R3: trimethyl borate (13.5 mL, 120 mmol, 1.5 equiv)
and anhydrous THF (27.0 mL). P1: 9.52 mL min−1, P2: 2.96
mL × min−1, and P3: 2.50 mL × min−1. Retention time L1:
3.75 min, L2: 4.89 min; 110 mL reaction mixture was collected
giving the product 2b as a white powder in 3.37 g, 60% isolated
yield.
Experiment at 120 mmol scale: R1: 1-bromo-4-methox-

ybenzene 2a (15.2 mL, 120 mmol) and anhydrous THF (156
mL). R2: n-BuLi in pentane 10.0 M (14.4 mL, 144 mmol, 1.2
equiv) and hexanes, mixture of isomers, (14.4 mL). R3:

trimethyl borate (20.3 mL, 180 mmol, 1.5 equiv) and
anhydrous THF (20.3 mL). P1: 10.68 mL × min−1, P2: 1.80
mL × min−1, P3: 2.53 mL min−1. Retention time L1: 3.75 min,
L2: 4.88 min; 111 mL reaction mixture was collected giving the
product 2b as a white powder in 5.42 g, 64% isolated yield.

Experiment at 160 mmol scale: R1: 1-bromo-4-methox-
ybenzene 2a (20.3 mL, 160 mmol) and anhydrous THF (128
mL). R2: n-BuLi in pentane 10.0 M (19.2 mL, 192 mmol, 1.2
equiv) and hexane, mixture of isomers, (19.2 mL). R3:
trimethyl borate (27.0 mL, 240 mmol, 1.5 equiv) and
anhydrous THF (27.0 mL). P1: 9.91 mL × min−1, P2: 2.57
mL × min−1, P3: 3.62 mL × min−1. Retention time L1: 3.75
min, L2: 4.55 min; 105 mL reaction mixture was collected
giving the product 2b as a white powder in 8.02 g, 72% isolated
yield.

Experiment at 200 mmol scale: R1: 1-bromo-4-methox-
ybenzene 2a (25.3 mL, 200 mmol) and anhydrous THF (100
mL). R2: n-BuLi in pentane 10.0 M (24.0 mL, 240 mmol, 1.2
equiv) and hexane, mixture of isomers, (24.0 mL). R3:
trimethyl borate (33.8 mL, 300 mmol, 1.5 equiv) and
anhydrous THF (33.8 mL). P1: 9.02 mL × min−1, P2: 3.46
mL × min−1, P3: 4.87 mL × min−1. Retention time L1: 3.75
min, L2: 4.22 min; 105 mL reaction mixture was collected
giving the product 2b as a white powder in 8.52 g, 64% isolated
yield.

Experiment at 240 mmol scale: R1: 1-bromo-4-methox-
ybenzene 2a (30.4 mL, 240 mmol) and anhydrous THF (91
mL). R2: n-BuLi in pentane 10.0 M (28.8 mL, 288 mmol, 1.2
equiv) and hexane, mixture of isomers, (28.8 mL). R3:
trimethyl borate (40.5 mL, 360 mmol, 1.5 equiv) and
anhydrous THF (20.3 mL). P1: 8.47 mL × min−1, P2: 4.01
mL × min−1, P3: 4.24 mL × min−1. Retention time L1: 3.75
min, L2: 4.38 min. The experiment failed due to high
backpressure caused by the high viscosity of the reaction
mixture.

■ CONCLUSION

We have designed and realized modifications of the multijet
oscillating disk (MJOD) millireactor system that allows the
reactor system also to be utilized as a flow reactor platform for
conducting reactions under cryogenic conditions using a
cryostat circulator as cooling source. Subsequently, a two-step
synthetic process was investigated at cryogenic temperatures
using the prototypes and resulting in a flow reactor model that
operated according to our predefined requirements.
This cryoMJOD flow reactor operates with net volumes at

multimilliliter scale rather than at the microliter scale, which is
the normal volume of commercially available flow reactor
systems. Moreover, the flow reactor setup involves a reactor
construction that allows accomplishment of two-step tele-
scoped reactions. This reactor setup was utilized for developing
a telescoped flow-process comprising two steps: (1) lithiation
of a phenylbromide and (2) reaction between the phenyl-
lithium derivate and trimethyl borate or other borates.
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