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Product selectivity control based on a liquid-liquid parallel laminar flow has been successfully
demonstrated by using a microreactor. Our electrochemical microreactor system enables regioselective
cross-coupling reaction of aldehyde with allylic chloride via chemoselective cathodic reduction of
substrate by the combined use of suitable flow mode and corresponding cathode material. The
formation of liquid-liquid parallel laminar flow in the microreactor was supported by the estimation of
benzaldehyde diffusion coefficient and computational fluid dynamics simulation. The diffusion
coefficient for benzaldehyde in Bu,NCIO,-HMPA medium was determined to be 1.32 x 10”7 cm?* s™ by
electrochemical measurements, and the flow simulation using this value revealed the formation of clear
concentration gradient of benzaldehyde in the microreactor channel over a specific channel length. In
addition, the necessity of the liquid-liquid parallel laminar flow was confirmed by flow mode

experiments.

Introduction

In synthetic chemistry, the control of product selectivity has always
been an important subject. Product selectivity can be defined as the
ratio of the desired product to all products in a chemical reaction
which gives a mixture of desired product and some by-products.
Since a simple process with high product selectivity is required
especially in an industrial production, considerable efforts have
been spent for the development of a novel method or strategy for
product selectivity control.

Product selectivity is usually controlled by chemical factors
such as steric effect, resonance effect, solvent effect, amount of
reactant, and electron orbital interaction. They induce intentional
changes of transition state stability or intermediate stability of the
reaction molecule(s) during a reaction. On the other hand, novel
type of strategies have also been developed recently. For example,
ultrasonic irradiation,' microwave irradiation,” site-isolation,® and
continuous flow systems* have been reported to control the
product selectivity of a reaction. In these cases, the use of unique
external circumstances of a reaction induces the specific change of
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reaction route or reaction pattern without adding special reactants
or catalysts.

Micro-flow systems (microreactor or micromixer system) have
also enabled product selectivity control.’ In micro-flow systems,
the product selectivity of a reaction can be significantly improved
due to the extremely fast and efficient mixing and heat transfer
stemming from small size and high surface-to-volume ratio of
microstructures. On the basis of these advantages, Yoshida and
his coworkers have successfully demonstrated selective formations
of desired products using highly reactive intermediates by micro-
flow systems. They further propose a concept of space integration
for fast and selective chemical synthesis by using flow microreactor
systems.®

Recently, we have also reported a novel type of strategy for prod-
uct selectivity control using an electrochemical micro-reactor.”
This system employed cathodic carbonyl allylation as a model
reaction.® This reaction provides two regioisomeric products such
as y- and a-adducts by specific way. Tokuda et al. clarified that
the regioselectivity of these products was mainly related to the
difference in the reduction potentials between the two starting
substrates, although the regioselectivity of this reaction is also
influenced by electrode materials, the concentration of supporting
electrolytes and current density.” In other words, electrochemical
carbonyl allylation can produce either y- or a-adducts depending
on whether the aldehyde or allylic halide is reduced by the cathode.
If the aldehyde has a higher reduction potential, the allylic halide
is predominantly reduced to give the y-adduct but if the reduction
potential of the allylic halide is higher, the aldehyde is reduced
preferentially and the a-adduct generation is favored. Therefore,
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control of the product selectivity (regioselectivity in this reaction)
requires that either the allylic halides or aldehydes should be
reduced chemoselectively, regardless of their reduction potentials
(Scheme 1).

) X +2e, RCHO
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—X— +H*
y-adduct
RCHO )\/\‘/
X-, +H*
X=Cl, Br a-adduct

Scheme 1 The reaction pathway of cathodic carbonyl allylation between
an allylic halide and an aldehyde.

To perform chemoselective cathodic reduction, we employed a
liquid-liquid parallel laminar flow formed in an electrochemical
microreactor. The channel of the microreactor is sufficiently small
to ensure stable and laminar flow of solutions. As shown in
Fig. 1, when two solutions (allylic chloride solution and aldehyde
solution) are introduced through respective inlets (inlet 1 and
inlet 2) of the microreactor, a stable liquid-liquid interface can
be formed, and mass transfer between the input streams occurs
only by means of diffusion. Therefore, the substrate introduced
throughinlet 1 (inflow 1) could be predominantly reduced, whereas
the reduction of the inlet 2 substrate (inflow 2) could be avoided.
Consequently, chemoselective cathodic reduction would proceed
and an intentional cross-coupling product would be obtained
regioselectively. In other words, product selectivity control would
be realized by simply switching the reagent flows. The system
applied this strategy can be also regarded as one of the practical
example of space integration.

inflow 2

allylic chloride
or
flow adffie aldehyde

chghge
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selegtivity
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Fig. 1 Product selectivity control in cathodic carbonyl allylation using
a parallel laminar flow in the microreactor. The substrate of inflow 1 is
selectively reduced at the cathode to give the desired product as major
product.

The successful preliminary results prompted us to perform a
further systematic study of the product selectivity control based
on liquid-liquid parallel laminar flow in the microreactor. Herein,
we wish to report the full details of our study. The formation of
liquid-liquid parallel laminar flow in the microreactor channel
was especially focused so that our concept was verified to work.

Results and discussion

First of all, in order to confirm that substrate was prevented from
reaching the counter electrode surface by the use of liquid-liquid

parallel laminar flow, cyclic voltammograms (CVs) were measured
for the reduction of benzaldehyde (2a) in the microreactor. A
reduction peak of 2a, as shown in Fig. 2(b), was clearly observed
at —1.89 V vs. Ag wire when an electrolytic stream containing 2a
entered only through inlet 1 of Fig. 1 (cathode side inlet). On the
other hand, the peak current was significantly decreased when an
electrolytic solution with 2a was introduced through inlet 2 (anode
side inlet), and a solution without 2a was introduced through inlet
1 (Fig. 2(c)). This result indicated that the use of liquid-liquid
parallel laminar flow did prevent 2a from reaching the cathode
when it was introduced through inlet 2.

Current / mA
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-1004

20 16 12 08 04
Potential / V vs. Ag wire

Fig. 2 Cyclic voltammograms for the reduction of benzaldehyde (2a)
in 200 mM n-Bu,NCIO,-hexamethylphosphoric triamide (HMPA) using a
microreactor with a Pt cathode. Ag wire as a reference electrode was placed
externally, downstream near the outlet of the microreactor. The scan rate
was 100 mV s™'. (a) HMPA solution without 2a was introduced through
inlet 1 of Fig. 1 at a flow rate of 0.02 mL min™' (background). (b) HMPA
solution with 2a (1 M) was introduced through inlet 1 at a flow rate of
0.02 mL min'. (c¢) HMPA solution with 2a (2 M) was introduced through
inlet 2, and HMPA solution without 2a was introduced through inlet 1,
both at a flow rate of 0.01 mL min™".

Next, reduction potentials of substrates were measured by
cyclic voltammetry in 0.2 M n-Bu,NCIlO,/hexamethylphosphoric
triamide (HMPA) medium recorded at (a) platinum (Pt), (b) glassy
carbon (GC), and (c) silver (Ag) electrodes. As shown in Fig. 3(a),
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Fig. 3 Cyclic voltammograms of 50 mM I-chloro-3-methyl-2-butene
(1a)/HMPA and 50 mM benzaldehyde (2a)/HMPA recorded at (a) Pt,
(b) GC, and (c) Ag disk electrodes (3 mm diameter). The scan rate was
100 mV s™.
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2a was reduced at ca. —2.22 V vs. SCE (peak potential), while 1-
chloro-3-methyl-2-butene (1a) was reduced at ca. 3.02 V vs. SCE
at the Pt electrode. As mentioned in the above, the regioselectivity
of this model reaction is mainly influenced by the difference in
the reduction potentials between two starting substrates. When
aldehydes are more readily reduced than allylic halides, the
reduction yields o-adducts preferentially. Thus, it can be predicted
that the o-adduct would be obtained as a major product at the
bulk electrolysis using a Pt electrode. From the result of Fig. 3(b),
GC electrode would also show similar product selectivity. On the
other hand, as shown in Fig. 3(c), 1a and 2a were reduced at
almost same potentials (ca. —2.23 V vs. SCE) at the Ag electrode.
This was ascribed to a electrocatalytic activity of Ag electrode for
the reduction of organic halides."® Therefore, it is expected that a
nearly equal amount of y-adduct and a-adduct are obtained at the
bulk electrolysis using an Ag electrode.

Subsequently, preparative experiments of the cathodic cross-
coupling reaction were carried out using la and 2a substrate
combination. Since the reduction potential of 2a is much lower
than that of 1a at the Pt electrode, a-adduct was obtained as
a major product when the reaction was carried out using a
conventional batch type reactor with the Pt cathode (Table 1,
entry 1). Similar results were obtained by using the microreactor
with single flow mode (see. the figure of Table 1) and the Pt and GC
cathodes (entry 2 and entry 3). In contrast, as shown in entry 4, the
yield of y-adduct was increased by using the Ag electrode. These
experimental results well reflected the results of CVs in Fig. 2.
Then, in order to improve the y-adduct selectivity, 1-bromo-3-
methyl-2-butene (1b) was used instead of 1a in entry 5 because 1b
has lower reduction potential than that of 1a. However, the total
yield was significantly decreased though y-adduct was obtained
dominantly. In this case, bromide ion derived cathodically from
1b would be oxidized at the anode to give Br* species (Br*, Br;™,
Br,, etc.), and then, they were reduced at the cathode to regenerate
bromide ion. Thus, a large part of the electricity seemed to be
consumed for the redox reaction of Br-/Br™. In fact, the electrolyte
solution collected in a vessel after the electrolysis showed bright
yellow color and the color turned light brown after several hours.
It should be noted that chloride ion has higher oxidation potential
than that of bromide ion and anodically generated Cl, would be
removed to gas phase. Therefore, the system would be less affected
by the redox reaction of CI"/CI* than that of Br-/Br*. As shown
in entry 6, the selectivity of o-adduct was improved by using the
microreactor with the flow mode (a). The 90% of substrate 1a
was converted in this condition, however, hydrobenzoin, benzyl
alcohol and homo-coupling products of 1a were also detected as
by-products. (The oxidation of HMPA occurred simultaneously in
the anode because HMPA has a lower oxidation potential.) Since
these homo-coupling side-reactions would occur simultaneously
in entry 6, the yield was improved by decreasing the concentration
of 2a as shown in entry 7. (The current efficiency for 4a was
27.1% and the productivity was 26.8 mg h™'.) On the other hand,
the use of the flow mode (b) significantly increased the y-adduct
selectivity (entry 8). These results indicated that our concept for
chemoselective cathodic reduction by using a parallel laminar flow
in the microreactor works. As shown in entry 9, the use of the Ag
electrode with flow mode (a) couldn’t enhance a-adduct selectivity
compared to the result in entry 4. However, the selectivity was
reversed and y-adduct was obtained as a major product when

Table 1 Cathodic carbonyl allylation between la and 2a using the
microreactor®

ﬁ/\/m" PhCHO cathodic reduction \><rph )\/\(Ph
3.73 F mol! oH , o

10 mA cm?

1a 2a y-adduct, 3a a-adduct, 4a
<Single flow mode> anode
1a+2
1a+2a HE) a+ Wﬁ = 5=
cathode

1a

inlet 2
<Flow mode (a)>

2a =)

inlet 1

reduction

cathode

2a

!

inlet 2

<Flow mode (b)>

1a
inlet 1 cathode
Cathode Total yield Selectivity”

Entry material  Flow mode (%)*3a+4a  3a:da
1¢ Pt Batch type reactor 69 29:71
2 Pt Single flow mode 64 17:83
3 GC Single flow mode 54 15:85
4 Ag Single flow mode 63 45:55
54 Ag Single flow mode 10 >99:<1
6 Pt Flow mode (a) 44 9:91

7° Pt Flow mode (a) 55 8:92

8 Pt Flow mode (b) 58 41:59
9 Ag Flow mode (a) 60 47:53
10 Ag Flow mode (b) 75 (67Y 87:13

“ Experimental conditions: The concentration of la in HMPA was
500 mM, and that for 2a was 2 M. n-Bu,NCIlO, was used as a supporting
electrolyte in all solutions (200 mM). Flow rates of each solution were
0.01 mL min™ and the total flow rate was 0.02 mL min™'. All reactions
were performed at 0 °C. ® Determined by GC analysis. © Reported in the
literature.” ¢ 1-Bromo-3-methyl-2-butene (1b) was used instead of 1a. ¢ The
concentration of 2a was 1 M./ Isolated yield in parenthesis.

the electrolysis was performed by a combination use of the Ag
electrode and flow mode (b) (entry 10, the current efficiency for
3a was 33.4% and the productivity was 32.9 mg h™). It should be
noted that this was opposite selectivity compared to that obtained
in entry 7.

In addition to the above experiments, it is important to verify
the formation of liquid-liquid parallel laminar flow in the microre-
actor channel and the substrate diffusion behavior in such a flow
mode. Therefore, the diffusion coefficient for 2a in HMPA medium
was then estimated and the spatial distribution of the substrate
in the microreactor was investigated by computational fluid
dynamics (CFD) simulation. Under the experimental conditions
used in this study, the simulation was carried out using different
diffusion coefficients for 2a (Dg,) in the range from 5 x 107 to
1 x 10" cm? s7'. This range of diffusion coefficient roughly covers
from the diffusion of general small organic molecules in the low
viscosity solvent to their diffusion in high viscosity medium such as
ionic liquids. For example, the diffusion coefficient for ferrocene
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Fig. 4 Schematic visualizations of the CFD simulation results for 2a diffusion in the microreactor channel from inlets to 1.0 mm down stream position
and corresponding 2a concentration distribution curves at the specific positions. Each flow rate was fixed at 0.01 mL min™'. The electrode distance was
set as 20 um. In the CFD visualizations, the vertical scale is different from the horizontal scale. Both two inlets have 20 um width. In the distribution
curves, the x axis shows the distance from the cathode surface. Red, yellow, light blue, and blue curves show the distributions at 0.5, 1, 5, and 10 mm
down stream positions from inlets, respectively. (a) Dy, was set as 5 X 10 cm? s™'. (b) Dy, was set as 1 X 10 cm? s7'. (c) Dga was set as 1 x 107 cm? s7'.

(d) Dy was set as 1 x 107 cm? 57!,

in acetonitrile (1 = 0.345 x 10™ Pa s)'' was estimated as 2.3 x
10 cm? s7',12 while the value for methyl viologen in a typical
ionic liquid 1-n-butyl-3-methylimidazolium hexafluorophosphate
([bmim][PF,], n=2.33x 107" Pas)"® was estimated as 1.1 x 10 cm?
s " Fig. 4 shows schematic visualizations of the CFD simulation
results for 2a diffusion in the microreactor channel from inlets to
1.0 mm down stream position and corresponding 2a concentration
distribution curves at the specific positions. In Fig. 4(a), when
Dga was set as 5 x 10° cm? s™', 2a immediately diffused to the
cathode surface and the input streams were completely mixed
each other even at | mm down stream position. This tendency
was not significantly improved when Dy, was set as 1 X 10 cm?
s', as shown in Fig. 4(b). In contrast, when Dy, was set as 1 X
107 cm? 57!, the concentration gradient clearly remained even at 1
cm down stream position, as shown in Fig. 4(c). In this case, the
concentration of 2a on the cathode surface was diluted especially
in the former part of the cell. Furthermore, the concentration
distribution was drastically changed in the order of 10 cm? s'.
In this order of Dy, value, 2a hardly diffuse to the cathode surface
and the concentration of 2a on the cathode surface is extremely low
(Fig. 4(d)). The resulting 2a concentration profiles are qualitatively
in agreement with the CV results obtained in Fig. 2. Therefore,
it can be assumed that the real Dy, value in the n-Bu,NCIO,-
HMPA medium would be found in the range from 1 x 10® to 1 x
107 cm? s,

Subsequently, in order to estimate Dy, value, Wilke-Chang
equation was employed. Wilke-Chang equation, which is a modi-
fied form of Stokes—Einstein equation obtained experimentally, is
probably the most widely used to estimate diffusion coefficient in
liquid phase systems.'* The equation is:

D :74><10’BM
BA "

()
nsolv BA

where ¢ is the association factor of solvent, M, is the molecular
weight of solvent, 7' is the absolute temperature, 1, is the viscosity
of solvent, and Vg, is the molal volume of 2a at its normal boiling

temperature. M, of HMPA is 179.20 gmol™. T wassetas 273.15K
(0 °C) in this system. ¢ was set as 0.7 which the value is derived
from the association factor of aromatic hydrocarbon. To obtain
the n,, value, the rheology of n-Bu,NCIO,-HMPA medium was
measured experimentally. Fig. 5 shows the relationships between
shear rate (7y) and shear stress (7) of three samples (sample A:
200 mM n-Bu,NCIO,-HMPA sol., sample B: 1 M 2a-200 mM n-
Bu,NCIO,-HMPA sol., sample C: 2 M 2a-200 mM n-Bu,NCIlO,-
HMPA sol.) at 0 °C. Linear relationships were observed in each
sample, suggesting that these media are Newtonian fluids. Thus,
the viscosity (i) of these samples was estimated by following
equation:

T=HY (@)

Shear stress (1) / Pa

o . . . .
0 200 400 600 800

Shear rate (v) /s™

Fig. 5 The relationships between shear rate (y) and shear stress (7) of
n-Bu,NCIO,-HMPA mediums recorded by a rheometer at 0 °C. Rhombic
plots: sample A, 200 mM n-Bu,NCIO,-HMPA sol., 7/y = 1.27 x 107
Pa s. Triangle plots: sample B, 1 M 2a-200 mM 7n-Bu,NCIO,-HMPA
sol.,, 7/y = 1.13 x 107 Pa s. X shape plots: sample C, 2 M 2a-200 mM
n-Bu,NCIO,-HMPA sol., 7/y = 1.11 x 107 Pa s. Plots are average values
of three times measurements.

This journal is © The Royal Society of Chemistry 2011

Org. Biomol. Chem., 2011, 9, 4256-4265 | 4259



and determined to be 1.27 x 1072, 1.13 x 102 and 1.11 x 1072
Pa s for samples A, B and C, respectively. These results suggest
that the concentration of 2a slightly affects their viscosity. The
viscosity of sample A (1.27 x 1072 Pa s) was employed as 7, in
eqn (1). The molal volume of 2a at normal boiling point (V)
was estimated by Le Bas method.' The molecular formula of 2a
is C;H,O, and additive volumes of carbon atom, hydrogen atom,
oxygen atom, and ring structure are 14.8, 3.7, 7.4, —15.0 cm® g
mol™, respectively. Therefore, the V', value was determined to
be 118.2 cm® g mol™'. Consequently, by using eqn (1) with these
values, Dy, was estimated as 1.02 x 10 cm?® s7'.

This Dy, value is far different from the value expected by
CV results and CFD simulations. This may be attributed to
the following reasons: (i) Wilke-Chang equation is supposed to
estimate at very low concentration of solute condition, not suited
for extremely high concentration condition like 2 M. (ii) Wilke—
Chang equation would not be applied for the estimation in high
viscosity medium like 1.27 x 107 Pa s. (iii) The association factor
of HMPA (¢) would be significantly different from the real value.
Hence, it is rather difficult to estimate the precise Dy, value in the
n-Bu,NCIO,-HMPA medium by using prediction equations.

Thus, in the next step, Dys was measured experimentally
by potential step chronoamperometry and steady-state cyclic
voltammetry. Although there are several methods for measuring
molecular diffusion coefficient in a solution such as optical scatter-
ing measurement!” and NMR spectrometry,'® the electrochemical
measurements have some advantages because they can be carried
out by using common apparatus with short experimental time.
This method needs fast electron transfer between an electrode and
target molecules, and the use of adequate amount of supporting
electrolyte is inevitable. Initially, to determine Dy, value and the
number of electrons (n) for the 2a reduction, the potential step
chronoamperometry was performed using 10 mM 2a/0.2 M »n-
Bu,NCIO,-HMPA solution with a sample time of 0.001 s recorded
at the Pt disk electrode (3 mm diameter). The sample was pre-
treated by holding the potential at a point corresponding to zero
faradaic current (0.00 V vs. SCE) for 2 s, after which the potential
was stepped to a potential higher than the 2a reduction peak
potential (-2.6 V vs. SCE) and the current measured for 10 s at
0 °C. The time-dependent current response obtained at the first
step was showed in Fig. 6 and corresponding Cottrell plot was
inserted in the figure (the Cottrell plot was corrected by subtraction
of the background current.). The current was almost linear with
the reciprocal of the square root of time from 2.23 to 0.31 s7'/%.
The relationship between Dy, and n was then obtained by fitting
to the following Cottrell equation:

|:%: 9.82x10 °t V2 3)
T BA

where, I, F, A and c¢ are the current, the Faraday constant,
the geometric surface area of the working electrode, and the
concentration of 2a, respectively.

To determine Dy, and n values, another relationship between
Dy, and n was estimated by steady-state cyclic voltammetry using
a Pt micro disk electrode (100 um diameter) with a slow scan rate.
Fig. 7 shows the CV for the reduction of 10 mM 2a in 0.2 M
n-Bu,NCIO,-HMPA solution recorded at 0 °C, and the measured
diffusion limiting current was obtained as 7.63 x 10®* A (This

0.0+
-0.24
5
o
0.6
............. background 00 05 10 15 20 25
——10mM2a s
0 2 4 6 8 10

tl's

Fig. 6 Potential step chronoamperogram for the reduction of 10 mM 2a
in HMPA containing 0.2 M n-Buy,NCIO, recorded at the Pt disk electrode
at 0 °C. The potential was stepped from 0.0 to —2.6 V vs. SCE. The
corresponding Cottrell plot was inserted in the figure.

-20
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Fig. 7 Steady-state cyclic voltammogram for the reduction of 10 mM
2a at the Pt micro disk electrode (100 um diameter) in 0.2 M
n-Bu,NCIlO,-HMPA solution at 0 °C. The scan rate was 10 mV s™'.

limiting current was corrected by subtraction of the background
current.). Thus, the relationship between Dg, and n was obtained
by fitting to the following equation:

Ljm = 4nFcDyya=7.63x 10* A (4)

where a is the radius of the micro disk electrode. Then, from
the simultaneous equations of eqn (3) and (4), Dy, and n were
determined to be 2.40 x 10 cm? s and 1.65, respectively.
This n value suggests that the reduction mechanism should be
a concerted reaction involving le and 2e reductions. Actually, a
small amount of homo-coupling product (pinacol) was detected
as a le reduction by-product. The desired coupling products were
usually obtained in approximately 60% total yield as 2e reduction
products. These facts support the concerted reaction mechanism
involving 40% of le reduction and 60% of 2e reduction (the # value
should be 1.60 in this case). On the other hand, this Dy, value
is close to that obtained by Wilke-Chang equation, suggesting
that such estimation can be successfully applied under the low 2a
concentration condition. Nevertheless, the real Dy, value under
high concentration condition (2 M 2a) is still not confirmed.
Thus, subsequently, additional steady-state cyclic voltammetry
was carried out for the reduction of 2 M 2a in 0.2 M n-Bu,NCIO,-
HMPA solution at 0 °C. As shown in Fig. 8, the diffusion limiting
current was obtained as 2.10 x 10® A. Then, by using n value of
1.65 obtained in the above and the following equation:

Lim =4 % 1.65 % FcDygpa=2.10x 10 A )
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Fig. 8 Steady-state cyclic voltammogram for the reduction of 2 M 2a at
the Pt micro disk electrode (25 um diameter) in 0.2 M n-Bu,NCI10,-HMPA
solution at 0 °C. The scan rate was 10 mV s™'.

the real Dy, value under the high concentration condition (2 M
2a) was determined to be 1.32 x 107 ¢m? s™'. This Dy, value is
approximately one order of magnitude lower than that under the
low concentration condition, indicating that the concentration of
2a greatly affects their Dy, values and the diffusion manner of
liquid-liquid parallel laminar flow in the microreactor channel.
Fig. 9 show computational simulation result of liquid-liquid
parallel laminar flow in the microreactor channel using the Dy,
value obtained by eqn (5). The result of this CFD simulation
clearly supports the formation of concentration gradient of sub-
strate in the microreactor channel over a specific length. However,
the electrochemically measured Dy, value was little larger than the
predicted value. As stated in the above, the CFD simulations using
several orders of diffusion coefficient suggest that Dy, value would
be found in the range from 1 x 10 to 1 x 10”7 cm? s™'. This minor
difference between the predicted Dy, value and measured Dy,
value would indicate that some unknown factors may affect and
disturb the 2a diffusion in the microreactor channel. Actually, a
decrease of molecular diffusion in micro-nano channels have been
observed in the literature.” This phenomenon can be attributed
to the increased number of interactions between medium and the
channel walls, which can no longer be neglected when the channel
size reaches a critical value. Therefore, it might be possible that
such interactions reduce the Dy, value and the clear concentration
gradient of 2a is kept in the microreactor channel. Hence, it might
be necessary for more accurate simulation to combine a new
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Dgp =1.32x107 cm? s
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Fig. 9 Schematic visualization of the CFD simulation result for 2a
diffusion in the microreactor channel from inlets to 1.0 mm down stream
position and corresponding 2a concentration distribution curves at the
specific positions. Each flow rate was fixed at 0.01 mL min™". The electrode
distance was set as 20 um. In the CFD visualization, the vertical scale is
different from the horizontal scale. Both two inlets have 20 um width. In
the distribution curves, the x axis shows the distance from the cathode
surface. Red, yellow, light blue, and blue curves show the distributions at
0.5, 1, 5, and 10 mm down stream positions from inlets, respectively. Dy,
was set as 1.32 x 107 cm? s,

diffusion model, considering an interaction between substrate and
wall, with macro-scale models, which were based on Navier—Stokes
equations and species transport equations.

Next, the necessity of the liquid-liquid parallel laminar flow
mode was investigated experimentally. In this cross-coupling reac-
tion, the key step for product selectivity determination is the initial
cathodic reduction. If the cathodically generated intermediate can
be transferred to the outlet of the electrochemical microreactor
without its decomposition or conversion to undesired byproducts,
a flow mode illustrated in Fig. 10(b), in which an electrolytic
solution containing another substrate is introduced at the outlet
of the electrochemical microreactor, would be also useful for the
effective control of product selectivity. In practice, however, the
desired cross-coupling reaction was not proceeded at all. This is
ascribed to the fact that the stability of the reactive intermediate
generated at the cathode was insufficient to transfer it to the
outlet of the reactor without decomposition or side-reactions.
In contrast, in the liquid-liquid parallel laminar flow mode,
the reactive intermediate can be effectively trapped by another
substrate before it is lost (Fig. 10(a)). Therefore, it can be stated
that the liquid-liquid parallel laminar flow mode is essentially
required for an efficient product selectivity control in the cross-
coupling reaction.

(@

!

inlet 2

total yield = 75%
3a:4a=87+13

inlet 1

cathode

(b)

2a
1 linle(Z
anode

inlet 1
ine cathode no desired product

Fig. 10 Schematic illustration of two kinds of flow modes for the
microreactor and their application to the cathodic cross-coupling reaction
of 1a with 2a at the Ag cathode. (a) Liquid-liquid parallel laminar flow
mode in an electric field. (b) Single laminar flow mode in an electric field.
The flow rates of two electrolytic solutions containing 1a (500 mM) and
2a (2 M), respectively, were fixed at 0.01 mL min™' each. Current density
was 10 mA cm™. All reactions were performed at 0 °C.

Finally, the versatility of this microreactor system was investi-
gated by cathodic cross-coupling reactions between 1a and various
aldehydes (2b—e). Before the electrolyses using the microreactor,
reduction potentials of aldehydes were measured by cyclic voltam-
metry using the Pt disk electrode. As results, the reduction peak
potentials were found to range from ca. —=1.76 V to —=2.51 V vs.
SCE (Fig. 11). Note that the reduction peak of 1a was observed
at ca. —3.02 'V at the Pt electrode (Fig. 3(a)). Then, cathodic cross-
coupling reactions between 1a and aldehydes (2b—e) were carried
out using the microreactor with flow mode (a) or flow mode (b) of
figures in Table 1. As results, the use of the Pt cathode with flow
mode (a) provided the corresponding a-adducts as major products
in reasonable yields (Table 2, entries 1, 3, 5, and 7). In this flow
mode, selectivities were not affected by the reduction potentials of
all aldehydes. This may be ascribed to the fact that the reduction
potentials of aldehydes were lower than that of 1a enough to reduce
aldehydes chemoselectively in any case. On the other hand, the use
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Table 2 Cathodic carbonyl allylation of various aldehydes using the microreactor®

WC' + RCHO

1a 2

cathodic reduction X
—_—

3.73 F mol”!
10 mA cm™

S ko
OH OH
y-adduct, 3 a-adduct, 4

Entry RCHO (E,, ) Cathode material, flow mode®

Products 3, 4

Total yield (%)* 3 + 4 Selectivity? 3:4

1 CHO Pt, flow mode (a) CFs CFs 63 15:85
FSC/©/ w w
2b (-1.76 V) o o
3b 4b
2 Ag, flow mode (b) 65 60:40
3 CHO Pt, flow mode (a 59 12:88
©
2¢(-2.05V) OH OH
3¢ 4c
4 Ag, flow mode (b) 54 67:33
5 CHO Pt, flow mode (a) Chs CHs 67 10:90
HJCQ/ w W
2d (-2.28V) OH OH
3d 4d
6 Ag, flow mode (b) 68 74:26
7 dCHO Pt, flow mode (a) 5 )v\([‘;) 52 19:81
I\ S X
o OH OH
2e (-2.51V) 3e 4e
8 Ag, flow mode (b) 49 86:14

« Experimental conditions are described in footnote a of Table 1. Reduction peak potentials were recorded at the Pt disk electrode (Fig. 11). ¢ Flow mode
(a) is the flow mode for the selective reduction of aldehyde and flow mode (b) is the flow mode for the selective reduction of 1a, as shown in the figures in
Table 1. ¢ Determined by 'H-NMR analysis using nitromethane as an internal standard.
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-300-
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Fig. 11 Cyclic voltammograms of 50 mM aldehydes (4-(trifluoromethyl)
benzaldehyde (2b), 2-naphthaldehyde (2¢), p-tolualdehyde (2d) and 3-fu-
raldehyde (2e)) in HMPA solution containing 200 mM #n-Bu,NCIO,
recorded at the Pt disk electrode (3 mm diameter). Scan rate was
100 mV s,

of the Ag cathode with flow mode (b) afforded the corresponding
v-adducts as major products in good to moderate yields (entries
2,4, 6, and 8). In this case, selectivities were slightly depended on
the reduction potentials of aldehydes. Since the reduction peak
of 1a at the Ag cathode was observed at ca. —2.23 V (Fig. 3(c)),
1a would be more readily reduced than 2d or 2e. Therefore, the
reduction priority would change from aldehydes (2d and 2e) to
1a in these cases, and consequently, y-adduct selectivity got better.
From these experiments, it can be concluded that this microreactor

system enables chemoselective reduction and intentional product
selectivity control (regioselectivity control) in the cathodic cross-
coupling reaction between allylic chloride and a wide range of
aldehydes.

Conclusions

Intentional chemoselective reduction in a cathodic cross-coupling
reaction was successfully carried out by using a liquid-liquid
parallel laminar flow in the microreactor. The combined use of
suitable flow mode and corresponding cathode material enabled
control of the product selectivity (regioselectivity) in this reaction
(y-adduct/o-adduct = 8/92 in the case of flow mode (a) with
Pt cathode, and y-adduct/o-adduct = 87/13 in the case of
flow mode (b) with Ag cathode in the reaction of 1-chloro-3-
methyl-2-butene with benzaldehyde). The formation of liquid—
liquid parallel laminar flow in the microreactor was supported
by the estimation of substrate diffusion coefficient and CFD
simulations. The diffusion coefficient for benzaldehyde in 200 mM
n-Bu,NCIO,-HMPA medium was determined to be 1.32 x 107
cm? s experimentally, and the flow simulation using this value
revealed the formation and stability of the concentration gradient
of a substrate in the microreactor channel over a specific channel
length although the simulation was not completely reflected
the results of CV experiments. Besides, the necessity of the
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liquid-liquid parallel laminar flow mode was confirmed by flow
mode experiments. This strategy serves as one of the solution
for product selectivity control without adding any reactants or
catalysts in a electrochemical cross-coupling reaction. Therefore,
it can be expected that the present observations open a new aspect
of product selectivity control using microreactor systems.

Experimental
Instrumentation

Cyclic voltammetry and chronoamperometry were performed by
using a computer-controlled electrochemical analyzer (ALS/CH
Instruments 630C). Preparative electrolyses were carried out
with a HOKUTO DENKO HA-501 Potentiostat/Galvanostat.
GC analyses were performed with a Shimadzu GC-2014 gas
chromatograph with Tween 80 (2 m column). Nuclear magnetic
resonance ("H NMR, *C NMR) spectra were measured on JEOL
JNM EX-270 spectrometer operating at 270 MHz (‘H NMR),
67.8 MHz (*C NMR) in CDCl;. All '"H NMR chemical shifts
were analyzed in ppm relative to internal references of TMS
at 6 0.00. All "C NMR chemical shifts were analyzed in ppm
relative to carbon resonance in chloroform-d, at 6 77.00. EI mass
spectra were measured with a Shimadzu GCMS-QP5050A mass
spectrometer. Computational fluid dynamics (CFD) simulations
for liquid-liquid parallel laminar flow in the microreactor were
carried out by using commercial CFD package Fluent 6.3 (ANSYS
Inc.).

Materials

1-Chloro-3-methyl-2-butene (1a) was purchased from Aldrich and
purified by distillation before use. Hexamethylphosphoric tri-
amide (HMPA), tetrabutylammonium perchlorate (n-Bu,NCIO,),
benzaldehyde (2a), 4-(trifluoromethyl)benzaldehyde (2b), 2-
naphthaldehyde (2¢), p-tolualdehyde (2d) and 3-furaldehyde (2e)
were purchased from Tokyo Chemical Industry and used as
received.

Microreactor

Fig. 12 shows schematic illustration of the microreactor. The
microreactor consisted of two plates. Each plate was glued the
electrode plate (cathode plate (Pt or Ag, Nilaco) or anode plate
(graphite, IGS-743, Nippon Techno-Carbon), 3 cm width, 3 cm
length) and glass plate (2.6 cm width, 3 cm length) together. A slit
was provided on anode side (inlet 2) for introducing inflow 2 into
the reactor. A spacer (both sides adhesive tape, 20 um thickness,
Nitto Denko) was used to leave a rectangular channel exposed, and
the two plates were simply sandwiched together. After connecting
Teflon tubing to inlets and outlet, the reactor was sealed with
epoxy resin. The dimensions of the channel were 1 cm width,
20 um depth, and 6 cm total length and area of the two electrodes
was 3 cm?.

General procedure for preparative electrolysis

KdScientific model 100 syringe pumps were used to pump the
reaction solutions. Two solutions were flowed through a cooling
bath (0 °C) before introducing into the reactor. All reactions were

<cross-section view> Teflon tube
t1em |

cathode —> to

collection

graphite anode
— vessel

anode \ 20 um spacer 0
channel
cathode

20 pum spacer

@ slit (anode side)
inflow 2 —— /
1 ——

()

constant temperature bath

Teflon tube,

syringe pump

inflow 1 ———

syringe pump

Fig. 12 Schematic illustration of the microreactor system.

conducted galvanostatically. Conditions of the cathodic cross-
coupling reaction between la and 2a in the microreactor are
described in the footnote a of Table 1 in the main text. The reaction
mixture was analyzed by GC. For isolation of the products, the
reaction mixture (5 mL) was added to a 50 mL of water and the
aqueous layer was extracted three times with a 30 mL of diethyl
ether. The combined organic fractions were washed with brine,
dried over Na,SO, and concentrated in vacuo. The residue was
purified by column chromatography on silica gel with hexane—
AcOEt. '"H NMR yields of the crude mixture was determined
with an internal standard (MeNO,). All products except for 4b
were identified by authentic samples and literatures (3a,’ 4a,® 3b,%
3¢, 4¢,” 3d,*! 4d,> 3e ® and 4e °) using 'H NMR and mass
spectroscopy. Compound 4b was identified by using 'H and *C
NMR, IR, mass, and high-resolution mass spectroscopy.

2,2-Dimethyl-1-phenyl-but-3-en-1-01 (3a). Colorless oil; 'H
NMR (270 MHz, CDClL;): 6 7.29 (s, SH), 5.92 (dd, J = 17.3,
10.5 Hz, 1H), 5.16-5.04 (m, 2H), 4.43 (s, 1H), 1.02 (s, 3H), 0.96 (s,
3H); MS (EI) m/z (relative intensity): 176 ([M*], 0.26), 107 (100),
79 (93), 70 (98).

4-Methyl-1-phenyl-pent-3-en-1-0l (4a). Colorless oil;'H NMR
(270 MHz, CDCl;): 6 7.40-7.23 (m, 5H), 5.20-5.14 (m, 1H), 4.68
(dd, J=8.1,5.7Hz, 1H), 2.55-2.38 (m, 2H), 1.83 (bs, 1H), 1.72 (s,
3H), 1.61(s, 3H); MS (EI) m/z (relative intensity): 176 ([M*], 4.3),
107 (99), 79 (95), 70 (100).

2,2-Dimethyl-1-(4-trifluoromethyl-phenyl)-but-3-en-1-ol  (3b).
Colorless oil; '"H NMR (270 MHz, CDCl,): 6 7.56 (d, J = 8.1 Hz,
2H), 7.41 (d, J = 8.1 Hz, 2H), 5.88 (dd, J = 17.6, 10.8 Hz, 1H),
5.20-5.05 (m, 2H), 4.48 (s, 1H), 2.11 (bs, 1H), 1.02 (s, 3H), 0.96
(s, 3H); MS (EI) m/z (relative intensity): 244 ((M*], 0.01), 225 (9),
175 (98), 147 (33), 127 (88), 70 (100).

4-Methyl-1-(4-trifluoromethyl-phenyl)-pent-3-en-1-ol (4b).
Colorless oil; IR (neat NaCl, v/cm™ 3370, 2920, 1620, 1420,
1330, 1170, 1130, 1070, 1020, 890; '"H NMR (270 MHz, CDCl;):
6 7.60 (d, J =8.10 Hz, 2H), 7.48 (d, J = 8.10 Hz, 2H), 5.18-5.12
(m, 1H), 4.75 (t, J = 5.67, 1H), 2.48-2.42 (m, 2H), 2.08 (bs, 1H),
1.74 (s, 3H), 1.61 (s, 3H); *C NMR (67.8 MHz, CDCl,): 6 148.00,
136.45,125.95, 125.11 (q, J = 3.9 Hz), 118.85, 73.31, 38.37, 25.94,
18.01; MS (EI) m/z (relative intensity): 244 ([M*], 0.09), 225 (3),
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175 (62), 147 (10), 127 (49), 70 (100); HRMS (EI) m/ caled. for
C,,H,;F;0 [M*—2H]: 242.0913, found: 242.0912.

2,2-Dimethyl-1-naphthalen-2-yl-but-3-en-1-0l (3c). Pale yellow
oil; "H NMR (270 MHz, CDCl,): § 7.84-7.74 (m, 4H), 7.48-7.42
(m, 3H), 5.97 (dd, J = 17.6, 10.8 Hz, 1H), 5.18-5.06 (m, 2H), 4.60
(s, 1H), 2.14 (bs, 1H), 1.06 (s, 3H), 1.01 (s, 3H); MS (EI) m/z
(relative intensity): 226 ((M*], 4.6), 157 (100), 129 (92), 102 (3), 77
(6).

4-Methyl-1-naphthalen-2-yl-pent-3-en-1-ol (4c). Pale yellow
oil; '"H NMR (270 MHz, CDCl;): 6 7.84-7.81 (m, 4H), 7.51-
7.42 (m, 3H), 5.23-5.16 (m, 1H), 4.85 (dd, J = 7.6, 5.4 Hz, 1H),
2.58-2.51 (m, 2H), 2.11 (bs, 1H), 1.73 (s, 3H), 1.63 (s, 3H); MS
(EI) m/z (relative intensity): 226 ((M*], 5.1), 208 (12), 193 (21),
178 (16), 157 (100), 129 (96), 115 (4), 89 (5), 77 (6).

2,2-Dimethyl-1-p-tolyl-but-3-en-1-o0l (3d). Colorless oil; 'H
NMR (270 MHz, CDCL,): 6 7.20-7.10 (m, 4H), 5.92 (dd, J =
17.5, 10.9 Hz, 1H), 5.15-5.04 (m, 2H), 4.40 (s, 1H), 2.34 (s, 3H),
1.01 (s, 3H), 0.95 (s, 3H); MS (EI) m/z (relative intensity): 190
(IM*], 0.29), 121 (100), 93 (81), 77 (64), 70 (69).

4-Methyl-1-p-tolyl-pent-3-en-1-0l (4d). Colorless oil;'HNMR
(270 MHz, CDCl;): 6 7.25 (d, J =8.07 Hz, 2H), 7.15 (d, J = 8.07
Hz, 2H), 5.20-5.14 (m, 1H), 4.64 (dd, J = 7.91 Hz, 5.27, 1H),
2.58-2.29 (m, 2H), 2.34 (s, 3H), 1.94 (bs, 1H), 1.73 (s, 3H), 1.62
(s, 3H); MS (EI) m/z (relative intensity): 190 ((M*], 1.3), 172 (10),
157 (16), 142 (11), 121 (100), 93 (80), 77 (57), 70 (58).

1-Furan-3-yl-2,2-dimethyl-but-3-en-1-0l (3e). Yellow oil; 'H
NMR (270 MHz, CDCl;): 6 7.36-7.7.34 (m, 2H), 6.37-6.36 (m,
1H), 5.91 (dd, J = 17.3, 10.8 Hz, 1H), 5.17-5.07 (m, 2H), 4.40 (s,
1H), 1.03 (s, 3H), 1.00 (s, 3H); MS (EI) m/z (relative intensity):
166 (IM*, 8]), 133 (1), 97 (100), 70 (90).

1-Furan-3-yl-4-methyl-pent-3-en-1-0l (4e). Yellow oil; 'H
NMR (270 MHz, CDCl;): § 7.39-7.37 (m, 2H), 6.42-6.41 (m,
1H), 5.20-5.12 (m, 1H), 4.66 (dd, J = 7.26, 5.79 Hz, 1H), 2.55-
2.37 (m, 2H), 1.85 (bs, 1H), 1.73 (s, 3H), 1.65 (s, 3H); MS (E) m/z
(relative intensity): 166 ([M*], 10.9), 148 (4.4), 133 (3.5), 119 (4.1),
97 (100), 70 (95).

CFD simulation settings

A T-type planer (2D) geometry and boundary conditions used
are shown in Fig. 13. The quadrilateral mesh was generated by
using the pre-processor Gambit 2.4 software (ANSYS Inc.). The
physical properties and simulation parameters used in the present
work are listed in Table 3. A uniform inlet velocity was set at the
two inlets and input streams were assumed to develop into laminar
flows. In application of Fluent 6.3, Navier—Stokes equations
and species transport equations were solved simultaneously. No
heat transfer and no reaction between transported species were

Inflow 2

20pm

20 um 1cem

I €

20 ym

- Outflow

Fig. 13 Schematic illustration of the geometry and the boundary
conditions used in the CFD simulation.

Table 3 Simulation settings and physical properties of liquids used for
the simulations

Property Value
Mesh number 1046 000
Inlet velocity (Inflow 1 and Inflow 2) 8.33x 10* ms™!

Mass fraction of benzaldehyde (Inflow 1) 0

Mass fraction of benzaldehyde (Inflow 2) 0.206

Molecular weight (HMPA) 179.2 kg kmol™
Molecular weight (benzaldehyde) 106.12 kg kmol™!
Density (HMPA) 1030 kg m=
Density (benzaldehyde) 1041.5 kg m™
Dynamic viscosity* 1.11x 102 Pas

“ Obtained by rheology measurements of Fig. 5.

presumed. A no-slip boundary condition was used at the walls
where the velocity is zero.
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