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Abstract: Flash chemistry using flow microreactors enables
highly chemoselective reactions of difunctional electrophiles
with functionalized aryllithium compounds by virtue of
extremely fast micromixing. The approach serves as a powerful
method for protecting-group-free synthesis using organo-
lithium compounds and opens a new possibility in the synthesis
of polyfunctional organic molecules.

F low chemistry!™ has attracted significant attention by
researchers from both academia and industries. Various
benefits over conventional batch processes include increased
controllability, safety, and selectivity because of improved
heat and mass transfer and shorter residence times. In
particular, flash chemistry™! using flow microreactors ena-
bles synthetic transformations that are very difficult or
impossible to achieve by conventional batch reactions.
Herein we report a proof-of-principle study that shows how
remarkable chemoselectivity that is difficult to attain by
conventional batch processes, can be achieved by flash
chemistry.

Chemoselectivity is defined as “the preferential reaction
of a chemical reagent or reactive species with one of two or
more different functional groups”, and is one of the central
issues in organic synthesis. The development of new methods
or principles for controlling chemoselectivity is still a big
challenge in current synthetic chemistry.® Chemoselectivity is
particularly important for reactions of highly reactive species,
such as organolithium compounds.”! Herein we focused on
the following transformation, that is, the reactions with
difunctional electrophiles, such as the reactions of aromatic
compounds bearing two different electrophilic functional
groups (FG1 and FG2) with aryllithium compounds also
bearing an electrophilic functional group (FG3; Scheme 1).
The transformation should serve as a useful method for
protecting-group-free synthesis®® of a variety of polyfunc-
tional organic molecules.
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Scheme 1. Reactions of functionalized aryllithium compounds with
aromatic compounds bearing two electrophilic functional groups.
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reactivity: FG1 > FG2

To achieve the transformation, we must solve the follow-
ing three problems:

1. A lithiating agent (RLi) should undergo halogen-lithium
exchange to generate a functionalized aryllithium without
affecting FG3.”)

2. The functionalized aryllithium should react selectively
with difunctional electrophiles at FG1 without affecting
FGZ.[l(),ll]

3. The functionalized aryllithium should not attack FG3.

We have already solved the first problem by high-
resolution control of the reaction time by space in flow
microreactors, but the second problem seems to be more
challenging because controlling the reaction time is not
effective. We envisaged extremely fast micromixing!? to be
effective in solving the second problem, because mixing is
crucial for the product selectivity of fast competitive parallel
and serial reactions.!"”

One may think that chemoselective nucleophilic reactions
of difunctional electrophiles are easy if the reactivity of FG1
is higher than that of FG2. However, this is not true if the
reaction is very fast. In fact, the reaction of 4-benzoylbenzal-
dehyde (1) with one equivalent of phenyllithium (Scheme 2)
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Scheme 2. Reaction of 4-benzoylbenzaldehyde (1) with one equivalent
of PhLi in a batch macro reactor.

in a batch reactor (50 mL round-bottom glass flask with
a magnetic stirrer) leads to the formation of a mixture of three
products, that is, 2, 3, and 4, although aldehyde carbonyl
groups are generally more reactive than ketone carbonyl
groups.
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Table 1: Reactions of 1 with PhLi using a conventional macro batch
reaction.

T[°C]  Method of addition 1 9] Yield [%]"!

2 3 4
—78 PhLito 1 35 28 7 25
—40 PhLito 1 36 23 7 26
-20 PhLito 1 36 20 7 30
0 PhLito 1 36 12 6 30
20 PhLito 1 39 12 5 33
—78 1 to PhLi 67 6 2 26
—40 1 to PhLi 63 5 1 27
-20 1 to PhLi 54 4 1 35
0 1 to PhLi 49 2 1 37
20 1 to PhLi 45 1 1 40
-78 simultaneous addition 49 16 9 26

of 1 and PhLi

[a] Recovered starting material. [b] Determined by GC analysis using an
internal standard (pentadecane).

The addition of one equivalent of phenyllithium to
a stirred solution of 1 for 1.0 min gave 2 at —78°C in only
28 % yield, and a significant amount of 4 (25 % ) was produced
together with unchanged 1 (Table 1). Interestingly, compound
3, which is formed by the reaction of PhLi with the ketone
carbonyl group without affecting the more reactive aldehyde
carbonyl group, was also obtained in 7% yield. The increase
in the temperature caused a decrease in the yield of desired 2.
The reverse addition resulted in lower yields of 2, and the
simultaneous addition did not give better results. Although
the selectivity should generally also depend on the size and
shape of the reactor, the stirring method, and the speed of the
addition, the present data demonstrate the limitations of the
batch method for achieving this type of chemoselectivity of
fast reactions.

In the next step, we examined the reactions using a flow
microreactor system composed of a V-shaped micromixer
(p =250 um; M) and a microtube reactor (R) shown in
Figure 1. Remarkable chemoselectivity was achieved and the

o} 0
Ph 7 HO 0
1 M ) <:> {
R PH Ph
PhLi 2

(1 equiv) +05 C oFt{h +H0: C OE ;‘h
Ph Ph Ph
3 4

Figure 1. A flow microreactor system for the reaction of 1 with one
equivalent of PhLi.

desired compound 2 was obtained in high selectivity at high
flow rates (total flow rate: 30 mLmin~!, 2: 73%, 3: 1%, 4:
7%). It is known that the mixing speed in a micromixer
decreases with a decrease in the flow speed.'! In fact, the
decrease in the total flow rate resulted in a decrease in the
yield of 2 and increases in the yields of 3 and 4 (Figure 2).
Interestingly, the yield of 3 also decreases with an increase in
the flow rate, although the reason is not clear at present. The
present observations indicate that extremely fast mixing is
responsible for the high selectivity.
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Figure 2. Plots of the yields of 2, 3, and 4 against the total flow rate for

the reaction of 1 with one equivalent of PhLi.

With the remarkable effect of micromixing on the
selectivity established, we next examined the reactions of
various benzaldehydes having an electrophilic functional
group, such as ketone carbonyl, ester carbonyl, nitro,™ and
cyano groups with phenyllithium (Table 2). High chemo-

Table 2: Reaction of aromatic compounds having two different electro-
philic functional groups with PhLi using the flow microreactor system.

Yield [%]!
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[a] Yields of products were determined by GC analysis using an internal
standard.

selectivity was obtained by using the flow microreactor
system, whereas the use of a batch reactor resulted in much
lower selectivity. Furthermore, the reactions of phenylisocya-
nates having a cyano or an alkoxycarbonyl group with PhLi
were also accomplished with high chemoselectivity, although
the reactions in a batch reactor gave complex mixtures.
Recently, we have reported that aryllithium compounds
bearing cyano, nitro, alkoxycarbonyl, and ketone carbonyl
groups can be rapidly generated and used in a subsequent
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reaction before they decompose by virtue of high-resolution
control of the reaction time in flow microreactor systems.”!
The present finding prompted us to integrate!’® the gener-
ation of functionalized aryllithium compounds and their
chemoselective reactions with difunctional electrophiles using
an integrated flow microreactor system (Figure 3). The

difunctional
electrophile

=3
\ 7% ﬁtms ,

2

@

@\Q—u

functionalized
aryllithium

Figure 3. An integrated flow microreactor system for the chemoselec-
tive reactions of aromatic compounds having two different electro-
philic functional groups with functionalized organolithium compounds
generated by halogen—lithium exchange.

residence time (f*') was optimized individually for the
halogen-lithium exchange reactions of each of the function-
alized aryl halides (see the Supporting Information for
details). In this case we have to worry about the competition
between two electrophilic functional groups on the electro-
phile (FG1 and FG2), and also about the competition
between functional groups on the electrophile (FG1 and
FG2) and a functional group on the nucleophile (FG3).

The reactions of various aryllithium compounds bearing
electrophilic functional groups were examined (Table 3).
When one equivalent of functionalized aryllithium was
used, the aldehyde carbonyl group reacted selectively without
affecting other electrophilic functional groups, such as ketone
carbonyl, ester carbonyl, nitro, and cyano groups, to give the
desired products in good yields. Furthermore, the functional
groups on the nucleophile were not affected. It is also
noteworthy that a benzaldehyde that bears two other electro-
philic functional groups, such as an ester carbonyl group and
a nitro group (a trifunctional electrophile), also reacted
chemoselectively.

The competition between an isocyanate group and other
electrophilic functional groups present on the aryllithium
compound is also interesting (Table 4). The nucleophilic
addition took place selectively on the isocyanate group
without affecting other functional groups on both the electro-
phile and the nucleophile. The reactions seem to be useful
because amides having two functional groups can be easily
synthesized.

To demonstrate the utility of the present flash method, we
examined a chemoselective three-component coupling using
benzaldehyde with a ketone carbonyl group (1) in an
integrated flow microreactor system (Figure 4). The reaction
with p-cyanophenyllithium at the aldehyde carbonyl group
followed by the reaction with p-nitrophenyllithium at the
ketone carbonyl group was successfully achieved to obtain the
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Table 3: Reactions of benzaldehydes having electrophilic functional
groups with functionalized aryllithium compounds.
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[a] Yield of products were determined by GC analysis using an internal
standard, unless otherwise stated. [b] Yield of isolated product.
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Figure 4. Chemoselective three-component coupling using an inte-
grated flow microreactor system.

desired product in 61% yield. High productivity
(156 mgmin ') of the present method as a result of high
flow rates and short residence times is also noteworthy.

In conclusion, we have developed a flash method for
highly chemoselective reactions of aromatic compounds
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Table 4: Reactions of phenylisocyanates having electrophilic functional
groups with functionalized aryllithium compounds.
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[a] Yields of products were determined by GC analysis using an internal
standard, unless otherwise stated. [b] Yields of isolated products.

having two electrophilic functional groups with unstable
aryllithium compounds bearing an electrophilic functional
group using integrated flow microreactor systems. The
present approach serves as a powerful method for protect-
ing-group-free synthesis using organolithium compounds and
opens a new possibility in the synthesis of polyfunctional
organic molecules.

Experimental Section

Typical procedure for the generation of functionalized aryllithium
compounds followed by the selective reaction with difunctional
electrophiles in a flow microreactor system (Figure3): A flow
microreactor system consisting of a T-shaped micromixer (¢ =
250 um; M1), a V-shaped micromixer (¢ =250 pm; M2), two micro-
tube reactors (R1 and R2), and three pre-cooling units (P1 (inner
diameter ¢ =1000 pm, length L=100cm), P2 (¢ =1000 um, L=
50 cm) and P3 (¢ =1000 pm, L =200 cm)) was used. The system
was dipped in a cooling bath of —40°C. A solution of a halobenzene
(0.10M in THF; flow rate: 6.8 mLmin ') and a solution of a lithiating
agent (0.42M in hexane; flow rate: 1.4 mLmin ') were introduced to
M1 by syringe pumps. The resulting solution was passed through R1
(residence time #*' (s)) and was mixed with a solution of a difunctional
electrophile (0.040M in THF; flow rate: 14 mLmin™') in M2. The
resulting solution was passed through R2 (¢ =1000 um, L =200 cm).
After a steady state was reached, an aliquot of the product solution
was collected in a flask containing the saturated aqueous NH,Cl
solution for 30 s. The reaction mixture was analyzed by GC, and the
product was isolated by column chromatography on silica gel.
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