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Tandem chemical changes are often difficult to control at will,
because they proceed rapidly through multiple unstable reactive
intermediates. It is desirable to develop a novel method for controlling
such tandem changes to obtain desired products with high selectivity.
Herein, we report a flow microreactor platform for controlling tandem
isomerizations of o-lithiated aryl benzyl ethers based on precise
residence time control.

The control of isomerization of reactive intermediates' is an
attractive research objective which will enhance product selec-
tivity in chemical synthesis. In cases where an intermediate
isomerizes rapidly to give another intermediate, the yield and
selectivity of products depend on the controllability of the
reaction time and temperature. In general, by using a batch-
type reactor such as a flask, an isomerization is often hard to
control, because it often occurs intramolecularly and is very fast
even at very low temperature. However, by using flow chemistry
based on microfluidics,?? the reaction time can be reduced to
milliseconds or less.* Therefore, intermediates can be used
selectively at will by choosing the reaction time precisely. Based
on this concept, there have been many reports on the control of a
rapid isomerization® and rearrangement® of intermediates, as
well as decomposition.””® To the best of our knowledge, however,
there has been no attempt on the control of tandem isomeriza-
tions involving multiple reactive intermediates using flow micro-
reactors. Moreover, many well-known anionic reactions such as
the Favorskii rearrangement and benzilic acid rearrangement
proceed through multiple unstable intermediates in organic
synthesis. Thus, the study of the control of tandem isomeriza-
tions leads to deep understanding of such reactions.
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Scheme 1 Control of tandem isomerization of o-lithiated aryl benzyl
ethers involving three intermediates.

Herein we report a conceptual study aimed at the complete
control of tandem isomerizations involving three chemical
intermediates using a flow microreactor system (Scheme 1).
The sequential reactions of o-lithiated aryl benzyl ethers in the
flask were studied by Barluenga and his co-workers.® However,
the complete control of these isomerizations was not achieved
in conventional flasks, because tandem reactions including an
intramolecular H-Li exchange'® and [1,2]Wittig rearrangement"’
were so fast. In this study, we prove that tandem isomerizations of
o-lithiated aryl benzyl ethers can be effectively controlled by varying
the residence time in a flow-assisted manner. Furthermore, the
dual functionalization of aryl benzyl ether was successfully
accomplished via sequential halogen-lithium exchange and
deprotonation reactions.

In preliminary studies using a flask, we carried out the
sequential reaction of compound 1a as a starting material.
Compound 1a was lithiated using 2 equiv. of ¢-BuLi at —78 °C for
10 min, and methyl iodide was added. A mixture of compounds
2a and 3a was obtained in 48% and 42% respectively (Table S1,
ESIT). These results indicate that the control of intramolecular
H-Li exchange was not efficient. When the reaction time was
increased to 1 h, 3a was obtained as the sole product, while
compound 2a was not observed at all (Table S1, ESIt). The result
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indicated that the Br-Li exchange reaction and intramolecular
H-Li exchange reaction were complete within 1 h even at —78 °C.

Next, we conducted the same reactions using flow micro-
reactors including two micromixers (inner diameter of M1:
250 pm, M2: 500 um) and two microtube reactors (R1 and R2)
as illustrated in Table 1. A solution of 1a and ¢-BuLi was reacted
in M1 and R1 and the resulting solution was reacted with
methyl iodide in M2 and R2. The reaction temperature was kept
at 25 °C and the residence time in R1 was changed from 3 ms to
6.3 s by changing the diameter and length of the microtube
reactor (entries 1-6, Table 1). The results clearly show the progress
of the H-Li exchange reaction with time. With the residence time
of 3 ms, 2a was obtained in excellent yield (96%) (entry 1, Table 1).
An increase in the residence time causes a decrease in the yield
of 2a and an increase of the yield of 3a. With a residence time of
6.3 s, 3a was obtained in 96% yield as a sole product (entry 6,
Table 1). In addition, the solution obtained by the flow reaction
for 6.3 s was further reacted in a flask for 1 h at 50 °C to obtain
compound 4a in 74%, which was derived from [1,2]-Wittig
rearrangement (entry 7, Table 1). These results indicate that
the optimization of the residence time and temperature using a
flow-assisted microreactor guarantees the high controllability
of fast tandem isomerizations.

Moreover, in addition to 1a, we conducted flow reactions of
various aryl benzyl ethers (Fig. 1a), including 1b (Ar = naphthyl,
R = phenyl), 1c (Ar = phenyl, R = hydrogen) and 1d (Ar = naphthyl,
R = hydrogen) at 25 °C (Fig. 1b-d). In the case of the reaction of
1b, both H-Li exchange and [1,2] Wittig rearrangement seemed
to be faster than those of 1a (Fig. 1b), presumably because of the
enhanced reactivity of naphthyllithium by peri-interaction.'?
Even with a residence time of 3 ms, a mixture of 2b (77%) and
3b (22%) was obtained.

Table 1 The Br-Li exchange reaction of compound 1a and subsequent
trapping reaction with methyl iodide in flow

Br Me
T e o (0] Ph
(= Oy .
Ph ' residence time & Ph
1a inR1 (s) ! Me
' o><
©/ pi Ph 3a
t-BuLi
2.0 equiv. ' +
(2.0 equiv.) . Ph o
Mel . i
(5equv) T | Ph  4a
Residence time Yield of Yield of Yield of
Entry in R1 [s] 2a“ [%] 3a“ [%] 4a“ [%]
1 0.003 96 0 0
2 0.016 93 5 0
3 0.25 78 20 0
4 0.63 60 38 0
5 3.1 6 91 0
6 6.3 0 96 0
7° 1" h 0 0 74

“ Determined by "H NMR spectroscopy using 1,3,5-trimethoxybenzene
as an internal standard. ? The resulting solution from R2 was stirred in
a flask for 1 h at 50 °C. For details, see the ESI.
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Fig. 1 Tandem isomerizations of various aryl benzyl ethers by changing
the residence time in R1 in a flow microreactor system for products 2, 3
and 4d, followed by further stirring in a flask at 50 °C for 1 h to obtain
products 4a—c (#). Methy! triflate was used as an electrophile (symbol A
with a dashed line), instead of methyl iodide (symbol @ with a solid line).

On the other hand, 2b was obtained in 98% yield when methyl
triflate was used as an electrophile (dashed lines, Fig. 1b) instead of
methyl iodide. This means that the trapping with methyl iodide
competes with the H-Li exchange. However, the trapping with
methyl triflate is faster than the H-Li exchange. In the reaction of
1c (Fig. 1c), the H-Li exchange was slow, probably because the
acidity of the benzylic proton is much lower. Even with a residence
time of 63 s, only a small amount of 3¢ was obtained. When 1d was
used for the reaction (Fig. 1d), the H-Li exchange is somewhat
slower than that of 1a; however, the [1,2]Wittig rearrangement is
much faster than that of 1a. In this case, the [1,2] Wittig rearrange-
ment is faster than the H-Li exchange, and therefore 3d was not
obtained with any residence time. With longer residence times, 4d
was obtained in a good yield but at the expense of 2d.

The rate of the intramolecular H-Li exchange increases in the
order 1c < 1d < 1a < 1b. This tendency is consistent with the
acidity of protons (R = Ph or H) and reactivity by peri-interaction.
The rate of the [1,2]-Wittig rearrangement increases in the
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Table 2 Selective control of tandem isomerizations in various aryl benzyl
ethers with different electrophiles in flow-assisted microreactors

iz =~ O Pl
condition .
o o R
o
. ,Phx Ph
Ph

s OH
¢

Conditions Product?
Me CO,Et SiMe; e
OYPh OYPh OYPh OYPh
Ph Ph Ph Ph
condition 2a, 95%° 2aa, 80% 2ab, 82% 2ac, 85%
COzEt SnBus
2b, 92%° 2ba, 81% 2bb, 84% 2bc, 82%
Me COZEQ SlMe3

>(\'\\Ph
©/F’h Ph ©/Ph Ph ©/Ph Ph

condition 3a, 96%° 3aa, 80% 3ab, 81% 3ac, 74%
B
coza s.Me3 >éx\ph
Ph Ph Ph Ph OO PH Ph Ph Ph

3%

3ba, 61% 3bb, 81% 3bc, 7

condition ©A* “/i\h
Cd

4a, 72%° 4b, 81 %°

“ Ylelds of isolated products. ” Residence time for lithiation was 3ms at
25 °C. “ Residence time for lithiation was 6.3 s at 25 °C. ¢ After the
lithiation for 6.3 s at 25 °C in flow, the resulting solution was stirred in a
flask at 50 °C for 1 h. For details, see the ESI. ¢ Determined by "H NMR
spectroscopy using 1,3,5-trimethoxy benzene as an internal standard.

order 1a and 1c < 1b < 1d. The stabilization effect of radicals
(Ar = Ph or Naph) seems to be responsible for this tendency. These
tendencies are consistent with a reported reaction mechanism.*?

Under three optimized conditions (conditions A for aryl-
functionalization, conditions B for benzyl-functionalization,
and conditions C for triaryl alcohols; for details, see the ESIT),
we conducted selective functionalization with various electro-
philes such as methyl iodide (or triflate), ethyl chloroformate,
tributyltin chloride, trimethylsilyl chloride, and benzoyl chloride
(Table 2). Compounds 2 derived from the non-isomerized inter-
mediate, compounds 3 derived from the deprotonated intermediate
and compounds 4 derived from the rearranged intermediate were
selectively obtained in good isolated yields.

tBuLi R1-X t-BuLi R%-X
(2.1equiv) (1.0 equiv) (2.1 equiv) (3.0 equiv)
Br e e e e R!
O._Ph 3ms 22s 74s 53s o. R?
@ ........................... 250G ] @ Ph
1 Flow microreactor 5

R'-X: Me3SiCl  gipe, R1-X: Mel

R2-X: Mel O\rMe R2-X: EtOCOCI Et
ph 5a,70% 5b, 73%

Fig. 2 Dual functionalization of aryl benzyl ethers in a one-flow micro-
reactor via controlled sequential isomerization reactions.
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Based on the present method for the control of tandem
isomerizations, dual functionalization of aryl benzyl ethers was
achieved using a flow microreactor system (Fig. 2). By controlling
the residence times precisely for two lithiation-trapping sequences,
doubly functionalized products 5a and 5b were successfully
obtained from substrates 1c and 1d, respectively, within 15 s of
the total reaction time.

In summary, we have demonstrated the flow-assisted control
of tandem isomerizations of H-Li exchange and [1,2]-Wittig
rearrangement. Under the optimized conditions based on the
kinetic studies, three intermediates can be selectively trapped at
will to obtain the desired products. The present study opens a new
possibility of chemical synthesis using tandem isomerizations.
We hope that the method will be widely applied for the sequential
control of various reaction intermediates.
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