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ABSTRACT: The generation of highly unstable chloromethylmagnesium o ygciLici ¥ OH
chloride in a continuous flow reactor and its reaction with aldehydes and MgCI-LiCl R)\/Cl
ketones is reported. With this strategy, chlorohydrins and epoxides were = AH ‘
synthesized within a total residence time of only 2.6 s. The outcome of the )"”H > 3 » /&
reaction can be tuned by simply using either a basic or an acidic quench. Very CI” ™y o R
good to excellent isolated yields, up to 97%, have been obtained for most RJ
cases (30 examples).
O rganometallic reagents are among the most important A Halomethyl lithium carbenoid chemistry enabled by microreactors

and commonly utilized tools in organic synthesis."” o
Organolithium and organomagnesium compounds were LiCHXG] R)K(x
developed at the onset of the past century and are arguably CH2Xz ? oH X
the two most commonly employed organometallic species.”” R+L, = o = ) X
The lack of several undesired side reactions have rendered - [LCHX) Rire M )Yi/x
organolithium reagents the method of choice in many cases.’ s_ o NR

However, Grignard reagents are typically less expensive and

more stable than their lithium counterparts.6 Their difference B Continuous generationand utilization of a magnesium carbenoid (this work)

in cost is becoming more notable in recent years and is iPrMgel-Licl
expected to increase further due to the high demand of lithium CHyCI _I_. [CICH,MgCl] * Cryogenic conditions avoided in flow
for batteries and fuel cells.” Moreover, this growing demand, * Readily available, stable Grignard

o . .. e microreactor RCHO reagent utilized
and the resulting increase of its mining and exploitation, has a gent utit

significant negative environmental impact.®

The high reactivity of Grignard and especially organolithium OH o Sl
reagents frequently requires low temperatures (e.g., —78 °C) R)\/ “ R/L\
to achieve satisfactory selectivities."”*" Slow addition of the
reagent to the reaction is typically required, hampering the
scalability of the chemical process. The use of continuous flow
reactors has introduced robust scale-up strategies for these
reactions, facilitating the use of noncryogenic conditions and
thus application on industrial scale.” Using micromixers, even
highly unstable intermediates can be generated and utilized
within milliseconds for organic reactions, enabling trans-
formations that are not possible in batch.'” The term “flash
chemistry” was coined by Jun-ichi Yoshida to describe this type
of ultrafast reactions."' In this context, the generation of
several unstable halomethyl lithium species has been reported
during the past years. These intermediates can be handled with
relative ease in flow reactors and used as convenient Cl
building blocks (Figure 1A)."?

The alternative magnesium carbenoid analogues, generated
from halomethanes by halogen—magnesium exchange with a
Grignard reagent, present several advantages. In addition to the ‘
potential economic factors favoring the use of magnesium _ 4 é'{ y
instead of lithium, commercial Grignard reagents are more -
stable. Surprisingly, halomethyl magnesium intermediates have

* Very fast synthesis (< 3s)

Figure 1. (A) Lithium carbenoid intermediates generated using
continuous flow reactors and (B) alternative organomagnesium-based
chemistry.

been far less studied than their lithium counterparts, and
examples reported for their generation via halogen—magne-
sium exchange are limited."® Although the starting reagents are
relatively stable, the generated C1 organometallic intermedi-
ates rapidly decompose unless cryogenic temperatures are
applied. The scarce examples described in the literature require
temperatures as low as —95 °C,'* very slow addition of the
Grignard reagent, and long reaction times (>1 h) for reactions
on relatively small scale (<2 mmol)."”> We hypothesized that,
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similar to flash chemistry reactions involving lithium reagents,
the challenging generation and utilization of halomethyl
magnesium intermediates could be harnessed using continuous
flow technology. Indeed, improvements in the selectivity of
other transformations involving several organomagnesium
reagents have been described in the literature.'® Notably, to
the best of our knowledge, the continuous generation of highly
reactive C1 magnesium carbenoids has not been reported to
date. Herein we describe a continuous procedure for the
generation of chloromethylmagnesium chloride at noncryo-
genic temperatures. The reactive intermediate has been reacted
in situ with aldehydes and ketones. Depending on the use of an
acidic or a basic quench, chlorohydrins and epoxides were
obtained.

Halogen—magnesium exchange in halomethanes is known to
proceed at low temperatures with isopropylmagnesium
chloride and with its lithium chloride complex."® Lithium
chloride can considerably accelerate the halogen—magnesium
exchange,17 and thus the “turbo Grignard” iPrMgCI-LiCl was
expected to be particularly suitable for the generation of
unstable carbenoids at higher temperatures. Our preliminary
batch experiments employing either CH,I, or CH,ICI'® and
benzaldehyde as a model electrophile demonstrated that
halogen—magnesium exchange takes place in under 2 min at
—80 °C. In these experiments (Figure 2), iPrMgCl-LiCl in

1) iPrMgCI-LiCl,
-80 °C, 2 min
2) PhCHO(1a)

3) NH4Cl or NaOH (aq)

OH OH
Ph)\/C] or Ph)\/l

3 with NH,Cl) 22

CHal, or CH,ICI

O
* 1. mmol scale Ph/g
* No reaction with 1a at -60°C 3a
(with NaOH)

Figure 2. Preliminary batch experiments for the generation of
hamomethylmagnesium chlorides and their reaction with benzalde-
hyde 1a. Yields of ca. 95% (GC-FID) were achieved on 1 mmol scale
at —80 °C for the three examples.

THF was slowly added to a vigorously stirred solution
containing either of the two halomethanes in THF. After 2
min, a solution of benzaldehyde (1a) in THF was added. The
reaction outcome could be readily tuned by simply selecting an
acidic or a basic quench for the reaction mixture. When the
reaction mixture was quenched with an aqueous 2 M solution
of NH,C], the expected chlorohydrin 2a or iodohydrin 2a’
(with CH,ICI and CH,1,, respectively) were obtained (Figure
2). When an aqueous 1 M NaOH solution was used as quench
instead, the corresponding epoxide 3a was observed. Under
these conditions, yields of ca. 95% (GC-FID) were obtained.
However, batch experiments could be only performed on very
small scale, and when the temperature was raised to —60 °C no
conversion of benzaldehyde was observed. This indicates the
low stability of the halomethylmagnesium intermediate even at
—60 °C. Other major side products observed in these batch
experiments were the reduction of the carbonyl group and
nucleophilic addition of the Grignard reagent (see Figure S1
for details).

Continuous flow experiments were initially carried out using
a setup made of PTFE tubing (0.5 mm id.) and PEEK T-
mixers (0.5 mm thru hole). Reagent stoichiometries and the
concentration of the Grignard reagent were optimized, using
the reaction of benzaldehyde (1a) with CH,ICI'® as a model
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system (see Figures S2 and S3 in the Supporting Information
for details). Excellent conversion and selectivity were obtained
with 1.2 equiv of iPrMgCI-LiCl and 1.5 equiv of CH,ICI, and
importantly, the temperature could be increased from —80 °C
to —60 °C without any decrease in reaction efficiency. Under
these conditions, a 97% GC-FID yield was achieved after a 1
min residence time for the carbenoid generation, plus 2 min for
its reaction with benzaldehyde.

We anticipated that further increase of the reaction
temperature would lead to very short reaction times, most
probably in the range of 1-2 s. Such rapid reactions can be
difficult to handle due to mass transfer limitations using simple
T-mixers, particularly in combination with low flow rates (<2
mL/min).”” To further evaluate this issue, a Villermaux—
Dushman protocol”” was employed to determine the mixing
time of the T-mixer (see Supporting Information). Mixing
times of >1 s were obtained for the T-mixer during the
experiment when a flow rate of less than 2 mL/min was
utilized (Figure SS). As expected, higher flow rates decreased
the mixing time, but a flow rate of >6 mL/min was required to
achieve a mixing time below 0.5 s. On the other hand, a plate-
based micromixer (FlowPlate Lab microreactor, LL-mixer,
Hastelloy, 0.24 mL volume)>' showed a much better mixing
performance at low flow rates (e.g, 0.5 s vs 1.3 s for the
FlowPlate vs T-mixer at 1.4 mL/min flow rate), in agreement
with previous studies,”” and therefore this system was selected
for further optimizations at higher temperatures.

The plate-based reactor system comprised three input feeds
and an output line (Figure 3A) (for a detailed view of the
experimental setup, see Figure S6 in the Supporting
Information). Thus, two solutions containing the halomethane

,

A 93 ul + 148 ul

CHaICI )
0.5Min THF

OoH
NH,CI (aq) Ph)\/a
2a

iPrMgCI-LiCl
0.5Min THF

Ph
1a

0.50 M in THF

wm

Residence time (s)

96—
1

I\ \ . I
-40 -30 -20 -10

Temperature (°C)

2\
0 10

Figure 3. (A) Schematic view of the continuous flow setup utilized for
the generation and utilization of chloromethylmagnesium chloride
and (B) contour plot representing the effect of the temperature and
the residence time for the carbenoid generation on the final yield.
Data points are collected in Table SI.

https://dx.doi.org/10.1021/acs.orglett.0c02725
Org. Lett. 2020, 22, 7537-7541


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02725/suppl_file/ol0c02725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02725/suppl_file/ol0c02725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02725/suppl_file/ol0c02725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02725/suppl_file/ol0c02725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02725/suppl_file/ol0c02725_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02725?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02725?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02725?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02725?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02725?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02725?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02725?fig=fig3&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02725/suppl_file/ol0c02725_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02725?fig=fig3&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c02725?ref=pdf

Organic Letters pubs.acs.org/OrgLett
-20°C
CH(CI ZrI00  NHCl@a) | )\/u
osminTHE — >— ﬂ
3.10 mL/min or
PIMGCILICI (. R 503
0.5Min THF 2.48 mL/min NaOH (aq) R 3

)—@J

2.07 mL/min

0.50 M in THF
A 1-Aryl chlorhydrins (NH4CI quench)

©” &@ﬁb

(92%) 2b (93%) 2c¢ (95%) 2d (95%)

(84%) (90%) 29 (66%) (96%)

i (96%) (96%) (92%) 1(81%)
(98%) (95%) 0 (71%)

Figure 4. Reaction scope for (A) l-aryl chlorohydrins 2
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and (B) 2-aryl oxiranes 3 via in situ generated chloromethylmagnesium chloride.

“ Compound 3e rearranged to the corresponding 3-arylpropanal during column chromatography.

and the Grignard reagent were initially mixed and reacted
within a 93 pL reactor volume. Then, a third feed containing
the aldehyde 1a was introduced and mixed with the solution
containing the chloromethylmagnesium intermediate. The
residence volume for the second step in the plate reactor
was 148 pyL. The crude reaction mixture was quenched at the
reactor output, initially with a 2 M solution of NH,Cl. The
optimal reaction conditions were thoroughly evaluated by
varying the reactor temperature and the solution feed flow
rates. As anticipated, excellent results were obtained with very
short residence times at relatively high temperatures (Figure
3B). Importantly, at temperatures between —40 °C and —20
°C excellent yields (>96%) could only be achieved with
residence times for the first step of 1-3 s, rendering this
transformation virtually impossible to perform in batch at these
temperatures. Indeed, longer residence times (4—8 s) resulted
in a significant decrease of the reaction yield, most probably
due to decomposition of the carbenoid intermediate.
Ultimately, a 1 s reaction time for the chloromethylmagnesium
intermediate generation and 1.6 s for the reaction with the
electrophile at —20 °C were selected as optimal conditions.
Using this continuous flow protocol, a series of 1l-aryl
chlorohydrins 2 (Figure 4A) and 2-aryl oxiranes 3 (Figure 4B)
were synthesized. All reactions were carried out using the
optimal conditions described above without any further
modifications. Thus, all compounds were prepared within a
total residence time of 2.6 s. The generation of chlorohydrins 2
or oxiranes 3 could be tuned by simply utilizing an acidic or a
basic quench, respectively. Alkylaryl-substituted aldehydes gave
excellent yields toward chlorohydrins (2a—d) and very good to
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excellent yields of oxiranes (3a—d). The presence of strongly
withdrawing groups, such as nitro, nitrile, or fluorine, generally
decreased the yield. Yet, good yields were achieved for several
specific cases (2g—i, 3h—i), except compound 3g which
decomposed during isolation. Milder electron-withdrawing
groups displayed a less prominent effect, and good to excellent
yields were also obtained (2f, 2j—k, 3f, 3k). The presence of an
ester group was tolerated with the acid quench, and compound
2j was obtained in high yield. By employing a basic quench
with 1 M NaOH, however, the ester group was hydrolyzed
(3j). Notably, good selectivity was also obtained in the
presence of a ketone (2k, 3k), most probably due to the higher
reactivity of the aldehyde (ketones can also be derivatized
using this strategy, vide infra).

Nitrogen-, sulfur-, and oxygen-containing heterocyclic
aldehydes were also successfully converted to the correspond-
ing chlorohydrins (21-n) and oxiranes (31-m). The method
failed for the generation of compound 3n. In this case, a
mixture of unidentified products was obtained. In general,
yields for chlorohydrins were slightly higher than for epoxides.
Notably, due to the high conversion and selectivity obtained in
most cases, isolation of the products was very straightforward
by extraction. It should be emphasized that a productivity of 1
mmol/min was achieved using a reactor with only a 240 uL
volume and 2.6 s residence time. In a long-run experiment,
preparation of 2c was performed for 2 h to evaluate the
stability of the continuous flow setup. The conversion to the
target chlorohydrin remained constant during the entire
operation (see Figure S8). Workup of the crude reaction
mixture yielded 20.3 g (96%) of 2c.
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An additional set of reactions was carried out with other
carbonyl compounds of interest (Figure S). Methyl o-

-20°C
1s+16s
CH,ICI
0.5Min THF NH,CI (a
3.10 mL/min «Cl (aq)
iPrMgCI-LiCl or
0.5Min THF _ NaOH (aq)
2.48 mL/min
substrate <>
0.50 M in THF
2.07 mL/min
o Cl
|
o]
O\
o) (6]
1p 4 (95%)

(NH4CI quench)

5a 6a (58%)
(NH4CI quench)

o OH o)
- or
F F F F e F F

Sb 6b (50%) 7b (95%)?
(NH,4CI quench) (NaOH quench)

7a (57%)
(NaOH quench)

fluconazole

Figure S. Further transformations of interest using in situ generated
chloromethylmagnesium chloride. * Synthesis of 7b was carried out
with a substrate concentration of 0.2 M instead of 0.5 M.

formylbenzoate (1p), for example, generated benzofuranone
4 in excellent yield via an intramolecular cyclization of the
magnesium alkoxide intermediate. a-Chloroketones Sa and 5b
generated 1,3-dichloro derivatives 6 and epoxides 7, upon
quench with NH,Cl and NaOH. Epoxide 7b (and alternatively
the chlorhydrin 6b) is a key intermediate in the preparation of
the WHO essential medicine fluconazole (Figure 5)."2#%3 This
strategy provides a useful alternative procedure for the
epoxidation of a-chloroketones, as the generally employed
Corey—Chaykovsky reagents typically fail for this type of
substrate.

In summary, we have developed a continuous flow
procedure for the generation and utilization of chloromethyl-
magnesium chloride, a highly unstable intermediate that
cannot be employed in batch unless cryogenic conditions are
applied. Implementation of a micromixer and flow technology
enabled exceedingly fast generation of the organomagnesium
species within a 1 s residence time at —20 °C. Continuous
addition of a solution containing an aldehyde or a ketone
resulted in a highly selective protocol for the preparation of 1-
aryl chlorohydrins 2 or 2-aryl epoxides 3, depending on the
acid or basic character of the reaction quench employed. With
a total reaction time of only 2.6 s, excellent yields have been
obtained in most cases for a wide variety of substrates. A
productivity of 1 mmol/min was achieved using a reactor with
an internal volume of only 240 uL. These values result in an

impressive space—time yield of 250 mol/L/h. Importantly, the
use of a plate-based microreactor with excellent control over
heat and mass transfer facilitates direct scalability following a
“smart dimensioning” concept.”"**
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