nature communications

Article

https://doi.org/10.1038/s41467-022-35611-9

Ex-situ generation and synthetic utilization
of bare trifluoromethyl anion in flow via

rapid biphasic mixing

Received: 19 October 2022

Heejin Kim®'
Accepted: 13 December 2022

Hyune-Jea Lee ® 3%, Jeong-Un Joo ® %%, Se-Jun Yim?, Dong-Pyo Kim®?2 ' &

Published online: 03 March 2023

Fluoroform (CF;H) is the simplest reagent for nucleophilic trifluoromethyla-
tion intermediated by trifluoromethyl anion (CF3"). However, it has been well-
known that CF;™ should be generated in presence of a stabilizer or reaction
partner (in-situ method) due to its short lifetime, which results in the funda-
mental limitation on its synthetic utilization. We herein report a bare CF;™ can
be ex-situ generated and directly used for the synthesis of diverse tri-
fluoromethylated compounds in a devised flow dissolver for rapid biphasic
mixing of gaseous CF;H and liquid reagents that was designed and structurally
optimized by computational fluid dynamics (CFD). In flow, various substrates
including multi-functional compounds were chemoselectively reacted with
CF3, extending to the multi-gram-scale synthesis of valuable compounds by

M Check for updates

1-hour operation of the integrated flow system.

The trifluoromethyl (CF3) group has been recognized as an important
functional group in medicinal chemistry because it can improve the
therapeutic efficacy, permeability, metabolic stability of drug mole-
cules, and the binding affinity against proteins*?. Among the extensive
synthetic strategies for introducing the CF3 group, various synthetic
methodologies for nucleophilic trifluoromethylation have been
developed®® but there is no better way to directly use fluoroform
(CF3H) as the simplest precursor of the CF3 group in the viewpoint of
atom- and step-economy’. Also, the utilization of CFsH has attracted
from the standpoint of green-sustainable synthesis because CF3H is
designated as a greenhouse gas (a lifetime of 270 years)®. Although
pioneer works to directly exploit CF3H for the nucleophilic tri-
fluoromethylation were achieved by Prakash’s group and several
research groups’™, the synthetic utility of CF3H still remains limited
because of difficult handling the gaseous CF;H and its low reactivity.
Above all, the reaction intermediate of the nucleophilic tri-
fluoromethylation, CF3 anion (CF3") rapidly decomposes into difluor-
ocarbene (:CF,) and fluorine ion, as well-documented (Fig. 1a).

To avoid these issues on directly using CF3H gas with vulnerable
decomposition of CF;” intermediate even at cryogenic temperatures,
the researchers have chosen indirect methods by using the stabilizing
additives of CF3 anion™ such as Ruppert-Prakash reagent®, or by
generating the hemiaminolate adduct [Me,NCH(O)CF3]K’ or coordi-
nate metal cation®* in DMF or glyme solvent. However, the stabili-
zation method cannot guarantee the use of unstable CF;”
intermediate, because (1) the stabilized CF5- narrowed down their
reaction scope due to the less reactivity; (2) its lifetime is still too short
to secure the availability. Although CF; anion is also found to be not a
transient species but possess a lifetime by using additive, 18-crown-6>,
this reaction performance cannot be easily utilized in synthetic
method due to too low reaction yield and the productivity. To redeem
the problems, another indirect method to generate the unstable
intermediate in the co-existence of reaction partner (i.e., in situ
quenching method or in situ method)*** is applied as an only alter-
native to utilize short-lived CF;~ from CF;H prior to the undesired
decomposition (Fig. 1b)"%. Nevertheless, this in situ quenching method
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Fig. 1| Methods for nucleophilic trifluioromethylation using CF;H. a A challenge
of direct trifluoromethylation using CF5;~ from CF3H. b An in situ quenching method
with less-reactive substrates (reported work) and limitations the of in situ

quenching method. ¢ An ex situ generation of bare CF5; from CF;H using LICKOR
type of superbase via fast gas-liquid mixing in flow (this work).

approaches could not be completely evitable even in the use of addi-
tional reagents for stabilization of CF5**¢ and/or the utilization of
flow reaction setup for easy handling the gas with high pressure to
prevent gas volatilization?’ ', This method, however, has fatal pro-
blems of not only narrowing down the scope of reaction and the
selectivity when the reaction partner is irreconcilable with reaction
condition for generating the desired intermediate but also completely
depriving the opportunity to explore the nature of a given inter-
mediate for fully understanding a synthetic pathway because the
intermediate cannot be solely existed (Fig. 1b)*’. The large-scale
synthesis including gas-liquid reaction is not easily achieved through
in situ quenching method as well, because a large quantity of gas
should be dissolved in the same solvent with other reactants. Also,
most reported works of in situ quenching method required a long
reaction time of as few minutes or as many hours as possible even at
above room temperature. To overcome the critical limitation and
preserve an original strong reactivity of the unstable intermediate,
CF5™ should be formed in the absence of any reaction partner or sta-
bilizing reagent, prior to its following reaction (ex situ quenching
method or ex situ method). However, this approach has not been
applicable in the generation of CF;~ from CF3;H because it is challen-
ging to achieve both fast biphasic mixing of gaseous CF3;H with liquid
deprotonating reagent within the short lifetime of CF3™ and precise
time control for external trapping reaction with generated CF5;~ even
using flow-type reactors that is well-known to afford rapid mixing
efficacy unachievable in flask®***. We envisaged that this longstanding
fundamental problem can be solved by a precise screening of reagents
and reaction conditions using a well-designed flow dissolver based on
the computer simulation.

Here, we report a strategy to generate and utilize the short-lived
CF;™ intermediate from stable CF3H gas under ex situ method using
LICKOR type superbase via fast biphasic mixing in precisely custo-
mized flow dissolvers (Fig. 1c). The method allows us not only to reveal
accurate information on the lifetime and stability of CF;™ but also to
conduct the chemoselective reaction with various substrates by
addressing a fundamental obstacle with the in situ method.

Results and discussion

Gas-liquid flow devices for rapid biphasic mixing

We initially considered using a simple tubing flow reactor or a tube-in-
tube microfluidic reactor well used for gas-liquid flow reactions
earlier***®, However, both are not appropriate for rapid gas-liquid
biphasic mixing and generation/reaction time control of CF;~ due to
low mixing efficiency, which makes it difficult to precisely control the
residence time for CF5™. Therefore, it was necessary to devise a new
flow dissolver that satisfies the purpose to handle the bare CF3™ at our
will. Based on the fact that efficient biphasic mixing for rapid dis-
solution can be achieved by a large contact area between gas and liquid
with a smaller size gas bubble®, we conceptually designed various flow
channel structured dissolvers composed of highly permeable nano-
porous membrane sandwiched between upper and lower channels
with staggered baffle structure. The baffle structured channels
induced chaotic advection involving rapid distortion of the fluid
interface® when the gas-liquid mixture flows over the upper and the
lower channels, while the nano-porous membrane in the middle acted
as a static mixer and bubble breaker by preventing coalescence of gas
segments which must severely reduce the contact area (Fig. 2a)***'. On
the basis of computational fluid dynamics (CFD)*, these structures
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Fig. 2 | Design, CFD-based optimization, and fabrication of gas-liquid flow
device (GLD) including highly permeable membrane and staggered baffle
channel. a A schematic concept and fabrication of gas-liquid flow device (GLD) via
highly permeable membrane and staggered baffle channels. b A schematic concept

b
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of GLD-1 and GLD-2. ¢ A detailed scheme in a fast gas-liquid reaction space in the
GLD-2 device with three inlets. d An optical SEM image of the 800 nm of pore size of
nano-porous membrane (scale bar, 100 nm). e An optical image of GLD-2 assembly
with in- and outlet tubes.

were evaluated by monitoring the interfacial contact areas as iso-
surface between gas and liquid in the vortex mixing space with
excluding dead volume area (see description of definition of contact
area between gas and liquid in the Supplementary Information for
details). First of all, upon investigating the geometrical effect of baffle
structure (see description of BS-1 to BS-7 in the Supplementary Infor-
mation), the iso-surface was generally increased as the distance of the
structure becomes smaller with the increased number of baffles but
decreased for the structures smaller than 2.0 mm due to the increased
effect of dead volume®. In addition, the height of the baffle also largely
affected the iso-surface, indicating that the asymmetrically staggered
structure in different heights (1000 and 300 um of BS-4) gave the
superior iso-surface to the others (Supplementary Tables 2 and 4).
Consecutively, the effect of membrane porosity and thickness on the
BS-4 structure was further tuned (see description of PM-1 to PM-6 in
the Supplementary Information) to maximize the interfacial contact
area between gas and liquid, over the absence of membrane (Supple-
mentary Tables 3 and 5). In general, the thicker membrane, the smaller
pore size, and the more decreased overall porosity lowered the iso-
surface, presumably due to the decreased permeability of the gas and
liquid. Eventually, the numerical simulation results showed that the
asymmetrically staggered baffle structure BS-4 (1000 and 300 pm
height, 2.0 mm distance), including 50 um thickness of the membrane
(PM-1) with appropriate pore characteristics (77% porosity and 820 nm
pore size), is the most suitable to provide the higher iso-surface (0.266
and 0.286 cm?) at flow rates of 14.6 ml/min for gas, 3.0 and 7.8 ml/min
for two different liquids, respectively. With the simulation results in
hand, we carefully considered the choice of material for the fabrication
of the flow dissolver. Our experience with diverse materials based
microreactors pointed us to stainless steel for the staggered baffle
channel patterned plate and perfluorinated polyether (PFPE) for the
nano-porous membrane. These materials offer sufficient physical

toughness at high flow rates of pressure and low temperature (-95 °C)
as well as chemical inertness at a strong base such as organolithiums
(Supplementary Fig. 2)**. Next, we fabricated two types of gas-liquid
flow devices (GLDs) in which the PFPE nano-porous membrane is
sandwiched and clamped by two stainless steel plates patterned with
the baffle structures. The internal volume for the gas-liquid mixing
space can be changed by controlling the length of the staggered baffle
channels.

The GLD type-1 (GLD-1) was designed for fast gas-liquid dissolu-
tion under the mild condition and stable feeding of the resulting CFsH
solution to our total flow set-up (Fig. 2b upside and Supplementary
Fig. 3). One important point for the generation of CF;™ using the con-
tinuous flow system is the solubility of gaseous CFs;H into the liquid
phase involving reactants. In case CF;H is not or partially dissolved
prior to its reaction start, it is difficult to interpret the experimental
outcome regarding the generation, reaction, or decomposition of CF;~
in flow. Thus, we first decided to explore reaction conditions by
feeding a solvent for the rapid and complete dissolution at —20 °C
through the GLD-1, before the direct use of gaseous CF3H without the
additional solvent. The achievement of rapid gas dissolution is also
crucial to minimize the total time of the flow process as well as to
simplify the flow set-up for green and sustainable chemistry in terms of
safety enhancement and cost-reduction*°. The GLD-1 has a precisely
optimized BS-4 structure with a 5cm long channel and two inlets for
liquid THF and gaseous CF;H and one outlet for the resulting CF;H
solution which is supplied for the reaction. We tested the GLD-1 and
could successfully know that CF3H was dissolved in THF solution over
98% even within 1.3 s at flow rates of 3.0 ml/min for THF and 14.6 ml/
min for CF3H with a stable feeding of CF3;H solution (pressure drop:
1.6 kPa). This result showed that GLD-1 has a much superior dissolution
rate to the same volume of the general T-junction capillary tubing
system. Also, the tendency of the quantitative experimental test in
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Fig. 3 | Optimization of reaction condition for ex situ generation of CF;™ from
CF3H in flow. a A schematic diagram of the flow system. b An effect of the type of
organolithium on the yield of product 1a. ¢ Effects of temperature and residence

time of R2 on the yield of product 1a. d An effect of the amount of t-BuOK on the
yield of product 1a.

different baffle structures is correctly matched with the CFD simula-
tion result (Supplementary Table 6 and Supplementary Fig. 5).

On the other hand, the GLD type-2 (GLD-2) was fabricated for the
fast gas-liquid reaction for direct use of gaseous CF3H and liquid
reactant with precise time control (Fig. 2b downside). After explora-
tion and optimization of proper reaction conditions for the generation
of CF5™ by our complete set-up, the GLD-2 can be applied to the rapid
biphasic reaction with the achievement of a more simplified reaction
system. Furthermore, in the viewpoint of an atom- and step-economy,
the direct reaction between gaseous CF3;H and liquid base for meta-
lation is considerably economical. Figure 2¢ describes the conceptual
design for the channel structure, which has the 5cm length of BS-4
structure providing maximized contact area at flow rates of 7.8 ml/min
for a mixture of THF/Et;O and 14.6 ml/min for CF3;H, respectively
(pressure drop: 9.1kPa and Supplementary Table 4). An optical SEM
image of nano-porous membrane and an optical image of GLD-2
assembled with inlet and outlet tubes are also shown in Fig. 2d, e,
respectively.

Exploring reaction condition using GLD-1

We began our experimental investigation into exploring the type of
bases for rapid metalation of CF;H followed by trapping with a stoi-
chiometric amount of benzophenone using GLD-1 and flow reactors
(Supplementary Table 7). We found that potassium tert-butoxide (t-
BuOK) and potassium bis(trimethylsilyl)lamide (KHMDS) were not
efficient to obtain the desired product, 2,2,2-trifluoro-1,1-diphe-
nylmethanol (1a) due to their insufficient reactivity within short

residence time at a cryogenic temperature, although they were sui-
table in the in situ method as previously reported®. Various organo-
lithium reagents such as lithium diisopropylamide, lithium
tetramethylpiperidine, phenyllithium (PhLi), and alkyllithiums (MeLi,
n-Buli, s-BuLi, and ¢-BulLi) also did not give the product 1a at all. The
latter gave over 71% yield of byproduct 2 via the reaction of t-BuLi with
benzophenone. These results indicate that organolithium reagents are
also inefficient in the metalation of CF;H. Subsequently, we attempted
to achieve much faster C-H metalation of CF;H via a mixture of
organolithium and potassium alkoxide called Schlosser’s base or
superbase®. The reaction was conducted in the flow reaction system
consisting of three T-shaped mixers (M1, M2, and M3) and tube reac-
tors (R1, R2, and R3) and GLD-1 (Fig. 3a). Organolithium and #BuOK
were mixed in M1 and R1 for 6.0 s of residence time and sequentially
reacted with CF;H solution in M2 and R2. Three types of organo-
lithiums (PhLi, n-BuLi, and s-BuLi) with 3 equivalents of t-BuOK were
used and residence time in R2 (£*2) was changed from 0.04 to 6.5 s by
changing the diameter and length of the R2 at -78 °C (Fig. 3b and
Supplementary Table 8). Surprisingly, these combinations allowed
obtaining the desired product 1a. The less-reactive organolithium gave
the better yield of the product 1a in the order of PhLi > n-BuLi > s-BulLi,
probably because of the competitive side reaction of superbase with
THF solvent™ or nucleophilic attack of organolithium to CF;H>. We
obtained product 1a in 81% yield using PhLi with -BuOK when ¢ was
0.15s at =78 °C, but a small amount of byproduct 2 was detected (4%),
which indicates that CF;~ was not completely generated in R2. For
better yield without the formation of byproduct 2, a variety of reaction
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Fig. 4 | The reaction of bare CF;™ with various electrophilic substrates in GLD-2.
Isolated yield. *The resulting CF5~ solution was reacted with an electrophile at
-50°C. "The CF5™ solution was reacted with an electrophile at —78 °C. “TESCI (2

equiv) was used. “The yield was determined by 'H NMR spectroscopy using an
internal standard.

conditions were explored (T=-20°C to -95°C, *=0.04-6.5s) to
obtain a contour plot (Fig. 3c), which gave exact information on the
stability and the lifetime of CF5™ in various temperatures. The contour
plot divulged that the yield of 1a was not sufficient in the range of short
residence time below 0.15 s for £ at -78 and —95 °C due to incomplete
metalation of CFzH and CF;™ has an short lifetime which is largely
sensitive to the temperature. We eventually found the proper time and

cryogenic zone for the existence of bare CF5™ in the flow reactor at 0.4 s
for £*2 under —95 °C, which gave an opportunity to solely utilize CF5™ in
absence of the stabilizer and the reaction partner. Under the optimized
condition, product 1a was obtained in 93% yield without the detectable
byproduct. Then, the effect of the amount of -BuOK on the yield of
product 1a was investigated (Fig. 3d). The product 1a was gradually
increased from 0 to 93% yield and the byproduct 2 was oppositely
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Fig. 5 | The multi-gram-scale synthesis. One-flow multi-gram synthesis using an integrated flow system involving GLD-2.

decreased from 98 to 0% with increasing the amount of ¢-BuOK,
probably because the excess amount of ¢-BuOK provide a solubilizing
adduct of superbase with stabilization, which has a positive effect on
the reactivity™.

Direct use of gaseous CF;H for ex situ reaction using GLD-2
Based on the information obtained using the flow system involving
GLD-1, we next utilized the integrated device, GLD-2 that enabled a
direct mixing of CF;H and superbase, and following reactions. In the
GLD-2, product 1a was obtained in 66% yield with 28% of the byproduct
2. To accomplish the rapid metalation, the equivalent of the PhLi was
slightly increased to 1.3 keeping the ratio of PhLi and ¢#BuOK (1:3),
whichraised the yield of 1a to 84% without any byproduct 2. This result
indicates that the generation of CF;™ through direct biphasic reaction
and subsequent bimolecular trapping reaction with benzophenone
was successfully accomplished in the GLD-2 under cryogenic
temperature.

The reactions were conducted using various electrophilic sub-
strates such as ketones, aldehydes, an ester, isocyanates, iso-
thiocyanates, and chalcones in the GLD-2 (Fig. 4). We obtained the
desired products (1a-1j) through the reactions with benzophenones and
benzaldehydes bearing electron-donating (-OMe and -Me) or with-
drawing group (-F, and -Cl) in good yields of 62-83%. The reactions with
9-anthracenecarboxaldehyde and 2-thiophenecarboxaldehyde gave the
desired products 1k and 1l in 72% and 51% yield, respectively. The
reaction of methyl benzoate represented the remarkable advantage of
our system by affording the corresponding product Im in 68% yield
without a significant loss caused by the sequential addition to the acyl
group or unwanted esterification by -BuOK™>. For this reason, the yield
was more than twice as high as the reported in situ quenching method”.
Aryl compounds bearing isocyanate and isothiocyanate group effec-
tively reacted as well with flow-generated CF; to give the corresponding
products (In-1q) in 60-92% good yields. We also accomplished the
reactions with chalcones to give the desired products (1r-1u) in 78-94%
yields. We conducted the silylation for the synthesis of Ruppert-Prakash-
type reagents as well. Pleasingly, ex situ generated CF3~ was successfully
reacted with triethylsilyl chloride and triisopropylsilyl chloride and gave
product 1v in 79% and 1w in 87% yield, respectively. Potassium (tri-
fluoromethyl)trifluoroborate (CF3BF3;K) 1x was also prepared by bor-
ylation with trimethoxyborane, B(OMe); followed by sequential reaction
with potassium bifluoride in 80% yield.

We next sought to strengthen the powerful advantage of our
synthetic methodology by the accomplishment of chemoselective
reactions with substrates bearing two electron-withdrawing
groups. The selective nucleophilic addition with electrophiles bear-
ing two same functional groups (acyl or formyl group) such as
1,4-cyclohexanedione, benzoquinone, and terephthalaldehyde
gave the corresponding products (3a-3c) in 54-75% yields without
over-reacted byproduct. We also conducted the reaction with

benzaldehyde bearing an additional functional group (cyano, nitro, or
methoxycarbonyl group) and chalcone bearing a nitro group, which
provided the desired products 3d-3g over 55% yield. It is highly
noteworthy that we cannot obtain the desired products at all by the
in situ quenching method in the flask. The results clearly show that our
methodology is highly valuable for accomplishing protecting-group-
free synthesis of multi-functionalized molecules.

Continuous multi-gram-scale synthesis using one-flow system
Lastly, we carried out the multi-gram-scale synthesis of three impor-
tant chemical reagents which are used for nucleophilic tri-
fluoromethylation using the GLD-2 device (Fig. 5). An integrated flow
system to achieve one-flow CF3;H supply, the formation of superbase,
CF5™ generation, and trifluoromethylation of silanes or borane con-
tinuously operated for 1h, to result in the successful preparation of
target compounds, trifluoromethyl silanes (Iv and 1w), and CF3BF;K
(Ix) in good isolated yields and remarkable productivity (71-83%,
4.7-6.8 g/h). Although the GLD-2 is quite small enough to fit on one
hand, a high total flow rate (13.8 ml/min) enables large-scale produc-
tion, unlike the ordinary microfluidic system.

Methods

Reaction with various electrophiles in flow

A solution of PhLi (0.13 M in Et,0, 6.0 ml/min) and a solution of t--BuOK
(1.3M in THF, 1.8ml/min) were introduced to M (inner tube
¢=250pum) by syringe pumps and passed through tube reactor
(¢=1000 pm, L =100 cm). The resulting solution and CF;H (flow rate:
14.6 ml/min) were introduced to two inlets of the GLD-2 device and
CFsH was introduced by MFC. The resulting solution was passed
through a nano-porous membrane sandwiched by a staggered baffle
structure and was mixed with a solution of various electrophiles (0.3 M
in THF, 3.0 ml/min). The resulting solution was passed through tube
reactor (¢p=1000 pum, L =50cm). After a steady-state was reached
(90s), the product solution was collected for 30 s while being quen-
ched with saturated NH,Cl aqueous solution (2 ml). For the isolation of
the product, the resulting solution was extracted with Et,O (3 x 10 ml),
then the organic phase was extracted with brine (10 ml), dried over
Na,S0, and concentrated. The crude product was purified by column
chromatography to give the desired product.

Data availability

All other data that support the findings of this study, which include
experimental procedures and compound characterization, are avail-
able within the paper and its Supplementary Information.
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