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Abstract: A protocol for the modular assembly of the a-
fluoroamide motif has been developed, which provides a
practical method for the efficient synthesis of structurally
diverse a-fluoroamides from easily available aldehydes and
tertiary amines through a three-component fluorination—
aminocarbonylation process. The key to the success of this
process is taking advantage of the multiple roles of the unique
difluorocarbene reagent TMSCF,Br (TMS =trimethylsilyl).
The mechanism of the process involves the 1,2-fluorine and
oxygen migrations of the in situ formed TMS-protected a-
aminodifluoromethyl carbinol intermediates, which repre-
sents a new type of deoxyfluorination reaction.

Introduction

Amides are prevalent in nature and can serve as medicinally
important compounds.’! The introduction of fluorine atoms
is an effective way to improve the metabolic stability and
other desirable properties of amide-based drug compounds
and candidates.” a-Fluoroamides, as an important type of
fluorinated amides, are typically synthesized from a-fluoro-
carboxylic acids and their derivatives via C-N bond
formation® or from simple a-fluoroamides via C—C bond
formation.! However, these fluorinated precursors are not
easily available and have to be individually synthesized via
C—F bond formation or from fluorinated building blocks.
State-of-the-art methods for the direct synthesis of a-
fluoroamides from nonfluorinated precursors via C—F bond
formation are also available, including fluorination of
aliphatic aldehydes, a-chloro aldehydes or ketenes followed
by amide bond formation,” fluorination of enamines
followed by oxidation, a-C—H fluorination of non-fluori-
nated amides,”) and metal-catalyzed fluorination of o-
haloamides.®! However, these methods rely on multistep
synthesis or pre-organized substrates that are derived from
various carbonyl compounds. Therefore, a facile method
that is suitable for the modular assembly of o-fluoroamides
from simple carbonyl compounds and amines via C-N and
C—F bond formations in a single process is still lacking.
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Difluorocarbene, as a versatile C1 building block, has
been extensively exploited for the synthesis of broad scope
of structurally diverse organofluorine compounds through
various transformations.”” However, the use of difluorocar-
bene for the construction of C—F bonds via deoxyfluorina-
tion is rare."” In 2016, we reported the deoxyfluorination of
alcohols with 3,3-difluoro-1,2-diarylcyclopropenes
(CpFluors) that are derived from difluorocarbene and 1,2-
diarylalkynes (Scheme 1A).'"1 Inspired by this work and
other known deoxyfluorination of alcohols with a,a-difluoro-
amine reagents,'”? we assumed that the self-deoxyfluorina-
tion of a-aminodifluoromethyl carbinols™ that derived from
a one-pot, three-component reaction®'¥ of amine nucleo-
philes, difluorocarbene and carbonyl compounds such as
aldehydes might be applicable for the modular synthesis of
a-fluoroamides (Scheme 1B), which can be regarded as the
fluorination-aminocarbonylation of carbonyl compounds.
However, taking into account that competitive N-
difluoromethylation or further carbylamine reaction™ of
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Scheme 1. Difluorocarbene-involved fluorination and development of a
modular method for the synthesis of a-fluoroamides.

© 2021 Wiley-VCH GmbH


http://orcid.org/0000-0002-3376-5216
http://orcid.org/0000-0002-2296-8835
http://orcid.org/0000-0003-3537-0207
https://doi.org/10.1002/anie.202115467
https://doi.org/10.1002/ange.202115467
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202115467&domain=pdf&date_stamp=2021-12-29

GDCh
=

NH-nucleophiles by difluorocarbene can readily take place
to preclude the tandem intermolecular reaction with
aldehydes, the difluorocarbene-induced generation of
aminodifluoromethyl anion from amines for further nucleo-
philic addition reaction is challenging.

Fluorinated ylides are common in organofluorine
chemistry as reagents or reactive intermediates.'® During
the last few years, difluomethylene phosphonium ylides
have found wide applications as nucleophilic fluoroalkyla-
tion reagents in the transformation of many electrophiles
including carbonyl compounds.’®'®*!") In this context, we
speculated that the nucleophilic aminodifluoromethylation
of carbonyl compounds with difluorocarbene could be
tamed by the addition reaction of difluomethylene
ammonium ylides™ in-situ generated from tertiary amines
and difluorocarbene followed by the selective removal of
one alkyl substitute from the quaternary ammonium salt
intermediates (Scheme 1C). However, we soon realized that
to develop such an efficient protocol, two issues should be
addressed: 1) compared to a difluomethylene phosphonium
ylide,'™ the stabilization of the 1,4-zwitterion adduct"
from a difluomethylene ammonium ylide and aldehyde (via
the formation of a hypervalent nitrogen-involved four-
membered ring) is difficult, so a new strategy to stabilize this
1,4-zwitterion adduct to promote the intermolecular addi-
tion reaction is required (Scheme 1C, step 1); 2) due to the
high stability of quaternary ammonium salts toward most
nucleophiles,[m] selective removal of one N-substituent
under mild conditions to release the a-aminodifluoromethyl
carbinol intermediate is required (Scheme 1C, step 2). Here-
in, we report our recent success in the development of
difluorocarbene-induced modular synthesis of a-fluoroa-
mides from aldehydes and tertiary amines through address-
ing the aforementioned two issues (Scheme 1D).

Results and Discussion

Our investigation commenced with addressing the first issue.
TMSCEF,Br, a mild difluorocarbene reagent introduced by
our group in 2011, has become an important tool for the
development of novel difluorocarbene chemistry due to its
great versatility in the generation of
difluorocarbene.’ #1422l Of note is that its side product
TMSBr can be used as both a Lewis acidic promoter and a
source of bromide ion nucleophile. Therefore, we envisioned
that TMSCF,Br would be the difluorocarbene reagent of
choice, since TMSBr could capture the in-situ generated 1,4-
zwitterion adduct to facilitate the addition reaction, and the
released bromide ion could further attack an N-alkyl
substituent.”® To our delight, we found that difluorometh-
ylene ammonium ylide could be readily generated from
TMSCEF,Br/Et;N and in-situ captured by an aldehyde such
as p-phenylbenzaldehyde (1t) in the absence of any extra
initiators (such as TBAB or HMPA) at room temperature
(Scheme 2A). The TMS-protected difluorinated quaternary
ammonium salt 3t, characterized by HRMS analysis (see the
Supporting Information), was formed in nearly quantitative
yield. In contrast, the use of other difluorocarbene reagents
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Scheme 2. Preliminary results on the three-component reaction. Con-
ditions: 1t (0.5 mmol), TMSCF,Br (0.75 mmol), Et;N or Et,NBn

(0.75 mmol). R=4-Ph-C¢H,. THF =tetrahydrofuran; RT =room temper-
ature.

including BrCF,CO,Na, BrCF,CO,Et and BrCF,P(O)(OEt),
instead of TMSCF,Br gave no carbonyl addition product
even additional bases were added to activate the difluor-
ocarbene precursors. Interestingly, heating quaternary
ammonium salt 3t in THF at 80°C for 1h led to the
complete conversion of 3t, with the desired a-fluoroamide
5t being formed in 27 % yield. It is clear that dealkylation
and subsequent deoxyfluorination of the silyl ether function-
ality took place under such conditions. However, the yield
was somewhat low probably due to the influence of the
quaternary ammonium salt 3t on the C—F bond formation
process.

Next, we tested the reactivity of other kinds of amines.
Among three amines (Et,NBn, Et,NH and BnNH,),
although Et,NH and BnNH, were not suitable amine
component, Et,NBn (2a) was found to be as effective as
Et;N in participating the three-component reaction (Sche-
me 2B). Moreover, when Et,NBn was employed instead of
Et;N, the TMS-protected (amino)difluoromethyl carbinol
intermediate 4t was formed directly at room temperature
(no quaternary ammonium salt intermediate was detected)
(see the Supporting Information). These results demonstrate
that N-benzyl tertiary amines can also participate in the
tandem reaction, and the resulting TMS-protected difluori-
nated quaternary ammonium salt intermediate readily
undergoes debenzylation to reveal the (amino)difluorometh-
yl carbinol intermediate with high selectivity and high
efficiency, which nicely address the aforementioned second
issue. Moreover, heating (amino)difluoromethylated inter-
mediate 4t could afford o-fluoroamide St in higher yield
(45 %) than that of quaternary ammonium salt 3t, which
further highlights the advantage of N-benzyl tertiary amines
as the N-nucleophile in three-component modular synthesis
of a-fluoroamides.

After confirming the feasibility of our protocol, we then
moved to improve the C—F bond formation process by using
benzylamine 2a as the amine component. Initial screening
of several common solvents showed that a simple switch of
solvent could not increase the yield (see Table S1, entries 1-
5). Considering that additives such as KF and Et;N-3HF are
commonly used to promote the deoxyfluorination of
alcohols,"™ we surveyed the effect of additives on our

© 2021 Wiley-VCH GmbH



GDCh
=

reaction (see Table S1, entries 6-20). To simplify the
operation, all additives were added together with the
reactants. We found that both the combination of KF/1,4-
dioxane and the combination of KHF,/THF could remark-
ably enhance the reaction efficiency. To further improve the
yield, we used 4-fluorobenzaldehyde (1g) as a model
reactant (to facilitate the mass balance monitoring), and
carefully tuned the parameters of the KF-promoted reaction
in 1,4-dioxane with a higher boiling point than THF
(Table 1). When the deoxyfluorination of the silyl ether
functionality was conducted with 2.0 equiv of KF at 80°C,
increase of the amounts of TMSCF,Br and 2a did not
improve the yield (Table 1, entries 1-3), and the use of large
excess amounts unexpectedly eroded the reaction efficiency
significantly (Table 1, entry 3). Thus, we tried the reaction
employing only slight excesses of TMSCF,Br and 2a
(Table 1, entry4). In this case, although much more
aldehyde was remained, a similar yield was obtained
(entries 1 and 4), suggesting that reducing the amounts of
nucleophilic species other than fluoride is beneficial for the
deoxyfluorination of the silyl ether functionality. Based on
this molar ratio of reactants, further improvement was
observed when the amount of KF was increased to 4.0 equiv
and the reaction temperature was elevated to 100°C
(Table 1, entries 5 and 6). However, lowering the temper-
ature led to a much lower yield with incomplete conversion
of the intermediate (Table 1, entry 7). It is intriguing to note
that the remaining amount of aldehyde also increases as the
temperature rises (Table 1, entries 5-7), indicating that the
intermediate can undergo retro-addition reaction during its

Table 1: Optimization of reaction conditions for the synthesis of a-
fluoroamides.”

o ‘ F Et
I?n KF, 1,4-dioxane ,{‘
H + TMSCF,Br + N. C” Et
Et” Et RT, 1h ¥
F then T,1h F
19 2a 5g

Entry 1g/TMSCF,Br/2a/KF T[°C]

1 1.0:1.5:1.5:2.0 80 45 (49) 8

2 1.0:2.0:2.0:2.0 80 44 (47) 7

3 1.0:4.0:4.0:2.0 80 27 (29) 7

4 1.0:1.1:1.1:2.0 80 45 (54) 16

5 1.0:1.1:1.1:4.0 80 53 (64) 17
6 1.0:1.1:1.1:4.0 100 61 (78) 22

7 1.0:1.1:1.1:4.0 50  6(7) 11

8 1.0:1.5:1.5:4.09 100 79 (>79) trace
9 1.0:1.6:1.6:4.04 100 80 (>80) trace
104 1.0:1.6:1.6:4.01 100 56 (62) 9

[a] Unless otherwise noted, reactions were performed using 1g
(0.5 mmol, 1.0 equiv), TMSCF,Br/2a=1:1, 1,4-dioxane (5 mL).
[b] Yields of 5g and recovery yields of 1g were determined by '°F NMR
spectroscopy analysis using 1-fluoronaphthalene as an internal
standard. Yields of 5g based on recovered starting material 1g are
given in the parentheses. [c] The molar ratio given refers to the molar
ratio of all the reactants/reagents used. Reaction conditions: 1g
(0.5 mmol, 1.0 equiv), 2a (1.0 equiv), TMSCF,Br (1.0 equiv), KF
(4.0 equiv), 1,4-dioxane (5 mL), RT, 1 h; then 100°C, 1 h; after cooling
to room temperature, the rest of 2a and TMSCF,Br were added into
the reaction mixture, RT, 0.5 h; then 100°C, 0.5 h. [d] Using NEt,
instead of 2a.
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deoxyfluorination. Moreover, according to the yield of 5g
calculated based on recovered aldehyde, minimizing the
amounts of TMSCF,Br and 2a, increasing the amount of
KF, together with elevating the temperature can largely
overwhelm the competitive conversion of aldehyde to other
side products (entries 1 and 6). Therefore, to make a full use
of the aldehyde, a second addition of TMSCF,Br and 2a is
necessary. With this in mind, the optimized conditions were
ultimately established by adding 1.6 equiv of TMSCF,Br and
1.6 equiv of 2a in two portions (Table 1, entry9). The
reaction was first run with 1.0 equiv of each reagent in the
presence of 4.0 equiv of KF to generate the intermediate at
room temperature. After the full consumption of the
intermediate at 100°C, another 0.6 equiv of TMSCF,Br and
2a were added to the reaction mixture to repeat the process.
In such a way, o-fluoroamide Sg was furnished in a good
yield, with nearly complete consumption of the starting
aldehyde. For comparison, the reaction of Et;N afforded 5¢g
in much lower yield (Table 1, entry 10).

With the optimal reaction conditions in hands, we began
to explore the reaction scope by varying the aldehyde
component in combination with benzylamine 2a. The
reaction is amenable with a wide range of aromatic
aldehydes including benzaldehydes (5a-5v, 5y and 5z),
naphthaldehydes (5w and 5x), and oxygen- and sulfur-
containing heteroaromatic aldehydes (5aa-5ac) (Sche-
me 3A). Electron-rich and almost electron-neutral aromatic
aldehydes were found to react more efficiently than electron
deficient ones, as demonstrated by the good to excellent
yields of a-fluoroamides Sa—5h, compared to moderate yield
of 5i. However, the electronic nature of a distal aryl group
has little influence on the yields (5t-5v). The effect of the
position of the monosubstituent on the reaction was small
(5a/5j/5n, 5d/5k), although a slight decrease in yield was
observed for ortho-methylbenzaldehyde (5n). Moreover,
benzaldehydes with multiple substituents on the meta- and
para-positions also delivered good yield (50-5s). Impor-
tantly, the aldehyde scope was not limited to aromatic
aldehydes and could be expanded to aliphatic aldehydes
(5ad-5ag) (Scheme 3B). A series of linear and f-branched
primary aliphatic aldehydes proved to be applicable for the
reaction, providing the desired a-fluoroamides Sad-Sag in
moderate to good yields. In addition, cyclic and acyclic
secondary alkyl aldehydes were also viable substrates that
produced good yields (5ah-5aj). However, more sterically
hindered tertiary alkyl aldehydes are less efficient, as
exemplified by the reaction of pivalaldehyde with only 32 %
yield (5ak). It is noteworthy that halogen substituents (5g,
5h, 5m, 5p, 5s and 5u), methylthio substituent (5y),
acetylene group (5z) and alkene group (5ae) remained
untouched under the reaction conditions, thus allowing
further structural elaboration of the so-obtained a-fluoroa-
mides. The practicability of this protocol is demonstrated by
the synthesis of 5t on 10-mmol scale in 76 % yield.

Next, we focused on investigating the scope of benzyl-
amines by employing 4-fluorobenzaldehyde as the aldehyde
component (Scheme 3C). The N-benzyl tertiary amines
could be easily prepared by benzylation of secondary amines
with benzyl bromide. Structurally diverse benzyldialkyl-
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(0.8 mmol, 1.6 equiv), TMSCF,Br (0.8 mmol, 1.6 equiv), KF (2.0 mmol,

4.0 equiv), 1,4-dioxane (5 mL). The reaction was performed by first reacting 1 (0.5 mmol), 2 (0.5 mmol), TMSCF,Br (0.5 mmol) and KF (2.0 mmol)
in 1,4-dioxane at RT for 1 h, then at 100°C for 1 h. After cooling to RT, a second portion of 2 (0.3 mmol) and TMSCF,Br (0.3 mmol) were added,
and the mixture was allowed to react at RT for 0.5 h, then 100°C for 0.5 h. Yields given refer to isolated yields of product 5. [a] Performed on 10-
mmol scale. [b] The diastereoisomer ratio (d.r.) was determined by '°F NMR spectroscopy analysis (see the Supporting Information). [c] The d.r.
was determined by HPLC (see the Supporting Information).
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amines (5al-5au), including long chain ones (5am) and
cyclic ones (5an-5as), could accomplish the desired trans-
formation similarly to benzylamine 2a, constituting an
efficient and unprecedented method for a-fluoroacylation of
secondary amines. In the cases of cyclic amines, no ring-
opening products were detected, which is consistent with the
good leaving ability of the benzyl group in the ammonium
salt intermediate. Amines bearing non-symmetrical substitu-
ents on the nitrogen atom, such as N-benzyl-N-meth-
ylethanamine and  N-benzyl-N-methyl-2-phenylethan-1-
amine, also led to o-fluoroamides in good yields (5at and
5au). With the consideration that the amine group is one of
the most frequently found functional groups in an armory of
marketed drugs,” we investigated the modification of
several secondary amine-containing drug molecules and
drug intermediates (Scheme 3D). Using the N-benzyl deriv-
atives, the intermediate of Ivabradine (treatment of chronic
heart failure) (5av), N-desphenethyl Fentanyl (treatment of
chronic pain) (5aw), N-desmethyl Dipenhydramine (treat-
ment of allergies) (5ax), Atomoxetine (treatment of atten-
tion deficit hyperactivity disorder, ADHD) (5ay), and
Fluoxetine (treatment of depression) (5az) were easily
converted to their a-fluoroamide analogues. An example for
utilizing this protocol to convert secondary amines to a-
fluoroamides is showcased with the synthesis of Saz.

Our proposed mechanism for the three-component
reaction is outlined in Scheme 4. Initially, under the
activation of a nucleophilic activator (such as KF, adventi-
tious water/R;N, and trace carboxylic acid/R;N), TMSCF,Br
is activated to release difluorocarbene, which reacts with
R;N to form the difluomethylene ammonium ylide R;N*
-CF,". This ylide participates in nucleophilic addition to the
aldehyde R’CHO, affording the 1,4-zwitterion adduct A.
The reaction of intermediate A with TMSCF,Br provides
the instable pentacoordinate silicate intermediate B, which

TMSCF,Br ~
initiator l OTMS'GRBr
3
R
RsN . _
3 1 CF, £ RBr
c
_SiMes(CF,B
. o |+e3( 2Br)
R3N—-CF, NR
R' 3
FF B
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o +
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Scheme 4. Proposed mechanism.
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readily undergoes F,C—Si and F,C-Br bond cleavage,
liberating TMS-protected quaternary ammonium salt inter-
mediate C and difluorocarbene. The predominance of a
difluorocarbene-involved chain reaction pathway is evi-
denced by the remarkably faster consumption of TMSCEF,Br
in the presence of aldehyde compared to that in the absence
of aldehyde (Scheme 5A). Subsequently, intermediate C is
dealkylated by bromide ion to give the a-
aminodifluoromethyl carbinol intermediate D. Because
intermediate D could undergo transformation in the absence
of an extra fluoride salt (see Scheme 2B), it is reasonable to
propose that one of the C—F bonds of intermediate D is first
activated to form the fluoroiminium intermediate E.**! Then
its desilylation by the in-situ released fluoride ion followed
by cyclization generates the fluoroepoxide intermediate F.
In this process, the external addition of fluoride salt can
facilitate the removal of the TMS-protecting group from C
to promote the formation of F. According to our previous
report on the rearrangement of fluoroepoxides,®! the 1,2-
fluorine migration of intermediate F via either a tight ion
pair intermediate G (path a) or a concerted transition state
H (path b) finally delivers the target o-fluoroamide I.
However, during the desilylation of intermediate E, inter-
mediate D could also be competitively desilylated to some
extent, thus leading to the regeneration of the aldehyde via
the retro-aldol-type reaction of intermediate J. Therefore, a
portionwise addition of TMSCF,Br and R;N is beneficial for
improving the conversion of aldehydes. To probe the
possibility of intermolecular deoxyfluorination of intermedi-
ate D, we conducted the crossover experiment by using two
structurally different aldehydes with similar reactivity, of
which one is *O-labeled, and the other is non-labeled (*°O-
aldehyde). As shown in Scheme 5B, the reaction of "*O-
labeled aldehyde 1t and non-labeled aldehyde 1w resulted
in no-crossover of the '®O-label, and vice versa (see the
Supporting Information). These results suggest that the

A. Consumption of TMSCF,Br (determined by '°F NMR analysis)
0 TMSCF,Br (0.2 mmol) TMSO Et
EtsN (0.2 mmol) +-Et
H “Et + TMSCF,Br
THF, RT, time £
Ph Ph Br
1t 3t
0 mmol 1h 0% 95%
0 mmol 15h 0% 63%
0.4 mmol 1h 58% 0%
B. Crossover experiment (determined by '°F NMR and GC-MS analysis)
%o F

NEt;
Q)LH 2
18,
Ph Ph ©

5t, 70%

1t (0.25 mmol) TMSCF;,Br (0.55 mmol) 160/180 = 23:77
160/180 = 23:77 Et,NBn (0.55 mmol) .
* %0 KF (2.0 mmol), 1,4-dioxane .

RT, 1 h; then 100 °C, 1 h

H

1w (0.25 mmol)
160/180 = 99:1

NEt,
QoL

5w, 61%
160/180 = 99:1

Scheme 5. Mechanistic investigations.
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transformation of intermediate D is more likely to proceed
through an intramolecular process, which is distinctly differ-
ent from the general mechanism of the deoxyfluorination of
alcohols with o,a-difluoroamine reagents.!'>!

Conclusion

In summary, we have developed an operationally simple
fluorination—aminocarbonylation strategy for the synthesis
of a-fluoroamides from easily available aldehydes, N-benzyl
tertiary amines and TMSCF,Br. This multicomponent proto-
col combines C-F bond formation and amide bond
formation in one process and allows for the convenient
preparation of a broad scope of structurally diverse o-
fluoroamides that are otherwise difficult to obtain in such a
modular manner. The process involves the addition of
difluomethylene ammonium ylides to aldehydes and the 1,2-
fluorine and oxygen migrations of TMS-protected a-
aminodifluoromethyl carbinol  intermediates. The
TMSCEF,Br reagent is the key to the success of the process,
which not only serves as the source of difluorocarbene to
generate the ylides, but also is the promoter of the addition,
as well as the bromide source for releasing the TMS-
protected a-aminodifluoromethyl carbinol intermediates
from the corresponding quaternary ammonium salt inter-
mediates. Since triethylamine could also undergo the
reaction, we believe that this protocol is promising for the
employment of tertiary amines other than the N-benzyl-
substituted ones as the amine component. Further applica-
tions of difluomethylene onium ylides derived from
TMSCEF,Br are under way in our laboratory.
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A modular synthesis of a-fluoroamides
from easily available aldehydes and
tertiary amines has been developed, in
which the multiple roles of the unique
difluorocarbene reagent TMSCF,Br
(TMS =trimethylsilyl) is the key to the
success of this multicomponent proc-
ess.
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