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The superacid-promoted electrophilic Csp3-H bond activation of
aliphatic amines generates superelectrophilic species that can be
subsequently fluorinated. Demonstrated by low-temperature in situ
NMR experiments, the ammonium-carbenium dications, crucial for
this reaction, can also react with C-H bonds opening future synthetic
perspectives for this mode of activation.

Tuning of molecules properties through fluorine atom
insertion! is a very popular strategy in many fields.? Its selective
introduction in a bioactive molecule can modify its
conformation, pKa, biological potency, membrane permeability,
metabolism and kinetic properties.3 As a consequence, the use
of fluorine in drug design expands? as rapidly as the
understanding of the impact of its stereoelectronic properties.>
Fluorine is the second favourite heteroatom after nitrogen in life
science-oriented research.® Consequently, fluorinated amines
are extremely popular in drug discovery’ and their synthesis is of
upmost importance.8 C-H bond activation is now a mature field®
for the synthesis of complex molecules,’® and C-H bond
fluorination is not an exception.1! The most popular methods to
fluorinate Csp3-H bond of nitrogen-containing compounds are
based on organopalladium intermediates’? and carbon-centered
radicals,* which elegantly supplement existing strategies
employing elemental fluorine4 or electrochemical activation.'>
Conversely, Csp3-H bond fluorination in the presence of a
fluoride ion source is limited to the use of manganese-
porphyrines  catalytic activation.’® Superacid-promoted?’
electrophilic activation of alkanes through the concept of o-
basicity!® has been initiated by Olah and Sommer® and extended
to functionalized substrates?® in the presence of CCls?! as a
source of superelectrophile.?2 However, the difficulty to
selectively fluorinate the generated dications, even in the
presence of the fluorinating agent HF/pyridine, led somehow to
abandon this strategy (Figures 1A & B). As suggested by
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Klumpp,2® we reasoned that the difficulty of a poor nucleophile
to substitute these cations could be directly correlated to their
insufficient electrophilic character. Reducing the distance
between the generated charges should thus enhance their
electrophilicity favouring their fluorination (Figure 1C).
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Figure 1. Superelectrophilic activation in superacid: (A) Activation of CCls* to
generate a superelectrophilic species, able to react with o-bonds; (B) Nitrogen-
containing dications A and B generated by Csp3-H bond electrophilic activation
of nitrile and amide in HF/SbFs/CCls and their reactivity; (C) Proposed strategy
for the synthesis of the targeted fluorinated amines.

Therefore, we embarked in screening the reactivity of
substrate 1a, exhibiting a tertiary C-H bond in y position of the
amine function (Table 1). No reaction occurred in the presence
of CCls in HF/SbFs at a 4 mol% SbFs concentration (Table 1, entry
1). When acidity was increased using 12 mol% SbFg
concentration, C-H bond functionalization was observed leading
to the partial conversion of the substrate to the fluorinated and
hydroxylated products 2a and 3a respectively (Table 1, entry 2).
Under the same conditions, decreasing the temperature allowed
for the selective formation of the fluorinated product albeit with
a poor conversion (Table 1, entry 3). To favour the activation
process, acidity was further increased leading to the formation
of the fluorinated amine 2a as the main product with
concomitant formation of alcohol 3a (Table 1, entry 4). No
reaction occurred without CCls (Table 1, entry 5). To force the
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fluorination to completion, HF/pyridine was added (Table 1,
entry 6) and the fluorinated product 2a could be isolated in 69%
yield under optimized conditions.

Table 1. Behaviour of aliphatic amine 1a in HF/SbFs

o o o
)kN/_\NQQH HF/SbF AN/_\NA/H AN/_\NA/kOH

—_—
CCly (1.2 equiv.)

- - -
1a 30 min 2a 3a

Entry Acidity® Temperature (°C) Yields?(%)

2a 3a

1 4 -20 - -
2 12 -20 <20¢ -e
3 12 -40 <209 -
4 22 -40 55 18
s/ 22 -40 - -
69 22 -40 69% -

2mol% of SbFs in HF.? Isolated. ¢ No reaction. ¢Only 25% conversion.© Traces. f
Without CCls. 9 HF/SbFs (22 mol% SbFs), CCls (1.2 equiv.), 30 min, -40 °C and
HF/Pyridine, 1 h, -40 °C.

The formation of the fluorinated amine can be interpreted as
follows: After protonation in superacid, amine 1 must generate
ammonium ion C (Scheme 1A). Then, due to the o-donor ability
of a shared electron pair, via a two-electron three-centres bond
formation,1824 activated CCls* (E*) insert into the C-H bond to
generate a dicationic intermediate D after chloroform
elimination. The superelectrophilic character of this ammonium-
carbenium species allows its fluorination to generate ion E as a
precursor of product 2a. To demonstrate this mechanism, in situ
NMR experiments at low temperature were conducted. First,
CCl, was dissolved in HF/SbFs and studied by 13C NMR (See Sl).
The 13C NMR spectrum of the reaction mixture displayed only
one single peak at 235.5 ppm, matching with literature data
reported for CCl3*,2! the dication CClsHZ* being not observed in
these conditions at the NMR time scale.?* Isopentylamine 1b was
also submitted to the same conditions (Scheme 1B). The good
quality of the recorded NMR spectra enabled us to identify the
dication Dy as the main species generated in these conditions. In
the 'H NMR spectrum, three signals were respectively observed
at 4.59, 3.01 and 2.40 ppm, corresponding to ammonium,
methylene and methyl protons.?> In the 13C NMR and DEPT
spectra, three signals at 53.5, 35.3 and 44.7 ppm were consistent
with the formation of Dy. The observed singlet at 329.4 ppm is
characteristic of a tertiary carbocation.
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Scheme 1. Superelectrophilic activation in superacid: (A) Proposed mechanism
for the C-H bond fluorination of generic amines 1. (B) Generation of
ammonium-carbenium superelectrophile Dy and recorded *C NMR signals.
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The scope of this approach was next evaluated by screening a
series of amines. First, the impact of the distance between the
targeted C-H bond and the amine function was evaluated (Figure
2). While C-H bond fluorination does not occur for C-H bond
located at the vicinal position of C-N bond (substrate 1c), this
reaction is efficient to generate y, o and ¢ fluorinated amines
(products 2a and acetylated 2b, 2e and 2f). Unfortunately, and
probably due to a lower o-donor ability, the absence of methyl
group geminal to the targeted C-H bond annihilates the process
(substrate 1d). Then, the effect of amine structure/function was
also investigated. Secondary amine 1g led selectively to the y
fluorinated analogue 2g. The fluorinated aniline, sulfonamide
and pyridine 2h-j were also synthesized through this method. We
next hypothesized that C-H bond fluorination could occur in the
geminal position of a fluorine atom.26
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Figure 2. C-H bond fluorination of amines 1 in superacid HF/SbFs in the
presence of CCls under optimized conditions (Table 1, entry 6), PNB = para-
nitro benzyl. [a] HF/SbFs (22 mol% SbFs), CCls (1.2 equiv.), 30 min, -40 °C and
HF/Pyridine, 1 h, -40 °C. [b] The crude mixture was acetylated (AcCl (excess),
H20, overnight). [c] HF/SbFs (22 mol% SbFs), CCls (2.4 equiv.), 30 min, -40 °C
and HF/Pyridine, 1 h, -40 °C. [d] HF/SbFs (22 mol% SbFs), CCls (1.2 equiv.), 30
min, -20 °C and 24 h, RT.

Gratifyingly, the synthesis of the difluorinated products 2k-m
could be achieved starting from the corresponding
monofluorinated analogues, even if longer reaction time was
needed (See SlI).2> The formation of the difluorinated product 2k
also emphasizes the fact that the electrophilic
activation/fluorination process can be applied for C-H bonds
located in B position of the nitrogen atom in the case of
fluorinated substrates. The exclusive formation of the
monofluorinated product 2n emphasizes the selectivity of the
process for linear alkyl chains, as no fluorination occurred at the
Y position on the piperidine ring. No competing C-H activation
occurs to form an iminium ion after reaction of substrate 1o, the
product 20 being obtained in a good 68% vyield. Interestingly,
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remote fluorination is strongly favoured as shown by the
exclusive formation of products 2p and 2q in good vyields, in
accordance with the favoured activation of the richest electronic
o bond, far located from the protonated function.

We recently demonstrated that a carbocation generated
under HF/SbFs conditions can be stabilized by intramolecular
participation of the carbonyl group of an ester or amide function,
respectively generating dioxalenium or oxazolinium ions.??” On
this basis, we hypothesized that aliphatic amides could be
regioselectively hydroxylated with this method. Starting from
imide 1r or amides 1s and 1t, the corresponding hydroxylated
analogues 3r, 3s and the dihydro-1,3-oxazine 3t were efficiently
obtained (Figure 3A). As shown by the exclusive formation of
alcohol 3u, the method can also be extended to ester derivatives
and complement existing strategies to hydroxylate C-H bond
through directing effect.2®2 Next, we explored the ability to trap
the generated cationic intermediate by other nucleophiles
(Figure 3B). In a context where deuterium is now a validated
component of the medicinal chemistry repertory,2® the direct
transformation of amine 1a to its deuterated analogue 4a in the
presence of cyclohexane-d;; is of interest. Satisfyingly, the
superelectrophilic dications can be substituted by poor
nucleophiles such as benzene or trifluoromethyl benzene
(formation of 5a and 6a). A similar reaction in its intramolecular
version allowed to generate selectively the tetrahydroquinoline
4v. A Ritter-type reaction was also achieved in the presence of
acetonitrile to produce amide 7a in 81% vyield.
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3
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Figure 3. (A) Superacid guided C-H bond hydroxylation. (B) Functionalization of
nitrogen-containing derivatives in superacid in the presence of cyclohexane-
d12(2.0 equiv), aromatics (excess), from N-isopentyl-4-(trifluoromethyl)aniline
and in the presence of acetonitrile (2.0 equiv). [a] HF/SbFs (22 mol% SbFs), CCla
(1.2 equiv.), 30 min, -40 °C. [b] HF/SbFs (22 mol% SbFs), CCls (1.2 equiv.), 10
min, -20 °C and Nu, 10 min, 0°C.

Considering their superelectrophilc character, we next
explore the ability to use ammonium-carbenium dications to
activate C-H bond. To this end, the reactivity of substrate 1a in

the presence of an excess of allylamine (which must furnish the

This journal is © The Royal Society of Chemistry 20xx

corresponding ammonium-carbenium dication) was evaluated in
superacid HF/SbFs (Figure 4). Gratifyingly, in these conditions,
the fluorinated product 2a could be generated in 95% yield after
reaction at -20 °C. No reaction occurred in the absence of
allylamine. In HF/SbFs, the substrate 1w led to product 2w in
40% vyield. The fluorination of the aliphatic chain by the solvated
fluoride ions of the superacid solution, concomitantly to the
reduction of the allylic chain confirms the intramolecular variant
of the process. To explore the potential of this alternative mode
of activation, versus CCls, the behaviour of a protected
aminoacid was tested. While substrate 1x remained unreactive,
even in the presence of CCls, N-allylic analogue 1y was efficiently
converted to the lactone 3y confirming the efficiency of
ammonium-carbenium dications to activate C-H bonds.

o o
H F
/N /\){ A /\)Q
AN N * N"NH, )LN N
—/ SbFs = 22 mol% —/

1a - 20 °C, 30 min 2a% 95%

HF/SbF
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1w \_>L 0°C. 15 min 2wb 40;"_>Y
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owe R AN
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yR=alyl Sy 0°C, 120 min 3y© 60%

Figure 4. Exploitation of ammonium-carbenium dications to activate C-H. [a]
HF/SbFs (22 mol% SbFs), CCla (1.2 equiv.), 30 min, -20 °C. [b] HF/SbFs (12
mol% SbFs), CCls (1.2 equiv.), 15 min, 0 °C. [c] HF/SbFs (22 mol% SbFs), CCls
(1.2 equiv.), 120 min, 0 °C.

In summary, exploiting the hydride abstraction capability of
activated CCls* species under HF/SbFs conditions, we have
developed a direct method for the functionalization
(fluorination, arylation, amination and deuteration) of
unactivated Csp3-H bonds of aliphatic amines. Applied to amides
and esters, the superacid-promoted electrophilic activation can
be exploited to generate alcohols in a selective manner. The
superelectrophilic character of the ammonium-carbenium
dication, crucial to favour the fluorination, can also be exploited
to activate inert C-H bonds, offering new opportunities for this
original process.
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