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possible fluorination and/or C–H bond activation
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A B S T R A C T

The reactivity of aliphatic amides/ketones/imines and nitriles was studied in superacid HF/SbF5 in the

presence of CCl4. After the identification of the reaction intermediates by in situ NMR experiments, we

propose that the sp3C–H bond functionalization (fluorination) by the superacid system is strongly

dependant on the superelectrophilic character of the distonic dicationic intermediates.
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1. Introduction

Selective functionalizations of non activated sp3C–H bonds are
among the most desired transformations in organic chemistry.
Despite the recent advances made in this field [1], the development
of methods for the direct conversion of carbon–hydrogen bonds
into carbon–heteroatom bonds remains a critical challenge in
organic chemistry. Direct C–H bond functionalization reactions are
mainly limited by the inert nature of most carbon–hydrogen bonds
and by the requirement to control selectivity. In addition, despite
the abundance of literature describing CH activation of alkanes,
examples of analogous reactions with functionalized alkanes are
relatively scarce [2]. For example, selective direct fluorination of
unactivated sp3 hybridised carbon–hydrogen sites is largely
limited to the work of Rozen [3–5] by using fluorine and to the
Selectfluor1 based electrophilic fluorination developed by Cham-
bers and Sandford [6–8]. In due course of their extensive studies of
natural product chemistry in superacids [9,10], Jacquesy et al.
showed that aliphatic ketones, amides and imines can be
functionalized (fluorinated) by using the HF/SbF5/CCl4 system
[11,12], making this superacid based method an alternative to the
existing ones. In this context, an accurate study of the super-
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electrophilic activated sp3C–H bond functionalization in superacid
[13] appeared to be important to further develop this chemistry.

In this paper, we report further advances made recently in this
field, and we propose that after CH bond activation, the
fluorination of the formed carbenium ion is strongly dependent
on the nature of the distonic superelectrophile [14].

2. Results and discussion

During his earlier studies on polyprotonated species is super-
acid, Olah showed that trihalomethyl cations can be prepared and
studied in superacidic media [15,16]. Following this work, the
reactivity of halomethyl cations in superacid was studied by
several groups [17,18]. In these studies, an increase reactivity of
chloromethyl cations in hydride abstraction reactions with
hydrocarbons in superacid HF/SbF5 has been shown. To explain
this behavior, protosolvation (or complexation by the Lewis acid)
of the chlorine atoms in superacid was suggested [19] and
confirmed by DFT calculations [20]. By further protonation or
Lewis acid induced activation, CCl3

+ is activated to a super-
electrophile. In the presence of a CH bond, due to the s-donor
ability of a shared electron pair (of a s-bond) via two electrons, a
three-center bond formation after ‘‘CCl3

+’’ insertion probably
occurs, leading to the formation of a carbonium ion. After CHCl3

elimination, a carbenium ion is formed. To summarize the process,
activated (by superelectrophilic activation) CCl3

+ plays the role of
hydride abstracting agent (Scheme 1).
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Scheme 1. Hydride abstraction with activated CCl3
+ in HF/SbF5.

Table 1
13C NMR spectral data (CD3COCD3 used as external standard) for the amide 1 in HF/

SbF5/CCl4 conditions and the calculated 13C NMR data (B3LYP/cc-pVTZ level).

Carbon

number

Observed chemical

shifts (ppm)

Multiplicity Calculated chemical

shifts (ppm)

1 17.6 CH3 21.3

2 178.7 C 185.1

3 36.5 CH2 40.2

4 55.0 CH2 56.3

5 330.0 C 329.3

6,7 44.2 CH3 51.9 and 46.6
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Functionalized substrates being protonated in superacids, a
similar reaction with the superelectrophile should occur on the
richest electronic site, far from the protonated functional group.
This hypothesis has been demonstrated by Jacquesy and his
collaborators by performing selective functionalization of aliphatic
amides in HF/SbF5 in the presence of CCl4 [11]. For example, after
hydride abstraction and isomerization (or not), amide 1 was
functionalized to give the corresponding alcohol 2, fluorinated
compound 3, arylated product 4 or ester 5 by using various
quenching methods (Scheme 2).

In previous studies [21], we showed that ammonium–
carbenium gitonic superelectrophiles (1,3 dications) can be
fluorinated in superacid HF/SbF5, despite the very low nucleophilic
character of the solvated fluorine in the polymeric anionic form
SbnF5n+1

� of the superacidic medium [22]. Interestingly the
formation of the fluorinated amide 3 after reaction of substrate
1, seems to indicate that even a distonic carboxonium–carbenium
dication, obtained after protonation of the amide function, hydride
abstraction and isomerisation, can be fluorinated in this media. To
confirm the involvement of this dication in the formation of the
fluorinated amide 3, and the dramatic role of the protonation of the
function on the activation of the carbenium electrophilic site
toward fluorination, in situ NMR experiments were performed.
Amide 1 was dissolved in HF/SbF5 (21.6 mol% SbF5) in the presence
of CCl4 (1.2 equiv.) and studied by 13C NMR and DEPT experiments
at �20 8C. To compare experimental NMR chemical shifts with
those from theory, model calculations were also performed on the
postulated intermediate [23] (Table 1).

When compound 1 is dissolved in superacid in the presence of
CCl4, the dicationic carboxonium–carbenium structure A is
observed in the 13C NMR spectrum. The observed signals at
330.0 ppm and 178.7 ppm confirmed respectively the presence of
the carbenium ion and the protonation of the amide function [29].
Scheme 2. Functionalization of ali
This is also confirmed by the observed signals at 55.0 ppm (CH2)
and 44.2 ppm (CH3) strongly deshielded by the effect of the
proximal carbenium ion. These observed chemical shifts in good
agreement with the calculated data, strongly support the
hypothesis of the involvement of the distonic superelectrophilic
carboxonium–carbenium dication A in the functionalization
(fluorination) of amide 1. In this case, the electronic withdrawing
effect of the protonated amide seems to be sufficient to activate the
carbenium ion toward the fluorination process.

Amide behavior in these conditions prompted us to examine
carefully the reactivity of corresponding ketones and imines.
Ketone 6 led only to the hydroxylated product 7 after reaction in
HF/SbF5 in the presence of CCl4 and hydrolysis, regardless the
quenching conditions used (even after quenching with the
fluorinating agent HF/pyridine) (Scheme 3) [12]. On the other
hand, imine 9 led to a mixture of alcohol 7 and fluorinated product
8. After treatment of the reaction mixture with HF/pyridine and
hydrolysis, the fluorinated product 8 could be selectively synthe-
sized.

The difference in behavior of ketone and imine was attributed
to the intermediacy of a six-membered ring carboxonium ion,
preventing the substrate from fluorination when ketones react in
superacid (Scheme 4).

After reaction of ketone 6 in superacid in the presence of CCl4,
the dication B could be formed. Taking into account a slow
exchange rate between the protonated form and the neutral form
of the ketone function in superacid [30], the equilibrium (I) was
postulated. A stabilization of the carbenium ion B1 through the
formation of a six-membered ring carboxonium ion B2 could
account to explain the absence of fluorination in this case. Then, it
appeared that the imino group could be used as a ‘‘protecting
group’’ for the ketone function. The obtained protonated imine, less
prone to deprotonation, prevented substrate from any undesired
phatic amide in HF/SbF5/CCl4.



Scheme 3. Reactivity of aliphatic ketone and imine in HF/SbF5/CCl4.

Scheme 4. Postulated intermediates in the reaction of ketone 6 and imine 9 in HF/

SbF5 in the presence of CCl4.

Table 2
13C NMR spectral data (CD3COCD3 used as external standard) for the ketone 6 in HF/

SbF5/CCl4 conditions and the calculated 13C NMR data (B3LYP/cc-pVTZ level).

Carbon number Observed chemical

shifts (ppm)

Multiplicity Calculated

chemical

shifts (ppm)

1 27.8 CH3 32.4

2 245.2 C 250.1

3 40.0 CH2 43.9

4 16.2 CH2 19.0

5 57.2 CH2 57.0

6 333.0 C 331.9

7,8 43.6 CH3 50.7 and 45.6
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stabilization by intramolecular cyclisation. As a consequence,
dication C showed a superelectophilic character, allowing the
fluorination process. To characterize the postulated intermediate
generated from the sp3C–H bond activation of the aliphatic
substrate, compound 6 was dissolved in HF/SbF5 (13.6 mol% SbF5,
conditions identical to reaction conditions) in the presence of CCl4
Fig. 1. 13C NMR spectrum of the dication B from the reaction of ketone 6 in HF/SbF5, in the presence of CCl4 at �20 8C (CD3COCD3 is used as external standard).



Table 3
Reaction of nitriles with HF/SbF5/CCl4.a

Entry n Substrate Products (yield)b

1 1 10 No reaction

2 2 11 16 (26) 17 (29)

3 3 12 18 (17) 19 (54)

4 4 13 20 (12) 21 (50)

5 5 14 22 (15) 23 (33)

6 6 15 Complex mixture

a Reaction conditions: HF/SbF5 (mol% SbF5 = 13.6)/CCl4 (1.2 equiv.)/�30 8C/5 min.
b Yields obtained after purification by flash-chromatography.
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(1.2 equiv.) and studied by 13C NMR and DEPT experiments (Table
2 and Fig. 1). When ketone 6 is ionized in superacid, in the
presence of CCl4 at �20 8C, an unambiguous 13 C NMR spectrum is
observed. All the signals are consistent with the formation of the
reactive dicationic electrophile B, and are in reasonably good
agreement with the calculated chemical shifts. It also should be
noted that no signals consistent with the cyclic carboxonium ion B2

are observed. These data are in good agreement with the
observation of similar long-lived carboxonium–carbenium dica-
tion in HF/SbF5 (mol% SbF5 = 21.6) reported previously by Brouwer
and Kiffen [31].

These data clearly suggest that the superlectrophile B is in
much greater concentration than B2 in the media and that the
Fig. 2. 13C NMR spectrum of the dication D from the reaction of nitrile 12 in HF/Sb
ketone 6 and the more basic imine 8 [32] respectively react
through the formation of intermediates B and C. When the distance
between the charge centers are identical, the carboxonium–
carbenium dication B cannot be fluorinated whereas the iminium–
carbenium dication C leads to fluorinated product. These data
support the hypothesis that superelectrophilic activation of a
carbenium ion by a proximal charge is not only dependant on the
distance between charges but also depends on the nature of the
protonated function and its deactivating effect.

To confirm this hypothesis, a series of various nitriles was
submitted to similar reaction conditions (Table 3).

Except for nitrile 10 which is too deactivated to react (Table 3,
entry 1), nitriles 11–14 showed similar behavior leading to a
mixture of fluorinated and hydroxylated products (Table 3, entries
2–5). The limit of the reaction was found with the formation of a
complex mixture of compounds after reaction of substrate 15 in
superacid (Table 3, entry 6). To improve the yield in fluoro
derivative, HF/pyridine (excess) was added at the end of the
reaction. However, no significant improvement was observed and
alcohols were still present in the crude mixtures. The behavior of
the nitriles confirms that the nature of the protonated function, in
addition to the repulsion of charges, is also primordial in the
distonic superelectrophilic activation. To validate this hypothesis,
the identification of the reaction intermediate was crucial.
Dicationic intermediates involving protonated nitriles can be
directly observed. For example, the dicationic intermediate D,
coming from the reaction of nitrile 12 in HF/SbF5 (mol%
SbF5 = 13.6) in the presence of CCl4 (1.2 equiv.) at �20 8C was
observed as a cleanly formed specie (Fig. 2).

In the 13C NMR spectrum, the carbenium resonance is observed
at 334.6 ppm and the nitrilium ion one at 96.7 ppm [33]. In
addition, the CH2 signal at 60.4 ppm and the CH3 signal at 45.1 ppm
confirm the presence of methylene and methyl groups strongly
F5, in the presence of CCl4 at �20 8C (CD3COCD3 is used as external standard).



Table 4
13C NMR spectral data (CD3COCD3 used as external standard) for the nitrile 12 in HF/SbF5/CCl4 conditions and the calculated 13C NMR data (B3LYP/cc-pVTZ level).

Carbon number Observed chemical shifts (ppm) Multiplicity Calculated chemical shifts (ppm)

1 96.7 C 110.0

2 15.7 CH2 15.2

3 or 4 22.2 CH2 25.3

4 or 3 24.6 CH2 26.6

5 60.4 CH2 59.5

6 334.6 C 332.2

7,8 45.1 CH3 50.1 and 45.1

Scheme 5. Dicationic intermediates involved in the reaction of aliphatic amides, ketones, imines, and nitriles in HF/SbF5 in the presence of CCl4.
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deshielded by the effect of the proximal carbenium ion. In addition
to these direct observations, the experimental values are in
reasonably good agreement with the calculated data (Table 4).

All these data indicate that the dications of general structures
A0, B0, C0 and D0 are respectively involved in the functionalization
process of the amides, ketones, imines and nitriles in the HF/SbF5/
CCl4 system (Scheme 5).

These results strongly support the following hypothesis: for the
studied distonic superelectrophiles, the relative activation of the
carbenium ion reacting site is also influenced by the nature of the
protonated function in addition to charge repulsion.

3. Conclusion

In conclusion, this study allowed us to confirm that the
fluorination of dicationic superelectrophiles in superacid HF/SbF5

is strongly dependant on the nature of the dication. When the
distance between the charges remains an important parameter, by
identifying the reaction intermediates involved in the C–H
functionalization process, we showed that the nature of the
protonated function in the distonic superelectrophile has a strong
effect on its superelectrophilic character. This work opens future
innovative development for this particular chemistry.

4. Experimental

4.1. General methods

The authors draw the reader’s attention to the dangerous
features of superacidic chemistry. Handling of hydrogen fluoride
and antimony pentafluoride must be done by experienced
chemists with all the necessary safety arrangements in place.

Reactions performed in superacid were carried out in a sealed
Teflon1 flask with a magnetic stirring. No further precautions have
to be taken to prevent mixture from moisture (test reaction worked
out in anhydrous conditions leads as expected to the same results).

Yields refer to isolated pure products. 1H NMR, 13C NMR and 19F
NMR were recorded on a 300 MHz (and 400 MHz) Bruker
spectrometer.
Mass spectra were measured in the electron impact mode (EI).
High resolution mass spectra were performed on a Micromass
ZABSpec TOF by the Centre Régional de Mesures Physiques de
l’Ouest, Université Rennes (France) when compounds were
sufficiently stable.

All separations were done under flash-chromatography condi-
tions on silica gel (15–40 mm). Compounds 2–5 and 7, 8 have been
previously reported [11,12].

4.2. Reaction of nitriles in superacidic media

General procedure: To a mixture of SbF5 (30 g, 0.134 mol) and HF
(20 g, 1 mol) maintained at �30 8C in a Teflon1 flask, was
successively added the substrate (1 g, � mmol) and the carbon
tetrachloride (CCl4, 1.2 equiv.). The reaction mixture was magneti-
cally stirred at the same temperature for 10 min. The reaction
mixture was then neutralized with water/ice (100 mL) and sodium
carbonate (25 g) and then extracted with dichloromethane (X 3). The
combined organic phases were dried (MgSO4) and concentrated in
vacuo. The products were isolated by column chromatography over
silica gel.

4.2.1. Reaction of nitrile 11
After reaction of substrate 11, following the general procedure,

5-fluoro-5-methylhexanenitrile 16 (298 mg, 26%) and 5-hydroxy-
5-methylhexanenitrile 17 (328 mg, 29%) were successively eluted
with the mixture dichloromethane/methanol (99/1).

Compound 16: 1H NMR (300 MHz, CDCl3, ppm): 1.35 (6H, d,
J = 21.2 Hz, H-6), 1.75 (4H, m, H-3 and H-4), 2.47 (2H, t, J = 6.9 Hz,
H-2). 13C NMR (75 MHz, CDCl3, ppm): 17.4 (CH2, C-3), 19.9 (CH2, C-
2), 23.6 (2CH3, d, J = 25 Hz, C-6), 39.7 (CH2, d, J = 25 Hz, C-4), 94.5
(C, d, J = 155 Hz, C-5), 119.8 (C, C1). 19F{1H} NMR (282 MHz, CDCl3,
ppm): �138.1 MS (EI, 70 eV): m/z (relative intensity %) 129 (7), 109
(8), 41 (100). HRMS (ESI): Calc for C6H9NF: 114.07190, found
114.0721.

Compound 17: 1H NMR (300 MHz, CDCl3, ppm): 1.18 (6H, s, H-
6), 1.60 (2H, m, H-3), 1.74 (2H, m, H-4), 2.43 (2H, t, J = 7.2 Hz, H-2).
13C NMR (75 MHz, CDCl3, ppm): 17.2 (CH2, C-2), 20.3 (CH2, C-3),
29.0 (2CH3, C-6), 42.1 (CH2, C-4), 70.0 (C, C-5), 119.7 (C, C-1). MS
(EI, 70 eV): m/z (relative intensity %) 128 (3), 59 (100).
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4.2.2. Reaction of nitrile 12
After reaction of substrate 12, following the general procedure,

6-fluoro-6-methylheptanenitrile 18 (205 mg, 17%) and 6-hydroxy-
6-methylheptanenitrile 19 (615 mg, 54%) were successively eluted
with the mixture ethylacetate/petroleum ether (30/70).

Compound 18: 1H NMR (300 MHz, CDCl3, ppm): 1.36 (6H, d,
J = 22.0 Hz, H-7), 1.64 (6H, m, H-3 and H-4 and H-5), 2.40 (2H, t,
J = 7.1 Hz, H-2). 13C NMR (75 MHz, CDCl3, ppm): 17.0 (CH2, C-2),
23.0 (CH2, C-4), 26.0 (CH2, C-3), 26.9 (2CH3, d, J = 25 Hz, C-7), 40.7
(CH2, d, J = 23 Hz, C-4), 95.3 (C, d, J = 164 Hz, C-6), 122.2 (C, C-1).
19F{1H} NMR (282 MHz, CDCl3, ppm): �138.4 MS (EI, 70 eV): m/z

(relative intensity %) 143 (2), 112 (13), 59 (100).
Compound 19: 1H NMR (300 MHz, CDCl3, ppm): 1.25 (6H, s,

H-7), 1.56 (6H, m, H-3 and H-4 and H-5), 2.39 (2H, t, J = 7.0 Hz,
H-2). 13C NMR (75 MHz, CDCl3, ppm): 17.2 (CH2, C-2), 23.5 (CH2,
C-4), 25.8 (CH2, C-3), 29.2 (2CH3, C-7), 42.8 (CH2, C-5), 70.7 (C, C-
6), 125.9 (C, C-1). MS (EI, 70 eV): m/z (relative intensity %) 142
(3), 59 (100). HRMS (ESI): Calc for C8H14NO: 140.10754, found
140.1072.

4.2.3. Reaction of nitrile 13
After reaction of substrate 13, following the general procedure,

7-fluoro-7-methyloctanenitrile 20 (143 mg, 12%) and 7-hydroxy-
7-methyloctanenitrile 21 (557 mg, 50%) were successively eluted
with the mixture dichloromethane/methanol (99/1).

Compound 20: 1H NMR (300 MHz, CDCl3, ppm): 1.31 (6H, d,
J = 21.2 Hz, H-8), 1.41–1.72 (8H, m, H-3 and H-4 and H-5 and H-6),
2.46 (2H, t, J = 7.1 Hz, H-2). 13C NMR (75 MHz, CDCl3, ppm): 23.3
(CH2, C-5), 25.5 (CH2, C-3), 26.6 (2CH3, d, J = 25 Hz, C-8), 29.1 (CH2,
C-4), 41.2 (CH2, d, J = 22 Hz, C-6), 94.5 (C, J = 164 Hz, C-7), 121.0 (C,
C-1). 19F{1H} NMR (282 MHz, CDCl3, ppm): �137.9. HRMS (ESI):
Calc for C8H8NF: 137.06411, found 137.0627.

Compound 21: 1H NMR (300 MHz, CDCl3, ppm): 1.14 (6H, s,
H8), 1.20 (2H, t, 3J = 7.1 Hz, H6), 1.41 (4H, m, H4 and H5), 1.63
(2H, 5q, 3J = 7.0 Hz, H3), 2.41 (2H, t, 3J = 7.0 Hz, H2). 13C NMR
(75 MHz, CDCl3, ppm): 17.0 (CH2, C2), 23.0 (CH2, C5), 25.8 (CH2,
C3), 29.0 (CH2, C4), 29.1 (2CH3, C8), 43.3 (CH2, C6), 70.6 (C, C7),
126.2 (C, C1). HRMS (ESI): Calc for C9H16NO: 154.12319, found
154.1225.

4.2.4. Reaction of nitrile 14
After reaction of substrate 14, following the general procedure,

8-fluoro-8-methylnonanenitrile 22 (163 mg, 15%) and 8-hydroxy-
8-methylnonanenitrile 23 (363 mg, 33%) were successively eluted
with the mixture dichloromethane/methanol (99/1).

Compound 22: 1H NMR (300 MHz, CDCl3, ppm): 1.30 (6H, d,
J = 21.1 Hz, H-9), 1.35–1.69 (10H, m, H-3 and H-4 and H-5 and H-6
and H-7), 2.46 (2H, t, 3J = 7.1 Hz, H2). 13C NMR (75 MHz, CDCl3,
ppm): 16.8 (CH2, C-2), 23.3 (CH2, C-6), 25.2 (CH2, C-3), 26.5 (2CH3,
d, J = 25 Hz, C-9), 28.4 (CH2, C-4), 28.9 (CH2, C-5), 41.0 (CH2, d,
J = 23 Hz, C-7), 95.2 (C, d, J = 138 Hz, C-8), 125.0 (C, C-1). 19F{1H}
NMR (282 MHz, CDCl3, ppm): �137.6. HRMS (ESI): Calc for
C10H18N: 152.14392, found 152.1439.

Compound 23: 1H NMR (300 MHz, CDCl3, ppm): 1.20 (6H, s,
H-9), 1.43–1.65 (10 H, m, H-3 and H-4 and H-5 and H-6 and H-
7), 2.36 (2H, t, J = 7.0 Hz, H-2). 13C NMR (75 MHz, CDCl3, ppm):
16.9 (CH2, C-2), 22.7 (CH2, C-6), 23.7 (CH2, C-3), 28.3 (CH2, C-5),
28.9 (2CH3, C-9), 29.0 (CH2, C-4), 43.4 (CH2, C-7), 70.2 (C, C-8),
123.6 (C, C-1). MS (EI, 70 eV): m/z (relative intensity %) 168 (28),
59 (100). HRMS (ESI): Calc for C8H14NO: 140.10754, found
140.1072.
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