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Abstract: A Friedel–Crafts benzylation of arenes with benzyl
fluorides has been developed. The reaction produces 1,1-diaryl
alkanes in good yield under mild conditions without the need
for a transition metal or a strong Lewis acid. A mechanism
involving activation of the C�F bond through hydrogen
bonding is proposed. This mode of activation enables the
selective reaction of benzylic C�F bonds in the presence of
other benzylic leaving groups.

The substitution of C�F bonds has been a subject of intensive
research for a number of years.[1] Part of the interest in this
process is the fundamental prospect of being able to activate
the strongest single bond with carbon.[2] Potential applications
in synthetic organic chemistry and in environmental sciences
have also stimulated research in this area. In line with our
efforts in designing new synthetic methodology involving the
activation of C�F bonds, we recently reported a new strategy
toward this goal on the basis of hydrogen bonding.[3]

Specifically, we showed that activated alkyl fluorides could
undergo a bimolecular nucleophilic substitution reaction with
various nucleophiles in the presence of water as a hydrogen-
bond donor (HBD; Scheme 1a). Calculations demonstrated
that in this system, stabilization of the transition state
occurred through hydrogen bonding between the fluorine
atom and water molecules. The possibility that the fluorine
atom of a C�F bond could act as a hydrogen-bond acceptor
has been a subject of debate for some time,[4] as the analysis of
crystal-structure databases generated only a few examples of
structures consistent with a C�F···H bond.[5] However,
spectroscopic and computational evidence now convincingly
support the existence of this interaction in solution.[6] Thus,
although water is a good hydrogen-bond donor (a = 1.17),[7]

we wondered what would happen with stronger HBDs, such
as fluorinated alcohols.[8] Our hypothesis was that the use of
a stronger HBD would result in stronger hydrogen bonds,
which themselves would correlate with a stronger activation,

and hence an acceleration of the reaction. To test this
hypothesis, we selected 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP),[9] one of the strongest HBD solvents (a = 1.96), as
a potential replacement for water. When benzylic fluoride
1 was treated with morpholine in HFIP, none of the benzylic
amine 2 was observed; rather, an insoluble polymer with
a 1,1-diaryl methane backbone was isolated (Sche-
me 1b).[10–12] We hypothesized that the stronger HBD capa-
bility of HFIP could favor direct ionization of the benzyl
fluoride to generate a benzyl carbocation,[13,14] which poly-
merized through a Friedel–Crafts reaction.

On the basis of this result, we envisioned that the
treatment of benzylic fluorides with nucleophilic arenes in
the presence of HFIP could provide facile access to 1,1-diaryl
methanes (Scheme 1c). Herein, we document Friedel–Crafts
benzylation[15, 16] with benzylic fluorides as enabled by hydro-
gen bonding. This method is notable on a number of grounds:
It provides access to 1,1-diaryl alkanes, which are valuable
synthetic building blocks in medicinal and agrochemistry; it
does not require a transition metal or a strong Lewis acid; and
it expands the use of benzylic fluorides[17] as building blocks in
organic synthesis, exploiting a new type of reactivity.

Under optimized conditions [Ar�H (5 equiv), HFIP/
CH2Cl2 (1:9), room temperature, 18 h],[10] we evaluated the
reactivity of arene nucleophiles with benzyl fluoride 3
(Scheme 2). Various electron-rich or electron-neutral aro-
matic compounds[18] could be used, and the corresponding 1,1-

Scheme 1. A previous study, an unexpected result, and the goal of this
study.
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diaryl methanes could be isolated in moderate to excellent
yield. Interestingly, no reaction was observed when electron-
rich arenes bearing good hydrogen-bond-accepting groups,
such as an ester (e.g. phenyl acetate) or an amide (e.g.
acetanilide), were used. In those cases, we suspect that HFIP
forms hydrogen bonds to those functional groups rather than
interacting with the C�F bond (see below). Deactivated
arenes, such as chlorobenzene, 1,4-dichlorobenzene, and
a,a,a-trifluorotoluene, provided the expected product in
only very low yields (< 5%), and a polymer corresponding
to the self-polymerization of 3 was observed instead. Overall,
these results indicate that as long as the nucleophilicity of the
arene is superior to that of the benzylic fluoride or the
nucleophile is present in large excess, the desired Friedel–
Crafts reaction can be observed instead of polymerization.

Next, the reactivity of the benzylic fluoride partner was
investigated with p-xylene as the arene nucleophile
(Scheme 3). A phenyl group and halogens were found to be
well-tolerated as substituents, although in most cases a higher
concentration of HFIP and/or slight heating (60 8C) was
required for full conversion. The use of a benzyl fluoride
bearing a strongly activating group, such as a 4-methoxyben-

zyl fluoride,[19] was not possible, since it decomposed readily
under the reaction conditions. In the case of 4-nitrobenzyl
fluoride, a strongly deactivated benzylic fluoride, no reaction
was observed. Positioning of the methoxy group in the meta
position or its replacement with a less-electron-donating
substituent, such as an acetoxy group, enabled the reactions to
proceed as expected. Finally, the use of secondary benzylic
fluorides was possible as long as the aromatic ring was
electron-poor.

The unique reactivity profile of the benzylic fluorides
under these conditions prompted us to probe the reaction
mechanism (Scheme 4). First, no conversion was observed
without HFIP or if HFIP was replaced with its methyl ether,
and 3 was recovered. This result clearly demonstrates that the
presence of HFIP is crucial to trigger the reaction of the
benzylic fluorides, and that its hydrogen-bond-donating
capability is important. Furthermore, the polar nature and
high ionizing power of HFIP[9] may also play an important
role in facilitating the reaction. Second, as it has been
suggested that HF could initiate such transformations,[20] we
carried out reactions in the presence of a base (NaHCO3 or
2,6-di-tert-butyl-4-methylpyridine). In all cases, no reaction
was observed, and 3 was recovered. These results point
toward the potential role of HF as the active catalyst, which is
supported by the finding that HF generated in situ promoted
the reaction.[10] Finally, benzylic difluoride 26 or a benzylic
trifluoride (not shown) did not react under various condi-

Scheme 2. Benzylation of 3 with various arenes. The yields given are
for the isolated product. The ratio of regioisomers was determined by
1H NMR spectroscopic analysis and is given in parentheses with the
major isomer shown. [a] The solvent used was HFIP/benzene (1:9).
[b] The reaction was carried out with 10 equivalents of the arene.
[c] Reaction conditions: HFIP/DCE (1:9), N-methylpyrrole (10 equiv),
60 8C. [d] The solvent used was HFIP/fluorobenzene (1:9). [e] Ratio of
the para :ortho :meta isomers. DCE =1,2-dichloroethane.

Scheme 3. Benzylation of various benzyl fluorides with p-xylene. The
yields given are for the isolated product. [a] The solvent used was
HFIP/CH2Cl2 (1:9). [b] Reaction conditions: HFIP/DCE (1:1), 60 8C.
[c] The solvent used was HFIP/CH2Cl2 (1:1). [d] Decomposition was
observed. [e] No reaction was observed. [f ] The solvent used was
HFIP/CH2Cl2 (9:1). [g] The reaction was carried out with 10 equivalents
of p-xylene. [h] The solvent used was HFIP (100%). [i] Reaction
conditions: p-xylene (20 equiv), HFIP/CH2Cl2 (1:9, 0.1m).
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tions.[10] These results suggest that the fluorine atom is
involved in the initiation step as a hydrogen-bond acceptor,[21]

since it was demonstrated recently[6c,f] that the fluorine atom
on a CHF moiety is a better hydrogen-bond acceptor that the
fluorine atoms on a CF2 motif. Practically, this last result
suggests that selective activation of benzylic CH2F in the
presence of benzylic CHF2 or CF3 is possible under these
conditions.

With these results in mind, we propose the following
mechanistic explanation for the transformation (Scheme 5):
To initiate the process, attractive hydrogen bonding between

the benzylic fluoride and HFIP, one of the strongest HBD
solvents (a = 1.96),[7] would generate complex I.[4, 22,23] Dalvit
et al. showed recently that hydrogen bonds between benzyl
fluoride and 4-fluorophenol exist in solution.[6f] They also
calculated that the interaction of fluoroethane with methanol
has a binding energy of �4.33 kcalmol�1 and meets all
theoretical requirements to be called a hydrogen bond.[6f,24]

This value corroborates those calculated for the fluoro-
methane–water dimer (�4.20 kcal mol�1)[6c] and for benzyl
fluoride with water (�4.6 kcal mol�1).[3] Since HFIP and HF
are both stronger HBDs than water or methanol, we expect
the interaction in I to be energetically significant. The

importance of this interaction would explain the absence of
reactivity observed with aromatic nucleophiles containing
a carbonyl group, which would compete[25] with the benzyl
fluoride for HFIP, or when the methyl ether of HFIP was used
(see Scheme 4).

After the formation of I, ionization of the C�F bond
would proceed to generate transition-state-like II. As the
fluorine atom is more negatively charged in II, we expect
stronger hydrogen bonds and thus better stabilization.
Indeed, Paquin, Legault, and co-workers calculated that at
the transition state for the SN2 substitution of benzyl fluoride
by morpholine in the presence of water, a stabilization energy
of �11.1 kcalmol�1 was attributable to the F···H�O hydrogen
bond.[3] Complete ionization would then generate the carbo-
cation III, along with hydrogen-bonded F� . For X = F, this
species is known as bifluoride, a strongly hydrogen bonded
anion (dissociation energy: 39� 1 kcalmol�1).[26] Intermedi-
ate III would then react by electrophilic aromatic substitution
with Ar2�H to yield the desired diaryl methane, along with
a proton, which would eventually combine with fluoride to
generate HF. As HF is also a very strong HBD[27] it will then
enter the reaction as the active catalyst, thus turning over
more benzylic fluoride and generating even more HF in an
autocatalytic system. Indeed, preliminary kinetic experiments
show an induction period as well as a sigmoid variation of
product concentration over time,[10] both typical observations
in autocatalytic systems.[28] Overall, the driving force for this
transformation would be the formation of stronger hydrogen
bonds along the reaction pathway. Either HFIP or HF could
act as the HBD catalyst. However, given that the significance
of the hydrogen bond increases along the reaction coordinate
and with HF, being a better donor, we believe that HFIP
serves as the initiator, whereas HF is likely to be the active
catalyst. Overall, this mode of activation contrasts drastically
with the use of strong Lewis acids (e.g. AlCl3, BF3·Et2O) in
previously described Friedel–Crafts reactions of benzyl
fluorides.[20, 29]

With the evidence for the importance of the hydrogen-
bonding interaction along the reaction path, we wondered, as
C�X bonds (X = Cl, Br, or I) are very weak hydrogen-bond
acceptors,[30] if selective activation of a C�F bond would be
possible. Initially, we compared the reactivity of various
benzylic halides (Table 1). Remarkably, under the standard
reaction conditions, only the benzylic fluoride reacted com-
pletely (Table 1, entry 1). No conversion was observed with
the other halides (Table 1, entries 2 and 3). Other potential
hydrogen-bond-accepting leaving groups were also evaluated
(Table 1, entries 4–6). A benzylic alcohol,[31] ether, and
acetate were unreactive under these reaction conditions.

Finally, the unique reactivity of the benzylic C�F bond
under these conditions was demonstrated on a bifunctional
molecule bearing both a benzylic chloride and a benzylic
fluoride (Scheme 6). Under slightly modified conditions, the
reaction reached completion in 75 min. The crude product[32]

was isolated in excellent yield (93 %) and was composed of
the desired product (27; 85% of the crude product) along with
a double benzylation product 28 (formed by reaction at both
benzylic positions; ca. 12%) and a small amount of a product
29 formed by a second alkylation on the xylene ring but with

Scheme 4. Probing the reaction mechanism.

Scheme 5. Mechanistic hypothesis.
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the benzylic chloride intact (ca. 3%). Interestingly, careful
monitoring of the reaction by NMR spectroscopy showed that
reaction of the C�Cl bond only starts once all the C�F bonds
have reacted.

In conclusion, we have reported the Friedel–Crafts
benzylation of various arenes with benzylic fluorides as
enabled by hydrogen bonding. The reaction provides access to
1,1-diaryl alkanes under mild conditions without the need for
a transition metal or a strong Lewis acid. This mode of
activation enables the selective reaction of benzylic C�F
bonds in the presence of other benzylic leaving groups.

Received: June 10, 2014
Revised: September 10, 2014
Published online: October 10, 2014

.Keywords: arenes · benzyl fluorides · C�F activation · Friedel–
Crafts reaction · hydrogen bonds

[1] a) J. Burdeniuc, B. Jedlicka, R. H. Crabtree, Chem. Ber. 1997,
130, 145 – 154; b) H. Amii, K. Uneyama, Chem. Rev. 2009, 109,
2119 – 2183.

[2] S. J. Blanksby, G. B. Ellison, Acc. Chem. Res. 2003, 36, 255 – 263.
[3] P. A. Champagne, J. Pomarole, M.-E. Th�rien, Y. Benhassine, S.

Beaulieu, C. Y. Legault, J.-F. Paquin, Org. Lett. 2013, 15, 2210 –
2213.

[4] For a review on hydrogen bonds with fluorine that includes
a historical survey of the evolution of this subject, see: H.-J.
Schneider, Chem. Sci. 2012, 3, 1381 – 1394.

[5] a) J. A. K. Howard, V. J. Hoy, D. O�Hagan, G. T. Smith, Tetrahe-
dron 1996, 52, 12613 – 12622; b) J. D. Dunitz, R. Taylor, Chem.
Eur. J. 1997, 3, 89 – 98; c) J. D. Dunitz, ChemBioChem 2004, 5,
614 – 621; d) R. Frçhlich, T. C. Rosen, O. G. J. Meyer, K.
Rissanen, G. Haufe, J. Mol. Struct. 2006, 787, 50 – 62.

[6] For selected recently reported systems in which a C�F bond acts
as a hydrogen-bond acceptor, see: a) M. T. Scerba, C. M. Leavitt,
M. E. Diener, A. F. DeBlase, T. L. Guasco, M. A. Siegler, N.
Bair, M. A. Johnson, T. Lectka, J. Org. Chem. 2011, 76, 7975 –
7984; b) J. Graton, Z. Wang, A.-M. Brossard, D. GonÅalves
Monteiro, J.-Y. Le Questel, B. Linclau, Angew. Chem. Int. Ed.
2012, 51, 6176 – 6180; Angew. Chem. 2012, 124, 6280 – 6284;
c) R. E. Rosenberg, J. Phys. Chem. A 2012, 116, 10842 – 10849;
d) G. T. Giuffredi, V. Gouverneur, B. Bernet, Angew. Chem. Int.
Ed. 2013, 52, 10524 – 10528; Angew. Chem. 2013, 125, 10718 –
10722; e) C. Bartolom�, F. VillafaÇe, J. M. Mart�n-Alvarez, J. M.
Mart�nez-Ilarduya, P. Espinet, Chem. Eur. J. 2013, 19, 3702 –
3709; f) C. Dalvit, C. Invernizzi, A. Vulpetti, Chem. Eur. J.
2014, 20, 11058 – 11068.

[7] M. J. Kamlet, J. L. M. Abboud, M. H. Abraham, R. W. J. Taft, J.
Org. Chem. 1983, 48, 2877 – 2891.

[8] I. A. Shuklov, N. V. Dubrovina, A. Bçrner, Synthesis 2007, 2925 –
2943.

[9] J.-P. B�gu�, D. Bonnet-Delpon, B. Crousse, Synthesis 2004, 18 –
29.

[10] See the Supporting Information for details.
[11] The same result was observed without morpholine.
[12] For simplicity, the polymer is shown with a 4,4’-substitution

pattern, which is probably the major arrangement; however,
other substitution patterns cannot be excluded.
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