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ABSTRACT: A method using calcium triﬂimide [Ca(NTf2)2] as a Lewis acid to
activate sulfonyl ﬂuorides toward nucleophilic addition with amines is described.
The reaction converts a wide array of sterically and electronically diverse sulfonyl
ﬂuorides and amines into the corresponding sulfonamides in good yield.

T

he sulfonamide structural class is prevalent within the
pharmaceutical and agrochemical industries. In 2016,
sulfonamides represented 15% of the top 100 most prescribed
drugs, with therapeutic applications against cardiovascular,
infectious, and neurological diseases.1 In the agrochemical
industry, the sulfonamide motif appears in a variety of
pesticides, including asulam, orzalin, fomesafen, halosafen, and
sulfentrazone.2 To date, the most common methods to
synthesize sulfonamides require the oxidation of sulﬁdes or
nucleophilic addition to sulfonyl chlorides. However, these
approaches have several limitations. Sulﬁde oxidation employs
the use of strong oxidants that are incompatible with many
functional groups, precluding late-stage functionalization,3 and
the high reactivity of sulfonyl chlorides can result in poor
selectivity in the presence of competing nucleophiles,
detrimental reduction of S(VI) to S(IV), as well as instability
during storage.3c Therefore, developing alternative methods to
generate a diverse array of sulfonamides that employ more
stable reactants would beneﬁt pharmaceutical and agrochemical syntheses (Figure 1). In addition, highlighting the
value of the sulfonyl ﬂuoride (SF) as a useful and stable
functional group provides support for the development and
storage of a more diverse collection of these reagents.
In recent years, sulfonyl ﬂuorides have gained renewed
interest as alternatives to sulfonyl chlorides due to their
inherent stability and chemoselective reactivity at sulfur.4 The
sulfur−ﬂuorine (S−F) bond in SO2F2 is approximately 40 kcal
mol−1 stronger than the sulfur−chlorine (S−Cl) bond in
SO2Cl2.5 An analogous comparison to aryl sulfonyl halides
suggests that this added bond strength leads to thermodynamic stability and resistance to both reduction6 and
hydrolysis.7 For the sulfonyl ﬂuorides, a fortuitous balance
between hydrolytic stability and reactivity has enabled their
wide application as reactive electrophiles in chemical biology
to modify speciﬁc amino acids in proteins.7c,d,8
© 2018 American Chemical Society

Figure 1. (a) Current methods toward converting sulfonyl ﬂuorides
to sulfonamides,10 (b) proposed modes of Lewis acid activation
sulfonyl ﬂuoride for nucleophilic addition of amines, and (c) our
method using Ca(NTf2)2 in tert-amyl alcohol.

Similarly, sulfonyl ﬂuorides have gained importance as
alternative precursors to generate sulfonamides.4,9 However,
the increased stability of sulfonyl ﬂuorides comes with the
duality of reduced reactivity. Existing methods for synthesizing
sulfonamides from sulfonyl ﬂuorides typically involve using a
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Calcium triﬂimide was selected for further examination of
solvent eﬀects due to its improved organic solubility and
reduced cost vs barium triﬂimide. The reaction could be run
in water, although a reduction in yield was observed, and the
solubility of the starting materials was generally poor (Table
2, entry 2). Alcoholic solvents aﬀorded the desired

strong base/nucleophile, a vast excess of the amine
component, and/or extended periods of heating (Figure
1a).10 Additionally, sulfonamide formation is highly dependent
on the electronic nature of the sulfonyl ﬂuoride and the
amine.7c Herein, we report a mild, calcium triﬂimide
[Ca(NTf2)2] mediated activation of sulfonyl ﬂuorides toward
sulfonamide formation in tert-amyl alcohol (t-amylOH, Figure
1b,c). This method was demonstrated on a wide variety of
aromatic, heteroaromatic, and alkyl sulfonamides and, to our
knowledge, is the ﬁrst example of a single set of reaction
conditions to convert a myriad of sulfonyl ﬂuorides and
amines to sulfonamides.
The supposition that Lewis acid (LA) catalysis may
facilitate nucleophilic displacement of ﬂuoride under mild
conditions guided our initial approach to this project.11,12 This
could potentially occur via formation of Lewis acid/base
adducts either with the sulfonyl oxygens or the ﬂuorine atom
(Figure 1b).8a,13,14 In turn, these adducts would increase the
susceptibility of the sulfur atom toward nucleophilic addition.
A screen of Lewis acids and solvents with benzenesulfonyl
ﬂuoride and aniline identiﬁed a promising lead: barium
triﬂimide [Ba(NTf2)2] in t-amylOH, (Table 1, entry 2). Upon

Table 2. Solvent Optimizationa

Table 1. Lewis Acid Optimizationa

entry

solvent

yield (%)

1
2
3
4
5
6
7
8
9

t-amylOH
H2O
MeOH
i-PrOH
t-BuOH
MeCN
DMF
toluene
HFIP

88
63
40
71
87
42
13
51
9b

a

Reaction conditions: PhSO2F (1 equiv), aniline (2 equiv), Ca(NTf2)2
(1 equiv), solvent (0.20 M), 60 °C, 24 h. Isolated yields are averages of
two independent trials. bCa(NTf2)2 showed minimal solubility in
HFIP. Isolated yield is reported for one trial.

entry

Lewis acid

yield (%)

1
2
3
4
5
6
7
8
9
10
11
12

Ca(NTf2)2
Ba(NTf2)2
Mg(NTf2)2
LiNTf2
AgNTf2
KNTf2
CaF2
Ca(OTf)2
La(OTf)3·xH2O
LiCl
HNTf2
none

88
80
38
9
N/Rb
<2
N/Rb
4
30
2
3
N/Rb

sulfonamide as well, with sterically congested alcohols
providing higher conversion to sulfonamide (Table 2, entries
3−5). Switching to polar aprotic solvents such as MeCN and
DMF (Table 2, entries 6 and 7), the conversion dropped
signiﬁcantly, while a nonpolar solvent such as toluene
produced moderate yields of the sulfonamide (Table 2,
entry 8). Reports in the literature suggest using hexaﬂuoroisopropanol (HFIP) as a solvent or NBu4PF6 as an additive
could improve the activation of Ca(NTf2)2.12a,15 However,
Ca(NTf2)2 showed minimal solubility in HFIP, and only 9%
sulfonamide product 3 was isolated (Table 2, entry 9).
Additionally, the NBu4PF6/Ca(NTf2)2 combination also
resulted in considerably decreased yields of 3 (see the
Supporting Information (SI)). Overall, t-amylOH and t-BuOH
provided the highest yields with t-amylOH emerging as the
solvent of choice due to convenience of use and environmental factors.16
With favorable conditions in hand, we next focused our
attention on exploring the versatility of the method using
sterically and electronically diverse aromatic and aliphatic
amines as nucleophiles (Scheme 1). When aromatic and
heteroaromatic amines were reacted with benzenesulfonyl
ﬂuoride, in the presence of Ca(NTf2)2, sulfonamide formation
was achieved in good to excellent yield. It is noteworthy that
in the absence of Lewis acid these reactions proceeded with
little to no sulfonamide formation, highlighting the crucial role
Ca(NTf2)2 plays in activating the sulfonyl ﬂuorides toward
nucleophilic addition. We generally used two molar
equivalents of the amine component for these reactions but
were pleased to show that when only 1 equiv of aniline was
used in combination with triethylamine sulfonamide 3 was
isolated in 71% yield (Scheme 1).17
Interestingly, 4-aminophenol reacts with sulfonyl ﬂuoride 1
to form the sulfonamide 7 as the major product. This
preference for sulfonamide formation is opposite to the

a

Reaction conditions: PhSO2F (1 equiv), aniline (2 equiv), Lewis acid
(1 equiv), t-amylOH (0.32 M), 60 °C, 24 h. bN/R denotes no
reaction.

a thorough analysis of additional triﬂimide salts, divalent
second group salts such as Ba(NTf2)2 and Ca(NTf2)2
emerged as superior Lewis acids, aﬀording the sulfonamide
product in higher yields than the monovalent cationic
triﬂimides (Table 1, entries 1−3 and entries 4−6,
respectively). Solubility of the Lewis acids showed a marked
eﬀect on the extent of reaction. In general, the triﬂimide salts
were more soluble in the reaction than Lewis acids with other
counteranions (Table 1, entries 7−10). Using the conjugate
acid of the triﬂimide anion, HNTf2, in lieu of a Lewis acid
resulted in a marginal 3% isolated yield of compound 3
(Table 1, entry 11). We also note that calcium ﬂuoride, a
potential byproduct of the reaction, does not aﬀect
sulfonamide formation (Table 1, entry 7). Attempts to reduce
the molar equivalents of Lewis acid and/or amine resulted in
incomplete consumption of the benzenesulfonyl ﬂuoride.
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Scheme 1. Substrate Scope Reacting Aryl, Heteroaryl, and Aliphatic Amines with PhSO2F*

*

Reaction conditions: PhSO2F (1 equiv), amine (2 equiv), Ca(NTf2)2 (1 equiv), t-amylOH (0.20 M), 60 °C, 24 h. Isolated yields for Ca(NTf2)2
reactions are averages of two independent trials. Reactions without Ca were conducted as a single reaction. Mass balance is unreacted starting
material. aPhSO2F (1 equiv), aniline (1 equiv), Ca(NTf2)2 (1 equiv), Et3N (1 equiv), t-amylOH (0.20 M), 60 °C, 24 h. bN/R denotes no reaction.
c
Trace product was detected by LC/MS; however, it could not be isolated. dYield of sulfonamide 14 on 6.2 mmol scale.

the increased electrophilicity of the sulfonyl ﬂuoride resulting
from the electron-withdrawing groups in the aryl ring.7c
We next wanted to explore a less nucleophilic amine in
combination with the electron-deﬁcient sulfonyl ﬂuorides to
determine if Ca(NTf2)2 would be required in those cases.
Accordingly, 4-cyanobenzenesulfonyl ﬂuoride was reacted with
aniline in the presence and absence of Ca(NTf2)2 in t-amyl
alcohol at 60 °C and analyzed by LC/MS (see the SI). In the
absence of Ca(NTf2)2 no sulfonamide formation was detected
after 24 h. However, in the presence of Ca(NTf2)2, the
reaction was nearly complete after 1 h, aﬀording sulfonamide
26 in 85% yield (Scheme 3 and SI). We observed similar
reactivity with the heteroarylsulfonyl ﬂuorides, as demonstrated in the synthesis of sulfonamides 27 and 28 (Scheme
3). Although Ca(NTf2)2 is not required for reaction between
an electron-deﬁcient sulfonyl ﬂuoride and a highly nucleophilic amine, for all other combinations of sulfonyl ﬂuorides
and amines that we explored, Ca(NTf2)2 activation to
generate sulfonamides in high yield has been demonstrated
to be essential.
We wanted to show the complementarity of this method
and the stability of the sulfonyl ﬂuoride toward traditional
sulfonamide synthesis from sulfonyl chlorides. Therefore, we
subjected piperazine 29 to a sequential Boc deprotection,
sulfonamidation with benzenesulfonyl chloride. The reactivity
of the sulfonyl ﬂuoride was then unveiled for reaction with 3aminopyridine via the action of Ca(NTf2)2 to aﬀord

observed reactivity in the presence of Cs2CO3, which instead
provides the corresponding sulfonic ester.18 Analogues of
compound 10 with variations on the arylsulfonyl were
valuable leads in a drug discovery project within Pﬁzer.19
Under our reaction conditions, we obtained compound 10 in
63% yield from benzenesulfonyl ﬂuoride, highlighting the
value of our chemistry on a pharmaceutically relevant
template. Additionally, both primary and secondary aliphatic
amines reacted with sulfonyl ﬂuoride 1 to generate their
corresponding sulfonamides (11−14) in good yield, with the
synthesis of compound 14 exempliﬁed on gram scale. Initial
attempts to react phenylsulfonyl ﬂuoride with weakly
nucleophilic anilines containing electron withdrawing groups
at the 4-position (e.g., −SCF3 and −CF3), using our general
procedure, did not result in detectable sulfonamide product.
We selected 1-(5-(triﬂuoromethyl)-2-pyridinyl)piperazine
(15) as the nucleophilic amine to assess the versatility of
the method with various sulfonyl ﬂuorides. Toward this end,
we successfully synthesized an array of sulfonamides using
aryl- and heteroarylsulfonyl ﬂuorides (Scheme 2). Additionally, alkylsulfonyl ﬂuorides provided the desired sulfonamides
(24 and 25) under identical reaction conditions. Interestingly,
while Ca(NTf2)2 was required for reactivity of electron-rich
arylsulfonyl ﬂuorides, reactions of electron-deﬁcient sulfonyl
ﬂuorides with amine 15 proceeded in the absence of any
Lewis acid (see 21−23, Scheme 2). This is presumably due to
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Scheme 2. Substrate Scope Reacting Aryl- and Alkylsulfonyl
Fluorides with Amine 15*

Scheme 3. Comparing the Reactivity of Electron-Deﬁcient
Sulfonyl Fluorides with Amines 2 and 15*

*
Reaction conditions: RSO2F (1 equiv), amine, 15 or 2 (2 equiv),
Ca(NTf2)2 (1 equiv), t-amylOH (0.20 M), 60 °C, 24 h. Isolated yields
for Ca(NTf2)2 reactions are averages of independent trials. Reactions
without Ca weere conducted as a single reaction. aN/R denotes no
reaction. bTrace product was detected by LC/MS; however, it could
not be isolated.

Scheme 4. Sulfonyl Fluoride as a Latent Electrophile

*

Reaction conditions: RSO2F (1 equiv), 1-(5-triﬂuoromethyl)-2pyrdinyl piperazine, 18 (2 equiv), Ca(NTf2)2 (1 equiv), t-amylOH
(0.20 M), 60 °C, 24 h. Isolated yields for Ca(NTf2)2 reactions are
averages of two independent trials. Reactions without Ca where
conducted as a single reaction. aN/R denotes no reaction.

■

compound 31 in high yield (Scheme 4). Notably, sulfonyl
ﬂuoride 30 withstood the Boc-deprotection under acidic
conditions, and the ﬁrst sulfonamidation in the presence of
triethylamine proceeded without detectable self-condensation.
The synthesis of compound 31 demonstrates how synthetic
strategies can exploit the robust nature of sulfonyl ﬂuorides
and then unlock the latent reactivity using calcium triﬂimide.
In conclusion, we have developed a method that employs
calcium triﬂimide activation of aryl- and alkylsulfonyl ﬂuorides
to synthesize sulfonamides. This method can be used to
couple a wide array of sterically and electronically diverse
sulfonyl ﬂuorides and amines to produce sulfonamides in
good to excellent yields. Preliminary results suggest that
divalent cations and the triﬂimide anion are essential for
eﬃcient conversion, with future studies focusing on
developing a better understanding of the reaction mechanism.
With the contribution of this new method, we envision that
the sulfonyl ﬂuorides will emerge as the preferred sulfonyl
halide for a myriad of sulfonylation reactions.
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