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ABSTRACT: We report a mechanistic investigation of calcium
bistriflimide-mediated sulfur(VI)−fluoride exchange (SuFEx)
between sulfonyl fluorides and amines. We determine the likely
pre-activation resting statea calcium bistriflimide complex with
ligated aminesthus allowing for corroborated calculation of the
SuFEx activation barrier at ∼21 kcal/mol, compared to 21.5 ± 0.14
kcal/mol derived via kinetics experiments. Transition state analysis
revealed: (1) a two-point calcium-substrate contact that activates
the sulfur(VI) center and stabilizes the leaving fluoride and (2) a
1,4-diazabicyclo[2.2.2]octane additive that provides Brønsted-base
activation of the nucleophilic amine. Stable Ca−F complexes upon
sulfonamide formation are likely contributors to inhibited catalytic
turnover, and a proof-of-principle redesign provided evidence that
sulfonamide formation is feasible with 10 mol % calcium bistriflimide.

■ INTRODUCTION

Calcium (Ca2+) salts have gained significant attention in the
last two decades as catalysts in a wide variety of chemical
transformations.1,2 Use of this early main group metal is
desirable because calcium is significantly cheaper, more
abundant, and more sustainable than typical transition metals
utilized for modern homogenous catalysis.3 Our current
understanding of how calcium salts activate substrates and
facilitate chemical reactions is based on two fundamental
electronic properties between the Ca2+ center and the
corresponding anion (Figure 1). First, like alkali metal ions,
Ca2+ is involved in an ionic interaction with a coordinating
anion whereby the anion maintains its charge and nucleophil-
icity. This feature has been harnessed to engender carbanion,
amide, and hydride nucleophiles for styrene polymeriza-
tions,4−8 olefin hydroaminations,9−12 and carbonyl reduc-
tions.13 Second, like group 3 compounds, Ca2+ is a strong
Lewis acid, especially when coordinated to weakly binding
ligands such as fluorides (F−), triflates (OTf−), bistriflimides
(NTf2

−), or 1:1 bistriflimide/hexafluorophosphate (PF6
−)

counterions. These Ca2+ salts form Lewis acid/base adducts
to activate otherwise weakly electrophilic compounds such as
alcohols,14−19 carbonyls,20−27 olefins,28−30 and boronic acids31

for subsequent coupling with nucleophilic reagents, notably
also with relatively high tolerance to air and moisture. In our
recent reports, we employed Ca2+ salts for the first time to
activate a different class of compoundssulfur(VI) fluo-
rides.32,33

Sulfur(VI) fluorides are an emerging class of compounds
with various applications from materials to drug targets.34,35
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Figure 1. Ca2+ salts can serve as nucleophilic and Lewis acid catalysts.
The activation modes for known substrates are shown. The work
reported herein investigates Ca2+ activation for sulfur(VI) fluoride
substrates in SuFEx reactions.
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Their stability to hydrolysis, redox chemistry, and decom-
position compared to other sulfur(VI) halides has made
sulfur(VI) fluorides an attractive functional group in syn-
thesis.36−38 Sulfur(VI)−fluoride exchange (SuFEx) has served
as an important strategy for click chemistry applications,39

especially in their development as selective covalent enzyme
inhibitors40−42 in drug discovery and chemical cross-linking
strategies.43 Recently, we developed a Ca(NTf2)2-mediated
method to activate sulfur(VI) fluorides toward the formation
of nitrogen-containing sulfur(VI) compounds,32,33 represent-
ing a new SuFEx approach using metal Lewis acids and a
departure from hydrogen-bond or nucleophilic activation of
the sulfur center.35 The first report33 demonstrated that a
myriad of sulfonyl fluorides could be activated by Ca(NTf2)2 in
the presence of amines, resulting in sulfonamides. After 24 h at
60 °C in t-amyl alcohol, sulfonamides are formed in good to
excellent yields. The follow-up report32 demonstrated that
addition of 1,4-diazabicyclo[2.2.2]octane (DABCO) and using
tetrahydrofuran (THF) as a solvent enabled broad activation
of diverse sulfur(VI) fluorides under significantly milder
conditions (e.g., at room temperature, Figure 2). This work

was the first to apply calcium salts in sulfur and fluorine
chemistry. However, in contrast to many examples in the
literature of catalytic transformations with Ca(NTf2)2,
stoichiometric amounts were required for efficient SuFEx.
Lower equivalents of Ca2+ resulted in the poor conversion of
sulfur(VI) fluoride to the desired product; thereby, catalytic
turnover has remained elusive.
In our goal to improve the efficiency of this reaction, we

employed computational techniques to elucidate plausible
mechanisms for Ca(NTf2)2-mediated sulfur(VI) fluoride
activation to uncover the mode of Ca2+ activation of sulfur(VI)
fluorides and to explore origins of catalytic turnover inhibition
(Figure 2). We performed a systematic exploration of solvent
and ligand coordination to identify the likely pre-activation
resting state of the calcium salt, which then provided a baseline
for establishing the SuFEx activation barrier. In the SuFEx
transition state, we observed a two-point interaction between
Ca2+ and the sulfonyl fluoride, which activates the sulfur(VI)
and stabilizes the fluoride leaving group. We investigated the
role of DABCO in facilitating SuFEx and discussed how stable
Ca−F complexes formed upon sulfur(VI) fluoride activation
are likely contributors to the inhibited catalytic turnover.
These mechanistic insights led to a proof-of-principle redesign,
demonstrating catalytic turnover of Ca(NTf2)2. This report

represents the first systematic study of Ca2+ activation of
organosulfur and fluorinated compounds and thus a founda-
tional platform for understanding future catalysis with Ca2+

Lewis acids and Lewis acid-activation of organic sulfur-
fluorides.

■ EXPERIMENTAL SECTION
Computational Details. Conformational searches at each

stationary point on the computed potential energy surface were
performed in Schrodinger Macromodel44 using the optimized polar-
izable liquid simulation (OPLS) molecular mechanics force field.45

While several hundred conformers were generated for each state,
many relaxed into redundant geometries upon quantum mechanical
treatment. Quantum mechanical geometry optimizations, vibrational
frequencies, and thermochemical values reported in this paper were
carried out in the gas phase under the B3LYP46,47/6-31G(d,p)48−51

level of theory; electronic energies on the optimized geometries were
performed using the dispersion-corrected ωB97XD52,53 functional
and the triple-zeta def2-TZVP54−56 basis set, incorporating the
polarized continuum model57,58 for the THF solvent. Structures at the
ground and transition states along the reaction coordinate were
verified by analyzing vibrational frequencies. All thermochemical
energies were calculated at 298 K and 1 atm and reported in kcal/mol
units. All quantum mechanical calculations were carried out in
Gaussian 16, Revision B.01.59

General Experimental Methods. All commercially available
chemicals, reagents, and solvents were used as received. Reagents
were purchased from Sigma Aldrich, Enamine, Matrix Scientific, and
TCI America. Reactions were monitored by thin-layer chromatog-
raphy (TLC) performed on Merck silica gel plates (60 F254) (80:20
hexanes: ethyl acetate mobile phase) and were visualized with
ultraviolet (UV) light (254 nm). Proton nuclear magnetic resonance
(1H NMR) spectra, carbon nuclear magnetic resonance (13C NMR)
spectra, and fluorine nuclear magnetic resonance (19F NMR) spectra
were recorded on a Bruker 400 (400.00, 100.61, and 376.50 MHz,
respectively) equipped with cryoprobes using the Bruker Topspin 1.3
software. Chemical shifts are reported in parts per million (ppm)
relative to chloroform (1H δ = 7.26 and 13C δ = 77.16). The NMR
peak multiplicities were reported as follows: singlet (s), doublet (d),
triplet (t), and quartet (q). High-resolution mass spectra (HRMS)
were acquired on an Agilent model 6220 MS(TOF). Column
chromatography was performed on a Teledyne ISCO CombiFlash
NextGen 300 system using a pre-packed 25 g 60 Å silica column.
Aluminum heating blocks were used for reactions that required
elevated temperatures.

General Procedure for Synthesizing and Isolating Sulfona-
mides 21−24. The procedure used to synthesize and isolate
sulfonamides was adapted from the one previously reported by our
group.32 To a 3.7 mL (1 dram) scintillating glass vial, the amine
substrate (1.05 equiv), Ca(NTf2)2 (0.1 equiv), DABCO (0.2 or 0.5
equiv), and 1,1,3,3-tetramethyldisiloxane (TMDS) (2.0 equiv.) were
added and dissolved in anhydrous THF (0.25 M). Sulfonyl fluoride
(1.0 equiv) was added to the reaction mixture, and the reaction was
stirred for 24 h at 50 °C. The reaction mixture was diluted with 20
mL of ethyl acetate, and the organic layer was washed once with
saturated NH4Cl and then with saturated brine. The organic layer was
dried over anhydrous MgSO4 or Na2SO4, concentrated under reduced
pressure, and then loaded onto a flash chromatography column (silica
gel cartridge for dry loading, EtOAc/hexane mobile phase). The
product fractions were identified by TLC, concentrated under
reduced pressure, and dried under high vacuum to yield product.

1-(Phenylsulfonyl)-4-(6-(trifluoromethyl)pyridin-2-yl)piperazine
21. The reaction was performed using the general procedure with
commercially available 1 (32.0 mg, 24 μL, 0.200 mmol, 1 equiv), 3
(48.6 mg, 0.210 mmol, 1.05 equiv), Ca(NTf2)2 (12.0 mg, 0.020
mmol, 0.1 equiv), DABCO (4.5 mg, 0.040 mmol, 0.2 equiv), and
TMDS (53.7 mg, 71 μL, 0.400 mmol, 2 equiv) in THF (0.80 mL) for
24 h with stirring at 50 °C. The reaction was run in duplicate.
Purification of the duplicate samples by column chromatography

Figure 2. Ca(NTf2)2 and DABCO-mediated SuFEx between
sulfur(VI) fluorides and amines.
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using dry loading gave the product (55 mg, 0.149 mmol, 75% yield) as
a white solid. A control reaction, without Ca(NTf2)2, was also
performed, but no product was found in the CombiFlash fraction vials
by TLC. The 1H NMR, 13C NMR, and 19F NMR spectra were
consistent with those previously reported.32 1H NMR (CDCl3, 400
MHz): δ 7.80−7.75 (m, 2H), 7.63−7.51 (m, 4H), 6.95 (d, J = 7.2 Hz,
1H), 6.72 (d, J = 8.4 Hz, 1H), 3.74−3.68 (m, 4H), 3.15−3.09 (m,
4H). 13C NMR (CDCl3, 101 MHz): δ 158.1, 146.5 (q, JCF = 34.1
Hz), 138.8, 135.4, 133.2, 129.3, 127.9, 121.5 (q, JCF = 274.0 Hz),
109.8 (q, JCF = 3.1 Hz), 109.6 (d, JCF = 1.1 Hz), 45.9, 44.3. 19F NMR
(CDCl3, 376 MHz): δ −68.2. HRMS (TOF+) m/z: [M+] Calcd for
C16H16N3O2F3S, 371.09098; found, 371.09232.
1-((4-Methoxyphenyl)sulfonyl)-4-(6-(trifluoromethyl)pyridin-2-

yl)piperazine 22. The reaction was performed using the general
procedure with commercially available 4-methoxybenzenesulfonyl
fluoride (38 mg, 28.4 μL, 0.200 mmol, 1 equiv), 3 (48.6 mg, 0.210
mmol, 1.05 equiv), Ca(NTf2)2 (12.0 mg, 0.020 mmol, 0.1 equiv),
DABCO (4.5 mg, 0.040 mmol, 0.2 equiv), and TMDS (53.7 mg, 71
μL, 0.400 mmol, 2 equiv) in THF (0.80 mL) for 24 h with stirring at
50 °C. Purification of the duplicate samples by column chromatog-
raphy using solid loading gave the product (41 mg, 0.102 mmol, 51%
yield) as white crystals. A control reaction, without Ca(NTf2)2, was
also performed, and the product (5 mg, 0.012 mmol, 7% yield) was
isolated in the same manner. The 1H NMR, 13C NMR, and 19F NMR
spectra were consistent with those previously reported.32 1H NMR
(CDCl3, 400 MHz): δ 7.72−7.69 (m, 2H), 7.57 (t, J = 8.0 Hz, 1H),
7.01−6.96 (m, 3H), 6.75 (d, J = 8.0 Hz, 1H), 3.86 (s, 3H), 3.72−3.70
(m, 4H), 3.12−3.09 (m, 4H). 13C NMR (CDCl3, 101 MHz): δ163.4,
158.1, 146.6 (q, JCF = 34.34 Hz), 138.8, 130.1, 126.9, 121.6 (q, JCF
= 275.1 Hz), 114.5, 109.8, 109.7, 55.8, 45.9, 44.4. 19F NMR (CDCl3,
376 MHz): δ −68.17. HRMS (TOF+) m/z: [M+] Calcd for
C17H18N3O3F3S, 401.100155; found, 401.10328.
1-(Phenylsulfonyl)-4-(5-(trifluoromethyl)pyridin-2-yl)piperazine

23. The reaction was performed using the general procedure except
washes were performed with 1 M HCl and saturated brine.
Commercially available 1 (32.0 mg, 24 μL, 0.200 mmol, 1 equiv), 3
(48.6 mg, 0.210 mmol, 1.05 equiv), Ca(NTf2)2 (12.0 mg, 0.020
mmol, 0.1 equiv), DABCO (4.5 mg, 0.040 mmol, 0.2 equiv), and
TMDS (53.7 mg, 71 μL, 0.400 mmol, 2 equiv) in THF (0.80 mL) for
24 h with stirring at 50 °C. The reaction was run in duplicate.
Purification of the duplicate samples by column chromatography
using liquid loading gave the product (39 mg, 0.104 mmol, 53% yield)
as a white solid. A control reaction, without Ca(NTf2)2, was also
performed, and the product (0.3 mg, 0.807 μmol, <1% yield) was
isolated in the same manner. The 1H NMR, 13C NMR, and 19F NMR
spectra were consistent with those previously reported.32 1H NMR
(CDCl3, 400 MHz): δ 8.35 (s, 1H), 7.78−7.76 (m, 2H), 7.64−7.60
(m, 2H), 7.56−7.53 (m, 2H), 6.61 (d, J = 8.0 Hz, 1H), 3.77−3.75 (m,
4H), 3.13−3.11 (m, 4H). 13C NMR (CDCl3, 101 MHz): δ 159.8,
145.8 (q, JCF = 4.4 Hz), 135.4, 134.9 (q, JCF = 3.0 Hz), 133.3, 129.4,
127.9, 124.4 (q, JCF = 271.7 Hz), 116.1 (q, JCF = 33.0 Hz), 105.9,
45.8, 44.3. 19F NMR (CDCl3, 376 MHz): δ −60.69. HRMS (TOF+)
m/z: [M+] 371.09098; found, 371.09252.
4-((4-(6-(Trifluoromethyl)pyridin-2-yl)piperazin-1-yl)sulfonyl)-

benzonitrile 24. The reaction was performed using the general
procedure with commercially available 4-cyanobenzenesulfonyl
fluoride (37 mg, 0.200 mmol, 1 equiv), 3 (48.6 mg, 0.210 mmol,
1.05 equiv), Ca(NTf2)2 (12.0 mg, 0.020 mmol, 0.1 equiv), DABCO
(4.5 mg, 0.040 mmol, 0.2 equiv), and TMDS (53.7 mg, 71 μL, 0.400
mmol, 2 equiv.) in THF (0.80 mL) for 24 h with stirring at 50 °C.
Purification of the duplicate samples by column chromatography
using solid loading gave the product (53 mg, 0.330 mmol, 67% yield)
as a white powder. A control reaction, without Ca(NTf2)2, was also
performed, and the product (19.1 mg, 0.048 mmol, 24% yield) was
isolated in the same manner. The 1H NMR, 13C NMR, and 19F NMR
spectra were consistent with those previously reported.32 1H NMR
(CDCl3, 400 MHz): δ 7.89 (d, J = 8 Hz, 2 H), 7.84 (d, J = 8.0 Hz, 2
H), 7.59 (t, J = 8.0 Hz, 1 H), 6.99 (d, J = 8.0 Hz, 1 H), 6.76 (d, J =
8.0 Hz, 1 H), 3.73 (t, J = 4.0 Hz, 4 H), 3.18−3.15 (m, 4 H). 13C
NMR (CDCl3, 101 MHz): δ 157.9, 146.6 (q, JCF = 34.3 Hz), 140.2,

139.0, 133.1, 128.4, 121.5 (q, JCF = 275.4 Hz), 117.3, 117.0, 110.2
(q, JCF = 3.1 Hz), 109.9, 45.7, 44.5. 19F NMR (CDCl3, 376 MHz): δ
−68.15. HRMS (TOF+) m/z: [M+] 396.08623; found, 396.08784.

■ RESULTS AND DISCUSSION
Computational Model. In our previous report, we

demonstrated that sulfonyl fluorides (RSO2F), sulfamoyl
fluorides (R2NSO2F), and fluorosulfates (ROSO2F) could be
successfully converted to nitrogen-containing sulfur(VI)
compounds using a wide variety of predominant secondary
amines as nucleophilic reagents. To study this Ca(NTf2)2-
mediated SuFEx reaction computationally, we chose a
generalizable model SuFEx reaction that may explain the
robust reactivity (Figure 3a). Specifically, most of the results

reported herein arise from our computational study of
Ca(NTf2)2- and DABCO- mediated SuFEx of benzenesulfonyl
fluoride 1 with piperidine 2 in THFthe solvent used in our
published study.32 Wherein experimental kinetics data were
reported, we employed 1-(6-(trifluoromethyl)pyridin-2-yl)-
piperazine 3 from our 2020 study, with the CF3 group aiding
in 19F NMR measurements.
All previous reports studying mechanisms of calcium-

mediated reactions have invoked direct (i.e., the first
coordination sphere) calcium-substrate interactions in explain-
ing modes of substrate activation.13,28,60−62 Likewise, in our
reaction of study, we hypothesized that Ca2+ facilitates the
chemical reaction by providing direct Lewis acid stabilization
to the reagents during S(VI)−F activation. Therefore, in our
computational approach, we focused on generating geometries
and coordination isomers at the first coordination sphere
around the Ca2+ center.
Previous crystallographic and computational data on Ca2+

first coordination geometries have inferred that the most
prevalent Ca2+ centers involve hexa- (6-), hepta- (7-), and
octa- (8-) coordination modes.63 Moreover, we found with
order studies that indeed our SuFEx reaction is first-order in
Ca(NTf2)2 (up to ∼0.8 equiv), supporting a mononuclear Ca2+

species in the reaction (see Supporting Information). There-
fore, at each stationary point along the reaction coordinate, we
accounted for and quantified the relative stability of
mononuclear 6-, 7-, and 8- coordination Ca2+ complexes
using the appropriate number of coordinating solvent

Figure 3. (A) Reaction of study. (B) Mononuclear 6-, 7-, and 8-
coordinate Ca2+ complexes were computed at each stationary point of
the reaction.
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molecules (Figure 3b). For example, in modeling Ca(NTf2)2,
we know from our calculations and previously reported
crystallographic data64 that each NTf2

− ligand binds in a
bidentate fashion to the calcium center, occupying four
coordination sites. Therefore, accounting for 6-, 7-, and 8-
Ca2+ coordination, we computed the relative stability of
Ca(NTf2)2 complexes with 2, 3, and 4 coordinating THF
ligands.
Pre-SuFEx Ca2+ Resting State. To accurately compute

the barrier for sulfur(VI) fluoride activation by the calcium salt,
we set out first to determine the most probable pre-activation
Ca2+ resting state. In addition to the coordinating NTf2

−

anions, four unique ligands in the reaction can coordinate to
the Ca2+ center (Figure 4). With each NTf2

− coordinating in a
bidentate fashion, there are two, three, or four sites for
additional ligands to form 6-, 7-, and 8- coordinated Ca2+

complexes. As a result, we initially identified eight families of
Ca(NTf2)2 complexes distinguished by ligand identity (4−11),
within which the remaining coordination sites are occupied by
THF molecules to form 6-, 7-, and 8- coordinate Ca2+

complexes (labeled as a, b, and c, respectively). We considered
(i) Ca(NTf2)2 solvated by THF (complexes 4a, 4b, and 4c,
respectively); (ii) Ca(NTf2)2 with one reagentbenzenesul-

fonyl fluoride 1 (complexes 5a−c), DABCO (complexes 6a−
c), and piperidine 2 (complexes 7a−c); (iii) Ca(NTf2)2 with
two different reagentswith benzenesulfonyl fluoride 1 and
DABCO (complexes 8a−c), benzenesulfonyl fluoride 1 and
piperidine 2 (complexes 9a−c), and DABCO and piperidine 2
(complexes 10a-c); and finally (iv) Ca(NTf2)2 with
benzenesulfonyl fluoride 1, DABCO, and piperidine 2
(complexes 11a-b).
To compare the relative stabilities of the Ca2+ complexes, we

modeled chemical equilibria in which non-coordinating ligands
were computed separately (i.e., not interacting with the Ca2+

complex or with other species, see Supporting Information).
This search illuminated trends that improve our under-

standing of Ca2+-substrate interactions. We first focused on
THF-solvated Ca(NTf2)2 4a−c. The lowest energy species
features a seven-coordinate Ca2+ complex with three THF
molecules, 4b. This solvated species was 2.0 kcal/mol lower in
energy than the six-coordinate two THF species 4a and 0.6
kcal/mol lower than the eight-coordinate four THF species 4c.
From this starting point, benzene sulfonyl fluoride 1, DABCO,
and piperidine 2 were systematically added, and the ground
state energies were determined. Similar to 4, within each family
(i.e., a−c in complexes 5−11), seven-coordinate Ca2+ was

Figure 4. Computed thermodynamic stability of pre-SuFEx Ca2+ complexes. Relative Gibbs free energies (ΔΔG°) are reported in kcal/mol units
with respect to the seven-coordinate solvated Ca(NTf2)2 saltCa(NTf2)2(THF)3 4b.
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thermodynamically preferred over six- and eight-coordinate
Ca2+ (see Supporting Information for enthalpic and entropic
contributions to the reported thermodynamic stabilities in
Figure 4).
Next, we address the speciation of Ca(NTf2)2 in the

presence of other reagents in the reaction compared to THF-
solvated Ca2+ (4b). The lowest energy Ca(NTf2)2 complex
with coordinating benzenesulfonyl fluoride (5b) is 3.0 kcal/
mol less stable than 4b, while the Ca(NTf2)2 with a
coordinating DABCO (6b) or piperidine (7b) is more stable
than 4b by 2.1 kcal/mol and 2.3 kcal/mol, respectively. These
data reveal that displacing THF is thermodynamically
disfavored when with benzenesulfonyl fluoride 1 but favored
with either of the amines (DABCO or piperidine 2).
Moreover, Ca(NTf2)2 complexes with benzenesulfonyl fluoride
and either of the amines (complexes 8a−c, 9a−c, and 11a-b)
are less stable than complexes with DABCO and piperidine
(complexes 10a-c).
Considering the 2.31:1 ratio of amine (DABCO +

piperazine) to Ca2+ present in the reaction,43 we next
investigated whether coordinating excess amines to the Ca2+

center would yield more stable complexes. Indeed, the most

stable pre-SuFEx complexes are seven-coordinate Ca2+ salts,
which feature the coordination of either two DABCO
molecules (12), one DABCO and one piperidine (10b), or
two or three piperidine molecules (13 and 14, respectively).
However, given that these complexes are almost equienergetic
(ΔΔG° ≤ 0.4 kcal/mol of each other) and approximately
equal concentrations of amines are used in the reaction, we
conclude that the most likely pre-SuFEx resting state is
complex 10b with one coordinating DABCO, one piperidine,
and one THF.

SuFEx Activation Mechanism and Barrier. With the
identification of pre-SuFEx resting-state complex 10b, we
investigated the activation of benzenesulfonyl fluoride 1 by the
Ca(NTf2)2 complex toward sulfonamide formation (Figure
5a). In the computed minimum energy pathway, the
coordinating piperidine and DABCO in 10b are displaced
from the first Ca2+ coordination sphere by sulfonyl fluoride 1
and THF, both coordinated in a monodentate fashion, thus
forming complex 15 preorganized for SuFEx. The nucleophilic
substitution transition state 16 is preceded by displacement of
two THF molecules, presumably allowing for bidentate
coordination of 1 at the sulfonyl oxygen and fluorine at the

Figure 5. (A) Computed minimum energy reaction coordinate for Ca(NTf2)2- and DABCO- mediated SuFEx with benzenesulfonyl fluoride 1 and
piperidine 2 in THF. Shown in (B) is the lowest energy transition state structure at the rate-determining step of the DABCO-as-the-Brønsted-base
mechanism. All distances reported in the Ångström (Å) unit. Two-point Ca2+ activation and DABCO as the Bronsted base.
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transition state (vide infra) and resulting in the fluoride-ligated,
post-SuFEx Ca2+ product complex 17. Ligand exchange of the
sulfonamide product and THF with piperidine 2 and DABCO
led to the post-SuFEx resting state 18. Overall, the reaction is
thermodynamically favored (ΔGrxn° = −20.8 kcal/mol), and
the computed Gibbs free energy barrier (ΔG°‡) from resting-
state complex 10b to transition state complex 16 is 21.3 kcal/
mol. To ensure that experimental observations corroborate our
computed barrier, we performed kinetics experiments on the
analogous SuFEx reaction with piperazine 3. Using an Eyring
plot, the experimental Gibbs free energy activation barrier
(ΔGexp°

‡) for this reaction was determined to be 21.5 ± 0.14
kcal/mol (see Supporting Information). We were encouraged
that our computed activation barrier for the model piperidine
is consistent with the experimentally derived barrier of the
piperazine substrate. Furthermore, both the computed and
experimental barriers presented above are consistent with the
estimated barriers for sulfonamide formation with the reported
amines in the 2020 study (est. ΔGexp

‡ range from 21 to 22
kcal/mol, see Supporting Information).
Analogous to the search for resting-state complexes, we

accounted for the possibility of a 6-, 7-, or 8- coordinate Ca2+

complex in the search for the transition state complex 16
(Figure 5b). In doing so, we computed 57 unique transition
state conformational isomers with 0 coordinating THF, 58
isomers with 1 THF, and 58 isomers with 2 THF. We
uncovered that in the transition state, the six-coordinate
Ca(NTF2)2 complex with 0 coordinating THF was the most
energetically favored.
We analyzed each unique transition state conformational

isomer within 3.0 kcal/mol to the lowest energy complex 16
and realized a series of conserved features.
Core Bond-Forming/Breaking Process. At the transition

state, the forming S(VI)−N bond distance between sulfonyl
fluoride 1 and incoming piperidine 2 is at 1.9 Å, the breaking
S(VI)−F bond distance is at 2.3 Å, and the N−S(VI)−F angle
is at 175°. This core bond-forming/breaking geometry was
consistent across all computed isomers, with deviations of ±0.1
Å for the distances and ± 2° for the angles from those in
complex 16. The linear geometry supports either an SN2 (i.e.,
concerted) or an addition−elimination (i.e., stepwise)
nucleophilic substitution process. However, intrinsic reaction
coordinate (IRC) analyses65 from all computed 6-, 7-, and 8-
coordinate Ca2+ SuFEx transition state geometries yielded
complexes 15 and 17 (Figure 5a) as the lowest-energy-
connecting ground state structures. Neither 15 nor 17 features
a five-coordinate sulfur(VI) intermediate that would be
predicted in an addition−elimination mechanism. Where
five-coordinate sulfur(VI) complexes were isolated from IRC
analysis, the refined ωB97XD energies of these complexes were
higher than the transition state complex 16 and hence not
energetically likely stationary points on the computed SuFEx
reaction coordinate. Taken together, while we cannot
completely rule out the addition−elimination mechanism, the
data support a concerted SN2 process for Ca(NTf2)2-mediated
sulfur(VI)−fluoride exchange.
Lewis-Acid Activation. The S(VI)−F distance in

transition state complex 16 is elongated by 0.7 Å from the
ground state geometry of benzenesulfonyl fluoride 1. The
natural charge, obtained through natural population analysis,66

of the F atom at the transition state is −0.828, depicting an
increase in magnitude from −0.485 in the ground state (see
Supporting Information). The dissociation of the fluoride from

the sulfur(VI) center and charge buildup at the fluoride in 16
suggest that the departing anion is stabilized at the Ca2+ center
in the transition state. Indeed, we see in complex 16 that
benzenesulfonyl fluoride is coordinated in a bidentate fashion
to Ca2+ via the departing fluoride (Ca−F = 2.3 Å) and one
sulfonyl oxygen (Ca−O = 2.7 Å). Here again, the bidentate
coordination geometry was remarkably consistent (±0.0 Å for
Ca−F and ±0.1 Å Ca−O) across all computed transition state
isomers. Moreover, to our best effort, we could not isolate a
SuFEx transition state geometry without this bidentate
coordination. Taken together, the data reveal the mode and
the importance of Ca(NTf2)2 in activating sulfonyl fluorides
for nucleophilic substitutionCa2+ stabilizes the developing
charges of benzenesulfonyl fluoride at two contact points: the
SO2 (SO) moiety and the departing fluoride.

Brønsted-Base Activation. In our computed transition
state, the nucleophilic addition of piperidine to sulfur(VI)
occurs concurrently with proton transfer from piperidine to
DABCO. This is evident by the transferring proton being
equidistant to the nitrogen on piperidine and DABCO (1.3
and 1.4 Å, respectively in 16). In the lowest energy complex
16, piperidine adds to sulfur(VI) in the equatorial position of
the ring and transfers the proton to DABCO in the axial
position, although we do see the inverse being the case in
higher energy isomers. Regardless, the computed transition
states support the conclusion that DABCO serves as a
Brønsted base activator, deprotonating the nucleophilic
piperidine during addition to sulfur(VI).

DABCO Does Not Provide Lewis-Base Activation. We
envisioned a second plausible mechanism for sulfonamide
formation distinguished by the role of DABCO in the reaction
(Figure 6). DABCO serves as a Lewis-base activator in this
mechanism, displacing the fluoride at sulfur(VI) via

Figure 6. Computed lowest-energy transition state structure at the
rate-determining step of the DABCO-as-the-Lewis-base mechanism.
All distances reported in the Ångström (Å) unit.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c01230
Inorg. Chem. 2022, 61, 9746−9755

9751

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01230/suppl_file/ic2c01230_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01230/suppl_file/ic2c01230_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01230/suppl_file/ic2c01230_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01230?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01230?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nucleophilic addition. This activated electrophile may undergo
a second nucleophilic substitution by piperidine and
subsequent proton transfer to form the sulfonamide product.
We anticipated that the formation of the activated sulfonium
ion is rate-limiting and hence computed the activation barrier
for this elementary step to determine whether this mechanism
is energetically viable based on reaction conditions. We
isolated transition state complex 19 and determined the
barrier from complex 10b to be 51.2 kcal/mol, which is
significantly disfavored by 29.9 kcal/mol when compared to
the transition state complex 19 for the DABCO-as-the-
Brønsted-base mechanism. Given that the Ca(NTf2)2 and
DABCO-mediated SuFEx reactions are performed at room
temperature at 30 min to 1 h reaction times with high yields, it
is not likely that the DABCO-as-the-Lewis-base mechanism is
energetically accessible in this reaction.
A closer look at complex 19 reveals that, unlike in 16, the

incoming (DABCO) nucleophile lacks transferring N−H
protons and is not activated by an exogenous base. Also,
DABCO inserts directly into the S(VI)−F bond, as evident by
the compressed 73° N−S(VI)−F angle. This distorted
geometry allows for the developing positive charge on
DABCO to be partially stabilized by ionic C−H···F
interactions with the departing fluoride.67 Luy and Tonner
recently reported in a computational study the SuFEx reaction
between methanesulfonyl fluoride and methylamine without an
exogenous base and showed a similarly compressed transition
state geometry to achieve intramolecular base activation; a high
activation barrier was also reported.68 Similar to their
conclusions, we propose that transition state complex 19 is
destabilized with respect to 16, primarily due to the geometric
and electronic constraints imposed on SuFEx transition states
that lack exogenous base activation.
Post-SuFEx Ca-F Complexes and Catalytic Turnover.

In contrast to ample examples in the literature of Ca(NTf2)2
catalyzing organic transformations, our reported SuFEx
reaction required stoichiometric Ca(NTf2)2 to achieve high
yields, precluding catalysis.32 From our computations, Ca-
(NTf2)2-mediated sulfonamide formation is thermodynami-
cally favored (ΔG° = −20.8 kcal/mol, Figure 7), and the post-
SuFEx resting-state complex 18 features a coordinating

fluoride that is further stabilized via hydrogen bonding with
protonated DABCO. Dissociation of this fluoride from Ca2+ by
way of a DABCO-HF adduct 20 is energetically uphill by 12.3
kcal/mol, thus showing that regenerating Ca(NTf2)2 from
stable Ca−F product calcium species is disfavored and is a
likely contributor to inhibited catalytic turnover in the SuFEx
process.
With these data, we hypothesized that catalytic efficiency of

Ca(NTf2)2 may be improved by disrupting the stable Ca−F
product complexes using heat or silanes/siloxanes as fluoride
scavengers,69 thereby enabling the use of substoichiometric
Ca(NTf2)2 and DABCO. We designed a series of experiments
to test this hypothesis, employing piperazine 3 as the
nucleophilic reagent (Table 1).
We redesigned experimental conditions from our 2020 study

this time by using 10 mol % Ca(NTf2)2 with varying
equivalents of DABCO (Table 1). To demonstrate that
catalysis is possible with low Ca(NTf2)2 and DABCO loading,
we sought to observe how our conditions affected the yield of
sulfonamide 21 monitoring the reaction by 19F NMR
spectroscopy. To demonstrate that calcium-based catalysis is
possible, we monitored and compared the yield of sulfonamide
21 with and without substoichiometric quantities of calcium
(more details in the Supporting Information). Our initial
reaction demonstrated that 1.5 equiv of DABCO gave
sulfonamide 21 from SuFEx of benzenesulfonyl fluoride 1
and piperazine 3 in 42% yield (Table 1, entry 2). Notably, in
the absence of Ca, only a trace amount of 21 was formed
(Table 1, entry 1).
Next, we aimed to understand if we could facilitate catalysis

by also lowering the equivalents of DABCO. A wide range of
equivalents of DABCO were attempted (see Supporting
Information), although we found that 0.2 equivalent or 20%
mol of DABCO gave good yields of sulfonamide 21. At room
temperature, lowering the equivalents of DABCO from 1.5 to
0.2 decreased the yield of 21 to 35% (Table 1, entry 3).
Gratifyingly, heating the reaction to 50 °C dramatically
increased yields to 65% (Table 1, entry 4). At 50 °C, adding
silane MDES did not significantly increase yields of 21 (Table
1, entry 5). Interestingly, using TMDS at 50 °C did result in
increased yields (71%, Table 1, entry 6); suggesting that at

Figure 7. Proposed computed catalytic cycle describing post-SuFEx Ca-F complexes and catalytic turnover.
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elevated temperatures, adding a fluoride trap could further
assist catalysis. Notably, no detectable conversion of starting
material was detected by 19F NMR spectroscopy at 50 °C in
both the presence and absence of silicon reagents. Lastly, to
demonstrate the potential of this catalysis, we successfully
applied the DABCO/TMDS/heat reaction conditions to
obtain isolated yields of 21 and three other sulfonamides
(22−24) using different piperazine and electronically diverse
sulfonyl fluorides in good yield (Figure 8). While the
formation of sulfonamides 21−23 from electron neutral and
electron-rich sulfonyl fluorides had little to no background
reaction in the absence of Ca(NTf2)2; p-cyanosulfonyl fluoride

yielded higher background formation of sulfonamide 24 (24%
yield, see Supporting Information). Nevertheless, in the
presence of calcium, sulfonamide formation was considerably
boosted. Collectively, these data demonstrate that Ca2+

catalysis is feasible with SuFEx chemistry, and efforts are
ongoing toward further optimization. Those data will be
featured in a future report.

■ CONCLUSIONS

We have developed a reactivity model for the Ca(NTf2)2- and
DABCO-mediated SuFEx conversion of sulfonyl fluorides to
medicinally relevant sulfonamides. Ca(NTf2)2 activates the
substrate via a critical two-point activation mode where the
Lewis acidic Ca2+ center stabilizes the developing negative
charges at the leaving fluoride and the oxygen at the SO2F
moiety during the SuFEx process. In this model, the DABCO
additive facilitates the reaction by providing additional
Brønsted-base activation of the amine reagent. We hypothe-
sized that incorporation of fluoride scavengers to disrupt the
stable Ca−F complexes formed post SuFEx will improve
catalytic efficiency by lowering the equivalents of the calcium
salt and DABCOa hypothesis supported by proof-of-
principle experiments demonstrating a good catalytic turnover
using 10 mol % of Ca(NTf2)2 and 20 mol % of DABCO at 50
°C with two equivalents of TMDS. The work presented
represents the first comprehensive mechanistic investigation of
metal-mediated SuFEx reactions and serves as a foundational
platform for future developments in calcium catalysis, organo-
sulfur, and fluorine chemistry.
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Table 1. Catalytic Turnover in the Presence of Bases and
Additivesa,b

entry
base

(equiv)
conditions/additives

(equiv)
yield
(%)a

excess yield due to
Ca(NTf2)2 (%)

c

1 DABCO
(1.5)

No Ca traceb

2 DABCO
(1.5)

42 42

3 DABCO
(0.2)

35 35

4 DABCO
(0.2)

50 °C 65 64

5 DABCO
(0.2)

50 °C + MDESd

(2.0)
64 62

6 DABCO
(0.2)

50 °C + TMDSe

(2.0)
71 71

aYields were determined by 19F NMR spectroscopy with 3-
iodobenzotrifluoride as an internal standard. Yields are an average
of two runs. b< 1% yield by 19F NMR spectroscopy with 3-
iodobenzotrifluoride as an internal standard. cExcess yield due to
Ca(NTf2)2 is reaction yield with Ca(NTf2)2 minus control reaction
yield (without Ca(NTf2)).

dMDES = methyldiethoxysilane. eTMDS
= 1,1,3,3-tetramethyldisiloxane.

Figure 8. Isolated yields of sulfonamides using 10 mol % Ca(NTf2)2,
20 mol % DABCO, and 2 equiv TMDS. Yields are an average of two
runs.
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