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Amidines are an important class of organic compounds with widespread application as superbases,
nucleophilic catalysts, and building blocks of heterocyclic compounds in organic synthesis. Moreover,
they represent an important structural motif in medicinal chemistry. This work describes an application
of primary trifluoroborate-iminiums in unprecedented azide- and transition-metal-free transformation to
N-sulfonyl amidines in the presence of N-fluorobenzenesulfonimide (NFSI). This novel C(sp?—N bond-
forming reaction proceeds without excess of any reagent, under mild conditions and provides good to

high yields of N-sulfonyl amidines by a simple isolation procedure. Density functional theory (DFT)
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Accepted 21st May 2025 mechanistic studies into this novel transformation support that the use of a base is required to activate
either the trifluoroborate-iminium or the NFSI and promote the C(sp?)-N bond formation via

DOI: 10.1035/d55c02912k nucleophilic attack of the nitrogen. The utility of the developed methodology is showcased with the
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Introduction

Amidines"? (Scheme 1A) are an important and ubiquitous group
of compounds, which found versatile applications as key
building blocks in heterocycle synthesis,** superbases in
organic synthesis,” nucleophilic catalysts, and are also
common motifs in medicinal chemistry.” Several drugs contain
the amidine moiety.*** Unprotected amidines have traditionally
been synthesized from nitriles, which are typically derived from
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synthesis of two bioactive compounds.

toxic cyanides,' using the Pinner reaction or other activation
methods that necessitate the use of transition metals,
cumbersome reagents, sulfur compounds, and harsh condi-
tions. Alternatively, amides or thioamides are used with similar
limitations (Scheme 1B).' Even modern synthetic approaches
for amidine preparation continue to face these challenges.*
Thus, the direct synthesis of protected amidines, followed by
deprotection, could provide an alternative convenient approach
to amidines. Among protected amidines, Boc-protected
analogues are scarcely reported in the literature and face
similar synthetic challenges related to sulfur chemistry.™ In
contrast, N-sulfonyl amidines are among the most extensively
studied classes of protected amidines, which can be directly
assembled. Interest in N-sulfonyl amidines (Scheme 1A), has
gained momentum due to their biological properties.’> Conse-
quently, the preparation of N-sulfonyl amidines'®"” and
unsubstituted N-sulfonyl amidines'®?* (Scheme 1A) has been
extensively studied recently. Nevertheless, the syntheses of N-
sulfonyl amidines and their unsubstituted counterparts are
largely dependent on azide chemistry (Scheme 1C),*®'7e719-24
which is hazardous even at laboratory scale.>® This provides
impetus for development of novel synthetic approaches to N-
sulfonyl amidines. However, there is limited information
available on the deprotection of N-sulfonyl amidines in the
literature.” Interestingly, construction of C-N bonds as one of
the most common structures in organic molecules, which is
also found in amidines, is frequently dictated by transition-
metal  catalysis.®®***  Accordingly, transition-metal-free

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A. Structure of amidines and sulfonyl amidines: C. Key syntheses of N-sulfonyl amidines (ref. 16):
R, . . .
N N N HN RO,C
R R
R1/U\'}l 3 R1)J\N'R3 R1)J\’I‘ 3 R1)kNH2 R1/gNH NRR . | .
R4 Rs R4 tautomer A tautomer B Ri=SO:N; 2 4 2R3 Ry=SONs
amidines protected N-sulfonyl amidi d N-sulfonyl amidi
amidines ref. 16-17 ref. 18-24 catalyst
and/or .
B. Key syntheses of amidines (ref. 1a): base )NL
: Ry—C=N I Ry NR,R; o
: 1. R,OH/HCI i 1.PCls o HNR,R; 2 P
Ry—C=N 2.HNRsR, - RZSHU 2.HNRsRs: 5 HNRyR, R N'Rs N-sulfonyl amidines|  R;” “NR;R3
1 - 1 1
1 ' H .
: Pinner .Rg ! R—=
reaction N : * catalyst catalyst or Ry—SO,N;
i R1)J\N'R3 ' R—SO,N; additives
H CuCl }'? 1. Et;0BF,
: (1.2 equiv) 4 L 2 HNRsRs  lrefps. T
! amidines :<\34 ref. 23
' = : o] Ag3PO4 (10-20 mol%), TolSO,Na (1.5 equiv.)
R—C=N ' 93P 04 j 2 1 j
P HNR3R, MHNRR, ! R TMSN; (1.5 equiv.), TsNs (2 equiv.) NH i NHy
: o R "N R—= M : :
: s : H DMSO, H,0 (2 equiv.), 70 °C R” NH R7SNTS!
: ! R = alkyl, aryl 55-85% ___A_ _____ H
‘Rg=H R _NH, : after chromatography !
D. This work: ® new C(sp?)-N coupling A~ i
NH NH full characterization .
2 FN 2 (1 equiv.), K,€CO3 (1 equiv.) 2 allows correct structure
€] N 8T et
BF; MeCN, H,O (1% viv), r.t., 1-6 h N
® = alkyl, aryl up to 88% yield
key features
[ novel functional group transformation [ transition-metal-free Y azide-free|
omild conditions osimple isolation o good to high yields o gram scale o broad substrate scope o subsequent deprotection
Scheme1 (A) Structure of amidines and sulfonyl amidines. (B) Key syntheses of amidines. (C) Key syntheses of N-sulfonyl amidines. (D) This work.

methodologies for the C-N bond formation remain a challenge
and continue to be understudied.”®** The application of orga-
noboron compounds as synthons in organic synthesis has
enabled myriad of useful transformations,*>¢ including
transition-metal-catalyzed C-N bond formation using Chan-
Lam® and aminative Suzuki-Miyaura reaction.*® Recently, we
reported the first synthesis and transformation of primary tri-
fluoroborate-iminiums (pTIMs).* The unique properties of
pTIMs inspired us to further explore their late-stage function-
alization with other reagents in order to extend their scope and
utility. For this purpose, we explored the reaction of alkyl
substituted pTIMs with N-fluorobenzenesulfonimide (NFSI),*
a well-known fluorinating reagent that also participates in
amination reactions catalyzed by different transition metals.**
Surprisingly, instead of the anticipated a-methylene fluorina-
tion, the C(sp®)-N bond-forming reaction took place yielding
the N-sulfonyl amidine derivative despite the reaction being
performed in the absence of transition metals. In this report, we
present findings on this investigation and provide mechanistic
insights into this novel C-N bond-forming transformation
(Scheme 1D). To the best of our knowledge, this represents an
unprecedented functional group transformation and azide- and
transition-metal-free access to N-sulfonyl amidines. With this
work we expand the scope of transition-metal-free C-N bond
formation reactions.?®*

Results and discussion

In the initial experiment, primary trifluoroborate-iminium
(pTIM) 1a reacted with NFSI (3 equiv.) in the presence of

© 2025 The Author(s). Published by the Royal Society of Chemistry

K,COj; (2 equiv.) and molecular sieves (3 A) in acetonitrile under
strict water-free conditions, at ambient temperature (Table 1) as
it was described by De Kimpe and coworkers for fluorination of
imines.*® After 0.5 h, almost no reaction was observed (Table 1,
entry 1). Subsequent sampling of the reaction mixture after 1 h

Table 1 Reaction of pTIM 1a with NFSI and its optimization

NFSI:
@ /
NH, F-N , KoCO3 NH,
S <
BF3 additive N
MeCN, r.t., 0.5-3 h
1a 2a
2a’ [%)]
Entry® NFSI (equiv.) K,COj; (equiv.) Additive 0.5h 1.0h 3.0h
1 3 2 MS3A 4 18 46
2 3 2 MS3A nd nd 26
3 3 2 10% H,0 99 100 100
4 3 2 1% H,0 95 100 100
5 1 1 10% H,0 93 100 100
6 1 1 1% H,0 47 83 100
7 1 0.1 1% H,0 20 26 29
1 0 1% H,0 0 0 0

“ Reactions were conducted by using 1a (0.2 mmol) at 0.1 M
concentration. ” The conversion into 2a was determined by "H-NMR
and was calculated as I,/(l1a + I2a) X 100%, where I, and I, are
integrals for CH; of 1a and 2a, respectively (see ESI Fig. S1-S8). nd =
not determined.
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and 3 h showed that 18% and 46% of product 2a was formed,
respectively (Table 1, entry 1). Characterization of the product
by NMR, HRMS and single crystal X-ray analysis later confirmed
the unexpected formation of unsubstituted N-sulfonyl amidine
2a. Performing the reaction in a strictly closed system without
any interim sampling led to significantly lower amount of 2a
(26%) after 3 h (Table 1, entry 2). This result suggested that
additional moisture introduced during the sampling in the
initial experiment (Table 1, entry 1) may have promoted the
reaction. To investigate this effect, we conducted the reaction
without molecular sieves and with 10% (v/v) added water.
Interestingly, 99% of 2a was obtained after just 0.5 h (Table 1,
entry 3), indicating that the presence of water was crucial for the
reaction's success. Lowering the amount of added water to 1%
(v/v) did not affect the reaction outcome (Table 1, entry 4). Using
stoichiometric amounts of NFSI and K,CO; in the presence of
10% (v/v) water provided 93% of 2a after 0.5 h, with full
conversion achieved after 1 h (Table 1, entry 5), significantly
improving the reaction’s atom economy. When 1% (v/v) of water
was used in combination with stochiometric amount of used
K,CO; and NFSI, to avoid potential imine hydrolysis® at longer
reaction times, full conversion to 2a was achieved in 3 h (Table
1, entry 6). In contrast, catalytic amount of the base (0.1 eq.)
resulted in only 29% conversion to 2a after 3 h (Table 1, entry 7).
Moreover, in the absence of K,CO3, no reaction occurred (Table
1, entry 8). A similar trend was observed for pTIM with aryl
substituent (Table S1 and Fig. S9%).

With the optimal reaction conditions in hand, we evaluated
the scope of the transformation. Various aliphatic substituents
including linear alkyl (1a), branched alkyl (1b and 1c), hydrox-
ylated alkyl (1d) and cyclic alkyl (1e and 1f) were well tolerated,
affording the desired unsubstituted N-sulfonyl amidines 2a-fin
good to high yields (62-85%, Scheme 2A) after simple isolation
using solvent evaporation and extraction. Next, we evaluated
a broad scope of pTIMs 1 containing electron-donating (EDG) or
electron-withdrawing (EWG) groups on aromatic rings. pTIMs
1g-s bearing mono- and disubstituted aryl rings, provided the
corresponding products 2g-s in good to high yields (65-88%,
Scheme 2A) regardless of the nature of the substituent on the
aromatic ring. Interestingly, substrates 1 containing EDG
groups on aryl ring (1h, 11, 1m, 1n, and 1s) provided products in
slightly higher yields compared to their counterparts containing
EWG groups (1i-k and 10-1). In addition, pTIMs 1t-v featuring
five-membered thiophene and furan rings smoothly underwent
C-N bond formation to afford the corresponding unsubstituted
N-sulfonyl amidines 2t-v in 71-80% yield.

Noteworthily, as in the case of aliphatic substrates, pure
products 2g-o and 2r-v were isolated by simple solvent evapo-
ration and extraction, while for substrates 2p and 2q chro-
matographic isolation was required due to the low volatility of
ethyl cyanobenzoate side products (vide infra).

An interesting case in the reaction scope investigation was
meta-phenol substrate 1w, which provided a mixture of two
products 2w and 2w/, in a 1:1.25 ratio with an overall yield of
69%. The formation of 2w’ can be explained by subsequent
reaction of 2w with benzenesulfonyl fluoride by-product, which
is formed from NFSI (vide infra). Finally, pyridyl substrate 1x led

12014 | Chem. Sci, 2025, 16, 12012-12023
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to reactions with multiple side products, and in the best case,
the desired 2x was isolated in 41% yield after chromatographic
purification (Scheme 2B).

By applying the optimal reaction conditions established in
the screening phase, the reaction was successfully scaled-up for
substrates 1k, 1m, and 1q giving the corresponding products
2k, 2m, and 2q in 0.81-1.22 grams and 71-91% yield (Scheme
2A), which demonstrated the feasibility of the developed C-N
bond-forming methodology.

Ambiguity exists in the literature regarding the structure of
unsubstituted N-sulfonyl amidines, with some reports sup-
porting tautomeric form A,*%¢18-2224 while others propose
tautomeric form B'®* (Scheme 1A). To resolve this uncertainty,
we focused on determining the structure of isolated products 2.
Initially, we conducted "H NMR, 2D "H-'"H COSY NMR and 2D
'H-">N HSQC NMR spectroscopy studies on compounds 2a, 2f,
>N-2f, 2m and "’N-2m (Fig. $10-S31}). Examination of 2a via
NMR spectroscopy revealed that in the 'H NMR spectrum
(DMSO-dg at 400 MHz, 295 K) two broad signals of equal
intensity appeared in the 7-9 ppm region at 0y 8.53 ppm and dy
7.93 ppm, which were assigned to NH protons (Fig. S107).
Notably, at a higher temperature (DMSO-d, at 400 MHz, 353 K),
a similar spectrum was observed with slightly broadened NH
proton signals located at dy 8.31 and 6y 7.79 ppm, which
remained well separated (Fig. S117). This indicates that 2a exists
as a single tautomeric form across a broad temperature range
(295-353 K) in DMSO-de. In MeCN-d; at 295 K, both NH signals
were observed at 6y 7.72 ppm and dy 6.90 ppm (Fig. S12%).
Importantly, 2D "H-">N HSQC NMR spectrum in MeCN-d;
revealed correlation signals between both NH protons located at
0y 6.90 ppm and ¢y 7.72 ppm and a single nitrogen atom
located at 0y 106.8 ppm, confirming that both NH protons are
attached to the same nitrogen atom (Fig. S137). Similar results
were observed for products 2f and 2m, as confirmed by their 'H
NMR and 2D "H-""N HSQC NMR spectra (Fig. S14-S217).
Furthermore, we synthesized '°N-labeled compounds 2f and
2m, namely "’N-2f and "*N-2m using "*N-pTIMs "’N-1f and "°N-
1m. In the "H NMR spectrum (MeCN-d;) of *>N-2f, we observed
two sets of doublet of doublets signals for NH protons located at
0y 6.92 ppm (J = 93.2 and 2.5 Hz) and at 6y 7.76 ppm (J = 91.3
and 2.5 Hz) (Fig. S227). The 2D "H-"H COSY NMR spectrum of
1>N-2f showed correlations between the NH signals at dy
6.82 ppm and 0y 7.05 ppm, and another set of NH signals at 0y
7.64 ppm and dy 7.87 ppm (Fig. 1A and S231). In the '"H-"°N
NMR coupled spectrum, the N-labeled nitrogen in '>N-2f
appeared as a triplet signal at o5 106.9 ppm (J = 92.2 Hz), which
is characteristic for "H-"°N couplings,* and in the "H-">N NMR
decoupled spectrum as a singlet signal at nearly the same
chemical shift (Fig. S24 and $25%). The 2D "H-">N HSQC NMR
spectrum of N-2f in MeCN-d; again confirmed correlation
signals between the NH proton signals located at (6 6.92 ppm
and 0y 7.74 ppm) and nitrogen atom at ¢y 107.0 ppm, verifying
that both NH protons are attached to the labeled "*N-nitrogen
(Fig. 1B and S267). The same set of NMR experiments con-
ducted on aromatic derivative '>N-2m yielded the same

outcome (Fig. S27-S31%). These studies conclusively

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A. Scope of pTIMs reaction with NFSI and larger scale synthesis of unprotected N-sulfonyl amidines:

®
)NLHé NFSI (1 equiv.), K;CO; (1 equiv.) NH,
N
R” "BF R” N”
3 MeCN, Hy0 (1% V/v), rt., 1-6 h
1a-v 2a-v
NH, NH, NH, NH, NH, NH,
P o P < Nyl g
N N N HO ;N N N
2a (85%)° 2b (73%)° 2c (62%)° 2d (78%)° 2e (67%)° 2f (79%)°
NH, NH, NH, NH, NH, NH,
X, S SN S X, S
©/LN/ /@)\N /©)\N /©)\N /©)\N /©)\N
F cl Br Ph
2g (72%)° 2h (87%)° 2i (83%)° 2j (72%)® 2k (84%) 21 (88%)°
larger scale: 1.22 g, 91%
NH, NH, NH, NH, NH, NH,
/@)\\N/ <0:©)\\N' /@)\\N, /©)\\N, Et020\©/j\\N, /@/L\N,
MeO o NZ EtO,C F5C
2m (83%)® 2n (78%)° 20 (73%)° 2p (65%)° 2q (72%)° 2r (75%)°
larger scale: 1.02 g, 71% larger scale: 0.81 g, 74%
NH, NH, NH, NH,
SN S NS g NS . NS p
N 4 N &S N o N
MeO S CS =
OMe
2s (71%)° 2t (71%)° 2u (75%)° 2v (80%)°
B. Special substrate examples:
® ®
NH, NH, NH, NH, NH,
©  NFSI (1 equiv.), K,CO;3 (1 equiv.) ~ ~ ©  NFSI (1 equiv.), K,CO3 (1 equiv.) ~
BF; N~ + N~ ‘ X BF, | N N
MeCN, HyO (1% v/v), r.t.,, 6 h N MeCN, Hy0 (1% Viv), r.t., 6 h N
OH OH o
1w 2w/2w' (1/1.25 ratio, 69%)° 1x 2x (41%)°

Scheme 2

(A) Scope of primary trifluoroborate-iminiums reaction with NFSI? and larger scale synthesis of unprotected N-sulfonyl amidines. (B)

Special substrate examples. ?Reaction carried out with 0.20-0.80 mmol scale. Reaction times were: 1 h for 1aand 1c, 2 h for 1b, 1d and 1fand 6 h
for all other substrates. Isolated yields are reported. °lsolation using solvent evaporation and extraction. “Isolation using column chromatog-

raphy. See ESIt for details.

demonstrate that compounds 2 exist in solution as tautomeric
structure A (Scheme 1A).

Moreover, during the reaction screening and scope investi-
gation single crystals of 2a, 2e, 2h, 2j, 2m, 2p and 2u suitable for
single crystal X-ray diffraction were obtained (Fig. 2A, S32-S41
and Table S27). In all crystal structures, the N-C=N-S fragment
is almost planar with dihedral angles ranging from 1.02 to
7.73°, with the exception of structure 2u where the dihedral
angle is 13.49°. Such orientation enables the formation of
intramolecular N-H:--O hydrogen bonding between one
hydrogen atom of the amino group and one oxygen atom of the
sulfonyl group. The N---O distances in the range 2.702-2.886 A
indicate strong intramolecular hydrogen bonding (Table S37).
Additional hydrogen bonding interactions of the amino groups
leads to different hydrogen-bonding motifs in the studied
structures. In 2a three N-H---O interactions are present between
the amino group and three sulfonyl groups. A bifurcated
hydrogen bonding interaction enables the formation of
hydrogen-bonded  centrosymmetric  dimers with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

aforementioned intramolecular hydrogen bonding as well as
the intermolecular hydrogen bonding with the sulfonyl group of
the adjacent molecules. Furthermore, the second hydrogen
atom of the amino group interacts with adjacent sulfonyl group
connecting these centrosymmetric dimers into centrosym-
metric tetramers and thus the 1D belt is formed (Fig. S351). In
2e, 2m and 2u intermolecular N-H---O interaction between the
amino group and the sulfonyl group of the adjacent molecule
enables the formation of hydrogen-bonded chain (Fig. S36, S39
and S41%). In 2h and 2j three crystallographically independent
molecules are present in the asymmetric unit. In both struc-
tures each amino group is involved in three N-H:--O interac-
tions with three sulfonyl groups; a bifurcated hydrogen bonding
interaction (intramolecular and intermolecular) and additional
intermolecular hydrogen bonding with the sulfonyl group of the
adjacent molecules. These interactions enable the formation of
hydrogen-bonded belt in both structures (Fig. S37 and S387). In
2p also three N-H---O interactions are present with the amino
group as a hydrogen-bond donor. A bifurcated hydrogen

Chem. Sci., 2025, 16, 12012-12023 | 12015
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Fig. 1 (A) *H-'H COSY NMR of ®*N-2f in MeCN-ds at 295 K and (B)
H-1N HSQC NMR spectrum of *N-2f in MeCN-ds at 295 K.

bonding interaction is present with intramolecular hydrogen
bonding as observed in all studied structures as well as inter-
molecular N-H---O interactions between the amino group and
the sulfonyl group of the adjacent molecule enabling the
formation of hydrogen-bonded chain. The second hydrogen
atom of the amino group connects these chains into layer
through the interaction with the carbonyl oxygen atom of the
adjacent molecule (Fig. S40t). Therefore, the analysis of
residual electron density maps (Fig. $32-S34f1) and the
described hydrogen-bonding motifs (Fig. 2A and S35-S41%)
unequivocally support the tautomeric form A (Scheme 1A) for
products 2 in the solid state.

Interestingly, Bi et al.>* made similar products using a silver-
catalyzed four-component transformation of alkynes (Fig. 1C)
and proposed tautomeric structure B for obtained products
based on '"H NMR, *C NMR spectra and the single crystal
structure of one product. However, repetition of Bi's procedure
provided product 2y (Fig. 2B), which showed tautomeric struc-
ture A in both solution and solid state as confirmed by '"H NMR,
2D "H-""N HSQC NMR (Fig. S43-5467), and single crystal X-ray
analysis (Tables S2, S3 and Fig. S427).

Therefore, both NMR spectroscopy and single crystal anal-
ysis clearly demonstrate that unsubstituted N-sulfonyl amidines
2 exist as tautomeric form A, both in solution and solid state.

12016 | Chem. Sci,, 2025, 16, 12012-12023
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A. Single crystal X-ray structure of the prepared products obtained in this work:

NH; © NH, NH, NH,
N - X, - N - N -
Cl
2a 2e 2h 2j
X-ray of 2a X-ray of 2e X-ray of 2h X-ray of 2j
NH, NH, NH,
NS » NS _ NS .
@” . . @AN
MeO EtO,C
2m 2p 2u
X-ray of 2m X-ray of 2p X-ray of 2u

B. Single crystal X-ray structure of product 2y obtained using Bi’s procedure:

MeO

X-ray of 2y

C. DFT relative free-energies (kcal mol™') of tautomeric forms of 2y:

A B
NH, NH
N -
N~ N
H
MeO MeO
0.0 +16.0

Fig. 2 (A) Single crystal X-ray structure of products 2a, 2e, 2h, 2j, 2m,
2p and 2u. (B) Single crystal X-ray structure of product 2y obtained
using Bi's procedure 2 (C) DFT relative free-energies in kcal mol™ of
two tautomeric forms of 2y (A and B).

To rationalize the observed tautomeric structure A in prod-
ucts 2, we have performed DFT calculations (see below for
details) to evaluate the relative free-energy of the tautomeric
forms A and B in products 2 (Fig. 2C). In all the analysed cases,
2a, 2g, 2m and 2y, the tautomeric form A is significantly more
stable than form B by 18.6, 16.0, 15.9 and 16.0 kcal mol ",
respectively, which agrees with experimental observations (see
ESIT for details).

Although sulfonyl amidines represent an interesting group
of compounds on their own right,"”” we wanted to extend the
utility and synthetic applications of the developed C-N bond-
forming methodology to unsubstituted amidines. To that end,
we first studied the removal of benzenesulfonyl group from the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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unprotected N-sulfonyl amidines 2. To our surprise, treatment
of 2h with NaOH in MeOH at reflux, as reported by Bi and co-
workers,” did not provide the corresponding amidine 3. We
then studied approximately 30 different methodologies previ-
ously reported in the literature for deprotection of sulfonamides
(see ESIt for details). Notably, only TfOH/phenol**** or HCIO,
in AcOH" enable the sulfonyl group deprotection of unpro-
tected N-sulfonyl amidines 2 to amidines 3 (Scheme 3A and ESI
pages S54-S587). Using the discovered synthetic approach and
knowledge gained on the deprotection of sulfonyl amidines we
prepared two bio active compounds: factor Xa inhibitor deriv-
ative 7% and furamidine 10,*® in 20% and 25% overall yield in
three and two steps, respectively, starting from 2q and 2p
(Schemes 3B, C and ESI pages S59-S631).

Finally, we wanted to shed light on the reaction mechanism.
Important insights into the reaction mechanism were already
obtained in the reaction screening experiments, which revealed

A) Depr of N-Sulfony
5 eq. TfOH, 2 eq. PhAOH
1,2-DCE, 24 h, 85°C
NH or NH Xx©
70% HCIO,4 (aq) ®
NN AcOH, 12 h, 105 °C " NH,
R~ ——————— R
= =
2 3
B) Sy is of factor Xa inhibi
NH.
EtO,C. LiOH (2 equiv. 2
2 _LiOH@equv) HO,C N
1,4-dioxane/H,0 N
(4:1, viv)
rt,24h 4(90%)

AcOH
70% HCIO,4 (aq)| 105 °C
12h

Ph
N

rt,16h

7 (48%, >95% purity) 5 (47%)
20% overall yield
C) Synthesis of furamidine: NH,
N
N
O, - O
pinB o) Bpin Br

8 2p

Pd(PPhs), (5 mol%)
THF/H,0 (1:1, Viv)
100 °C, 24 h

-N N~

9 (48%)

TfOH (10 equiv.), PhOH (10 equiv.)\
-DCE

85°C, 24 h

I\
TFA- HNNH~TFA
HoN NH,

10 (52%)
25% overall yield

Scheme 3 Deprotection (A) and synthetic application of N-sulfonyl
amidines in the synthesis of factor Xa inhibitor (B) and furamidine (C).
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that the presence of K,CO; is mandatory for the reaction to
proceed, and the water accelerates the reaction (Table 1). This
suggests that the presence of the deprotonated form of pTIM 1a
may be essential for the reaction progress (Fig. S707). Water
likely plays an important role by solubilizing the inorganic base.
To better understand the reaction, we monitored the conversion
of 1a to 2a by 'H-, ''B- and "°F-NMR (Fig. $71-S757) in order to
identify key species formed in the reaction mixture. These
studies revealed that propionitrile (CH;CH,CN) as minor side
product and benzenesulfonyl fluoride (PhSO,F) as a by-product
were formed beside 2a. In addition, we observed that two
inorganic boron containing compounds were produced along
the reaction: potassium hydroxytrifluoroborate (KBF;OH) as
a major product and potassium tetrafluoroborate (KBF,) as
a minor product (Fig. S48A and S59-S68t). We also monitored
the reaction progress using 'H NMR spectroscopy with
substrate 1m (Scheme 4A). Similarly, the formation of benze-
nesulfonyl fluoride and 4-methoxybenzonitrile was confirmed
by comparison with authentic reference compounds (Fig. S59,
S60 and S691).

For further insights, several control experiments were
carried out (ESI pages S64-S102 and Fig. S48t). First, we
examined if the reaction involves radical species, given that
NFSI has a low N-F bond dissociation energy and is known to
participate in many radical fluorination and amination trans-
formations.** Experiments that excluded light and included
radical scavengers were indicative of non-radical mechanism
(Fig. S48C and S76-S807). This was ultimately proved by direct
reaction monitoring using continuous wave X-band EPR spec-
troscopy, which demonstrated that the reaction mixture was
EPR silent (Fig. S48D and S81-S84t). The role of the observed
nitrile side products as reaction intermediates was excluded by
reaction of 4-methoxybenzonitrile with dibenzenesulfonimide,
benzenesulfonimide and NFSI (Fig. S48F and S86-5S897).

It is well-established that NFSI reacts with hard nucleophiles
(e.g- nitrogen and oxygen nucleophiles) at sulfur. In the reaction
of NFSI with hydroxide ions, benzenesulfonate anion and N-
fluorobenzenesulfonamide (PhSO,NHF) are produced.* This
prompted us to explore PhSO,NHF as a potential reaction
intermediate in the conversion of 1m to 2m. We first prepared
PhSO,NHF according to the procedure described by Qing and
co-workers.* Subsequently, the reaction of 1m with PhSO,NHF
resulted in the formation of 2m, which was isolated in 74% yield
(Scheme 4B and Fig. S93, S947). It is important to note that the
reaction was completed in just 30 minutes, with no starting
material observed in the "H NMR spectrum. This is significantly
faster compared to the standard conditions using NFSI instead
of N-fluorobenzenesulfonamide, where the reaction took over
an hour (Fig. S957). Interestingly, when 1m was reacted with
PhSO,NHF without the presence of K,COj;, no reaction took
place as it was observed for reactions with NFSI (Scheme 4C and
Fig. S967). This additionally indicates that the deprotonation of
pTIM 1m and PhSO,NHF (pK, < 0 was estimated for PhSO,-
NHF*) may be essential for the reaction to take place.

Moreover, these experiments suggest that deprotonated
PhSO,NHF might likely be key intermediate species involved in
the formation of products 2.°** Indeed, PhSO,NF  was
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A) Reaction products and reaction progress monitoring by "H NMR spectroscopy:
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® N
NH, HN=F (4 eq.), K,CO5 (1 eq.) NH,
) N
BF; N~
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MeO MeO’

1m 2m
74% yield

C) Reaction of pTIM with N-fluorobenzenesulfonamide without the presence of base:

® HN—F )
NH, (1 eq.), without base NH,
) X,
BF, N
MeCN, H,0 (1% vAv), rt, 1h
MeO’ MeO
1im 2m
no product detected
on LC-MS
D) Reaction of KAT with NFSI:
9 NFSI (1 eq.), K;CO; (1 eq.) o
BFsK  MeCN, H,0 (1% viv), rit., 6 h /©)Lﬂ
MeO’ MeO
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no reaction
Scheme 4 (A) Reaction products and reaction progress monitoring by

'H NMR. Key control experiments: reaction of pTIM 1m with PhSO,-
NHF in the presence of base (B) and absence of base (C); reaction of
KAT 1m’ under standard conditions (D).
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detected by LC-HRMS (ESI) analysis of the reaction mixture ([M
— HJ], found 174.0024, calculated 174.0031) together with
benzenesulfonate (PhSO; ™ ; [M — H], found 156.9958, calcu-
lated 156.9965) (Table S6 and Fig. S977).

To verify the importance of imine structure in the substrate
for the observed reactivity, potassium acyltrifluoroborates (KAT)
1m’ was subjected to the standard reaction conditions, which
provided no reaction (Scheme 4D and Fig. S857). This suggests
that the imine structure in pTIMs 1 plays a crucial role in their
coupling with NFSI and may be involved in the activation of
NFSI via the formation of N-fluoroimine intermediates which
are known to react readily with nitrogen nucleophiles.>

Bode's group recently demonstrated that C-to-N 1,2-BF;
migrations, initially discovered by Yudin et al®** on B-MIDA
acylboronates, represent a key step in amide formation during
the ligation of KATs with hydroxylamines®®*® and N-chloro-
amines.”” Based on the apparent similarities to Bode's chem-
istry, the C-to-N 1,2-BF; migration process might be important
for our mechanistic pathway, although the reaction initiation is
apparently different.

To gain further insights into the reaction mechanism, we
carried out DFT calculations (wB97X-D/6-311g++(d,p)/SMD
level, for details see ESI pages S$103-S1171). As a model
substrate we selected the aliphatic pTIM 1a’ (Scheme 5), which
is analogous to compound 1a but replacing the ethyl by
a methyl group to simplify the conformational complexity.
Experimentally, we observed that the C(sp?)-N coupling of pTIM
with NFSI requires stoichiometric amounts of base (see above).
Thus, as computational model of the base, we used KOH
molecule, which can be formed through the interaction of
K,CO; with H,O (see Scheme 5, top).

We can hypothesize that the reaction initiates with the base
activation of one reactant, the other, or both. The deprotonation of
pTIM (1a') and desulfonylation of NFSI are largely exergonic,
irreversible processes with AG = —27.7 and —49.8 kcal mol ™,
respectively (Scheme 5A and B). Note that the free-energy differ-
ences are large enough to ignore the modeling limitations of
strong bases in polar solvents. Importantly, the resulting species,
the deprotonated form of pTIM (II) and PhSO,NF ™ (I), have been
characterized by NMR and HRMS techniques in the reaction
mixture of 1m (Fig. S102 and S98,T respectively). The deprotona-
tion of pTIM by KOH base to yield compound II proceeds downhill

K,CO3+H,0 ——— 2KOH+CO,
®
ﬁHz wH
(A) C_o *+KOH —— C._o *H0 AG =-27.7
me” BF, me” ®\BF3
K
1a' n
PhO,S PhO,S
(B) N—F +KOH ——> :N—F +PhO,SOH AG=-49.8
Oy S
PhO,S
NFSI 1

Scheme 5 Representation of the postulated initial acid—base reac-
tions for deprotonation of pTIM 1a’ (A) and defluorination of NFSI (B).
DFT free-energies kcal mol™.
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without barrier in the potential energy surface (Fig. S1017). Hence,
the process would be controlled by the diffusion of reactants, for
which we can assume a low free-energy barrier of approximately
3 keal mol " (Scheme 5A). Similarly, the free-energy scan of the
desulfonylation by KOH base to give compound I and PhSO,0H
indicates that the process occurs without significant energy barrier
(Fig. S1037). Thus, both, compounds I and I can be formed under
reaction conditions, but the modeling limitations of acid-base
chemistry in solution do not allow estimating the ratio between II
and I. From base activated species II and I depicted in Schemes 5A
and B, we can envision two different reactive scenarios: reaction of
species I with NFSI (mechanism A), and reaction of species I with
1a’ (mechanism B), both giving the corresponding N-sulfonyl
amidine 2a’.

Fig. 3A shows the computed free-energy profile for formation
of sulfonyl amidine product 2a’ from II and NFSI following
mechanism A. This mechanism is energetically feasible with
a low overall free-energy barrier of 15.6 keal mol™" (II + NFSI —
TSiv). Moreover, this mechanism releases potassium hydroxy-
trifluoroborate KBF;OH as by-product, which was identified as
the major boron product by "B NMR (in reaction with 1a;
Fig. S721). The mechanism can be divided into 4 main steps
(Fig. 3A): (i) the conjugated base of pTIM (species II) undergoes an
electrophilic fluorination by the NFSI yielding intermediate IV; (ii)
the defluorinated NFSI attacks nucleophilically the C(sp?) of
intermediate IV forming the new C-N bond in the tetrahedral
intermediate V, and subsequently, the K" counterion assists the
concerted 1,2-shift of BF; and F substituents releasing interme-
diate VI; (iii) the fluoride substituent attacks intramolecularly the
sulfonyl moiety in syn to yield the benzenesulfonyl fluoride
(PhSO,F), which is detected by “F-NMR as by-product in the
reaction of 1a (see above and Fig. S73%), together with the bory-
lated N-sulfonyl amidine VII; and (iv) final hydrolysis of BF; in VII
gives the sulfonyl amidine product 2a’ and the potassium
hydroxytrifluoroborate (KBF;OH), which is detected as a major
product in the reaction of 1a (see above and Fig. S72t). Interest-
ingly, the analysis of HRMS spectra obtained upon injection of
reaction mixture with reactant 1m shows a peak whose mass
(found 357.06956, calculated 357.06975) corresponds to a species
analogous to intermediate VII (Table S7 and Fig. S1007) further
supporting this mechanistic proposal. All the main steps of the
mechanism are thermodynamically favorable with low energy
barriers, being the electrophilic fluorination of intermediate II
(TSy1v) the most energy demanding step (see Fig. 3A). Note also
that the conversion of intermediate V to VI proceeds with a very
smooth energy barrier, suggesting that it can occur concertedly.

In the second reactive scenario, the species I, in which
a highly nucleophilic nitrogen was generated, reacts with pTIM
1a’ to give 2a’ (mechanism B). Fig. 3B shows the computed free-
energy profile for mechanism B, for which the overall free-
energy barrier (9.8 kcal mol™", Il - TSyy_ym) is also low.
This mechanism can be divided into 3 major reaction steps
(Fig. 3B): (i) the desulfonylated NFSI, PhSO,NF~ (I), attacks
nucleophilically reactant 1a’ forming the new N-C bond with
a very low free-energy barrier (2.2 kcal mol "), (ii) the resulting
intermediate III, which was detected by HRMS (ESI) analysis of
the reaction mixture (in reaction with 1m; [M], found

© 2025 The Author(s). Published by the Royal Society of Chemistry
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377.0755, calculated 377.0760, Fig. S997), undergoes the elec-
trophilic defluorination by K' cation with the concomitant
release of KF and the C to N 1,2-shift of BF; group to interme-
diate VIII, and (iii) the deborylation in VIII by KF releases the
final product 2a’ and the by-product KBF, that was confirmed as
a boron product by ''B NMR (in reaction with 1a; Fig. $727). The
potassium tetrafluoroborate (KBF,) was observed as a minor
boron product what may indicate that mechanism B operates in
a minor extent. However, KBF, can react with the excess of KOH
(2 equiv.) to form the potassium hydroxytrifluoroborate
(KBF;0H) observed as a major boron product and whose
process is exergonic by 24.7 kcal mol ' according to DFT
calculations (see Fig. S1061). We also note that the ionized form
of intermediate VIII could correspond to the HRMS spectral
peak for the reaction mixture of 1m (Table S7 and Fig. S1007). In
contrast to mechanism A, in mechanism B, the 1,2-BF; migra-
tion is not accompanied by the reverse 1,2-F migration. This was
confirmed by IRC calculations at the corresponding transition
state TSyy_vmn (see Fig. 3B) followed by geometry optimization.
The overall computational results are consistent with
previous computational studies in related reactions and with
experimental observations. Bode and co-workers® have
computationally studied a related process: the C(sp*)-N
formation in amide ligations by reaction of potassium acyltri-
fluoroboronates (KAT) and O-subtituted hydroxyl amines.*® This
current mechanistic proposal shares some chemical features
with Bode's work such as the C-N bond formation through the
nucleophilic attack of the N-containing reactant (TSy._y and TS,
m) to yield a tetrahedral intermediate (V and II), or the
nitrogen-heteroatom bond cleavage with concomitant 1,2-BF;
migration (TSy-y; and TSyvm). Moreover, our calculations
indicate that the C(sp*)-N cross-coupling of trifluoroborate-
iminium with NFSI proceeds through two simultaneous path-
ways, the one (mechanism A) starts from conjugated base of the
iminium, and the other one (mechanism B) starts from the
base-activated NFSI species PhSO,NF~ (I). With these reactive
scenarios, it is possible to explain the formation of all the
intermediates and by-products observed experimentally in
reaction of 1a or 1m: the active forms of the reactants I and II
(Scheme 5), the boron by-products KBF;0H and KBF,, the by-
product PhSO,F, and the reaction intermediates III, VII, and
VIII. Interestingly, in both mechanisms A and B the rate-
determining steps involve an electrophilic process: the electro-
philic fluorination of species II in mechanism A (TSy;_y) and the
K" cation abstraction of the fluoride of intermediate I in
mechanism B (TSyrvm). This explains why the addition of
electron donating groups in the aryl substituent of pTIM results
in slightly higher yields (see above). The proposed mechanisms
are also consistent with the observed stereoselectivity of
product 2, in which the amino and sulfonyl substituents of the
C=N bond are in cis (Fig. S1077). In the stereo-determining step
for mechanism A (VI — VII), the free-energy barrier conducting
to 2a’ is 2.2 keal mol ™" lower than that for the opposite isomer,
and the resulting intermediate VII, which could be reversely
formed, is 2.7 kcal mol™'. For mechanism B, the difference in
the irreversible stereo-selectivity determining step (III — VIII) is
even larger (6.6 kcal mol™') in favor of the observed isomer.

Chem. Sci., 2025, 16, 12012-12023 | 12019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc02912k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 June 2025. Downloaded on 4/2/2026 5:50:17 PM.

(cc)

View Article Online

Chemical Science Edge Article

A) Mechanism A:
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Fig. 3 Proposed mechanisms for the formation of unsubstituted N-sulfonyl amidines from pTIMs 1 and NFSI. Free-energy (kcal mol ™) profiles
for the mechanism A with the zero-energy set at species Il (A), and for the mechanism B with the zero-energy set at species L (B). Word "detected”
indicates species detected experimentally during the reaction mechanism investigation on substrates 1a or 1m.

Conclusions proceeds smoothly without excess of any reagents and under

mild conditions. A broad range of aliphatic and aromatic pTIMs
In summary, we report a novel C-N bond-forming reaction underwent the C(sp*)-N bond-forming reaction with NFSI in the
featuring pTIMs and NFSI, which enables facile access to presence of K,CO; and water giving a diverse range of unsub-
unsubstituted N-sulfonyl amidines. This unexpected C(sp”)-N stituted N-sulfonyl amidines in good to high yields. DFT
coupling applies easily from accessible starting materials and calculations showed that reaction is initiated by the base
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activation of either the pTIMs or the NFSI reactant, yielding two
distinct mechanisms that operate simultaneously. One of them
starts by deprotonation of pTIM, whose conjugate base
defluorinates NFSI increasing the nucleophilic character of its
nitrogen and favoring C-N bond-forming. In the other reaction
mechanism, the base desulfonylates NFSI generating a highly
nucleophilic nitrogen able to attack the C(sp*) of pTIM to form
the new C-N bond. In both mechanisms, the electrophilic
defluorination of the nitrogen moiety by a potassium cation
involves a concomitant C to N 1,2-BF; migration. The usefulness
of the presented method was also demonstrated with the
synthesis of factor Xa inhibitor derivative and furamidine.
Thus, the methodology is especially suitable for the preparation
of small N-sulfonyl amidine building blocks that can be incor-
porated into larger structures. The presented methodology
opens new avenues in transition metal free C(sp®)-N coupling
chemistry, as well as safe and sustainable new approach to
functionalized amidines as important organic functionality.
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