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Abstract: A palladium-catalyzed domino reaction
of 2-azidosulfonamides and isocyanides enables the
synthesis of 3-amino-substituted 1,2,4-benzothiadia-
zine 1,1-dioxides at room temperature. By applying
commercially available Pd(dba), in catalyst loadings
as low as 1.0 mol%, a variety of 21 differently
substituted 2H-1,2,4-benzothiadiazine 1,1-dioxides
can be prepared within 2 h. Moreover, the devel-
oped protocol gives access to the related 4H hetero-
cycles.

Keywords: Domino reactions; palladium catalysis;
sulfur heterocycles; sulfonamides; azides

Sulfonamides are ubiquitous in medicinal chemistry.
Due to their versatile biological activities, they are
widely applied as high-selling drugs with anti-micro-
bial, anti-diabetic, anti-hypertensive, or anti-inflamma-
tory properties.!! Two of the most popular sulfona-
mides are Furosemide (A)” and Chlorothiazide (B)
(Scheme 1),”! which belong to the essential medicines
according to the World Health Organization (WHO).!"!
While Furosemide (A) is a loop diuretic,”” Chlorothia-
zide (B) is an antihypertensive and diuretic.””! Besides
their applications in medicinal chemistry, sulfonamides
are also broadly utilized in crop protection,” as
exemplified by Cyprosulfamide (C).”*°!

Among bioactive sulfonamides, the corresponding
heterocycles named sultams have attracted particular
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interest in the development of new active pharmaceut-
ical ingredients.””! Examples include 1,2,4-benzothia-
diazine 1,1-dioxides Chlorothiazide (B) or Diazoxide
(D), which both revealed various pharmacological
activities.”) Along the same lines, their related 3-
amino-substituted derivatives E'” and F!'"! have been
intensively studied (Scheme 1). In addition, chiral
derivatives of E found wuse as asymmetric
organocatalysts.['”

For the synthesis of 3-amino-substituted 1,2,4-
benzothiadiazine 1,1-dioxides, either a two-step ap-
proach involving an Aza-Wittig-type reaction of 2-
azidosulfonamides (1) and isocyanates!*! or multiple-
step syntheses from various starting materials have
been  established over the past decades
(Scheme 1).["%* 141 I the case of the Aza-Wittig-type
reactions,!” 2-azidosulfonamides (1) react with phos-
phines (usually triphenylphosphine) to give the corre-
sponding iminophosphoranes. The latter then react
with isocyanates forming carbodiimide intermediates
which subsequently yield the desired heterocycles.
Although the overall yields of this approach are
moderate to excellent, the protocols commonly suffer
from harsh reaction conditions and long reaction
times.!") Another strategy is based on condensations of
o-aminoarylsulfonamides or o-halogenated aryl-
sulfonyl-halides with suitable dielectrophiles or dinu-
cleophiles. Although this approach enables a one-step
synthesis of the desired heterocycles, the yields have
remained low to moderate and harsh reaction con-
ditions are required in most of the protocols.!'® ™
Finally, Maes and co-workers demonstrated in a single

© 2023 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH
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Examples for bioactive sulfonamides
o

0 0
4 AP RV
|
o N el a N)
\ /| H H

Furosemide (A)
Hoechst AG

o
RV
NS
H
(o]
OMe
HN

Cyprosulfamide (C)
Bayer CropScience

Chlorothiazide (B)
Merck & Co.

AL Vs EV3 2
cl S\N X S‘N T S\N’R
R1_ R1_

D@ LI L e
N7 N NN
N~ Me | H |
H R2 R*
Diazoxide (D) e.g. Karp channel e.g. Pan-Pim

Schering Corporation openers (E) kinase inhibitors (F)
Various groups (ref. 13)
o}
o 0 \V Q.0
¥ R PPy F T RINCO NS R
rif N H/ —_— R P H —_— R )N\
A A g ) 3
" N e
3 PPhy H H
1
Maes and co-workers (2022, ref. 18a)
o 0 .
Y INi] or [Pd] O\\S//O
SNHp Bu 0, “NH
oo 2T A
NH toluene or 2-MeTHF N7 N/I-BU
2 2a 75 °C or 100 °C H
4hor72h
This work
P
R2 = alkyl, aryl AR
— s R
it LA R
o0 Pd(dba), NT N
¥ re 1.0-1.5 mol%
T N R — 000000 | 3
R _J_H oN DMF, 2 h
N3 o 0
R2=H N\
1 2

A S\N

L -

N 1L

Cs,C0O,,60°C R @[NJ\N’R3
H H

5

Scheme 1. Examples for biologically relevant sulfonamides and
synthetic approaches for the preparation of sultams.

example that 3-amino-substituted 1,2,4-benzothiadia-
zine 1,1-dioxides can be prepared by metal-catalyzed
oxidative imidoylation reactions of 2-aminoarylsulfo-
namides with isocyanides.!"”'*! Using a nickel or a
palladium catalyst the product was obtained in yields
of 79% and 69%, respectively (Scheme 1).

As part of our ongoing research on the synthesis of
sulfur-containing heterocycles,"'” we recently reported
a highly efficient protocol for the synthesis of 3-
amino-substituted benzothiadiazine oxides."” When
applying tetrakis(triphenylphosphine) palladium(0) in
catalyst loadings of 0.25-1.5 mol%, 2-azidosulfoxi-
mines reacted with isocyanides to the corresponding
heterocycles under ambient conditions and in short
reaction times. Motivated by these results and in light
of previous studies on palladium-catalyzed domino
reactions of isocyanides and azides,” we wondered if
a similar approach could be applied for accessing 3-
amino-substituted 1,2,4-benzothiadiazine 1,1-dioxides.
Herein, we demonstrate the success of this approach
(Scheme 1).
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The investigations were started by applying the
previously developed protocol’®*” in the model
reaction of 2-azidobenzenesulfonamide 1a with
isocyanide 2a and tetrakis(triphenylphosphine)-
palladium(0) as a metal pre-catalyst (Table 1, entry 1).
To our delight, our initial hypothesis was correct, and
compound 3aa was isolated in 29% yield. Next,
various metal pre-catalysts (Table 1, entry 1-7) were
screened. The application of palladium(Il)-acetate,
rhodium(Il)-acetate = and  pentamethylcyclopenta-
dienylrhodium(Ill)dichloride dimer (Table 1, entry 2—
4) gave compound 3 aa only in poor to moderate yields
(8%, 13%, and 44% yield, respectively). However, the
application of the commercially available and moder-
ately air  stable palladium(0)  pre-catalysts
tris(dibenzylideneacetone)-dipalladium(0) [Pd,(dba),]
and bis(dibenzylidene-aceton)palladium(0) [Pd-
(dba),]*" improved the yield significantly and hetero-
cycle 3aa was isolated in 93% and 98% yield,
respectively. Maintaining Pd(dba), as the metal pre-
catalyst, the catalyst loading was investigated next.
While decreasing the catalyst loading from 5 mol% to
1.5 mol% had no influence on the reaction providing
3aa in 98% yield (Table 1, entry 8), a further reduction
to 1.0 mol% or 0.5 mol% led to a decreased yield of
94% or 43%, respectively (Table 1, entry 9 and 10).
Next, various polar and non-polar aprotic solvents
were screened (Table 1, entry 8, 11-14). Among the
tested solvents DMF, THF, DCM, MeCN, and toluene,
DMF proved optimal. In the last step, the reaction time
was reduced to 2h (Table 1, entry 15), providing
heterocycle 3aa in 95% yield. When performing the
reaction in the absence of a metal catalyst (Table 1,
entry 16), no product formation was observed, con-
firming the importance of a catalytic process."*”!

Next, the substrate scope was investigated to
evaluate the applicability of the developed protocol
(Scheme 2). By applying the optimal reaction con-
ditions (Table 1, entry 15), various aliphatic (2a-2i)
and aromatic isocyanides (2j-2r) were tested in the
reaction with model azide 1a first. Comparing the
results for compounds 3aa (95%), 3ab (99%), 3ac
(96%), 3ad (98%), and 3 ae (96%), resulting from the
reaction of 1a with alkyl-substituted isocyanides 2 a—e,
respectively, revealed that the degree of substitution
had only a minor effect. As expected, heterocycle 3 ad,
resulting from the reaction of model azide 1a with
isocyanide S-2d, was observed under full retention of
stereochemistry.”” The reaction of 1a with isocyanide
2 f bearing a morpholino group proceeded well, and the
corresponding product 3 af was isolated in 96% yield.
While the electron-rich benzyl isocyanide 2 g was well
tolerated and the corresponding product 3ag was
observed in 93% yield [using 2.5 mol% Pd(dba,)],
electron-poor isocyanides 2h** and 2i proved to be
incompatible, and only trace amounts of compound
3 ah were detected by HRMS.

© 2023 The Authors. Advanced Synthesis & Catalysis
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Table 1. Optimization of the reaction conditions.
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Entry™ Pre-catalyst mol% Solvent Yield [%]™
1 Pd(PPh;), 5.0 DMF 29
2 Pd(OAc), 5.0 DMF 8
3 Rh,(OAc), 5.0 DMF 13
4 [Cp*RhCL,], 5.0 DMF 44
5 Co(acac), 5.0 DMF 0
6 Pd,(dba), 5.0 DMF 93
7 Pd(dba), 5.0 DMF 96
8 Pd(dba), 1.5 DMF 98
9 Pd(dba), 1.0 DMF 94
10 Pd(dba), 0.5 DMF 43
11 Pd(dba), 1.5 THF 86
12 Pd(dba), 1.5 DCM 61
13 Pd(dba), 1.5 MeCN 23
14 Pd(dba), 1.5 toluene 91
15! Pd(dba), 1.5 DMF 95
16 - - DMF 0

[ Reaction conditions: Metal pre-catalyst, 1a (0.4 mmol), 2a (0.44 mmol), solvent (2.0 mL), argon atmosphere, rt, 12 h.

1 Yields determined after column chromatography.
[l Reaction time: 2 h.

The broad substrate tolerance was further confirmed
by successfully applying various aromatic isocyanides
(2j-2r) in the reaction with model azide 1la
(Scheme 2). The comparison of the results for elec-
tron-donating and electron-withdrawing isocyanides 21
and 2m, respectively, indicates that electronic effects
have no influence on the yield of the reaction. While
no stereoelectronic effect was observed in the series of
o- (2p), m- (2n) and p-tolyl (2k) substituted isocya-
nides, giving the corresponding products 3ap (95%),
3an (96%) and 3k (98%) in generally excellent yields,
a minor effect was observed in the series of the
corresponding chlorophenyl substituted heterocycles
[3aq (95%), 3a0 (87%) and 3am (93%)]. The reaction
of 1a with pyridyl-substituted isocyanide 2 r proceeded
poorly, and the corresponding product 3 ar was isolated
in only 9% yield. The application of higher catalyst
loadings (5.0 mol%) in this reaction had no positive
influence on the yield. The proposed molecular
structure for compound 3aa was confirmed by single-
crystal X-ray analysis.”*!

In the next step, a range of 2-azidosulfonamides 1
were tested in the reaction with model isocyanide 2a
(Scheme 2). Applying the optimal reaction conditions,
N-cyclohexyl substituted sulfonamide 1b was well
tolerated, and heterocycle 3ba was isolated in 98%
yield. The reaction of N-benzyl-substituted sulfona-
mide (1c¢) required a higher catalyst loading
(7.5 mol%), providing the corresponding product in
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77% yield. No product formation was observed when
N-trifluoroethyl-substituted sulfonamide 1d was used,
even when 10 mol% of the pre-catalyst was applied.
N-Phenyl-substituted sulfonamide 1e reacted poorly
under those conditions, too. As a consequence, the
results for compounds 3ba-3ea show that the elec-
tronic properties of the N-bonded substituent have a
crucial influence on the reaction outcome. The
application of aryl-substituted sulfonamide 1f in the
reaction with isocyanide 2 a provided compound 3 fa in
98% yield. Pyridyl-substituted sulfonamide 1g reacted
poorly, and compound 3ga was isolated in only 19%
yield under the optimal reaction conditions [1.5 mol%
Pd(dba),]. However, the yield could be improved up to
48% by applying higher catalyst loadings [10.0 mol%
Pd(dba),].*"

To test the scalability of the developed protocol, a
gram-scale experiment using 5.0 mmol of compound
la was conducted. To our delight, heterocycle 3aa
was isolated in 83% yield, thus demonstrating a good
scalability of the developed protocol.

To further eclaborate on the potential of the
palladium-catalyzed reaction of 2-azidosulfonamides
with isocyanides, the synthesis of related 4H-1,2,4-
benzothiadiazine 1,1-dioxides 5 was targeted next
(Scheme 3). Initially, the reaction conditions that had
been previously found to be optimal for the synthesis
of compound 3aa (Table 1, entry 15) were applied to
the reaction of 2-azidobenzene-sulfonamide (4a) and

© 2023 The Authors. Advanced Synthesis & Catalysis
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Scheme 2. Evaluation of the substrate scope with respect to
isocyanides 2 and azides 1. Reaction conditions: 1 (0.4 mmol),
2 (0.44 mmol), Pd(dba), (0.006 mmol, 1.5 mol%), DMF
(2.0 mL), rt, 2 h.") Gram-scale experiment using 5.0 mmol of
1a.% Use of 2.5 mol%, 5.0 mol%, 7.5 mol%, and 10 mol% of
the pre-catalyst, respectively.

isocyanide 2a. However, only trace amounts of the
desired product 5aa were observed. After a compre-
hensive adjustment of the reaction conditions, includ-
ing the catalyst loading, equivalents, temperature,
concentration and the addition of alkali bases as an
additive,” compound 5aa was isolated in 93% yield.
In particular, the addition of Cs,CO; was essential to
allow higher turnover numbers and consequently lower
catalyst loadings.*"**

With the adjusted optimal reaction conditions in
hand, the substrate tolerance with respect to various
isocyanides 2 was studied. The reactions of tertiary
(2a), secondary (2¢ and 2d) and primary (2e)
aliphatic isocyanides with azide 4 a proceeded well and
the respective heterocycles (5aa—5ae) were isolated in
moderate to excellent yields. In this series, higher
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Scheme 3. Evaluation of the substrate scope for the synthesis of
heterocycle 5. Reaction conditions: 4a (0.4 mmol), 2
(0.6 mmol), Cs,CO; (1.0 equiv.), Pd(dba), (0.004 mmol,
1.0 mol%), DMF (2.0 mL), 60°C, 2 h."! Applying the previous
optimal reaction conditions (Table 1, entry 15).") Use of
5.0 mol% of Pd(dba),.

catalyst loadings of 5.0 mol% of Pd(dba), were
necessary for substrate Sac, S5ad and Sae. To evaluate
the potential of the developed methodology in the
synthesis of potential chiral hydrogen-bond donor
catalyst,'” the reaction of model azide 4a with
isocyanide S-2d was investigated. To our delight, the
reaction procced smoothly and compound Sad was
isolated in 90% vyield and under full retention of
stereochemistry.” Moreover, aromatic isocyanides 2k
and 2m were tolerated, providing the corresponding
products in 76% (for 5ak) and 43% (for Sam) yields,
respectively. X-ray crystallographic analysis provided
proof for the proposed molecular structure for hetero-
cycle 5aa.®

Next, compound 3aa was used to investigate and
demonstrate a dealkylation strategy leading to free
amine 6a as potential 1,2,4-benzothiadiazine 1,1-
dioxide building block. By applying literature-known
conditions, compound 3aa was treated with HCl to
test the viability of the envisaged dealkylation path
(Scheme 4).1"'% To our delight, the desired free amine
6a could be obtained in 74% yield. As by-product,
however, demethylated product 7a was formed in 10%
yield.

Finally, we decided to investigate the reaction
mechanism. Based on previous studies!'**® we

o, 0
N \\ // % ’/

S\N,Me HCI
@( L,

———

N/)\N,t—Bu toluene, 120 °C, 16 h

H

3aa 6a: 74% 7a: 10%

Scheme 4. Dealkylation strategy for compound 3 aa, enabling
the synthesis of free amine 6 a.
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propose a domino reaction sequence involving the
formation of a carbodiimide as a potential key
intermediate. To test this hypothesis, the reaction of
Boc-protected 2-azido sulfonamide 8 with model
isocyanide 2 a was investigated (Scheme 5).!"*
Applying modified optimal reaction conditions
[7.5 mol% Pd(dba,)] Boc-protected carbodiimide 9a
was isolated in 98% yield. Subsequent treatment of 9a
with hydrochloric acid gave the corresponding hetero-
cycle 3aa in 92% yield in the absence of metal-
catalyst, indicating that the reaction proceeds by
formation of a carbodiimide as a potential intermedi-
ate. Based on these findings and previous reports, -
we propose a catalytic cycle depicted in Scheme 5.
The reaction sequence is initiated by coordination of 2-
azidosulfonamide 1 to the active metal catalyst I to
form metal complex II. Through coordination of

a) experimental mechanistic studies

[oNe]
X e Pd(dba), (7.5 mol%)
N7 + oontBY
Boc DMF, rt, argon, 2 h d
N3 il
)
t-Bu
8 2a 9a: 98%
RV
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Scheme 5. Reaction mechanism of the palladium-catalyzed
domino reaction: a) mechanistic investigations; b) proposed
catalytic cycle.
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isocyanide 2 complex III is formed, which after
elimination of N, forms palladium-imido complex
IV.2%! [n the next step, complex IV undergoes nitrene
transfer to form complex VI over transition state V.
Upon decordination, the active metal catalyst I is
regenerated and carbodiimide 9 is formed. The latter
then can undergo an intramolecular cyclization by a
nucleophilic 6-exo-dig attack to yield the desired
heterocycle 3 or 5.2

In conclusion, we developed a palladium-catalyzed
domino reaction for the synthesis of 1,2,4-benzothia-
diazine 1,1-dioxides by starting from 2-azidosulfona-
mides 17 and isocyanides 2. With Pd(dba), as a
commercially available pre-catalyst used in low load-
ings (in most of the examples 1.5 mol%), a variety of
21 3-amino-2H-1,2,4-benzothiadiazine 1,1-dioxides 3
were synthesized in high yields tolerating aliphatic-,
aromatic- and heterocyclic substituted isocyanides.
Moreover, the protocol enables the preparation of the
related 4H-1,2,4-benzothiadiazine 1,1-dioxides 5 in
moderate to excellent yields (42-93%). We could
further demonstrate the dealkylation of heterocycle 3,
which allowed access to the corresponding free amine
6 as a potential synthetic building block. Furthermore,
experimental mechanistic studies indicated that a
domino reaction sequence involving a carbodiimide
intermediate is taking place.

Experimental Section

All experimental details, including experimental procedures,
characterization data for new compounds, X-ray crystallo-
graphic data, solvent- and temperature-dependent NMR studies,
and NMR spectra for new compounds, can be found in the
Supporting Information.

Experimental Procedure for Synthesizing N-substi-
tuted 3-Amino 1,2,4-Benzothiadiazine 1,1-dioxides 3

The procedure is analogous to the one developed for the
synthesis of 3-amino-substituted benzothiadiazine oxides.!""
Bis(dibenzylideneacetone)palladium(0) (3.5 mg, 0.006 mmol,
1.5 mol%) and the corresponding 2-azido-benzenesulfonamide
(1, 0.4 mmol, 1.0 equiv.) were charged under air atmosphere in
an oven dried Schlenk tube. The tube was evacuated and
backfilled with argon three times. DMF (2.0 mL) and the
corresponding isocyanides (2, 0.44 mmol, 1.1 equiv.) were
added, and the resulting solution was stirred for 2 h at room
temperature. Then, EtOAc (ca. 60 mL) was added and the
organic phase was washed with brine (3%ca. 40 mL). The
organic phase was dried over MgSO,, SiO, was added and the
volatiles were removed under vacuum. Purification by column
chromatography (column diameter: ca. 2 cm, column length: ca.
35 cm) on silica using n-pentane: EtOAc as gradient solution
(5:1 — 3:1) afforded the targeted 3-amino 1,2,4-benzothiadia-
zine 1,1-dioxide 3.
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Experimental Procedure for Synthesizing N-unsub-
stituted 3-Amino Benzothiadiazine 1,1-dioxides 5

The procedure is analogous to the one developed for the
synthesis of 3-amino-substituted benzothiadiazine oxides."”"
Bis(dibenzylideneacetone)palladium(0) (2.3 mg, 0.004 mmol,
1.0 mol%), Cs,CO; (131 mg, 0.4 mmol, 1.0 equiv.), and 2-
azidobenzenesulfonamide (4a, 79.3 mg, 0.4 mmol, 1.0 equiv.)
were charged under air atmosphere in an oven dried Schlenk
tube. The tube was evacuated and backfilled with argon three
times. DMF (2.0 mL) and the corresponding isocyanides (2,
0.6 mmol, 1.5 equiv.) were added and the resulting suspension
was stirred at 500 rpm for 2 h at 60°C in a pre-heated aluminum
block. Then, EtOAc (ca. 60 mL) was added, and the organic
phase was washed with brine (3%ca. 40 mL). The organic phase
was dried over MgSO,, SiO, was added and the volatiles were
removed under vacuum. Purification by column chromatogra-
phy (column diameter: ca. 2 cm, column length: ca. 35 cm) on
silica using n-pentane: EtOAc: MeOH as gradient solution
(1:4:0 — 0:1:0 — 0:10:1) afforded the targeted 3-amino 1,2,4-
benzothiadiazine 1,1-dioxide 5.
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