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A ruthenium-catalyzed allylic C(sp®)—H activation strategy has been
employed to develop an intermolecular coupling of alkenyl sulfon-
amides with alkynes. This protocol features the diastereoselective
construction of [3.3.0] and [4.3.0] bicyclic sultams in one step.

Bicyclic sultams are distributed in a variety of active pharmaceutical
ingredients, such as piroxicam, meloxicam, hydrochlorothiazide and
brinzolamide (Fig. 1)."” As stable lactam equivalents, these com-
pounds could be used as an anti-inflammatory, antihypertensive,
carbonic anhydrase inhibitor and so on.' Furthermore, bicyclic
sultams also serve as chiral auxiliaries in organic synthesis.® In this
context, considerable efforts have been devoted to their synthesis
over the past few decades, including cycloaddition,” nucleophilic
substitution,” electrophilic addition, Heck couplings,” alkene
metathesis,® etc.” However, only limited methods are able to create
the core bicyclic framework in one step. For example, intramolecular
[3+2],* [4+2],"°* and [2+2+1]"¢ annulations have been demonstrated
to construct bicyclic sultams (Scheme 1a-d).

Despite these advances, from the viewpoint of step- and atom-
economy, it would be highly desirable to develop an intermole-
cular annulation to elaborate bicyclic sultams. To the best of our
knowledge, the bimolecular assembly of such important motifs
still remains underexploited.

Transition-metal-catalyzed direct C-H annulations with
nitrogen atoms are arguably one of the most efficient strategies
to access N-heterocycles.'® For example, intramolecular allylic/
benzylic C-H aminations of unsaturated sulfamate esters'' and
N-sulfonamides™® have been well studied. Notably, Rovis and
co-workers disclosed a Rh(ui)-catalyzed intermolecular annula-
tion of N-alkenyl sulfonamides with alkynes for the synthesis
of azabicycles."® Inspired by these precedents'>'* and our
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Fig. 1 Representative bicyclic sultams.

continuing interest in developing new annulations,"® we envisioned
that alkenyl sulfonamides possibly could undergo allylic C-H
activation and alkyne insertion to yield bicyclic sultams under
ruthenium catalysis (Scheme 1e).

Initially, 1,2-diphenylethyne (1a) and but-3-ene-1-sulfonamide
(2a) were selected as model substrates to test our hypothesis
(Table 1). The expected annulation of 1a and 2a indeed occurred
using [Ru(p-cymene)Cl,], as a catalyst precursor and Cu(OAc), H,O
as an oxidant, albeit with a low yield of 3aa (entry 1). The relative
stereochemistry of 3aa was unequivocally determined by X-ray
diffraction analysis.'® A screening of the solvents and temperature
indicated that the best result was obtained when the reaction was
conducted in DCE at 80 °C (entries 2-10). Moreover, the influences
of base and acid additives were surveyed. The employment of HOAc
as an additive resulted in an apparent improvement in the reactivity
(entries 11-13). Gratifyingly, the yield of 3aa was further enhanced
to 74% upon increasing the catalyst loading and the amount of 1a
(entries 14 and 15).

With the optimal reaction conditions established, we sub-
sequently explored the substrate generality (Table 2). Alkyne 1b
bearing an electron-donating (4-Me) substituent on the phenyl
ring reacted with homoallylic sulfonamide 2a smoothly to
furnish bicyclic sultam 3ba in 58% yield. The halide groups,
including -F, —Cl, and -Br, were all well tolerated, affording the
corresponding products in 69-81% yields (3ca-3ea). Trifluoro-
methoxy derived alkyne was readily transformed into 3fa in
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Scheme 1 General strategies for constructing bicyclic sultams in one step.

Table 1 Optimization of the reaction conditions?

[Ru(p-cymene)Cly], Ph
Ph Ph + 2" SONH, AgSHFs Phg302

Cu(OAc), *H,0 N
1a 2a Additive 3aa

Entry Solvent T (°C) Additive Yield® (%)
1 Dioxane 120 None 7
2 PhCl 120 None 8
3 DCE 120 None 18
4 Et,O0 120 None 5
5 DMSO 120 None NR
6 DCE 140 None 5
7 DCE 100 None 24
8 DCE 80 None 30
9 DCE 60 None 27
10 DCE 40 None 21
11 DCE 80 K,CO, 16
12 DCE 80 PivOH 30
13 DCE 80 HOAc 42
14°¢ DCE 80 HOAc 60
15%4 DCE 80 HOAc 74

“ Conditions: 1a (0.10 mmol), 2a (0.10 mmol), [Ru(p-cymene)Cl,],
(0.005 mmol), AgSbF, (0.025 mmol), Cu(OAc) -H,0 (0.20 mmol), addi-
tive (0.10 mmol), solvent (2 mL), and 16 h. * Determined by HPLC with
naphthalene as an internal standard. ¢ [Ru(p-cymene)Cl,], (0.01 mmol),
AgSbFg (0.05 mmol), and DCE (4 mL). ¢ 1a (0.20 mmol).

56% yield. Electron-withdrawing substituents, such as -CO,Et
(3ga) and CF; (3ha), were compatible with the process, albeit with
slightly decreased yields. Remarkably, bulky 2-naphthyl alkyne was
also a suitable substrate. The process could be further extended to
various meta-substituted alkynes, and the electronic properties of
the substituents had minimal influence on the reaction (3ja-3ma).
The annulation of 2-F derived alkyne with 2a led to the desired
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Table 2 Construction of [3.3.0] azabicyclic sultams?

[Ru(p-cymene)Cl,], (10 mol%)
AgSbFg (50 mol%)
Cu(OAc), *H,0 (2.0 equiv.)
HOACc (1.0 equiv.), DCE, 80 °C

A—=—Ar + Z > SO,NH,
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Q _ | @
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Cl Br
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O O O

N N N

cl H BY H F H

3la: 45% 3ma: 47% 3na: 20%

¢ Reaction conditions: 1 (0.30 mmol), 2a (0.60 mmol), [Ru(p-cymene)Cl,],
(0.03 mmol), AgSbF, (0.15 mmol), Cu(OAc),-H,O (0.60 mmol), HOAc
(0.30 mmol), 80 °C, and 16 h.

bicyclic sultam 3na in a relatively low yield, which was presumably
ascribed to the steric hindrance.

When alkenyl sulfonamide 2b with a longer carbon chain
was employed as a substrate, the annulation could proceed
efficiently to deliver [4.3.0] azabicyclic sultam 3ab in 53% yield
(Table 3). The halide substituents, regardless of their positions,
were all amenable to the protocol (3bb, 3cb, 3fb, and 3gb),
and even 2-F substituted alkyne also led to product 3hb in
an acceptable yield (53%). In the cases of electron-donating
4-Me and electron-withdrawing 4-CO,Et derived alkynes, the
reactions afforded the corresponding sultams (3db and 3eb) in
46% and 38% yield, respectively. Treatment of 2-naphthyl
alkyne with standard conditions resulted in the formation of
3ib in a moderate yield (51%).

In order to isolate some potential reaction intermediates
for the proposed mechanism, HOAc was used as a solvent
to promote protodemetalation (eqn (1)). Besides sultam 3aa,
the control experiment also generated a skipped diene 4aa as
a side-product which was not observed under the standard
conditions. These results revealed that a migratory insertion of
alkyne 1a into the m-allyl ruthenium complex is probably
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Table 3 Construction of [4.3.0] azabicyclic sultams?

[Ru(p-cymene)Cl,], (15 mol%) Ar
AgSbFg (75 mol%) i
A—=—Ar + > S0NH; S - Ar
Cu(OAc), *H,0 (2.0 equiv.) N’SOZ
1 2b TFA (1.0 equiv.), DCE, 80 °C 3 H

< @ O
W S o~ <L,

3ab: 53% 3bb: 63% 3cb:61% H
EtO,C 3

s @ O
O, 06O, <

3db: 46% 3eb: 38% N

O O~
O, o

H F N
3gb: 52% 3hb: 48% 3ib: 51% H

0

“ Reaction conditions: 1 (0.30 mmol), 2b (0.60 mmol), [Ru(p-cymene)Cl,],
(0.045 mmol), AgSbF, (0.225 mmol), Cu(OAc),-H,O (0.60 mmol), TFA
(0.30 mmol), 80 °C, and 16 h.

involved in the process. An interestingly cyclometallated ruthenium
complex 5aa was isolated when the loading of the ruthenium
precursor [Ru(p-cymene)Cl,], (eqn (2)) was increased. This Ru
complex has been fully characterized by '"H NMR, "*C NMR,
"H-"*C HMQC, "H-">C HMBC and HRMS (see the ESIY).

Ph—==—Ph  [Rry(p-cymene)Cl,], (10 mol%)

1a (0.3 mmol) AgSbFg (50 mol%) ACE\ SO,
+ NHz

Cu(OAG), *H,0 (2.0 equiv.)

" 80NH
272 HOAG (2 mL), 80 °C
2a (0.6 mmol) 3aa: 26% 4aa: 15%
(1)
Ph—==—Ph [Ru(p-cymene)Cll, (50 mol%) SO,
1a (0.3 mmol) AgSbFg (250 mol%) Ry

" Cu(OAGC), *H,0 (4.0 equiv.) Phjh©_< (2)
NSOZNHZ 27! g g

2a (0.6 mmol) DCE (8 mL), 80°C 5aa: 10% yield

On the basis of these observations and previous reports,'* a
plausible mechanism is shown in Scheme 2. First, an allylic
C(sp®)-H bond of 2a is activated by an in situ formed cationic
Ru(u) catalyst, generating a m-allyl ruthenium complex B. Sub-
sequently, a migratory insertion of alkyne 1a into the ruthe-
nium complex B gives vinyl Ru(u) C. A vinyl-to-allyl 1,3-Ru shift
of intermediate C furnishes the bis(allyl)ruthenium species D
in equilibrium with intermediate E. Side-product 4aa (eqn (1))
could be obtained via an enhanced protodemetalation of
the ruthenium complex C or D."” A 4n-conrotatory electro-
cyclization of E yields a five-membered m-allyl ruthenium G
via model F1. The high diastereoselectivity can be rationalized
from the requirements of the Woodward-Hoffmann rules
(disrotatory model F2 is disfavored). Intermediate G undergoes
ligand exchange and reductive elimination to produce bicyclic
sultam 3aa. The resulting Ru(0) species is ultimately oxidized by
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Scheme 2 Proposed mechanism.

Cu(OAc), to regenerate the Ru(u) catalyst. In the presence of excess
oxidant Cu(OAc),, the cyclometallated ruthenium complex 5aa
(eqn (2)) could be generated from intermediate H through oxida-
tion and subsequent 1,3-Ru shift. Therefore, the observation of
the Ru complex 5aa supports the proposed mechanism.

In conclusion, we have successfully developed a direct synthesis
of bicyclic sultams via ruthenium-catalyzed intermolecular coupling
of alkenyl sulfonamides with alkynes, involving a ruthenium(u)-
catalyzed tandem cyclization reaction/amination process. The high
diastereoselectivity for [3.3.0] and [4.3.0] bicyclic sultams resulted
from steric factors during 4m-conrotatory electrocyclization. The
alkenyl sulfonamide acted as a ternary-composition for cycloaddi-
tion with alkynes in this protocol. Further studies on the biological
activity of these bicyclic sultams are ongoing in our laboratory.

Financial support from the Dalian Institute of Chemical
Physics, the National Natural Science Foundation of China
(21572225, 21702204, and 21772194), the Liaoning Revitalization

Talents Program (XLYC1807181), and the “Thousand Youth
Talents Plan” is acknowledged.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 For selected reviews on sultams, see: (a) A. Scozzafava, T. Owa,
A. Mastrolorenzo and C. T. Supuran, Curr. Med. Chem., 2003,
10, 925; (b) M. Feng, B. Tang, S. H. Liang and X. Jiang, Curr. Top.
Med. Chem., 2016, 16, 1200; (c) K. A. Scott and J. T. Njardarson, Top.
Curr. Chem., 2018, 376, 5.

2 For selected reviews on the synthesis of sultams, see: (a) K. C.

Majumdar and S. Mondal, Chem. Rev., 2011, 111, 7749; (b) V. A. Rassadin,

D. S. Grosheva, A. A. Tomashevskii and V. V. Sokolov, Chem. Heterocycl.

Compd., 2013, 49, 39.

For some reviews regarding Oppolzer's camphor sultam, see:

(@) W. Oppolzer, Tetrahedron, 1987, 43, 1969; (b) W. Oppolzer, Pure

Appl. Chem., 1988, 60, 39; (c) W. Oppolzer, Pure Appl. Chem., 1990,

62, 1241; (d) F. A. Davis and B.-C. Chen, Chem. Rev., 1992, 92, 919;

(e) B. H. Kim and D. P. Curran, Tetrahedron, 1993, 49, 293; (f) L.-L.

Cao, B.-L. Gao, S.-T. Ma and Z.-P. Liu, Curr. Org. Chem., 2010, 14, 889.

(@) D. M. Chen and L. W. Reeves, J. Am. Chem. Soc., 1972, 94, 4384;

(b) U. Chiacchio, A. Corsaro, A. Rescifina, M. Bkaithan, G. Grassi,

A. Piperno, T. Privitera and G. Romeo, Tetrahedron, 2001, 57, 3425;

(¢) I. R. Greig, M. ]J. Tozer and P. T. Wright, Org. Lett., 2001, 3, 369;

(d) V. O. Rogatchov, H. Bernsmann, P. Schwab, R. Frohlich,

w

~

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0cc00093k

Published on 24 January 2020. Downloaded by Dalian Institute of Chemical Physics, CAS on 2/28/2020 12:36:24 AM.

Communication

w1

@

10

B. Wibbeling and P. Metz, Tetrahedron Lett., 2002, 43, 4753;
(e) S. Kelleher, J. Muldoon, H. Miiller-Bunz and P. Evans, Tetrahedron
Lett., 2007, 48, 4733; (f) Y. V. Veremeichik, D. N. Shurpik, O. A.
Lodochnikova and V. V. Plemenkov, Russ. J. Org. Chem., 2016, 52, 92;
() Q- Wu, Z. Yang and J. Xu, Org. Biomol. Chem., 2016, 14, 7258.

(@) K. Wojciechowski and S. Kosinski, Tetrahedron, 2001, 57, 5009;
(b) R. D. Bravo and A. S. Canepa, Synth. Commun., 2002, 32, 3675;
(c) A. Meinzer, A. Breckel, B. A. Thaher, N. Manicone and H. H. Otto,
Helv. Chim. Acta, 2004, 87, 90; (d) D. Enders and A. Moll, Synthesis,
2005, 1807; (e) D. Enders, A. Moll and J. W. Bats, Eur. J. Org. Chem.,
2006, 1271; (f) P. Mattei, M. Boehringer, P. D. Giorgio, H. Fischer,
M. Hennig, J. Huwyler, B. Kocer, B. Kuhn, B. M. Loeffler, A. Macdonald,
R. Narquizian, E. Rauber, E. Sebokova and U. Sprecher, Bioorg. Med.
Chem. Lett., 2010, 20, 1109; (g) V. A. Rassadin, D. S. Grosheva,
A. A. Tomashevskiy, V. V. Sokolov, D. S. Yufit, S. I. Kozhushkov and
A. d. Meijere, Eur. J. Org. Chem., 2010, 3481.

(@) S. M. Leit and L. A. Paquette, J. Org. Chem., 1999, 64, 9225;
(b) L. A. Paquette and S. M. Leit, J. Am. Chem. Soc., 1999, 121, 8126;
(c) Z. Wei and S. R. Chemler, J. Am. Chem. Soc., 2007, 129, 12948;
(d) F. Liu, A. Martin-Mingot, M. P. Jouannetaud, F. Zunino and
S. Thibaudeau, Org. Lett., 2010, 12, 868.

(@) S. Merten, R. Frohlich, O. Kataeva and P. Metz, Adv. Synth. Catal.,
2005, 347, 754; (b) L. A. Paquette, R. D. Dura, N. Fosnaugh and
M. Stepanian, J. Org. Chem., 2006, 71, 8438; (¢) A. Rolfe, K. Young and
P. R. Hanson, Eur. J. Org. Chem., 2008, 5254; (d) D. K. Rayabarapu,
A. Zhou, K. O. Jeon, T. Samarakoon, A. Rolfe, H. Siddiqui and
P. R. Hanson, Tetrahedron, 2009, 65, 3180.

(@) D. Freitag, P. Schwab and P. Metz, Tetrahedron Lett., 2004, 45, 3589;
(b) J.-D. Moriggi, L. J. Brown, J. L. Castro and R. C. D. Brown, Org. Biomol.
Chem., 2004, 2, 835; (c) M. Jimenez-Hopkins and P. R. Hanson, Org. Lett.,
2008, 10, 2223.

For selected examples on other ways of sultam synthesis, see:
(@) P. Dauban and R. H. Dodd, Org. Lett., 2000, 2, 2327; (b) ]J. L. Liang,
S.X. Yuan, P. W. Chan and C. M. Che, Org. Lett., 2002, 4, 4507; (¢) Q. Yang,
G. Shang, W. Gao, ]J. Deng and X. Zhang, Angew. Chem., Int. Ed., 2006,
45, 3832; (d) J. V. Ruppel, R. M. Kamble and X. P. Zhang, Org. Lett., 2007,
9, 4889; (¢) M. Rommel, T. Fukuzumi and J. W. Bode, J. Am. Chem. Soc.,
2008, 130, 17266; (f) A. Noack, J. Wolf and B. Schulze, ARKIVOC, 2011,
5, 199; (g) T. B. Nguyen and P. Retailleau, Org. Lett., 2017, 19, 3879.

(@) K. J. Fraunhoffer and M. C. White, J. Am. Chem. Soc., 2007,
129, 7274; (b) S. A. Reed and M. C. White, J. Am. Chem. Soc., 2008,
130, 3316; (¢) D. N. Zalatan and J. D. Bois, J. Am. Chem. Soc., 2008,

This journal is © The Royal Society of Chemistry 2020

11

12

13
14

15

16

17

View Article Online

ChemComm

130, 9220; (d) G. Yin, Y. Wu and G. Liu, J. Am. Chem. Soc., 2010,
132, 11978; (e) H. Bao and U. K. Tambar, J. Am. Chem. Soc., 2012,
134, 18495; (f) P. Gandeepan and C. H. Cheng, Chem. - Asian J.,
2016, 11, 448; (g) C. Kong, N. Jana, C. Jones and T. G. Driver, J. Am.
Chem. Soc., 2016, 138, 13271; (k) Y. Yang, K. Li, Y. Cheng, D. Wan,
M. Li and J. You, Chem. Commun., 2016, 52, 2872; (i) K. Y. Ye,
Q. Cheng, C. X. Zhuo, L. X. Dai and S. L. You, Angew. Chem., Int. Ed.,
2016, 55, 8113; (f) J. Jayakumar and C.-H. Cheng, J. Chin. Chem. Soc.,
2018, 65, 11; (k) T. Knecht, S. Mondal, J. H. Ye, M. Das and
F. Glorius, Angew. Chem., Int. Ed., 2019, 58, 7117; (I) H. Lei and
T. Rovis, J. Am. Chem. Soc., 2019, 141, 2268.

(@) D. E. Olson and J. Du Bois, J. Am. Chem. Soc., 2008, 130, 11248;
(b) M. E. Harvey, D. G. Musaev and ]J. Du Bois, J. Am. Chem. Soc.,
2011, 133, 17207; (¢) S. M. Paradine and M. C. White, J. Am. Chem.
Soc., 2012, 134, 2036; (d) S. M. Paradine, J. R. Griffin, J. Zhao,
A. L. Petronico, S. M. Miller and M. C. White, Nat. Chem., 2015,
7,987; (¢) D. Zhong, D. Wu, Y. Zhang, Z. Lu, M. Usman, W. Liu, X. Lu
and W.-B. Liu, Org. Lett., 2019, 21, 5808.

(@) J. R. Clark, K. Feng, A. Sookezian and M. C. White, Nat. Chem.,
2018, 10, 583; (b) A. Nasrallah, V. Boquet, A. Hecker, P. Retailleau,
B. Darses and P. Dauban, Angew. Chem., Int. Ed., 2019, 58, 8192.
A. Archambeau and T. Rovis, Angew. Chem., Int. Ed., 2015, 54, 13337.
For selected examples on annulation of alkynes and alkenes, see:
(@) D. Wang, F. Wang, G. Song and X. Li, Angew. Chem., Int. Ed.,
2012, 51, 12348; (b) R. Liu, L. Giordano and A. Tenaglia, Chem. -
Asian J., 2017, 12, 2245; (c) M. Shankar, T. Guntreddi, E. Ramesh and
A. K. Sahoo, Org. Lett., 2017, 19, 5665.

(a) C. Wang, X. Li, F. Wu and B. Wan, Angew. Chem., Int. Ed., 2011,
50, 7162; (b) X. Xin, D. Wang, X. Li and B. Wan, Angew. Chem., Int. Ed.,
2012, 51, 1693; (¢) C. Wang, D. Wang, H. Yan, H. Wang, B. Pan, X. Xin,
X. Li, F. Wu and B. Wan, Angew. Chem., Int. Ed., 2014, 53, 11940;
(d) H. Yan, H. Wang, X. Li, X. Xin, C. Wang and B. Wan, Angew. Chem.,
Int. Ed., 2015, 54, 10613; (e) T. Li, F. Xu, X. Li, C. Wang and B. Wan,
Angew. Chem., Int. Ed., 2016, 55, 2861; (f) R. Yi, X. Li and B. Wan, Adv.
Synth. Catal., 2018, 360, 875; (g) Y. Zhao, C. Wang, Y. Hu and B. Wan,
Chem. Commun., 2018, 54, 3963.

CCDC 1854428 (3aa) contains the crystallographic data, which can be
obtained free of charge from The Cambridge Crystallographic Data Centre.
For selected examples on Alder-ene reaction, see: (a) E. J. Cho and
D. Lee, J. Am. Chem. Soc., 2007, 129, 6692; (b) B. M. Trost, D. C.
Koester and A. N. Herron, Angew. Chem., Int. Ed., 2015, 54, 15863;
(¢) S. M. Weber and G. Hilt, Org. Lett., 2017, 19, 564.

Chem. Commun., 2020, 56, 2614-2617 | 2617


https://doi.org/10.1039/d0cc00093k



