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Abstract: The metal-promoted nucleophilic addition of sulfur ylides to
m-systems is a well-established reactivity. However, the driving force
of such transformations, elimination of a sulfide moiety, entails
stoichiometric byproducts making them unfavorable in terms of atom
economy. Herein, we report on a new take on sulfur ylide chemistry,
an atom-economical gold(l)-catalyzed synthesis of
dihydrobenzo[b]thiepines. The reaction proceeds under mild
conditions at room temperature.

Six decades past the pioneering work of Johnson-3! and
Corey,*3 sulfonium and sulfoxonium ylides have arguably
become textbook reagents in organic synthesis.l®1% In particular,
they serve as one-carbon synthons for the construction of small
rings such as epoxides,**-71  cyclopropanes!*'1™-291" and
aziridines*117:2-231 a5 well as for the synthesis of more complex
cores via rearrangement reactions.?4 Whilst the majority of the
initial studies were based on non-stabilized sulfonium and
sulfoxonium ylides, modern work exploits the reactivity of their
stabilized surrogates, in which electron density from the ylidic
carbon is distributed to one or two electron-withdrawing
functionalities. This in turn enables the utilization of these sulfur
ylides as practical and bench-stable reagents as well as the
development of novel reactivity. Indeed, applications of stabilized
sulfonium and sulfoxonium ylides have been expanded to
encompass noble transition metal catalysis,®% in particular
Au(l).

Recently, our group has reported that gold-catalyzed
electrophilic activation of alkenes allows the construction of highly
functionalized cyclopropane scaffolds.?-3% Prior to that, wel*!
and othersd have demonstrated the synthesis' of multi-
substituted furan cores through gold-catalyzed activation of
alkynes in the presence. of sulfonium ylides, either in intra- or
intermolecular fashion. Interestingly, the majority of these and
related transition metal-catalyzed reactions of sulfur ylides mostly
employ variations on substituents tethered to the ylidic carbon. On
the other hand, only minor variations on the sulfur substitution
have been reported,”>3% probably due to the fact that most of
those transformations eventually result in elimination of the sulfur
tether during the reaction, thus, leading to stoichiometric sulfide
byproducts (cf. Scheme 1a ii—iv).
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Scheme 1. Reactivity of alkenes and alkynes with sulfonium ylides under gold(l)
catalysis.

Given our recent experience in the cycloisomerizations of S-
homoallyl sulfonium ylides (Scheme 1ai),”® we became
interested in exploring the reactivity of analogous S-
homopropargyl sulfonium ylides. In this regard, initial experiments
involved the reaction of the readily available sulfonium ylide 1al
with JohnPhos Au(MeCN)SbFs (5 mol%) in MeOH at room
temperature, aiming at the formation of a trisubstituted furan,
inspired by a prior study of our group (Scheme 1aiv).BY To our
surprise, the obtained spectroscopic data for the major product
were not in agreement with our hypothesis. Thorough analysis
revealed that dihydrobenzo[b]thiepine 2a was formed as a major
product in lieu of the anticipated furan (Scheme 1b). This
serendipitously discovered reactivity prompted us to investigate
the scope of this atom-economical transformation, especially
since the benzothiepine scaffold is a known pharmacophore.4
Herein, we report on a gold-catalyzed cycloisomerization of S-
homopropargyl sulfonium ylides to functionalized
dihydrobenzo[b]thiepines.F
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Figure 1. Scope of the Au(l)-catalyzed dihydrobenzol[b]thiepine synthesis. All
yields are isolated yields after column chromatography. Reactions were carried
out in 0.2 mmol scale. [a] Formation of isomer 2’ resulted in an inseparable
mixture. Given ratios determined by NMR after isolation. [b] Reaction at 50 °C.

Whilst minute amounts (5%) of the furan product could be
detected in initial setups, the addition of silver triflate/ and
employment of a binary solvent system (isopropanol/water 4:1
vlv) suppressed it entirely and was optimal for- the
dihydrobenzo[b]thiepine formation (see Sl for details). Hence, 2a
(along with its isomer 2a’) was isolated in 77% yield.3%

To investigate the scope of our reaction we first screened
variations in the northern 1,3-dicarbonyl substituent..We found
that electron-neutral, -rich, and -poor aromatics were all well
tolerated (Figure 1, 2a—c). Interestingly, the p-NO, substituted
sulfonium ylide 1c required higher temperature (50 °C) than the
rest of the substrates to reach full conversion. This might be
ascribed to the decreased nucleophilicity of the ylidic carbon, due
to better delocalization of its formal negative charge. Moreover,
the aliphatic B-keto esters 1d and 1e delivered the benzothiepine
in satisfying yields, too.

We then devised a competition experiment by subjecting the
sulfonium ylides 1f and 1g, bearing a propargyl and an allyl ester-
substituted ylidic C-atom to our reaction conditions, respectively.
In previously reported ‘gold(l)-catalyzed processes, propargyl-
and allyl-tethered diphenylsulfonium  ylides...were readily
transformed  into  the . corresponding  furansP®d  and
cyclopropanes,? respectively. Following this reactivity, 1f would
react to the corresponding furan 2f” via an initial 5-exo-dig attack
of the ylidic carbon onto.the gold(l)-activated triple bond followed
by a 5-endo-trig cyclization along with sulfide release (Scheme
2a).B4 | ikewise, 1g would form cyclopropane 2g” after an initial
5-exo-trig attack of the ylidic C-atom onto the gold(l)-activated
double bond with a subsequent 3-exo-tet cyclization concomitant
with sulfide release (Scheme 2b).?%! In contrast to those reports,
the presence of the S-homopropargyl group completely shut
down this pathway in both cases examined. Thus, under our
reaction conditions we observed complete selectivity towards the
formation of dihydrobenzo[b]thiepines, via an initial attack of the
ylidic carbon onto the gold(l)-activated S-homopropargy! triple
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bond (cf. also Scheme 3). Hence, the reaction of 1f and 1g yielded
2f/2f and 2g with the propargyl and allyl moiety remaining intact,
respectively.

Furthermore, the acetylacetone derivative 1h afforded the
corresponding benzo[b]thiepine in moderate yield. It is noteworthy
that 2h resided solely in its enol form (in chloroform), whilst the
rest of the synthesized dihydrobenzo[b]thiepines 2 were present
in both tautomeric forms.

Finally, we surveyed the functionality tolerance on the southern
domain of the sulfonium ylides. Hence, different para- and ortho-
substituted S-aryl moieties were examined, and gratifyingly
delivered the desired benzothiepines 2i-| in modest to good
yields.
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Scheme 2. Probed chemoselectivity of propargylic and allylic esters 1f and 1g.
Conditions as in Figure 1.

From a mechanistic point of view, we envisaged that the
reaction starts with activation of the alkyne by 1-coordination to
the gold catalyst,’” as shown in intermediate A (Scheme 3). An
intramolecular 5-exo-dig attack of the ylidic carbon to the internal
alkyne C-atom leads to a gold-vinyl complex B,®® which
undergoes a charge-accelerated sulfonium [3,3]-sigmatropic re-
arrangementf?435¢.39 to furnish the seven-membered thiepine ring
C. Finally, rearomatization and protodeauration*®l deliver the
dihydrobenzo[b]thiepines 2, completing the catalytic cycle.
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Scheme 3. Proposed catalytic cycle for the formation of benzo[b]thiepines.

In conclusion, a Au(l)-catalyzed synthesis of
dihydrobenzo[b]thiepines was developed. The mild conditions of
the cycloisomerization and the simple accessibility of the
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sulfonium ylide starting materials are distinctive characteristics of
this process. Interestingly, this process appears to supersede the
previously reported Au(l)-catalyzed intramolecular furan and
cyclopropane syntheses. The retention of the sulfur atom onto the
final product after the reaction is an unusual trait of metal-
catalyzed transformations of sulfonium ylides and enables the
development of atom-economical synthetic transformations.

Acknowledgements

Generous support of this research by the FWF (DK MolTag
W1232), the ERC (StG FLATOUT and CoG VINCAT 682002 to
N.M.) and the SOCRATES-Erasmus program (fellowship to T.S.)
is acknowledged. We are very grateful to the University of Vienna
for continued support of our research programs. We also thank S.
Heindl for starting material synthesis.

Keywords: alkynes < benzothiepines ¢ gold * rearrangement ¢
sulfonium ylides

[1] A. W. Johnson, R. B. LaCount, Chem. Ind. 1958, 1440-1441.

[2] A. W. Johnson, R. B. LaCount, J. Am. Chem. Soc. 1961, 83, 417-423.

[3] A. W. Johnson, V. J. Hruby, J. L. Williams, J. Am. Chem. Soc. 1964, 86,
918-922.

[4] E. J. Corey, M. Chaykovsky, J. Am. Chem. Soc. 1962, 84, 3782-3783.

[5] E. J. Corey, M. Chaykovsky, J. Am. Chem. Soc. 1965, 87, 1353-1364.

[6] X.-L. Sun, Y. Tang, Acc. Chem. Res. 2008, 41, 937-948.

[7] E. M. McGarrigle, E. L. Myers, O. llla, M. A. Shaw, S. L. Riches, V. K.
Aggarwal, Chem. Rev. 2007, 107, 5841-5883.

[8] D. Kaiser, I. Klose, R. Oost, J. Neuhaus, N. Maulide, Chem. Rev. 2019,
119, 8701-8780.

9] J. D. Neuhaus, R. Oost, J. Merad, N. Maulide, Top. Curr; Chem. 2018,
376, 15.

[10] L.-Q. Lu, T.-R. Li, Q. Wang, W.-J. Xiao, Chem. Soc. Rev. 2017, 46,
4135-4149.

[11] Y. G. Gololobov, A. N. Nesmeyanov, V. P. lysenko, |. E. Boldeskul,
Tetrahedron 1987, 43, 2609-2651.

[12] V. K. Aggarwal, E. Alonso, G. Hynd, K. M. Lydon, M. J. Palmer, M.
Porcelloni, J. R. Studley, Angew. Chem. Int. Ed. 2001, 40, 1430-1433.

[13] V. K. Aggarwal, J. P. H. Charmant, D. Fuentes, J. N. Harvey, G. Hynd,
D. Ohara, W. Picoul, R. Robiette, C."Smith, Jean-Luc Vasse, et al., J.
Am. Chem. Soc. 2006, 128, 2105-2114.

[14] D. M. Badine, C. Hebach, V. K. Aggarwal, Chem. Asian J. 2006, 1, 438—
444,

[15] M. Davoust, J.-F. Briére, P. Metzner, Org. Biomol. Chem. 2006, 4, 3048—
3051.

[16] O. llla, M. Arshad, A. Ros, E. M. McGarrigle, V. K. Aggarwal, J. Am.
Chem. Soc. 2010, 132, 1828-1830.

[17]  A.-H. Li, L.-X. Dai, V. K. Aggarwal, Chem. Rev. 1997, 97, 2341-2372.

[18] R. K. Kunz,"D: W-:.C. MacMillan, 3. Am. Chem. Soc. 2005, 127, 3240-
3241.

[19] V. K. Aggarwal, E. Grange, Chem. Eur. J..2006, 12, 568-575.

[20] V. K. Aggarwal, E. Alonso, G. Fang, M. Ferrara, G. Hynd, M. Porcelloni,
Angew. Chem. Int. Ed. 2001, 40, 1433-1436.

[21] .D. Morton, D. Pearson, R. A. Field, R. A. Stockman, Chem. Commun.
2006, 1833.

[22] R. Robiette, J. Org. Chem. 2006, 71, 2726-2734.

[23]  A.-H.Li, Y.-G. Zhou, L.-X. Dai, X.-L. Hou, L.-J. Xia, L. Lin, Angew. Chem.
Int. Ed. Engl. 1997, 36, 1317-1319.

[24]
[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

10.1002/chem.202000622

WILEY-VCH

X. Huang, S. Klimczyk, N. Maulide, Synthesis 2012, 44, 175-183.

R. Oost, J. D. Neuhaus, A. Misale, R. Meyrelles, L. F. Veiros, N. Maulide,
Chem. Sci. 2018, 9, 7091-7095.

J. Sabbatani, X. Huang, L. F. Veiros, N. Maulide, Chem. Eur. J. 2014,
20, 10636-10639.

X. Huang, S. Klimczyk, L. F. Veiros, N. Maulide, Chem. Sci. 2013, 4,
1105.

S. Klimezyk, X. Huang, H. Kahlig, L. F. Veiros, N. Maulide; J. Org. Chem.
2015, 80, 5719-5729.

S. Klimczyk, A. Misale, X. Huang, N. Maulide, Angew. Chem. Int. Ed.
2015, 54, 10365-10369.

I. Klose, A. Misale, N. Maulide, J. Org. Chem. 2016, 81, 7201-7210.

X. Huang, B. Peng, M. Luparia, L. F..R. Gomes, L. F. Veiros, N. Maulide,
Angew. Chem. Int. Ed. 2012, 51, 8886—8890.

(a) A. S. K. Hashmi, L. Schwarz, J.-H. Choi, T. M. Frost, Angew. Chem.
Int. Ed. 2000, 39, 2285-2288; (b) A..S. K. Hashmi, T. M. Frost, J. W.
Bats, J. Am. Chem. Soc. 2000, 122, 11553-11554; (c) J. Zhang, H.-G.
Schmalz, Angew. Chem. Int. Ed. 2006, 45, 6704-6707; (d) A. S. K.
Hashmi, T. Haffner, M. Rudolph, F. Rominger, Eur. J. Org. Chem. 2011,
667-671; (e) S. Kramer, T. Skrydstrup, Angew. Chem. Int. Ed. 2012, 51,
4681-4684; (f) T. Wang, S. Shi, M. M. Hansmann, E. Rettenmeier, M.
Rudolph, A. S. K. Hashmi, Angew. Chem. Int. Ed. 2014, 53, 3715-3719.
The easily accesible sulfonium ylides 1a—| were synthesized in 22-99%
yield from the corresponding sulfoxides 4a—e and 1,3-dicarbonyl
compounds in the presence of Tf20. See the synthesis of la as a

representative example:

ES? Ethyl benzoylacetate (.1.2 equiv.) Phuoa
\/\\\ Tf,0 (1.1 equiv.) . IS
: DCM,-78 °C tort, \/\\\
4a 16 h 1a
(1.6 g, 65%)

For more details on the ylides synthesis, see the SI.

For biological studies on benzothiepines see: (a) B. K. Sharma, P. Singh,
P. Pilania, K. Sarbhai, Y. S. Prabhakar, Mol. Divers. 2010, 15, 135-147;
(b) H.-C. Huang, S. J. Tremont, L. F. Lee, B. T. Keller, A. J. Carpenter,
C.-C. Wang, S. C. Banerjee, S. R. Both, T. Fletcher, D. J. Garland, et
al., J. Med. Chem. 2005, 48, 5837-5852; (c) H.-C. Huang, S. J. Tremont,
L. F. Lee, B. T. Keller, A. J. Carpenter, C.-C. Wang, S. C. Banerjee, S.
R. Both, T. Fletcher, D. J. Garland, et al., J. Med. Chem. 2005, 48, 5853—
5868.

For prior syntheses of benzothiepines see: metal-catalyzed; (a) N. D.
Shapiro, F. D. Toste, J. Am. Chem. Soc. 2007, 129, 4160-4161, (b) G.
Li, L. Zhang, Angew. Chem. Int. Ed. 2007, 46, 5156-5159; (c) B. Lu, Y.
Li, Y. Wang, D. H. Aue, Y. Luo, L. Zhang, J. Am. Chem. Soc. 2013, 135,
8512-8524; (d) D. Chen, G. Xing, H. Zhou, Org. Chem. Front. 2015, 2,
947-950; (e) A. Peneau, C. Guillou, L. Chabaud, Eur. J. Org. Chem.
2018, 2018, 5777-5794; (f) T. Inami, T. Takahashi, T. Kurahashi, S.
2019, 141, 12541-12544;
organocatalytic processes; (g) L. Li, Z. Li, Q. Wang, Synlett 2009, 2009,
1830-1834; others; (h) V. J. Traynelis, Y. Yoshikawa, S. M. Tarka, J. R.
Livingston, J. Org. Chem. 1973, 38, 3986-3990; (i) I. Murata, T.
Tatsuoka, Tetrahedron Lett. 1975, 16, 2697-2700; (j) Y. Tamura, Y.
Takebe, C. Mukai, M. lkeda, J. Chem. Soc. Perkin Trans. 1 1981, 2978;
(k) C.-C. Wang, J. J. Li, H.-C. Huang, L. F. Lee, D. B. Reitz, J. Org.
Chem. 2000, 65, 2711-2715.

An increase of temperature was not beneficial for the reaction and led to

Matsubara, J. Am. Chem. Soc.

increased amounts of furan side product. See the SI for details.

M. Pernpointner, A. S. K. Hashmi, J. Chem. Theory Comput. 2009, 5,
2717-2725.

A. S. K. Hashmi, A. M. Schuster, F. Rominger, Angew. Chem. Int. Ed.

This article is protected by cgpyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202000622

COMMUNICATION WILEY-VCH

[39]

[40]

20009, 48, 8247-8249.

(a) M. Ackermann, J. Bucher, M. Rappold, K. Graf, F. Rominger, A. S.
K. Hashmi, Chem. Asian J. 2013, 8, 1786-1794; (b) A. S. K. Hashmi, K.
Graf, M. Ackermann, F. Rominger, ChemCatChem 2013, 5, 1200-1204.

(a) R. BabaAhmadi, P. Ghanbari, N. A. Rajabi, A. S. K. Hashmi, B. F.
Yates, A. Ariafard, Organometallics 2015, 34, 3186-3195. (b) L. Nunes
dos Santos Comprido, J. E. M. N. Klein, G. Knizia, J. Kastner, A. S. K.
Hashmi, Chem. Eur. J. 2017, 23, 10901-10905.

This article is protected by c&pyright. All rights reserved.

Accepted Manuscript



Chemistry - A European Journal

Entry for the Table of Contents

via:

o o0 o R{‘\ o .
R1JI\I(U\OEt Aul) B0 %04 O-attack EtO >
S =\, [~ » o
S @ ‘AuL S
\/\\\ \/A -
traces
1a o o
R OEt
® atom-economical - N
@ mild conditions [3,3]-sigmatropic 7
® 12 e)(amp|es rearrangement s

2a

10.1002/chem.202000622

WILEY-VCH

Readily available S-homopropargyl sulfonium ylides are transformed to substituted dihydrobenzo[b]thiepines under Au(l) catalysis. This
atom-efficient transformation takes place under very mild conditions at ambient temperature and proceeds via a charge-accelerated

sulfonium [3,3]-sigmatropic rearrangement.
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