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ABSTRACT: Benzosultams are synthesized in an enan-
tiopure form starting from aq-amino acids through a
rhodium-catalyzed rearrangement reaction of N-arenesul-
fonylazetidin-3-ols. Mechanistically, this reaction involves
C—C bond cleavage by f-carbon elimination and C—H
bond cleavage by a 1,5-rhodium shift.

arbon—carbon (C—C) and carbon—hydrogen (C—H)

bonds constitute the major frameworks of organic
molecules. Such nonpolar o-bonds are kinetically inert and
thermodynamically stable in general and, therefore, remain
intact under most conventional reaction conditions. The past
few decades, however, have seen the rise of methods to
selectively transform such intrinsically unreactive bonds with
the use of transition-metal catalysts."”

A 1,4-metal shift is defined as an intramolecular metal—
hydrogen exchange process occurring between 1- and 4-
positions. This process provides a convenient way to activate a
specific C—H bond, and a number of unique reactions involving
a 1,4-metal shift have been reported.* ® For example, Catellani
et al. have reported a palladium-catalyzed reaction of
bromobenzenes with norbornenes, in which multiple C—C
bonds are introduced on the benzene ring through a 1,4-
palladium shift. ** A 1,4-rhodium shift has been also successfully
exploited.” Phenylboronic acid is multiply alkylated with
norbornene through repetition of a 14-rhodium shift. **
Indanones are synthesized through rearrangement of 1-
arylpropargyl alcohols.>* A rearrangement reaction of cyclo-
butanols affords indanols in an enantio- and diastereoselective
way.Sh’i On the other hand, there are significantly less
precedents reported for a 1,5-metal shift.” Herein, we report
a rearrangement reaction of N-arenesulfonylazetidin-3-ols into
benzosultams® which involves a 1,5-rhodium shift as the key
mechanistic element. It provides a stereoselective synthetic
pathway starting from natural @-amino acids leading to
enantiopure benzosultams, which are substructures of potent
pharmaceuticals like piroxicam and meloxicam.’

Initially, N-p-toluenesulfonylazetidinol 1a was prepared from
commercially available azetidin-3-ol in 3 steps.'” Then, the
reaction of la was examined in the presence of [Rh(OH)-
(cod)], (2 mol %) and various phosphine ligands (Rh:P =
1:2.5)."° Whereas almost no reaction occurred when ligands
like PPh;, DPPB, DPPF were employed, the use of rac-BINAP
prompted a rearrangement reaction to give 2a in 46% yield. rac-
DM-BINAP, which possessed 3,5xylyl groups in place of
phenyl groups on phosphorus, exhibited considerably higher
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activity to promote quantitative transformation of la. Simple
elution of the reaction mixture through a pad of silica gel
afforded 2a in 96% isolated yield (Scheme 1).

Scheme 1. Rhodium-Catalyzed Rearrangement of 1la to 2a
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A stepwise mechanism involving a 1,5-thodium shift from
C(sp®) to C(sp®) is proposed to explain the formation of 2a
from la (Scheme 2). Initially, the hydroxy group of la is

Scheme 2. Proposed Mechanism for the Rearrangement of
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RhJO. Ph
[Rh] [F‘,hloj/ph
% [Rh]—OH N H N
- | — I:O -
-H;0 /@/s\ro | SN
Me Me =
A B
O.__Ph
HL [Rh]O. Ph
[Rh] "N Me -~ | §
S‘:D - | - N a-- 2a
| \“‘]/}'3 8. Me  —p
e oo
Me D

exchanged onto the rhodium hydroxide to generate rhodium
alkoxide A. Subsequently, f-carbon elimination follows to
cleave the C—C bond of the symmetrical azetidine ring, thereby
relieving the ring strain.'’ The generated alkylrhodium B then
undergoes a 1,5-rhodium shift to furnish arylrhodium species C.
An intramolecular 6-exo addition to the carbonyl group'
occurs with C to construct the six-membered ring structure of a
benzosultam skeleton. Finally, the rhodium alkoxide D is
exchanged with the hydroxy group of another azetidinol 1a to
release the benzosultam 2a with regeneration of intermediate A.
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We next carried out the reaction of 1a-d, whose p-tolyl group
was fully deuterated (Scheme 3). One of the deuterium atoms

Scheme 3. Rhodium-Catalyzed Reaction of la-d to 2a-d
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on the ortho positions of the p-tolyl moiety was transferred
onto the N-methyl group of 2a-d, being consistent with the
proposed mechanism. The H/D ratio of the N-methyl group
and the 8-position were 1.9/1.1 and 0.1/0.9, respectively. The
slightly lower than expected H/D ratios at the N-methyl and
the slightly higher than expected at the 8-positions may suggest
the microscopic reversibility between the intermediary
arylrhodium C and the alkylrhodium B.

Next, optically active diphosphine ligands were examined to
induce enantioselectivity at the ste ep of intramolecular carbonyl
addition, i.e., from C leading to D."* Although (R)-DM-BINAP
exhibited the best reactivity among the chiral ligands examined
to give 2a in 94% yield, the enantiomeric ratio (er) was low
(62:38)."° (R)-DIFLUORPHOS afforded the best selectivity of
92:8 er (91% vyield) (Scheme 4). Application of this reaction
conditions to various azetidinols 1 furnished benzosultams 2 in
the range of 91:9 to 93:7 er."?

Scheme 4. Enantioselective Rearrangement of 1
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Asymmetrical azetidinol le was prepared in an enantiopure
form from (L)-alanine accordlng to a modified version of
Seebach’s method (Scheme 5).'* Initially, (1)-alanine (3) was
treated with p-toluenesulfonyl chloride to afford N-tosylate 4.
Subsequent treatment with oxalyl chloride followed by coupling
with diazomethane gave diazo ketone 5. Copper-catalyzed
denitrogenative cyclization of $ afforded azetidinone 6.
Addition of phenylmagnesium bromide to 6 occurred
selectively from the face opposite to the methyl group to
furnish azetidinol le in an enantiopure form.

The azetidinol 1e was heated at 60 °C in toluene for 8 h in
the presence of [Rh(OH)(cod)], (2 mol %) and rac-DM-
BINAP (5 mol %) (Scheme 6). The rearrangement reaction
proceeded diastereoselectively to furnish benzosultam 2e in

Scheme 5. Synthesis of Enantiopure Azetidinol le
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quantitative yield with the enantiopurity retained. The
stereochemistry was confirmed by X-ray crystallography.'’
The exclusive formation of 2e demonstrates that f-carbon
elimination occurs site-selectively at the methylene side rather
than at the methyne side, probably due to steric reasons. In
addition, intramolecular carbonyl addition takes place in a
diastereoselective fashion. We assume that the six-membered
ring transition state adopts a boat-like conformation, in which
the C—Rh bond can align with the C=O bond for the

maximum orbital interaction as shown in Scheme 7. With the

Scheme 7. Models for Diastereoselective 6-exo-trig
Cyclization
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conformer E, the methyl group at the a-position adopts a
pseudoequatorial position, whereas the a-methyl group of the
conformer E’ takes a pseudoaxial position. Thus, the conformer
E is favored over the conformer E’ to produce the adduct F
diastereoselectively.

Various benzosultams were synthesized in an enantio- and
diastereopure form (Table 1). The reaction of N-p-
toluenesulfonylazetidinol 1f, the diastereomer of 1le, also
furnished the same stereoisomer 2e exclusively, being
consistent with the proposed mechanism; the stereochemistry
of the alcohol moiety once disappears upon f-carbon
elimination to produce the same intermediate C. Azetidinols
1g—j having various aryl groups on the sulfonyl moiety gave the
corresponding products 2g—j (entries 2—S5). The reaction of N-
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Table 1. Rhodium-Catalyzed Rearrangement of 1 to 2
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“Reaction conditions: [Rh(OH)(cod)], (2 mol %), rac-DM-BINAP
(5 mol %, Rh:P = 1:2.5), toluene, 60 °C, 8 h. “Isolated yield.

m-toluenesulfonylazetidinol 1i gave product 2i with complete
regioselectivity (entry 4), suggesting that rhodium preferred the
sterically less hindered position as the destination of its 1,5-

shift. Substituted aryl groups were allowed at the C3-position
(entries 6, 7)."> Benzosultam 2m was obtained from azetidinol
1m, which was prepared from valine (entry 8). The reaction of
methionine-derived 1n successfully furnished 2n, demonstrat-
ing the compatibility of a sulfide functionality (entry 9).

In summary, we have described the rhodium-catalyzed
rearrangement reaction of N-arenesulfonylazetidin-3-ols into
benzosultams. The unique transformation mechanistically
involves reorganization of nonpolar o-bonds via a 1,5-rthodium
shift and provides a method to synthesize enantio- and
diastereopure benzosultams starting from natural @-amino
acids.

B ASSOCIATED CONTENT

© Supporting Information
Experimental procedures and data. This material is available
free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
murakami@sbchem kyoto-u.ac.jp

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Dr. Y. Nagata (Kyoto Univ.) for his assistance in X-
ray crystallographic analysis. This work was supported in part
by a Grant-in-Aid for Scientific Research on Innovative Areas
“Molecular Activation Directed toward Straightforward Syn-
thesis” and Grant-in-Aid for Scientific Research (B) from
MEXT, ACT-C from JST, and The Asahi Glass Foundation.
Y.S. is grateful to the Japan Society for the Promotion of
Science (JSPS) for a Research Fellowship for Young Scientists.

B REFERENCES

(1) Reviews on C—H activation: (a) Crabtree, R. H. Chem. Rev.
1985, 85, 245. (b) Halpern, J. Inorg. Chim. Acta 1985, 100, 41.
(c) Shilov, A. E.; Shul’pin, G. B. Chem. Rev. 1997, 97, 2879. (d) Jones,
W. D. Top. Organomet. Chem. 1999, 9. (e) Kakiuchi, F.; Murai, S. Top.
Organomet. Chem. 1999, 47. (f) Dyker, G. Angew. Chem., Int. Ed. 1999,
38, 1698. (g) Jia, C; Kitamura, T.; Fujiwara, Y. Acc. Chem. Res. 2001,
34, 633. (h) Handbook of C—H Transformations; Dyker, G., Ed.; Wiley-
VCH: Weinheim, Germany, 200S. (i) Daugulis, O.; Do, H.-Q;
Shabashov, D. Acc. Chem. Res. 2009, 42, 1074. (j) Giri, R; Shi, B.-F,;
Engle, K. M,; Maugel, N,; Yu, J.-Q. Chem. Soc. Rev. 2009, 38, 3242.
(k) Colby, D. A.; Bergman, R. G.; Ellman, J. A. Chem. Rev. 2010, 110,
624. (1) Mkhalid, I. A. I; Barnard, J. H.; Marder, T. B.; Murphy, J. M,;
Hartwig, J. F. Chem. Rev. 2010, 110, 890. (m) Lyons, T. W.; Sanford,
M. S. Chem. Rev. 2010, 110, 1147. (n) Ackermann, L. Chem. Commun.
2010, 46, 4866. (o) Newhouse, T.; Baran, P. S. Angew. Chem.,, Int. Ed.
2011, 50, 3362. (p) McMurray, L.; O’Hara, F.; Gaunt, M. J. Chem. Soc.
Rev. 2011, 40, 1885. (q) Yeung, C. S.; Dong, V. M. Chem. Rev. 2011,
111, 1215. (r) Sun, C.-L.; Li, B.-J.; Shi, Z.-J. Chem. Rev. 2011, 111,
1293. (s) Cho, S. H; Kim, J. Y.; Kwak, J; Chang, S. Chem. Soc. Rev.
2011, 40, 5068. (t) Kuhl, N.; Hopkinson, M. N.; Wencel-Delord, J.;
Glorius, F. Angew. Chem,, Int. Ed. 2012, S1, 10236. (u) Yamaguchi, J.;
Yamaguchi, A. D.; Itami, K. Angew. Chem.,, Int. Ed. 2012, 51, 8960.
(v) Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012, 112,
5879.

(2) Reviews on C—C activation: (a) Rybtchinski, B.; Milstein, D.
Angew. Chem,, Int. Ed. 1999, 38, 870. (b) Murakami, M.; Ito, Y. Top.
Organomet. Chem. 1999, 97. (c) Takahashi, T.; Kotora, M.; Hara, R;;
Xi, Z. Bull. Chem. Soc. Jpn. 1999, 72, 2591. (d) Perthuisot, C.;
Edelbach, B. L.; Zubris, D. L.; Simhai, N.; Iverson, C. N.; Miiller, C,;
Satoh, T.; Jones, W. D. J. Mol. Cat. A 2002, 189, 157. (e) Nishimura,

dx.doi.org/10.1021/ja410910s | J. Am. Chem. Soc. 2013, 135, 19103—-19106


http://pubs.acs.org
mailto:murakami@sbchem.kyoto-u.ac.jp

Journal of the American Chemical Society

Communication

T.; Uemura, S. Synlett 2004, 201. (f) Jun, C.-H. Chem. Soc. Rev. 2004,
33, 610. (g) Miura, M.; Satoh, T. Top. Organomet. Chem. 2005, 14, 1.
(h) Kondo, T.; Mitsudo, T. Chem. Lett. 2005, 34, 1462. (i) Necas, D.;
Kotora, M. Curr. Org. Chem. 2007, 11, 1566. (j) Tobisu, M.; Chatani,
N. Chem. Soc. Rev. 2008, 37, 300. (k) Nakao, Y.; Hiyama, T. Pure Appl.
Chem. 2008, 80, 1097. (1) Yorimitsu, H.; Oshima, K. Bull. Chem. Soc.
Jpn. 2009, 82, 778. (m) Seiser, T.; Cramer, N. Org. Biomol. Chem.
2009, 7, 2835. (n) Bonesi, S. M,; Fagnoni, M. Chem.—Eur. J. 2010, 16,
13572. (o) Murakami, M.; Matsuda, T. Chem. Commun. 2011, 47,
1100. (p) Aissa, C. Synthesis 2011, 3389. (q) Ruhland, K. Eur. J. Org.
Chem. 2012, 2683. (r) Dong, G. Synlett 2013, 24, 1.

(3) Reviews: (a) Ma, S.; Gu, Z. Angew. Chem,, Int. Ed. 2008, 44, 7512.
(b) Shi, F.; Larock, R. Top. Curr. Chem. 2010, 292, 123.

(4) Examples of 14-palladium shifts: (a) Bocelli, G.; Catellani, M;
Chiusoli, G. P.; Larocca, S. J. Organomet. Chem. 1984, 26, C9.
(b) Dyker, G. Chem. Ber. 1994, 127, 739. (c) Campo, M. A,; Larock, R.
C. J. Am. Chem. Soc. 2002, 124, 14326. (d) Baudoin, O.; Herrbach, A.;
Guéritte, F. Angew. Chem,, Int. Ed. 2003, 42, 5736. (e) Masselot, D.;
Charmant, J. P. H.; Gallagher, T. J. Am. Chem. Soc. 2005, 128, 694.
(f) Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L. J. Am.
Chem. Soc. 2008, 127, 4685. (g) Zhao, J.; Yue, D.; Campo, M. A;
Larock, R. C. J. Am. Chem. Soc. 2007, 129, 5288 and references cited
therein.

(5) Examples of 1,4-rhodium shifts: (a) Oguma, K.; Miura, M.; Satoh,
T.; Nomura, M. J. Am. Chem. Soc. 2000, 122, 10464. (b) Hayashi, T.;
Inoue, K.; Taniguchi, N.; Ogasawara, M. . Am. Chem. Soc. 2001, 123,
9918. (c) Miura, T.; Sasaki, T.; Nakazawa, H.; Murakami, M. J. Am.
Chem. Soc. 2005, 127, 1390. (d) Shintani, R; Okamoto, K.; Hayashi,
T. J. Am. Chem. Soc. 2005, 127, 2872. (e) Yamabe, H.; Mizuno, A.;
Kusama, H.; Iwasawa, N. J. Am. Chem. Soc. 2005, 127, 3248.
(f) Matsuda, T.; Shigeno, M.; Murakami, M. J. Am. Chem. Soc. 2007,
129, 12086. (g) Panteleev, J.; Menard, F.; Lautens, M. Adv. Synth.
Catal. 2008, 350, 2893. (h) Seiser, T.; Roth, O. A.; Cramer, N. Angew.
Chem., Int. Ed. 2009, 48, 6320. (i) Shigeno, M.; Yamamoto, T.;
Murakami, M. Chem.—Eur. J. 2009, 15, 12929. (j) Seiser, T.; Cramer,
N. Angew. Chem., Int. Ed. 2010, 49, 10163. (k) Sasaki, K.; Nishimura,
T.; Shintani, R.;; Kantchev, E. A. B.; Hayashi, T. Chem. Sci. 2012, 3,
1278. (1) Matsuda, T.; Suda, Y.; Takahashi, A. Chem. Commun. 2012,
48, 2988 and references cited therein.

(6) Example of a 1,4-cobalt shift: Tan, B.-H.; Dong, J.; Yoshikai, N.
Angew. Chem,, Int. Ed. 2012, 51, 9160.

(7) (a) Bour, C.; Suffert, J. Org. Lett. 2008, 7, 653. (b) Mota, A. J.;
Dedieu, A.; Bour, C.; Suffert, J. J. Am. Chem. Soc. 2005, 127, 7171.
(c) Shintani, R;; Otomo, H.; Ota, K;; Hayashi, T. J. Am. Chem. Soc.
2012, 134, 730S. (d) Tobisu, M.; Hasegawa, J.; Kita, Y.; Kinuta, H.;
Chatani, N. Chem. Commun. 2012, 11437. (e) So, C. M.; Kume, S.;
Hayashi, T. J. Am. Chem. Soc. 2013, 135, 10990. (f) Souillart, L.;
Cramer, N. Chem. Sci. 2013, DOI: 10.1039/C3SC52753K.

(8) Recent reports on synthesis of benzosultams: (a) Zeng, W.;
Chemler, S. R. J. Am. Chem. Soc. 2007, 129, 12948. (b) Miura, T.;
Yamauchi, M.; Kosaka, A.; Murakami, M. Angew. Chem., Int. Ed. 2010,
49, 495S. (c) Majumdar, K. C; Mondal, S. Chem. Rev. 2011, 111,
7749. (d) Pham, M. V.; Ye, B,; Cramer, N. Angew. Chem,, Int. Ed.
2012, §1, 10610. (e) Dong, W.; Wang, L.; Parthasarathy, K; Pan, F.;
Bolm, C. Angew. Chem., Int. Ed. 2013, 52, 11573 and references cited
therein.

(9) (a) Lombardino, J. G.; Wiseman, E. H.; Mclamore, W. J. Med.
Chem. 1971, 14, 1171. (b) Lazer, E. S,; Miao, C. K; Cywin, C. L;
Sorcek, R.; Wong, H.-C.; Meng, Z.; Potocki, I; Hoermann, M.; Snow,
R. J; Tschantz, M. A; Kelly, T. A;; McNeil, D. W,; Coutts, S. J;
Churchill, L.; Graham, A. G.; David, E.; Grob, P. M.; Engel, W.; Meier,
H.; Trummlitz, G. J. Med. Chem. 1997, 40, 980. (c) Wells, G. J.; Tao,
M; Josef, K. A.; Bihovsky, R. J. Med. Chem. 2001, 44, 3488. (d) Zia-ur-
Rehman, M.; Choudary, J. A;; Ahmad, S.; Siddiqui, H. L. Chem. Pharm.
Bull. 2006, 54, 1175 and references cited therein.

(10) See SI for details.

(11) Transition-metal-catalyzed reactions of cyclobutanols/cyclo-
butenols involving f-carbon elimination: (a) Nishimura, T.; Ohe, K;
Uemura, S. J. Am. Chem. Soc. 1999, 121, 2645. (b) Nishimura, T.;

19106

Uemura, S. J. Am. Chem. Soc. 1999, 121, 11010. (c) Matsuda, T.;
Makino, M.; Murakami, M. Org. Lett. 2004, 6, 1257. (d) Seiser, T.;
Cramer, N. Angew. Chem, Int. Ed. 2008, 47, 9294. (e) Seiser, T.;
Cramer, N. J. Am. Chem. Soc. 2010, 132, 5340. (f) Chtchemelinine, A.;
Rosa, D.; Orellana, A. . Org. Chem. 2011, 76, 9157. (g) Ziadi, A;
Martin, R. Org. Lett. 2012, 14, 1266. (h) Ishida, N.; Sawano, S.;
Masuda, Y.; Murakami, M. J. Am. Chem. Soc. 2012, 134, 17502.
(i) Matsuda, T.; Miura, N. Org. Biomol. Chem. 2013, 11, 3424.
(j) Ishida, N.; Nakanishi, Y.; Murakami, M. Angew. Chem., Int. Ed.
2013, 52, 11875 and references cited therein.

(12) 6-exo cyclization of arylmetal intermediates having a pendant
ketone: (a) Liu, G. X,; Lu, X. Y. J. Am. Chem. Soc. 2006, 128, 16504.
(b) Yin, L.; Kanai, M.; Shibasaki, M. Angew. Chem,, Int. Ed. 2011, S0,
7620. (c) Sarpong, R; Gallego, G. L. Chem. Sci. 2012, 3, 1338.
(d) Low, D. W,; Pattison, G.; Wieczysty, M. D.; Churchill, G. H.; Lam,
H. W. Org. Lett. 2012, 14, 2548.

(13) N-(o-Tolyl)sulfonylazetidin-3-ol failed to give the corresponding
benzosultam under the standard reaction conditions.

(14) (a) Podlech, J.; Seebach, D. Helv. Chim. Acta 1995, 78, 1238.
(b) Wang, J.; Hou, Y.; Wu, P. J. Chem. Soc,, Perkin Trans. 1 1999, 2277.

(15) In case the 3-substituent was a methyl group, a 1,5-rhodium
shift occurred onto the methyl group rather than onto the aryl group
to form the rhodium enolate, which was subsequently protonated to
give a simple ring-opened product.

dx.doi.org/10.1021/ja410910s | J. Am. Chem. Soc. 2013, 135, 19103—-19106



