LIE[TTERS

pubs.acs.org/OrglLett

Recyclable Hypervalent-lodine-Mediated Dehydrogenative
Cyclopropanation under Metal-Free Conditions

Ya-Nan Duan, Zhao Zhang, and Chi Zhang*

State Key Laboratory of Elemento-Organic Chemsitry, Collaborative Innovation Center of Chemical Science and Engineering

(Tianjin), Nankai University, Tianjin 300071, P. R. China

© Supporting Information

ABSTRACT: A method is developed for the synthesis of
cyclopropanes from the C(sp*)—C(sp®) single bonds of -keto
esters with activated methylene compounds under metal-free
conditions in the presence of S-trimethylammonio-1,3-dioxo-
1,3-dihydro-14%-benzo[d][1,2]iodoxol-1-0l anion (AIBX), a
recyclable water-soluble hypervalent iodine(V) reagent
developed by our group. This mild, efficient method has a
wide substrate scope and good functional group tolerance and
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is complementary to existing cyclopropanation strategies. The method can be used to construct polysubstituted ring-fused
cyclopropanes and is amenable to further synthetic transformations for construction of complex biologically active molecules as
well as asymmetric cyclopropanes (90% de) when a chiral ester auxiliary is used.

yclopropane moieties are present in a range of synthetic

compounds, bioactive natural products, and drugs.'
Cyclopropanes are also important synthetic building blocks
due to the highly strained ring. Release of ring strain by ring
opening, which occurs readily (particularly for donor—acceptor
cyclopropanes), provides the driving force for much of
cyclopropane chemistry.” Numerous approaches to cyclo-
propane synthesis have been developed (Scheme 1a). Many

Scheme 1. Approaches to Cyclopropane Synthesis
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of the approaches, including Simmons—Smith reactions,’
transition-metal-catalyzed addition reactions of alkenes with
diazo compounds or iodonium ylides, Michael addition-
initiated ring-closure (MIRC) reactions,” and others,® start
from alkenes or unsaturated carbonyl compounds. Among
them, metal agents are not involved in MIRC reactions and
cyclopropanation initiated by hypervalent iodine 1‘eagents,6b_d
hyperiodite,” and several other scattered examples.” " To our
knowledge, cyclopropanation of a C—C single bond, especially
under metal-free conditions, has never been achieved. The ring-
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fused cyclopropane scaffold is a prevalent structural unit in
synthetic chemistry owing to its unique chemical reactivity
involving fragmentation and rearrangement.” This scaffold is
typically constructed via intramolecular cyclization reactions
between olefins and tethered C1 synthons such as metal
carbenoids.® Synthesis of its polysubstituted analogues is
challenging.

As part of our ongoing exploration of oxidative reactions
brought about by hypervalent iodine reagents,’” we herein
report the oxidative a,f'-cyclopropanation of saturated f-keto
esters under metal-free conditions, which constitutes a facile
method for the construction of polysubstituted bicyclo[3.1.0]
scaffolds via dehydrogenation-initiated Michael addition and
subsequent ring closure (Scheme 1b).

We began our exploration by using fert-butyl 1-oxo-2,3-
dihydro-1H-indene-2-carboxylate (1a) to react with malononi-
trile (2.0 equiv) in the presence of 2.5 equiv of S-
trimethylammonio-1,3-dioxo-1,3-dihydro-14°-benzo[d][1,2]-
iodoxol-1-ol anion (AIBX) in a solution of 3:1 (v/v) CH;CN/
water at 40 °C, affording cyclopropane 2a in 65% yield within
12.5 h, and the structure of 2a was confirmed by X-ray
crystallography (Figure 1).'® Further investigation of reaction
conditions for the dehydrogenative cyclopropanation revealed
that a system consisting of 2.0 equiv of malononitrile, 2.5 equiv
of AIBX, and 1.0 equiv of AcOH in 1:3 (v/v) CH;CN/water at
40 °C was optimal (for details, see the Supporting
Information)."!

Using the optimal conditions, we carried out reactions of a
series of J-ketoesters to explore the generality of the reaction
(Scheme 2). Substrates bearing electron-donating substituents
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Figure 1. Single-crystal X-ray structure of 2a.
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out in 1:1:3 CH;CN/THF/H,0. “Camphorsulfonic acid was used as
additive instead of AcOH. “Reactions in 2:3 CH;CN/H,0. “The de
value was determined by 'H NMR spectroscopy.

(Me, OMe) on the phenyl ring were smoothly converted to the
desired cyclopropane products in good to high yields (2b—2e),
and it was notable that substrates bearing one or two methyl
groups on the phenyl ring yielded the desired products without
undergoing benzylic oxidation. A substrate with a readily
oxidizable naphthalene ring tolerated the oxidative conditions,
giving the desired product (2f) in excellent yield. The allyloxy
group in substrate 1g remained intact under the cyclo-
propanation conditions, affording 2g in 94% yield. We also
obtained excellent yields of halogen-substituted cyclopropanes
(2h—21), which contain reactive handles for construction of
more complex molecules. Substrates bearing benzyl and
(adamantan-1yl)methyl ester moieties smoothly afforded the
corresponding cyclopropanated products (80% and 87%,
respectively). Furthermore, cyclopropanation could be accom-
plished even with fully saturated substrates: specifically, 2p and
2q were obtained in 65% and 77% vyields, respectively, in the
presence of camphorsulfonic acid as an additive.'”” Methyl a-
cyanoacetate was also a suitable nucleophile, affording a single
regioisomer (2r) under the optimal conditions (for structural
information obtained by crystallogralphic analysis, see the
Supporting Information, Section VI).”> A substrate with an

(—)-8-phenylmenthyl group as a chiral auxiliary underwent
efficient stereoselective cyclopropanation to furnish a product
bearing two contiguous stereogenic centers (2s, 93% yield, 90%
de).

To investigate the mechanism of this transformation, we
carried out several control experiments (Scheme 3). First, cyclic

Scheme 3. Control Experiments

AIBX (1.5 equiv) CN
AcOH (1 equiv)
COszu malononitrile (2 equiv) CN
__marononitrile (2 equiv)_
3 O CH3CN/H0 (viv = 1/3) CO,tBu
40°C,3h

2a, 74% yield
Ph

Ph
AIBX (1.5 equiv)
CO2BU  AcOH (1 equiv) ‘ CO,tBu
___AcOH(1equy)
CHZCN/H,0 (viv = 173)

1t o )
40°C,3h 3t, 52% yield

enone 3a was prepared'* by means of a reported method with
PhSeCl/pyridine and subsequent oxidation with hydrogen
peroxide. When 3a was cyclopropanated under the standard
conditions, except that 1.5 equiv of AIBX was used, the reaction
smoothly gave the desired product (74%, Scheme 3a),
confirming the intermediacy of an enone. When substrate 1t,
a la analogue bearing a f#’-phenyl group, was allowed to react
with 1.5 equiv of AIBX in the absence of malononitrile, enone
3t was obtained in 52% yield (Scheme 3b), a result that
provides direct evidence for the dehydrogenative reactivity
involved in the cyclopropanation mechanism.

On the basis of our previous work on AIBX-initiated
reactions’ and the results of the above-described experiments,
we propose the mechanism shown in Scheme 4. First, enone 3a

Scheme 4. Plausible Reaction Mechanism
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is produced via AIBX-mediated dehydrogenation, as confirmed
by the control experiment shown in Scheme 3a. Under the
acidic conditions, Michael addition of malononitrile to 3a can
be expected to occur readily. The nucleophilic hydroxyl group
of the resulting adduct attacks the iodine center of another
molecule of AIBX to give a reactive iodine(V) complex. Finally,
after elimination of a molecule of water, intramolecular
oxidative cyclization driven by the release of one AIBA
molecule gives 2a.

Because AIBX is highly water-soluble (0.38 M), it can be
regenerated (above 90%) after the reaction by (1) removal of
the organic components by extraction with EtOAc, (2)
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evaporation of the aqueous phase to give reduced form of
AIBX, and (3) oxidation of the reduced AIBX with dimethyl
dioxirane.

Next we explored the reactivity of the polysubstituted
bicyclo[3.1.0] scaffold obtained from the cyclopropanation
reaction. When 2a was treated with tBuOK in toluene (Scheme
Sa), fission of the C—C bonds in both the cyclopentanone and

Scheme 5. Ring Opening of the Bicyclo[3.1.0] Scaffold and
Synthesis of Compounds 7
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the cyclopropane moieties produced tetrasubstituted alkene 4a
(70%), which bears geminal cyano groups at the terminal end
of the alkene and an ester at the other end. This type of alkene
can serve as a key component in the preparation of
polyfunctionalized indolines, quinoxalin-2-ones, pyrazolopyr-
idines, and pyridazines." In addition, it is the key intermediate
in the synthesis of compounds 7 (Scheme Sb), which can
activate soluble guanylate cyclases and thus are valuable for the
prevention and treatment of cardiovascular disease.'® The
smooth formation of 4a suggests that a series of dicyanoalkene
analogues 4 could be produced by treatment of the compounds
shown in Scheme 2 with tBuOK. We surmise that the synthetic
route shown in Scheme S5b could be used to transform
dicyanoalkenes 4 into a library of active analogues of 7.
Indole motifs are common in natural products, pharmaceut-
icals, and agrochemicals, and more than 200 indole-based
compounds are currently marketed as drugs or are undergoing
clinical trials."” Because of the importance of these motifs, we
used our method to derivatize indole-based substrates.
Compound 1u was synthesized from 3,4-dihydrocyclopenta-
[b]indol-1(2H)-one (NCO001-8), a drug candidate for treatment
of spinocerebellar ataxia type 3 and other polyglutamine-
mediated diseases,'® after sequential N-protection and methox-
ycarbonylation (Scheme 6). When lu was subjected to the

Scheme 6. Indole Derivatization
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optimal cyclopropanation conditions (except that a larger
amount of acetonitrile was used), 2u, which has a 6—5—5-3
ring-fused structure, was produced in excellent yield. The use of
this protocol to obtain a series of analogues of 2u would
produce a new compound library for activity screening. We also
investigated ring opening of this ring-fused product. When 2u

was treated with methanol in the presence of catalytic Bu,SnO,
ring opening occurred at the less-strained cyclopentanone
moiety rather than at the more-strained cyclopropane moiety,
efficiently affording indole carboxylic methyl ester 8u, which
has a 2,2-dicyano-3-methoxycarbonylcyclopropyl group at C-2.
It is well-known that ring cleavage, a typical reaction pathway
for compounds with small rings, especially cyclopropane and
cyclobutane rings, is driven by the release of ring strain.'’
However, methods for cleavage of cyclo%)entanone derivatives
under mild conditions are elusive.”” The 2,2-dicyano
substituted cyclopropane moiety in 8u contains potentially
reactive sites for further synthetic elaboration of this indole-
based molecule.”**'

In conclusion, we developed a method for cyclopropanation
that is mediated by the water-soluble hypervalent iodine(V)
reagent AIBX and that involves dehydrogenation-initiated
Michael addition and ring-closure reactions of C(sp>)—C(sp>)
single bonds in saturated f-ketoesters. This method provides a
straightforward, step-economical alternative to the previously
reported cyclopropanation strategies, which require substrates
bearing at least one C—C double bond. Introducing a chiral
ester auxiliary into the substrate led to the efficient synthesis of
a cyclopropane bearing two contiguous chiral centers with a
high de value. Moreover, this method and further trans-
formation of the products obtained can be expected to facilitate
the synthesis of libraries of potentially biologically active
compounds. Further scope broadening of this particular
cyclopropanation and applying it to modifying complex
bioactive molecules are of great significance. Efforts toward
these goals are currently ongoing in our lab.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.6b03209.

Full experimental details; optimization of reaction
conditions; characterization data; ORTEP drawing and
crystallographic data for compounds 2a and 2r (PDF)

B AUTHOR INFORMATION
Corresponding Author

*E-mail: zhangchi@nankai.edu.cn.
ORCID

Chi Zhang: 0000-0001-9050-076X
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by The National Natural
Science Foundation of China (21172110, 21472094, and
21421062). We thank Mr. L.-H. Zuo and Ms. Y.-L. Guo both
in Nankai University for preparing several substrates.

B REFERENCES

(1) (a) Keglevich, P.; Keglevich, A.; Hazai, L.; Kalaus, G.; Szantay, C.
Curr. Org. Chem. 2014, 18,2037—2042. (b) Wessjohann, L. A.; Brandt,
W.; Thiemann, T. Chem. Rev. 2003, 103, 1625—1647. (c) Gopal, P. R;
Prabakar, A. C.; Chandrashekar, E. R. R.; Bhaskar, B. V.; Somaiah, P.
V. J. J. Chin. Chem. Soc. 2013, 60, 639—644. (d) Ghosh, N.; Sheldrake,
H. M.; Searcey, M. P. K. Curr. Top. Med. Chem. 2009, 9, 1494—1524.

DOI: 10.1021/acs.orglett.6b03209
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.6b03209
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.6b03209
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b03209/suppl_file/ol6b03209_si_001.pdf
mailto:zhangchi@nankai.edu.cn
http://orcid.org/0000-0001-9050-076X
http://dx.doi.org/10.1021/acs.orglett.6b03209

Organic Letters

(e) Zechmeister, K.; Brandl, F.; Hoppe, W.; Hecker, E.; Opferkuch, H.
J.; Adolf, W. Tetrahedron Lett. 1970, 11, 4075—4078.

(2) (a) Cavitt, M. A; Phun, L. H.; France, S. Chem. Soc. Rev. 2014,
43, 804—818. (b) Reissig, H.-U.; Zimmer, R. Chem. Rev. 2003, 103,
1151—-1196. (c) Yu, M.; Pagenkopf, B. L. Tetrahedron 2005, 61, 321—
347. (d) Schneider, T. F.; Kaschel, J.; Werz, D. B. Angew. Chem., Int.
Ed. 2014, 53, 5504—5523. (e) Mel'nikov, M. Y,; Budynina, E. M,;
Ivanova, O. A.; Trushkov, I. V. Mendeleev Commun. 2011, 21, 293—
301. (f) Lebold, T. P.; Kerr, M. A. Pure Appl. Chem. 2010, 82, 1797—
1812.

(3) (a) Hoveyda, A. H.; Evans, D. A,; Fu, G. C. Chem. Rev. 1993, 93,
1307—1370. (b) Pellissier, H. Tetrahedron 2008, 64, 7041—7095.
(c) Charette, A. B,; Beauchemin, A. Org. React. 2001, 58, 1—41S.
(d) Lebel, H.; Marcou, J.-F.; Molinaro, C.; Charette, A. B. Chem. Rev.
2003, 103, 977—1050. (e) Furukawa, J.; Kawabata, N. Adv. Organomet.
Chem. 1974, 12, 83—134. (f) Simmons, H. E.; Smith, R. D. J. Am.
Chem. Soc. 1958, 80, 5323—5324.

(4) (a) Doyle, M. P.,; McKervey, M. A; Ye, T. Modern Catalytic
Methods for Organic Synthesis with Diazo Compounds: From Cyclo-
propanes to Ylides; Wiley: New York, 1998. (b) Moreau, B.; Charette,
A. B. J. Am. Chem. Soc. 2005, 127, 18014—1801S. (c) Marcoux, D.;
Goudreau, S. R; Charette, A. B. . Org. Chem. 2009, 74, 8939—8955.
(d) Nani, R. R;; Reisman, S. E. J. Am. Chem. Soc. 2013, 13S, 7304—
7311. (e) Lindsay, V. N. G; Fiset, D.; Gritsch, P. J.; Azzi, S.; Charette,
A. B. J. Am. Chem. Soc. 2013, 135, 1463—1470. (f) Goudreau, S. R;
Marcoux, D.; Charette, A. B. J. Org. Chem. 2009, 74, 470—473.
(g) Deng, C.; Wang, L,; Zhu, J.; Tang, Y. Angew. Chem.,, Int. Ed. 2012,
S1, 11620—11623.

(5) (a) Papageorgiou, C. D.; Ley, S. V,; Gaunt, M. J. Angew. Chem,
Int. Ed. 2003, 42, 828—831. (b) Aitken, L. S.; Hammond, L. E;
Sundaram, R.; Shankland, K; Brown, G. D.; Cobb, A. J. A. Chem.
Commun. 2015, 51, 13558—13561. (c) Bremeyer, N. S.; Smith, S. C,;
Ley, S. V.; Gaunt, M. J. Angew. Chem., Int. Ed. 2004, 43, 2681—2684.
(d) Ibrahem, L; Zhao, G. L,; Rios, R.; Vesely, J.; Sundén, H.; Dziedzic,
P.; Cérdova, A. Chem. - Eur. ]. 2008, 14, 7867—7879. (e) Shim, S. Y.;
Kim, J. Y,; Nam, M,; Hwang, G. S.; Ryu, D. H. Org. Lett. 2016, 18,
160—163. (f) Gao, L; Hwang, G.-S; Ryu, D. H. J. Am. Chem. Soc.
2011, 133, 20708—20711. (g) Kunz, R. K;; MacMillan, D. W. J. Am.
Chem. Soc. 2008, 127, 3240—3241. (h) Liao, W.-W,; Li, K; Tang, Y. J.
Am. Chem. Soc. 2003, 125, 13030—13031. (i) Ferrary, T.; David, E,;
Milanole, G.; Besset, T.; Jubault, P.; Pannecoucke, X. Org. Lett. 2013,
1S, 5598—5601. (j) Johansson, C. C. C.; Bremeyer, N.; Ley, S. V,;
Owen, D. R; Smith, S. C.; Gaunt, M. J. Angew. Chem., Int. Ed. 2006,
45, 6024—6028.

(6) For selected examples, see: (a) Yoshimura, A; Koski, S. R;
Kastern, B. J.; Fuchs, J. M.; Jones, T. N.; Yusubova, R. Y.; Nemykin, V.
N.; Zhdankin, V. V. Chem. - Eur. ]. 2014, 20, 5895—5898. (b) Lin, S.;
Li, M;; Dong, Z.; Liang, F.; Zhang, J. Org. Biomol. Chem. 2014, 12,
1341—-1350. (c) Biland, A. S.; Altermann, S.; Wirth, T. ARKIVOC
2003, 164—169. (d) Ye, Y,; Zheng, C; Fan, R. Org. Lett. 2009, 11,
3156—3159. (e) Luo, C.; Wang, Z.; Huang, Y. Nat. Commun. 2015, 6,
10041—10046. (f) Zhu, C; Li, J.; Chen, P.; Wu, W.; Ren, Y.; Jiang, H.
Org. Lett. 2016, 18, 1470—1473. (g) Xu, G.; Renaud, P. Angew. Chem,,
Int. Ed. 2016, S5, 3657—3661. (h) Usami, K; Nagasawa, Y
Yamaguchi, E.; Tada, N.; Itoh, A. Org. Lett. 2016, 18, 8—11.

(7) (a) Carson, C. A; Kerr, M. A. Chem. Soc. Rev. 2009, 38, 3051—
3060. (b) Davies, H. M. L.; Denton, J. R. Chem. Soc. Rev. 2009, 38,
3061—3071. (c) Tang, P.; Qin, Y. Synthesis 2012, 44, 2969—2984.

(8) For selected examples, see: (a) Bull, J. A.; Charette, A. B. J. Am.
Chem. Soc. 2010, 132, 1895—1902. (b) Shen, J.-J.; Zhu, S.-F.; Cai, Y,;
Xu, H; Xie, X-L; Zhou, Q.-L. Angew. Chem., Int. Ed. 2014, 53,
13188—13191. (c) Mamane, V.; Gress, T.; Krause, H.; Fiirstner, A. J.
Am. Chem. Soc. 2004, 126, 8654—865S. (d) Toh, K. K;; Wang, Y.-F;
Ng, E. P. J,; Chiba, S. J. Am. Chem. Soc. 2011, 133, 13942—1394S.
(e) Tong, X; Beller, M; Tse, M. K. J. Am. Chem. Soc. 2007, 129,
4906—4907.

(9) For an account of our work, see: Duan, Y.-N.; Jiang, S.; Han, Y.-
C.; Sun, B; Zhang, C. Youji Huaxue 2016, 36, 1973—1984. For
previous work on AIBX-mediated reactions, see: (a) Cui, L.-Q.; Dong,

Z.-L.; Liu, K; Zhang, C. Org. Lett. 2011, 13, 6488—6491. (b) Duan, Y.-
N,; Cui, L.-Q;; Zuo, L.-H.; Zhang, C. Chem. - Eur. J. 2018, 21, 13052—
13057.

(10) CCDC 1499164 contains the supplementary crystallographic
data for compound 2a. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

(11) When Dess-Martin reagent and 2-iodoxybenzoic acid were
utilized as oxidants, neither gave the desired results, which showed the
distinct reactivity of reagent AIBX. For details of optimization, please
see the Supporting Information, Section IV.

(12) It was found that using camphorsulfonic acid as the additive
instead of AcOH afforded better yields for fully saturated substrates.
For details of additive screening, please see the Supporting
Information, Section VIIL.

(13) CCDC 1497797 contains the supplementary crystallographic
data for compound 2r. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

(14) Bernardi, A.; Karamfilova, K; Sanguinetti, S.; Scolastico, C.
Tetrahedron 1997, 53, 13009—13026.

(15) (a) Tyutin, V. Y.; Chkanikoc, N. D.; Kolomietz, A. F.; Fokin, A.
V. J. Fluorine Chem. 1991, S1, 323—334. (b) Barsy, M. A.; El Latif, F.
A; El Rady, E. A;; Hassan, M. E.; El Maghraby, M. A. Synth. Commun.
2001, 31, 2569—2581.

(16) Han, X.-Q.; Whitehead, A.; Raghavan, S.; Cernak, T. A.; Dreher,
S.; Groeper, J.; Guo, J.; Zhang, Y. U.S. Patent No. WO2015/088886
Al 2015.

(17) Bronner, S. M.; Im, G. Y. J.; Garg, N. K. Heterocycles in Natural
Product Synthesis; Wiley-VCH: Weinheim, 2011.

(18) Lin, C.-H,; Wy, Y.-R;; Kung, P.-J.; Chen, W.-L,; Lee, L.-C.; Lin,
T.-H,; Chao, C.-Y,; Chen, C.-M,; Chang, K-H,; Janreddy, D.; Lee-
Chen, G. J; Yao, C.-F. ACS Chem. Neurosci. 2014, 5, 1063—1074.

(19) (a) Marek, 1; Masarwa, A; Delaye, P. O.; Leibeling, M. Angew.
Chem., Int. Ed. 2015, 54, 414—429. (b) Souillart, L.; Cramer, N. Chem.
Rev. 2015, 115, 9410—9464.

(20) Saidalimu, L; Suzuki, S.; Tokunaga, E.; Shibata, N. Chem. Sci.
2016, 7, 2106—2110.

(21) (a) Yamada, S.; Yamamoto, J.; Ohta, E. Tetrahedron Lett. 2007,
48, 855—858. (b) Yan, C. G; Song, X. K; Wang, Q. F; Sun, J;
Siemeling, U.; Bruhn, C. Chem. Commun. 2008, 1440—1442. (c) Ren,
Z.; Cao, W,; Wang, S.; Wang, Y.; Lu, Y. Synth. Commun. 2006, 36,
2441-2452.

DOI: 10.1021/acs.orglett.6b03209
Org. Lett. XXXX, XXX, XXX—XXX


http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b03209/suppl_file/ol6b03209_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b03209/suppl_file/ol6b03209_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b03209/suppl_file/ol6b03209_si_001.pdf
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
http://dx.doi.org/10.1021/acs.orglett.6b03209

