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ABSTRACT: Cascade radical cyclization of 1,6-enynes for the
construction of biologically important polycyclic y-lactams and
related heterocycles is reported. In these radical cascade
processes, three new C—C bonds are formed and transition
metals are not required to run these sequences. The mild
reaction conditions, broad substrate scope, and the importance
of the heterocyclic products render the approach valuable.
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N itrogen-containing fused heterocycles are widely found in
natural products, biologically active structures, medici-
nally relevant compounds, and other fine chemicals." Among
them, the polycyclic y-lactams have received considerable
attention due to their important biological activities (Figure
1). For instance, salinosporamide A was isolated from a marine
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Figure 1. Examples of biologically important molecules containing a
polycyclic y-lactam unit.

actinomycete by Fenical and co-workers, which has been proven
to be a potent proteasome inhibitor.” Fusarisetin A, isolated
from the soil fungus Fusarium sp. FN080326, was shown to
inhibit acinar morphogenesis (77 M), cell migration (7.7 uM),
and cell invasion (26 uM) in these cell lines without any
significant cytotoxicity.” More importantly, polycyclic y-lactam
derivative 1 exhibited efficient inhibitory effects on proliferation
of cancer cells.” This biological activity has made the synthesis of
polycyclic y-lactams quite attractive, and several straightforward
and robust methods for the construction of polycyclic y-lactams
have been elegantly established.’

Cascade radical cyclization of 1,n-enynes is a powerful
approach for the construction of carbon and heterocyclic ring
structures.”” However, to the best of our knowledge, radical
cascade cyclization of 1,n-enynes toward the construction of
polycyclic y-lactams is a largely unexplored research area. More
significantly, most of the reported methods for the construction
of polycyclic y-lactams from 1,n-enynes are based on transition-
metal catalysis.” Consequently, developing novel and efficient
transformations of 1,n-enynes to synthesize some important
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heterocyclic compounds under transition-metal-free reaction
conditions is still highly desirable.

Within the frame of our program devoted to the development
of radical cascade reactions using electron catalysis,” we recently
disclosed that aryl radicals, generated from commercially
available anilines,'” can regioselectively undergo radical cascade
cyclization with arene-conjugated 1,6-enynes, providing poly-
cyclic z-conjugated materials that show interesting photo-
physical properties (Scheme 1).'" Motivated by these findings,

Scheme 1. 1,6-Enynes as Aryl Radical Acceptors for the
Construction of Valuable Compounds
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polycyclic y-lactams and related
heterocycles with potential biological activities

we became interested in further exploring the reactivity of aryl
radicals with other types of 1,6-enynes and assumed that the
method might be extended to access biologically relevant
heterocyclic ring frameworks, such as polycyclic y-lactams.
Herein we describe the preliminary results of this study.

Our investigations commenced using the nitrogen-tethered
1,6-enyne 2a and aniline 3a as model substrates (Table 1). To
our delight, 36% yield of the polycyclic y-lactam 4aa was
obtained by using isoamyl nitrite for in situ diazonium salt
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Table 1. Reaction Optimization between 2a and 3a“”

O>\ — o NH, initiator (20 mol %) o P
Ts—N . isoamy! nitrite Ts—N
solvent, 70 °C, 24 h
COsMe MeG,C

2a 3a 4aa
entry initiator solvent yieldb (%)
1 n-BuyNI BTF 36
2 n-Bu,NI CH;CN 31
3 n-Bu,NI EtOAc 25
4 1-Bu,NI CH,CL, 21
S n-Bu,NI toluene 19
6 n-Bu,NI 1,4-dioxane trace
7 Nal BTF 32
8 KI BTF 45
9 Lil BTF S1
10 Cul BTF trace
11 Fel, BTF 17
12 NiCl, BTF 45
13 BTF 39
14° Lil BTF 52
154 Lil BTF 64

“Reaction conditions: 2a (0.2 mmol), 3a (0.4 mmol), initiator (0.04
mmol), and isoamyl nitrite (0.5 mmol) in solvent (2 mL) were stirred
at 70 °C for 24 h under argon atmosphere. bIsolated yield. “Stirred at
80 °C. “After the mixture was stirred for 10 h, additional 0.4 mmol of
3a and 0.5 mmol of isoamyl nitrite were added.

generation'” in combination with n-Bu,NI as a radical initiator
in benzotrifluoride (BTF) at 70 °C for 24 h (Table 1, entry 1).
Other reaction parameters including solvent, initiator, and
reaction time were then systematically varied. As summarized in
Table 1, the reaction media had a significant effect on the
reaction efficiency. BTF could be replaced by CH;CN albeit
with a slightly decrease in yield (31%) (Table 1, entry 2). Other
solvents such as EtOAc, CH,Cl,, and toluene turned out to be
less suitable for this cascade (Table 1, entries 3—5), and only a
trace amount of 4aa was observed in 1,4-dioxane (Table 1, entry
6). To further improve the reaction efficiency, the influence of
radical initiator was examined (Table 1, entries 7—9). With Nal
yield decreased to 32%, while with KI and Lil yield was
improved to 45% and 51%, respectively. Notably, worse results
were achieved upon using transition-metal salts as radical
initiators (Table 1, entries 10—12). In the absence of any
initiator, 4aa was isolated in 39% yield (Table 1, entry 13).
Likely, isoamyl nitrite acted as the initiator in this case. A further
enhancement in the product yield was obtained upon increasing
the reaction temperature from 70 to 80 °C (52%) (Table 1,
entry 14), and the highest yield was achieved by increasing the
amount of 3a and isoamyl nitrite (64%) (Table 1, entry 15).
With optimal reaction conditions in hand (Table 1, entry 15),
we next investigated the scope and limitations of this radical
cascade process by using various substituted anilines in
combination with the nitrogen-tethered 1,6-enyne 2a as the
reaction partner. As shown in Scheme 2, both electron-donating
(Me, OMe, OPh) and electron-withdrawing groups (F, CI) can
be successfully introduced at the para-position of the aniline
component, revealing that para-electronic modification of the
aniline does not substantially alter reaction efficiency. The
corresponding polycyclic y-lactams 4ab—af were isolated in
moderate to good yields. The structure of 4af was
unambiguously confirmed by X-ray diffraction analysis (see
Table 1 and Figure S1 in the Supporting Information)."”
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Scheme 2. Substrate Scope™”
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“Reaction conditions: 2 (0.2 mmol), 3 (0.4 + 0.4 mmol), Lil (0.04
mmol), and isoamyl nitrite (0.5 + 0.5 mmol) in BTF (2 mL) were
stirred at 80 °C for 24 h under argon atmosphere. bIsolated yield.

However, lower yields were obtained for anilines bearing
substituents at the meta and ortho positions (4ag and 4ah), likely
for steric reasons.

Next, the scope of the reaction was examined with respect to
the 1,6-enyne component 2. Electron-donating and electron-
withdrawing substituents are tolerated at the para-position of
the R*-aryl group, and the corresponding products 4ba—da were
obtained in 53—62% yield. Note that a thienyl group can be
installed as the alkyne substituent to afford the polycyclic y-
lactam 4ea in 60% yield. The R*-aryl substituent can be replaced
by an alkyl substituent as documented for the propyl and
cyclohexyl congener. The corresponding heterocycles 4fa and
4ga were isolated in 45% and 50% yield, respectively.
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Good yields were also obtained when the activating methyl
ester moiety was replaced by a bulkier ethyl and tert-butyl ester
functionality (4ha and 4ia). We also tested whether the N-tosyl
group in the 1,6-enyne can be substituted by other N-protecting
groups. While all of our attempts to carry out the reaction with
an N-phenyl-protected substrate failed, the N-benzyl-protected
1,6-enyne afforded the targeted product 4ja in 44% yield.
Importantly, the reaction of nitrogen-tethered 1,6-enyne 21 with
aniline 3a under the optimized reaction conditions afforded
polycyclic pyrrole product 4la in 57% yield,"’ showing that the
carbonyl group next to the N atom is not required for this
cascade.

To further illustrate the synthetic utility of this methodology,
we also applied this radical cascade to the construction of other
biologically important polycyclic ring systems. To our delight,
we found that our approach can be extended to the synthesis of
polycyclic y-butyrolactones. The starting esters Sa—c containing
a 1,6-enyne moiety are readily prepared (see the SI), and the
cascade was studied using aniline as the aryl radical precursor.
Pleasingly, we found that under the conditions optimized for the
lactam synthesis the cascade worked well and the targeted y-
butyrolactones 6a—c were obtained in 57—62% yield (Scheme
3). It is worth noting that 6b contains the core structure of
collinusin, a natural lignan lactone which exhibits antiviral
activity.14

Scheme 3. Construction of Polycyclic y-Butyrolactone
Derivatives™”
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“Reaction conditions: 5 (0.2 mmol), 3a (0.4 + 0.4 mmol), Lil (0.04
mmol), and isoamyl nitrite (0.5 + 0.5 mmol) with BTF (2 mL) was
stirred at 80 °C for 24 h under argon atmosphere. YIsolated yield.

The synthetic value of this method was further demonstrated
by investigating follow-up chemistry using 4aa as a substrate
(Scheme 4). Treatment of 4aa under acidic conditions for 1 h at

Scheme 4. Follow-up Chemistry
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room temperature gave the corresponding detosylated poly-
cyclic y-lactam 7 in 85% yield.">* Hydrolysis of the ester group
was achieved by treating 4aa with LiOH-H,O in a mixture of
MeOH, THF, and water at room temperature for 0.5 h to give
the corresponding acid in 87% yield."*" Silver-catalyzed
oxidative decarboxylation of this acid provided aromatization
product 8 in 71% isolated yield."*

A plausible reaction mechanism is proposed in Scheme 5 to
explain the formation of polycyclic y-lactam 4af. First, 4-

Scheme §. Plausible Reaction Mechanism
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chloroaniline 3b reacts with isoamyl nitrite to the corresponding
diazonium salt A. Then, reaction of A with Lil generates aryl
radical B in the initiation step. Chemoselective radical addition
of B to the activated alkene of 1,6-enyne 2a provides tertiary
alkyl radical C,'® which subsequently undergoes a 5-exo
cyclization to deliver vinyl radical D. Next, radical D cyclizes
onto the arene to %ive cyclohexadienyl radical E, which in turn
gets deprotonated'” by the alcoholate derived from isoamyl
nitrite to provide arene radical anion F. Radical anion F is
eventually oxidized to generate the final polycyclic y-lactam
product 4af, formally liberating an electron to complete the
catalytic cycle.

In conclusion, cascade radical cyclizations of 1,6-enynes with
aryl radicals for the construction of polycyclic y-lactams were
developed. Commercially available arylamines were used as
radical precursors and Lil as a radical chain initiator. The
cascade comprises three C—C bond-forming steps and showed
broad substrate scope providing polycyclic y-lactams in
moderate to good yields. More significantly, the method could
be efficiently extended to the synthesis of polycyclic pyrrole and
y-butyrolactone derivatives. These cascades proceed by electron
catalysis, and transition metals are not required to run these
processes.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.6b03267.

Experimental procedures, characterization data, and 'H
and "*C NMR spectra (PDF)
X-ray data for compound 4af (CIF)

DOI: 10.1021/acs.orglett.6b03267
Org. Lett. 2016, 18, 6372—6375



Organic Letters

B AUTHOR INFORMATION
Corresponding Author

*E-mail: studer@uni-muenster.de.

ORCID

Armido Studer: 0000-0002-1706-513X
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Alexander von Humboldt
Foundation (postdoctoral fellowship to J.X.). A.S. thanks the
ERC (ERC Advanced Grant Agreement No. 692640) for
financial support.

B REFERENCES

(1) For selective reviews, see: (a) McReynolds, M. D.; Dougherty, J.
M.; Hanson, P. R. Chem. Rev. 2004, 104, 2239—2258. (b) Alonso, F.;
Beletskaya, I. P.; Yus, M. Chem. Rev. 2004, 104, 3079—3159. (c) Deiters,
A; Martin, S. F. Chem. Rev. 2004, 104, 2199—2238. (d) Siizen, S. Top.
Heterocycl. Chem. 2007, 11, 145—178. (e) Patil, N. T.; Yamamoto, Y.
Chem. Rev. 2008, 108, 3395—3442. (f) Jakopin, Z.; Dolenc, M. S. Curr.
Med. Chem. 2010, 17, 651—671.

(2) (a) Feling, R. H.; Buchanan, G. O.; Mincer, T. ].; Kauffman, C. A;
Jensen, P. R; Fenical, W. Angew. Chem., Int. Ed. 2003, 42, 355—357.
(b) Reddy, L. R;; Saravanan, P.; Corey, E. J. J. Am. Chem. Soc. 2004,
126, 6230—6231. (c) Shibasaki, M.; Kanai, M.; Fukuda, N. Chem. -
Asian J. 2007, 2, 20—38.

(3) Jang, J-H.; Asami, Y.; Jang, J.-P.; Kim, S.-O.; Moon, D. O.; Shin,
K.-S.; Hashizume, D.; Muroi, M.; Saito, T.; Oh, H.; Kim, B. Y.; Osada,
H,; Ahn, J. S. J. J. Am. Chem. Soc. 2011, 133, 6865—6867.

(4) Zhao, Y,; Hui, J.; Wang, D; Zhu, L; Fang, J.-H.; Zhao, X.-D.
Chem. Pharm. Bull. 2010, 58, 1324—1327.

(5) For selective reviews and papers, see: (a) Marson, C. M,;
Grabowska, U.; Walsgrove, T. J. Org. Chem. 1992, 57, 5045—5047.
(b) Comesse, S.; Sanselme, M.; Daich, A. J. Org. Chem. 2008, 73,
5566—5569. (c) Kammerer, C.; Prestat, G.; Madec, D.; Poli, G. Acc.
Chem. Res. 2014, 47, 3439—3447. (d) Rivas, F,; Ling, T. Org. Prep.
Proced. Int. 2016, 48, 254—295.

(6) For selected reviews on the cascade reaction, see: (a) Nicolaou, K.
C.; Edmonds, D. J,; Bulger, P. G. Angew. Chem., Int. Ed. 2006, 4S,
7134—7186. (b) Grondal, C.; Jeanty, M.; Enders, D. Nat. Chem. 2010,
2,167—-178. (c) Ly, L.-Q; Chen, J.-R.; Xiao, W.-J. Acc. Chem. Res. 2012,
45, 1278—1293. (d) Volla, C. M. R;; Atodiresei, L.; Rueping, M. Chem.
Rev. 2014, 114,2390—2431. (e) Wang, Y.; Lu, H.; Xu, P.-F. Acc. Chem.
Res. 2015, 48, 1832—1844.

(7) For selected examples on the radical cascade reaction of 1,n-
enynes, see: (a) Clive, D. L. J; Magnuson, S. R; Manning, H. W;
Mayhew, D. L. J. Org. Chem. 1996, 61, 2095—2108. (b) Leeuwenburgh,
M. A, Litjens, R. E. J. N.; Codée, J. D. C.; Overkleeft, H. S.; van der
Marel, G. A.; van Boom, J. H. Org. Lett. 2000, 2, 1275—1277. (c) Chen,
M.; Weng, Y.; Guo, M.; Zhang, H.; Lei, A. Angew. Chem., Int. Ed. 2008,
47, 2279—2282. (d) Mondal, S.; Mohamed, R. K;; Manoharan, M.;
Phan, H.; Alabugin, L. V. Org. Lett. 2013, 15, 5650—5653. (e) Luo, J.-Y.;
Hua, H.-L,; Chen, Z.-S.; Zhou, Z.-Z; Yang, Y.-F.; Zhou, P.-X,; He, Y.-
T.; Liu, X.-Y,; Liang, Y.-M. Chem. Commun. 2014, 50, 1564—1566.
() Liu, Y.; Zhang, J.-L.; Song, R.-].; Qian, P.-C,; Li, J.-H. Angew. Chem.,,
Int. Ed. 2014, 53, 9017—9020. (g) Mondal, S.; Gold, B.; Mohamed, R;;
Phan, H.; Alabugin, L. V. J. Org. Chem. 2014, 79, 7491—7501. (h) Kong,
W.; Fuentes, N.; Garcia-Dominguez, A.; Merino, E.; Nevado, C. Angew.
Chem,, Int. Ed. 2015, 54, 2487—2491. (i) Fuentes, N.; Kong, W. Q.;
Fernandez-Sanchez, L.; Merino, E.; Nevado, C. J. Am. Chem. Soc. 2018,
137, 964—973. (j) Hu, M,; Song, R.-J; Li, J.-H. Angew. Chem., Int. Ed.
Engl. 2015, 54, 608—612. (k) Qiu, J.-K;; Jiang, B.; Zhu, Y.-L.; Hao, W.-
J; Wang, D.-C,; Sun, J.; Wei, P,; Tu, S.-J; Li, G.-G. J. Am. Chem. Soc.
2018, 137, 8928—8931. (1) Zhu, Y.-L; Jiang, B.; Hao, W.-J.; Qiu, J.-K;
Sun, J.; Wang, D.-C.; Wei, P.; Wang, A.-F,; Li, G.-G.; Tu, S.-J. Org. Lett.

6375

2018, 17, 6078—6081. (m) Zhao, Y.; Hu, Y,; Wang, H,; Li, X,; Wan, B.
J. Org. Chem. 2016, 81, 4412—4420. (n) Zhuy, Y.-L.; Jiang, B.; Hao, W.-
J; Wang, A-F,; Qiu, J.-K; Wei, P.; Wang, D.-C; Li, G-G.; Tu, S.7.
Chem. Commun. 2016, 52, 1907—1910.

(8) For selected articles on the construction of polycyclic y-lactams
from 1,n-enynes under transition-metal catalysis, see: (a) Welbes, L. L.;
Lyons, T. W.; Cychosz, K. A.; Sanford, M. S. J. Am. Chem. Soc. 2007,
129, 5836—5837. (b) Fang, X; Li, C.; Tong, X. Chem. Commun. 2009,
4S5, 5311-5313. (c) Qian, D.; Zhang, J. Chem. Commun. 2011, 47,
11152—11154. (d) Welsch, S. J.; Umkehrer, M.; Ross, G.; Kolb, J;
Burdack, C.; Wessjohann, L. A. Tetrahedron Lett. 2011, 52, 6295—6297.
(e) Koo, J.; Park, H.-S.; Shin, S. Tetrahedron Lett. 2013, 54, 834—839.
(f) Chen, C; Su, J.; Tong, X. Chem. - Eur. J. 2013, 19, 5014—5018.
(g) Yeom, H.-S.; Shin, S. Org. Biomol. Chem. 2013, 11, 1089—1092.
(h) Patil, D. V,; Park, H.-S.; Koo, J.; Han, J. W.; Shin, S. Chem. Commun.
2014, 50, 12722—12725. (i) Marien, N.; Brigou, B.; Pinter, B.; Proft, F.
D.; Verniest, G. Org. Lett. 2015, 17, 270—273. (j) Yeh, M.-C. P.; Shiue,
Y. S; Lin, H.-H,; Yu, T.-Y,; Hu, T.-C,; Hong, J.-J. Org. Lett. 2016, 18,
2407-2410.

(9) (a) Studer, A,; Curran, D. P. Nat. Chem. 2014, 6, 765—773.
(b) Studer, A.; Curran, D. P. Angew. Chem.,, Int. Ed. 2016, 55, 58—102.
(c) Hartmann, M.; Studer, A. Angew. Chem., Int. Ed. 2014, 53, 8180—
8183. (d) Leifert, D.; Artiukhin, D. G.; Neugebauer, J.; Galstyan, A,;
Strassert, C. A.; Studer, A. Chem. Commun. 2016, 52, 5997—6000.
(e) Leifert, D.; Studer, A. Org. Lett. 2015, 17, 386—389. (f) Hartmann,
M.,; Daniliuc, C. G.; Studer, A. Chem. Commun. 2018, 51, 3121—-3123.
(g) Mackay, E. G.; Studer, A. Chem. - Eur. ]. 2016, 22, 13455—13458.

(10) For reviews, see: (a) Mo, F.; Dong, G.; Zhang, Y.; Wang, J. Org.
Biomol. Chem. 2013, 11, 1582—1593. (b) Hari, D. P.; Kénig, B. Angew.
Chem., Int. Ed. 2013, 52, 4734—4743. (c) He, L.; Qiu, G.; Gao, Y.; Wu,
J. Org. Biomol. Chem. 2014, 12, 6965—6971.

(11) Xuan, J.; Gonzalez-Abradelo, D.; Strassert, C. A.; Daniliuc, C.-G.;
Studer, A. Eur. ]. Org. Chem. 2016, 2016, 4961—4964.

(12) CCDC 1511072 contains the supplementary crystallographic
data for compound 4af. These data can be obtained free of charge from
the Cambridge Crystallographic Data Centre.

(13) (a) Trauger, J. W.; Baird, E. E,; Dervan, P. B. Nature 1996, 382,
559—561. (b) Boger, D. L.; Boyce, C. W.; Labroli, M. A.; Sehon, C. A,;
Jin, Q. J. Am. Chem. Soc. 1999, 121, 54—62. (c) Chakraborty, T. K;
Mohan, B. K;; Kumar, S. K.; Kunwar, A. C. Tetrahedron Lett. 2002, 43,
2589—-2592. (d) Haynes, S. W.; Sydor, P. K; Corre, C.; Song, L,;
Challis, G. L. J. Am. Chem. Soc. 2011, 133, 1793—1798. (g) Hu, D.-X;
Clift, M.-D.; Lazarski, K. E; Thomson, R. J. J. Am. Chem. Soc. 2011,
133, 1799—1804.

(14) (a) Morimoto, T.; Chiba, M.; Achiwa, K. Chem. Pharm. Bull.
1989, 37, 3161—-3163. (b) Morimoto, T.; Chiba, M.; Achiwa, K.
Tetrahedron 1993, 49, 1793—1806. (c) Flanagan, S. R.; Harrowven, D.
C.; Bradley, M. Tetrahedron 2002, 58, 5989—6001.

(15) (a) Deng, J.-C.; Chen, W.-Y.; Zhu, C.; Chuang, S.-C. Adv. Synth.
Catal. 2015, 357, 1453—1462. (b) Xuan, J; Xia, X.-D.; Zeng, T.-T.;
Feng, Z.-]; Chen, J-R; Lu, L.-Q.; Xiao, W.-J. Angew. Chem., Int. Ed.
2014, 53, 5653—5656. (c) Yin, F.; Wang, Z.; Li, Z.; Li, C. J. Am. Chem.
Soc. 2012, 134, 10401—10404.

(16) (a) Heinrich, M. Chem. - Eur. ]. 2009, 15, 820—833. (b) Kindt, S.;
Heinrich, M. R. Synthesis 2016, 48, 1597—1606.

(17) Studer, A.; Curran, D. P. Angew. Chem., Int. Ed. 2011, 50, S018—
5022.

DOI: 10.1021/acs.orglett.6b03267
Org. Lett. 2016, 18, 6372—6375



