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ABSTRACT: Microwave-promoted iminyl radical cyclizations can be termi- PhO.,

nated by trapping with TEMPO, affording functionalized adducts. The use of |N
alkynes as radical acceptors delivers a range of 2-acylpyrroles in good yields.
Toxic and hazardous reagents, which are frequently employed in radical
reactions, are not required. The O-phenyl oxime ether substrates are constructed

in a single step from readily available ketones.

Radical processes are valued for their mild reaction
conditions, excellent functional group tolerance, and
ability to engage in one-pot multistep cascade transformations."
A current area of emphasis involves the development of radical
reactions that do not require toxic or hazardous reagents (e.g.,
organotins, azo compounds, or peroxides).” In this regard, we
became interested in the microwave-promoted iminyl radical
cyclizations of Walton and co-workers, which furnish
dihydropyrroles from alkene acceptors and pyrroles from
alkyne acceptors (Scheme 1).>~> No radical initiators or tin

Scheme 1. Microwave-Promoted Iminyl Radical Cyclization
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reagents are required, as the weak N—O bond in the substrate is
cleaved directly via thermolysis and the toluene solvent
functions as a hydrogen atom donor. Attracted by the simple
and environmentally friendly nature of this process, we
wondered if more complex products could be generated by
trapping the cyclic radical intermediate with species other than
hydrogen atoms. Herein, we present our initial findings on this
topic, which have led to a concise and efficient synthesis of 2-
acylpyrroles.

We began by investigating TEMPO as a radical trapping
agent due to the many examples of its successful use for this
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purpose.”” To avoid competitive hydrogen atom trapping, a

solvent other than toluene was required. We posited that
trifluorotoluene might serve as a suitable substitute. Our first
experiment involved microwave irradiation of O-phenyl oxime
ether 1° (Table 1), TEMPO, and the ionic liquid 1-ethyl-3-

Table 1. TEMPO Trapping of Iminyl Radical Cyclization

emimPFg
PhOmN TEMPO
PhJ\/\/ PhCF, ):g
LW (98 °C)
1
entry emimPFg (equiv) = TEMPO (equiv) time (min) yield (%)
1 1.0 1S 15 93
2 0 LS 15 90
3 0 1.1 30 92

methyl-1H-imidazol-3-ium hexafluorophosphate (emimPFy,
employed by Walton and co-workers to facilitate efficient
microwave heating of the reaction mixture) in this solvent at
160 °C (the temperature employed in Walton’s study’). A
complex mixture resulted, and further investigation revealed
that TEMPO decomposes under microwave irradiation in
PhCF; at this temperature. Fortunately, the thermolysis of 1
followed by cyclization and TEMPO trapping took place at
temperatures just below 100 °C, delivering dihydropyrrole 2
rapidly and in excellent yield (Table 1, entry 1). Since PhCFy is
more polar than toluene, we reasoned that the ionic liquid
additive might not be necessary. Indeed, microwave heating was
efficient in its absence, and the yield of 2 was essentially
unchanged (Table 1, entry 2). Moreover, the amount of
TEMPO could be reduced to 1.1 equiv, albeit with an increase
in the reaction time from 1S5 to 30 min (Table 1, entry 3).
Walton and co-workers found that S-exo iminyl radical
cyclizations onto alkyne acceptors furnished pyrroles due to
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isomerization and aromatization of the initially formed adducts
(Scheme 1).> We wondered if TEMPO-terminated cyclizations
onto alkyne acceptors conducted at lower temperatures would
also be accompanied by isomerization. If aromatization could
be prevented, the resulting dihydropyrrole enol ethers would be
valuable synthetic intermediates possessing numerous possibil-
ities for further functionalization. Interestingly, when alkyne-
containing O-phenyl oxime ether 3a® was subjected to the
conditions developed with substrate 1, 2-acylpyrrole 4a was
obtained in moderate yield, and the presumed dihydropyrrole
enol ether intermediate was not observed (Table 2, entry 1).
Optimization studies revealed that 3.0 equiv of TEMPO were
required to deliver 4a in good yield (Table 2, entry 3).

Table 2. TEMPO-Terminated Iminyl Radical Cyclization of
Alkyne 3a

PhO, TEMPO
PhCF, 7\
| ——— P N
Ph N nW (98 °C) H o
3a 4a
entry TEMPO (equiv) time (min) yield (%)

1 1.5 30 41
2 2.5 30 43
3 3.0¢ 60 83

“1.5 equiv of TEMPO was added at the beginning of the reaction, and
a second portion was added after 30 min.

Given the importance of pyrroles and the high level of
interest in developing new methods for their synthesis,”'® we
examined TEMPO-terminated microwave-promoted radical
cyclizations of various alkyne-containing O-phenyl oxime ethers
3" (Scheme 2). The reaction exhibited a broad substrate scope,
delivering a variety of different 2-acylpyrroles. Acyl groups
larger than acetyl could be easily installed (4b), and both aryl
and alkyl groups were tolerated at the C-$ position (cf. 4b vs
4c). Acyl groups bearing alcohols protected with either acid-
labile (4d, 4e) or base-labile (4f) protecting groups were
compatible with the mild procedure. Interestingly, a small
amount of TEMPO-containing dihydropyrrole enol ether 5 was
obtained alongside pyrrole 4d. In addition to the acyl group
present at C-2 and the alkyl or aryl group located at C-5 of the
pyrrole, substituents at either C-3 or C-4 were also tolerated
(4g—i). Cyclic substrates were viable, furnishing bicyclic
pyrroles possessing fused five- (4j), six- (4k), and seven-
membered rings (41). While most of the iminyl radical
cyclizations were conducted by adding the entire 3.0 equiv of
TEMPO in a single portion, the sequential addition of two 1.5
equiv portions afforded slightly better results in a few cases (4a,
4d, 4j).

In addition to conducting the microwave-promoted reac-
tions, we briefly investigated TEMPO-terminated iminyl radical
cyclizations under conventional conditions. Heating a solution
of oxime ether 1 and TEMPO in PhCF; at 98 °C in an oil bath
for 3 h afforded dihydropyrrole 2 in 84% yield. The cyclization
of 3a under identical conditions required more time (12 h) and
delivered 2-acylpyrrole 4a in modest (52%) yield. These
experiments demonstrate that microwave irradiation is
beneficial but not required for these iminyl radical cyclizations
to take place. It is unlikely that microwave-specific acceleration
is operative, since this effect has only been documented in cases
where microwave-absorbing polar or ionic solutes are
selectively heated in nonpolar solvents that are essentially
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Scheme 2. Scope of TEMPO-Terminated Iminyl Radical
Cyclization
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transparent to microwaves.'> Our reactions employ a micro-
wave-absorbing polar solvent, so it is likely that the entire
solution is heated in relatively uniform fashion upon microwave
irradiation.

To probe the mechanism of 2-acylpyrrole formation, we
conducted the iminyl radical cyclization of alkyne 6, which is
unable to afford an aromatic product (Scheme 3). This reaction

Scheme 3. Microwave-Promoted Cyclization of Alkyne 6
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furnished a complex mixture from which we were unable to
isolate the products. "H NMR and mass spectrometry analysis
of the crude reaction mixture indicated the presence of enol
ether 7 and its isomer 8. Ketone 9, which would have formed
via fragmentation of 8, was not detected. While it is premature
to draw conclusions from this result, it does suggest that
formation of an aromatic pyrrole ring system is necessary for
the TEMPO group to fragment and generate a ketone.

We then subjected dihydropyrrole enol ether S to microwave
heating in the absence of TEMPO (Scheme 4). Isomerization
to generate the pyrrole was facile, as 10 was the major product
visible in the 'H NMR spectrum of the reaction mixture.
However, 2-acylpyrrole 4d was not detected, indicating that the
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Scheme 4. Heating of S in the Absence of TEMPO
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presence of radicals facilitates fragmentation of 10 and related
adducts.

A plausible mechanism for the formation of 2-acylpyrroles 4
is shown in Scheme S. Microwave irradiation of O-phenyl

Scheme 5. Proposed Reaction Mechanism

w . 3
IN R3 A (uW) B R 5-exo-dig
N " R
R(kH\ o R Jg\
2 == - PhO R2 R4
3 A
7(N\/k\ R2 R3
isomerization
R = -
R' \N =
TEMPO
c
R* R?
fragmentation
- J'Ir \. Rd
i RN
H o
R-H -y 4
Detected by MS:

s -
OH "

oxime ether 3 causes homolytic cleavage of the N—O bond,
producing iminyl radical A along with the phenoxy radical as a
byproduct. Radical A then undergoes S-exo-dig cyclization to
furnish vinyl radical B, which is subsequently trapped by
TEMPO" to afford enol ether C. Isomerization of C gives
pyrrole D, and formation of the heteroaromatic ring system
presumably weakens the adjacent C—H bond sufficiently to
allow a fragmentation to be triggered by abstraction of this
hydrogen atom. This fragmentation could be mediated by
several of the radicals that are present in the reaction mixture
(i.e, PhO®, TEMPO,"* or tetramethylpiperidinyl radical), and it
proceeds with N—O bond cleavage''® to produce 2-
acylpyrrole 4 and the tetramethylpiperidinyl radical. The
observation of enol ether 5 as a minor product of the
cyclization of 3d is consistent with this mechanism, as is the
failure of O-phenyl oxime ether 6 to give a ketone-containing
product and the inability of 10 to undergo fragmentation in the
absence of TEMPO. The detection of N-hydroxytetramethyl-
piperidine and tetramethylpiperidine in the reaction mixture by
mass spectrometry provides further support for the proposed
pathway.
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In summary, we have found that microwave-promoted iminyl
radical cyclizations can be terminated by trapping with
TEMPO. The use of alkynes as radical acceptors furnishes 2-
acylpyrroles by a process involving isomerization and
fragmentation. The O-phenyl oxime ether cyclization substrates
are easily prepared in a single step from ketones, which are
themselves readily available. 2-Acylpyrroles have traditionally
been synthesized by Friedel—Crafts acylations'” or Vilsmeier
reactions.'® When compared to these methods and others that
are used to construct substituted pyrroles,”' this protocol is
attractive for its mild conditions that tolerate the presence of
both acid- and base-sensitive functional groups. Its scope,
simplicity, and good yields are also noteworthy. Moreover, toxic
or hazardous reagents such as organotins, azo compounds, and
peroxides are not required. Further applications of microwave-
promoted iminyl radical cyclizations are currently under
investigation in our laboratory.

B ASSOCIATED CONTENT
© Supporting Information

Experimental procedures, characterization data, and NMR
spectra for all new compounds. This material is available free
of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: scastle@chem.byu.edu.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Brigham Young University (MEG Award to S.L.C,,
Undergraduate Research Award to A.RK.) for support.

B REFERENCES

(1) (a) Renaud, P, Sibi, M. P., Eds. Radicals in Organic Synthesis;
Wiley-VCH: New York, 2001; Vols. I and 2. (b) Rowlands, G. J.
Tetrahedron 2009, 65, 8603. (c) Rowlands, G. J. Tetrahedron 2010, 66,
1593. (d) Subramanian, H.; Landais, Y.; Sibi, M. P. In Comprehensive
Organic Synthesis, 2nd ed.; Molander, G. A,, Knochel, P., Eds.; Elsevier:
Oxford, 2014; Vol. 4, pp 699—741. (e) Loertscher, B. M.; Castle, S. L.
In Comprehensive Organic Synthesis, 2nd ed.; Molander, G. A., Knochel,
P., Eds.; Elsevier: Oxford, 2014; Vol. 4, pp 742—809.

(2) (a) Studer, A; Amrein, S. Synthesis 2002, 835. (b) Studer, A.
Chem. Soc. Rev. 2004, 33, 267. (c) Gansiuer, A.; Shi, L.; Otte, M,;
Huth, L; Rosales, A.; Sancho-Sanz, I; Padial, N. M,; Oltra, J. E. Top.
Curr. Chem. 2012, 320, 93.

(3) (a) Portella-Cubillo, F.; Scott, J. S.; Walton, J. C. Chem. Commun.
2007, 4041. (b) Portella-Cubillo, F.; Scott, J. S.; Walton, J. C. J. Org.
Chem. 2008, 73, 5558.

(4) For a related Cu-catalyzed Heck-like process involving
intermediates with iminyl radical character, see: Faulkner, A.; Race,
N. J; Scott, J. S.; Bower, J. F. Chem. Sci. 2014, 5, 2416.

(5) For selected recent examples of other iminyl radical cyclizations,
see: (a) Alonso, R;; Campos, P. J.; Garcia, B.; Rodriguez, M. A. Org.
Lett. 2006, 8, 3521. (b) Alonso, R; Caballero, A; Campos, P. J;
Rodriguez, M. A. Tetrahedron 2010, 66, 8828. (c) Portela-Cubillo, F.;
Scott, J. S.; Walton, J. C. Chem. Commun. 2008, 2935. (d) Portela-
Cubillo, F.; Scanlan, E. M,; Scott, J. S.; Walton, J. C. Chem. Commun.
2008, 4189. (e) Portela-Cubillo, F.; Lymer, J.; Scanlan, E. M.; Scott, J.
S.; Walton, J. C. Tetrahedron 2008, 64, 11908. (f) Portela-Cubillo, F.;
Scott, J. S.; Walton, J. C. J. Org. Chem. 2009, 74, 4934. (g) McBurney,
R. T, Slawin, A. M. Z,; Smart, L. A; Yu, Y,; Walton, J. C. Chem.
Commun. 2011, 47, 7974. (h) Walton, J. C. Acc. Chem. Res. 2014, 47,

DOI: 10.1021/015035047
Org. Lett. 2015, 17, 488—491



Organic Letters

1406. (i) Kitamura, M.; Narasaka, K. Bull. Chem. Soc. Jpn. 2008, 81,
539. (j) Bencivenni, G.; Lanza, T.; Leardini, R.; Minozzi, M.; Nanni,
D.; Spagnolo, P.; Zanardi, G. J. Org. Chem. 2008, 73, 4721. (k) Li, Z.-
S.; Wang, W.-X; Yang, J.-D.; Wu, Y.-W.; Zhang, W. Org. Lett. 2013,
15, 3820.

(6) (a) Vogler, T.; Studer, A. Synthesis 2008, 1979. (b) Tebben, L.;
Studer, A. Angew. Chem., Int. Ed. 2011, 50, 5034.

(7) For a seminal example of the use of TEMPO trapping in
microwave-mediated radical chemistry, see: Wetter, C.; Studer, A.
Chem. Commun. 2004, 174.

(8) Substrate 3a was prepared by condensation of a ketone precursor
with PhONH,-HCL. For synthesis of the ketone, see: Kusama, H,;
Ishida, K; Funami, H,; Iwasawa, N. Angew. Chem., Int. Ed. 2008, 47,
4903.

(9) Reviews: (a) Bellina, F.; Rossi, R. Tetrahedron 2006, 62, 7213.
(b) Schmuck, C.; Rupprecht, D. Synthesis 2007, 3095. (c) Thirumalair-
ijan, S.; Pearce, B. M.; Thompson, A. Chem. Commun. 2010, 46, 1797.
(d) Estévez, V.; Villacampa, M.; Menéndez, J. C. Chem. Soc. Rev. 2010,
39, 4402. (e) Tsuchimoto, T. Chem.—Eur. J. 2011, 17, 4064.
(f) Leeper, F. J.; Kelly, J. M. Org. Prep. Proced. Int. 2013, 45, 171.
(g) Gulevich, A. V.; Dudnik, A. S.; Chernyak, N.; Gevorgyan, V. Chem.
Rev. 2013, 113, 3084.

(10) Selected recent examples: (a) Zhang, M.; Neumann, H.; Beller,
M. Angew. Chem,, Int. Ed. 2013, 52, 597. (b) Fesenko, A. A.; Shutalev,
A.D. J. Org. Chem. 2013, 78, 1190. (c) Iida, K;; Miura, T.; Ando, J.;
Saito, S. Org. Lett. 2013, 15, 1436. (d) Srimani, D.; Ben-David, Y.;
Milstein, D. Angew. Chem,, Int. Ed. 2013, 52, 4012. (e) Yoshida, M.;
Sugimura, C. Tetrahedron Lett. 2013, 54, 2082. (f) Shi, Z.; Suri, M,;
Glorius, F. Angew. Chem., Int. Ed. 2013, 52, 4892. (g) Jadhav, N. C,;
Jagadhane, P. B; Patile, H. V.; Telvekar, V. N. Tetrahedron Lett. 2013,
54, 3019. (h) Gabriele, B.; Veltri, L.; Plastina, P.; Mancuso, R.; Vetere,
M. V; Maltese, V. J. Org. Chem. 2013, 78, 4919. (i) Miura, T.; Hiraga,
K; Biyajima, T.; Nakamuro, T.; Murakami, M. Org. Lett. 2013, 1S,
3298. (j) Liu, J; Fang, Z.; Zhang, Q.; Liu, Q; Bi, X. Angew. Chem,, Int.
Ed. 2013, 52, 6953. (k) Kuroda, Y.; Imaizumi, K; Yamada, K;
Yamaoka, Y.; Takasu, K. Tetrahedron Lett. 2013, 54, 4073. (1) Silveira,
C. C,; Mendes, S. R.; Martins, G. M.; Schlosser, S. C.; Kaufman, T. S.
Tetrahedron 2013, 69, 9076. (m) Egorov, M.; Delpech, B.; Aubert, G.;
Cresteil, T.; Garcia-Alvarez, M. C,; Collin, P.; Marazano, C. Org.
Biomol. Chem. 2014, 12, 1518. (n) Yufeng, L.; Jie, S.; Zhengguang, W.;
Xinglong, W.; Xiaowei, W.; Jiachao, G.; Hongzhong, B.; Hongfei, M.
Tetrahedron 2014, 70, 2472. (0) Umeda, R.; Mashino, T.; Nishiyama,
Y. Tetrahedron 2014, 70, 4395. (p) Srivastava, A.; Shukla, G.; Nagaraju,
A.; Verma, G. K; Raghuvanshi, K; Jones, R. C. F.; Singh, M. S. Org.
Biomol. Chem. 2014, 12, 5484. (q) Jiang, Y.; Park, C.-M. Chem. Sci.
2014, S, 2347. (r) Lian, X.-L.; Ren, Z.-H,; Wang, Y.-Y,; Guan, Z.-H.
Org. Lett. 2014, 16, 3360. (s) Yu, Y.; Wang, C.; He, X,; Yao, X.; Zu, L.
Org. Lett. 2014, 16, 3580. (t) Chen, G.-Q.; Zhang, X.-N.; Wei, Y,;
Tang, X.-Y.; Shi, M. Angew. Chem,, Int. Ed. 2014, 53, 8492. (u) Du, W.;
Zhao, M.-N,; Ren, Z.-H.; Wang, Y. Y,; Guan, Z.-H. Chem. Commun.
2014, 50, 7437. (v) Li, T.; Xin, X; Wang, C.; Wang, D.; Wu, F.; Li, X;;
Wan, B. Org. Lett. 2014, 16, 4806. (w) Ueda, H.; Yamaguchi, M,;
Kameya, H; Sugimoto, K.; Tokuyama, H. Org. Lett. 2014, 16, 4948.
(%) Yu, S.; Xiong, M; Xie, X; Liu, Y. Angew. Chem,, Int. Ed. 2014, S3,
11596.

(11) O-Phenyl oxime ethers 4 were prepared via the condensation of
ketone precursors with PhONH,-HCI. Details of these reactions and
the preparation of ketones are provided in the Supporting Information.

(12) (a) Chen, P.-K,; Rosana, M. R;; Dudley, G. B.; Stiegman, A. E. J.
Org. Chem. 2014, 79, 7425. (b) Rosana, M. R;; Hunt, J.; Ferrari, A;
Southworth, T. A.; Tao, Y.; Stiegman, A. E; Dudley, G. B. J. Org.
Chem. 2014, 79, 7437.

(13) For the trapping of vinyl radicals by TEMPO, see: (a) Dutta, U.;
Maity, S.; Kancherla, R.; Maiti, D. Org. Lett. 2014, 16, 6302. (b) Yan,
H.,; Rong, G,; Liu, D.; Zheng, Y.; Chen, J.; Mao, J. Org. Lett. 2014, 16,
6306.

(14) For the abstraction of allylic or benzylic hydrogen atoms by
TEMPO derivatives, see: (a) Coseri, S.; Ingold, K. U. Org. Lett. 2004,

491

6, 1641. (b) Babiarz, J. E.; Cunkle, G. T.; DeBallis, A. D.; Eveland, D.;
Pastor, S. D.; Shum, S. P. J. Org. Chem. 2002, 67, 6831.

(15) For a similar fragmentation, see: Yeung, S. K; Chan, K. S.
Organometallics 2008, 24, 6426.

(16) A process featuring the generation of a carbonyl group via NO-
mediated cleavage of the N—O bond in a TEMPO adduct has recently
been reported: Hu, M.; Song, R.-J.; Li, J.-H. Angew. Chem., Int. Ed.
2018, 54, 608.

(17) (a) Kozikowski, A. P.; Ames, A. Tetrahedron 1985, 41, 4821.
(b) Yadav, J. S.; Reddy, B. V. S.; Kondaji, G.; Rao, R. S.; Kumar, S. P.
Tetrahedron Lett. 2002, 43, 8133.

(18) Jones, G.; Stanforth, S. P. Org. React. 1997, 49, 1.

DOI: 10.1021/015035047
Org. Lett. 2015, 17, 488—491



