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Abstract: A novel C—C bond-forming strategy employing
manganese-catalyzed ring-opening of cyclobutanol substrates,
followed by cyanation or ethynylation, is described. A cyano
C1 unit and ethynyl C2unit are regiospecifically introduced to
the vy-position of ketones at room temperature, providing
a mild yet powerful method for production of elusive aliphatic
nitriles and alkynes. All transformations described are based
on a common sequence: 1) oxidative ring-opening of cyclo-
butanol substrates by C—C bond cleavage; 2) radical addition
to triple bonds bearing an arylsulfonyl group; and 3) radical-
mediated C—S bond cleavage.

Tertiary cycloalkanols have proven to be privileged precur-
sors for regiospecific synthesis of distally functionalized
ketones by cleavage of the strained cyclic C—C bonds.!
Compared to cyclopropanol, ring-opening of cyclobutanol is
more challenging owing to a lower strain energy and an
appreciable Thorpe-Ingold effect, which thus stabilizes cyclo-
butanol.”) Methods for cleavage of the C—C bond of cyclo-
butanol include: a) transition-metal-catalyzed -carbon elim-
ination (for example, palladium or rhodium),®! and b) single
electron oxidation-triggered “radical clock” ring-opening;*
the later pathway has been investigated to a lesser extent by
comparison. Prompted by seminal work concerning the
radical-mediated ring-opening of cyclobutanol, which
employs stoichiometric amounts of oxidative metal reagents
(for example, Pb(OAc), and ceric ammonium nitrate),>% we
recently disclosed the first silver-catalyzed ring-opening
fluorination of cyclobutanol-type molecules to generate Y-
fluorinated ketones (Scheme 1A, left).”! However, it later
transpired that silver-catalyzed ring-opening of cyclobutanol
had limited applications. Studies revealed that silver catalyzed
transformations favored intramolecular cyclization of the
alkyl radical intermediate (the open-chain tautomer of cyclo-
butoxyl radical) rather than capture by extrinsic radical
acceptors.®! Consequently, a modified procedure was devel-
oped by which intramolecular cyclization was efficiently
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Scheme 1. Manganese-catalyzed ring-opening functionalization of
cyclobutanol substrates. TBS =tert-butyldimethylsilyl.

suppressed. The new method involved manganese-catalyzed
ring-opening of cyclobutanol adducts to produce vy-azido
ketones (Scheme 1A, right).”) To further demonstrate the
utility and generality of the manganese-catalyzed method,
herein we report a novel C—C bond-forming strategy by
manganese-catalyzed oxidative ring-opening cyanation and
ethynylation of cyclobutanol. At room temperature, the
cyano and ethynyl groups are regioselectively introduced to
the y-position of ketones as a C1 and C2unit, respectively,
providing a mild but powerful method for production of
diverse ketone derivatives, which are sometimes difficult to
prepare. All of these transformations are based on a common
sequence: a) oxidative ring-opening of cyclobutanol mole-
cules by C—C bond cleavage; b) radical addition to triple
bonds bearing an arylsulfonyl group; and c) radical-mediated
C—S bond cleavage (Scheme 1B).

The versatile cyano functional group is used extensively
for preparation of amines, amides, aldehydes, and carboxylic
acids."”! Owing to its robust transformable properties, nitrile
synthesis is of great significance in both academia and
industry.") With this in mind, we commenced our investiga-
tions into manganese-catalyzed ring-opening cyanation of
cyclobutanol-type molecules using tosyl cyanide.'"” After
considerable efforts, the reaction parameters were defined
(Table 1; for details see the Supporting Information). We
found that 1) manganese acetate was superior to other
common manganese catalysts; 2)use of N,N-bidentate
ligand 2,2"-bipyridine (bipy) significantly improved product
yields; 3) hypervalent iodine oxidant was crucial to the
reaction outcome; and 4) TMSCN used in lieu of TsCN did
not enable the cyanation reaction.

With the optimized reaction conditions in hand, we set out
to evaluate the substrate scope of the cyanation reaction
(Scheme 2). Both electron-rich and deficient substrates
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Table 1: Effect of ligand and oxidant.

Mn(OAc); - 2H,0 (20 mol %)

i 0,
Ph. OH Bipy (22 mol %)

PIDA (2.0 equiv) o
S T on
TsCN (1.5 equiv) Ph
1a CH;CN, rt 2a
OAc
Aco\,/OAc qu HO\I//O Aco\l,OAc
© °’>,]© °/>;E> °'):©
o o o
PIDA BI-OH IBX DMP Bipy Phen
Entry Variation of reaction conditions Yield [%]®
1 none 86
2 no bipy 30
3 Phen instead of bipy 66
4 Py instead of bipy <10
5 BI-OH instead of PIDA 56
6 IBX instead of PIDA 49
7 DMP instead of PIDA 68
8 TMSCN instead of TsCN 0

[a] Yields of isolated products.

afforded the y-cyanated ketones in synthetically useful yields.
It seemed that steric hindrance had little impact on the
reaction, as all ortho-, meta-, and para-substituted substrates
led to similar yields (2d-2 f). The presence of halide, such as
chloride or bromide, was valuable in the product (2i and 2j)
because it provided a platform for further product manipu-
lation during cross-coupling reactions. Besides phenyl
adducts, cyanation of polyaryl cyclobutanol molecules also
delivered good yields (2n-20). Heteroaryl and alkyl cyclo-
butanol substrates were also suitable substrates for produc-
tion of the corresponding y-cyanated ketones (2p-2s). The
transformation of susceptible alkenyl cyclobutanol was note-
worthy, though the material yielded a reasonably low product
yield (2u). Moreover, cyanation of less reactive substrates
bearing multiple substituents on the cyclobutyl ring still
proceeded smoothly to give the desired cyanation products
(2v and 2w).

Encouraged by the cyanation reaction, we then inves-
tigated the ring-opening ethynylation of cyclobutanol sub-
strates.” Although alkynylation reactions are achievable
with costly palladium catalyst and perishable alkynylating
reagents, alkynyl bromides or alkynyl hypervalent iodine for
example,'" a general method that uses inexpensive catalyst
and routine reagents is still desired. Under the previously
described reaction conditions, but employing TBS-protected
phenylsulfonyl ethyne 3 as the alkynylating agent, cyclo-
butanol was readily converted into the y-ethynylated ketone 4
(Scheme 3). Variation of oxidant from PIDA to DMP
improved the yields of alkynylation reactions attempted, but
in some cases PIDA produced better conversions (4 f, 4h, 4n,
and 4s). Both electron-rich and deficient aryl substituted
cyclobutanol adducts were tolerated during reaction, demon-
strating the broad functional group compatibility of the
method. While a variety of phenyl substituted substrates
resulted in good product yields, the reaction of naphthyl
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Scheme 2. Ring-opening cyanation of tert-cyclobutanol substrates.
Reaction conditions: 1 (0.20 mmol), TsCN (0.30 mmol, 1.5 equiv),
Mn(OAc);-2H,0 (0.04 mmol, 0.2 equiv), bipy (0.044 mmol,

0.22 equiv), and PIDA (0.40 mmol, 2.0 equiv) in CH;CN (1.5 mL) at
RT. Yields of isolated products are given.

cyclobutanol gave a surprisingly low yield (4b). In contrast,
yield did not drop significantly when a strong electron-
withdrawing group, such as CF;, was present in the substrate
(4m). Heteroaryl and alkyl cyclobutanol substrates reacted
readily to afford the corresponding alkynes in synthetically
useful yields (40-4r). Highly functionalized cyclobutanol
substrates were also suitable (4s and 4t), though less reactive.
Notably, alkynylation of bicyclic tertiary alcohols predom-
inantly furnished the thermodynamically favored anti-iso-
mers, as determined by NOE experiments, which was
supposed to be controlled by the steric congestion apparent
at the reaction site (4u and 4v). In this way, reaction of 1-
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Scheme 3. Ring-opening ethynylation of tert-cyclobutanol substrates.
Reaction conditions: 1 (0.20 mmol), 3 (0.30 mmol, 1.5 equiv), Mn-

(OAC);-2H,0 (0.04 mmol, 0.2 equiv), bipy (0.044 mmol, 0.22 equiv),
and DMP (0.40 mmol, 2.0 equiv) in CH;CN (1.5 mL) at RT. Yields of
isolated products are given. [a] PIDA (2.0 equiv) was used instead of

DMP. [b] Mn(OAc);-H,0 (1.5 equiv) was used instead of the combina-

tion of Mn(OAc);-H,0, bipy, and DMP.
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phenylcyclopropanol also led to the corresponding [3-alkyny-
lated ketone in 65 % isolated yield, whereas cyclopentanol
substrates were incompatible with the reaction conditions.
The TBS group present in the products is easily removed by
fluoride reagent, delivering carbonyl-containing terminal
alkynes.

The alkynylation method could be applied to preparation
of internal alkynes. For example, reaction of cyclobutanol 1a
with phenylsulfonyl alkyne 5 or 7 readily generated the
corresponding alkyne 6 or 8, respectively [Scheme 4, Eq. (1)
and (2)]. Remarkably, synthesis of the asymmetric dialkyl
alkyne 8 is challenging and has not been accessed by
previously reported procedures."! Moreover, preliminary
results indicated that this method could be harnessed for
allylation of cyclobutanol substrates, affording elusive car-
bonyl-containing linear alkenes by three-carbon growth
[Scheme 4, Eq. (3)].

Ph Mn(OAc),, Bipy
Ph__OH o} ~omp

pZ
+ 057 /U\/\/ °q1
i CH4CN, rt

61%, 5 h

Mn(OAc);, Bipy

Ph,OH o /Hs_ Ve ~owp
* 0=“S Z M
<\ ,> h CH,CN, rt
42%,6h
1a 7 8
Mn(OAc),, dtbpy
Ph o)
OH . 0N PIDA j\/\/\/ eq3
Ph CH4CN, rt Ph Z
1a 9 50%, 3 h 10

Scheme 4. Other examples of ring-opening C—C bond formation.

Based on the experimental observations, a mechanistic
pathway was postulated (Figure 1). Initially, interaction
between a Mn'™ salt and hypervalent iodine generates an
oxidized Mn" species a.' Subsequently, a incorporates
cyclobutanol 1 to form complex b, which undergoes a simul-
taneous single-electron transfer (SET) process to give cyclo-
butyloxy radical d. Radical d can tautomerize into an alkyl
carbon radical e after ring-opening. The interaction between
radical e and arylsulfone results in cleavage of the C—S bond,
which eventually gives rise to cyanation product 2 or
alkynylation product 4.

In summary, we described a novel and general C—C bond-
forming strategy by the manganese-catalyzed ring-opening
cyanation and ethynylation of cyclobutanol-type substrates. A
variety of y-cyanated and alkynylated alkyl ketones were
regioselectively synthesized at room temperature, providing
mild but powerful methods for production of elusive aliphatic
nitriles and alkynes. The procedure could be further applied
to ring-opening allylation. Other applications are under
investigation in our laboratory.
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Figure 1. Plausible mechanistic pathway.

Acknowledgements

C.Z. is grateful for the financial support from Soochow
University, the National Natural Science Foundation of China
(Grant no. 21402134), the Natural Science Foundation of
Jiangsu Province (Grant no. BK20140306), and the Priority
Academic Program Development of Jiangsu Higher Educa-
tion Institutions (PAPD).

Keywords: alkynylation - cyanation - cyclobutanol -
manganese catalysis - ring-opening

How to cite: Angew. Chem. Int. Ed. 2016, 55, 2866—2869
Angew. Chem. 2016, 128, 2916-2919

[1] For selected reviews, see: a) T. Seiser, T. Saget, D. N. Tran, N.
Cramer, Angew. Chem. Int. Ed. 2011, 50, 7740-7752; Angew.
Chem. 2011, 123, 7884-7896; b) L. Souillart, E. Parker, N.
Cramer, Top. Curr. Chem. 2014, 346, 163-194; c) 1. Marek, A.
Masarwa, P. Delaye, M. Leibeling, Angew. Chem. Int. Ed. 2015,
54,414-429; Angew. Chem. 2015, 127, 424 —439.

a) P. R. Khoury, J. D. Goddard, W. Tam, Tetrahedron 2004, 60,
8103-8112; b) A. L. Ringer, D. H. Magers, J. Org. Chem. 2007,
72,2533-2537.

For selected examples, see: a) T. Nishimura, K. Ohe, S. Uemura,
J. Am. Chem. Soc. 1999, 121, 2645-2646; b) T. Nishimura, S.
Uemura, J. Am. Chem. Soc. 1999, 121, 11010-11011; ¢) T.
Nishimura, S. Matsumura, Y. Maeda, S. Uemura, Chem.
Commun. 2002, 50-51; d) S. Matsumura, Y. Maeda, T. Nishi-
mura, S. Uemura, J. Am. Chem. Soc. 2003, 125, 8862 -8869; ¢) A.
Ziadi, R. Martin, Org. Lett. 2012, 14, 1266-1269; f) T. Seiser, N.
Cramer, J. Am. Chem. Soc. 2010, 132, 5340-5341; g) N. Ishida,
Y. Nakanishi, M. Murakami, Angew. Chem. Int. Ed. 2013, 52,
11875-11878; Angew. Chem. 2013, 125, 12091 -12094; h) J. Yu,
H. Yan, C. Zhu, Angew. Chem. Int. Ed. 2016, 55, 1143 -1146;
Angew. Chem. 2016, 128, 1155-1158.

a) D. Griller, K. U. Ingold, Acc. Chem. Res. 1980, 13, 317-323;
b) K. E. Liu, C. C. Johnson, M. Newcomb, S. J. Lippard, J. Am.
Chem. Soc. 1993, 115, 939-947.

a) J. Rocek, A. E. Radkowsky, J. Am. Chem. Soc. 1968, 90, 2986 —
2988; b) K. Meyer, J. Rocek, J. Am. Chem. Soc. 1972, 94, 1209 -
1214; ¢) S. Tsunoi, I. Ryu, Y. Tamura, S. Yamasaki, N. Sonoda,

2

—_—

3

—_—

[4

—

5

—_

Angew. Chem. 2016, 128, 2916 —2919

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Lett. 2013, 15, 4968 -4971; e) S. Bloom, D. D. Bume, C. R. Pitts,
T. Lectka, Chem. Eur. J. 2015, 21, 8060-8063; f) S. Ren, C. Feng,
T.-P. Loh, Org. Biomol. Chem. 2015, 13, 5105-5109; g) D. G.
Kananovich, Y. A. Konik, D. M. Zubrytski, I. Jarving, M. Lopp,
Chem. Commun. 2015, 51, 8349-8352; h) Y. Li, Z. Ye, T.M.
Bellman, T. Chi, M. Dai, Org. Lett. 2015, 17,2186 -2189; i) Z. Ye,
M. Dai, Org. Lett. 2015, 17, 2190-2193.

[7] a) H. Zhao, X. Fan, J. Yu, C. Zhu, J. Am. Chem. Soc. 2015, 137,
3490-3493. For a highlight, see: b) X. Fan, H. Zhao, C. Zhu,
Acta Chim. Sin. 2015, 73, 979 -983.

[8] J. Yu, H. Zhao, S. Liang, X. Bao, C. Zhu, Org. Biomol. Chem.
2015, 13, 7924 -79217.

[9] R. Ren, H. Zhao, L. Huan, C. Zhu, Angew. Chem. Int. Ed. 2015,
54,12692-12696; Angew. Chem. 2015, 127, 12883 —12887.

[10] For selected reviews, see: a) R. A. Michelin, M. Mozzon, R.

Bertani, Coord. Chem. Rev. 1996, 147, 299-338; b) V.Y.

Kukushkin, A.J. L. Pombeiro, Chem. Rev. 2002, 102, 1771-

1802; c) S.J. Collier, P. Langer, Science of Synthesis, Vol. 19,

Georg Thieme, Stuttgart, 2004, pp. 403-425; d) V. Y. Kukush-

kin, A. J. L. Pombeiro, Inorg. Chim. Acta 2005, 358,1-21;¢e) M.-

X. Wang, Top. Catal. 2005, 35, 117-130.

For selected reviews, see: a) D. T. Mowry, Chem. Rev. 1948, 42,

189-283;b) G. P. Ellis, I. L. Thomas, Prog. Med. Chem. 1974, 10,

245-285.

For examples of radical-mediated cyanation using tosyl cyanide

as a cyanating agent, see: a) D. H. R. Barton, J. C. Jaszberenyl,

E. A. Theodorakis, Tetrahedron 1992, 48,2613 -2626; b) S. Kim,

H.-J. Song, Synlett 2002, 2110-2112; ¢) S. Kim, C. H. Cho, S.

Kim, Y. Uenoyama, I. Ryu, Synlert 2005, 3160-3162; d) A.-P.

Schaffner, V. Darmency, P. Renaud, Angew. Chem. Int. Ed. 2006,

45, 5847-5849; Angew. Chem. 2006, 118, 5979-5981; e) B.

Gaspar, E. M. Carreira, Angew. Chem. Int. Ed. 2007, 46, 4519—

4522; Angew. Chem. 2007, 119, 4603-4606; f) S. Kamijo, T.

Hoshikawa, M. Inoue, Org. Lett. 2011, 13, 5928 -5931.

For examples of radical-mediated alkynylation, see: a) G. A.

Russell, P. Ngoviwatchai, H. I. Tashtoush, A. Pla-Dalmau, R. K.

Khanna, J. Am. Chem. Soc. 1988, 110, 3530-3538; b) G. A.

Russell, P. Ngoviwatchai, J. Org. Chem. 1989, 54, 1836—-1842;

c) J. Gong, P. L. Fuchs, J. Am. Chem. Soc. 1996, 118, 4486 — 4487,

d) Z. Li, C.-J. Li, . Am. Chem. Soc. 2004, 126, 11810-11811;

e) X. Liu, Z. Wang, X. Cheng, C. Li, J. Am. Chem. Soc. 2012, 134,

14330-14333; f) H. Huang, G. Zhang, L. Gong, S. Zhang, Y.

Chen, J. Am. Chem. Soc. 2014, 136,2280-2283; g) H. Huang, G.

Zhang, Y. Chen, Angew. Chem. Int. Ed. 2015, 54, 7872-7876;

Angew. Chem. 2015, 127, 7983-7987; h) M. Nagatomo, S.

Yoshioka, M. Inoue, Chem. Asian J. 2015, 10, 120-123.

[14] a) A. Ziadi, A. Correa, R. Martin, Chem. Commun. 2013, 49,
4286-4288; b) S. Wang, L.-N. Guo, H. Wang, X.-H. Duan, Org.
Lett. 2015, 17, 4798 -4801.

[15] For examples of oxidation of Mn'™ to Mn" by hypervalent iodine
reagent, see: a) W. Liu, X. Huang, M.-J. Cheng, R.J. Nielsen,
W. A. Goddard III, J. T. Groves, Science 2012, 337, 1322-1325;
b) W. Liu, J. T. Groves, Angew. Chem. Int. Ed. 2013, 52, 6024 —
6027; Angew. Chem. 2013, 125, 6140-6143; ¢) X. Huang, W. Liu,
H. Ren, R. Neelamegam, J. M. Hooker, J. T. Groves, J. Am.
Chem. Soc. 2014, 136, 6842 —6845.

[11

—

[12

—

(13

[

11

Received: November 26, 2015
Published online: January 22, 2016

www.angewandte.de

dte

Chemie

2919


http://dx.doi.org/10.1002/anie.201101053
http://dx.doi.org/10.1002/ange.201101053
http://dx.doi.org/10.1002/ange.201101053
http://dx.doi.org/10.1007/128_2013_505
http://dx.doi.org/10.1002/ange.201405067
http://dx.doi.org/10.1016/j.tet.2004.06.100
http://dx.doi.org/10.1016/j.tet.2004.06.100
http://dx.doi.org/10.1021/jo0624647
http://dx.doi.org/10.1021/jo0624647
http://dx.doi.org/10.1021/ja984259h
http://dx.doi.org/10.1021/ja993023q
http://dx.doi.org/10.1039/b107736h
http://dx.doi.org/10.1039/b107736h
http://dx.doi.org/10.1021/ja035293l
http://dx.doi.org/10.1021/ol300119u
http://dx.doi.org/10.1021/ja101469t
http://dx.doi.org/10.1002/anie.201306343
http://dx.doi.org/10.1002/anie.201306343
http://dx.doi.org/10.1002/ange.201306343
http://dx.doi.org/10.1002/anie.201509973
http://dx.doi.org/10.1002/ange.201509973
http://dx.doi.org/10.1021/ar50153a004
http://dx.doi.org/10.1021/ja00056a018
http://dx.doi.org/10.1021/ja00056a018
http://dx.doi.org/10.1021/ja01013a059
http://dx.doi.org/10.1021/ja01013a059
http://dx.doi.org/10.1021/ja00759a030
http://dx.doi.org/10.1021/ja00759a030
http://dx.doi.org/10.1055/s-1994-34980
http://dx.doi.org/10.1016/j.tetlet.2008.12.114
http://dx.doi.org/10.1021/ol070159h
http://dx.doi.org/10.1021/ja905110c
http://dx.doi.org/10.1021/ja905110c
http://dx.doi.org/10.1021/ja200879w
http://dx.doi.org/10.1021/ol402229m
http://dx.doi.org/10.1021/ol402229m
http://dx.doi.org/10.1002/chem.201501081
http://dx.doi.org/10.1039/C5OB00632E
http://dx.doi.org/10.1039/C5CC02386F
http://dx.doi.org/10.1021/acs.orglett.5b00782
http://dx.doi.org/10.1021/acs.orglett.5b00828
http://dx.doi.org/10.1021/jacs.5b00939
http://dx.doi.org/10.1021/jacs.5b00939
http://dx.doi.org/10.1039/C5OB01222H
http://dx.doi.org/10.1039/C5OB01222H
http://dx.doi.org/10.1002/anie.201506578
http://dx.doi.org/10.1002/anie.201506578
http://dx.doi.org/10.1002/ange.201506578
http://dx.doi.org/10.1016/0010-8545(94)01128-1
http://dx.doi.org/10.1021/cr0103266
http://dx.doi.org/10.1021/cr0103266
http://dx.doi.org/10.1016/j.ica.2004.04.029
http://dx.doi.org/10.1007/s11244-005-3817-1
http://dx.doi.org/10.1021/cr60132a001
http://dx.doi.org/10.1021/cr60132a001
http://dx.doi.org/10.1016/S0079-6468(08)70270-4
http://dx.doi.org/10.1016/S0079-6468(08)70270-4
http://dx.doi.org/10.1016/S0040-4020(01)88524-0
http://dx.doi.org/10.1055/s-2002-35589
http://dx.doi.org/10.1055/s-2005-921932
http://dx.doi.org/10.1002/anie.200601206
http://dx.doi.org/10.1002/anie.200601206
http://dx.doi.org/10.1002/ange.200601206
http://dx.doi.org/10.1002/anie.200700575
http://dx.doi.org/10.1002/anie.200700575
http://dx.doi.org/10.1002/ange.200700575
http://dx.doi.org/10.1021/ol202659e
http://dx.doi.org/10.1021/ja00219a030
http://dx.doi.org/10.1021/jo00269a018
http://dx.doi.org/10.1021/ja953518p
http://dx.doi.org/10.1021/ja0460763
http://dx.doi.org/10.1021/ja306638s
http://dx.doi.org/10.1021/ja306638s
http://dx.doi.org/10.1021/ja413208y
http://dx.doi.org/10.1002/anie.201502369
http://dx.doi.org/10.1002/ange.201502369
http://dx.doi.org/10.1002/asia.201402983
http://dx.doi.org/10.1039/C2CC37281A
http://dx.doi.org/10.1039/C2CC37281A
http://dx.doi.org/10.1021/acs.orglett.5b02353
http://dx.doi.org/10.1021/acs.orglett.5b02353
http://dx.doi.org/10.1126/science.1222327
http://dx.doi.org/10.1002/anie.201301097
http://dx.doi.org/10.1002/anie.201301097
http://dx.doi.org/10.1002/ange.201301097
http://dx.doi.org/10.1021/ja5039819
http://dx.doi.org/10.1021/ja5039819
http://www.angewandte.de

