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An efficient radical addition/elimination reaction that enables
selective incorporation of alkenyl, alkynyl and allyl functional
groups at C(sp3)-H bond under a green reaction condition is
developed. The process is based on the catalytic formation of a-
alkoxyl/a-amidyl radical via homolytic activation of C(sps)-H bond
of ether /amide with a catalytic amount of diarylketone in the
presence of a household fluorescent light bulb. This simple
reaction protocol features good functional group tolerance,
scalability, convenient reagents and operating system. Synthetic
application of the method has been demonstrated via the
preparation of natural product and different valuable synthones.

Catalytic transformation of abundant chemicals to high value
compounds via C(spg)—H functionalization is of great
significance in organic synthesis." In particular, direct C(sp®)-H
alkenylation of ethers and amides receives considerable
attention, as alkene? would allow further functionalization of
such compounds. The existing methods for the direct C(spa)—H
alkenylation of ethers/amides primarily proceed through a-
alkoxyl/a-amidyl radical intermediates.>® These reactive
radicals are typically generated in situ via homolytic C(sp3)—H
bond activation of ethers/amides using stoichiometric amount
of organometallic reagent/peroxide3 or diarylketone in the
presence of high energy UV Iight5 (Scheme 1). Herein, we
report an efficient and green method for the direct C(sp3)—H
alkenylation/alkynylation of ethers/amides employing a
catalytic amount of diarylketone in the presence of a house
hold fluorescent light bulb. This method allows incorporation
of alkenyl, alkynyl and allyl functional groups to C(sp3)-H bond
of simple ethers/amides in excellent yield and stereoselectivity
avoiding the use of stoichiometric amount of reagent or toxic
UV light. Furthermore, a broad range of synthetically useful
functional groups particularly UV light sensitive aromatic
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halides are found to be tolerated in this environmentally
friendly C(sp3)—H alkenylation/alkynylation protocol.
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Scheme 1 Different protocols for the generation of a-alkoxyl/a-amidyl radical via
homolytic activation of C(spa)—H bond
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Scheme 2 Proposed reaction pathway

Visible-light mediated photocatalysis has emerged as a new
strategy for homolytic activation of C-H bond toward
sustainable organic synthesis.6 Along this line, C-H fluorination’
and arylation8 reactions have recently been reported using a
catalytic amount of diarylketone and house hold fluorescent
light bulb. Being inspired by these work and our recent studies
on C-H functionalizationg, we wondered whether a catalytic
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C(spg)—H alkenylation/alkynylation of ethers and amides can
be achieved with diarylketone | and visible light. The
electrophilic oxyl-radical of the short-lived photoexcited
ketone Il is known to preferentially abstract hydrogen atom
adjacent to a heteroatom. Y The nucleophilic C-centred radical
IV thus generated is expected to combine with electron
deficient conjugated sulfone leading to the 8-sulfonyl radical
intermediate V, which upon elimination of a sufinyl radical
would enable C-H aIkenylation/alkynylation.11 Reduction of the
sulfinyl radical (for PhSO,/PhSO,Na, E;/,"" = +0.50 V vs SCE) ™
with radical Il (E;/,"" [Ph,CO/Ph,HCO] = -1.68 V vs SCE) ** via
most likely a proton coupled electron transfer (PCET)13 would
provide sulfinic acid along with the regeneration of .
Alternatively, a radical chain mechanism may also be involved,
where in situ formed sulfinyl radical could propagate the chain
reaction by producing the radical IV through homolytic
activation of C(sp3)-H bond of ether/amide (Scheme 2).

In line with above concept, we began our study by the
exposure of THF to vinyl sulfone 1a in the presence of a
catalytic amount of diarylketone and a 36 W white compact
fluorescent lamp (CFL). Optimized reaction conditions using 1
equiv. of sulfone 1a and 20 mol% of 4,4'-
dichlorobenzophenone in THF at rt, delivered the alkenyl
product 2 in 97% yield.14 The reaction was then performed
with 2.5 g of 1a, which afforded 1.47 g of 2 in 83% yield with
97:3 E:Z ratio (Eq. 1). The reaction exhibited similar efficiency
when carried out in sunlight. The scalability of the reaction was
also established using amide coupling partner, delivering the
allyl amide 3 in excellent yield and E:Z ratio (Eg. 2). Notably,
the diarylketone could be reused up to five cycles without
realizing significant loss of its catalytic activity15 (see ESI).

\OPhO /\/(>“)
Ph/\13/82+o PR 0

2
2.5 g, (1.0 equiv) 1.479,83%, E:Z=97:3

with sunlight 74%, E:Z = 97:3

4,4'-Cl,Ph,CO (20 mol%)
2x36 W CFL

4,4'-Cl,Ph,CO (20 mol%)
XSOsPhs A
F’f1/\1a/S 2w 2x36 W CFL

1.0 g, (1.0 equiv)

Ph/\/\N,Ac @
3 |

0.62g, 80%, E:Z = 96:4

Catalyst can be easily recovered and reused

We next explored scope of this transformation with
respect to ether and amide substrates (Table 1). Accordingly,
substituted THF, pyran and 1,4-dioxane could be effectively
converted to the vinyl derivatives 4-6. Acyclic ethers were
viable substrates to the simple C-H vinylation reaction (7-9). As
like ether, cyclic tertiary amide (10) found to be suitable along
with acyclic substrate (11). Secondary amides could also be
converted to the products 12-14 in good yields and
stereoselectivity. With this simple reaction protocol, vinylation
of urea derivatives were achieved (15,16). Interestingly, the
method enabled synthesis of propargyl group substituted
amides (17,18) and ethers (19,20) in equal efficiency.

Substrate scope was then evaluated using a broad range of
functionalized vinyl sulfones (Table 2). Vinyl sulfone having
alkyl or phenyl substituent at p- or o- position of the aryl
moiety exhibited good reactivity (21-25). The reaction could be
carried out in good vyield and stereoselectivity with halide
substituted vinyl sulfones (26-33). Vinyl sulfone bearing
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electron deficient cyano (34), ester (35,36) and trifluoromethyl
(37) substituents found to be suitable substrates. Vinyl sulfone
with OH or both OMe and OH functional groups at 4 or both 3
and 4 positions of the aromatic ring furnished the products 38-
41 in good vyields and selectivity; however, an extended
reaction time was required. On the contrary, the catalytic C-H
vinylation of amide exhibited good reactivity when OH group
at phenyl ring of vinyl sulfone was replaced with acetoxy
substituent (42). The reaction furnished ether 43 in 75% yield
with naphthyl substituted vinyl sulfone. Importantly, vinyl
sulfones having furan (44) and thiophine (45) heterocycles
were amenable to this protocol. Trisubstituted alkene adducts
could be obtained using 8,8-disubstituted vinyl sulfones that
introduce aryl-aryl (46) and aryl-ester moieties (47). The
reaction allowed access to ether/amide with ene-yne
functionality (48,49). C-H Allylation could also be achieved with
B-phenyl allyl sulfone (50,51). Scope of the reaction is not
limited to styrenyl reagent, as sulfonyl methacrylates were
found to be viable substrates for this reaction (52,53).

Table 1 Substrate scope”

ph/\/iOZPh Ether  4,4'Cl,Ph,CO (20 mol%) o Ether

or 14 + or > or
Ph—=——=—S0,Ph Amide 36 W CFL Ph——=——=Amide
1b (1 equiv)

Ph/\)i.j

5,89%, E:Z=94:6
Me
t
Bu
Ph/\/\o/ Ph X Me 4 PhMO/\/OMe
7,62%, E:Z = 97:3%¢ 8a, 53%, Irr=1.5:, E:Z =96:4° 8b

(0]
(0]
Ph/\)\o/\ Phw Ph/vrilJLH

\
7 =7822b d
9,27%, E:Z=78:22 43% 10,76% E2= 6735 7731 11, 68%, £:2 = 67:3

o
NN Ph/\)\NJ\ Ph«\/(,};"

H
12, 66%, E:Z =955 13, 78%, E:Z=90:10

NG

6,62%, E:Z=285:15

Me
Phw

4,87%, dr=1.51,rr=34:1

H
14, 71%, E:Z=97:3

/
N# JOL (e}
O S e
Ph/\/[,\{ Ph/\/\lil N )LN\
Ph
15,94%, rr=4:1, E:Z=98:2 16, 89%, E.Z =97:3 17, 66%
(0]
)LN/\ Ph—:—(j ph_—_(j>
S =
| Ph 0 o
18, 56% 19,87% 20, 53%

“Reaction conditions: sulfone l1a or 1b (1.0 equiv), catalyst (20 mol%)
ether/amide (0.02 M), isolated vyields, E:Z ratio determined by GC analysis,
regioisomeric ratio (rr) determined by *H NMR analysis. °Ph,CO as catalyst. ‘30
mol% catalyst loading. INMR yield.

To demonstrate synthetic application of the method, a
variety of useful compounds (54-56) were prepared via olefin
epoxidation and palladium catalyzed C-C, C-N coupling (see
ESI). Furthermore, synthesis of protected chiral y-amino acid
57 was completed by an olefin hydrogenation of amide 47. A
concise total synthesis of (i)—norruspoline16 (58) was achieved
by LAH reduction of the amide 42 in good yield (Fig. 1).

To support the proposed activation pathway depicted in
Scheme 2, a series of control experiments was carried out (see
ESI). When the reaction was performed with cis and trans

This journal is © The Royal Society of Chemistry 20xx
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“Reaction conditions: sulfone 1a (0.2 mmol, 1.0 equiv), catalyst (20 mol%) ether or amide (0.02 M, 10 mL), isolated yields, £:Z ratio determined by GC analysis. b3p
mol% catalyst loading was used. “NMR yield using mesitylene as internal standard.
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Figure 1 Synthetic application of the C-H alkenylation reaction.

b itched d off, which furth th it
isomer of sulfone 1j (Eq. 3), both isomers delivered alkene 30 can be switched on and off, which turther proves the necessity

. . . R . . . . of light for the reaction. Complete decomposition of the
in essentially identical yield with E:Z ratio. This result suggests K i

. photocatalyst was observed in absence of sulfone, suggesting
that both the reactions may occur through a common

. . . L ) . 17 that the reduction of sulfinyl radical with ketyl radical lll of
intermediate 59, which upon elimination of a sulfinyl radical . . R

. Scheme 2 is essential for the regeneration of ketone. However,
affords thermodynamically more stable trans alkene as a

i . . . the UV-vis absorption spectrum of 4,4’-dichlorobenzophenone
major product. Furthermore, the reaction exhibited sluggish reveals very weak absorbance above 400 nm sugeesting that
reactivity in the presence of TEMPO. This result indicates that v g8 8

. . . ; . the formation of intermediate Il with white compact
the reaction may involve a radical mechanism. Additionally, . i .

. . .. . fluorescent lamp (CFL) might be inefficient. As a result, the
the reaction found to be inefficient in the absence of both

. . . observed reactivity could be attributed via a competing radical
ketone | and light. No product formation was also realized v P &

chain mechanism, where sulfinyl radical generated after
when the reaction mixture was stirred in dark at 50 °C with or v 8

. o i . addition/elimination process may contribute in radical chain
without a catalyst indicating that the reaction did not proceed ropagation step (Scheme 2). This was further supported b
with thermal energy. By turning light on and off the reaction propag P : pp Y

the observation that the reaction found to be promoted with
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Ir(ppy)s as photocatalyst, albeit with low yield of the desired
product (see Eq. S7 in ESI).

In conclusion, we have developed an efficient method for
the direct C(sp®)-H alkenylation/alkynylation of ethers/amides
with household fluorescent light bulb and a catalytic amount
of diaryketone. This process allows easy access to alkenyl,
alkynyl and allyl substituted ethers/amides in good yield with
moderate to excellent stereoselectivity. Furthermore, the
ability to perform the reaction with UV light sensitive aromatic
halide and alcohol functional groups adds value to this green
protocol. This process represents a straightforward entry to
different synthetically valuable compounds and natural
product such as (x)-norruspoline. Further studies toward
reaction mechanism and application of this process with other
class of substrates are currently being pursued in our group.

Acknowledgements

We gratefully acknowledge the generous financial support
of Science and Engineering Research Board, India
(No.SB/S5/GC-08/2014) and CSIR for fellowship to SP.

Notes and references

1 Some selected reviews on catalytic C(sp3)-H functionalization
of abundant chemicals: (a) C.-J. Li, Acc. Chem. Res., 2009, 42,
335; (b) H. M. L. Davies and D. Morton, Chem. Soc. Rev., 2011,
40, 1857; (c) C.-L. Sun, B.-J. Li and Z.-J. Shi, Chem. Rev., 2011,
111, 1293; (d) C. S. Yeung and V. M. Dong, Chem. Rev., 2011,
111, 1215; (e) S.-Y. Zhang, F.-M. Zhang and Y.-Q. Tu, Chem. Soc.
Rev., 2011, 40, 1937; (f) B. Zhang, Y. Cui and N. lJiao, Chem.
Commun., 2012, 48, 4498; (g) J. F. Hartwig, J. Am. Chem. Soc.,
2016, 138, 2.

2 (a) M. Beller, J. Seayad, A. Tillack and H. Jiao, Angew. Chem.
Int. Ed., 2004, 43, 3368; (b) R. I. McDonald, G. Liu and S. S. Stahl,
Chem. Rev., 2011, 111, 2981; (c) S. E. Denmark, W. E. Kuester
and M. T. Burk, Angew. Chem. Int. Ed., 2012, 51, 10938.

3 (a) J. Gong and P. L. Fuchs, J. Am. Chem. Soc., 1996, 118,
4486; (b) J. Xiang and P. L. Fuchs, J. Am. Chem. Soc., 1996, 118,
11986; (c) Y.-J. Jang, Y.-K. Shih, J.-Y. Liu, W.-Y. Kuo and C.-F. Yao,
Chem. Eur. J., 2003, 9, 2123; (d) Y. Zhang and C.-J. Li,
Tetrahedron Lett., 2004, 45, 7581; (e) Z. Chen, Y.-X. Zhang, Y. An,
X.-L. Song, Y.-H. Wang, L.-L. Zhu and L. Guo, Eur. J. Org. Chem.,
2009, 5146; (f) L. Huang, K. Cheng, B. Yao, J. Zhao and Y. Zhang,
Synthesis, 2009, 3504; (g) M. Sun, H. Wu and W. Bao, Org.
Biomol. Chem., 2013, 11, 7076; (h) X. Tusun and C.-D. Lu, Synlett,
2013, 24, 1693; (i) M. Wan, Z. Meng, H. Lou and L. Liu, Angew.
Chem. Int. Ed., 2014, 53, 13845; (j) H. Yan, L. Lu, G. Rong, D. Liu,
Y. Zheng, J. Chen and J. Mao, J. Org. Chem., 2014, 79, 7103; (k) J.
Zhang, P. Li and L. Wang, Org. Biomol. Chem., 2014, 12, 2969; (l)
J. Li, J. Zhang, H. Tan and D. Z. Wang, Org. Lett., 2015, 17, 2522;
(m) Z. Liu, L. Wang, D. Liu and Z. Wang, Synlett, 2015, 26, 2849;
(n) A. Noble, S. J. McCarver and D. W. C. MacMillan, J. Am.
Chem. Soc., 2015, 137, 624; (o) A. Sglvhgj, A. Ahlburg and R.
Madsen, Chem. Eur. J., 2015, 21, 16272.

Page 4 of 5

View Article Online
DOI: 10.1039/C7GC00840F

4 For non-radical approaches to alkenylated/alkynylated
ethers and amides, see: (a) N. T. Patil, L. M. Lutete, H. Wu, N. K.
Pahadi, I. D. Gridnev and Y. Yamamoto, J. Org.Chem., 2006, 71,
4270; (b) K. Tsuchikama, M. Kasagawa, K. Endo and T. Shibata,
Org. Lett., 2009, 11, 1821; (c) D. S. B. Daniels, A. L. Thompson
and E. A. Anderson, Angew. Chem. Int. Ed., 2011, 50, 11506; (d)
D. Banerjee, R. V. Jagadeesh, K. Junge, H. Junge and M. Beller,
Angew. Chem. Int. Ed., 2012, 51, 11556.

5 Synthesis of alkenylated/alkynylated ethers/amides using
stoichiometric amount of benzophenone and UV light: (a) T.
Hoshikawa, S. Kamijo and M. Inoue, Org. Biomol. Chem., 2013,
11, 164; (b) Y. Amaoka, M. Nagatomo, M. Watanabe, K. Tao, S.
Kamijo and M. Inoue, Chem. Sci., 2014, 5, 4339.

6 Some selected reviews on Vvisible light mediated
photocatalysis: (a) K. Zeitler, Angew. Chem. Int. Ed., 2009, 48,
9785; (b) J. Xuan and W.-J. Xiao, Angew. Chem. Int. Ed., 2012, 51,
6828; (c) C. K. Prier, D. A. Rankic and D. W. C. MacMillan, Chem.
Rev., 2013, 113, 5322; (d) D. Ravelli, M. Fagnoni and A. Albini,
Chem. Soc. Rev., 2013, 42, 97; (e) D. M. Schultz and T. P. Yoon,
Science, 2014, 343; (f) J. Xie, H. Jin, P. Xu and C. Zhu, Tetrahedron
Lett., 2014, 55, 36; (g) J. J. Douglas, M. J. Sevrin and C. R. J.
Stephenson, Org. Process Res. Dev., 2016, 20, 1134; (h) I. Ghosh,
L. Marzo, A. Das, R. Shaikh and B. Kénig, Acc. Chem. Res., 2016,
49, 1566.

7 (a)J.-B. Xia, C. Zhu and C. Chen, J. Am. Chem. Soc., 2013, 135,
17494; (b) J.-B. Xia, C. Zhu and C. Chen, Chem. Commun., 2014,
50, 11701.

8 D.R. Heitz, J. C. Tellis and G. A. Molander, J. Am. Chem. Soc.,
2016, 138, 12715.

9 (a) S. Paul and J. Guin, Chem. Eur. J., 2015, 21, 17618; (b) P.
Biswas, S. Paul and J. Guin, Angew. Chem. Int. Ed., 2016, 55,
7756; (c) P. Das, D. Saha, D. Saha and J. Guin, ACS Catal., 2016, 6,
6050.

10 (a) Hoffmann, N. Chem. Rev. 2008, 108, 1052; (b) Bach, T.;
Hehn, J. P. Angew. Chem. Int. Ed. 2011, 50, 1000.

11 It is expected that the radical-radical coupling between Il
and IV would be unfavorable in the presence of vinyl sulfone, as
both the radicals (1l and IV) are nucleophilic in nature.

12 B. Persson, Acta Chem. Scand., 1977, 31B, 88.

13 (a) K. T. Tarantino, P. Liu and R. R. Knowles, J. Am. Chem.
Soc., 2013, 135, 10022; (b) E. C. Gentry and R. R. Knowles, Acc.
Chem. Res., 2016, 49, 1546; (c) D. C. Miller, K. T. Tarantino and R.
R. Knowles, Top Curr Chem, 2016, 374.

14 When the reaction was performed in ethylacetate using 50
equiv of THF, the desired product 2 was isolated in 35% yield.

15 For catalyst recycle experiment, the reaction was stopped at
nearly 95% consumption of the starting vinyl sulfone to recover
the catalyst in good quantity. This is particularly important
because catalyst regeneration process requires sulfinyl radical
(see Eqg. S5 in ESI).

16 Roessler, F.; Ganzinger, D.; Johne, S.; Schopp, E.; Hesse, M.
Helv. Chim. Acta 1978, 61, 1200.

17 The formation of benzenesulfonic acid that may produce via
aerial oxidation of the benzenesulfinic acid was confirmed by H
NMR as well as HRMS analysis.

18 M. A. Cismesia and T. P. Yoon, Chem. Sci., 2015, 6, 5426.


http://dx.doi.org/10.1039/c7gc00840f

Page 5 of 5

Published on 19 April 2017. Downloaded by Middle East Technical University (Orta Dogu Teknik U) on 19/04/2017 15:04:14.

Green Chemistry

R"—=——80,Ph "" R)——: R"

R—X

/ R' RN
D H Ar,CO cat. ’ R
R\ k + o S0Ph ———»
R" .
X~ H CFL R\X)\%R"
X =0, NH, NR Up to 97% yield N

JI\/SO - > 50 Examples . U
R" 2 R’ \X o

View Article Online
DOI: 10.1039/C7GC00840F

A photocatalytic radical addition/elimination reaction that enables direct C(sp3)-H alkenylation,

alkynylation and allylation of ethers/amides in good yield and stereoselectivity.
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