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Metal-Free Radical Azidoarylation of Alkenes: Rapid Access to
Oxindoles by Cascade C—N and C—C Bond-Forming Reactions**
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The importance of nitrogen-containing compounds has
inspired chemists to continue developing mild and efficient
C-N bond-forming transformations.! The amination of
alkenes represents the state-of-the art in organic synthesis.”
Azides offer substantial benefits for the synthesis of nitrogen-
containing compounds and have been recognized as versatile
intermediates. Organic azides possess unique properties
orthogonal to those of many functional groups, demonstrate
unique reactivity, and are stable under physiological condi-
tions.”! The established methods of alkyl azide synthesis are
based on the transformation of functionalized alkanes using
multistep procedures. Direct azidation methods for the
synthesis of alkyl azides from alkenes are much less devel-
oped. The groups led by Carreira and Renaud developed
broadly applicable radical hydroazidation and carboazidation
of unactivated alkenes using organic azides as radical traps for
carbon-centered radicals.! The application of azidyl radicals
in the functionalization of alkenes represents a straightfor-
ward approach to alkyl azides. Nevertheless, these processes
are limited to selective hydrogen abstraction by cleavage of
C(sp®)~H bonds by azidyl radicals generally leading to
generation of carbon-centered radicals and other nitrogen-
centered radicals.” Several methods of azidyl radical addition
to alkenes followed by formation of carbon-heteroatom
bonds have been reported.!”! Straightforward methods for
alkyl azide synthesis by the addition of the azidyl radical to
alkenes followed by formation of C—C bonds have never been
reported and are in high demand. Here we describe the
development of the unprecedented functionalization of
alkenes by the addition of azidyl radicals followed by trapping
with arenes (azidoarylation) under metal-free reaction con-
ditions at ambient temperature.

2-Oxindoles are a large class of natural products with
unique biological activity and represent one of the privileged
scaffolds for library design and drug discovery.”” Among the
methods available for their synthesis,”! the recently reported
radical-mediated cyclizations of N-arylacrylamides have
received special attention. These methods are based on
a cascade sequence consisting of C—C (or C—P) followed by
C—C bond-forming reactions catalyzed by transition metals at
typically high temperature.’) Very recently, a metal-free
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radical acetoarylation of N-arylacrylamides was reported.!'”
Therefore, we realized that choosing N-arylacrylamides as
a platform to investigate the unprecedented azidoarylation of
alkenes would result in a cascade of C—N and C—C bond-
forming reactions. The presented method is a complimentary
metal-free approach to the synthesis of 2-oxindoles. More-
over, in contrast to other oxindole syntheses, the resulting
products, substituted 2-oxindoles with an appended azide
group, can be used to create further molecular complexity
around the privileged scaffold of 2-oxindoles or can be
applied for bioorthogonal transformation under physiological
conditions."

Recently, our group has employed azidyl radicals as
intermediates in the cross-dehydrogenative coupling of het-
erocycles with aldehydes and unactivated alkanes.'” The
azidyl radicals were generated by oxidation of azides in the
presence of hypervalent iodine(III) reagents at ambient
temperature.>!¥ Intrigued by these results, we hypothesized
that these azidyl radicals could be used for the azidoarylation
of alkenes as well. We decided to take advantage of the mild
reaction conditions for generation of azidyl radicals to
achieve the desired products of azidoarylation. Indeed, the
desired azidoarylation product 2a was obtained in 45 % yield
from the reaction of 1la with NaN; in presence of Phl-
(OCOCEF;), (Table 1, entry 1). Replacing NaN; with TMSNj;
further improved the yield to 70% (Table 1, entry 2). Not
surprisingly, attempted base-promoted conjugate addition of
azide to olefin 1a did not result in formation of product 2a
(Table 1, entries 3 and 4).1" The differences in yield observed
for 2a after reducing the amount of oxidant from 2 equiv to
1 equiv (Table 1, entries2 and 5) led us to investigate the
optimal reaction conditions. Experiments with varying
amounts of oxidant suggested that 1.2 equiv is required to
achieve complete conversion of 1a to 2a with higher yield
(Table 1, entries 5-8). Although few solvents did not promote
the desired transformation (Table 1, entries 9 and 10), DCM
was found to be superior with 91% yield for 2a (Table 1,
entries 11-14). Significant amounts of unreacted 1a were
observed when the amounts of PhI(OCOCF;), and TMSN;
were decreased further (see the Supporting Information for
details). Among the hypervalent iodine reagents screened,
C¢FsI(OCOCF;), performed well although the yields were
lower than with PhI(OCOCF;), (Table 1, entry 15). Less
reactive PhI(OAc), did not lead to full conversion (Table 1,
entry 16). No reaction was observed with (PhO),PON;, while
NaNj; was less effective than TMSNj; (Table 1, entries 17 and
18). Finally, an open-flask experiment performed on a large
scale with 1 gram of 1a provided 2a in 90% yield within
a short time under ambient conditions (Table 1, entry 19).
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Table 1: Optimization of reaction conditions.!

these oxidative conditions to provide the desired

azide N3 oxindole in good yield (Scheme 1, compound 2q).

©\N\/fo ;i?f::: @\)NQO Additiqnally, compqund 2r was'obtained by s.‘,in?ply

\ \ quenching the reaction of 2q with Et;N. An imide-

1a 2a containing alkene also underwent smooth ring

Entry  Solv Reagent Azide ; Vield closu‘re‘ to oxindole‘ (Scheme 1, compgund 2‘s).
(equiv] (equiv] [h] 9] Gratifyingly, unsubstituted acrylate provided oxin-

dole in acceptable yield (Scheme 1, compound 2t),

; BEE E::Egggg?;z ggg _'F'&'::\l(z()z) 12 ‘;(5) even though the application of this substrate in
30 DCE DBU (1.0) ye TMSNi 5) 12 nd Similar transformations was reported to be unsuc-
41 DCE Et,N (1.0) TMSN; (5) 12 nd. cessful.’) Poor yield was obtained for a substrate with
5 DCE PhI(OCOCF;), (1) TMSN; (2) 1 65 a phenyl group at the a-position of acrylamide.
6 DCE PhI(OCOCF;), (1.1) TMSN; (2) 1 80 Substrates bearing phenyl, benzyl and methyl ester
7 DCE PhI(OCOCF3), (1.2) TMSN; (2) 1 83 protecting groups furnished the corresponding oxin-
8 DCE PhI(OCOCF), (1.3) TMSN; (2) 1 79 doles in very good yields (Scheme 1, compounds 2u-
?0 E/tlzecC))H E::Egggg;;z E1 2; 1&2& g; 1; :j x). Notably, when thfa benzyl-p'rotected flerivative
. EtOAC PhI(OCOCF,), (1.2) TMSN, (2) 1 63 was used, only select}ve formatlF)n of oxindole 2v
12 CH,CN PhI(OCOCF,), (1.2) TMSN, (2) 1 72 was observed. Protecting groups like tosyl and acetyl
13 PhH PhI(OCOCF;), (1.2) TMSN; (2) 1 65 groups were tolerated but the desired oxindoles were
14 DCM Phl(OCOCF;), (1.2) TMSN; (2) 1 91 isolated in very poor yields. Tetrahydroisoquinoline
15 DCM GeFsI(OCOCF;), (1.2)  TMSN; (2) 1 82 and dibenzazepine structural motifs are commonly
13 B(ij E::(SQEJ)CI(: 2) 12 LM§N32(2) 1; ”'j' encountered in many biologically active compounds.
18 DM PhIEO co CFz;j 51:2; (PT1 03)2(P2)N3 2 12 : q Acrylamides prf:parecll fro.m these amines provided
1914 DCM PhI(OCOCF,), (1.2) TMSN, (2) 1 90 the corresponding tricyclic (Scheme 1, compound

[a] Conditions: Ta (0.2 mmol), reagent (equiv), azide (equiv) in solvent (1.5 mL).
[b] Yields of isolated product after chromatography on silica gel. [c] Acetic acid
(5 equiv) was also used. [d] Reaction performed with 1 gram of 1a. n.d.=not
determined, TMS =trimethylsilyl, DBU =1,8-diazabicycloundec-7-ene, DCE =1,2-

dichloroethane, DCM =dichloromethane.

To explore the scope of this radical azidoarylation of
alkenes, various N-arylacrylamides were subjected to the
optimized reaction conditions. First we tested the reactivity of
N-arylacrylamides equipped with different N-arenes
(Scheme 1). In general, very smooth azidoarylation occurred
for N-arylacrylamides having substituents at para and meta as
well as ortho positions in the aniline. High yields were
consistently obtained for para-substituted N-arylacrylamides
containing either electron-donating and electron-withdrawing
substituents (Scheme 1, compounds 2b—e). A similar trend
was also noticed with meta monosubstituted N-arylacryla-
mides although the unavoidable formation of regioisomers
was observed (Scheme 1, compounds 2g—i). Polysubstituted
derivatives provided corresponding oxindoles in good to
excellent yields (Scheme 1, compounds 2j and 2k). N-
arylacrylamide substrates with substituents at the ortho
position provided the corresponding oxindoles in moderate
yields (Scheme 1, compounds 21 and 2m). Notably, the
developed method allows the formation of aza-2-oxindole
derivatives in good yield (Scheme 1, compound 2m). The
synthesis of aza-2-oxindole derivatives by the radical carboar-
ylation of alkenes has never been reported before.”) After
investigating the arene scope, we moved on to explore the
effect of substituents on nitrogen and at the a-position of the
acrylamide. Various protected a-hydroxymethyl derivatives
provided the corresponding products in good yields
(Scheme 1, compounds 20-r). In particular, the substrate
with the unprotected hydroxymethyl group survived under
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27) and tetracyclic oxindole derivatives (Scheme 1,
compound 2aa) under the developed reaction con-
ditions.

Furthermore, we applied our method in the
synthesis of a dihydroindene derivative, which we
obtained in moderate yield from a precursor con-
taining a nonconjugated alkene and a less nucleo-
philic aromatic part [Eq. (1)].

PIFA (1.8 equiv)
TMSN; (3.6 equiv) N3
—_—

DCM, 1h

Et0,C” "CO,Et 51%

EtO,C CO,Et

Organic azides react with a variety of functional groups
due to their dipolar nature and their ability to generate
reactive intermediates. The past few years have witnessed
extensive applications of azides in organic synthesis, chemical
biology, and material science. The transformation of organic
azides has become an important means of incorporating
nitrogen functionalities in organic compounds and for creat-
ing molecular complexity. On the other hand, the 2-oxindole
scaffold is a common motif for many biologically active
natural products and pharmaceuticals. 2-Oxindoles with an
appended azide obtained by the presented methodology can
be used to create a focused compound library. Therefore, we
embarked upon exploring the diverse postsynthetic trans-
formations of the azide moiety (Scheme 2). The Staudinger
reaction of 2a with PPh; furnished primary amine 3. The aza-
Wittig reaction of 2a with para-tolualdehyde and cyclohex-
anone in the presence of PPh; provided imines that were
reduced with NaBH, to give benzylamine 4 and cyclohexyl-
amine 5, respectively, in one pot (Scheme 2). Compound 2a
was also used in a Brgnsted acid promoted olefin aziridation

Angew. Chem. Int. Ed. 2013, 52, 79857989
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Scheme 1. General reaction scheme; scope of the azidoarylation.
Reaction conditions: 1 (0.2 mmol), Phl1(OCOCF;), (0.24 mmol) ,and
TMSN; (0.48 mmol) in DCM (1.5 mL) at room temperature for 1 h.
Yields are given for isolated products after column chromatography.
[a] Using Phl(OCOCF;), (0.28 mmol), TMSN; (0.56 mmol). [b] Using
PhI(OCOCF;), (0.36 mmol), TMSN; (0.72 mmol). [c] Structure of
major regioisomer is shown. r.r. =regioisomer ratio.

to obtain aziridine 6. Moreover, Cu-catalyzed click reaction
conditions were employed to obtain triazole 7 in good yield
from 2a and phenyl acetylene. A thermal [342] dipolar
cycloaddition between methylcyanoformate and azide 2a
resulted in tetrazole 8 (Scheme 2). Finally, the hydroxyl-
group-assisted Schmidt reaction of 2q with cyclohexanone
and para-tolualdehyde provided cyclic amide 9 and an
oxazoline 10, respectively, in good yields. These representa-
tive transformations clearly demonstrate the potential molec-
ular complexity that can be created starting from the azide-
appended oxindoles (Scheme 2). Notably, 2¢ can be further
transformed to diazide 11 by metal-free benzylic C—H bond
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Scheme 2. Range of reactions on the azide unit. Reaction conditions:
a) PPh,, THF/H,0 (1:1), RT, 12 h; b) PPh,, 4-TolCHO, RT, 12 h then
NaBH,, MeOH, RT, 1 h; c) PPhs, cyclohexanone, RT, 12 h then NaBH,,
MeOH, RT, 1 h; d) CH,CHCOMe, CF;SO;H, CH;CN, 0°C-RT, 4 h;

e) CuSO,5H,0 (3 mol%), sodium ascorbate (8 mol%), PhCCH,
tBuOH/H,O (2:1), RT, 12 h; f) CNCO,Me, PhCH;, 110°C, 24 h;

g) cyclohexanone, BF;-OEt,, DCM, 0°C—RT, 12 h; h) 4-TolCHO,
BF,-OEt,, DCM, 0°C-RT, 4 h; [i] Phl(OCOCF,),, TMSN,, DCM, RT, 1 h.

functionalization under conditions similar to those used for
the azidoarylation. Moreover, the presented methodology
could be a complimentary tool to access a useful library of
diverse oxindole compounds that are difficult to prepare by
other approaches.

A plausible mechanism for our methodology is depicted in
Scheme 3. A double ligand exchange between PhI(OCOCF;),
(A) and TMSN; would provide intermediate B. Intermediate

2TMSN;
LOCOCF; N;
Ph—I Ph—I
A OCOCF3 B N;
Phl 2CF3CO,TMS
N3 HN3)
o)
N N3, .

2a \ ! “N3

Scheme 3. Proposed mechanism for the azidoarylation of alkenes
leading to oxindoles.

B undergoes thermal homolytic cleavage, thanks to the weak
I-N bond, to generate an azide radical. The azide radical
attacks alkene 1a to give radical C, which is trapped by the
arene to give intermediate D. Rearomatization of D provides
oxindole 2a.

In conclusion, we have developed an unprecedented and
efficient azidoarylation of alkenes under mild and metal-free
reaction conditions leading to biologically interesting 2-
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oxindoles. A notable feature of the developed process is
cascade-type formation of C—N and C—C bonds initiated by
the addition of azidyl radical. This process represents a novel
strategy for the synthesis of nitrogen-containing compounds.
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