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Environmentally benign radical carboaminoxylations of various
nonactivated olefins and difficult radical cyclization reactions
are performed in good to excellent yields and with short reaction
times under microwave irradiation.

Recently, we published the first results on tin-free radical
carboaminoxylations1 controlled by the so called persistent radical
effect (PRE).2 Thermal reversible homolysis of alkoxyamine 1
generates the persistent 2,2,6,6-tetramethylpiperidinyl-1-oxyl
(TEMPO) and the stabilized transient malonyl radical, which
subsequently reacts with an olefin CH2CHR to afford the adduct 2.
Irreversible trapping of 2 with TEMPO eventually provides the
carboaminoxylation product 3 (Scheme 1).3

However, it takes up to 3 days to complete these radical addition
processes.1 This is certainly a serious limitation of the published
method. We therefore decided to use microwave (MW) irradiation
to conduct these thermal processes.4 To our knowledge, this is one
of the first examples of MW-assisted free radical chemistry.5

We first examined the addition of malonate 1 onto 1-octene (5
eq.) to provide 3a using DMF as a typical “MW-solvent”. The
carboaminoxylations were performed in sealed tubes using pro-
fessional laboratory microwave equipment.‡ The experimental
setup allowed precise temperature control inside the vessel. The
best results were obtained at 180 °C (Table 1, run 1, 0.07 M). The
reaction took only 10 min for completion. Addition product 3a was
isolated in 63% yield (Fig. 1) and no side products were detected.
Obviously, decomposition of the starting alkoxyamine 1 to volatile
compounds occurred under the applied conditions. Interestingly, no
oligomerization was observed under the applied conditions (high
pressure) which indicates highly efficient trapping of the adduct
radical of type 2 by TEMPO. Lower temperatures and longer
reaction times did not provide better results. Addition reactions at
higher concentrations afforded lower yields. Under the optimized
conditions good results were also obtained using acetophenone,
1,2-dichlorobenzene and DMSO, whereas in nitrobenzene only a
moderate yield was obtained (runs 2–5). To document the power of
MW-assisted heating for conducting these radical carboaminoxyla-
tions, the results are compared with those previously obtained using
classical heating (dichloroethane (DCE), 135 °C, 3 d). A similar
yield was obtained by this approach, however, the reaction took 3
days (run 6).1 Thus, a 430-fold acceleration was achieved upon
switching to MW-irradiation. In order to exclude any concentration
and solvent effects, we also repeated the MW-experiment using

† Electronic Supplementary Information (ESI) available: experimental
procedures and analytical data for all the described compounds. See http:
//www.rsc.org/suppdata/cc/b3/b313139d/

Scheme 1 The PRE in intermolecular addition reactions.

Table 1 Addition reactions of 1 onto various olefins under different
conditions

Run Compound Solvent Conditions Yield (%)

1 3a DMF MW, 10 min, 180 °C 63
2 3a PhCOMe MW, 10 min, 180 °C 62
3 3a C6H4Cl2 MW, 10 min, 180 °C 58
4 3a DMSO MW, 10 min, 180 °C 53
5 3a PhNO2 MW, 10 min, 180 °C 27
6a 3a DCE 3 d, 135 °C 66
7 3a DMF 3 d, 135 °C 41
8 3b DMF MW, 10 min, 180 °C 84
9a 3b DCE 3 d, 135 °C 78

10 3b DMF 3 d, 135 °C 88
11 3c DMF MW, 10 min, 180 °C 71
12a 3c DCE 3 d, 135 °C 49
13 3c DMF 3 d, 135 °C 33
14 3d DMF MW, 10 min, 180 °C 78
15a 3d DCE 3 d, 135 °C 70
16 3d DMF 3 d, 135 °C 27
17 3e DMF MW, 10 min, 180 °C 70
18a 3e DCE 3 d, 135 °C 42
19 3e DMF 3 d, 135 °C 29
20 3f DMF MW, 10 min, 180 °C 72
21 3f DCE 3 d, 135 °C 64
22 3f DMF 3 d, 135 °C 49
23 4 DMF MW, 10 min, 180 °C 42 (dr = 2.5 : 1)b

24a 4 DCE 3 d, 135 °C 58 (dr = 2.1 : 1)b

25 4 DMF 3 d, 135 °C 21 (dr = 2.0 : 1)b

26 5 DMF MW, 10 min, 180 °C 46 (dr = 1.6 : 1)c

27a 5 DCE 3 d, 135 °C 80 (dr = 1.0 : 1)c

28 5 DMF 3 d, 135 °C 57 (dr = 1.2 : 1)c

29 6 DMF MW, 10 min, 180 °C 66d

30 6 DCE 3 d, 135 °C 37e

31 6 DMF 3 d, 135 °C 29f

32 7 DMF MW, 10 min, 180 °C 94
33a 7 DCE 3 d, 135 °C 75
34 7 DMF 3 d, 135 °C 67
a Ref. 1. b The major isomer has a trans-configuration, see ref. 1. c The
relative configuration of the major isomer was not assigned. d Isomer ratio
exo-methylene : b,g-unsaturated : g,d-unsaturated = 2.7 : 1.3 : 1. e Isomer
ratio exo-methylene : b,g-unsaturated : g,d-unsaturated = 3.9 : 1 : 1.2.
f Isomer ratio exo-methylene : b,g-unsaturated : g,d-unsaturated = 13.3 : 1
: 2.6.

Fig. 1 Carboaminoxylation products.
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classical heating under otherwise identical conditions (0.07 M,
DMF, 135 °C, 3 d). A lower yield was obtained for the model
reaction under these conditions (41%, run 7).

We then examined MW-assisted addition reactions of alkox-
yamine 1 using various mono- and disubstituted olefins. For
comparison the results obtained by classical heating under
otherwise identical conditions are also included in Table 1.
Furthermore, to illuminate the power of MW-induced heating the
optimized results previously obtained1 in DCE under classical
heating are also reported.

Excellent results were obtained with butyl vinyl ether (? 3b)
under all conditions tested (78–88%, runs 8–10). Addition onto
4-phenyl-1-butene (? 3c) is clearly more efficient under MW-
conditions (71%) than under conventional heating (49% and 33%,
runs 11–13). Carboaminoxylation of TBDMS-protected 5-penten-
1-ol with 1 to afford 3d can efficiently be performed under MW-
irradiation and also under conventional heating in DCE (runs
14,15). However, reaction in DMF under classical heating provided
a lower yield (27%, run 16). Addition of 1 onto methyl 4-penten-
1-yl carbonate under MW-conditions afforded 3e in 70% yield,
whereas only moderate yields were obtained for the same reaction
under classical conditions (runs 17–19). Similar results were
obtained using N-vinylphthalimide (runs 20–22). These results
clearly document the power of MW-induced heating in these
thermal processes. Unfortunately, solvent-free carboaminoxyla-
tions under MW-conditions did not work, even for the most polar
radical acceptor methyl 4-penten-1-yl carbonate.

MW-assisted carboaminoxylations of terminally substituted
olefins such as cyclohexene (? 4) and 3,4-dihydro-2H-pyran (?
5) can be performed in 18 min, however, slightly lower yields were
obtained (runs 23–28). As expected, the products were isolated as
mixture of isomers.

We next addressed addition–elimination reactions (Fig. 2). We
have previously shown that carboaminoxylations leading to tertiary
alkoxyamines are followed by elimination of TEMPO-H to provide
the corresponding olefins.1 Thus, addition of 1 onto 2-methyl-
1-nonene and subsequent TEMPO-H elimination (? 6) can be
achieved in a good yield under MW-conditions (Table 1, run 29,
66%). The product was formed as a mixture of inseparable double
bond isomers. The same experiment using conventional heating
afforded 6 in a modest yield, again proving the efficiency of MW-
induced heating (runs 30,31). If alkoxyamine 1 is heated in the
presence of b-pinene, radical addition is followed by a ring opening
step and subsequent regioselective TEMPO-H elimination. Product
7 was formed in excellent yield under MW-irradiation (run 32,
94%). Good yields can also be obtained using conventional heating
(runs 33,34).

Finally, we focused on radical cyclization reactions. Isomeriza-
tion of alkoxyamine 8 in DMF at 180 °C took only 2.5 min. The
5-exo product 9a and 6-endo compound 9b were isolated in 70%
combined yield (Scheme 2). The unexpected low 5-exo : 6-endo
ratio (2.7 : 1) for this 5-hexenyl type radical cyclization can be
explained by the reversibility of the radical cyclization.6 The same
reaction in DMF under classical heating took 16 h (66% combined
yield).3a We were also able to perform difficult radical cyclizations
using our method.7 The starting alkoxyamines 10,12 and 14 were
readily prepared from the corresponding a-halo acid derivatives
and TEMPO.8 It turned out that these alkoxyamines could not be
isomerized under the standard conditions previously developed by
our group (130 °C, 0.02 M, t-BuOH, 24 h);3a the desired cyclization
products 11, 13 and 15 were not formed (Scheme 2). Encouraged by

the above described MW-results, we decided to repeat the
isomerizations using MW-irradiation. The reaction conditions were
slightly modified. The best results were obtained at higher
temperatures (210 °C) and shorter reaction times (2.5 min). Under
these conditions, allyl tosyl amide 10 was efficiently isomerized to
11 (70%, trans : cis = 3.3 : 1). A lower yield was observed for the
cyclization of ester 12 (? 13, 36%, trans : cis = 2.5 : 1). For the
isomerization of amide 14 addition of camphor-10-sulfonic acid3a

was necessary for successful isomerization. Furthermore, the
reaction time had to be increased (12 min). Amide 15 was isolated
in 40% yield (trans : cis = 1.9 : 1).

In conclusion, we have shown that PRE-controlled environmen-
tally benign radical processes can efficiently be performed using
MW-irradiation. A 430-fold acceleration was achieved upon
switching from classical to MW-induced heating. Moreover,
difficult isomerizations which cannot be achieved under classical
heating can be conducted with moderate to good yields using MW-
irradiation.

We thank the Fonds der Chemischen Industrie (PhD stipend to
C.W.) and the Deutsche Forschungsgemeinschaft (STU 280/4–1)
for funding.
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Scheme 2 The PRE in difficult isomerization reactions.
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