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Abstract: An efficient method for radical additions
to unactivated alkenes via desulfitative chlorine-
atom transfer is described. The reaction is based on
the use of readily available sulfonyl chlorides as
starting materials and cheap radical initiators such as
azobisisobutyronitrile (AIBN), di-fert-butyldiazene
(DTBD), and dilauroyl peroxide (DLP). No transi-

tion metal catalyst is required and the reaction takes
place under mild conditions at temperatures <85°C.
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Introduction

The development of mild and selective methods for
carbon-carbon bond formation via radical pathway
has attracted the interest of many synthetic chemists
during the last decades.!! Among various types of rad-
ical processes, halogen atom-transfer radical addition
(ATRA) reactions, pioneered by Kharasch® and fur-
ther developed by Curran and others,”! have received
considerable attention because of their atom-econom-
ic nature and high efficiency.!! Despite the instability
of the starting iodides, iodine atom transfer processes
represent a powerful method for C—C bond forma-
tion. Bromine atom transfers were among the earliest
examples of atom transfer processes,” however, they
are restricted to a limited number of cases involving
highly reactive bromides such as bromotrichlorome-
thane and bromomalonitrile."”! Due to the high C—Cl
bond dissociation energy, the chlorine ATRA reaction
is less common. It is mainly limited to polychlorinated
substrates and it requires catalysis by transition metal
complexes.®! The use of monochlorinated species is
still highly challenging despite the early report by
Julia about the addition of ethyl chloroacetate to 1-
decene in the presence of a CuCl,-bipyridine catalyst
system (Scheme 1).%)

Due to their stability and long-term storage proper-
ties, chlorides are very attractive synthetic intermedi-
ates. An efficient method for chlorine ATRA reaction
that does not rely on a transition metal catalyst would
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clearly be of high interest for preparative applications.
Interestingly, sulfonyl chlorides are excellent radical
chorinating agents. For instance, the rate constant for
the chlorination of primary alkyl radicals has been
measured to be k=1.3x10°M~'s7! at 25°C."" This
value is one order of magnitude smaller than the rate
constant reported for iodine atom transfer between
primary alkyl radicals and methyl iodoacetate, one
order of magnitude higher than the rate constant re-
ported for chlorine atom transfer with CCl, and two
order of magnitudes higher than the rate of bromine
atom transfer reported from methyl bromoacetate
(Scheme 2)."" As a consequence, sulfonyl chlorides
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Scheme 3. Desulfitative chlorine!™ and azide transfer reac-
tions."”!

are very attractive precursors for chlorine ATRA re-
actions. However, so far these reactions are mostly re-
stricted to the addition of arenesulfonyl radicals to al-
kenes!">" and in most cases a transition metal cata-
lyst is needed.

The formation of carbon-centered radicals by a-
scission of sulfonyl radicals is a well-established pro-
cess that has been used to generate alkyl radicals in-
volved in chain reactions.” Trifluoromethanesulfonyl
chloride (CF;SO,Cl) and trichloromethanesulfonyl
chloride (CI;CSO,Cl) have been employed as radical
precursors in desulfitative chlorine ATRA reactions
by Kamigata under ruthenium(II) catalysis.'®! Cobal-
t(II) was also shown to catalyze reactions involving
tricholoromethyl radicals."”! Roques discovered that
chlorine ATRA reactions involving perfluorinated
sulfonyl chlorides could be performed under solvent-
free conditions with azobisisobutyronitrile (AIBN) as
a radical initiator [Scheme 3, Eq. (1)].'¥ Recently, we
reported an efficient metal-free desulfitative azide
transfer reaction involving various electrophilic C-
centered radicals [Scheme 3, Eq. (2)]."”

Based on these results, we hypothesized that the
metal-free desulfitative chlorine ATRA reaction
could become a general approach applicable to vari-
ous types of electrophilic radicals (Scheme 4). We
report here our study of the scope and limitations of
this approach that demonstrates its generality.
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Scheme 4. General mechanism for the desulfitative chlorine
ATRA to alkenes (R¥=radical with electrophilic charac-
ter).

Results and Discussion
Reactions with Trichloromethanesulfonyl Chloride

The desulfitative chlorine ATRA reaction with com-
mercially available C1;,CSO,CI 1 was investigated first.
Under the neat conditions reported by Roques,"! low
to moderate yields were obtained due to the forma-
tion of a polymeric material. In a rapid screening of
solvents, fert-butanol, a solvent of low toxicity, gave
the best results in terms of yield and cleanness of the
reaction (Scheme 5). Both AIBN and di-fert-butyldia-
zene (DTBD) can efficiently initiate the reaction. Re-
action of CL;CSO,Cl with monosubstituted terminal
alkenes 2a and 2b and methylenecyclohexane deriva-
tives 2¢ and 2d afforded the products of the desulfita-
tive chlorine ATRA reaction 3a-3d in excellent
yields. Interestingly, para-methoxystyrene 2e reacted
with Cl;CSO,Cl in almost quantitative yield demon-
strating that the chlorination of benzylic radicals can
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Scheme 5. Chlorine ATRA reactions of trichloromethane-
sulfonyl chloride 1.
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Scheme 6. Ring-opening and ring-closing reactions involving
desulfitative chlorine ATRA reactions of trichloromethane-
sulfonyl chloride 1.

be achieved very efficiently with this reagent. Reac-
tion with an internal cyclic olefin such as norbornene
2f gave 3f in almost quantitative yield. As expected
for a radical reaction, the less reactive cyclohexene 2g
afforded 3g in only 50-53% yield as a mixture of ster-
eomers.

The radical nature of the process is demonstrated
by the opening of the cyclobutane ring observed with
(—)-B-pinene 2h that afforded 3h (Scheme 6). Similar-
ly, dienes 2i and 2j gave products 3i and 3j resulting
from a S5-exo-trig radical cyclization in 69% yield
(Scheme 6).

The chlorine ATRA reaction of trichloromethane-
sulfonyl chloride and that of CCl, afford identical
products. The advantages of the sulfonyl chloride-
mediated process over the CCl,-mediated one are the
absence of a metal catalyst [the reaction with CCl, re-
quires a metal catalyst (Cu, Ru, etc.) to achieve high
efficiency] and the reduced dangerousness of tri-
chloromethanesulfonyl chloride (corrosive) relative to
the volatile CCl, (highly hepatotoxic and possibly car-
cinogenic). The CCl,; method is slightly superior in
terms of cost and atom efficiency despite the fact that
a substochiometric amount of a reducing species is
necessary to regenerate the catalyst.”*"!

Reaction with Ethyl 2-(Chlorosulfonyl)acetate (4)

The results obtained with Cl;CSO,Cl incited us to in-
vestigate some other sulfonyl chlorides. Despite the
high synthetic potential of ATRA reactions involving
chloroacetates, they remain extremely difficult to run
even under transition metal catalysis.”’ Since ethyl 2-
(chlorosulfonyl)acetate 4 is easily prepared either by
chlorination of ethyl thioglycolate®®!! or by treatment
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4

Scheme 7. Preparation of ethyl 2-(chlorosulfonyl)acetate
4.[2021]

Table 1. Optimization of the reaction conditions for the de-
sulfitative chlorine ATRA reaction of 4 to 1-octene 2a.

E10,C”, “SO:Cl o
/\n- CaHra initiator EtOZC/\)\n-Cus
solvent, reflux
2a 2-5h 5a
Entry 4 Initiator Solvent Sa
(equiv.)  (equiv.) Yield®

1 1.2 DTBD (0.2)"  benzene 55%
2 2 DTBD (0.2)"  benzene 72%
3 2 AIBN (0.2) benzene 70%
4 2 DLP (0.2) benzene 91%
5 2 DLP (0.2) CICH,CH,Cl 90%

[l Isolated yield.
] 300 W sun lamp irradiation was used.

of ethyl chloroacetate with sodium sulfite and oxalyl
chloride®® (Scheme 7), it was of interest to test its re-
activity in desulfitative chlorine ATRA reactions.

The reaction was optimized with 1-octene 2a and
the results are summarized in Table 1. A moderate
yield was obtained with 1.2 equivalents of 4 and
DTBD/sun lamp irradiation to initiate the process. A
better yield was obtained with 2 equivalents of the
sulfonyl chloride under the same initiation conditions.
Initiation with AIBN did not enhance the yield. Final-
ly, dilauryl peroxide (DLP) as an initiator in benzene
or 1,2-dichlorethane gave the best results in a very re-
liable manner (Table 1, entries 4 and 5).

The scope of the chlorine ATRA reaction of 4 was
then examined with different terminal alkenes
(Scheme 8, compounds 5a-5d, 5k-51). The products
were obtained in good to excellent yields. Under
these conditions, the tertiary chlorides S¢ and 5d are
stable and were isolated in high yields, other tertiary
chlorides proved to be more prone to elimination
(vide infra). Reactions with non-terminal alkenes
were also examined and as expected only strained sys-
tems such as norbornene 2f gave a good yield of 5f.
Internal alkenes such as cyclohexene 2g afforded the
chlorine ATRA product 5g in 22% yield.

Reaction of 4 with different dienes was attempted
next (Scheme 9). When (S)-limonene 2m was used,
the chlorine ATRA product Sm was formed in low
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Scheme 8. Chlorine ATRA reactions of ethyl 2-(chlorosulfo-
nyl)acetate 4.
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Scheme 9. Desulfitative chlorine ATRA reactions of ethyl
(2-chlorosulfonyl)acetate 4 with dienes.

yield under the optimized DLP-initiated reaction con-
ditions. Decomposition products were obtained result-
ing most probably from processes involving cationic
intermediates. Traces of lauric acid generated from
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DLP could also be at the origin of the low efficiency
of the ATRA reaction. Therefore, another radical ini-
tiator that allows running the reaction under strict
non-acidic conditions and at lower temperature was
tested. When DTBD (sun lamp irradiation, <80°C)
was used, product 5Sm was isolated in 62% yield. As
expected, the reaction takes place exclusively at the
terminal alkene. Interestingly, when the iodine ATRA
reaction using ethyl iodoacetate was attempted, none
of the expected tertiary iodides were isolated. Reac-
tion of 4 with the 1,6-diene 2n was then examined.
Under the standard DLP procedure, the desired cy-
clized product 5n was obtained in 30% yield, together
with 26% of HCI elimination products 6n (mixture of
isomers). Using the DTBD/irradiation initiation pro-
cedure, the expected product Sn was obtained in 44%
yield and the diastereoselectivity was increased from
2:1 to 4:1.

Reaction with N-Methoxy-N-methyl-2-
(chlorosulfonyl)acetamide

Since radicals derived from Weinreb amides are know
to react efficiently with terminal alkenes,™! sulfonyl
chloride 7 was prepared and tested. The chlorine
ATRA reaction of 7 with 1-octene 2a afforded 8a in
72% yield (Scheme 10) demonstrating further that
Weinreb amides are excellent reagents for intermolec-
ular radical addition to terminal alkenes.

To test its limitations, the chlorine ATRA reaction
involving an N,N-dialkylamide was attempted next.
This system is of interest since iodine ATRA reac-
tions of N,N-dimethyliodoacetamide do not afford the
expected iodine atom transfer products but rather lac-
tones resulting from nucleophilic substitution of the
iodide by the ester group.?"! These reactions proceed
inefficiently under standard atom-transfer conditions
and the use of 0.5 equiv. (Bu;Sn), and 3.5 equiv. EtI is
required to reach acceptable yields. To test the desul-
fitative chlorine ATRA reaction, N,N-diethyl-2-
(chlorosulfonyl)acetamide 9 was prepared and its re-
action with 1-octene was examined (Scheme 11). The

OMe Z > nCeHa OMe cl
N (2a) N
Me” SOCl ——— > ~ -
e \ﬂ/\ 2 DLP (0.2 equiv.) Me o n-Cetha
benzene, reflux
8a 72%

Scheme 10. Chlorine ATRA reaction of Weinreb amide 7.

Et /\n-CsHm Et 7
(2a) -N
\ﬂ/\SOQCI ———— Et n-CeHis
DLP (0.2 equiv.) 0
9 benzene, reflux 10a <20%

Scheme 11. Chlorine ATRA reaction of amide 9.
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desired chlorine atom transfer product 10a was ob-
tained but the yield was low. Optimization of the re-
action conditions did not allow us to improve signifi-
cantly the yield. This result demonstrates that the de-
sulfitative chlorine ATRA reaction offers an advant-
age over the iodine ATRA reaction in terms of prod-
uct stability (the chloride product does not undergo
an intramolecular nucleophilic substitution) but, as
anticipated, the limitation due to the lack of reactivity
(electrophilicity) of the intermediate radical is not al-
leviated.

Conclusions

The desulfitative chlorine atom transfer radical addi-
tion reaction has shown to be a general strategy for
the formation of carbon-carbon bonds under metal-
free conditions. Sulfonyl chlorides are easily prepared
by simple and cheap procedures. They are stable radi-
cal precursors that can be stored for months without
decomposition. The reaction can be performed in a
variety of solvents such as tert-butanol, 1,2-dichloro-
ethane, and benzene. Commercially and easily avail-
able radical initiators have been used with success to
trigger the reaction.

Experimental Section

ATRA Reactions of Cl;CSO,CI (AIBN Initiation)

In a two-necked, flame-dried flask equipped with a reflux
condenser, the alkene (1.0 equiv.), CLLCSO,Cl (1.1 equiv.),
and AIBN (0.05 equiv.) were weighed. After purging with
N,, the solvent was added, and the reaction mixture was
heated to reflux and monitored by TLC. At the end of the
reaction time (typically 0.5-2 h), the mixture was concen-
trated and the crude product was purified by flash chroma-
tography using silica gel.

ATRA Reactions of Cl;CSO,Cl (DTBD Initiation)

In a quartz round-bottomed flask equipped with a reflux
condenser, the alkene (1.0 equiv.) and DTBD (0.5 equiv.)
were added to a stirred solution of sulfonyl chloride
(2.0 equiv.) in fert-butanol. The reaction mixture was irradi-
ated by a sunlamp (300 W) and heated to reflux. At the end
of the reaction time (typically 2 h), the crude product was
purified by flash chromatography using silica gel.

ATRA Reactions of Ethyl 2-(Chlorosulfonyl)acetate

In a two-necked flask, equipped with a reflux condenser and
charged with ethyl 2-(chlorosulfonyl)acetate 4 (2.0 equiv.),
alkene (1.0 equiv.) and benzene was added DLP (0.2 equiv.)
under an N, atomosphere. The reaction mixture was heated
to reflux and monitored by TLC. At the end of the reaction
time (typically 2-5 h), the mixture was concentrated and the
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crude product was purified by flash chromatography using
silica gel.

The preparation of sulfonyl chlorides and detailed charac-
terization of all compounds can be found in the Supporting
Information.

Acknowledgements

We thank the Swiss National Science Foundation (grants 20-
135087) for financial support.

References

[1] For selected books on radical reactions, see: a) B.
Giese, Radicals in Organic Synthesis: Formation of
Carbon-Carbon Bonds, Pergamon, Oxford, 1986; b) A.
Parsons, An Introduction to Free Radical Chemistry,
Blackwell, Oxford, 2000; ¢) Radicals in Organic Synthe-
sis, (Eds.: P. Renaud, M. P. Sibi), Wiley-VCH, Wein-
heim, 2001; d) S. Zard, Radical Reactions in Organic
Synthesis (Topics in Current Chemistry, vol. 263/264),
Oxford Univ. Press, Oxford, 2004; e) Radicals in Syn-
thesis I and 11, (Ed.: A. Gansduer), Vols. 263 and 264,
Springer, Berlin, 2006.

[2] a) M. S. Kharasch, P.S. Skell, P. Fisher, J. Am. Chem.
Soc. 1948, 70, 1055; b) M. S. Kharasch, E. V. Jensen,
W. H. Urry, Science 1945, 102, 128.

[3] a) D.P. Curran, C.-T. Chang, J. Org. Chem. 1989, 54,
3140; b) D. P. Curran, M.-H. Chen, E. Spleterz, C. M.
Seong, C.-T. Chang, J. Am. Chem. Soc. 1989, 111, 8872;
¢) D. P. Curran, C. M. Seong, J. Am. Chem. Soc. 1990,
112, 9401; d) D.P. Curran, J. Tamine, J. Org. Chem.
1991, 56, 2746; e) D. P. Curran, D. Kim, Tetrahedron
1991, 47, 6171; f) D. P. Curran, D. Kim, C. Ziegler, Tet-
rahedron 1991, 47, 6189.

[4] J. Byers, in: Radicals in Organic Synthesis, (Eds.: P.
Renaud, M. P. Sibi), Wiley-VCH, Weinheim, 2001, Vol.
1,p72.

[5] a) B. Giese, H. Horler, M. Leising Chem. Ber. 1986,
119, 444; b) K. Riemenschneider, H. M. Bartels, R.
Dornow, E. Drechsel-Grau, W. Eichel, H. Luthe, Y. M.
Matter, W. Michaelis, P. Boldt J. Org. Chem. 1987, 52,
205; c) J. Yoshida, M. Yamamoto, N. Kawabata, Tetra-
hedron Lett. 1985, 26, 6217.

[6] Interesting results are reported with bromoacetate by
using a stoichiometric amount of triethylborane in
polar and aqueous solvents: H. Yorimitsu, H. Shinoku-
bo, S. Matsubara, K. Oshima, K. Omoto, H. Fujimoto,
J. Org. Chem. 2001, 66, 7776.

[7] The use of Lewis acids to promote bromine atom trans-
fer has also been reported: a) C. L. Mero, N. A. Porter,
J. Am. Chem. Soc. 1999, 121, 5155. More recently, pho-
toredox catalysis was applied to bromine atom transfer
processes: b) J. D. Nguyen, J. W. Tucker, M. D. Koniec-
zynska, C.R.J. Stephenson, J. Am. Chem. Soc. 2011,
133, 4160.

[8] For review articles on chlorine-atom transfer radical
additions catalyzed by transition-metal catalysts, see:
a) A.J. Clark, Chem. Soc. Rev. 2002, 31, 1; b) K. Sever-

asc.wiley-vch.de 3471


http://asc.wiley-vch.de

FULL PAPERS

Lidong Cao et al.

in, Curr. Org. Chem. 2006, 10, 217; c) W. T. Eckenhoff,
T. Pintauer, Catal. Rev. Sci. Eng. 2010, 52, 1. For select-
ed examples, see: d) H. Matsumoto, T. Nakano, Y.
Nagai, Tetrahedron Lett. 1973, 5147; ¢) T. K. Hayes, R.
Villani, S. M. Weinreb, J. Am. Chem. Soc. 1988, 110,
5533; f) N. Baldovini, M.-P. Bertrand, A. Carriére, R.
Nouguier, J.-M. Plancher, J. Org. Chem. 1996, 61, 3205;
g) B. A. Seigal, C. Fajardo, M. L. Snapper, J. Am.
Chem. Soc. 2005, 127, 16329; h) D. Yang, Y.-L. Yan, B.-
F. Zheng, Q. Gao, N.-Y. Zhu, Org. Lett. 2006, 8, 5757;
i) K. Thommes, B. I¢li, R. Scopelliti, K. Severin, Chem.
Eur. J. 2007, 13, 6899.

[9] a) M. Julia, L. Saussin, G. Le Thuillier, J. Organomet.
Chem. 1974, 179, 374; b) E. Mume, 1. J. Munslow, K.
Kallstrom, P. G. Andersson, Collect. Czech. Chem. C,
2007, 72, 1005.

[10] C. Chatgilialoglu, J. Org. Chem. 1986, 51, 2871.

[11] M. Newcomb, R. M. Sanchez, J. Kaplan, J. Am. Chem.
Soc. 1987, 109, 1195. D. P. Curran, E. Bosch, J. Kaplan,
M. Newcomb, J. Org. Chem. 1989, 54, 1826.

[12] For metal-free addition of sulfonyl chlorides to alkenes,
see: a) E. C. Ladd, U.S. Patent 2,521,068, 1950; b) M. S.
Kharasch, R. A. Mosher, J. Org. Chem. 1952, 17, 453;
¢)S.J. Cristol, J. A. Reeder, J. Org. Chem. 1961, 26,
2182.

[13] For a review article on metal-catalyzed addition of
ArSO,CI to alkenes, see: a) N. Kamigata, T. Shimizu,
Rev. Heteroat. Chem. 1997, 17, 1. For selected exam-
ples, see ref.® and: b) M. Kameyama, N. Kamigata, M.
Kobayashi, J. Org. Chem. 1987, 52, 3312; c)T.P.
Meagher, H. Shechter, J. Org. Chem. 1998, 63, 4193,
and references cited therein.

[14] For cyclizations of dienes, see: a) V. K. Gubernatorov,
B. E. Kogai, V. A. Sokolenko, Izv. Akad. Nauk SSSR,
Ser. Khim. 1983, 1874; b) C. P. Chuang, T. H. J. Ngoi,
Tetrahedron Lett. 1989, 30, 6369; c) C. P. Chuang, Tetra-

hedron 1991, 47, 5425; N. Huther, P. T. McGrail, A. F.
Parsons, Eur. J. Org. Chem. 2004, 1740; d) 1. Montgom-
ery, A.F. Parsons, F. Ghelfi, F. Roncaglia, Tetrahedron
Lett. 2008, 49, 628.

[15] a) F. Bertrand, F. L. Guyader, L. Liguori, G. Ouvry, B.
Quiclet-Sire, S. Seguin, S.Z. Zard, C. R. Acad. Sci.
Paris, Chimie/ Chemistry 2001, 4, 547; b) S. Kim, S. Kim,
Bull. Chem. Soc. Jpn. 2007, 80, 809.

[16] a) N. Kamigata, T. Fukushima, M. Yoshida, J. Chem.
Soc. Chem. Commun. 1989, 1559; b) N. Kamigata, T.
Fukushima, Y. Terakawa, M. Yoshida, H. Sawada, J.
Chem. Soc. Perkin Trans. 1 1991, 627; c) M. Kameyama,
N. Kamigata, Bull. Chem. Soc. Jpn. 1987, 60, 3687.

[17] P. Bougeard, A. Bury, C.J. Cooksey, M. D. Johnson,
J. M. Hungerford, J. M. Lampman, J. Am. Chem. Soc.
1982, 104, 5230.

[18] N. Roques, M. Galvez, A. Bonnefoy, L. Larquetoux, M.
Spargnol, Chim. Oggi — Chem. Today 2003, 21, 43.
Under optimized conditions, Roques reported that tri-
chloromethanesulfonyl chloride adds to 1-decene in
58% vyield (gas chromatography yield).

[19] K. Weidner, A. Giroult, P. Panchaud, P. Renaud, J. Am.
Chem. Soc. 2010, 132, 17511.

[20] See ref! and: T. Pintauer, W. T. Eckenhoff, C. Ricar-
do, M.N.C. Balili, A.B. Biernesser, S.J. Noonan,
M. J. W. Taylor, Chem. Eur. J. 2009, 15, 38.

[21] M. J. Szymonifka, J. V. Heck, Tetrahedron Lett. 1989,
30, 2869.

[22] S. A. Wolckenhauer, A. S. Devlin, J. Du Bois, Org. Lett.
2007, 9, 4363.

[23] a) M. E. Briggs, S.Z. Zard, Synlett 2005, 334; b) L.
Chabaud, Y. Landais, P. Renaud, F. Robert, F. Castet,
M. Lucarini, K. Schenk, Chem. Eur. J. 2008, 14, 2744.
See also ref."”]

[24] R. Jolly, T. Livinghouse, J. Am. Chem. Soc. 1988, 110,
7536.

3472 asc.wiley-vch.de

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Synth. Catal. 2011, 353, 3467 - 3472


http://asc.wiley-vch.de

