Zuschriften

Aryl Nitriles

DOI: 10.1002/ange.200903838

Direct Transformation of Methyl Arenes to Aryl Nitriles at Room

Temperature**
Wang Zhou, Liangren Zhang, and Ning Jiao*

The development of novel methods for the preparation of aryl
nitriles is of long-standing interest to organic chemists
because of the importance of these compounds in chemistry
and biology. Moreover, they are also versatile building blocks
in the synthesis of natural products, pharmaceuticals, agricul-
tural chemicals, materials, and dyes.“] In the past several
decades, three general strategies for the synthesis of aryl
nitriles have been developed: 1) the replacement approach, in
which aryl nitriles are obtained by introducing a nitrile group
through Sandmeyer reaction!!! of aryldiazonium salts or by
the transition-metal-mediated cyanation of aryl halides with a
cyanide source which generally is toxic;® 2) the dehydration
approach, for example, dehydration of aryl amides®® or
oximes,**¥ or oxidative dehydration of benzylic amines or
alcohols with ammonia;**? and 3) direct C—H functionaliza-
tion, one of the most exciting topics in concise and economical
organic synthesis.[*! In this context an even more attractive but
challenging issue is the direct ammoxidation of substituted
methyl arenes.”) However, the low selectivity and harsh
reaction conditions (reaction temperatures of 630-730 K)
required because of the high C—H bond dissociation energy
limit their application in organic synthesis. Hence, the direct
transformation of methyl arenes to aromatic nitriles under
mild conditions still remains of great value. Herein, we
demonstrate a novel and efficient copper-promoted trans-
formation of substituted methyl arenes to aryl nitriles by the
cleavage of three C-—H bonds under mild and neutral
conditions [Eq. (1)].

We began our evaluation of this direct transformation
with the reaction of para-methylanisole (1a; Table 1). Grat-
ifyingly, when NaN; was chosen as the nitrogen source, the
reaction in the presence of phenyliodonium diacetate (PIDA)
in acetonitrile at room temperature provided 4-methoxyben-
zonitrile (2a) in 42% yield (Table 1, entry 3). This product
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Table 1: The direct transformation of para-methylanisole (1a) to

4-methoxybenzonitrile (2a).F!
NaN,, PIDA
MeO CH; ——>——= MeO C=N
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additives
1a CHLCN, 25 °C 2a

Entry NaN; PIDA Additive (equiv) t[h] Yield of

[equiv] lequiv] 2a [%]"
1 0 3.2 none 12 0
2 4.0 0 none 12 0
3 4.0 3.2 none 3 42
4 4.0 3.2 CuCl (0.1) 2 55
5940 3.2 CuCl (0.1 2 trace
69 4.0 3.2 Cucl (0.7) 3 53
7€ 0 3.2 CusO,5H,0(0.05) 3 8
8 4.0 3.2 CuSO,5H,0(0.05) 3 (58)
91 4.0 3.2 CusO,-5H,0(0.05) 6 70(71)
100 4.0 3.2 none 6 (60)
1" 8.0 6.4 none 6 (64)

[a] Reaction conditions: 1a (0.5 mmol), NaNj;, PIDA, additive in
acetonitrile at 25°C under N,. [b] Yields determined by GC using
n-dodecane as the internal standard, the number in parentheses refers to
the yield of isolated product. [c] The reaction was carried out at 0°C.
[d] The reaction was carried out at 50°C. [e] Me;SiN; was used instead of
NaNs;. [f] NaN; and PIDA were added in three portions.

was not observed when the reaction was carried out in the
absence of either NaN; or PIDA (Table 1, entries 1 and 2).
Notably, catalytic amounts of CuCl facilitated this trans-
formation, giving 2a in 55% yield (cf. Table 1, entries 3 and
4). The oxidant played an essential role in this transformation.
Attempts at using other organic or inorganic oxidants such as
ceric ammonium nitrate (CAN), Mn(OAc);, and PhIO were
not successful (see Table S3 in the Supporting Information).
The yield of 2a decreased to 8% when Me;SiN; was used
instead of NaN; (Table 1, entry 7). Further studies indicated
that the efficiency of this transformation was not affected by
the addition of water, base, or Lewis acid (see Tables S3 and
S4 in the Supporting Information). We screened a number of
different parameters (see the Supporting Information) and
found that the direct transformation facilitated by
CuSO,5H,0 using acetonitrile as the solvent at room
temperature was the most efficient (58% yield, Table 1,
entry 8). The optimized conditions providing the highest yield
(71%) are listed in entry 9, Table 1. The yields decreased
when the salts of other metals such as Co, In, Zn, or Fe were
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employed instead of CuSO,5H,O (see Table S4 in the
Supporting Information). Even with loadings of 8.0 equiv
NaN; and 6.4 equiv PIDA, the yield did not increase
significantly in the absence of the copper salt (cf. Table 1,
entries 9-11).

As this reaction proceeds under mild and neutral con-
ditions, it may be useful for the preparation of functionalized
aryl nitriles from the corresponding toluenes avoiding the
decomposition of the functional group. To explore the
substrate scope, we examined a wide range of substituted
toluenes. Reactions of para-heteroatom-substituted toluenes
with electron-donating groups proceeded efficiently
(Table 2). Substrates with substituents at the meta and ortho
positions could be smoothly transformed into the correspond-
ing aryl nitriles, which indicated that steric interactions did
not significantly affect the reactivity (Table 2, entries 3-7 and

Table 2: Direct transformation of methyl arenes 1 to aryl nitriles 2.1
NaN,, PIDA

H, CuSOx 5H,0 (5 mol%) R _—
— >\ 7 =
2

CH;CN, N, 25°C

Entry Substrate Product Yield [%]®

1 Me04<i>>CH3 MeO
1 a

2 EtO\QCH;, EtOOCEN 65
1b 2b

71

N
(9]
it}
=z

3 MeOOCHS MeOOCEN 86
1c 2¢
OMe OMe
4 rmo%j}w3 MeoOczN 96
1d 2d
OMe OMe
5 MeO*Qj%*CH3 MeOQC*N 52
1e 2e
OMe OMe
MeO,C MeO,C
6 MeOOCHs MeOOCEN 3
1f 2f
CHs CHs
7 MeO*@*CH;; MeOGCEN 76
19 2g
3 p-tolleOcm p—tolle—@—CEN 83
1h 2h
o woworon o om g
1i 2i
10 TBDPSOOCHS TBDPSOOCEN 95
1j 2j
Br. Br
n EtO*@*C% EtOOCEN 29
1k 2k
MeO O CH, MeO O C=N
v " 2 i
13 BocHNAC%CH3 BocHNOCEN 44
2m
2n
[a] Reaction conditions: 1 (0.5 mmol), NaN; (2.0 mmol), PIDA

(1.6 mmol), CuSO,-5H,0 (0.025 mmol) in acetonitrile (4 mL) at 25°C
under N,. [b] Yield of isolated product. Boc=tert-butoxycarbonyl.

Angew. Chem. 2009, 121, 7228 =7231

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

11). It is noteworthy that the para substituents, which serve as
the directing groups, are important for this transformation.
Hence, 1g reacted highly regioselectively to give 2g, in which
the meta methyl group is untouched, in 76 % yield (Table 2,
entry 7). Furthermore, para hydroxy groups protected as
methoxymethyl (MOM) and tert-butyldiphenylsilyl (TBDPS)
ethers, protecting groups that are easily cleaved, are ame-
nable to further functional group transformations and can
serve as efficient directing groups (Table 2, entries 9 and 10).
Moreover, halogen-substituted toluenes are also suitable
substrates leading to halogen-substituted aryl nitriles
(Table 2, entry 11). Intriguingly, protected para-toluidines
reacted smoothly (2m was formed in 44 % yield; Table 2,
entry 13); in contrast, the synthesis of these para-amino-
benzonitriles by other methods from simple and inexpensive
starting materials would normally require at least three steps.
Notably, para-methylbiphenyl also exhibited good reactivity,
and 4-phenylbenzonitrile (2m) was obtained in 45% yield
(Table 2, entry 14).

This transformation provides diverse opportunities for
application to organic synthesis. For example, tetrazole
analogue 6 related to Disoxaril®! (Scheme 1) has broad-

HsC
a _ b
HC=C(CH,);0H — HC=C(CHy);0 CHy —
H,c 3
HaC
n-C3H7
— W(CHmo CHy -
N-~g
HoC 4
HsC
n-CsH; d
— W(CHZ)@ CEN —
N~g
He 5
n-C3H7W Nsp
. |
N (CH2)30 \N’N\
H,C 6

Scheme 1. Synthesis of a tetrazole analogue related to Disoxaril.
Reagents and conditions: a) 1. TsCl, pyridine, —20 to —10°C, 96 %;
2. 2,4,6-trimethylphenol, K,CO;, butan-2-one, reflux, 90%,; b) n-
C;H,CH=NOH, N-chlorosuccinimide, pyridine, CHCl;, 75%; c) NaN;,
PIDA, CuSO,-5H,0, CH;CN, 25°C, 32%; d) 1. NaN;, NH,Cl, DMF,
120°C; 2. CH;,l, K,CO3, CH5CN, 60°C, 50% for 2 steps. Ts =toluene-
sulfonyl.

spectrum antipicornavirus activity, exhibiting MICg, values on
the order of 0.20 um for 15 rhinovirus serotypes. In the
reported method, tetrazole analogue 6 was prepared from
4-hydroxy-3,5-dimethylbenzonitrile.®! Alternatively, we envi-
sioned that 6 could be synthesized with our presented
transformation as the key step from inexpensive and easily
available 2,4,6-trimethylphenol.”! The aryl nitrile intermedi-
ate 5 was prepared with high regioselectivity from the
functionalized methyl arene 4 as the key step; this trans-
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formation could hardly be realized by the gas-phase ammox-
idation of methyl arenes with ammonia and molecular
oxygen.! Tetrazole analogue 6 was prepared in an overall
yield of 10 %, which is similar to that of the reported method
from 4-hydroxy-3,5-dimethylbenzonitrile;'®) however, in the
former case the starting material (2,4,6-trimethylphenol) is
much cheaper than 4-hydroxy-3,5-dimethylbenzonitrile.”

During this process, small amounts of benzylic azide 7
were observed. To probe the reaction mechanism, 7a and 8a
were subjected to the optimized conditions. Interestingly, 7a
was cleanly converted to 2a [Eq. (2)]. However, 8a provided
2ain 56 % yield with 44 % recovery of 8a [Eq. (3)].

conditions

7a 2a >99%

N3 optimized
MeO ——— 2a + 8a (©)]
N, conditions

56% 44% recovered
8a

optimized

On the basis of these preliminary results, a reasonable
mechanism of this transformation is hypothesized
(Scheme 2). Radical species 9 and 10 are initially produced

Phl(OAc), Phi(Ng) — Ny * PhiN,
9 10
RX@‘CHg PhiN,
. 1 path A ©—<
Ns\‘w HN3 dlsfavored
XR . XR XR
PhiN, Ny
N %’ 12 RX
PhI HN,

N
11 path B
favored SET @—/ _T
Scheme 2. Proposed mechanism for the direct transformation.

through the reaction of PIDA and NaN,.®! Then the azide
radical 9 attacks substrate 1 to generate the benzylic radical
11, followed by the formation of benzylic azide 7. Since the
conversion of 7a to 2a was not observed in the absence of
PIDA or NaN;j (see Equations S1 and S2 in the Supporting
Information), these results indicate that the reaction between
PIDA and NaNj; generating radical species 9 and 10 is
important for this transformation. We hypothesize that
further abstraction of a proton from benzylic azide 7 by the
radical 9 forms radical 12. Although path A via intermediate 8
is possible,[w] we consider that the transformation is more
likely to occur through path B, because 8 was not detected
during this transformation and the result of Equation (3) is
also unreasonable. In path B the benzylic cation 13 is
produced through copper-promoted single electron transfer
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(SET)[ of 12 oxidated by PIDA.®I Then cation 13, which is
stabilized by the a-N; and para substituent on the aromatic
ring, undergoes a rearrangement like the Schmidt reaction?!
to afford product 2.

Some deliberate reactions for an in-depth understanding
of the mechanism have been investigated (see Scheme 3 and
the Supporting Information). When the reaction of para-
methylanisole (1a) was conducted under O,, 4-methoxybenz-
aldehyde (15) was obtained in 16 % yield along with a trace of
benzylic azide 7a (Scheme 3); the transformation of 1a was

NaNj,3, 4.0 equiv
PIDA, 3.2 equiv

MEOOCH3 7a + MEOOCHO
CH4CN, 25°C  trace
15 16%

13\ 0, (1 atm) /
eoO' O Me0—< >ﬁ
o
-0

14

11a

Scheme 3. The reaction of para-methylanisole (1a) in the presence of
0,.

completely inhibited by dioxygen. On the other hand, the
formation of 4-methoxybenzaldehyde (15) implicates that
the process proceeds via radical intermediate 11a. Radical
11a is then trapped by dioxygen to provide peroxy radical
14, which is eventually converted into 4-methoxyben-
zaldehyde (Scheme 3).'I Neither 2a nor 15 were observed
in the absence of NaNj (see the Supporting Information).
In summary, we have developed a unique and novel
method for the direct transformation of methyl arenes to
aryl nitriles at room temperature. To the best of our
knowledge, this is the first direct conversion of a methyl
group to a cyano group under mild and neutral conditions.
During this transformation, three C—H bonds are cleaved.
This observation not only provides a new synthetic tool for
constructing synthetically and medicinally important aryl
nitriles, but also offers an opportunity to achieve C—H
functionalization under mild conditions. Further studies on
the reaction scope and synthetic applications are ongoing
in our group.

Experimental Section

4-methoxybenzonitrile (2a):™*! 4-Methoxytoluene (1a) (0.5 mmol,
61 mg) was added to a mixture of PIDA (0.53 mmol, 172 mg), NaNj;
(0.67 mmol, 44 mg), and CuSO45H,0O (0.025mmol, 6.2 mg) in
acetonitrile (4 mL) at —40°C under N,, and then the reaction mixture
was degassed. The reaction mixture was stirred at room temperature
for 2 h, then two further portions of PIDA (171 mg each time) and
NaN; (44 mg each time) were added, once every 2 h. After further
2 h, the resulting mixture was filtered, concentrated to dryness, and
purified by flash chromatography on silica gel (eluent: petroleum
ether/ethyl acetate =10:1) to afford 47 mg (71%) of 2a as a solid:
"H NMR (CDCl;, 300 MHz): 6 =7.51 (d,J =8.9 Hz, 2H), 6.87 (m,J =
8.9 Hz,2H), 3.78 ppm (s, 3H); ®C NMR (CDCl;, 75 MHz): 6 = 162.8,
133.9, 119.2, 114.7, 103.9, 55.5 ppm; IR (neat): ¥ =2924, 2219, 1606,
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1510, 1461, 1260, 1176, 1024, 832 cm™'; MS (70 eV): m/z (%) 133.1
(M*, 100).

Received: July 14, 2009
Published online: August 24, 2009

Keywords: azides - cations - C—H activation - radical reactions -
regioselectivity

[1] a) A.J. Fatiadi in Preparation and Synthetic Applications of
Cyano Compounds (Eds.: S. Patai, Z. Rappaport), Wiley, New
York, 1983; b) R. C. Larock, Comprehensive Organic Trans-

formations, VCH, New York, 1989; c¢) A. Kleemann, J. Engel, B.

Kutscher, D. Reichert, Pharmaceutical Substance: Synthesis

Patents, Applications, 4th ed., Georg Thieme, Stuttgart, 2001;

d) J. S. Miller, J. L. Manson, Acc. Chem. Res. 2001, 34, 563;

e) M. B. Smith, J. March, March’s Advanced Organic Chemistry:

Reactions, Mechanisms, and Structure, 6th ed., Wiley, Hoboken,

NJ, 2007.

a) G. A. Ellis, T. M. Romney-Alexander, Chem. Rev. 1987, 87,

779;b) V. V. Grushin, H. Alper, Chem. Rev. 1994, 94, 1047; ¢) T.

Schareina, A. Zapf, M. Beller, Chem. Commun. 2004, 1388.

[3] a) K. Ishihara, Y. Furuya, H. Yamamoto, Angew. Chem. 2002,
114, 3109; Angew. Chem. Int. Ed. 2002, 41, 2983; b) C. W. Kuo,
J.L. Zhu, J.D. Wu, C. M. Chu, C.F Yao, K. S. Shia, Chem.
Commun. 2007, 301; c) E. Choi, C. Lee, Y. Na, S. Chang, Org.
Lett. 2002, 4,2369; d) K. Yamaguchi, H. Fujiwara, Y. Ogasawara,
M. Kotani, N. Mizuno, Angew. Chem. 2007, 119, 3996; Angew.
Chem. Int. Ed. 2007, 46, 3922; ¢) S. Iida, H. Togo, Tetrahedron
2007, 63, 8274; f) T. Oischi, K. Yamaguchi, N. Mizuno, Angew.
Chem. 2009, 121, 6404; Angew. Chem. Int. Ed. 2009, 48, 6286.

[4] a) G. Dyker, Handbook of C-H Transformations, Vol. 1, Wiley-
VCH, Weinheim, 2005; b) D. Alberico, M. E. Scott, M. Lautens,
Chem. Rev. 2007, 107, 174; c) C.-J. Li, Acc. Chem. Res. 2009, 42,
335; for some recent functionalization of benzylic C—H bonds,
see: d) A. R. Dick, M. S. Sanford, Tetrahedron 2006, 62, 2439;
e) J.-Q. Yu, R. Giri, X. Chen, Org. Biomol. Chem. 2000, 4, 4041;
f) Z. Li, L. Cao, C.-J. Li, Angew. Chem. 2007, 119, 6625; Angew.
Chem. Int. Ed. 2007, 46, 6505; g) T. Dohi, N. Takenaga, A. Goto,
A.Maruyama, Y. Kita, Org. Lett. 2007,9,3129;h) J. M. Lee, E. J.

2

—_—

Angewandte

Park, S. H. Cho, S. Chang, J. Am. Chem. Soc. 2008, 130, 7824;
i) Y.-Z. Li, B.-J. Li, X.-Y. Lu, S. Lin, Z.-J. Shi, Angew. Chem.
2009, 121, 3875; Angew. Chem. Int. Ed. 2009, 48,3817;j) S. Yang,
Z. Li, X. Jian, C. He, Angew. Chem. 2009, 121, 4059; Angew.
Chem. Int. Ed. 2009, 48, 3999.

[5] For a review, see: B. Liicke, K. V. Narayana, A. Martin, K.
Jahnisch, Adv. Synth. Catal. 2004, 346, 1407.

[6] G.D. Diana, D. Cutcliffe, D. L. Volkots, J. P. Mallamo, T. R.
Bailey, N. Vescio, R. C. Oglesby, T. J. Nitz, J. Wetzel, V. Giranda,
D. C. Pevear, F. J. Dutko, J. Med. Chem. 1993, 36, 3240.

[7] 2,4,6-Trimethylphenol is much cheaper than 4-hydroxy-3,5-

dimethylbenzonitrile. For example, their Sigma-Aldrich prices

are: 4-hydroxy-3,5-dimethylbenzonitrile (4198-90-7, 97 %),

$31.2 per 1.0 g ($4711.2 per mol); 2.,4,6-trimethylphenol (527-

60-6,99%), $472 per 1.0 kg ($65.1 per mol).

a) V. V. Zhdankin, P. J. Stang, Chem. Rev. 2002, 102, 2523; b) F.

Fontana, F. Minisci, Y. M. Yan, L. Zhao, Tetrahedron Lett. 1993,

34,2517; c) Y. Kita, H. Tohma, K. Hatanaka, T. Takada, S. Fujita,

S. Mitoh, H. Sakurai, S. Oka, J. Am. Chem. Soc. 1994, 116, 3684

d) P. Magnus, M. B. Roe, C. J. Hulme, Chem. Soc. Chem.

Commun. 1995, 263; ¢) P. Magnus, J. Lacour, P. A. Evans, M. B.

Roe, C. Hulme, J. Am. Chem. Soc. 1996, 118, 3406.

[9] Y. Kita, H. Tohma, T. Takada, S. Mitoh, S. Fujita, M. Gyoten,
Synlett 1994, 427.

[10] K. Nishiyama, M. Oba, A. Watanabe, Tetrahedron 1987, 43, 693.

[11] J. K. Kochi, Acc. Chem. Res. 1974, 7, 351.

[12] a) S. Lang, J. A. Murphy, Chem. Soc. Rev. 2006, 35, 146; b) M.

Sprecher, D. Kost, J. Am. Chem. Soc. 1994, 116, 1016; c) J. P.

Richard, T. L. Amyes, Y. G. Lee, V. Jagannadham, J. Am. Chem.

Soc. 1994, 116, 10833; d) C. E. Katz, J. Aubé, J. Am. Chem. Soc.

2003, 7125, 13948; e) D. J. Gorin, N. R. Davis, F. D. Toste, J. Am.

Chem. Soc. 2005, 127, 11260; f) L. Yao, J. Aubé, J. Am. Chem.

Soc. 2007, 129, 2766.

a) Y. Ishii, S. Sakaguchi, T. Iwahama, Adv. Synth. Catal. 2001,

343,393;b) R. A. Sheldon, I. W. C. E. Arends, Adv. Synth. Catal.

2004, 346, 1051; c) F. Recupero, C. Punta, Chem. Rev. 2007, 107,

3800.

[14] G. David Mendenhall, X. Christopher Steng, T. Wilson, J. Am.

Chem. Soc. 1991, 113, 8976.
[15] B. Movassagh, S. Shokri, Tetrahedron Lett. 2005, 46, 6923.

(8

—_

(13

—

Angew. Chem. 2009, 121, 7228 -7231

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

7231


http://dx.doi.org/10.1021/ar0000354
http://dx.doi.org/10.1021/cr00080a006
http://dx.doi.org/10.1021/cr00080a006
http://dx.doi.org/10.1021/cr00028a008
http://dx.doi.org/10.1039/b400562g
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3109::AID-ANGE3109%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3109::AID-ANGE3109%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2983::AID-ANIE2983%3E3.0.CO;2-X
http://dx.doi.org/10.1039/b614061k
http://dx.doi.org/10.1039/b614061k
http://dx.doi.org/10.1021/ol0260977
http://dx.doi.org/10.1021/ol0260977
http://dx.doi.org/10.1002/ange.200605004
http://dx.doi.org/10.1002/anie.200605004
http://dx.doi.org/10.1002/anie.200605004
http://dx.doi.org/10.1016/j.tet.2007.05.106
http://dx.doi.org/10.1016/j.tet.2007.05.106
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1021/ar800164n
http://dx.doi.org/10.1016/j.tet.2005.11.027
http://dx.doi.org/10.1039/b611094k
http://dx.doi.org/10.1002/ange.200701782
http://dx.doi.org/10.1002/anie.200701782
http://dx.doi.org/10.1002/anie.200701782
http://dx.doi.org/10.1021/ol071315n
http://dx.doi.org/10.1021/ja8031218
http://dx.doi.org/10.1002/ange.200900341
http://dx.doi.org/10.1002/ange.200900341
http://dx.doi.org/10.1002/anie.200900341
http://dx.doi.org/10.1002/ange.200900368
http://dx.doi.org/10.1002/anie.200900368
http://dx.doi.org/10.1002/anie.200900368
http://dx.doi.org/10.1002/adsc.200404027
http://dx.doi.org/10.1021/jm00074a004
http://dx.doi.org/10.1021/cr010003+
http://dx.doi.org/10.1016/S0040-4039(00)60456-2
http://dx.doi.org/10.1016/S0040-4039(00)60456-2
http://dx.doi.org/10.1021/ja00088a003
http://dx.doi.org/10.1039/c39950000263
http://dx.doi.org/10.1039/c39950000263
http://dx.doi.org/10.1021/ja953906r
http://dx.doi.org/10.1055/s-1994-22875
http://dx.doi.org/10.1016/S0040-4020(01)90003-1
http://dx.doi.org/10.1021/ar50082a006
http://dx.doi.org/10.1039/b505080d
http://dx.doi.org/10.1021/ja00082a024
http://dx.doi.org/10.1021/ja00102a078
http://dx.doi.org/10.1021/ja00102a078
http://dx.doi.org/10.1021/ja0382361
http://dx.doi.org/10.1021/ja0382361
http://dx.doi.org/10.1021/ja053804t
http://dx.doi.org/10.1021/ja053804t
http://dx.doi.org/10.1021/ja068919r
http://dx.doi.org/10.1021/ja068919r
http://dx.doi.org/10.1002/1615-4169(200107)343:5%3C393::AID-ADSC393%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1615-4169(200107)343:5%3C393::AID-ADSC393%3E3.0.CO;2-K
http://dx.doi.org/10.1002/adsc.200404110
http://dx.doi.org/10.1002/adsc.200404110
http://dx.doi.org/10.1021/cr040170k
http://dx.doi.org/10.1021/cr040170k
http://dx.doi.org/10.1016/j.tetlet.2005.08.007
http://www.angewandte.de

