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Metallodendritic catalysis, in which the molecular catalyst
is covalently attached to the core or periphery of the dendri-
mer, is a well-developed research area.[1] A dendrimer can
also provide a radial polarity gradient suitable for organo-ACHTUNGTRENNUNGcat ACHTUNGTRENNUNGalysis, and this principle was shown by Fr�chet�s group to
accelerate the intradendritic dehydrohalogenation of 2-iodo-
2-methylheptane, proceeding with E1 elimination mecha-
nism, and 1O2-sensitized peroxidation reactions.[2] Another
remarkable case is that of dendrimer-encapsulated palladi-
um nanoparticles for which Crooks et al. showed that den-
drimer encapsulation of such nanoparticle catalysts provides
selectivity, the dendrimer playing the role of an efficient
“nanofilter”.[3] Catalysis by dendrimer-encapsulated molecu-
lar transition-metal catalysts is still unknown, however. Yet,
the function of dendrimers as unimolecular micelles has
been pioneered by Newkome in his seminal publication on
“arborols”,[4] and Tomalia and other groups have also shown
useful dendrimer encapsulation of guest molecules in early
works.[5,6]

Therefore one can envisage that common and commercial
catalysts could be temporarily encapsulated inside dendri-ACHTUNGTRENNUNGmers at the same time as substrates for intradendritic cataly-
sis. Application of this idea could be beneficial for catalysis
in pure water, a challenging topic. For this purpose, the den-
drimer should be water-soluble and at the same time be ca-
pable of encapsulating hydrophobic compounds in its hydro-
phobic interior. Polyethyleneglycols (PEGs) are adequate
for the decoration of the dendrimer periphery, because they
insure the water solubility of dendrimers and are also com-
patible with hydrophobic compounds. Indeed, Fr�chet�s
group, followed by many others, showed that PEG-terminat-
ed dendrimers could encapsulate various hydrophobic drugs

for medical applications.[7] Very recently, this group has also
reported a family of enzyme-inspired polymer catalysts from
modular star polymers.[8]

Various efficient, water-soluble, ruthenium–benzylidene
olefin, metathesis catalysts[9] for metathesis of water-soluble
olefins in homogeneous water have been reported, in partic-
ular by Grubbs and by Grela,[10,11] and metathesis of hydro-
phobic olefins in water mixed with another solvent is also
known.[12] In some cases, olefin metathesis of hydrophobic
substrates has also been reported in pure water,[13–15] includ-
ing with the use of ultrasonification[14] or surfactants.[15] This
field is thus the subject of fast-growing attention.[11]

We now report catalysis of ring-closing metathesis
(RCM), cross metathesis (CM) and enyne metathesis
(EYM), in water and air under ambient or mild conditions
using low catalytic amounts (0.083 % mol) of a suitably de-
signed dendrimer 1 (that can be re-used many times), and of
Grubbs� second-generation olefin-metathesis catalystACHTUNGTRENNUNG[Ru ACHTUNGTRENNUNGACHTUNGTRENNUNG(=CHPh)Cl2ACHTUNGTRENNUNG{1,3-bisACHTUNGTRENNUNG(mesityl)-NHC}ACHTUNGTRENNUNG(PCy3)] (2, NHC=

4,5-dihydroimidazolin-2-ylidene; so-called “Grubbs-II”[9]).

The new dendrimer 1 was synthesized by [FeACHTUNGTRENNUNG(h5-C5H5)]+-
induced nona-allylation of mesitylene, followed by photolyt-
ic removal of [Fe ACHTUNGTRENNUNG(h5-C5H5)]+ ,[16] hydrosilylation with chloro-
methyldimethylsilane, chloride/azide substitution to give a
known dendritic core,[17] and continuation of the 1!3 con-
nectivity[4] upon “click” reaction with a Percec-type den-
dron[18] functionalized at the focal point with a propargyl
group and on the periphery with triethyleneglycol tethers
(Scheme 1; see the Supporting Information for the experi-
mental details of the synthesis, the 1H and 13C NMR spectra
and the MALDI TOF mass spectrum). The dendrimer 1 was
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characterized in particular by the appearance of the 1,2,3-
triazole proton at 7.45 ppm in the 1H NMR spectrum re-
corded in CDCl3, the disappearance of the alkyne and azide
bands in the IR spectrum, the molecular peak at 7234.1
([M+Na]+) as the dominant peak in the MALDI TOF mass
spectrum (calcd for C342H597O117N27Si9: 7212.2), and correct
elemental analysis (calcd C56.95, H8.34; found: C56.37,
H8.33). Size exclusion chromatogram consistently showed a
fully symmetrical elution band (see the Supporting Informa-
tion). The DOSY 1H NMR experiment provided a diffusion
coefficient D =1.36 (�0.1) �10�10 m2 s�1 that led to a hydro-
dynamic diameter of 5.54 (�0.2) nm for 1 using the Stokes–
Einstein equation, and considering 1 as a sphere (see the
Supporting Information).

Among the commercial Ru–benzylidene metathesis cata-
lysts probed in this system (see the Supporting Information),
the most successful catalyst under these conditions is 2.
Using only water as the solvent in the presence of the
water-soluble dendrimer 1 (less than 0.1 % mol vs. sub-
strate), only 0.04 % of 2 leads to the RCM of 4 giving 10
with 62 % conversion at 25 8C; 2 % of 2 is required under
the same conditions for CM and EYM with 97–99 % conver-
sions (Table 1 and the Supporting Information). For elec-
tron-deficient olefins, the CM reactions are found to be
stereo ACHTUNGTRENNUNGselective, but require heating to 40 8C (Schemes 2 and
3). The yields of the isolated CM reaction products 17 and
19 under these conditions are 66 and 83 %, respectively, but
drop to 10 and 17 %, respectively, in the absence of the den-
drimer 1.

Besides the fact that these reactions are carried out in
pure water and air under mild conditions, another remark-
able feature is that extremely low loading of 2 is used for
RCM. Indeed, the RCM reactions usually provide conver-
sions and yields around 90 %, with only 0.1 % catalyst 2
(Table 1, entries A–D). We do not find very significant dif-
ferences between reactions carried out under N2 and those

in air (for instance, 60 % conversion in air vs. 66 % conver-
sion under N2, using 0.06 mol% 2) despite a color change of
the reaction from off white to dark beige in air unlike for re-
actions carried out under N2.

We have verified that the reactions do not yield signifi-
cant amounts of RCM products in the absence of the den-

Scheme 1.

Table 1. Ring-closing metathesis reactions using Grubbs second-genera-
tion catalyst 2 and dendrimer 1 in H2O and air at 25 8C for 24 h.

Substrate Product Cat. 2[a]ACHTUNGTRENNUNG[mol %]
Conv. [%]
without 1

Conv. [%]
with 0.083 % 1

A 0.1 0 86[b]

B
0.1
0.06
0.04

0
0
0

90[c]

66[c]

62[c]

C 0.1 6[b] 89[b]

D 0.1 0 90[c]

E 2 27[c] 97[c]

F 2 30[c] 99[c]

[a] The % mol of the Ru catalyst 2 in this column are vs. substrate; for
instance 4 mg of 2 dispersed in 47 mg of water corresponds to 0.1% mol
2, vs. substrate. The dendrimer amount of 0.083 % mol vs. substrate cor-
responds to 28 mg of 1, that is, 83 mmol L�1 (see the Experimental Sec-
tion). [b] The reaction mixture without the catalyst was analyzed by
1H NMR spectroscopy in CDCl3, following filtration of the Ru catalyst or
resulting residual species, then extraction with diethyl ether [c] The reac-
tion mixture without the catalyst was analyzed by GC (injection of the
extracted diethyl ether solution, see the Supporting Information).
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drimer 1 under our reaction conditions (see Table 1). For
EYM with 2 % of catalyst 2, the conversions decrease from
97–99 % in the presence of 0.083 % mol of dendrimer 1 to
27–30 % in the absence of dendrimer.

As shown earlier, RCM reactions can proceed in the pres-
ence of water even without surfactant, but the amount of
first- or second-generation Grubbs catalyst required then
reaches 4 to 5 % for good- to high-yield reactions,[13] which
is of the order of 100 times more ruthenium catalyst than
under our reaction conditions. We have indeed verified that
these literature results are reproducible with 2.[13b]

Finally, the last key feature of the present system is that
the aqueous solution of the water-soluble dendrimer 1 can
be recycled, because 1 is insoluble in diethyl ether. Re-use
of the aqueous solution of 1 can be carried out subsequent
to filtration of the water-insoluble catalyst after the reaction
and removal of the organic reaction product by decantation
or extraction with diethyl ether. Remarkably, we have been
able to recycle this aqueous dendrimer solution at least ten
times without any significant yield decrease (see Table 2).

The reaction mixtures are heterogeneous in these systems,
that is, 2 is in equilibrium between the solid state and the
dendrimer-solubilized state (Scheme 4).

The catalyst 2 looks insoluble under the reaction condi-
tions. Physical data do not permit us to establish the pres-

ence of the Ru catalyst inside the dendrimer, although such
a transitory situation is likely for minute amounts of 2 in
view of the marked property of dendrimers to encapsulate
various kinds of substrates.[2–6] The driving force for the in-
teraction of the hydrophobic catalyst 2 and substrates is
their hydrophobicity matching the hydrophobic dendrimer
interior. Note that the required amount of catalyst to reach
high conversions is very low compared to metathesis reac-
tions carried out in (or “on”) various solvents including
water (vide supra). It is especially intriguing that high
amounts of ruthenium catalyst are required to carry out
RCM reactions in the presence of water in the absence of
the dendrimer, which means that the catalyst eventually un-
dergoes some decomposition in water in competition with
RCM of terminal olefins. Thus, we have tested the stability
of the Grubbs-II catalyst 2 in the presence of water at ambi-
ent temperature for 24 h, and found that it is stable in the
absence of olefin substrate. For instance, after stirring
0.1 % mol 2 in suspension in water for one day at 25 8C in
air, the substrate 4 and the dendrimer 1 were then added
and, after an additional day, the results of the RCM reaction
were not significantly changed (80 % conversion) compared
to the result indicated in Table 1, entry B (90 % conversion)
under the same conditions. This means that the pre-catalyst
2 itself is stable and that the relative instability of 2 during
metathesis in the presence of water (but in the absence of
dendrimer 1) is due to the slow decomposition of the cata-
lytically active species formed during the RCM catalytic
cycle. In particular, it has been shown that the methylene
species [Ru ACHTUNGTRENNUNG(=CH2)Cl2ACHTUNGTRENNUNG{1,3-bis ACHTUNGTRENNUNG(mesityl)-NHC}ACHTUNGTRENNUNG(PCy3)], gener-
ated in the catalytic cycle of RCM reactions involving termi-
nal olefins, is usually highly subject to dimerization and de-
composition in CH2Cl2 or C6H6.

[9] Whatever be the decom-
position path of this species in the presence of water, it ap-
pears that such a decomposition is considerably reduced
when the dendrimer 1 is used for the RCM reactions. This
strongly argues in favor of a dendritic protection (probably
by encapsulation) of this reactive species. RCM reactions
need lower amount of catalyst 2 in organic solvents[9] than
in the presence of water, especially in the absence of the
dendrimer 1. Thus the hydrophobic dendrimer interior
should indeed be favorable to protect this intermediate
ruthenium–methylene species from side reactions occurring
in the presence of water.

In conclusion, we have disclosed extremely efficient RCM
metathesis reactions with the commercial Grubbs-II catalyst
2 with high conversions and yields using only 0.1 % catalyst
and 0.083 % of the new dendrimer 1 in pure water and air at
25 8C without significant yield decrease in air, compared to
reactions under N2. Under these conditions, the RCM reac-
tions do not significantly proceed in the absence of the den-
drimer 1. The use of the water-soluble dendrimer 1 allows
us to decrease the amount of this commercial ruthenium
catalyst needed to carry out olefin RCM reactions in (or
“on”) water by a factor of the order of 100. Other metathe-
sis reactions such as EYM and CM, which were also carried
out in pure water and air with 2 % Grubbs catalyst 2, also

Scheme 2.

Scheme 3.

Table 2. Recycling the aqueous solution of dendrimer 1 with the use of
0.1 mol % Grubbs-II catalyst 2 for the RCM of 4.[a]

Cycle number 1 2 3 4 5 6 7 8 9 10

conversion [%, �3 %] 90 89 87 86 87 87 86 86 86 85

[a] The catalyst 2 was not recycled, given the low amount of 0.1 mol % 2
(4 mg) used for each experiment. See Table 1, entry B for the lower limit
of the % mol 2 vs. 4 (0.04 %). Conversions were determined by GC (see
the Experimental Section and the Supporting Information).

Scheme 4.
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largely benefit from the presence of less than 0.1 % mol of
the dendrimer 1. The dendrimer plays a protecting role
toward catalytically active species involved in the metathesis
catalytic cycle, preventing catalyst decomposition in the
presence of olefin substrate. Moreover, this aqueous solu-
tion of dendrimer can be recovered and reused at least ten
times without significant decrease of metathesis product
yield. This strategy might in principle be extended to other
types of catalysis, and research along this line is ongoing in
our laboratory.

Experimental Section

Grubbs second-generation catalyst 2 (4 mg, 4.71 mmol, 0.1 mol % vs. 4),
the substrate 4 (1.184 g, 4.71 mmol), the dendrimer 1 (28 mg, 3.9 mmol,
83 mmol L�1, that is, 0.083 mol % vs. 4, 83 mol % vs. 2), and distilled water
(47 mL) were introduced into an Erlenmeyer flask, and the resulting het-
erogeneous reaction mixture was allowed to stir vigorously at 25 8C for
24 h under air. Then, the insoluble ruthenium catalyst 2 was separated
over a 0.22 mm millipore filter (PTFE). The product 10 was then extract-
ed from the reaction mixture with diethyl ether, and analyzed by GC (a
sample of this diethyl ether phase of the reaction mixture was directly in-
jected), which provided a 90% conversion to 10. The ether solvent was
also removed under vacuum for 1H NMR analysis in CDCl3. The dendri-
mer, which is insoluble in diethyl ether, remained in the aqueous phase.
This aqueous solution of 1 could be re-used with the present procedure
at least ten times without any significant yield decrease for an analogous
reaction (see Table 2 and the Supporting Information). On a 1.0 g scale
of 4 (4 mmol), the yield of the RCM reaction of 4 using the same proce-
dure was 87% (0.773 g, 3.5 mmol) after column chromatography on silica
gel by using pentane/ethyl acetate 9:1. The same experiment in the above
conditions, but carried out in the absence of dendrimer 1, gave 0% con-
version, and 4 was recovered. The procedure for the RCM reactions of 3,
5, and 6 (entries A, C, and D of Table 1) were identical. The same proce-
dure was used with 2 mol % of 2 for EYM of 7 and 8 at 25 8C giving 13
and 14, respectively (entries E and F, respectively, of Table 1) and CM of
15 and 18 at 40 8C giving 17 and 19, respectively (Schemes 2 and 3, re-
spectively, see the SI). The detailed experimental procedure for the syn-
thesis of the dendrimer 1 including all characterizations and spectra is
provided in the Supporting Information.

Acknowledgements

Financial support from the IUF, the Universit� Bordeaux 1, the CNRS
and the ANR (project ANR-07-CPD-05-01) are gratefully acknowledged.

Keywords: dendrimers · Grubbs catalyst · heterogeneous
catalysis · metathesis · water chemistry

[1] G. E. Oosterom, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeu-
wen, Angew. Chem. 2001, 113, 1878 – 1901; Angew. Chem. Int. Ed.
2001, 40, 1828 –1849; G. R. Newkome, E. He, C. N. Moorefield,
Chem. Rev. 2001, 101, 2991 –3023; D. Astruc, F. Chardac, Chem.
Rev. 2001, 101, 2991 – 3023; R. van de Coevering, R. J. M. Klein
Gebbink, G. van Koten, Prog. Polym. Sci. 2005, 30, 474 – 490; Den-
drimer Catalysis (Ed.: L. H. Gade), Springer, Heidelberg, 2006 ; S.-
H. Hwang, C. D. Shreiner, C. N. Moorefield, G. R. Newkome, New

J. Chem. 2007, 31, 1192 – 1217; E. de Jesffls, J. C. Flores, Ind. Eng.
Chem. Res. 2008, 47, 7968 – 7981.

[2] S. Hecht, J. M. J. Fr�chet, J. Am. Chem. Soc. 2001, 123, 6959 –6960;
B. Helms, J. M. J. Fr�chet, Adv. Synth. Catal. 2006, 348, 1125 –1148.

[3] R. M. Crooks, M. Zhao, L. Sun, V. Chechik, L. K. Yeung, Acc.
Chem. Res. 2001, 34, 181 –190; R. W. J. Scott, O. M. Wilson, R. M.
Crooks, J. Phys. Chem. B 2005, 109, 692 –704.

[4] G. R. Newkome, Z. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem.
1985, 50, 2003; G. R. Newkome, C. N. Moorefield, G. R. Bakers,
A. L. Johnson, R. K. Behera, Angew. Chem. 1991, 103, 1205 –1207;
Angew. Chem. Int. Ed. Engl. 1991, 30, 1176 –1179.

[5] A. M. Naylor, W. A. Goddart III, G. E. Kiefer, D. A. Tomalia, J.
Am. Chem. Soc. 1989, 111, 2339 – 2341.

[6] J. F. G. A. Jansen, E. M. M. de Brabander-van den Berg, E. W.
Meijer, Science 1994, 266, 1226 –1229; G. R. Newkome, Pure Appl.
Chem. 1998, 70, 2337 – 2343; S. C. Zimmermann, F. W. Zeng, Chem.
Rev. 1997, 97, 1681 –1712.

[7] M. Liu, K. Kono, J. M. J. Fr�chet, Polym. Sci. Part A 1999, 37, 3492 –
3503; M. Liu, K. Kono, J. M. J. Fr�chet, J. Controlled Release 2000,
65, 121 –131; D. Astruc, E. Boisselier, C. Ornelas, Chem. Rev. 2010,
110, 1857 –1959.

[8] V. Rodionov, H. F. Gao, S. Scroggins, D. A. Unruh, A. J. Avestro,
J. M. J. Fr�chet, J. Am. Chem. Soc. 2010, 132, 2570 –2571.

[9] T. M. Trnka, R. H. Grubbs, Acc. Chem. Res. 2001, 34, 18 –29; A.
F�rstner, Angew. Chem. 2000, 112, 3140 –3172; Angew. Chem. Int.
Ed. 2000, 39, 3012 –3043; Handbook of Metathesis (Ed.: R. H.
Grubbs), Wiley, Weinheim, 2003 ; G. C. Vougioukalakis, R. H.
Grubbs, Chem. Rev. 2010, 110, 1746 –1787.

[10] D. M. Lynn, B. Mohr, R. H. Grubbs, J. Am. Chem. Soc. 1998, 120,
1627 – 1628; S. H. Hong, R. H. Grubbs, J. Am. Chem. Soc. 2006, 128,
3508 – 3509; J. P. Jordan, R. H. Grubbs, Angew. Chem. 2007, 119,
5244 – 5247; Angew. Chem. Int. Ed. 2007, 46, 5152 – 5155; L. Gulajski,
A. Michrowska, J. Naroznik, Z. Kazmarska, L. Rupnicki, K. Grela,
ChemSusChem 2008, 1, 103 – 109; R. Gawin, P. Czarnecka, K. Grela,
Tetrahedron 2010, 66, 1051 –1056.

[11] Review: D. Burtscher, K. Grela, Angew. Chem. 2009, 121, 450 –462;
Angew. Chem. Int. Ed. 2009, 48, 442 –454.

[12] S. J. Connon, M. Rivard, M. Zaja, S. Blechert, Adv. Synth. Catal.
2003, 345, 572 –575; A. Michrowska, L. Gulajski, Z. Kaczmarska, K.
Mennecke, A. Kirschning, K. Grela, Green Chem. 2006, 8, 685 –688;
J. B. Binder, J. J. Blank, R. T. Raines, Org. Lett. 2007, 9, 4885 –4888.

[13] a) K. J. Davis, D. Sinou, J. Mol. Catal. A 2002, 177, 173 – 178; b) V.
Polshettiwar, R. Varma, J. Org. Chem. 2008, 73, 7417 –7419.

[14] L. Gulajski, P. Sledz, A. Lupa, K. Grela, Green Chem. 2008, 10,
271 – 282.

[15] A. F. Mingotaud, M. Kr�mer, C. Mingotaud, J. Mol. Catal. A 2007,
263, 39– 47; B. H. Lipschulz, G. T. Aguinaldo, S. Ghorai, K. Voigtrit-
ter, Org. Lett. 2008, 10, 1325 –1328; B. H. Lipshutz, S. Ghorai, G. T.
Aguinaldo, Adv. Synth. Catal. 2008, 350, 953 – 956; T. Brendgen, T.
Fahlbusch, M. Frank, D. T. Sch�hle, M. Sessler, J. Schatz, Adv.
Synth. Catal. 2009, 351, 303 – 307.

[16] F. Moulines, L. Djakovitch, R. Boese, B. Gloaguen, W. Thiel, J.-L.
Fillaut, M.-H. Delville, D. Astruc, Angew. Chem. 1993, 105, 1132 –
1134; Angew. Chem. Int. Ed. Engl. 1993, 32, 1075 – 1077; V. Sartor,
L. Djakovitch, J.-L. Fillaut, F. Moulines, F. Neveu, V. Marvaud, J.
Guittard, J.-C. Blais, D. Astruc, J. Am. Chem. Soc. 1999, 121, 2929 –
2930.

[17] J. Ruiz, G. Lafuente, S. Marcen, C. Ornelas, S. Lazare, J.-C. Blais, E.
Cloutet, D. Astruc, J. Am. Chem. Soc. 2003, 125, 7250 –7257; C. Or-
nelas, J. Ruiz, C. Belin, D. Astruc, J. Am. Chem. Soc. 2009, 131,
590 – 601.

[18] V. Percec, G. Johansson, G. Ungar, J. Zhou, J. Am. Chem. Soc. 1996,
118, 9855 –9866.

Received: July 16, 2010
Published online: September 6, 2010

Chem. Eur. J. 2010, 16, 11832 – 11835 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11835

COMMUNICATIONHeterogeneous Catalysis

http://dx.doi.org/10.1002/1521-3757(20010518)113:10%3C1878::AID-ANGE1878%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3757(20010518)113:10%3C1878::AID-ANGE1878%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3757(20010518)113:10%3C1878::AID-ANGE1878%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1521-3773(20010518)40:10%3C1828::AID-ANIE1828%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20010518)40:10%3C1828::AID-ANIE1828%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20010518)40:10%3C1828::AID-ANIE1828%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20010518)40:10%3C1828::AID-ANIE1828%3E3.0.CO;2-Y
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1021/cr010323t
http://dx.doi.org/10.1039/b612656c
http://dx.doi.org/10.1039/b612656c
http://dx.doi.org/10.1039/b612656c
http://dx.doi.org/10.1039/b612656c
http://dx.doi.org/10.1021/ja016076s
http://dx.doi.org/10.1021/ja016076s
http://dx.doi.org/10.1021/ja016076s
http://dx.doi.org/10.1002/adsc.200606095
http://dx.doi.org/10.1002/adsc.200606095
http://dx.doi.org/10.1002/adsc.200606095
http://dx.doi.org/10.1021/ar000110a
http://dx.doi.org/10.1021/ar000110a
http://dx.doi.org/10.1021/ar000110a
http://dx.doi.org/10.1021/ar000110a
http://dx.doi.org/10.1021/jp0469665
http://dx.doi.org/10.1021/jp0469665
http://dx.doi.org/10.1021/jp0469665
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1021/jo00211a052
http://dx.doi.org/10.1002/ange.19911030944
http://dx.doi.org/10.1002/ange.19911030944
http://dx.doi.org/10.1002/ange.19911030944
http://dx.doi.org/10.1002/anie.199111761
http://dx.doi.org/10.1002/anie.199111761
http://dx.doi.org/10.1002/anie.199111761
http://dx.doi.org/10.1021/ja00188a079
http://dx.doi.org/10.1021/ja00188a079
http://dx.doi.org/10.1021/ja00188a079
http://dx.doi.org/10.1021/ja00188a079
http://dx.doi.org/10.1126/science.266.5188.1226
http://dx.doi.org/10.1126/science.266.5188.1226
http://dx.doi.org/10.1126/science.266.5188.1226
http://dx.doi.org/10.1351/pac199870122337
http://dx.doi.org/10.1351/pac199870122337
http://dx.doi.org/10.1351/pac199870122337
http://dx.doi.org/10.1351/pac199870122337
http://dx.doi.org/10.1002/(SICI)1099-0518(19990901)37:17%3C3492::AID-POLA7%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1099-0518(19990901)37:17%3C3492::AID-POLA7%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1099-0518(19990901)37:17%3C3492::AID-POLA7%3E3.0.CO;2-0
http://dx.doi.org/10.1016/S0168-3659(99)00245-X
http://dx.doi.org/10.1016/S0168-3659(99)00245-X
http://dx.doi.org/10.1016/S0168-3659(99)00245-X
http://dx.doi.org/10.1016/S0168-3659(99)00245-X
http://dx.doi.org/10.1021/cr900327d
http://dx.doi.org/10.1021/cr900327d
http://dx.doi.org/10.1021/cr900327d
http://dx.doi.org/10.1021/cr900327d
http://dx.doi.org/10.1021/ja9104842
http://dx.doi.org/10.1021/ja9104842
http://dx.doi.org/10.1021/ja9104842
http://dx.doi.org/10.1021/ar000114f
http://dx.doi.org/10.1021/ar000114f
http://dx.doi.org/10.1021/ar000114f
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3140::AID-ANGE3140%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3140::AID-ANGE3140%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3757(20000901)112:17%3C3140::AID-ANGE3140%3E3.0.CO;2-G
http://dx.doi.org/10.1021/cr9002424
http://dx.doi.org/10.1021/cr9002424
http://dx.doi.org/10.1021/cr9002424
http://dx.doi.org/10.1021/ja9736323
http://dx.doi.org/10.1021/ja9736323
http://dx.doi.org/10.1021/ja9736323
http://dx.doi.org/10.1021/ja9736323
http://dx.doi.org/10.1021/ja058451c
http://dx.doi.org/10.1021/ja058451c
http://dx.doi.org/10.1021/ja058451c
http://dx.doi.org/10.1021/ja058451c
http://dx.doi.org/10.1002/ange.200701258
http://dx.doi.org/10.1002/ange.200701258
http://dx.doi.org/10.1002/ange.200701258
http://dx.doi.org/10.1002/ange.200701258
http://dx.doi.org/10.1002/anie.200701258
http://dx.doi.org/10.1002/anie.200701258
http://dx.doi.org/10.1002/anie.200701258
http://dx.doi.org/10.1016/j.tet.2009.11.009
http://dx.doi.org/10.1016/j.tet.2009.11.009
http://dx.doi.org/10.1016/j.tet.2009.11.009
http://dx.doi.org/10.1002/ange.200801451
http://dx.doi.org/10.1002/ange.200801451
http://dx.doi.org/10.1002/ange.200801451
http://dx.doi.org/10.1002/anie.200801451
http://dx.doi.org/10.1002/anie.200801451
http://dx.doi.org/10.1002/anie.200801451
http://dx.doi.org/10.1002/adsc.200202201
http://dx.doi.org/10.1002/adsc.200202201
http://dx.doi.org/10.1002/adsc.200202201
http://dx.doi.org/10.1002/adsc.200202201
http://dx.doi.org/10.1039/b605138c
http://dx.doi.org/10.1039/b605138c
http://dx.doi.org/10.1039/b605138c
http://dx.doi.org/10.1021/ol7022505
http://dx.doi.org/10.1021/ol7022505
http://dx.doi.org/10.1021/ol7022505
http://dx.doi.org/10.1021/jo801330c
http://dx.doi.org/10.1021/jo801330c
http://dx.doi.org/10.1021/jo801330c
http://dx.doi.org/10.1002/adsc.200800114
http://dx.doi.org/10.1002/adsc.200800114
http://dx.doi.org/10.1002/adsc.200800114
http://dx.doi.org/10.1002/adsc.200800637
http://dx.doi.org/10.1002/adsc.200800637
http://dx.doi.org/10.1002/adsc.200800637
http://dx.doi.org/10.1002/adsc.200800637
http://dx.doi.org/10.1002/ange.19931050740
http://dx.doi.org/10.1002/ange.19931050740
http://dx.doi.org/10.1002/ange.19931050740
http://dx.doi.org/10.1002/anie.199310751
http://dx.doi.org/10.1002/anie.199310751
http://dx.doi.org/10.1002/anie.199310751
http://dx.doi.org/10.1021/ja983868m
http://dx.doi.org/10.1021/ja983868m
http://dx.doi.org/10.1021/ja983868m
http://dx.doi.org/10.1021/ja021147o
http://dx.doi.org/10.1021/ja021147o
http://dx.doi.org/10.1021/ja021147o
http://dx.doi.org/10.1021/ja8062343
http://dx.doi.org/10.1021/ja8062343
http://dx.doi.org/10.1021/ja8062343
http://dx.doi.org/10.1021/ja8062343
http://dx.doi.org/10.1021/ja9615738
http://dx.doi.org/10.1021/ja9615738
http://dx.doi.org/10.1021/ja9615738
http://dx.doi.org/10.1021/ja9615738
www.chemeurj.org

