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Since its discovery in the 1960s, the electrophilic borane
B(C6F5)3

[1, 2] has been used extensively in catalysis. Perhaps
best-known as a co-catalyst or activator for ethylene poly-
merization,[3–7] this highly electrophilic species has also found
applications within a variety of Lewis acid-catalyzed trans-
formations. For example, in the early 2000s, Piers, Gevorgyan,
and co-workers pioneered its use in hydrosilylation chemis-
try.[8–13] Since then, others have developed applications in
hydrostannylation,[14,15] silane dehydrocoupling, and silicone
production and derivatization.[16–25] More recently, this elec-
trophile has been exploited in “frustrated Lewis pair” (FLP)
chemistry, acting as the Lewis acid partner in conjunction with
bases to activate a wide variety of small molecules, including
H2, CO2, olefins,[26] alkynes,[27] N2O,[28, 29] and NO,[30] among
others.[31] The application of this borane in FLP or “metal-
free” hydrogenation catalysis[32] has drawn much attention.
Initially, the substrates were limited to imines, protected
nitriles, and aziridines. Subsequently, enamines and silylenol
ethers were also shown to be viable substrates for FLP
reductions. More recently, combinations of B(C6F5)3 with
weakly basic triaryl phosphines or triaryl amines were shown
to be capable of catalyzing hydrogenations of olefins[33] and
polyaromatic systems.[34] B(C6F5)3 was then shown to effect
reductions of N-substituted anilines,[35] pyridines, and N-
heteroatomic species.[36] At the same time, Nikonov et al.[37]

provided experimental and theoretical evidence that B(C6F5)3

alone does not activate H2. Interestingly, however, these
authors and others[38] showed that C4H8O�BD3 undergoes H/
D exchange under pressures of H2 to produce C4H8O�BH3. In
very recent work, we described the reaction of H2 with the
epoxyborate salt, [tBu3PH] [(C6F5)2BCH(C6F5)OB(C6F5)3],
affording the borane–borate salt, [tBu3PH][(C6F5)BCH2-
(C6F5)OB(C6F5)3].[31] This observation suggested the possibil-
ity that simple oxygen donors might also act in concert with

B(C6F5)3 to effect H2 activation, thereby affording a remark-
ably simple and inexpensive hydrogenation catalyst. Indeed,
herein we describe such reactivity. Labile dialkyl ether/
B(C6F5)3 combinations are shown to effect H2 activation to
catalyze hydrogenations of 1,1-diphenylethylene and anthra-
cene.

The combination of B(C6F5)3 with 2 equiv of Et2O in
CD2Cl2 exhibits two distinct chemical exchange processes by
1H NMR spectroscopy at reduced temperatures. Analysis of
a 2:1 mixture of Et2O/B(C6F5)3 between 25 and �90 8C[39]

reveals coalescing Et2O methylene signals at �55 8C that are
consistent with lone pair inversion at oxygen in the adduct
Et2O�B(C6F5)3 of DG� = 10.3 kcalmol�1. A similar coales-
cence is also observed at �30 8C, corresponding to the rapid
exchange of free and coordinated Et2O with a DG� =

10.5 kcal mol�1.[40] In a subsequent experiment, a 1:1 mixture
of Et2O/B(C6F5)3 in CD2Cl2 (0.14m) was exposed to 4 atm of
HD gas in a J-Young tube at ambient temperature. 1H NMR
analysis of the mixture after 15 min showed equal intensity
signals for H2 and HD. Integrations were also consistent with
the catalytic isotope equilibration of HD to a 2:1:1 statistical
mixture of HD/H2/D2 (Figure 1B). It is noteworthy that such
equilibration was not observed employing solutions of B-
(C6F5)3 alone (Figure 1A).

These observations clearly indicate the ability of Et2O�
B(C6F5)3 to activate dihydrogen, thus suggesting the ability of
this species to act as a hydrogenation catalyst. To assess this
inference, a 0.4m solution of 1,1-diphenylethylene containing
20 mol% B(C6F5)3 and 30 mol% ether in CD2Cl2 was
pressurized with 4 atm of H2. Heating to 50 8C for 48 h

Figure 1. 1H NMR spectra showing A) HD in the presence of B(C6F5)3

after 60 min and B) complete isotope scrambling of HD by 1:1 Et2O/
B(C6F5)3 after 15 min in CD2Cl2.

[*] Dr. L. J. Hounjet, Dr. C. N. Garon, C. B. Caputo,
Prof. Dr. D. W. Stephan
Department of Chemistry, University of Toronto
80 St. George Street, Toronto, Ontario, M5S 3H6 (Canada)
E-mail: dstephan@chem.utoronto.ca
Homepage: http://www.chem.utoronto.ca/staff/DSTEPHAN

C. Bannwarth, Prof. Dr. S. Grimme
Mulliken Center for Theoretical Chemistry, Institut f�r Physikalische
und Theoretische Chemie, Universit�t Bonn
Beringstrasse 4, 53115 Bonn (Germany)

[**] D.W.S. gratefully acknowledges financial support of the NSERC of
Canada and the award of a Canada Research Chair, and S.G.
acknowledges support from the DFG (FOR1175).

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201303166.

.Angewandte
Zuschriften

7640 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 7640 –7643

http://dx.doi.org/10.1002/anie.201303166


resulted in 95 % conversion of the olefin to the alkane,
Ph2C(H)CH3 (Scheme 1; Table 1). Interestingly, the same
reaction carried out in C6D5Br at 150 8C resulted in slower
hydrogenation of the olefin, although increasing the concen-

tration of Et2O to 160 mol % afforded faster and higher
conversion. Increasing the pressure of H2 also enhances the
reduction rate. Using 10 mol % B(C6F5)3 and 20 mol% Et2O
under 100 atm of H2 pressure at 20 8C, the reduction of Ph2C=

CH2 is essentially quantitative in 24 h, whereas at 4 atm,
heating to 50 8C for 96 h is required for complete reduction.

Although somewhat less effective than Et2O, the crown
ethers [12]crown-4 (12C4) or dibenzo[24]crown-8 (DB24C8)
also enabled the hydrogenation of Ph2C=CH2 in the presence
of B(C6F5)3. Anthracene could also be hydrogenated to 9,10-
dihydroanthracene using DB24C8/B(C6F5)3 in up to about
60% yield, although more forcing conditions (heating to 80 8C
under 100 atm of H2 in 1,2-dichloroethane) were required.
Using (Me3Si)2O or Ph2O instead of Et2O only resulted in the
previously reported Friedel–Crafts-type dimer of the olefin
(Scheme 1).[41] It is also noted that this same dimer is formed
on treatment of Ph2C=CH2 with 20 mol% B(C6F5)3 alone,
under H2. Thus, it appears that the decreased basicity of
(Me3Si)2O or Ph2O preclude H2 activation, thus permitting the
dimerization pathway to prevail in the absence of a donor. An
attempt to hydrogenate a series of olefins, including cis-
stilbene, 1-hexene, cyclohexene, methylenecyclohexane, and
tert-butylethylene as well as 1,2-diphenylacetylene using
Et2O/B(C6F5)3 gave no reduction after 24 h. Efforts to
reductively open cis/trans-1,2-diphenylcyclopropane was

also ineffective. These observations are consistent with the
lower Brønsted basicity of terminal olefins and suggest the
formation of a relatively stable tertiary carbocation by
protonation is required for reduction to proceed. In the case
of a-methylstyrene, p-methoxy-a-methylstyrene, and a,p-
dimethylstyrene, the reactions proceed to more than 99%
consumption of the olefin; however, the major products are
the Friedel–Crafts dimers with a minor product being the
hydrogenated alkane, demonstrating that Lewis acid cata-
lyzed dimerization is kinetically favored over hydrogenation.

The mechanism of hydrogenation (Scheme 2) is presum-
ably analogous to that reported for FLP hydrogenations of
olefins by phosphine/B(C6F5)3 combinations in which hetero-

lytic cleavage of hydrogen allows for protonation of the olefin
and hydride delivery to the resulting carbocation.[33] Compar-
ing the experimental rates of H/D-exchange and hydrogena-
tion demonstrates that the activation of H2, and thus the
equilibrium concentration of the ion pair, [Et2O···H···OEt2]
[HB(C6F5)3], is not rate-determining for the olefin reduction.
The somewhat accelerated conversions observed when phos-
phines were employed as bases could be attributed to the
simultaneous use of a J-Young NMR tube rotation technique
(that we did not employ), which was found to increase the
effective concentration of H2 in solution.[33]

It is indeed surprising that ether and borane act as an FLP
to effect the activation of H2 with such ease. To understand
the mechanism of this remarkably facile H2 activation process,
a DFT study using state-of-the-art quantum chemical meth-
ods was conducted[42–46] (see the Supporting Information for
details). First, gas-phase structure optimizations at the
dispersion-corrected DFT level, using large triple-zeta AO
basis sets (TPSS-D3/def2-TZVP), followed by single-point
energy calculations at the high double-hybrid level (B2PLYP-
D3/def2-QZVP), were performed. On top of that, thermo-
statistical corrections from ZPVE-exclusive energy (DE) to
free energy (at T= 298.15 K, 1 atm pressure) and corrections
for solvation free energy by the accurate (DFT-based)
COSMO-RS model were applied.[47–50] Various H2 activated
structures were investigated and the most likely candidates
selected (Figure 2). Consideration of all corrections from gas-
phase energy to DG in solution (DGR) is essential for an
understanding of the mechanism. Previous results[51, 52] have
showed that the barrier to H2-splitting is only a few kcalmol�1

higher than the zwitterionic intermediate. Thus, only the

Scheme 1. Reaction of 1,1-diphenylethylene in presence of B(C6F5)3

with (right) and without (left) diethyl ether.

Table 1: Ether/B(C6F5)3-catalyzed hydrogenation.[a]

Substrate B(C6F5)3

[mol%]
Ether
(mol%)

T
[8C]

t
[h]

Conv.
[%]

Ph2C=CH2 20 – 20 24 65[f ]

Ph2C=CH2 20 Et2O (30) 50 48 95
Ph2C=CH2

[c] 20 Et2O (30) 150 24 35
Ph2C=CH2

[c] 20 Et2O (160) 120 18 60
Ph2C=CH2 10 Et2O (30) 50 96 96
Ph2C=CH2

[b] 10 Et2O (20) 20 24 >99
Ph2C=CH2 20 12C4 (20) 25 48 56
Ph2C=CH2 20 12C4 (20) 50 72 >99
Ph2C=CH2 20 DB24C8 (20) 25 48 57
Ph2C=CH2 20 DB24C8 (20) 50 72 >99
C14H10

[b] 10 Et2O (20) 20 24 34
C14H10

[b,d] 20 DB24C8 (20) 80 24 59

[a] 0.4m Solutions of substrate in CD2Cl2, 4 atm of H2. [b] 0.1m

Substrate, 100 atm of H2. [c] Solvent C6D5Br. [d] Solvent C2H4Cl2.
[e] Conversion [%] calculated with respect to substrate. [f ] Major
product: olefin dimer.

Scheme 2. Proposed mechanism of the hydrogenation of 1,1-diphenyl-
ethylene by Et2O/B(C6F5)3. (The addition and removal of Et2O mole-
cules is not depicted.)
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thermodynamics under equilibrium conditions were consid-
ered, and DGR values were given relative to the separated
reactants (B(C6F5)3, Et2O, and H2). The Lewis acid–base
adduct (Et2O)B(C6F5)3 forms with DG =�2.0 kcal mol�1

(DE =�14.7 kcalmol�1), indicating that a significant concen-
tration of the FLP is present in solution. Splitting of H2 by
B(C6F5)3 and one Et2O molecule is weakly exothermic (DE =

�3.1 kcal mol�1) in the gas phase. The explicit “solvation” of
the protonated ether by a second Et2O yields a strong
hydrogen bond and lowers the energy considerably to
�17.4 kcalmol�1. Adding a third molecule (not shown)
lowers it further to �23.8 kcalmol�1. However, compared to
the corresponding FLP activation with tBu3P/B(C6F5)3, and in
agreement with its lower efficiency, the present reaction is
clearly less exothermic (tBu3P/B(C6F5)3: DE =�30.2 kcal
mol�1), reflecting the lower basicity of Et2O compared to
the phosphine. Furthermore, the need of two or three
molecules Et2O leads to a large entropic penalty.

The calculated free energies DGR were 10.3 and 9.0 kcal
mol�1 for the computations involving one and two ether
molecules, respectively, and thus such species are thermally
accessible. Adding a third Et2O to the ion pair complex seems
less likely (increase of DGR to 14.9 kcalmol�1). Values of
around 10–15 kcal mol�1 are our estimates of the effective free
energy barrier to the splitting of H2. The similar values for
rather different structures indicate the flatness of the free
energy hypersurface, and that the system is probably rather
dynamic, an aspect that could not be treated adequately at
present. Subsequently, the complex with two Et2O dissociates
exergonically to give the solvated ions [Et2O···H···OEt2]

+ and
[HB(C6F5)3]

� , which are only DGR = 5.9 kcalmol�1 above the
reactants. Keeping in mind the theoretical error bars (2–
3 kcalmol�1 for DGR), this value is compatible with a signifi-
cant equilibrium concentration of solvated proton and
hydridoborate under ambient conditions. A large solvation
energy and entropy release appear to be essential for
formation of free ions, giving rise to the observed H/D
exchange and hydrogenation catalysis.

In conclusion, the remarkable ability of ether/B(C6F5)3

combinations to activate H2 and effect catalytic hydrogena-
tions of 1,1-diphenylethylene and anthracene has been
demonstrated. A detailed theoretical study is consistent

with an accessible barrier to the “encounter complex” in
which H2 is activated. Subsequent dissociation of this complex
affords the ions [Et2O···H···OEt2]

+ and [HB(C6F5)3]
� in

sufficient concentration to effect hydrogenation. The syn-
thetic utility and variants of this remarkably simple hydro-
genation catalyst are the subject of on-going efforts.

Received: April 16, 2013
Published online: June 14, 2013

.Keywords: boranes · ethers · frustrated Lewis pairs ·
hydrogenation · organocatalysis

[1] A. G. Massey, A. J. Park, J. Organomet. Chem. 1964, 2, 245 – 250.
[2] A. G. Massey, A. J. Park, F. G. A. Stone, Proc. Chem. Soc. 1963,

212.
[3] M. Bochmann, S. J. Lancaster, M. D. Hannant, A. Rodriguez, M.

Schormann, D. A. Walker, T. J. Woodman, Pure Appl. Chem.
2003, 75, 1183 – 1195.

[4] G. Erker, Dalton Trans. 2005, 1883 – 1890.
[5] F. Focante, P. Mercandelli, A. Sironi, L. Resconi, Coord. Chem.

Rev. 2006, 250, 170 – 188.
[6] C. Janiak, Coord. Chem. Rev. 2006, 250, 66 – 94.
[7] H. Yasuda, Organomet. News 1995, 77 – 80.
[8] J. M. Blackwell, D. J. Morrison, W. E. Piers, Tetrahedron 2002,

58, 8247 – 8254.
[9] D. J. Parks, J. M. Blackwell, W. E. Piers, J. Org. Chem. 2000, 65,

3090 – 3098.
[10] R. Roesler, B. J. N. Har, W. E. Piers, Organometallics 2002, 21,

4300 – 4302.
[11] V. Gevorgyan, M. Rubin, S. Benson, J. X. Liu, Y. Yamamoto, J.

Org. Chem. 2000, 65, 6179 – 6186.
[12] V. Gevorgyan, M. Rubin, J.-X. Liu, Y. Yamamoto, J. Org. Chem.

2001, 66, 1672 – 1675.
[13] M. Rubin, T. Schwier, V. Gevorgyan, J. Org. Chem. 2002, 67,

1936 – 1940.
[14] V. Gevorgyan, J.-X. Liu, Y. Yamamoto, J. Org. Chem. 1997, 62,

2963 – 2967.
[15] M. S. Oderinde, M. G. Organ, Angew. Chem. 2012, 124, 9972 –

9975; Angew. Chem. Int. Ed. 2012, 51, 9834 – 9837.
[16] A. Berkefeld, W. E. Piers, M. Parvez, J. Am. Chem. Soc. 2010,

132, 10660 – 10661.
[17] J. Chojnowski, S. Rubinsztajn, J. A. Cella, W. Fortuniak, M.

Cypryk, J. Kurjata, K. Kazmierski, Organometallics 2005, 24,
6077 – 6084.

[18] J. B. Grande, D. B. Thompson, F. Gonzaga, M. A. Brook, Chem.
Commun. 2010, 46, 4988 – 4990.

[19] D. T. Hog, M. Oestreich, Eur. J. Org. Chem. 2009, 5047 – 5056.
[20] D. J. Keddie, J. B. Grande, F. Gonzaga, M. A. Brook, T. R.

Dargaville, Org. Lett. 2011, 13, 6006 – 6009.
[21] P. T. K. Lee, M. K. Skjel, L. Rosenberg, Organometallics 2013,

32, 1575 – 1578.
[22] C. Longuet, C. Joly-Duhamel, F. Ganachaud, Macromol. Chem.

Phys. 2007, 208, 1883 – 1892.
[23] W. E. Piers, A. J. V. Marwitz, L. G. Mercier, Inorg. Chem. 2011,

50, 12252 – 12262.
[24] M. K. Skjel, A. Y. Houghton, A. E. Kirby, D. J. Harrison, R.

McDonald, L. Rosenberg, Org. Lett. 2010, 12, 376 – 379.
[25] D. B. Thompson, M. A. Brook, J. Am. Chem. Soc. 2008, 130, 32 –

33.
[26] X. X. Zhao, D. W. Stephan, Chem. Sci. 2012, 3, 2123 – 2132.
[27] D. W. Stephan, G. Erker, Angew. Chem. 2010, 122, 50 – 81;

Angew. Chem. Int. Ed. 2010, 49, 46 – 76.
[28] R. C. Neu, E. Otten, D. W. Stephan, Angew. Chem. 2009, 121,

9889 – 9892; Angew. Chem. Int. Ed. 2009, 48, 9709 – 9712.

Figure 2. (Free) energy diagram with DFT-D3 optimized structures for
hydrogen activation by B(C6F5)3 and Et2O (n= 1, 2) leading to the ions
[Et2OH···OEt2]

+[HB(C6F5)3]
� (DGR (kcalmol�1): black; DE (kcalmol�1):

blue).

.Angewandte
Zuschriften

7642 www.angewandte.de � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2013, 125, 7640 –7643

http://dx.doi.org/10.1016/S0022-328X(00)80518-5
http://dx.doi.org/10.1351/pac200375091183
http://dx.doi.org/10.1351/pac200375091183
http://dx.doi.org/10.1039/b503688g
http://dx.doi.org/10.1016/j.ccr.2005.05.005
http://dx.doi.org/10.1016/j.ccr.2005.05.005
http://dx.doi.org/10.1016/j.ccr.2005.02.016
http://dx.doi.org/10.1016/S0040-4020(02)00974-2
http://dx.doi.org/10.1016/S0040-4020(02)00974-2
http://dx.doi.org/10.1021/jo991828a
http://dx.doi.org/10.1021/jo991828a
http://dx.doi.org/10.1021/om0205187
http://dx.doi.org/10.1021/om0205187
http://dx.doi.org/10.1021/jo000726d
http://dx.doi.org/10.1021/jo000726d
http://dx.doi.org/10.1021/jo001258a
http://dx.doi.org/10.1021/jo001258a
http://dx.doi.org/10.1021/jo016279z
http://dx.doi.org/10.1021/jo016279z
http://dx.doi.org/10.1021/jo9624049
http://dx.doi.org/10.1021/jo9624049
http://dx.doi.org/10.1002/ange.201204060
http://dx.doi.org/10.1002/ange.201204060
http://dx.doi.org/10.1002/anie.201204060
http://dx.doi.org/10.1021/ja105320c
http://dx.doi.org/10.1021/ja105320c
http://dx.doi.org/10.1021/om050563p
http://dx.doi.org/10.1021/om050563p
http://dx.doi.org/10.1039/c0cc00369g
http://dx.doi.org/10.1039/c0cc00369g
http://dx.doi.org/10.1002/ejoc.200900796
http://dx.doi.org/10.1021/ol202051y
http://dx.doi.org/10.1021/om301246z
http://dx.doi.org/10.1021/om301246z
http://dx.doi.org/10.1002/macp.200700202
http://dx.doi.org/10.1002/macp.200700202
http://dx.doi.org/10.1021/ic2006474
http://dx.doi.org/10.1021/ic2006474
http://dx.doi.org/10.1021/ol902451h
http://dx.doi.org/10.1021/ja0778491
http://dx.doi.org/10.1021/ja0778491
http://dx.doi.org/10.1039/c2sc20262j
http://dx.doi.org/10.1002/ange.200903708
http://dx.doi.org/10.1002/anie.200903708
http://dx.doi.org/10.1002/ange.200905650
http://dx.doi.org/10.1002/ange.200905650
http://dx.doi.org/10.1002/anie.200905650
http://www.angewandte.de


[29] E. Otten, R. C. Neu, D. W. Stephan, J. Am. Chem. Soc. 2009, 131,
9918 – 9919.

[30] A. Cardenas, B. Culotta, T. Warren, S. Grimme, A. Stute, R.
Frohlich, G. Kehr, G. Erker, Angew. Chem. 2011, 123, 7709 –
7713; Angew. Chem. Int. Ed. 2011, 50, 7567 – 7571.

[31] R. Dobrovetsky, D. W. Stephan, J. Am. Chem. Soc. 2013, 135,
4974 – 4977.

[32] D. W. Stephan, Org. Biomol. Chem. 2012, 10, 5740 – 5746.
[33] L. Greb, P. OÇa-Burgos, B. Schirmer, F. Breher, S. Grimme,

D. W. Stephan, J. Paradies, Angew. Chem. 2012, 124, 10311 –
10315; Angew. Chem. Int. Ed. 2012, 51, 10164 – 10168.

[34] Y. Segawa, D. W. Stephan, Chem. Commun. 2012, 48, 11963 –
11965.

[35] T. Mahdi, Z. M. Heiden, S. Grimme, D. W. Stephan, J. Am.
Chem. Soc. 2012, 134, 4088 – 4091.

[36] T. Mahdi, J. N. del Castillo, D. W. Stephan, Organometallics
2013, 32, 1971 – 1978.

[37] G. I. Nikonov, S. F. Vyboishchikov, O. G. Shirobokov, J. Am.
Chem. Soc. 2012, 134, 5488 – 5491.

[38] D. J. Nelson, J. D. Egbert, S. P. Nolan, Dalton Trans. 2013, 42,
4105 – 4109.

[39] K. Marat, University of Manitoba, Winnipeg, MB, Canada, 2006.

[40] A. D. Bain, Prog. Nucl. Magn. Reson. Spectrosc. 2003, 43, 63 –
103.

[41] A. G. Evans, E. D. Owen, J. Chem. Soc. 1959, 4123 – 4125.
[42] J. Tao, J. P. Perdew, V. N. Staroverov, G. E. Scuseria, Phys. Rev.

Lett. 2003, 91, 146401.
[43] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010,

132, 154104.
[44] S. Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32,

1456 – 1465.
[45] F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297 –

3305.
[46] S. Grimme, J. Chem. Phys. 2006, 124, 034108.
[47] S. Grimme, Chem. Eur. J. 2006, 18, 9955 – 9964.
[48] F. Eckert, A. Klamt, COSMOtherm, Version C3.0,

Release 12.01; COSMOlogic GmbH & Co. KG, Leverkusen,
Germany, 2012.

[49] F. Eckert, A. Klamt, AIChE J. 2002, 48, 369 – 385.
[50] A. Klamt, J. Phys. Chem. 1995, 99, 2224 – 2235.
[51] S. Grimme, H. Kruse, L. Goerigk, G. Erker, Angew. Chem. 2010,

122, 1444 – 1447; Angew. Chem. Int. Ed. 2010, 49, 1402 – 1405.
[52] T. A. Rokob, A. Hamza, I. Papai, J. Am. Chem. Soc. 2009, 131,

10701 – 10710.

7643Angew. Chem. 2013, 125, 7640 –7643 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/ja904377v
http://dx.doi.org/10.1021/ja904377v
http://dx.doi.org/10.1002/ange.201101622
http://dx.doi.org/10.1002/ange.201101622
http://dx.doi.org/10.1002/anie.201101622
http://dx.doi.org/10.1021/ja401492s
http://dx.doi.org/10.1021/ja401492s
http://dx.doi.org/10.1039/c2ob25339a
http://dx.doi.org/10.1002/ange.201204007
http://dx.doi.org/10.1002/ange.201204007
http://dx.doi.org/10.1002/anie.201204007
http://dx.doi.org/10.1039/c2cc37190a
http://dx.doi.org/10.1039/c2cc37190a
http://dx.doi.org/10.1021/ja300228a
http://dx.doi.org/10.1021/ja300228a
http://dx.doi.org/10.1021/om4000727
http://dx.doi.org/10.1021/om4000727
http://dx.doi.org/10.1021/ja300365s
http://dx.doi.org/10.1021/ja300365s
http://dx.doi.org/10.1039/c3dt33045a
http://dx.doi.org/10.1039/c3dt33045a
http://dx.doi.org/10.1016/j.pnmrs.2003.08.001
http://dx.doi.org/10.1016/j.pnmrs.2003.08.001
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1002/jcc.21759
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1063/1.2148954
http://dx.doi.org/10.1002/aic.690480220
http://dx.doi.org/10.1021/j100007a062
http://dx.doi.org/10.1002/ange.200905484
http://dx.doi.org/10.1002/ange.200905484
http://dx.doi.org/10.1002/anie.200905484
http://dx.doi.org/10.1021/ja903878z
http://dx.doi.org/10.1021/ja903878z
http://www.angewandte.de

