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The chemistry of compounds containing heavier Group 14
elements in unusual bonding environments has been a very
active area of main-group chemical research for several
decades. Because of the importance and ubiquity of organic
chemistry, the resultant compounds of the heavier Group 14
elements are often compared to and contrasted with appro-
priate carbon analogues; however, the structural and chem-
ical properties of many of these compounds are often quite
distinct from those of the carbon congeners.'”! Many recent
investigations have focused on the preparation and chemistry
of low-valent germanium complexes,®* multiple bonds,” and
radicals;*!”) some of these studies have yielded compounds
that have no precedent in carbon chemistry (for example,
Zintl ions!""). In one of the most notable recent examples,
Baines and co-workers discovered that a localized germanium
dication can be stabilized by the [2.2.2]cryptand ligand.['”!
More recently, our group, in collaboration with the Baines
group and simultaneously with the Reid group, have demon-
strated that crown ethers are also appropriate ligands for the
stabilization of unambiguous Ge" dications.'*"* In that work,
we posited that the less restrictive binding of the divalent
germanium center by the crown ether ligands [15]crown-5 and
[18]crown-6 (in comparison to the [2.2.2]cryptand or the
bis([12]crown-4) sandwich complexes) should facilitate the
interaction of the metal with other reagents. To evaluate this
postulate, we have undertaken an investigation into the
reactivity of the Ge™ crown ether complexes with a variety of
simple reagents. Herein, we present the first results of our
studies regarding the simple coordination chemistry of the
dication which include the remarkable formation of the first
crystallographically characterized water adduct of germaniu-
m(II).

The addition of one molar equivalent of water (or D,0) to
a solution of [Ge[l5]crown-5][OTf], (1[OTf],) in CH,CL,
generates the complexes [Ge[l5]crown-5-H,O][OTf], (2-

[*] R. Bandyopadhyay, J. H. Nguyen, A. Swidan,
Prof. Dr. C. L. B. Macdonald
Department of Chemistry and Biochemistry, University of Windsor
401 Sunset Ave., Windsor, Ontario N9B 3P4 (Canada)
E-mail: cmacd@uwindsor.ca
Homepage: http://www.uwindsor.ca/macdonald-chem

[7‘: £

We thank the Natural Sciences and Engineering Research Council of
Canada for funding and Dr. M. K. Green, Dr. |. Auld, and Dr. M.
Revington for acquisition of mass spectral and NMR data.

@ Supporting information for this article, including complete details
of compound syntheses, characterization, X-ray crystallographic
experiments, and computational investigations, is available on the
WWW under http://dx.doi.org/10.1002/anie.201209067.

Angew. Chem. Int. Ed. 2013, 52, 3469-3472

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0 W H0 <-o 980-7 (ol
oti---[- (.).Ge. jo o7 —ch,ch v (OTf]
o .
& KO
1[OTf], 2[0Tf],

Scheme 1. Synthesis of complex 2[OTf],.

[OTf],) and [Ge[l5]crown-5-D,O][OTf], ([D,]-2[OTf],),
respectively (Scheme 1), as assessed by 'H NMR spectros-
copy in solution. Removal of all volatile components yields
a colorless solid that was characterized as the water adduct by
microanalysis and spectroscopic methods. Recrystallized
material suitable for examinations by single-crystal X-ray
diffraction was obtained through the slow evaporation of
a dichloromethane solution of the crude product.

Complex 2[OTf], crystallizes in the triclinic space group
P1 with one molecule in the asymmetric unit, as illustrated in
Figure 1. The molecular structure of 2[OTf], confirms the
proposed composition and reveals some important details.
The germanium atom sits within the cavity of the [15]crown-5
ligand almost exactly at the centroid of the 5 oxygen atoms.
The oxygen atom of the H,0O molecule (O1) is bound to the
Ge atom in a position that is essentially perpendicular to the
crown ether (0.384(1)° from the normal to the Os plane). The
Ge—O1 distance of 2.003(4) A is considerably longer than
typical covalent Ge—O bonds (ca. 1.75-1.85 A);!" the range
of 1.70 to 1.90 A covers the majority of such compounds
reported in the Cambridge Structural Database.!"” It must be
noted that these distances mostly correspond to Ge'
compounds, and it would be anticipated that the Ge"-O
distances should be somewhat longer because of the larger
ionic radius (Ge** 87 pm; Ge** 67 pm)."*! However, reported
distances for the 11 neutral compounds with dicoordinate Ge
atoms featuring a Ge—O bond also range from 1.765(6) Al"”
to 1.888(4) A® The Ge—O.,, distances range from
2.265(4)-2.361(3) A and are comparable to those observed
in the starting material 1[OTf],.'"®) The O1—H bond lengths
were restrained to be about 0.79 A; the O1-Oyigare distances
are 2.631(7) and 2.681(5) A and are thus well within the
accepted range for the inter-oxygen distances (ca. 2.7 A) in
hydrogen-bonded species.”!! Examination of the three S—O
bond lengths in each triflate group reveals that the S—O bond
to the oxygen atom closest to the water (that is, O11 and O21)
is somewhat longer than the remaining two. Together, these
data clearly suggest that both of the triflate anions are
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Figure 1. a) ORTEP of [Ge[15]crown-5-H,0][OTf], (2[OTf],). Ellipsoids
set at 30% probability, most hydrogen atoms have been removed for
clarity. b) Ball-and-stick representation of [Ge[15]crown-5-D,0][OTf],
(ID4]-2[OTf],), highlighting the slightly pyramidal geometry of the
oxygen atom in the water moiety. Selected bond distances [A] and
angles [°] (values from [D,]-2[OTf], are in brackets): Ge-O1 2.003(4)
[2.003(4)], O1-H11 0.79(4) [0.75(6)], O1-H12 0.79(4) [0.75(6)],
01--011 2.631(7) [2.649(7)], O1--021 2.681(5) [2.685(5)], Ge-O31
2.282(3) [2.278(3)], Ge-032 2.265(3) [2.256(3)], Ge-O33 2.356(3)
[2.354(3)], Ge—034 2.276(3) [2.274(3)], Ge-035 2.361(3) [2.363(3)];
Y. 357 [355].

hydrogen-bonded to the H,O fragment in the solid state. The
geometry about the oxygen atom in the water molecule
appears to be best-described as modestly pyramidal, with
a sum of 357° for the angles at O1, as illustrated for the heavy
water analogue in Figure 1b.

The solid-state FTIR spectra of the protio and deuterio
complexes clearly show the presence of H-bonded OH and
OD groups with broad signals for stretching frequencies with
maxima at 3458 and 1971 cm™', respectively. Powder X-ray
diffraction (pXRD) studies confirm that the only crystalline
material present in the bulk samples is consistent with the
single-crystal structures.

The 'H and "CNMR spectra of 2[OTf], in CD,CN
contain resonances attributable to the crown ether at
4.02 ppm and 68.93 ppm, respectively. The resonance at
829 ppm in the proton NMR spectrum (which is D,O-
exchangeable) indicates that the protons of the water
molecule have become considerably deshielded upon com-
plexation given that the corresponding resonance for free
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water in the same solvent is 2.13 ppm. This change in chemical
shift mirrors that observed for the complexation of H,O to
B(C(F;); that increases the acidity of the water.”>? It is
worth noting that the results of 'H DOSY experiments suggest
that adduct 2 is fluxional in solution, and the changes in the
appearance and shift of the signal at 8.29 ppm in variable-
temperature '"H NMR experiments are consistent with that
conjecture (see Supporting Information). The addition of
a small excess of water does not appear to degrade 2[OTf],
(the "H NMR shift for the water resonates at the weighted
average of the complexed and free values, indicating
exchange that is rapid on the NMR timescale), but the
addition of bulk amounts of water results in the decomposi-
tion of the compound. The potential synthetic utility of
2[OTf], is examined below.

The isolation of a well-characterized water complex of
Ge'' is remarkable and perhaps unexpected given the consid-
erable reactivity exhibited by most divalent germanium
compounds. Roesky demonstrated the preparation of
LGeOH complexes with f(-diketiminate ligands, but the
ready preparation and isolation of 2[OTf], is surprising.”
Similarly, Driess found that H,O and NH; undergo addition
reactions with a related germylene to form analogous
complexes.” There are a handful of structurally authenti-
cated Ge'v water complexes, but such species are very rare
and all have Ge—O distances of less than 2 A 273!

The presence of potentially acidic hydrogen atoms on the
water fragment in 2 suggested that deprotonation reactions
might be possible. In practice, the treatment of 2[OTf], with
bases, including weak bases (NHj, pyridine, and N-methyl-
imidazole) and relatively strong bases (“proton sponge”,
DBN, and N-heterocyclic carbenes), does indeed result in the
formation of the anticipated conjugate acid of the base
employed, as shown by NMR and XRD experiments.’”
Given that the dication 2 can be considered as a doubly
protonated variant of “:Ge=0:",! we postulate that such
deprotonation reactions may provide a new route for the
preparation of new and potentially unsaturated main-group
intermediates and compounds. In support of this conjecture, it
is worth emphasizing that, along with the NMR data from
deprotonation reactions, mass spectra of 2[OTf], consistently
reveal the presence of a major signal manifold corresponding
to [Ge[15]crown-5-OH]", 3, which may be treated as a trapped
singly-protonated germanium monoxide.”*’)

Given the remarkable stability of the aquo complex
2[OTf],, we sought to determine if other simple element
hydrides might also be accessible. Gratifyingly, the treatment
of 1[OTf], with a solution of NHj; in dioxane results in the
formation of a colorless compound for which there is evidence
of complex formation (Scheme 2). Although we have not yet
been able to obtain a single crystal structure for the
compound, NMR, pXRD, FTIR studies, and microanalysis
confirm the formation of the proposed adduct. The FTIR
spectrum of the solid contains three broad peaks at 3250,
3200, and 3100 cm™* which correspond to N—H stretching
modes. The pXRD spectrum of the solid is almost identical to
that of 2[OTf],,*! and the elemental analysis is consistent
with a 1:1 adduct of [Ge[15]crown-5][OTf], and NH;, 4[OTf],.
The 'HNMR spectrum of a CD,Cl, solution of the solid
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Scheme 2. Synthesis and reactivity of complex 4[OTf],: (i) NHs,
CH,Cly; (i) nNH,, —n[NH,]J[OTf].

contains a signal at 8.54 ppm attributable to the protons of the
coordinated amine; free NH; in the same solvent exhibits
a singlet '"H NMR resonance at 0.43 ppm. The most intense
signal in the N NMR spectrum in [Dg]THF is a broad
resonance at —72.2 ppm. It must be noted that the 'H NMR
spectrum of the reaction mixture of [GeOTf[15]crown-5]-
[OTf] with a small excess of NH; in CD,Cl, always features an
additional minor 1:1:1 triplet signal at 6.15 ppm that is
attributable to the coupling of the protons to the “N (I=1;
"Jxn=53.0 Hz) nucleus. The triplet resonance suggests the
existence of [NH,]" cations in solution, and the additional
minor pentet signals at about —361 ppm in the “N and “N
NMR spectra confirm that assignment. The presence of
[NH,]" indicates that the complexation (activation) of NH; by
1[OTf], renders the protons sufficiently acidic to protonate
other ammonia molecules.

In theory, removal of all three protons from 4 could
produce the germanium analogue of cyanide. However, it
should be noted that exposure of 1[OTf], to a large excess of
ammonia appears to result in the removal of the Ge from the
crown ether and its replacement with an ammonium cation
(as evidenced by spectroscopy and the crystal structure of
a related salt; see the Supporting Information); alternative
bases will be required in pursuit of salts of [:Ge=N:]".

Because we were unable to obtain crystal structures for
the adduct 4, we employed DFT calculations to assess the
likely structure of the complex. The computed structure of the
water adduct 2" (Figure 2a), reproduces the structure
obtained experimentally quite accurately, so it is probable
that the computed structure of the adduct 4 (Figure 2b) is
a reasonable model for the ammonia adduct. Furthermore,
the calculated Ge—N bond of 2.0988 A is consistent with that
reported for the only structure with a Ge"-NH; linkage
(2.093(4)-2.107(4) A), which was obtained unexpectedly
from the decomposition of a Ge'-N(SiMe,), precursor.[**!

The computational data in Table 1 demonstrate that 4’ has
a much stronger Ge—E bond than 2’, as would be anticipated
on the basis of relative basicities of NH; and OH,. Further-
more, the bonds in the deprotonated models 3’ and §' are
considerably stronger than are those of the corresponding
dicationic adducts. For each model compound, the charges of
the H-atoms in the complexed form are larger than those
calculated for models of H,O (0.457) and NH; (0.331).
Interestingly, it is worth noting that calculated energies for the
putative oxidative addition products [H-Ge—OH-[15]crown-
5]** (6') and [H—Ge—NH,-[15]crown-5]*" (7') are found to be
less stable than 2’ and 4’ by about 13 kJmol™" and 57 kJ mol ",
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Figure 2. Ball-and-stick representations of geometry-optimized model
complexes, including: a) an overlay of the computed structure of
[Ge[15]crown-5-H,0)*" 2 (——) and 2 (-----) (most hydrogen atoms
have been removed for clarity); b) the model complex [Ge[15]crown-
5-NH,]*" 4'; c) [Ge[15]crown-5-OH]" 3%; and d) [Ge[15]crown-5-NH,]|"
5.

Table 1: Selected properties for model ions 2/, 3/, 4, and 5’ calculated
using the M062X/TZVP DFT method.

2 3 4 5
reeelAl 2.1057 1.8386 2.0988 1.8736
Qc 1.495 1.425 1.406 1.331
O —0.974 —1.234 —1.099 —1.436
i)™ 0.541 0.492 0.424 0.387
WBIge 0.2178 0.4499 0.3465 0.5797
Pitices)” 0.0631 0.1222 0.0784 0.1257
cleavage .5 hetero! homol heterol homo!'l
Ecer snap® 129.46" 448 3500 182.94¢ 370.191
AE o™ —106.99  —1141.44 —14822  —1160.21

[a] NBO charges in au. [b] NBO Wiberg Bond Index. [c] AIM electron
density at the bond critical point (E=O,N). [d] Nature of lowest energy
bond cleavage (E=0O,N). [e] Heterolytic bond cleavage. [f] Homolytic
bond cleavage. [g] Bond snapping energy in k) mol™ (E=O,N). [h] Gas-
phase reaction energy [k] mol™'] for 1’ + donor—complex.

respectively. The uncrowned system favors the Ge" over Ge'
to a greater extent and illustrates the effect of crown ether
ligation."**! Finally, the relatively small energy difference
between 2’ and 6’ suggests that variants of the ligated Ge'
tautomer might be accessible experimentally.

As might be anticipated, the computational data for the
deprotonated model complexes 3' and 5 (Figure 2c¢,d)
indicate that these deprotonated variants do indeed feature
considerably shorter and stronger Ge—E bonds (E=O,N)
than 2’ and 4. The NBO analyses identify the presence of
polar Ge—E single bonds in 3’ and §' but treat the donor and
acceptor fragments as separate in 2’ and 4'.1! Similarly, the
values of relevant quantities in the Wiberg bond indices
(WBI), atoms in molecules (AIM)*"! analyses, and the bond
snapping energies***! all suggest that the bonds in these
monocationic complexes are best considered as covalent
bonds whereas those in the dicationic complexes 2’ and 4’ are
more consistent with dative bonding.®>*' Overall, the calcu-
lations suggest that deprotonation of these readily made
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element hydride adducts is a viable approach to new
covalently bonded species.

We are presently investigating the further reactivity of
these remarkable complexes, their organic analogues (that is,
alcohols and amines), their heavier congeners, and the
deprotonated variants for their potential use in synthetic
chemistry (toward unsaturated molecules), catalysis (by O—H
and N—H activation),"? and as materials precursors.

Received: November 12, 2012
Revised: December 22, 2012
Published online: February 12, 2013

Keywords: cations - crown ethers - germanium -
Group 14 elements - main-group elements

[1] V. Y. Lee, A. Sekiguchi, Acc. Chem. Res. 2007, 40, 410-419.

[2] P. P. Power, Chem. Rev. 2003, 103, 789 -809.

[3] R.C. Fischer, P. P. Power, Chem. Rev. 2010, 110, 3877 -3923.

[4] P. P. Power, Nature 2010, 463, 171-177.

[5] P.P. Power, Acc. Chem. Res. 2011, 44, 627 —637.

[6] P.P. Power, Chem. Rec. 2012, 12, 238 -255.

[7] P. Jutzi, N. Burford, Chem. Rev. 1999, 99, 969 -990.

[8] G. Parkin, J. Chem. Educ. 2006, 83, 791 —799.

[9] C.L.B. Macdonald, B. D. Ellis, A. Swidan in Encyclopedia of
Inorganic and Bioinorganic Chemistry (Ed.: R. A. Scott), Wiley,
Hoboken, 2012.

[10] W. D. Woodul, E. Carter, R. Muller, A. F. Richards, A. Stasch,
M. Kaupp, D. M. Murphy, M. Driess, C. Jones, J. Am. Chem. Soc.
2011, 733, 10074-10077.

[11] S. C. Sevov, J. M. Goicoechea, Organometallics 2006, 25, 5678 —
5692.

[12] P. A. Rupar, V. N. Staroverov, K. M. Baines, Science 2008, 322,
1360-1363.

[13] P. A. Rupar, R. Bandyopadhyay, B. F. T. Cooper, M. R. Stinch-
combe, P. J. Ragogna, C. L. B. Macdonald, K. M. Baines, Angew.
Chem. 2009, 121, 5257-5260; Angew. Chem. Int. Ed. 2009, 48,
5155-5158.

[14] F. Cheng, A. L. Hector, W. Levason, G. Reid, M. Webster, W. J.
Zhang, Angew. Chem. 2009, 121, 5254 —-5256; Angew. Chem. Int.
Ed. 2009, 48, 5152-5154.

[15] W. Levason, G. Reid, W. J. Zhang, Coord. Chem. Rev. 2011, 255,
1319-1341.

[16] K. M. Baines, W. G. Stibbs, Coord. Chem. Rev. 1995, 145, 157 -
200.

[17] F. H. Allen, Acta Crystallogr. Sect. B 2002, 58, 380—388.

[18] http://www.webelements.com.

[19] T. Hascall, A.L. Rheingold, I. Guzei, G. Parkin, Chem.
Commun. 1998, 101 -102.

[20] T. Hascall, K. Pang, G. Parkin, Tetrahedron 2007, 63, 10826—
10833.

[21] T. Steiner, Angew. Chem. 2002, 114, 50-80; Angew. Chem. Int.
Ed. 2002, 41, 48-76.

[22] The increased acidity of water in H,O—B(C4Fs); has been
demonstrated both for Brgnsted and Lewis acidic behavior.

[23] L. H. Doerrer, M. L. H. Green, J. Chem. Soc. Dalton Trans. 1999,
4325-4329.

[24] X.P. Wang, P. P. Power, Angew. Chem. 2011, 123, 11157-11160;
Angew. Chem. Int. Ed. 2011, 50, 10965 —10968.

[25] L. W. Pineda, V. Jancik, H. W. Roesky, D. Necuali, A.M.
Neculai, Angew. Chem. 2004, 116, 1443 —-1445; Angew. Chem.
Int. Ed. 2004, 43, 1419-1421.

[26] W.Y. Wang, S. Inoue, S.L. Yao, M. Driess, Organometallics
2011, 30, 6490 -6494.

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[27] A.B. Ilyukhin, L. M. Shkolnikova, Seifullina II, T. P. Batalova,
N. M. Dyatlova, Koord. Khim. 1991, 17, 795-800.

[28] H. C. Chiang, M. H. Wang, C. H. Ueng, Acta Crystallogr. Sect. C
1993, 49, 244 -246.

[29] V. O. Gelmboldt, E. V. Ganin, L. V. Ostapchuk, J. Lipkowski,
A.A. Dvorkin, Y. A. Simonov, M.S. Fonari, J. Inclusion
Phenom. Mol. Recognit. Chem. 1996, 24, 287 —299.

[30] F. Cosledan, A. Castel, P. Riviere, J. Satge, M. Veith, V. Huch,
Organometallics 1998, 17, 2222 -2227.

[31] A. Schnepf, Eur. J. Inorg. Chem. 2005, 2120-2123.

[32] The treatment of 2[OTf], with one equivalent of base produces
solutions containing 3, and the reaction of two or more
equivalents of strong base produces an insoluble yellow germa-
nium-containing product.

[33] S. K. Wang, H. G. Liu, A. Toriumi, Appl. Phys. Lett. 2012, 101,
061907.

[34] P. Benzi, L. Operti, G. A. Vaglio, P. Volpe, M. Speranza, R.
Gabrielli, J. Organomet. Chem. 1988, 354, 39-50.

[35] P. Antoniotti, F. Grandinetti, Gazz. Chim. Ital. 1990, 120, 701 -
704.

[36] J. Leszczynski, J. S. Kwiatkowski, D. Lesczczynska, B. Hale,
Chem. Phys. Lett. 1994, 226, 413-419.

[37] Y. Yamaguchi, C. A. Richards, H. F. Schaefer, J. Chem. Phys.
1995, 103, 7975-7982.

[38] J. M. Riveros, Int. J. Mass Spectrom. 2002, 221, 177 —-190.

[39] P. Antoniotti, R. Rabezzana, S. Borocci, N. Bronzolino, M.
Giordani, F. Grandinetti, Int. J. Mass Spectrom. 2006, 257, 50—
59.

[40] The pXRD spectra indicate that 4{OTf], is essentially isostruc-
tural with 2[OTf], on the basis of the heavy atom positions (see
the Supporting Information).

[41] Herein, the prime symbols indicate the geometry-optimized
model structure for the indicated cation.

[42] A.E. Wetherby, L. R. Goeller, A. G. DiPasquale, A. L. Rhein-
gold, C. S. Weinert, Inorg. Chem. 2008, 47, 2162-2170.

[43] C.S. Weinert, P. E. Fanwick, I. P. Rothwell, J. Chem. Soc. Dalton
Trans. 2002, 2948 —2950.

[44] The relative favorability of the [GeOH,]*" tautomer over the
[HGeOHJ*" form can be rationalized in terms of the Ge—H
versus O—H bond strengths and the proton affinities of [GeOH]*
for protonation at the Ge and O atoms, especially in the absence
of an auxiliary ligand to destabilize the Ge “lone pair” (see the
Supporting Information).

[45] C.L.B. Macdonald, R. Bandyopadhyay, B. F. T. Cooper, W. W.
Friedl, A.J. Rossini, R. W. Schurko, S.H. Eichhorn, R.H.
Herber, J. Am. Chem. Soc. 2012, 134, 4332-4345.

[46] A.E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88,
899-926.

[47] R.F. W. Bader, Chem. Rev. 1991, 91, 893-928.

[48] As per Ziegler, the bond snapping energy is the negative energy
difference between a compound and the non-relaxed fragments
obtained by the cleavage of the bond in question; that is, the
fragments have the exact same geometries as they had in the
bonded compound. This quantity thus provides an estimate of
how much energy is required to actually break the bond.

[49] E. Folga, T. Ziegler, J. Am. Chem. Soc. 1993, 115, 5169 -5176.

[50] Most simply, using Haaland’s approach, a covalent bond is one in
which the energy of homolytic bond cleavage is lower than that
of heterolytic bond cleavage and a dative bond is indicated by
a more favorable heterolytic cleavage.

[51] A. Haaland, Angew. Chem. 1989, 101, 1017-1032; Angew.
Chem. Int. Ed. Engl. 1989, 28, 992-1007.

[52] J. L. Klinkenberg, J. F. Hartwig, Angew. Chem. 2011, 123,88 -98;
Angew. Chem. Int. Ed. 2011, 50, 86—95.

Angew. Chem. Int. Ed. 2013, 52, 34693472


http://dx.doi.org/10.1021/ar6000473
http://dx.doi.org/10.1021/cr020406p
http://dx.doi.org/10.1021/cr100133q
http://dx.doi.org/10.1038/nature08634
http://dx.doi.org/10.1021/ar2000875
http://dx.doi.org/10.1002/tcr.201100016
http://dx.doi.org/10.1021/cr941099t
http://dx.doi.org/10.1021/ed083p791
http://dx.doi.org/10.1021/ja204344e
http://dx.doi.org/10.1021/ja204344e
http://dx.doi.org/10.1021/om060480o
http://dx.doi.org/10.1021/om060480o
http://dx.doi.org/10.1126/science.1163033
http://dx.doi.org/10.1126/science.1163033
http://dx.doi.org/10.1002/ange.200901351
http://dx.doi.org/10.1002/ange.200901351
http://dx.doi.org/10.1002/anie.200901351
http://dx.doi.org/10.1002/anie.200901351
http://dx.doi.org/10.1002/ange.200901247
http://dx.doi.org/10.1002/anie.200901247
http://dx.doi.org/10.1002/anie.200901247
http://dx.doi.org/10.1016/j.ccr.2010.11.019
http://dx.doi.org/10.1016/j.ccr.2010.11.019
http://dx.doi.org/10.1107/S0108768102003890
http://dx.doi.org/10.1039/a705937j
http://dx.doi.org/10.1039/a705937j
http://dx.doi.org/10.1039/a705937j
http://dx.doi.org/10.1016/j.tet.2007.06.127
http://dx.doi.org/10.1016/j.tet.2007.06.127
http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C50::AID-ANGE50%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U
http://dx.doi.org/10.1039/a905892c
http://dx.doi.org/10.1039/a905892c
http://dx.doi.org/10.1002/ange.201103904
http://dx.doi.org/10.1002/anie.201103904
http://dx.doi.org/10.1002/ange.200353205
http://dx.doi.org/10.1002/anie.200353205
http://dx.doi.org/10.1002/anie.200353205
http://dx.doi.org/10.1021/om200970s
http://dx.doi.org/10.1021/om200970s
http://dx.doi.org/10.1107/S0108270192006218
http://dx.doi.org/10.1107/S0108270192006218
http://dx.doi.org/10.1021/om970963f
http://dx.doi.org/10.1002/ejic.200400843
http://dx.doi.org/10.1016/0022-328X(88)80637-5
http://dx.doi.org/10.1063/1.470215
http://dx.doi.org/10.1063/1.470215
http://dx.doi.org/10.1016/S1387-3806(02)01025-4
http://dx.doi.org/10.1016/j.ijms.2006.06.016
http://dx.doi.org/10.1016/j.ijms.2006.06.016
http://dx.doi.org/10.1021/ic7016984
http://dx.doi.org/10.1039/b204299a
http://dx.doi.org/10.1039/b204299a
http://dx.doi.org/10.1021/ja211135s
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/cr00005a013
http://dx.doi.org/10.1021/ja00065a031
http://dx.doi.org/10.1002/anie.198909921
http://dx.doi.org/10.1002/anie.198909921
http://dx.doi.org/10.1002/ange.201002354
http://dx.doi.org/10.1002/anie.201002354
http://www.angewandte.org

