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By comparison with their heavier Group 14 congeners,
divalent silicon compounds are typically highly labile species
with short lifetimes at ambient temperature.[1] Consequently,
the observation by West et al. in 1981 of the transient silylene,
SiMes2 (Mes = 2,4,6-Me3C6H2), and its subsequent dimeriza-
tion at 77 K to give the disilene, Mes2Si=SiMes2, represented
a breakthrough in the evolution of modern main group
chemistry.[2] From that groundbreaking discovery until very
recently, only silylene systems stabilized by incorporation into
a cyclic framework, or by an augmented coordination number
at silicon, had been reported.[3–6] In early 2012, however, near
simultaneous reports from our program and that of Power
identified acyclic silylene systems that are stable at room
temperature and above (Figure 1).[7–9]

Both systems exploit the kinetic stabilization imparted by
extremely bulky peripheral substituents, a factor which
contributes to decomposition temperatures in excess of
130 8C. On the other hand, the contrasting potential of these
two compounds for further reactivity is signaled by disparate
X-Si-X angles (]B-Si-N = 109.7(1)8 ; ]S-Si-S = 90.52(2)8)
and HOMO–LUMO gaps (197.2 and 411.0 kJmol�1, respec-
tively).[7, 8] Consistently, the unsymmetrical boryl/amido
system is uniquely capable of activating E�H bonds (E =

H, C) close to room temperature.[7] A convenient synthetic

attribute of this compound is its direct formation from the SiIV

precursor Si{N(SiMe3)Dipp}Br3 (1; Dipp = 2,6-iPr2C6H3) and
two equivalents of (thf)2Li{B(NDippCH)2}.

[10] In effect, the
boryllithium reagent accomplishes the dual roles of reducing
agent and source of the strongly sigma donating (formally
anionic) [B(NDippCH)2]

� substituent. To better understand
this method and its scope for the direct conversion of SiIV

halides into acyclic silylenes, we have investigated the
reactivity of 1 towards other sterically encumbered anionic
main group and transition metal nucleophiles. In doing so we
have synthesized the first example of a stable two-coordinate
silylsilylene.[11]

Key synthetic steps are outlined in Scheme 1; the syn-
thesis of SiII systems by this route is dependent on the use of
an anionic reagent that is not only a good nucleophile, but
also 1) sterically bulky and 2) a strong reducing agent. In the
absence of sufficient nucleophilicity, as in the case of KC8,
dehalogenative coupling occurs to give the disilane 2 (see the
Supporting Information). With more nucleophilic, but insuf-
ficiently bulky anions, the possibility also exists for simple
substitution chemistry to occur at the silicon center, which

Figure 1. Recently reported acyclic two-coordinate silylenes. Dipp=2,6-
iPr2C6H3, Trip = 2,4,6-iPr3C6H2.

Scheme 1. Syntheses of acyclic silylenes 3a and 3b. Key reagents:
a) KC8 (1.0 equiv), thf, �78 8C to room temperature, ca. 20%;
b) (thf)2K[Si(SiMe3)3] (2.0 equiv), hexane, room temperature, 5 min, ca.
50% (for 3b); see Ref. [7] for 3a.
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would consequently remain tetravalent. Thus, although the
reaction of 1 with K[CpFe(CO)2] primarily yields the coupling
product 2, a small quantiy of the Fe�Si containing system
{CpFe(CO)}2(m-CO)(m-SiBr{N(SiMe3)Dipp}), was also iso-
lated (see the Supporting Information).[12] In the case of
bulkier nucleophiles, redox properties are important; thus,
although 1 is unreactive towards sterically encumbered alkali
metal amides, such as Li{N(SiMe3)Dipp} or K{N(SiMe3)2}, it
reacts readily with two equivalents of (thf)2Li{B(NDippCH)2}
or (thf)2K[Si(SiMe3)3], or three equivalents of K[CPh3],
generating BrB(NDippCH)2,

[7] BrSi(SiMe3)3, and Gomberg�s
dimer, respectively.

In the case of K[CPh3], the silicon-containing product is
a labile species that gives rise to a 29Si signal at dSi =

442.6 ppm, in the region characteristic of two-coordinate
silylenes (dSi = 439.7 ppm for Si{B(NDippCH)2}{N(SiMe3)-
Dipp}, 3a).[7] With (thf)2K[Si(SiMe3)3], however, a thermally
stable (Td = ca. 140 8C) purple crystalline material can be
isolated, which has been characterized by standard spectro-
scopic techniques and by single crystal X-ray diffraction
(Figure 2).[13] The monomeric structure of the silylene prod-
uct, Si{Si(SiMe3)3}{N(SiMe3)Dipp} (3b), which is implied by

29Si NMR analysis (dSi = 438, 467 ppm) is thus confirmed
crystallographically. Although the Si–N and Si–Si distances
associated with two-coordinate Si(1) (1.720(1) and
2.386(1) �, respectively) are largely unremarkable,[14] the
N(1)-Si(1)-Si(2) angle of 116.91(5)8 is significantly wider than
the corresponding N-Si-B angle of 109.7(1)8 measured for
3a.[7] This difference is presumably at least partly steric in
origin, with the notable buttressing between the amido Dipp
substituent and the SiMe3 group centered around Si(5)
leading to asymmetry within the Si(SiMe3)3 (hypersilyl)
moiety, as manifested by a Si(1)-Si(2)-Si(5) angle of
138.14(3)8 vs. 101.32(2) and 92.25(2)8 for Si(1)-Si(2)-Si(3/4).

Another consequence of the high degree of steric crowd-
ing in 3b is evident from multinuclear NMR data in
[D6]benzene solution. Two sets of signals in approximately
1:1 ratio are observed, resulting from conformers related by
restricted rotation about the Si(1)�N(1) bond. Thus, one set
of signals is derived from the isomer found in the solid state, in
which the Dipp substituent lies syn to the hypersilyl group,
whereas the other set is due to the corresponding anti isomer
(a conformation which is analogous to that found in the solid

state structure of 3a). DFT calculations reproduce well the
observed pattern of NMR signals for both isomers, and also
imply that the energetic difference between these two
rotamers is very small (2.7 kJmol�1).

At a more general level, quantum chemical input indicates
that the HOMO for 3b (43.0 % Si(1) 3p, 13.1% Si(1) 3 s;
Figure 3) is separated from the LUMO (70.3 % Si(1) 3p, 9.3%

N 2p) by 192.1 kJ mol�1 and that the energetic gap between
the singlet ground state and triplet first excited state is
103.7 kJmol�1. These figures are very similar to those
determined for 3a (197.2 and 103.9 kJ mol�1, respectively),[7]

and consistent with the patterns of reactivity delineated for
the borylsilylene system; 3b also 1) reacts with dihydrogen at
room temperature in hexane solution to give the correspond-
ing dihydrosilane 4 (which gives rise to diagnostic new
resonances at dH = 5.17 and dSi =�35.2 ppm, 1JSi�H =

195 Hz),[15] and 2) undergoes intramolecular C�H activation
in [D6]benzene over a period of 5 days at 80 8C to give sila-
indoline 5 (Scheme 2, see also the Supporting Information).

From a mechanistic perspective, the syntheses of 3a and
3b outlined in Scheme 1 implicate the main group anion in
both the reduction and metathesis steps. Although a number
of observations, such as the lack of reactivity of 1 towards
bulky, but less reducing nucleophiles (such as amides), and
the fact that systems of the type X2Si{B(NDippCH)2}{N-
(SiMe3)Dipp} are stable with respect to B�X reductive
elimination,[7] imply that metathesis is not the first mecha-
nistic step, we have sought to confirm that reduction is
a viable alternative. Such a mechanism would necessarily
involve silylenoid intermediates (Scheme 3); consistent with

Figure 2. Molecular structure of 3b. Hydrogen atoms omitted for
clarity; thermal elipsoids set at the 35 % probability level. Key bond
lengths [�] and angles [8]: Si(1)–N(1) 1.720(1), Si(1)–Si(2) 2.386(1);
N(1)-Si(1)-Si(2) 116.91(5), Si(1)-Si(2)-Si(3) 101.32(2), Si(1)-Si(2)-Si(4)
92.25(2), Si(1)-Si(2)-Si(5) 138.14(3).

Figure 3. a) HOMO (�4.684 eV) and b) LUMO (�2.693 eV) of silylsily-
lene 3b.

Scheme 2. Activation of H�H and C�H bonds by silylsilylene 3b. Key
reagents and conditions: a) H2 (1 atm), hexane, 20 8C, 2.5 h, >90% by
NMR spectroscopy (62% yield of isolated product); b) C6D6, 80 8C,
5 d, ca. 65 % yield (see the Supporting Information for X-ray structures
of 4 and 5).
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this proposal, Lee and co-workers have shown that SiRBr3

(where R = C(SiMe3)3) is susceptible to bromide/lithium
exchange in the presence of powerful lithium-containing
reductants, to give a silylenoid species, SiR(Br)2Li, which is
then amenable to substitution with anionic nucleophiles to
give SiR(Br)Ar(Li).[16]

In the current study, the viability of alkali metal silylenoid
species can be demonstrated explicitly; the reaction of 1 with
[(Et2O)K{Ga(NDippCH)2}](OEt2), which is a gallium ana-
logue of (thf)2Li{B(NDippCH)2},

[17] generates the potassium
digallylsilylenoid {(Et2O)K}Si{Ga(NDippCH)2}2{N(SiMe3)-
Dipp}, 6, together with the Ga�Ga bonded dimer {Ga-
(NDippCH)2}2 (Scheme 3).[18] Structurally, 6 features a silicon
center that is significantly distorted from tetrahedral (]K-Si-
Ga = 152.9(1), 99.5(1)8, ]K-Si-N = 89.3(1)8), together with
a potassium center ligated by a single ether donor and
engaged in weak interactions with Si(1)
(d(K···Si) = 3.470(1) vs. 3.14 � for the sum of the respective
covalent radii)[19] and with the flanking aryl p systems of the
amido and gallyl Dipp substituents, for example, d(K···C) =

3.156(4)–3.287(4) for the amido Dipp group. As such, 6 shares
key structural features with the alkyltin system
{(tmeda)K}Sn{Ga(NdippCH)2}2{CH(SiMe3)2}.

[20] These and
related tin systems have been prepared from stannylene
precursors, and in a similar vein 6 can be formulated as
a Lewis base adduct of the putative gallylsilylene Si{Ga-
(NDippCH)2}{N(SiMe3)Dipp}.

Mechanistically, both borylsilylene 3a and digallylsilyle-
noid 6 can be regarded as being derived from a common class
of bromosilylenoid intermediate of the type (LnM)SiBr-
{E(NDippCH)2}{N(SiMe3)Dipp} (E = B or Ga; M = alkali
metal). 3a is thus the product of the subsequent elimination of
LiBr, whereas 6 results from an alternative gallyl/bromide
metathesis step, presumably made possible by the longer
Si�Ga bonds (vs. Si�B) and the consequently reduced steric
demands of the gallyl fragment. The weaker donor capabil-
ities of the gallyl (vs. boryl) ligand also provide a rationale for
the reduced propensity to eliminate alkali metal halide.[21]

In summary, we have reported a one-pot, single-step
synthesis of a thermally stable acyclic silylsilylene, Si{Si-
(SiMe3)3}{N(SiMe3)Dipp} (3 b), from a SiIV starting material,
together with evidence for the formation of alkali metal
silylenoid systems under related conditions. Systems of the
type RSi(SiR3) have previously been discussed in the context
of their rearrangement to isomeric disilenes, R2Si=SiR2.

[22,23]

In the current study, no such transformation has been
identified for 3b, which appears to instead undergo C�H
activation at elevated temperatures.[24] On the other hand,
alternative modes of reactivity have been demonstrated, such
as oxidative addition of H�H and C�H bonds, which have
ample precedent in d-block chemistry.

Experimental Section
Synthesis of 3b : A solution of (thf)2K[Si(SiMe3)3] (113 mg,
0.26 mmol) in hexane (4 mL) was added to a solution of 1 (68 mg
0.13 mmol) in hexane (1 mL) at room temperature. The color
immediately changed to bright purple and copious precipitate
formed. The solution was filtered and stored at �80 8C for 3 d,
yielding purple crystals slightly contaminated with BrSi(SiMe3)3.

[25]

Slow crystallization from hexanes at room temperature gave X-ray
quality crystals of 3b (35 mg, 0.067 mmol, 51 %). Melting point:
decomposing (decolorizing) at 140 8C and above. 1H NMR (C6D6,
293 K): d = 0.30 (s, 9H+27H, NSiMe3+SiSiMe3), 0.35 (s, 9H,
NSiMe3), 0.46 (s, 27H, SiSiMe3), 1.09 (d, 3J(H,H) = 7.0 Hz, 6H,
CHMe2), 1.17 (d, 3J(H,H) = 7.0 Hz, 6H, CHMe2), 1.23 (two over-
lapping d, 12 H, CHMe2), 3.42 and 3.44 (two overlapping sept,
3J(H,H) = 7.0 Hz, 4H, CHMe2), 7.06 ppm (br s, 6H, CH of Ar).
13C NMR (C6D6, 293 K): d = 3.45 and 4.11 (NSiMe3), 4.28 and 4.37
(SiSiMe3), 14.35 (hexane CH3), 23.03 (hexane CH2), 23.58, 24.41,
25.29 and 26.24 (CHMe2), 28.58 and 29.07 (CHMe2), 31.94 (hexane
CH2), 124.11 and 124.18 (m-CH of Ar), 125.16 and 126.16 (p-CH of
Ar), 142.24 and 145.08 (o-C of Ar), 146.12 and 152.31 ppm (ipso-C of
Ar). 29Si NMR (C6D6, 293 K): d =�107.19 and �105.89 (SiSiMe3),
�8.33 (SiSiMe3), 5.77 and 9.73 (NSiMe3), 438.20 and 467.46 ppm
(central Si). Crystallographic data: C24H53NSi6, Mr 524.21, monoclinic,
C2/c, a = 22.4461(2), b = 9.6252(1), c = 32.0919(4) �, b = 104.481(1)8,
V= 6713.1(1) �3, Z = 8, 1c = 1.037 Mgm�3, T= 150 K, l = 0.71073 �.
25749 reflections collected, 7636 independent [R(int) = 0.046], which
were used in all calculations. R1 = 0.0374, wR2 = 0.0363 for observed
unique reflections [F2> 2s(F2)] and R1 = 0.0613, wR2 = 0.0470 for all
unique reflections. Max. and min. residual electron densities 0.34 and
�0.26 e��3. CCDC 895809 (3b) contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.
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Scheme 3. Proposed mechanism for the one-pot formation of acyclic
silylenes 3a and 3b from 1 through silylenoid intermediates (M= Li or
K), and the structure of the digallylsilylenoid 6. Key bond lengths [�]
and angles [8]: Si(1)–N(5) 1.815(3), Si(1)–Ga(1) 2.438(1), Si(1)–Ga(2)
2.452(1), Si(1)···K(1) 3.470(1); N(5)-Si(1)-Ga(1) 110.3(1), N(5)-Si(1)-
Ga(2) 108.8(1), Ga(1)-Si(1)-Ga(2) 91.8(1), K(1)-Si(1)-Ga(1) 152.9(1),
K(1)-Si(1)-Ga(2) 99.5(1), K(1)-Si(1)-N(5) 89.3(1).
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g) P. Jutzi, K. Leszczyńska, B. Neumann, W. W. Schoeller, H.-G.
Stammler, Angew. Chem. 2009, 121, 2634 – 2637; Angew. Chem.
Int. Ed. 2009, 48, 2596 – 2599; h) R. S. Ghadwal, H. W. Roesky, S.
Merkel, J. Henn, D. Stalke, Angew. Chem. 2009, 121, 5793 – 5796;
Angew. Chem. Int. Ed. 2009, 48, 5683 – 5686; i) A. C. Filippou, O.
Chernov, G. Schnakenburg, Angew. Chem. 2009, 121, 5797 –
5800; Angew. Chem. Int. Ed. 2009, 48, 5687 – 5690; j) D. Gau,
R. Rodriguez, T. Kato, N. Saffron-Merceron, A. de C�zar, F. P.
Cross�o, A. Baceiredo, Angew. Chem. 2011, 123, 1124 – 1128;
Angew. Chem. Int. Ed. 2011, 50, 1092 – 1096; k) S. S. Sen, J. Hey,
R. Herbst-Irmer, H. W. Roesky, D. Stalke, J. Am. Chem. Soc.
2011, 133, 12311 – 12316; l) R. Azhakar, R. S. Ghadwal, H. W.
Roesky, H. Wolf, D. Stalke, Chem. Commun. 2012, 48, 4561 –
4563.

[5] For examples of thermally labile acyclic two-coordinate sily-
lenes, see: a) F. Huppmann, W. Maringgele, T. Kottke, A. Meller,
J. Organomet. Chem. 1992, 434, 35 – 44; b) F. Huppmann, M.
Noltemeyer, A. Meller, J. Organomet. Chem. 1994, 483, 217 –
228; c) G.-H. Lee, R. West, T. M�ller, J. Am. Chem. Soc. 2003,
125, 8114 – 8115; for an example of an acyclic system susceptible
to dimerization, see: d) S. Tsutsui, K. Sakamoto, M. Kira, J. Am.
Chem. Soc. 1998, 120, 9955 – 9956.

[6] For examples of recent reviews of silylene chemistry, see: a) M.
Haaf, T. A. Schmedake, R. West, Acc. Chem. Res. 2000, 33, 704 –
714; b) B. Gehrhus, M. F. Lappert, J. Organomet. Chem. 2001,
617 – 618, 209 – 223; c) S. Nagendran, H. W. Roesky, Organo-
metallics 2008, 27, 457 – 492; d) M. Kira, Chem. Commun. 2010,
46, 2893 – 2903; e) S. Yao, Y. Xiong, M. Driess, Organometallics
2011, 30, 1748 – 1767; f) M. Asay, C. Jones, M. Driess, Chem. Rev.

2011, 111, 354 – 396; g) S. S. Sen, S. Khan, P. P. Samuel, H. W.
Roesky, Chem. Sci. 2012, 3, 659 – 682; h) S. S. Sen, S. Khan, S.
Nagendran, H. W. Roesky, Acc. Chem. Res. 2012, 45, 578 – 587.

[7] A. V. Protchenko, K. H. Birjkumar, D. Dange, A. D. Schwarz, D.
Vidovic, C. Jones, N. Kaltsoyannis, P. Mountford, S. Aldridge, J.
Am. Chem. Soc. 2012, 134, 6500 – 6503.

[8] B. D. Rekken, T. M. Brown, J. C. Fettinger, H. M. Tuononen,
P. P. Power, J. Am. Chem. Soc. 2012, 134, 6504 – 6507.

[9] a) R. West, Nature 2012, 485, 49 – 50; b) M. Driess, Nat. Chem.
2012, 4, 525 – 526.

[10] a) Y. Segawa, M. Yamashita, K. Nozaki, Science 2006, 314, 113 –
115; b) Y. Segawa, Y. Suzuki, M. Yamashita, K. Nozaki, J. Am.
Chem. Soc. 2008, 130, 16069 – 16079.

[11] For examples of silylsilylenes generated and characterized at
77 K, see: a) A. Sekiguchi, T. Tanaka, M. Ichinohe, K. Akiyama,
S. Tero-Kubota, J. Am. Chem. Soc. 2003, 125, 4962 – 4963; b) A.
Sekiguchi, T. Tanaka, M. Ichinohe, K. Akiyama, P. P. Gaspar, J.
Am. Chem. Soc. 2007, 129, 426 – 427; for examples of base-
stabilized silylsilylenes, see: c) S.-H. Zhang, H.-X. Yeong, H.-W.
Xi, K. H. Lim, C.-W. So, Chem. Eur. J. 2010, 16, 10250 – 10254;
d) S.-H. Zhang, H.-X. Yeong, C.-W. So, Chem. Eur. J. 2011, 17,
3490 – 3499.

[12] For a related diiron system, see: M. Hirotsu, T. Nishida, H.
Sasaki, T. Muraoka, T. Yoshimura, K. Ueno, Organometallics
2007, 26, 2495 – 2498.

[13] For an example of an earlier report on alkali metal hypersilyl
[Si(SiMe3)3] and supersilyl [SitBu3] reagents accomplishing the
dual roles of nucleophile and reducing agent, see: M. Kehrwald,
W. Kçstler, A. Rodig, G. Linti, T. Blank, N. Wiberg, Organo-
metallics 2001, 20, 860 – 867.

[14] For example, compared to Si�N and Si�Si distances of 1.731(1)
and 2.377(5) � for 3a and {PhC(NtBu)2}Si�Si(H)-
{(NtBu)2CHPh}, respectively. See Refs. [7] and [11a].

[15] Corresponding values of dH = 4.56 ppm and 1JSiH = 187 Hz have
been measured for H2Si{B(NDippCH)2}{N(SiMe3)Dipp}, which
is the product of the reaction of 3a with dihydrogen.[7]

[16] H. M. Cho, Y. M. Lim, B. W. Lee, S. J. Park, M. E. Lee, J.
Organomet. Chem. 2011, 696, 2665 – 2668.

[17] R. J. Baker, C. Jones, Coord. Chem. Rev. 2005, 249, 1857 – 1869.
[18] T. Pott, P. Jutzi, W. W. Schoeller, A. Stammler, H.-G. Stammler,

Organometallics 2003, 22, 5492 – 5494.
[19] B. Cordero, V. G�mez, A. E. Platero-Prats, M. Rev�s, J.

Echeverr�a, E. Cremandes, F. Barrig	n, S. Alvarez, Dalton
Trans. 2008, 2832 – 2838.

[20] S. P. Green, C. Jones, K.-A. Lippert, D. P. Mills, A. Stasch, Inorg.
Chem. 2006, 45, 7242 – 7251.

[21] S. P. Green, C. Jones, D. P. Mills, A. Stasch, Organometallics
2007, 26, 3424 – 3430.

[22] M. Ichinohe, R. Kinjo, A. Sekiguchi, Organometallics 2003, 22,
4621 – 4623.

[23] For an example of a recent quantum chemical study, see: G.
Dolgonos, Chem. Phys. Lett. 2008, 466, 11 – 15.

[24] For related examples of postulated silylsilylene intermediates
undergoing intramolecular C�H activation, see: a) K. Abers-
felder, D. Scheschkewitz, J. Am. Chem. Soc. 2008, 130, 4114 –
4121; b) T. Sasamori, K. Hironaka, Y. Sugiyama, N. Takagi, S.
Nagase, Y. Hosoi, Y. Furukawa, N. Tokitoh, J. Am. Chem. Soc.
2008, 130, 13856 – 13857.

[25] C. Mechtler, M. Zirngast, J. Baumgartner, C. Marschner, Eur. J.
Inorg. Chem. 2004, 3254 – 3261.

599Angew. Chem. 2013, 125, 596 –599 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1126/science.214.4527.1343
http://dx.doi.org/10.1021/ja00085a088
http://dx.doi.org/10.1021/ja00085a088
http://dx.doi.org/10.1039/c39950001931
http://dx.doi.org/10.1039/c39950001931
http://dx.doi.org/10.1021/ja9925305
http://dx.doi.org/10.1021/ja9925305
http://dx.doi.org/10.1021/ja062928i
http://dx.doi.org/10.1021/ja062928i
http://dx.doi.org/10.1002/ange.201101320
http://dx.doi.org/10.1002/anie.201101320
http://dx.doi.org/10.1002/anie.201101320
http://dx.doi.org/10.1002/ange.201104805
http://dx.doi.org/10.1002/anie.201104805
http://dx.doi.org/10.1002/anie.201104805
http://dx.doi.org/10.1002/ange.19860980206
http://dx.doi.org/10.1002/ange.19860980206
http://dx.doi.org/10.1002/anie.198601641
http://dx.doi.org/10.1002/ange.19901020311
http://dx.doi.org/10.1002/ange.19901020311
http://dx.doi.org/10.1002/anie.199002951
http://dx.doi.org/10.1021/ja963092u
http://dx.doi.org/10.1021/ja963092u
http://dx.doi.org/10.1002/ange.200600647
http://dx.doi.org/10.1002/anie.200600647
http://dx.doi.org/10.1002/ange.200700398
http://dx.doi.org/10.1002/anie.200700398
http://dx.doi.org/10.1021/ja074019e
http://dx.doi.org/10.1002/ange.200805749
http://dx.doi.org/10.1002/anie.200805749
http://dx.doi.org/10.1002/anie.200805749
http://dx.doi.org/10.1002/ange.200901766
http://dx.doi.org/10.1002/anie.200901766
http://dx.doi.org/10.1002/ange.200902431
http://dx.doi.org/10.1002/ange.200902431
http://dx.doi.org/10.1002/anie.200902431
http://dx.doi.org/10.1002/ange.201006265
http://dx.doi.org/10.1002/anie.201006265
http://dx.doi.org/10.1021/ja205369h
http://dx.doi.org/10.1021/ja205369h
http://dx.doi.org/10.1039/c2cc31041d
http://dx.doi.org/10.1039/c2cc31041d
http://dx.doi.org/10.1016/0022-328X(92)83350-Q
http://dx.doi.org/10.1016/0022-328X(94)87167-1
http://dx.doi.org/10.1016/0022-328X(94)87167-1
http://dx.doi.org/10.1021/ja035374h
http://dx.doi.org/10.1021/ja035374h
http://dx.doi.org/10.1021/ja980008x
http://dx.doi.org/10.1021/ja980008x
http://dx.doi.org/10.1021/ar950192g
http://dx.doi.org/10.1021/ar950192g
http://dx.doi.org/10.1016/S0022-328X(00)00729-4
http://dx.doi.org/10.1016/S0022-328X(00)00729-4
http://dx.doi.org/10.1021/om7007869
http://dx.doi.org/10.1021/om7007869
http://dx.doi.org/10.1039/c002806a
http://dx.doi.org/10.1039/c002806a
http://dx.doi.org/10.1021/om200017h
http://dx.doi.org/10.1021/om200017h
http://dx.doi.org/10.1021/cr100216y
http://dx.doi.org/10.1021/cr100216y
http://dx.doi.org/10.1039/c1sc00757b
http://dx.doi.org/10.1021/ar2002073
http://dx.doi.org/10.1021/ja301042u
http://dx.doi.org/10.1021/ja301042u
http://dx.doi.org/10.1021/ja301091v
http://dx.doi.org/10.1038/485049a
http://dx.doi.org/10.1038/nchem.1387
http://dx.doi.org/10.1038/nchem.1387
http://dx.doi.org/10.1126/science.1131914
http://dx.doi.org/10.1126/science.1131914
http://dx.doi.org/10.1021/ja8057919
http://dx.doi.org/10.1021/ja8057919
http://dx.doi.org/10.1021/ja020929e
http://dx.doi.org/10.1002/chem.201000089
http://dx.doi.org/10.1002/chem.201002611
http://dx.doi.org/10.1002/chem.201002611
http://dx.doi.org/10.1021/om070185j
http://dx.doi.org/10.1021/om070185j
http://dx.doi.org/10.1021/om000703p
http://dx.doi.org/10.1021/om000703p
http://dx.doi.org/10.1016/j.jorganchem.2011.03.032
http://dx.doi.org/10.1016/j.jorganchem.2011.03.032
http://dx.doi.org/10.1016/j.ccr.2004.12.016
http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1039/b801115j
http://dx.doi.org/10.1021/ic060851t
http://dx.doi.org/10.1021/ic060851t
http://dx.doi.org/10.1021/om700345m
http://dx.doi.org/10.1021/om700345m
http://dx.doi.org/10.1021/om030571a
http://dx.doi.org/10.1021/om030571a
http://dx.doi.org/10.1016/j.cplett.2008.10.017
http://dx.doi.org/10.1021/ja711169w
http://dx.doi.org/10.1021/ja711169w
http://dx.doi.org/10.1021/ja8061002
http://dx.doi.org/10.1021/ja8061002
http://dx.doi.org/10.1002/ejic.200400107
http://dx.doi.org/10.1002/ejic.200400107
http://www.angewandte.de

