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Synthesis of Anionic Iron Polyphosphides by Reaction of White

Phosphorus with “Cp*Fe >**

Eva-Maria Schnockelborg, Jan J. Weigand, and Robert Wolf*

The development of new methods for the activation and
functionalization of white phosphorus is an important and
topical challenge in transition-metal chemistry. The potential
of cationic and neutral complexes for P, activation has been
extensively explored.!!! However, anionic compounds have
hardly been considered although the resulting anionic phos-
phides should offer an attractive reaction chemistry.”! To our
knowledge, the decaphosphatitanocene sandwich [Ti(Ps),]*~
remains the sole example of an anionic transition-metal
polyphosphide that was prepared by the direct reaction of a
low-valent transition metalate with P,

Neutral iron polyphosphides are accessible by reacting P,
with iron carbonyls."*4 However, these reactions require
thermal or photolytic activation and are not very selective.
Anionic iron polyphosphides have not been described until
very recently.”! Previously, we synthesized the anionic naph-
thalene complex [K([18]crown-6){Cp*Fe(n'-C,;H)}] (1,
Cp* = CsMes), and we showed that compound 1 behaves as
an efficient Cp*Fe~ source in reactions with alkynes.”! We
now show that anionic iron polyphosphides are accessible by
reacting 1 with white phosphorus.

The reaction of 1 with P, (1:1 ratio in THF; Scheme 1)
yielded a dark brown suspension that contained several
distinct species featuring different polyphosphorus units
according to *'P NMR spectroscopy (Supporting Information,
Figure S1)."! Similar mixtures were obtained when the ratio
of the reactants and the reaction conditions were varied. The
unambiguous identification of all components proved to be
nontrivial owing to their very similar solubilities. Nonetheless,
two major products [K{([18]crown-6)},(Cp*FeP;)] (2) and
[K([18]crown-6)(thf),][(Cp*Fe);(P3),] (K3) could be isolated
by fractional crystallization. Compounds 2 and K3 were
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P4, THF
[K([18]crown-6){Cp*Fe(n’-C1oHg ) ot
1
[{K([18]crown-6)}»(Cp*FePy)] + [K([18]crown-6)(thf)][(Cp*Fe)s(P3)s]
2 K3

Scheme 1. Synthesis of the new polyphosphides 2 and K3.

structurally characterized by X-ray -crystallography and
3P NMR spectroscopy.

The single-crystal X-ray structure of complex 2 (Figure 1)
shows a (Cp*FeP;)* dianion, which features a norborna-

Figure 1. Molecular structure of 2 in the solid state. Ellipsoids are set
at 50% probability; H atoms and a THF solvate molecule in the crystal
lattice are omitted for clarity.

diene-like P, framework.”* Four of the phosphorus atoms
are bound to iron (Fe—P4,P5P6,P7 2.314(1)-2.332(1) A).
These P atoms have comparatively short P—P bond lengths
(P4—P5 2.132(2), P6—P7 2.130(1) A), which indicate partial
double-bond character. Similarly short P—P bonds have been
observed in iron diphosphene complexes.'” The apical
phosphorus atom P1 also has relatively short P—P bond
lengths (P1—P2 2.138(2), P1-P3 2.131(2) A). This observation
may be explained by the delocalization of the negative charge
on P1, as previously discussed in other anionic polyphos-
phides."!! The remaining P—P distances (P2—P4, P2—P6, P3—
P5, P3—P7 2.233(2)-2.251(1) A) are in the typical range of
ordinary single bonds.!"”!

In agreement with the solid-state structure, the solution
*'P{'H} NMR spectrum of 2 features an AA’A”A”’MM'X spin
system (Figure 2). The phosphorus atoms P4, P5, P6, and P7,
which are coordinated to iron, give rise to the A part of the
spectrum at 6 =—100.7 ppm. The M part (6 =+ 6.3 ppm)
arises from the bridging atoms P2 and P3, while the X part at
0 = +151.2 ppm is due to the apical phosphorus atom P1.¥ A
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Figure 2. Experimental (upper) and simulated (lower) *'P{H} NMR spectrum of complex 2 ([Dg]THF/[D;]DMF 2:1).

remarkable feature of the *'P NMR spectrum is the 'Jp,p
coupling constant of —458.1 Hz for the pairs P4/P5 and P6/
P7. Such large couplings are usually observed for diphos-
phene complexes.'"'l This result is consistent with the
proposed norbornadiene-like structure (Figure 2), in which
the P4—P5 and P6—P7 bonds should feature partial double-
bond character.

X-ray quality crystals of K3 and [K([18]crown-6)]-
[(Cp*Fe);(Ps),] (K3—2THF), which is devoid of THF mole-
cules, were isolated from THF/n-hexane (K3) and THF/
toluene (K3—2THF), respectively. The single-crystal X-ray
structure of K3 shows that the [(Cp*Fe);(Ps),]” anion (37,
Figure 3) is well-separated from the two crystallographically
independent [K([18]crown-6)(thf),]* cations, which each
reside on a crystallographic inversion center.”] The same
anion coordinates to the [K([18]crown-6)]" cation by a cyclo-
P, ligand (K1-P1 3.929(2) A, K1-P2 3.615(2) A, K1-P3
3.777(2) A) in the structure of K3—2THF (Supporting
Information, Figure S2). The structural parameters of the
[(Cp*Fe);(Ps),]~ anion 3~ are nearly identical in both
structures, and only those of K3 will subsequently be
discussed.

In the anion, two planar P; rings form a trigonal prism
(P1-P4, P2—P5, P3-P6 2.578(3)-2.693(3) A) that is capped by

Figure 3. Molecular structure of the [(Cp*Fe);(P;),] -anion 3~ in the
solid state. Ellipsoids are set at 50% probability; H atoms and the
[K([18]crown-6) (THF),]* cation are omitted for clarity.
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three Cp*Fe moieties on the rectangular faces. The regular
structure of the Fe;Py core is reminiscent of Ds,-symmetric
Zintl ions, such as Gey’", Sny’~, and Biy’*."") The P—P bonds
within the P; units (2.306(2)-2.364(3) A) are significantly
longer than the P—P distances in M(cyclo-P;) complexes,
which typically lie in the range 2.09-2.22 A" Iron-iron
separations of 3.599(2)-3.646(2) A indicate that there is no
metal-metal bonding. The *P NMR spectrum of compound 3
n [Dg]THF shows a singlet at 6 =+ 105.2 ppm. This unusual
low-field *'P NMR shift results from the special bonding
environment of the phosphorus atoms, whereas high-field
shifts (0 < —130 ppm) are typical for mononuclear M(cyclo-
P;) complexes.!1%

The bonding in the cluster anion 3~ was investigated by
quantum-chemical RI-DFT calculations using the program
system TURBOMOLE.'"l Geometry optimization of 3~
at the BP86/def2-TZVP level gave a good agreement with the
experimentally determined structure. A Roby-Davison-Ahl-
richs—Heinzmann population analysis provides insight into
the bonding situation of 37.°Y) From this analysis, shared
electron numbers (SENs) are obtained, which serve as a
measure for the degree of covalent bonding within the cluster.
SEN(P—P) values of 0.90-0.93 were calculated for the P—P
bonds within the P; rings. These values correlate with the
unusually long intra-ring P—P distances.”” Furthermore,
significant inter-ring SEN(P—P) values were calculated for
pairs of P atoms from different P; rings (SEN(P1-P4)=0.52,
SEN(P2—P5) =0.52, SEN(P3—P6)=0.54). These calculated
values seem to indicate a weak, covalent bonding interaction
between the two P; rings despite their relatively large
separation.

It is interesting to note that the two cyclo-P; ligands show
substantial three-center SEN(P—P—P) values (SEN(P1-P2—
P3)=0.29, SEN(P4-P5-P6)=0.29). P—P—P three-center
bonding thus appears to make an important contribution to
the bonding in the cluster. These three-center bonds are also
apparent in the localized molecular orbitals (LMOs;
Figure 4), which are the only P—P bonding LMOs. In contrast,
three-center P—Fe—P bonding seems to be less significant
(SEN(P—Fe—P) 0.10-0.16).
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Figure 4. P—P bonding LMOs of the [(Cp*Fe);(P3),]” anion (37).

Using a completely different route, Fenske and co-work-
ers prepared the [(Cp*Fe);(P;),]* cation (3*).”*! The molec-
ular structure of 3%, which was determined in the salt
[(Cp*Fe);(P5),][FeCls(thf)], shows the same connectivity as
the anion 3~. However, a closer comparison of both structures
reveals significant structural differences (Figure 5). While the

[Fe] = Cp*Fe [Fe]

Figure 5. Representations of the structures of [(Cp*Fe);(Ps),]”™ (37, left)
and [(Cp*Fe);(Ps),]* (3, right).

Fe—Fe and P—P distances of anion 3~ are quite regular, the
Fe;P; core of cation 3" is highly distorted. Thus, the structure
of 3" shows one drastically reduced Fe—Fe contact (2.77 A)
and two substantially longer Fe—Fe distances (3.67 A and
3.68 A). Furthermore, the inter-ring P—P distances between
the two P, rings are markedly different (P1—P4 2.48 A, P2—P5
411 A, P3-P6 2.49 A). The ring P—P bond lengths within the
cyclo-P; units (P1-P2 2268 A, P1-P3 2393 A, P2-P3
2272 A) also diverge more strongly than in the anion 3".

The population analysis of cation 3", optimized at BP86/
def2-TZVP level, confirms the presence of an Fe—Fe bond in
the cluster (SEN(Fe—Fe)=0.25). Similar to the anion 37, the
cation shows significant SEN(P—P—P) values (SEN(P1-P2—
P3)=0.27, SEN(P4—P5—P6)=0.27), which indicate three-
center bonds. The two-center SEN(P—P) values within the P
rings are in the range 0.82-0.99. Moreover, the population
analysis gave SEN(P—P) values of SEN(P1—P4) =0.68, SEN-
(P3—P6) =0.67, and SEN(P2—P5) =0.06 between the two P,
rings. These values show that compared to the anion 3, the
inter-ring bonding in the cation is more strongly localized in
the P1-P4 and P3—P6 bonds.

In conclusion, the reaction of the Cp*Fe™ source 1 with
white phosphorus led to remarkable anionic polyphosphido
iron complexes under mild conditions. Both P, aggregation to
a P, cage in compound 2 and P, degradation to cyclo-P; units
in compound K3 were observed. Our study demonstrates that
the significant yet scarcely utilized synthetic potential of low-
valent polyarene metalate anions may open new, promising
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perspectives for white phosphorus activation and functional-
ization. Ongoing research in our group aims at an enhanced
selectivity of the reaction and reactivity studies of further
anionic metalates.

Experimental Section

Synthesis of 2 and K3: A solution of 1 (2.983 g, 4.0 mmol) in THF
(80 mL) was added to a suspension of P, (0.494 g, 4.0 mmol) in THF
(40 mL) at —78°C. The reaction mixture was allowed to warm up to
room temperature slowly and was stirred for 12 h. After filtration, the
dark brown solution was reduced in volume to 30 mL. Dark brown
crystals of 2 (0.187 g, 0.172 mmol, 8 % relative to P,), which contained
one THF solvate molecule per formula unit in the crystal lattice,
formed after several days at room temperature. 'H NMR
(200.13 MHz, [D;]THF/[D;]DMF 2:1, 300K): 6=1.6 (br, 15H,
Cp*), 3.7 ppm (br s, 24H, [18]crown-6). *'P{'"H} NMR (81.01 MHz,
[Dg]THF/[D,]DMF 2:1, 300 K): AA’A”A”"MM'X spin system; see
Figure 2.

The mother liquor that gave the crystals of 2 was further
concentrated to 15 mL and layered with n-hexane (15 mL). Dark
brown crystals of K3 (1.093 g, 0.906 mmol, 34 % relative to P,) formed
after several days at room temperature. 'H NMR (400.03 MHz,
[Dg]THEF, 300 K): 0 =1.7 (br, 45H, Cp* of 3); 3.7 ppm (br s, 24H,
[18]crown-6). *'P{'H} NMR (161.94 MHz, [Ds]THF, 300K): 6=
1052 ppm (s, 6P). The '"HNMR spectrum of the crystals of K3
showed minor impurities, which could not be removed by further
fractional crystallization. Recrystallization of K3 from THF and
toluene (1:1) yielded a few crystals of the THF-free compound
K3—-2THEF, which consisted of the same [(Cp*Fe);(P;),]” anion 3~ as
in K3 and the [K([18]crown-6)]" cation (Supporting Information,
Figure S2). Further details of the synthesis and characterization of 2
and K3, and additional structural data of K3—2 THF, can be found in
the Supporting Information.

Received: February 10, 2011
Published online: June 6, 2011

Keywords: anions - iron - P, activation - phosphorus -
polyphosphides

[1] Reviews: a) B. M. Cossairt, N. A. Piro, C. C. Cummins, Chem.
Rev. 2010, 110, 4164-4177; b) M. Caporali, L. Gonsalvi, A.
Rossin, M. Peruzzini, Chem. Rev. 2010, 110, 4178-4235;¢) J. S.
Figueroa, C. C. Cummins, Dalton Trans. 2006,2161-2168; d) M.
Peruzzini, L. Gonsalvi, A. Romerosa, Chem. Soc. Rev. 2005, 34,
1038 -1047; e) M. Peruzzini, R. Abdreimova, Y. Budnikova, A.
Romerosa, O.J. Scherer, H. Sitzmann, J. Organomet. Chem.
2004, 689, 4319-4331; f) M. Ehses, A. Romerosa, M. Peruzzini,
Top. Curr. Chem. 2002, 220, 107-140; g) O.J. Scherer, Acc.
Chem. Res. 1999, 32, 751-762.

Anionic polyphosphido complexes that were synthesized using
P, as a starting material: a) E. Urnézius, W. W. Brennessel, C. J.
Cramer, J. E. Ellis, P. von R. Schleyer, Science 2002, 295, 832—
834; b) J. S. Figueroa, C. C. Cummins, J. Am. Chem. Soc. 2004,
126, 13916-13917; ¢) W. W. Seidel, O. T. Summerscales, B. O.
Patrick, M. D. Fryzuk, Angew. Chem. 2009, 121, 121-123;
Angew. Chem. Int. Ed. 2009, 48,115-117; d) B. M. Cossairt, M.-
C. Diawara, C. C. Cummins, Science 2009, 323, 602.

a) O. J. Scherer, T. Briick, Angew. Chem. 1987, 99, 59; Angew.
Chem. Int. Ed. Engl. 1987, 26, 59; b) O. J. Scherer, T. Briick, G.
Wolmershéuser, Chem. Ber. 1988, 121, 935-938; c) M. E. Barr,
B. R. Adams, R. R. Weller, L. F. Dahl, J. Am. Chem. Soc. 1991,
113, 3052-3060; d) M. Scheer, M. Dargatz, K. Schenzel, P. G.
Jones, J. Organomet. Chem. 1992, 435,123 -132; ¢) M. Detzel, T.

[2

—

3

—_—

www.angewandte.org

wandte

Chemie

6659


http://dx.doi.org/10.1021/cr9003709
http://dx.doi.org/10.1021/cr9003709
http://dx.doi.org/10.1021/cr900349u
http://dx.doi.org/10.1039/b602530g
http://dx.doi.org/10.1039/b510917e
http://dx.doi.org/10.1039/b510917e
http://dx.doi.org/10.1016/j.jorganchem.2004.05.041
http://dx.doi.org/10.1016/j.jorganchem.2004.05.041
http://dx.doi.org/10.1007/3-540-45731-3_5
http://dx.doi.org/10.1021/ar970317c
http://dx.doi.org/10.1021/ar970317c
http://dx.doi.org/10.1021/ja0461522
http://dx.doi.org/10.1021/ja0461522
http://dx.doi.org/10.1126/science.1168260
http://dx.doi.org/10.1002/cber.19881210518
http://dx.doi.org/10.1021/ja00008a038
http://dx.doi.org/10.1021/ja00008a038
http://dx.doi.org/10.1016/0022-328X(92)83465-T
http://www.angewandte.org

6660 www.angewandte.org

Communications

Mohr, O.J. Scherer, G. Wolmershauser, Angew. Chem. 1994,
106, 1142-1144; Angew. Chem. Int. Ed. Engl. 1994, 33, 1110-
1112; £) O.J. Scherer, G. Kemény, G. Wolmershauser, Chem.
Ber. 1995, 128, 1145-1148; g) M. Detzel, G. Friedrich, O.J.
Scherer, G. Wolmershéuser, Angew. Chem. 1995, 107, 1454 -
1456; Angew. Chem. Int. Ed. Engl. 1995, 34, 1321-1323;
h) O.J. Scherer, G. Schwarz, G. Wolmershiuser, Z. Anorg.
Allg. Chem. 1996, 622, 951-957; i) G. Friedrich, O. J. Scherer, G.
Wolmershéuser, Z. Anorg. Allg. Chem. 1996, 622, 1478 -1486;
j) O.J. Scherer, T. Hilt, G. Wolmershauser, Organometallics
1998, 17, 4110-4112; k) M. Scheer, S. Ding, O.J. Scherer, M.
Sierka, Angew. Chem. 2008, 117, 3821 -3825; Angew. Chem. Int.
Ed. 2005, 44, 3755-3758.

[4] Complexes such as [Cp*Fe(Ps)] have found application in the
synthesis of supramolecular “nanoballs”: J. Bai, A. V. Virovets,
M. Scheer, Science 2003, 300, 781 —783.

[5] Synthesis of [Fe(HP;),]*" by reaction of KsP; with FeCl, and
NH,[BPh,]: C. M. Knapp, J. S. Large, N. H. Rees, J. M. Goicoe-
cha, Chem. Commun. 2011, 47, 4111-4113.

[6] R. Wolf, E.-M. Schnockelborg, Chem. Commun. 2010, 46, 2832 —
2834.

[7] See the Supporting Information.

[8] X-ray data of 2 and K3 were collected on a Bruker APEXII
diffractometer equipped with a rotating anode (graphite mono-
chromator, 2 =0.71073 A). The data collection for K3-2THF
was performed with a Bruker SMART6000 diffractometer with a
rotating anode (Goebel mirror, A =1.54178 A). The structures
were solved by direct methods (SHELXS-97) and refined with
SHELXL-97 against F? of all reflections.” Non-hydrogen
atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were introduced in calculated positions and
refined with a riding model. 2: [K([18]crown-6)],-
[(Cp*FeP,)|'THF  (CyH; FeK,0;3P;), M,=1086.79; dark
brown blocks, 0.09x0.05x0.02mm?; triclinic, PI; a=
13.1465(10), b=13.2719(10), c=16.4907(12) A; a=
97.9360(10),  f=104.6450(10), y=104.4960(10)°; V=
2632.2(3) A% Z=2; poyca=1.371 gem™>; 4 =0.711 mm . 11603
unique reflections (R;, =0.0364). 555 parameters were refined
with zero restraints. R1/wR2 [I>20(I)]: 0.0526/0.1245, R1/wR2
(all reflections): 0.0821/0.1388. Residual electron density
between 0.983 and —0.723 e A%, K3: [K([18]crown-6)(thf),]-
[(Cp*Fe)s(P3),] (CsoHgsFesKOgPy), M, =1206.65; dark brown
needles, 0.11 x 0.05 x 0.03 mm®; monoclinic, C2/c; a =43.217(3),
b=17.4310(12), c¢=15.7036(10) A; B=90.5870(10)°; V=
11829.1(13) A% Z=8; peuea=1.355gem™>; u=1.006 mm™".
13043 unique reflections (R, =0.0663). 605 parameters were
refined using 164 restraints. R1/wR2 [I>20(I)]: 0.1023/0.2466,
R1/wR2 (all reflections): 0.1117, 0.2509. Residual electron
density was found between 1.103 and —1.227 e A~*. The crown
ether and THF molecules of the both crystallographically
independent [K([18]crown-6)(thf),]" cations were heavily dis-
ordered. The atoms affected by the disorder were refined over
split positions with isotropic temperature factors. Despite the
successful refinement, modest final R factors resulted from this
disorder. K3—2THF: C,HgFe;KO4P40.5CHg, M,=1108.51;
dark brown plates, 0.07 x 0.06 x 0.01 mm?>; monoclinic, P2,/n; a=
12.1372(2), b=21.1348(5), ¢=20.9586(4) A; B=102.540(2)°;
V=5247.99(18) A%, Z=4; pouea=1.403 gem™>; 4 =9.348 mm ",
5680 crystallographically independent data (R;,,=0.0683). 529

parameters were refined with 38 restraints. R1/wR2 [I>20(1)]:

0.0516/0.1418, R1/wR2 (all reflections): 0.0834, 0.1655. Residual

electron density was found between 0.808 and —0.585 ¢ A= The

[18]crown-6 molecules showed four disordered carbon atoms

and two disordered oxygen atoms that were refined over split

positions with isotropic temperature factors. Furthermore, the
structure contained a toluene solvate molecule that was severely
disordered over a crystallographic inversion center. No satisfac-
tory model for this disorder could be found, and the electron
density associated with this solvate molecule was removed from
the refinement using the program SQUEEZE (111 electrons/cell

in a solvent accessible void of 374.8 A%).”) CCDC 811597 (2),

CCDC 811598 (K3), and CCDC 812447 (K3—2THF) contain

the supplementary crystallographic 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.

Complexes [P,M(CO);]*" (M =Cr, Mo, W) and [P,Ni(CO)J*~

with heptaphosphanorbornadiene units have been prepared by

reactions of K;P; with metal carbonyls: a) S. Charles, B. W.

Eichhorn, A. L. Rheingold, S. G. Bott, J. Am. Chem. Soc. 1994,

116, 8077-8086; b) S. Charles, J. C. Fettinger, S. G. Bott, B. W.

Eichhorn, J. Am. Chem. Soc. 1996, 118, 4713 -4714.

[10] R. Mathieu, A.-M. Caminade, J.-P. Majoral, S. Attall, M.
Sanchez, Organometallics 1986, 5, 1914—1916.

[11] H.-G. von Schnering, W. Honle, Chem. Rev. 1988, 88, 243 -273.

[12] R. Blom, A. Haaland, J. Mol. Struct. 1985, 128, 21.

[13] 'P NMR chemical shifts and Jpp coupling constants were
extracted by simulation. P. H. M. Budzelaar, gNMR for Win-
dows, version 5.0.6.0; IvorySoft: Budzelaar, 2006.

[14] A. Schisler, U . Huniar, P. Lonnecke, R. Ahlrichs, E. Hey-
Hawkins, Angew. Chem. 2001, 113, 4345-4348; Angew. Chem.
Int. Ed. 2001, 40, 4217 -4219.

[15] J. D. Corbett, Chem. Rev. 1985, 85, 383 -397.

[16] N. A. Piro, C. C. Cummins, J. Am. Chem. Soc. 2008, 130, 9524 —
9535.

[17] a) F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7,
3297-3305; b) D. Andrae, U. Hdussermann, M. Dolg, H. Stoll,
H. Preuss, Theor. Chim. Acta 1990, 77, 123 -141.

[18] a) A.D. Becke, Phys. Rev. A 1988, 38, 3098-3100; b)J. P.
Perdew, Phys. Rev. B 1986, 34, 7406; c) J. P. Perdew, Phys. Rev. B
1986, 33, 8822-8824.

[19] M. Sierka, A. Hogekamp, R. Ahlrichs, J. Chem. Phys. 2003, 118,
9136-9148.

[20] a) R. Ahlrichs, M. Bir, M. Hiser, H. Horn, C. Kélmel, Chem.
Phys. Lett. 1989, 162, 165-169; b) O. Treutler, R. Ahlrichs,
J. Chem. Phys. 1995, 102, 346 -354.

[21] R. Heinzmann, R. Ahlrichs, Theor. Chim. Acta 1976, 42, 33 -45.

[22] The P, molecule optimized at the BP86/def2-TZVP level shows
SEN(P-P)=1.14.

[23] R. Ahlrichs, D. Fenske, K. Fromm, H. Krautscheid, U. Krautsc-
heid, O. Treutler, Chem. Eur. J. 1996, 2, 238 —244.

[24] a) SHELXTL-Plus, REL. 4.1; Siemens Analytical X-RAY
Instruments Inc.: Madison, WI, 1990; b) G. M. Sheldrick,
SHELXL 97, Program for the Refinement of Structures,
University of Gottingen, 1997; ¢) G. M. Sheldrick, Acta Crystal-
logr. Sect. A 2008, 64, 112-122.

[25] A.L. Spek, J. Appl. Crystallogr. 2003, 36, 7—13.

[9

—

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2011, 50, 6657 -6660


http://dx.doi.org/10.1002/ange.19941061011
http://dx.doi.org/10.1002/ange.19941061011
http://dx.doi.org/10.1002/anie.199411101
http://dx.doi.org/10.1002/anie.199411101
http://dx.doi.org/10.1002/cber.19951281202
http://dx.doi.org/10.1002/cber.19951281202
http://dx.doi.org/10.1002/ange.19951071215
http://dx.doi.org/10.1002/ange.19951071215
http://dx.doi.org/10.1002/anie.199513211
http://dx.doi.org/10.1002/zaac.19966220606
http://dx.doi.org/10.1002/zaac.19966220606
http://dx.doi.org/10.1002/zaac.19966220908
http://dx.doi.org/10.1021/om9801148
http://dx.doi.org/10.1021/om9801148
http://dx.doi.org/10.1002/ange.200500194
http://dx.doi.org/10.1002/anie.200500194
http://dx.doi.org/10.1002/anie.200500194
http://dx.doi.org/10.1126/science.1081119
http://dx.doi.org/10.1039/c1cc10236b
http://dx.doi.org/10.1039/b926986j
http://dx.doi.org/10.1039/b926986j
http://dx.doi.org/10.1021/ja00097a014
http://dx.doi.org/10.1021/ja00097a014
http://dx.doi.org/10.1021/ja00097a014
http://dx.doi.org/10.1021/ja00097a014
http://dx.doi.org/10.1021/ja953963k
http://dx.doi.org/10.1021/om00140a031
http://dx.doi.org/10.1021/cr00083a012
http://dx.doi.org/10.1016/0022-2860(85)85036-5
http://dx.doi.org/10.1002/1521-3757(20011119)113:22%3C4345::AID-ANGE4345%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20011119)40:22%3C4217::AID-ANIE4217%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20011119)40:22%3C4217::AID-ANIE4217%3E3.0.CO;2-U
http://dx.doi.org/10.1021/cr00069a003
http://dx.doi.org/10.1021/ja802080m
http://dx.doi.org/10.1021/ja802080m
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1039/b508541a
http://dx.doi.org/10.1007/BF01114537
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevB.34.7406
http://dx.doi.org/10.1103/PhysRevB.33.8822
http://dx.doi.org/10.1103/PhysRevB.33.8822
http://dx.doi.org/10.1063/1.1567253
http://dx.doi.org/10.1063/1.1567253
http://dx.doi.org/10.1016/0009-2614(89)85118-8
http://dx.doi.org/10.1016/0009-2614(89)85118-8
http://dx.doi.org/10.1007/BF00548289
http://dx.doi.org/10.1002/chem.19960020217
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0021889802022112
http://www.angewandte.org

