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The 2-phosphaethynolate anion (P�C�O� ; 1), the phospho-
rus-containing analogue of cyanate (N�C�O�), was first
isolated by Becker and co-workers in the early 1990s by
reaction of lithium bis(trimethylsilyl)phosphide and dime-
thylcarbonate.[1] This procedure was extended to yield other
alkali earth metal salts of the anion several years later.[2] The
nature of the metal countercation and solvent has been found
to have a profound effect on the relative stability of 1. Very
recently, Gr�tzmacher and co-workers described the synthesis
of two new salts of this anion, [Na(dme)2(1)]2 (dme = dime-
thoxyethane) and [Na(dioxane)2.5(1)]1, from sodium phos-
phide (NaPH2) and carbon monoxide under high-pressure
conditions (110 bar).[3] The authors report that the salts are
soluble in water and stable to hydrolysis, albeit for short
periods of time (several days). An alternative synthesis of
[Na(dme)2(1)]2 was also reported soon after, by a remarkable
bond metathesis reaction of a terminal niobium phosphide
with carbon dioxide.[4]

Common to all of these reports is the hypothesis that the
phosphaethynolate anion is accessed by initial nucleophilic
attack of a phosphide vertex at the carbon atom of the CO
source. These findings prompted our research group to
explore the reactivity of bare (substituent-free) polyphos-
phides toward carbon monoxide, building on previous studies
on the reactivity of P7

3� toward unsaturated substrates.[5]

Direct combination of CO with a K3P7 solution provides
a straightforward route to the 2-phosphaethynolate anion,
which can be isolated in moderate yields. Subsequent
reactivity studies show that the anion undergoes [2+2]
cycloaddition with diphenylketene or bis(2,6-diisopropylphe-
nyl)carbodiimide to yield the unprecedented 4-phospha-[2,2-
diphenylcyclobuta-1,3-dione]-yl (2 ; P[C(O)]2C(C6H5)2

�) and
3-phospha-[[4-N’-(2,6-diisopropylphenylimino)]-1-N-(2,6-dii-

sopropylphenyl)-azetidin-2-one]-yl (3 ; PC(O)(CNDipp)-
NDipp�) anions, respectively.

Heating a DMF solution of K3P7 and [18]crown-6 to
150 8C under one atmosphere of carbon monoxide for 24 h
yielded [K([18]crown-6)]-1.[6] The formal transfer of a P�

anion to carbon monoxide results in the formation of oxidized
polyphosphide species (P16

2� and P21
3�, predominantly), which

have characteristic 31P NMR spectroscopic signatures.[7] The
PCO� anion can be extracted from these reaction mixtures
using degassed and deionized water (which hydrolyses the
other reaction side-products). Filtration, followed by removal
of water under a dynamic vacuum, affords [K([18]crown-6)]-
1 in moderate yields (38%). Treating P� as the stoichiometri-
cally limiting reagent, the maximum yield of PCO� available
from such a transformation is 43 %. The 31P and 13C NMR
spectra of 1 exhibit singlet and doublet resonances at d =

�396.8 ppm and d = 170.3 ppm, respectively (1J(PC) =

62 Hz). These are consistent with other literature reported
values. An IR spectrum of the solid in a Nujol mull reveals
a band at 1730 cm�1 arising from the P�C stretching mode
(the C�O band was obscured by the broad vibrational bands
of arising from the [K([18]crown-6)]+).

[K([18]crown-6)]-1 was crystallized from a THF/hexane
solvent mixture, affording X-ray diffraction quality single
crystals (Figure 1).[8] The structure of [K([18]crown-6)]-1 has
a single triatomic linear anion in the asymmetric unit along-
side a [K([18]crown-6)]+ cation. There is a close electrostatic
contact between the K+ cation and the phosphorus atom
(3.383(1) �), while the C�O moiety interacts with an adjacent
[K([18]crown-6)]+ moiety with K�C and K�O distances of

Figure 1. Thermal ellipsoid plot of the atoms in the asymmetric unit of
[K([18]crown-6)]-1.[8] Ellipsoids are set at 50% probability. Hydrogen
positions were assigned idealized coordinates and are pictured as
spheres of arbitrary radii. Selected distances [�] and angles [8]: P1–C1
1.579(3), C1–O1 1.212(4), P1–K101 3.383(1), C1–K101’ 3.508(3), O1–
K101’ 2.901(2); P1-C1-O1 178.9(3). Atoms labeled with a’ are gener-
ated by the symmetry operation: x-1, y, z.
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3.508(3) and 2.901(2) �, respectively. Bond metric data within
the anion are comparable with other reported crystal
structures and consistent with a resonance structure exhibit-
ing a formal triple bond between the phosphorus and carbon
atom and a negative charge on the oxygen: the P1�C1 and
C1�O1 distances are 1.579(3) � and 1.212(4) �, respectively
(resonance form 1(i) in Scheme 1).[9] The Supporting Infor-
mation contains a comparison of bond metric and spectro-
scopic data for all of the known salts of the phosphaethyno-
late anion.

To date only a handful of reactions of the 2-phospha-
ethynolate anion have been reported. These include metal-
mediated dimerizations and oxidative tetramerizations to
yield P2C2O2

2� and P4C4O4
2�, respectively.[10] The latter report

also details the reaction of the lithium salt of 1 with carbon
disulfide to yield the heavier isoelectronic analogue P�C�
S� .[10b] Recently Gr�tzmacher, Peruzzini, and co-workers
described the first instance of the PCO� anion acting as
a ligand in a transition-metal complex.[11] Interestingly how-
ever, despite the close relationship of the 2-phosphaethyno-
late anion with phosphaalkynes (the chemistry of which has
been extensively studied),[12] the cyclization chemistry of the
former remains largely unexplored. To our knowledge there
are no reports of the reactivity of this anion towards common
unsaturated substrates.

Reaction of [K([18]crown-6)]-1 with one equivalent of
diphenylketene was found to yield the [2+2] cycloaddition
product P[C(O)]2C(C6H5)2

� (2), which results from a formal
addition of the P�C bond in 1 across the C=C double bond of
the ketene (Scheme 1). This reactivity is consistent with that
of other multiply bonded phosphorus systems towards
heterocumulenes.[12] The reaction affords 2 in good to high
yields, although it involves the formation of other, as of yet
identified, phosphorus-containing intermediates (observed as
two singlets at d = 21.6 and 31.4 ppm in the 31P NMR
spectrum), which can be readily separated from the final
product. The 31P NMR spectrum of 2 reveals a singlet
resonance at d =�165.7 ppm and six resonances in the
13C NMR spectrum (two of which are observed as doublets).
The IR spectrum of [K([18]crown-6)]-1 reveals two strong

bands in the carbonyl stretching region at 1598 and 1557 cm�1,
which is consistent with the symmetric (A1) and asymmetric
(B1) bond stretching modes, respectively.[10a, 13]

Crystals of [K([18]crown-6)]-2 could be grown by slow
diffusion of hexane into a THF solution of the product
(Figure 2).[8] The crystal structure reveals a single crystallo-

graphically unique anion with C2v symmetry and a planar PC3

central ring (maximum deviation from plane: 0.012 �). This is
consistent with formal sp2 hybridization at the P1, C1, C2, O1,
and O2 positions, as would be anticipated based on the
resonance structures depicted in Scheme 1. Bond metric data
are in line with a functionalized phospha-[cyclobuta-2,4-
dione]-yl anion (2(ii) in Scheme 1). P1�C1 and P1�C2
distances are comparable (1.784(2) and 1.799(3) �, respec-
tively). These distances are in between the sum of single- and
double-bond covalent radii for P and C (1.86 and 1.69 �,
respectively).[14] The C�O bond distances (1.237(3) � and
1.228(3)) are comparable to those of other structurally
authenticated ketones.

To our knowledge, 2 is the first example of an isolated
monoanionic four-membered phosphorus-containing hetero-
cycle. This species is closely related to the 2-H-isophosphindo-
line-1,3-dione ion reported in 1984 by Liotta and co-workers
(a related species with a central five-membered PC4 ring that
displays similar bond metrics).[15] Monoanionic phosphido
ligands in which the phosphorus atom forms part of a four-
membered ring are extremely rare, and until now they have
exclusively been isolated in the immediate coordination
sphere of a metal.[16] Similarly there is only one example of
a dianionic four-membered ring.[17] By contrast, phospha- and
diphospha-cyclobutadiene species are more common.[18, 19]

Neutral phosphines in which the phosphorus atom forms
part of a four-membered ring, such as phosphetanes, have also
been studied extensively owing to their ability to act as
supporting ligands in metal-meditated transformations.[20]

Scheme 1. Synthesis of 2 and 3 from 1 and diphenylketene and
bis(2,6-diisopropylphenyl)carbodiimide, respectively.

Figure 2. Thermal ellipsoid plot of the anionic moiety present in
[K([18]crown-6)]-2.[8] Ellipsoids are set at 50% probability. Hydrogen
positions were assigned idealized coordinates and are pictured as
spheres of arbitrary radii. Selected distances [�] and angles [8]: P1–C1
1.784(2), P1–C2 1.799(3), C1–C3 1.562(3), C2–C3 1.564(3), C1–O1
1.237(3), C2–O2 1.228(3); C1-P1-C2 75.08(11), P1-C1-C3 98.48(15),
C1-C3-C2 88.61(17), P1-C2-C3 97.78(15). O1 displays a short intera-
tomic contact to the potassium cation of 2.667(2) �.
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An analogous reaction between 1 and bis(2,6-diisopro-
pylphenyl)carbodiimide also gave rise to an anionic four-
membered ring, PC(O)(CNDipp)NDipp� (3). Full conversion
of the PCO� starting material to a new product with a singlet
resonance in the 31P NMR spectrum was observed after
approximately 3 h at room temperature. Unlike the reaction
that yielded 2, the synthesis of 3 proceeded quantitatively
with no side-product formation. It is worth noting, however,
that this [2+2] cycloaddition strongly depends on the nature
of the substituents on the carbodiimide. Thus, reaction of
1 with bis(cyclohexyl)carbodiimide showed no evidence of
the cycloaddition product being formed even upon prolonged
heating. The 31P NMR spectrum of a [D8]THF solution of
[K([18]crown-6)]-3 shows a singlet resonance at d = 18.6 ppm.
Two magnetically inequivalent Dipp groups could be distin-
guished in the 1H and 13C NMR spectra. The 13C NMR
spectrum showed two doublet resonances at d = 196.6
(1J(PC) = 42 Hz) and 178.2 (1J(PC) = 48 Hz) ppm, corre-
sponding to the carbonyl and imine carbons, respectively.
An additional two doublets arising from the ipso-carbon
atoms of the two Dipp substituents were also observed at d =

149.0 and 133.2 ppm. An IR spectrum of the solid reveals two
bands at 1599 and 1579 cm�1 arising from C=O and C=N
stretching modes.

Crystals of [K([18]crown-6)]-3 suitable for X-ray diffrac-
tion could be grown by slow diffusion of hexane into a THF
solution of 3 (Figure 3). As with 2, the structure of 3 shows

a planar four-membered heterocyclic core (the maximum
deviation from planarity for P1, C1, N1, and C2 is 0.015 �).
The P1�C1 and P1�C2 distances (1.837(2) and 1.839(2) �)
are identical within experimental error despite the different
substituents on the two carbon atoms. They are, however,
approximately 0.04 � longer than those observed in 2
(1.784(2) and 1.799(3) �). This presumably arises because
of the increased electron density in the p-manifold of the four-

membered ring owing to the N1 lone pair. The C1�O1 bond
distance is 1.226(2) �, which is comparable to those observed
for 2 (1.237(3) and 1.228(3) �). The C2�N2 interaction
(1.269(2) �) is consistent with a carbon–nitrogen double
bond (1.27 �),[14] and notably shorter than the other C�N
distances (1.406(2)–1.429(2) �). These data indicate that
bonding in 3 can be best described by the resonance structure
3(ii) in Scheme 1.

Density functional theory (DFT) calculations on 2 and 3
yielded optimized computed geometries with bond metrics
that are in excellent agreement with the crystallographically
determined values (see the Supporting Information for full
details). As might be expected, the HOMO and HOMO�1 in
2 were found to be predominantly phosphorus based. In the
case of 3, the HOMO and HOMO�2 are orbitals of
analogous phosphorus parentage (other frontier orbitals are
composed of Dipp group p orbitals or the lone pair from the
nitrogen atom of the azetidin-2-one ring). The HOMO in both
species is largely of phosphorus py orbital character (55.5 and
73.7% in 2 and 3, respectively; the y axis being orthogonal to
the four-membered ring). In 2, this orbital is moderately
extended onto adjacent carbon atoms consistent with some
delocalization of the formal negative charge (4.2 and 4.5% py

orbital character for C1 and C2, respectively). The HOMO�1
and HOMO�2 orbitals in 2 and 3, respectively, have
significant lone-pair character on the phosphorus atom
(33.8 % pz in 2 and 18.23% pz in 3). These theoretical findings
along with bond metric data are consistent with a depiction of
2 and 3 as the 2/3(ii) isomer shown in Figure 1. The computed
HOMO–LUMO gaps are 4.73 and 4.08 eV for 2 and 3,
respectively.

In summary, we have developed a novel route to the 2-
phosphaethynyl anion by direct carbonylation of bare poly-
phosphides at atmospheric pressures. This method afforded
PCO� in moderate to good yields, allowing for subsequent
reactivity studies that have demonstrated that cyclizations
between the P�C bond in 1 and unsaturated substrates are
possible, yielding novel heterocyclic species such as 2. Studies
are currently underway exploring the reactivity of 1 towards
a library of unsaturated compounds. We are also exploring the
reactivity of species 2 and 3.

Received: June 18, 2013
Published online: August 1, 2013

.Keywords: cycloaddition · organophosphorus chemistry ·
phosphaethynolate anion · phosphorus · polyphosphides

[1] G. Becker, W. Schwarz, N. Seidler, M. Westerhausen, Z. Anorg.
Allg. Chem. 1992, 612, 72 – 82.

[2] M. Westerhausen, S. Schneiderbauer, H. Piotrowski, M. Suter,
H. Nçth, J. Organomet. Chem. 2002, 643 – 644, 189 – 193.

[3] F. F. Puschmann, D. Stein, D. Heift, C. Hendriksen, Z. A. Gal,
H.-F. Gr�tzmacher, H. Gr�tzmacher, Angew. Chem. 2011, 123,
8570 – 8574; Angew. Chem. Int. Ed. 2011, 50, 8420 – 8423.

[4] I. Krummenacher, C. C. Cummins, Polyhedron 2012, 32, 10 – 13.
[5] a) R. S. P. Turbervill, A. R. Jupp, P. S. B. McCullough, D. ErgçÅ-

men, J. M. Goicoechea, Organometallics 2013, 32, 2234 – 2244;
b) R. S. P. Turbervill, J. M. Goicoechea, Inorg. Chem. 2013, 52,

Figure 3. Thermal ellipsoid plot of the anionic moiety present in
[K([18]crown-6)]-3.[8] Ellipsoids are set at 50% probability. Hydrogen
atoms omitted for clarity. Selected distances [�] and angles [8]: P1–C1
1.837(2), P1–C2 1.839(2), C1–N1 1.406(2), N1–C2 1.417(2), C1–O1
1.226(2), N1–C3 1.429(2), C2–N2 1.269(2), N2–C15 1.415(2); C1-P1-
C2 71.02(7), P1-C1-N1 95.52(10), C1-N1-C2 98.33(12), P1-C2-N1
95.05(10). O1 displays a short interatomic contact to the potassium
cation of 2.655(1) �.

.Angewandte
Communications

10066 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 10064 –10067

http://dx.doi.org/10.1002/zaac.19926120113
http://dx.doi.org/10.1002/zaac.19926120113
http://dx.doi.org/10.1016/S0022-328X(01)01267-0
http://dx.doi.org/10.1002/ange.201102930
http://dx.doi.org/10.1002/ange.201102930
http://dx.doi.org/10.1002/anie.201102930
http://dx.doi.org/10.1016/j.poly.2011.07.016
http://dx.doi.org/10.1021/om4001296
http://dx.doi.org/10.1021/ic400448x
http://www.angewandte.org


5527 – 5534; c) R. S. P. Turbervill, J. M. Goicoechea, Organo-
metallics 2012, 31, 2452 – 2462; d) R. S. P. Turbervill, J. M.
Goicoechea, Chem. Commun. 2012, 48, 1470 – 1472; e) R. S. P.
Turbervill, J. M. Goicoechea, Chem. Commun. 2012, 48, 6100 –
6102.

[6] Full experimental details and characterization data for all of the
compounds reported herein are available in the Supporting
Information.

[7] a) M. Baudler, D. D�ster, K. Langerbeins, J. Germeshausen,
Angew. Chem. 1984, 96, 309 – 310; Angew. Chem. Int. Ed. Engl.
1984, 23, 317 – 318; b) M. Baudler, Angew. Chem. 1982, 94, 520 –
539; Angew. Chem. Int. Ed. Engl. 1982, 21, 492 – 512.

[8] CCDC 944181 ([K([18]crown-6)]-1), CCDC 944182
([K([18]crown-6)]-2), and CCDC 944183 ([K([18]crown-6)]-3)
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.

[9] a) C. Jones, M. Waugh, J. Organomet. Chem. 2007, 692, 5086 –
5090; b) J. G. Cordaro, D. Stein, H. Gr�tzmacher, J. Am. Chem.
Soc. 2006, 128, 14962 – 14971; c) K. Toyota, S. Kawasaki, M.
Yoshifuji, J. Org. Chem. 2004, 69, 5065 – 5070; d) M. Y. Antipin,
A. N. Chernega, K. A. Lysenko, Y. T. Struchkov, J. F. Nixon, J.
Chem. Soc. Chem. Commun. 1995, 505 – 506; e) A. N. Chernega,
M. Y. Antipin, Y. T. Struchkov, M. F. Meidine, J. F. Nixon,
Heteroat. Chem. 1991, 2, 665 – 667; f) A. M. Arif, A. R. Barron,
A. H. Cowley, S. W. Hall, J. Chem. Soc. Chem. Commun. 1988,
171 – 172.

[10] a) L. Weber, B. Torwiehe, G. Bassmann, H.-G. Stammler, B.
Neumann, Organometallics 1996, 15, 128 – 132; b) G. Becker, G.
Heckmann, K. Hubler, W. Schwarz, Z. Anorg. Allg. Chem. 1995,
621, 34 – 46.

[11] S. Alidori, D. Heift, G. Santiso-Quinones, Z. Benkç, H.
Gr�tzmacher, M. Caporali, L. Gonsalvi, A. Rossin, M. Peruzzini,
Chem. Eur. J. 2012, 18, 14805 – 14811.

[12] a) K. B. Dillon, F. Mathey, J. F. Nixon, Phosphorus : The Carbon
Copy : From Organophosphorus to Phospha-organic Chemistry,
1st ed. , Wiley, Chichester, 1998 ; b) J. F. Nixon, Chem. Rev. 1988,
88, 1327 – 1362; c) F. Mathey, Coord. Chem. Rev. 1994, 137, 1 –
52; d) J. F. Nixon, Chem. Soc. Rev. 1995, 24, 319 – 328; e) P.
Le Floch, F. Mathey, Coord. Chem. Rev. 1998, 178, 771 – 791; f) F.
Mathey, Angew. Chem. 2003, 115, 1616 – 1643; Angew. Chem.
Int. Ed. 2003, 42, 1578 – 1604.

[13] a) L. Weber, K. Relzig, R. Boese, Organometallics 1985, 4, 1890 –
1891.

[14] a) P. Pyykkç, M. Atsumi, Chem. Eur. J. 2009, 15, 186 – 197; b) P.
Pyykkç, M. Atsumi, Chem. Eur. J. 2009, 15, 12770 – 12779.

[15] C. L. Liotta, M. L. McLaughlin, D. G. V. Derveer, B. A. O�Brien,
Tetrahedron Lett. 1984, 25, 1665 – 1668.

[16] a) L. Weber, S. Kleinebekel, L. Pumpenmeier, H.-G. Stammler,
B. Neumann, Organometallics 2002, 21, 1998 – 2005; b) L.
Weber, B. Quasdorff, H.-G. Stammler, B. Neumann, Chem.
Eur. J. 1998, 4, 469 – 475; c) Y. W. Li, M. G. Newton, R. B. King,
Inorg. Chem. 1993, 32, 5720 – 5729; d) L. Weber, S. Buchwald, D.
Lentz, O. Stamm, D. Preugschat, R. Marschall, Organometallics
1994, 13, 4406 – 4412.

[17] M. Sebastian, M. Nieger, D. Szieberth, L. Nyul�szi, E. Niecke,
Angew. Chem. 2004, 116, 647 – 651; Angew. Chem. Int. Ed. 2004,
43, 637 – 641.

[18] V. Lyaskovskyy, N. Elders, A. W. Ehlers, M. Lutz, J. C. Slootweg,
K. Lammertsma, J. Am. Chem. Soc. 2011, 133, 9704 – 9707.

[19] For selected reports, see: a) P. B. Hitchcock, M. J. Maah, J. F.
Nixon, Chem. Commun. 1986, 737 – 738; b) T. Wettling, G.
Wolmersh�user, P. Binger, M. Regitz, Chem. Commun. 1990,
1541 – 1543; c) J. J. Schneider, U. Denninger, O. Heinemann, C.
Kr�ger, Angew. Chem. 1995, 107, 631 – 634; Angew. Chem. Int.
Ed. Engl. 1995, 34, 592 – 595; d) R. Wolf, A. W. Ehlers, J. C.
Slootweg, M. Lutz, D. Gudat, M. Hunger, A. L. Spek, K.
Lammertsma, Angew. Chem. 2008, 120, 4660 – 4663; Angew.
Chem. Int. Ed. 2008, 47, 4584 – 4587; e) R. Wolf, J. C. Slootweg,
A. W. Ehlers, F. Hartl, B. de Bruin, M. Lutz, A. L. Spek, K.
Lammertsma, Angew. Chem. 2009, 121, 3150 – 3153; Angew.
Chem. Int. Ed. 2009, 48, 3104 – 3107; f) R. Wolf, E.-M. Schnçck-
elborg, Chem. Commun. 2010, 46, 2832 – 2834.

[20] For selected reports, see: a) C. L. Mandell, S. S. Kleinbach, W. G.
Dougherty, W. S. Kassel, C. Nataro, Inorg. Chem. 2010, 49,
9718 – 9727; b) D. Coleman, P. G. Edwards, B. M. Kariuki, P. D.
Newman, Dalton Trans. 2010, 39, 3842 – 3850; c) B. K. MuÇoz, E.
Santos Garcia, C. Godard, E. Zangrando, C. Bo, A. Ruiz, C.
Claver, Eur. J. Inorg. Chem. 2008, 4625 – 4637; d) P. Pinto, A. W.
Gçtz, G. Marconi, B. A. Hess, A. Marinetti, F. W. Heinemann, U.
Zenneck, Organometallics 2006, 25, 2607 – 2616; e) T. J.
Brunker, N. F. Blank, J. R. Moncarz, C. Scriban, B. J. Anderson,
D. S. Glueck, L. N. Zakharov, J. A. Golen, R. D. Sommer, C. D.
Incarvito, A. L. Rheingold, Organometallics 2005, 24, 2730 –
2746; f) J. You, H.-J. Drexler, S. Zhang, C. Fischer, D. Heller,
Angew. Chem. 2003, 115, 942 – 945; Angew. Chem. Int. Ed. 2003,
42, 913 – 916; g) A. Marinetti, F. Labrue, B. Pons, S. Jus, L.
Ricard, J.-P. GenÞt, Eur. J. Inorg. Chem. 2003, 2583 – 2590;
h) D. C. R. Hockless, Y. B. Kang, M. A. McDonald, M. Pabel,
A. C. Willis, S. B. Wild, Organometallics 1996, 15, 1301 – 1306;
i) A. Marinetti, C. Le Menn, L. Ricard, Organometallics 1995,
14, 4983 – 4985.

Angewandte
Chemie

10067Angew. Chem. Int. Ed. 2013, 52, 10064 –10067 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ic400448x
http://dx.doi.org/10.1021/om300072z
http://dx.doi.org/10.1021/om300072z
http://dx.doi.org/10.1039/c1cc12089a
http://dx.doi.org/10.1039/c2cc32244g
http://dx.doi.org/10.1039/c2cc32244g
http://dx.doi.org/10.1002/ange.19840960425
http://dx.doi.org/10.1002/anie.198403171
http://dx.doi.org/10.1002/anie.198403171
http://dx.doi.org/10.1002/anie.198204921
http://dx.doi.org/10.1016/j.jorganchem.2007.07.021
http://dx.doi.org/10.1016/j.jorganchem.2007.07.021
http://dx.doi.org/10.1016/j.jorganchem.2007.07.021
http://dx.doi.org/10.1016/j.jorganchem.2007.07.021
http://dx.doi.org/10.1021/ja0651198
http://dx.doi.org/10.1021/ja0651198
http://dx.doi.org/10.1021/jo049571q
http://dx.doi.org/10.1039/c39950000505
http://dx.doi.org/10.1039/c39950000505
http://dx.doi.org/10.1002/hc.520020610
http://dx.doi.org/10.1039/c39880000171
http://dx.doi.org/10.1039/c39880000171
http://dx.doi.org/10.1021/om9505470
http://dx.doi.org/10.1002/zaac.19956210109
http://dx.doi.org/10.1002/zaac.19956210109
http://dx.doi.org/10.1002/chem.201202590
http://dx.doi.org/10.1021/cr00089a015
http://dx.doi.org/10.1021/cr00089a015
http://dx.doi.org/10.1016/0010-8545(94)03000-G
http://dx.doi.org/10.1016/0010-8545(94)03000-G
http://dx.doi.org/10.1039/cs9952400319
http://dx.doi.org/10.1016/S0010-8545(97)00080-5
http://dx.doi.org/10.1002/ange.200200557
http://dx.doi.org/10.1002/anie.200200557
http://dx.doi.org/10.1002/anie.200200557
http://dx.doi.org/10.1021/om00129a034
http://dx.doi.org/10.1021/om00129a034
http://dx.doi.org/10.1002/chem.200800987
http://dx.doi.org/10.1016/S0040-4039(01)81139-4
http://dx.doi.org/10.1021/om010990c
http://dx.doi.org/10.1002/(SICI)1521-3765(19980310)4:3%3C469::AID-CHEM469%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-3765(19980310)4:3%3C469::AID-CHEM469%3E3.0.CO;2-0
http://dx.doi.org/10.1021/ic00077a013
http://dx.doi.org/10.1021/om00023a049
http://dx.doi.org/10.1021/om00023a049
http://dx.doi.org/10.1002/ange.200352746
http://dx.doi.org/10.1002/anie.200352746
http://dx.doi.org/10.1002/anie.200352746
http://dx.doi.org/10.1021/ja203083c
http://dx.doi.org/10.1002/ange.19951070520
http://dx.doi.org/10.1002/anie.199505921
http://dx.doi.org/10.1002/anie.199505921
http://dx.doi.org/10.1002/ange.200800813
http://dx.doi.org/10.1002/anie.200800813
http://dx.doi.org/10.1002/anie.200800813
http://dx.doi.org/10.1002/ange.200805193
http://dx.doi.org/10.1002/anie.200805193
http://dx.doi.org/10.1002/anie.200805193
http://dx.doi.org/10.1039/b926986j
http://dx.doi.org/10.1021/ic1016164
http://dx.doi.org/10.1021/ic1016164
http://dx.doi.org/10.1039/b924982f
http://dx.doi.org/10.1021/om050461z
http://dx.doi.org/10.1021/om050115h
http://dx.doi.org/10.1021/om050115h
http://dx.doi.org/10.1002/ange.200390211
http://dx.doi.org/10.1002/anie.200390242
http://dx.doi.org/10.1002/anie.200390242
http://dx.doi.org/10.1002/ejic.200300051
http://dx.doi.org/10.1021/om9507336
http://dx.doi.org/10.1021/om00011a006
http://dx.doi.org/10.1021/om00011a006
http://www.angewandte.org

