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Reduction of Transition-Metal-Coordinated Carbon Monoxide by a
Rare-Earth Hydride Cluster: Isolation of Well-Defined
Heteromultimetallic Oxycarbene, Oxymethyl, Carbene, and Methyl

Complexes**
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The reduction of coordinated carbon monoxide (CO) in
transition-metal carbonyl complexes by metal hydrides!'™ is
of critical importance, not only for mechanistic aspects of the
Fischer—Tropsch synthesis,¥! which involves the hydrogena-
tion of CO in the presence of transition-metal catalysts, but
also because of its potential applications in the development
of homogeneous catalytic systems for the selective formation
of hydrocarbons and oxygenates. To date, extensive studies
have been carried out on the hydrogenation of coordinated
CO by main-group-metal hydride reagents (e.g., LiAIH, and
NaBH,) or transition-metal hydride complexes, for example
[Cp*,ZrHX] (Cp* = CsMes; X = H, halide).”*! The formation
of various products (or intermediates) such as formyl (M—
CHO), oxycarbene (M=CHOM), enediolate (MOCH=
CHOM), oxymethyl (MCH,0OM), and methyl (M—Me or M-
CH,-M) species has been observed, but only a limited number
of these compounds has been structurally characterized. In
contrast, the reduction of coordinated CO by rare-earth
(Group 3 and lanthanide) metal hydrides has hardly been
studied. The only precedent was the reaction of scandocene
hydride complex [Cp*,ScH(thf)] with [CpCo(CO),] (Cp=
CsHs), which yielded the scandoxycarbene species [CpCo(-
CO)C(H)OScCp*,].1

We recently found that rare-earth-metal polyhydride
complexes bearing cyclopentadienyl ligands such as [{Cp'Y-
(u-H),J,(thf)] (1; Cp'=n>-CsMe,SiMe;) can show unique
reactivity toward various unsaturated substrates, including
gaseous CO and CO,."" Herein, we report the reactions of
the yttrium hydride cluster 1 with coordinated CO ligands in
Group 6, 7, and 9 metal complexes, which afforded a new
series of structurally well-defined heterometallic oxycarbene,
oxymethyl, carbene oxo, and methyl oxo complexes. The
reaction pattern depends on the nature of the transition-metal
carbonyl complexes. Mechanistic aspects of these reactions
are also described.
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We first investigated the reaction of 1 with one equivalent
of the Group 6 carbonyl complexes [Cp*M(CO),(NO)] M =
Mo, W; Scheme 1) The mixture in hexane was kept at room
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Scheme 1. Reactions of 1 with [Cp*M(NO)(CO),] (M =Mo, W) or
[Cp*Re(CO)].

temperature for several minutes, and the reaction yielded the
mixed oxymethyl oxycarbene complexes 2a and 2b, respec-
tively, as a result of the reduction of two C=0O bonds of
carbonyl ligands by addition of the three Y—H bonds in 1. No
intermediates were observed by 'H NMR spectroscopy. In the
"H NMR spectrum of 2a, the hydrogen atom attached to the
oxycarbene carbon atom appeared far downfield at dy=
12.35 ppm (1H), whereas the oxymethyl hydrogen atoms
were observed at 0y =4.53 (1H) and 4.58 ppm (1H). The
C NMR spectrum of 2a had resonances at dc=307.1 ppm
for the oxycarbene carbon atom and d.=66.9 ppm for the
oxymethyl carbon atom. The structures of 2a and 2b were
confirmed by X-ray diffraction studies (Figure 1a).”’ The X-
ray structure analysis established the structural identity as an
oxymethyl oxycarbene complex in which two carbonyl ligands
were reduced by nucleophilic hydride ligands. Each oxygen
atom forms a bridge between two yttrium atoms. The W1=C2
bond (1.889(11) A) in 2b is shorter than the corresponding
bonds in [Cp,W=CHO-Zr(H)Cp*,] (2.005(13) A)*® and
[(CO)sW=CPh,] (2.14(2) A)," whereas the C2—O2 bond
(1.374(11) A) is comparable to that in [Cp,W=CHO—
Zr(H)Cp*,] (1.35(2) A).

Next, we examined the reaction of complex 1 with
one equivalent of the Group7 carbonyl complex

Angew. Chem. Int. Ed. 2009, 48, 7888 -7891


http://dx.doi.org/10.1002/anie.200903660

Figure 1. ORTEP diagrams of a) 2b and b) 3 with 30% thermal
ellipsoids. The Cp’ and Cp* ligands and the lattice solvent have been
omitted for clarity. Selected bond lengths [A]: 2b: W1-C1 1.915(12),
W1-C2 1.889(11), W1-N1 1.837(9), C1-O1 1.400(11), C2-02 1.374
(11), N1-03 1.287(9), Y2-O1 2.301(5), Y4-O1 2.284(5), Y2-02
2.265(6), Y3-02 2.271(6), Y3-03 2.286(6), Y4-N1 2.721(12), Y4-03
2.318(6). 3: Re1-C1 2.194(5), Re1-C2 1.824(6), Re1-C3 1.840(6), C1—
O1 1.449(6), C2-02 1.203(6), C3-03 1.220(6), Y1-O1 2.188(4), Y4—
O1 2.228(3), Y2-02 2.344(4), YA-C3 2.594(5), Y4-O3 2.473(4).

[Cp*Re(CO);]," which gave oxymethyl dicarbonyl complex
3 as yellow crystals in 85 % yield (Scheme 1). In this reaction,
one C=0 bond of the carbonyl ligand in the rhenium
tricarbonyl complex was reduced to an O—CH, single bond
by addition of the two Y—H bonds in 1. In the 'H NMR
spectrum, signals for the OCH, group were observed at 6y =
4.46 (1H) and 4.64 ppm (1H) as two doublets (Jyy =8.3 Hz),
which are comparable to those in 2a. The existence of two CO
ligands in 3 was confirmed by its *C NMR spectrum (dc=
226.9 and 227.2 ppm); the IR spectrum also showed bands for
a p-n',n?-CO ligand at 1674 cm ' and a pu-n',n'-CO ligand at
1767 cm ™. An X-ray structure analysis showed that 3 contains
one OCH, group, one p-n'n*-CO moiety, and one p-n'n'-CO
moiety (Figure 1b). The C1—O1 bond (1.449(6) A) is signifi-
cantly longer than those of the carbonyl ligands (C2—02
1.203(6) and C3—03 1.220(6) A) and comparable to that in 2b
(C1-01 1.400(11) A), so the bond can be viewed as a C—O
single bond. Whereas O2 is obviously bonded to the Y2 atom
(Y2—02 2.344(4) A), C2 is beyond a reasonable bonding
distance (Y2—C2 3.184 A), consistent with the p-n'n' coor-
dination mode of the CO ligand. By contrast, bonding
interactions of Y4 with both C3 and O3 were observed for
the pn'>-CO ligand (Y4—C3 2.594(5) and Y4-O3
2.473(4) A).

These results show that the degree of reduction of the C=
O bonds of carbonyl complexes by 1 depends on the nature of
the transition metal. Moreover, it also appears that C=O
bonds may be more reduced when the carbonyl complex has
fewer CO ligands. We therefore examined the reduction of
the C=0O bonds in the Group9 carbonyl complexes
[Cp*M(CO),] (M=Rh, Ir)."”! The reaction of complex 1
with one equivalent of the rhodium dicarbonyl complex
[Cp*Rh(CO),] in hexane at room temperature for 2 h gave
the dimethyl dioxo complex 4 in 58 % yield (Scheme 2). In
this reaction, two C=0O bonds of the carbonyl ligands in
[Cp*Rh(CO),] were completely hydrogenated and cleaved by
addition of six Y—H bonds of 1. A similar C=O bond cleavage
of carbonyl ligands was observed in the reaction of 1 with the
iridium carbonyl complex [Cp*Ir(CO),] (Scheme 2). The
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Scheme 2. Reactions of 1 with [Cp*M(CO),] (M =Rh, Ir).

addition of five Y—H bonds in 1 to the two carbonyl ligands
and one Y—H bond to the iridium metal center give the mixed
methyl carbene dioxo hydride complex 5 in 92 % yield.

In the 'HNMR spectrum of 4, the two u-CHj; ligands
attached to the rhodium center were equivalent, giving a
single signal at 0y; = —0.88 ppm (6 H). The *C NMR spectrum
showed a resonance for the pu-CH; carbon atom at dc=
—84 ppm as a doublet of triplets (Jer,=35.7Hz, Joy=
8.1 Hz) as a result of coupling with one rhodium and two
yttrium atoms. To identify the origin of the pu-CHj; carbon
atoms in 4, we also performed the reaction of 1 with
[Cp*Rh(**CO),]. The “C NMR spectrum revealed the pres-
ence of a strong “C-labeled methyl carbon (Rh-“CH,-Y)
signal at 0= —8.2 ppm (dt, Jeg, =35.4 Hz, Joy=7.8 Hz; see
Figure S1 in the Supporting Information). The ORTEP
diagram of 4 clearly shows that there are no bonding
interactions between C1(C2) and O1(O2) (Figure 2a). The
bond lengths for Rh1-Cl (2.183(4) A) and Rh1-C2

Figure 2. ORTEP diagrams of a) 4 and b) 5 with 30% thermal ellip-
soids. The Cp’ and Cp* ligands and the lattice solvent have been
omitted for clarity. Selected bond lengths [A]: 4: Rh1-C1 2.183(4),
Rh1-C2 2.192(4), Y1-C1 2.699(4), Y1-C2 2.698(5), Y3-C1 2.816(4),
Y2-C2 2.811(5), Y-O (av) 2.170; 5: Ir1-C1 2.1776(13), Ir1-C2
2.1892(13), Y1-C1 2.5673(13), Y1-C2 2.7756(15), Y2-C1 2.5206(13),
Y3-C2 2.7195(14), Y-O (av) 2.169.

(2.192(4) A) are slightly greater than those reported for
[{Cp*Rh(CH,)(u-CH,)},] (Rh—CH;  2.102(16)  and
2.135(16) A),'¥ but within the range for a Rh—C o bond.
The bridging methyl carbon atoms Cl1 and C2 are not
symmetrically located between the two yttrium centers that
they bridge, with pairs of distances of 2.816(4)/2.699(4) and
2.811(5)/2.698(5) A, respectively.

The overall structure of 5 is similar to that of 4
(Figure 2b). However, the bonds Y1—C1 (2.5673(13) A) and
Y2—C1 (2.5206(13) A) in 5 are much shorter than Y3—C2

www.angewandte.org

Chemie

7889


http://www.angewandte.org

Communications

7890

(2.7195(14) A) and Y1—C2 (2.7756(15) A). The latter are
comparable to those for the Y—CHj; bonds in 4. These results
might suggest that § could contain one methyl carbon atom
(C2) and one carbene carbon atom (C1). The 'H and
3C NMR spectrum of 5 showed that its structure in solution
may be fluxional to some extent. The 'H NMR spectrum had
a singlet at Oy =—0.77 ppm assignable to the p-CHj; group.
However, the ®CNMR spectrum had a doublet at dc=
—28.5 ppm (Jcy=4.0 Hz) for the methyl carbon, suggesting
that this carbon atom has a significant bonding interaction
with only one yttrium atom in solution, which is different
from its solid-state structure. The p-CH, carbene unit
appeared in the *C NMR spectrum as a doublet of doublets
at 0c=37.4ppm (Joy=28.1, 32.1 Hz), indicating that the
carbene carbon atom has bonding interactions with two
yttrium atoms, which is consistent with the solid-state
structure. However, the '"H NMR spectrum of the p-CH,
carbene unit had two doublets of doublets at d;=0.12 and
—0.33 ppm (Jyy=11.1, Jyy=15.6 Hz), suggesting that the
carbene protons only couple with one yttrium atom.

In an effort to obtain information pertaining to the
mechanism of this C=O bond cleavage, we monitored the
reaction of 1 with [Cp*Rh(CO),] in [Dg]toluene by low-
temperature '"H NMR spectroscopy (Scheme 3, see also the
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Scheme 3. Plausible reaction mechanism for the formation of 4 and 5.

Supporting Information, Figure S2). When the reaction was
monitored at —20°C for 20 min, an oxycarbene oxymethyl
species A and a methyl carbene dioxo hydride species D were
observed (A/D=60:40). When the temperature was
increased to 0°C, A was gradually converted into D and a
trace of complex 4 as the reaction proceeded. Finally, when
the temperature was increased to room temperature, D was
converted into 4 (about 60%) together with by-products
(about 40%) and a small amount of ethene (dy=
5.25 ppm)." Although intermediates A and D could be
observed by 'HNMR spectroscopy, they could not be
isolated.

On the basis of these observations, we propose the
following reaction mechanism for the formation of 4 and §
(Scheme 3). Addition of three Y—H bonds in 1 across the two
C=0 bonds in [Cp*M(CO),] (M =Rh, Ir) gives the oxy-
carbene oxymethyl complex A, which has a similar structure
to 2a and 2b. Subsequently, nucleophilic substitution of the
C—-O bond by an Y—H bond in A affords the oxycarbene
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methyl oxo complex B, which has been detected as an
intermediate from the reaction of 1 with [Cp*Ir(CO),] at
—10°C."! Addition of an Y=H bond across the M=C unit in B
then gives the oxycarbene methyl oxo hydride complex C,
which after substitution of the C—O bond by an Y—H bond in
C yields the carbene methyl dioxo hydride complex D or 5.
Finally, formal reductive elimination of the CH, and the H
groups from M (Rh) gives the dimethyl dioxo complex 4. The
formation of the Y,Ir analogue of 4 from complex 5 was not
observed, probably because reductive elimination from Ir has
a higher energy barrier than from Rh.['¥)

In summary, we have demonstrated the stepwise reduc-
tion of the C=0 bonds of carbonyl ligands in transition-metal
complexes by a yttrium hydride cluster 1 to give novel
heterometallic oxycarbene, oxymethyl, carbene oxo, and
methyl oxo complexes. These reactions not only afford a
new series of heterometallic complexes bearing a robust
tetranuclear yttrium skeleton,'” but they could also provide
clues for the design of the homogeneous catalysts for selective
reduction of CO to give hydrocarbons. Further studies on the
reactivity of these complexes are now in progress.['®!

Received: July 4, 2009
Published online: September 11, 2009

Keywords: carbonyl ligands - heterometallic complexes -
hydrides - late transition metals - rare earths

[1] a) E. L. Muetterties, J. Stein, Chem. Rev. 1979, 79, 479-490;
b) A.R. Cutler, P. K. Hanna, J. C. Vites, Chem. Rev. 1988, 88,
1363 -1403.

[2] For the reduction of carbonyl ligands by main-group-metal

hydride reagents, see: a) P. M. Treichel, R. L. Shubkin, lnorg.

Chem. 1967, 6, 1328-1334; b) C. Masters, C. van der Woude,

J. A.van Doorn, J. Am. Chem. Soc. 1979, 101, 1633-1634; c) W.

Tam, W.-K. Wong, J. A. Gladysz, J. Am. Chem. Soc. 1979, 101,

1589-1591; d) C. P. Casey, M. A. Andrews, D. R. McAlister,

J.E. Rinz, J. Am. Chem. Soc. 1980, 102, 1927-1933; e) J. A.

Gladysz, Adv. Organomet. Chem. 1982, 20,1-38; f) J. R. Sweet,

W. A. G. Graham, J. Am. Chem. Soc. 1982, 104, 2811-2815;

¢) M. M. Harris, J. D. Atwood, M. E. Wright, G. O. Nelson,

Inorg. Chem. 1982, 21, 2117-2118; h) B. P. Gracey, S. A.R.

Knox, K. A. Macpherson, A. G. Orpen, S. R. Stobart, J. Chem.

Soc. Dalton Trans. 1985,1935-1944; 1) S. L. Brown, S. G. Davies,

J. Chem. Soc. Chem. Commun. 1986, 84 -85, j) T. Beringhelli, G.

D’Alfonso, G. Ciani, H. Molinari, Organometallics 1987, 6, 194 —

196; k) G. Ortaggi, R. Paolesse, J. Organomet. Chem. 1988, 346,

219-224; 1) M. Akita, R. Hua, T. Oku, Y. Moro-oka, Organo-

metallics 1996, 15, 2548—-2553; m) R. Shiozawa, H. Tobita, H.

Ogino, Organometallics 1998, 17, 3497 -3504; n) M. Okazaki, T.

Ohtani, M. Takano, H. Ogino, Organometallics 2004, 23, 4055 -

4061; o) A.J. M. Miller, J. A. Labinger, J. E. Bercaw, J. Am.

Chem. Soc. 2008, 130, 11874-11875.

For the reduction of carbonyl ligands by transition-metal hydride

complexes, see: a)J. M. Manriquez, D. R. McAlister, R.D.

Sanner, J. E. Bercaw, J. Am. Chem. Soc. 1978, 100, 2716-2724;

b) P. T. Wolczanski, R. S. Threlkel, J. E. Bercaw, J. Am. Chem.

Soc. 1979, 101, 218-220; c) R. S. Threlkel, J. E. Bercaw, J. Am.

Chem. Soc. 1981, 103, 2650-2659; d) D. H. Berry, J. E. Bercaw,

Polyhedron 1988, 7, 759-766; e) P. T. Barger, J. E. Bercaw,

Organometallics 1984, 3, 278-284; f) M. A. St. Clair, B.D.

Santarsiero, J. E. Bercaw, Organometallics 1989, 8,17-22; g) A.

[3

—_—

Angew. Chem. Int. Ed. 2009, 48, 7888-7891


http://dx.doi.org/10.1021/cr60322a001
http://dx.doi.org/10.1021/cr00089a016
http://dx.doi.org/10.1021/cr00089a016
http://dx.doi.org/10.1021/ic50053a013
http://dx.doi.org/10.1021/ic50053a013
http://dx.doi.org/10.1021/ja00500a064
http://dx.doi.org/10.1021/ja00500a037
http://dx.doi.org/10.1021/ja00500a037
http://dx.doi.org/10.1021/ja00526a028
http://dx.doi.org/10.1016/S0065-3055(08)60519-5
http://dx.doi.org/10.1021/ja00374a019
http://dx.doi.org/10.1021/ic00135a088
http://dx.doi.org/10.1039/dt9850001935
http://dx.doi.org/10.1039/dt9850001935
http://dx.doi.org/10.1039/c39860000084
http://dx.doi.org/10.1021/om00144a038
http://dx.doi.org/10.1021/om00144a038
http://dx.doi.org/10.1016/0022-328X(88)80119-0
http://dx.doi.org/10.1016/0022-328X(88)80119-0
http://dx.doi.org/10.1021/om950893h
http://dx.doi.org/10.1021/om950893h
http://dx.doi.org/10.1021/om9802111
http://dx.doi.org/10.1021/om049606c
http://dx.doi.org/10.1021/om049606c
http://dx.doi.org/10.1021/ja805108z
http://dx.doi.org/10.1021/ja805108z
http://dx.doi.org/10.1021/ja00477a025
http://dx.doi.org/10.1021/ja00495a037
http://dx.doi.org/10.1021/ja00495a037
http://dx.doi.org/10.1021/ja00400a028
http://dx.doi.org/10.1021/ja00400a028
http://dx.doi.org/10.1016/S0277-5387(00)86300-7
http://dx.doi.org/10.1021/om00080a020
http://dx.doi.org/10.1021/om00103a004
http://www.angewandte.org

Miedaner, D. L. DuBois, C. J. Curtis, R. C. Haltiwanger, Orga-
nometallics 1993, 12,299-303; h) W. W. Ellis, A. Miedaner, C. J.
Curtis, D. H. Gibson, D. L. DuBois, J. Am. Chem. Soc. 2002, 124,
1926-1932.
[4] a) P. M. Maitlis, J. Organomet. Chem. 1995, 500, 239-249; b) H.
Schulz, Appl. Catal. A 1999, 186, 3-12; c¢) M. J. Overett, R. O.
Hill, J. R. Moss, Coord. Chem. Rev. 2000, 206, 581 -605; d) M.
Akita, Appl. Catal. A 2000, 200, 153-165; e) P. M. Maitlis, J.
Organomet. Chem. 2004, 689, 4366 —4374.
A review: Z. Hou, M. Nishiura, T. Shima, Eur. J. Inorg. Chem.
2007, 2535 -2545.
a) O. Tardif, M. Nishiura, Z. Hou, Organometallics 2003, 22,
1171-1173; b) D. Cui, O. Tardif, Z. Hou, J. Am. Chem. Soc.
2004, 126, 1312-1313; c) O. Tardif, D. Hashizume, Z. Hou, J.
Am. Chem. Soc. 2004, 126, 8080—-8081; d) D. Cui, M. Nishiura,
Z. Hou, Macromolecules 2005, 38, 4089-4095; e) D. Cui, M.
Nishiura, Z. Hou, Angew. Chem. 2005, 117, 981-984; Angew.
Chem. Int. Ed. 2005, 44, 959-962; f) T. Shima, Z. Hou, J. Am.
Chem. Soc. 2006, 128, 8124-8125; g) X. Li, J. Baldamus, M.
Nishiura, O. Tardif, Z. Hou, Angew. Chem. 2006, 118, 8364 —
8368; Angew. Chem. Int. Ed. 2006, 45, 8184-8188; h) M.
Yousufuddin, J. Baldamus, O. Tardif, Z. Hou, S. A. Mason,
G.J. MclIntyre, R. Bau, Phys. B 2006, 385-386; i) Y. Luo, Z,
Hou, Organometallics 2007, 26, 2941 -2944; j) M. Yousufuddin,
M. J. Gutmann, J. Baldamus, O. Tardif, Z. Hou, S. A. Mason,
G. J. Mclntyre, R. Bau, J. Am. Chem. Soc. 2008, 130, 3888 —3891;
k) Y. Luo, Z. Hou, J. Phys. Chem. C 2008, 112, 635-638.
For rare-earth-metal polyhydride complexes with no cyclo-
pentadienyl ligands, see: a) D. M. Lyubov, C. Déring, G. K.
Fukin, A.V. Cherkasov, A.S. Shavyrin, R. Kempe, A.A.
Trifonov, Organometallics 2008, 27, 2905-2907; b) M. Ohashi,
M. Konkol, I. D. Rosal, R. Poteau, L. Maron, J. Okuda, J. Am.
Chem. Soc. 2008, 130, 6920-6921; c) J. Cheng, K. Saliu, G. Y.
Kiel, M. J. Ferguson, R. McDonald, J. Takats, Angew. Chem.

5

—_

[6

[}

[7

—_—

Angewandte

2008, 120, 4988-4991; Angew. Chem. Int. Ed. 2008, 47, 4910—
4913.

[8] C.P. Casey, T.J. Burkhardt, C. A. Bunnell, J. C. Calabrese, J.
Am. Chem. Soc. 1977, 99, 2127-2134.

[9] CCDC 738452 (2a), 738453 (2b), 738454 (3), 738455 (4), and
738456 (5) 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.

[10] J. T. Malito, R. Shakir, J. L. Atwood, J. Chem. Soc. Dalton Trans.
1980, 1253 -1258.

[11] A.T. Patton, C. E. Strouse, C. B. Knobler, J. A. Gladysz, J. Am.
Chem. Soc. 1983, 105, 5804—5811.

[12] a) J. W. Kang, P. M. Maitlis, J. Organomet. Chem. 1971, 26, 393 —
399; b) J. W. Kang, K. Moseley, P. M. Maitlis, J. Am. Chem. Soc.
1969, 91, 5970-5977.

[13] K.Isobe, A. de V. Miguel, P. M. Bailey, S. Okeya, P. M. Maitlis, J.
Chem. Soc. Dalton Trans. 1983, 1441 —1447.

[14] The reason for the formation of by-products and ethene has not
been yet been clarified. Further studies are in progress and will
be reported in due course. For the formation of ethene in the
reaction of CO gas with the hydride cluster 1, see Ref. [6f].

[15] See the Supporting Information for details.

[16] a) R. A. Periana, R. G. Bergman, J. Am. Chem. Soc. 1986, 108,
7332-7346; b) W. D. Jones, F. J. Feher, Organometallics 1983, 2,
562-563.

[17] For recent examples of rare-earth/d-block transition-metal
heteromultimetallic polyhydride complexes, see: a) T. Shima,
Z. Hou, Chem. Lett. 2008, 37, 298-299; b) T. Shima, Z. Hou,
Organometallics 2009, 28, 2244 -2252.

[18] We observed the formation of methane when the reaction of 4
with H, was monitored by gas chromatography, although the
newly formed complexes could not be successfully characterized.

Angew. Chem. Int. Ed. 2009, 48, 78887891

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

7801


http://dx.doi.org/10.1021/om00026a014
http://dx.doi.org/10.1021/om00026a014
http://dx.doi.org/10.1021/ja0116831
http://dx.doi.org/10.1021/ja0116831
http://dx.doi.org/10.1016/0022-328X(95)00503-I
http://dx.doi.org/10.1016/S0926-860X(99)00160-X
http://dx.doi.org/10.1016/S0010-8545(00)00249-6
http://dx.doi.org/10.1016/S0926-860X(00)00632-3
http://dx.doi.org/10.1016/j.jorganchem.2004.05.037
http://dx.doi.org/10.1016/j.jorganchem.2004.05.037
http://dx.doi.org/10.1002/ejic.200700085
http://dx.doi.org/10.1002/ejic.200700085
http://dx.doi.org/10.1021/om021014b
http://dx.doi.org/10.1021/om021014b
http://dx.doi.org/10.1021/ja039324o
http://dx.doi.org/10.1021/ja039324o
http://dx.doi.org/10.1021/ja047889u
http://dx.doi.org/10.1021/ja047889u
http://dx.doi.org/10.1021/ma050256v
http://dx.doi.org/10.1002/ange.200461939
http://dx.doi.org/10.1002/anie.200461939
http://dx.doi.org/10.1002/anie.200461939
http://dx.doi.org/10.1021/ja062348l
http://dx.doi.org/10.1021/ja062348l
http://dx.doi.org/10.1002/ange.200603450
http://dx.doi.org/10.1002/ange.200603450
http://dx.doi.org/10.1002/anie.200603450
http://dx.doi.org/10.1021/om061111v
http://dx.doi.org/10.1021/ja076520c
http://dx.doi.org/10.1021/jp077318z
http://dx.doi.org/10.1021/om800364b
http://dx.doi.org/10.1021/ja801771u
http://dx.doi.org/10.1021/ja801771u
http://dx.doi.org/10.1002/ange.200705977
http://dx.doi.org/10.1002/ange.200705977
http://dx.doi.org/10.1002/anie.200705977
http://dx.doi.org/10.1002/anie.200705977
http://dx.doi.org/10.1021/ja00449a018
http://dx.doi.org/10.1021/ja00449a018
http://dx.doi.org/10.1039/dt9800001253
http://dx.doi.org/10.1039/dt9800001253
http://dx.doi.org/10.1039/dt9800001253
http://dx.doi.org/10.1039/dt9800001253
http://dx.doi.org/10.1021/ja00356a018
http://dx.doi.org/10.1021/ja00356a018
http://dx.doi.org/10.1016/S0022-328X(00)82621-2
http://dx.doi.org/10.1016/S0022-328X(00)82621-2
http://dx.doi.org/10.1021/ja01050a008
http://dx.doi.org/10.1021/ja01050a008
http://dx.doi.org/10.1039/dt9830001441
http://dx.doi.org/10.1039/dt9830001441
http://dx.doi.org/10.1021/ja00283a032
http://dx.doi.org/10.1021/ja00283a032
http://dx.doi.org/10.1021/om00076a020
http://dx.doi.org/10.1021/om00076a020
http://dx.doi.org/10.1246/cl.2008.298
http://dx.doi.org/10.1021/om900024q
http://www.angewandte.org

