
Cyclopentadienyl Ligands
DOI: 10.1002/anie.201005898

Tris(polyalkylcyclopentadienyl) Complexes: The Elusive
[(h5-C5R5)2M(h1-C5R5)] Structure and Trihapto Cyclopentadienyl
Coordination Involving a Methyl Substituent**
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Recent developments in metallocene chemistry have included
the isolation of a series of sterically crowded complexes
containing three h5-pentamethylcyclopentadienyl rings: [(h5-
C5Me5)3M] (M = lanthanoide, actinoide, yttrium).[1] Since the
cone angle of (h5-C5Me5)

� had previously been estimated to
be 1428,[2] or as large as 1718[3] and 1888,[4] the existence of
these complexes was unexpected. Isolation of [(h5-C5Me5)3M]
complexes, as well as the more crowded [(h5-C5Me5)3AnX],
[(h5-C5Me5)3ML], and [(h5-C5Me5)3ML2] species (An = acti-
noide),[5] showed that the cone angle for (h5-C5Me5)

� could be
reduced to 1208 by moving the ligand further away from the
metal. In each of these complexes, the metal–C(h5-C5Me5)
distances are approximately 0.1 � or more longer than any
previously observed analogous distances.[6]

Associated with the long distances in these tris(penta-
methylcyclopentadienyl) complexes was unusual reactivity of
the normally inert ancillary (h5-C5Me5)

� ligands. For example,
[(h5-C5Me5)3Sm] was found to ring open THF,[7] polymerize
ethylene,[1f] undergo insertion reactivity with CO,[1b] and react
by s bond metathesis with dihydrogen (Scheme 1).[1f] None of
these reactions had previously been observed with the (h5-
C5Me5)

� ligands, but they were common with alkyl lantha-
noides.[8] This led to the speculation that [(h5-C5Me5)3M]
complexes could have access to a monohapto form, [(h5-
C5Me5)2M(h1-C5Me5)], that engaged in these alkyl-like reac-
tions [Eq. (1)]. Flexibility in the hapticity of cyclopentadienyl
ligands is well known[9] and has been theoretically analyzed.[10]

Examples include [(h5-C5H5)2Ti(h2-C5H5)],[11] [(h5-C5H5)3Zr-
(h1-C5H5)],[12] [(h5-C5H5)2M’(h1-C5H5)2] (M’= Ti,[13] Hf[14]),

[(h1-C5Me4R)3Ga],[15] and polymeric [{(h5-C5H5)2Sc(m-h1:h1-
C5H5)}x].[16] However, it was unclear if such an h5 to h1

transformation could occur in these crowded [(h5-
C5Me5)3M] complexes.

Numerous efforts have been made since [(h5-C5Me5)3Sm]
was first discovered[1d] to obtain spectroscopic evidence on the
existence of a [(h5-C5Me5)2M(h1-C5Me5)] complex.[17] No
evidence was obtained by low-temperature spectroscopy
and reactions with bases designed to trap a [(h5-C5Me5)2M-
(h1-C5Me5)L] complex suitable for crystallization led to base
adducts [(h5-C5Me5)3ML][5d–f] and [(h5-C5Me5)3ML2],[5f,g] that
only contained h5-rings in the solid state.

We now report the first structurally characterizable
example of an [(h5-C5Me4R)2M(h1-C5Me4R)] complex (R =

Me, H). The discovery arose from investigations of the
(C5Me4H)� chemistry of Sc3+ designed to make the first
reduced dinitrogen complex of scandium.[18] The (C5Me4H)�

ligand was chosen instead of (C5Me5)
� due to the small size of

scandium. The value of exploring (C5Me4H)� vs. (C5Me5)
� has

recently been impressively shown with zirconium.[19] The
tetraphenylborate complex, [{(C5Me4H)2Sc}{(m-Ph)BPh3}],
used as a precursor to [{(C5Me4H)2Sc}2(m-h2:h2-N2)][18] is also
a viable precursor to [(C5Me4H)3Sc] through the most
common synthetic route to [(C5Me5)3M] complexes, namely
reaction of a tetraphenylborate salt of a metallocene with an
alkali metal cyclopentadienide.[1a–c,e,f] When this reaction was

Scheme 1. Reactivity of the sterically crowded [(h5-C5Me5)3Sm] com-
plex.
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conducted with the scandium and (C5Me4H)� combination, it
provided evidence on the previously elusive [bis(pentahap-
to)](monohapto) orientation for three cyclopentadienyl rings.

Examination of the coordination mode of the (C5Me4H)�

ligand with a slightly different combination of metal and
ligand sizes, the larger metals lutetium and yttrium with
(C5Me5)

� , provided yet another new structural type of
tris(polyalkylcyclopentadienyl) complex and a new mode of
trihapto coordination for a cyclopentadienyl ring. Given the
many decades of study of cyclopentadienyl chemistry by
scores of groups around the world, it was surprising to find a
new option for coordination by this classical ligand.

KC5Me4H reacts with [{(C5Me4H)2Sc}{(m-Ph)BPh3}]
[18]

within 1 h to form yellow crystals, 1, with an elemental
analysis consistent with [(C5Me4H)3Sc] in 80 % yield. The 1H
and 13C NMR spectra of 1 showed a single type of (C5Me4H)�

environment in solution down to�80 8C in toluene, but X-ray
crystallography revealed that in the solid state, 1 had a
[bis(pentahapto)](monohapto) metallocene structure, [(h5-
C5Me4H)2Sc(h1-C5Me4H)] [1; Eq. (2), Figure 1].

The X-ray diffraction data (see Supporting Information)
of 1 clearly showed the monohapto nature of the C1–C5 ring.
The 1.380(2) � C4�C5 and 1.388(2) � C2�C3 distances are
shorter than the other three 1.427(2)–1.443(2) � C�C dis-
tances in the ring, which is consistent with a localized diene
structure. The 2.374(2) � Sc1�C1 distance is much longer
than the 2.243(11), 2.278(2), and 2.286(4) � Sc�C(alkyl)

single bonds in [(C5Me5)2ScMe],[20] [(C5Me5)2ScCH2CMe3],[21]

and [(C5Me5)2ScCH2SiMe3],[22] respectively, but it is shorter
than the 2.423(2)–2.544(2) � range of Sc�C(h5-C5Me4H)
distances in 1. C1 is clearly the main contact with scandium
in the h1-ring since the scandium distances to C2, C5, C6, and
C9 are all > 2.945(2) �. The 2.171 � average Sc�(C5Me4H
ring centroid) distance is longer than the 2.130 � value in
[{(C5Me4H)2Sc}{(m-Ph)BPh3}] and identical to the 2.171 �
analogue in [(C5Me5)2ScMe].

Since the (C5Me4H)� ligand provided the long sought [(h5-
C5R5)2M(h1-C5R5)], its coordination in other crowded metal-
locenes was explored. Since the tris(tetramethylcyclopenta-
dienyl) complexes of the next largest rare earth metal, Lu, and
Y (eight-coordinate ionic radii: Lu, 0.977; Y, 1.019; Sc,
0.870 �),[23] had normal [(h5-C5Me4H)3M] structures,[24] the
synthesis of slightly more crowded [(C5Me5)2M(C5Me4H)]
complexes was sought. Accordingly, KC5Me4H was reacted
with the appropriate [{(C5Me5)2M}{(m-Ph)2BPh2}] complex-
es[1e, 25] and [(h5-C5Me5)2M(h3-C5Me4H)] complexes (M = Lu,
2 ; Y, 3) were isolated. X-ray crystallography showed that both
of these compounds were isomorphous and had an unusual
cyclopentadienyl coordination mode in the solid state
[Eq. (3), Figure 2].

As shown in Figure 2, the three carbon atoms closest to Lu
are the CH ring carbon, C1, its adjacent ring carbon, C2, and
its attached methyl carbon, C6. Since the structures of 2 and 3

Figure 1. Thermal ellipsoid plot of [(h5-C5Me4H)2Sc(h1-C5Me4H)] (1)
drawn at the 50 % probability level. There are two independent
molecules of 1 in the unit cell. The second independent molecule of 1
and hydrogen atoms except for H1a are omitted for clarity. Figure 2. Thermal ellipsoid plot of [(h5-C5Me5)2Lu(h3-C5Me4H)] (2)

drawn at the 50 % probability level. There are two independent
molecules of 2 in the unit cell. The second independent molecule of 2
and hydrogen atoms except for H1a, H6a, H6b, and H6c are omitted
for clarity.
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are isomorphous and the bond distances just vary by the
difference in their ionic radii (see Supporting Information),
only the data on 2 will be used in the structural discussion.

The trihapto C1–C5 ring in 2 has a localized diene
structure similar to the monohapto C1–C5 ring in 1: the
1.380(3) � C4�C5 and 1.397(3) � C2�C3 distances are
shorter than the other three 1.424(3)–1.446(3) � C�C dis-
tances in the ring. The primary contact of the C1–C5 ring with
Lu is through the 2.468(2) � Lu�C1 linkage. This distance is
0.094 � longer than the Sc�C1 analogue in 1 which matches
the 0.107 � difference in ionic radii.[23] The Lu�C1 distance is
similar to that of the 2.423(3) � Lu�C(terminal Me) distance
in [{(C5Me5)2LuMe}x].[25] However, in contrast to 1, two other
carbon atoms are oriented toward the metal through
2.737(2) � Lu�C2 and 2.851(2) � Lu�C6 distances. The
latter distances are significantly longer than Lu�C1 as well as
the 2.552(2)–2.654(2) � Lu�C(C5Me5) distances, but they are
much shorter than any other Sc�C(h1-C5Me4H) distances in 1
(2.945(2)–3.954(2) �). The trihapto arrangement in 2 differs
not only from the conventional trihapto cyclopentadienyl
coordination that involves three ring carbons, but also from
that in allyl complexes. The closest allyl examples in the
literature are [(h5-C5Me5)2Lu(h3-C3H5)] (4 ; Lu�C(allyl)
2.545(5), 2.548(4), and 2.549(5) �)[26] and the ansa-allyl-
cyclopentadienyl dianion in [(h5-C5Me5)Y{(h5-C5Me4CH2-
C5Me4CH2-h

3)}] (5 ; Y�C(allyl) 2.450(2), 2.699(2), and
2.990(2) �).[27] The structure of 2 could also be considered
as dihapto-cyclopentadienyl coordination with an agostic
methyl interaction. Agostic interactions are well known in
rare earth complexes containing two (h5-C5Me5)

� ligands and
alkyl or amide ligands such as [(C5Me5)2M{CH(SiMe3)2}]

[28]

and [(C5Me5)2M{N(SiMe3)2}] (M = lanthanoide, Y).[5g,28a]

In solution at room temperature, 2 and 3 exhibit two
(C5Me5)

� resonances in their 1H NMR spectra. This indicates
that the (C5Me4H)� ligand maintains asymmetric coordina-
tion in solution such that the (C5Me5)

� ligands differ. At 85 8C
in p-[D10]xylene, the two (C5Me5)

� resonances in 2 begin to
coalesce and at 135 8C, the two resonances have fully merged
into a single peak at 2.00 ppm (Ea = 72 kJmol�1, 2 ;
73 kJ mol�1, 3).[29] For the (C5Me4H)� ligand in the 1H NMR
spectra of 2 and 3, only two methyl resonances are observed.
Hence, in solution it appears that there is a process that
equilibrates the two sides of the (C5Me4H)� ring such that
coordination can alternate between the (C1, C2, and C6) set
and (C1, C5 and C9). Consistent with this, the solid-state
structures of 2 and 3 contain two independent molecules in
the unit cell that differ in terms of which set of three carbons is
closest to the metal. The h3 coordination mode in solution is
further supported by the 13C NMR spectrum of 3 which
contains a doublet assignable to C1 (confirmed by HMQC)
that has JY-C = 12 Hz. This coupling constant is lower than the
25–37 Hz range previously observed for JY-C in other com-
plexes containing Y�C(alkyl) single bonds,[27, 28,30] which is
reasonable considering the longer Y�C1 distance in 3 and its
bonding motif. No coupling was observed between yttrium
and C2, C6, C5, and C9 presumably because of the dynamic
nature of the complex.

The structures of 1–3 indicate that tris(polyalkylcyclopen-
tadienyl) complexes can access structures in which the

cyclopentadienyl ligands are not always pentahapto, the
only coordination mode previously observed in the solid
state for rare earth [(C5R5)3M] complexes. The structure of 1
matches the ligand arrangement proposed to explain the
pseudo-alkyl reactivity of [(C5Me5)3M] complexes. The fact
that the NMR spectrum of 1 shows none of the asymmetry of
the solid-state structure suggests that in solution the mono-
hapto coordination mode may only be transitory. However,
the solid-state structure shows this arrangement is energeti-
cally accessible under the proper conditions.

The structures of 2 and 3 show that transitory intermedi-
ate structures accessible from tris(polyalkylcyclopentadienyl)
complexes need not necessarily be the classical coordination
modes previously identified for (C5R5)

� ligands. They also
show that saturated methyl groups in substituted cyclopenta-
dienyl ligands can occupy coordination positions analogous to
unsaturated methylene carbons in allyl ligands. Evidently the
coordination chemistry of the cyclopentadienyl ring continues
to expand.

Experimental Section
[(h5-C5Me4H)2Sc(h1-C5Me4H)] (1): In an argon glovebox, KC5Me4H
(40 mg, 0.25 mmol) was added to a stirred yellow slurry of
[{(C5Me4H)2Sc}{(m-Ph)BPh3}] (152 mg, 0.251 mmol) in 10 mL of
benzene. After the mixture was stirred for 1 h, the orange slurry
was centrifuged, filtered, and the solvent was removed under reduced
pressure to yield 1 as a bright orange crystalline solid (84 mg, 82%).
Yellow crystals of 1 were grown from toluene at �35 8C. 1H NMR
(500 MHz, [D6]benzene, 298 K): d = 5.62 (s, 3H, C5Me4H), 2.09 (s,
18H, C5Me4H), 1.71 ppm (s, 18 H, C5Me4H). 13C NMR (126 MHz,
[D6]benzene, 298 K): d = 125.9 (C5Me4H), 120.6 (C5Me4H), 111.0
(C5Me4H), 13.5 (C5Me4H), 12.7 ppm (C5Me4H). 1H NMR (500 MHz,
[D8]toluene, 298 K): d = 5.55 (s, 3H, C5Me4H), 2.07 (s, 18H, C5Me4H),
1.69 ppm (s, 18 H, C5Me4H). 13C NMR (126 MHz, [D8]toluene,
298 K): d = 125.5 (C5Me4H), 120.1 (C5Me4H), 110.7 (C5Me4H), 13.0
(C5Me4H), 12.3 ppm (C5Me4H). 45Sc NMR (145 MHz, [D8]toluene,
298 K): d = 227 ppm (n1/2 = 3300 Hz). IR: ~nn = 3096w, 3075w, 3033w,
2975m, 2904s, 2858s, 2726w, 1662w, 1548w, 1481m, 1432m, 1331w,
1266m, 1106w, 1024m, 974w, 834s, 808s, 728w, 670vs, 623s, 613s cm�1.
Anal. calcd for C27H39Sc: C 79.37, H 9.62; found: C 79.40, H 9.80.

[(h5-C5Me5)2Lu(h3-C5Me4H)] (2): KC5Me4H (203 mg, 1.27 mmol)
was added to a stirred white slurry of [{(C5Me5)2Lu}{(m-Ph)2BPh2}]
(303 mg, 0.396 mmol) in benzene (7 mL). After stirring for 18 h, the
yellow slurry was centrifuged, filtered, and the solvent was removed
under reduced pressure to yield a pale yellow solid. The solid was
stirred in hexane (15 mL) for 30 min, centrifuged, filtered, and the
hexane was removed under reduced pressure to yield a bright yellow
solid (190 mg, 85%). Crystals of 2 were grown from benzene at 25 8C.
1H NMR (500 MHz, [D6]benzene, 298 K): d = 5.39 (s, 1H, C5Me4H),
2.29 (s, 6H, C5Me4H), 1.91 (s, 15 H, C5Me5), 1.73 (s, 6H, C5Me4H),
1.70 ppm (s, 15H, C5Me5). 13C NMR (126 MHz, [D6]benzene, 298 K):
d = 119.6 (C5Me4H), 119.2 (C5Me5), 117.6 (C5Me4H), 85.7 (C5Me4H),
15.3 (C5Me4H), 12.7 (C5Me4H), 12.0 (C5Me5), 10.9 ppm (C5Me5).
1H NMR (500 MHz, p-[D10]xylene, 298 K): d = 5.40 (s, 1H, C5Me4H),
2.32 (s, 6H, C5Me4H), 2.06 (s, 15H, C5Me5), 1.83 (s, 15H, C5Me5),
1.82 ppm (s, 6H, C5Me4H). IR: ~nn = 2956s, 2906s, 2857s, 2726w, 2605m,
2454w, 2387w, 1598w, 1545w, 1485m, 1439s, 1401m, 1381s, 1275m,
1136m, 1105w, 1062w, 1023m, 946w, 800w, 708w, 681m, 636s, 610s,
561m cm�1. Anal. calcd for C29H43Lu: C 61.47, H 7.65; found: C 60.90,
H 7.97.

[(h5-C5Me5)2Y(h3-C5Me4H)] (3): Following the procedure for 2,
KC5Me4H (62 mg, 0.39 mmol) reacts with [{(C5Me5)2Y}{(m-
Ph)2BPh2}] (260 mg, 0.383 mmol) to yield a bright yellow solid
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(131 mg, 71%). Crystals of 3 were grown from toluene at �35 8C.
1H NMR (500 MHz, [D6]benzene, 298 K): d = 5.65 (s, 1H, C5Me4H),
2.28 (s, 6H, C5Me4H), 1.89 (s, 15 H, C5Me5), 1.75 (s, 6H, C5Me4H),
1.68 ppm (s, 15H, C5Me5). 13C NMR (126 MHz, [D6]benzene, 298 K):
d = 126.7 (C5Me4H), 120.2 (d, 1JYC = 1 Hz, C5Me5), 119.7 (d, 1JYC =
1 Hz, C5Me5), 114.3 (C5Me4H), 89.8 (d, 1JYC = 12 Hz, C5Me4H), 14.8
(C5Me4H), 12.9 (C5Me4H), 11.9 (C5Me5), 10.7 ppm (C5Me5). 1H NMR
(500 MHz, p-[D10]xylene, 298 K): d = 5.67 (s, 1H, C5Me4H), 2.31 (s,
6H, C5Me4H), 2.04 (s, 15 H, C5Me5), 1.83 (s, 6H, C5Me4H), 1.81 ppm
(s, 15 H, C5Me5). IR: ~nn = 2952s, 2906s, 2857s, 2725m, 2610m, 2457w,
2393w, 1491w, 1439s, 1382s, 1330w, 1284w, 1258w, 1138m, 1105w,
1062w, 1022m, 944w, 788m, 730w, 705w, 654s, 643s, 625m, 605s,
563w cm�1. Anal. calcd for C29H43Y: C 72.48, H 9.02; found: C 72.37,
H 9.73.

Crystallographic data for 1: C27H39Sc, P21/c, M = 408.54, a =
16.9583(9), b = 17.2189(9), c = 17.1638(9) �, b = 112.7633(7), V=

4621.5(4) �3, T= 148(2) K, Z = 8, R1 = 0.0368, wR2 = 0.1025.
Crystallographic data for 2 : C29H43Lu, P�11, M = 566.60, a =

10.0535(4), b = 14.3590(5), c = 17.8772(6) �, a = 91.9550(4), b =
91.4539(4), g = 100.5306(4)8, V = 2534.46(16) �3, T= 173(2) K, Z =
4, R1 = 0.0166, wR2 = 0.0427.

Crystallographic data for 3 : C29H43Y, P�11, M = 480.54, a =
10.0376(4), b = 14.3585(5), c = 17.7416(6) �, a = 92.3586(4), b =
90.3582(4), g = 99.8809(4)8, V= 2516.71(16) �3, T= 93(2) K, Z = 4,
R1 = 0.0292, wR2 = 0.0727.

CCDC 788557 (1), 788558 (2), and 788559 (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.).

Received: September 20, 2010
Published online: December 10, 2010

.Keywords: coordination modes · cyclopentadienyl ligands ·
lanthanoides · scandium · yttrium

[1] a) W. J. Evans, B. L. Davis, J. W. Ziller, Inorg. Chem. 2001, 40,
6341; b) W. J. Evans, J. M. Perotti, S. A. Kozimor, T. M. Cham-
pagne, B. L. Davis, G. W. Nyce, C. H. Fujimoto, R. D. Clark,
M. A. Johnston, J. W. Ziller, Organometallics 2005, 24, 3916;
c) W. J. Evans, C. A. Seibel, J. W. Ziller, J. Am. Chem. Soc. 1998,
120, 6745; d) W. J. Evans, S. L. Gonzales, J. W. Ziller, J. Am.
Chem. Soc. 1991, 113, 7423; e) W. J. Evans, B. L. Davis, T. M.
Champagne, J. W. Ziller, Proc. Natl. Acad. Sci. USA 2006, 103,
12678; f) W. J. Evans, K. J. Forrestal, J. W. Ziller, Angew. Chem.
1997, 109, 798; Angew. Chem. Int. Ed. Engl. 1997, 36, 774.

[2] C. E. Davies, I. M. Gardiner, J. C. Green, M. L. H. Green, N. J.
Hazel, P. D. Grebenik, V. S. B. Mtetwa, K. Prout, J. Chem. Soc.
Dalton Trans. 1985, 669.

[3] C. Janiak, K. C. H. Lange, U. Versteeg, D. Lentz, P. H. M.
Budzelaar, Chem. Ber. 1996, 129, 1517.

[4] P. M. Maitlis, Chem. Soc. Rev. 1981, 10, 1.
[5] a) W. J. Evans, G. W. Nyce, M. A. Johnston, J. W. Ziller, J. Am.

Chem. Soc. 2000, 122, 12019; b) W. J. Evans, S. A. Kozimor, J. W.
Ziller, Organometallics 2005, 24, 3407; c) W. J. Evans, G. W.
Nyce, J. W. Ziller, Organometallics 2001, 20, 5489; d) W. J.
Evans, S. A. Kozimor, G. W. Nyce, J. W. Ziller, J. Am. Chem.
Soc. 2003, 125, 13831; e) W. J. Evans, S. A. Kozimor, J. W. Ziller,
J. Am. Chem. Soc. 2003, 125, 14264; f) W. J. Evans, T. J. Mueller,
J. W. Ziller, Chem. Eur. J. 2010, 16, 964; g) W. J. Evans, T. J.
Mueller, J. W. Ziller, J. Am. Chem. Soc. 2009, 131, 2678.

[6] W. J. Evans, B. L. Davis, Chem. Rev. 2002, 102, 2119.
[7] a) W. J. Evans, T. A. Ulibarri, L. R. Chamberlain, J. W. Ziller, D.

Alvarez, Organometallics 1990, 9, 2124; b) H. Schumann, M.
Glanz, H. Hemling, F. H. G�rlitz, J. Organomet. Chem. 1993,
462, 155; c) W. J. Evans, K. J. Forrestal, M. A. Ansari, J. W.
Ziller, J. Am. Chem. Soc. 1998, 120, 2180.

[8] F. T. Edelmann in Comprehensive Organometallic Chemistry III
(Eds.: H. C. Robert, D. M. P. Mingos), Elsevier, Oxford, 2007,
pp. 1.

[9] a) R. H. Crabtree, The Organometallic Chemistry of the Tran-
sition Metals, 4th ed., Wiley, New York, 2005 ; b) J. Hartwig,
Organotransition Metal Chemistry, University Science Books,
Sausalito, 2010 ; c) J. M. O�Connor, C. P. Casey, Chem. Rev. 1987,
87, 307.

[10] a) E. J. Palmer, B. E. Bursten, Polyhedron 2006, 25, 575; b) H.
Jacobsen, H. Berke, T. Brackemeyer, T. Eisenbl�tter, G. Erker,
R. Fr�hlich, O. Meyer, K. Bergander, Helv. Chim. Acta 1998, 81,
1692.

[11] R. A. Forder, K. Prout, Acta Crystallogr. Sect. B 1974, 30, 491.
[12] V. I. Kulishov, E. M. Brainina, N. G. Bokiy, Y. T. Struchkov, J.

Chem. Soc. D 1970, 475.
[13] F. A. Cotton, J. L. Calderon, B. G. DeBoer, J. Takats, J. Am.

Chem. Soc. 1971, 93, 3592.
[14] R. D. Rogers, R. Vann Bynum, J. L. Atwood, J. Am. Chem. Soc.

1981, 103, 692.
[15] H. Schumann, S. Nickel, R. Weimann, J. Organomet. Chem.

1994, 468, 43.
[16] J. L. Atwood, K. D. Smith, J. Am. Chem. Soc. 1973, 95, 1488.
[17] W. J. Evans, K. J. Forrestal, J. W. Ziller, J. Am. Chem. Soc. 1998,

120, 9273.
[18] S. Demir, S. E. Lorenz, M. Fang, F. Furche, G. Meyer, J. W.

Ziller, W. J. Evans, J. Am. Chem. Soc. 2010, 132, 11151.
[19] a) R. D. Sanner, J. M. Manriquez, R. E. Marsh, J. E. Bercaw, J.

Am. Chem. Soc. 1976, 98, 8351; b) J. A. Pool, E. Lobkovsky, P. J.
Chirik, Nature 2004, 427, 527.

[20] M. E. Thompson, S. M. Baxter, A. R. Bulls, B. J. Burger, M. C.
Nolan, B. D. Santarsiero, W. P. Schaefer, J. E. Bercaw, J. Am.
Chem. Soc. 1987, 109, 203.

[21] A. D. Sadow, T. D. Tilley, J. Am. Chem. Soc. 2003, 125, 7971.
[22] S. G. Minasian, J. D. Rinehart, J. D. Minasian, P. Bazinet, M.

Seitz, Acta Crystallogr. Sect. E 2006, 62, m1823.
[23] R. D. Shannon, Acta Crystallogr. Sect. A 1976, 32, 751.
[24] a) W. J. Evans, D. S. Lee, M. A. Johnston, J. W. Ziller, Organo-

metallics 2005, 24, 6393; b) S. E. Lorenz, B. M. Schmiege, D. S.
Lee, J. W. Ziller, W. J. Evans, Inorg. Chem. 2010, 49, 6655.

[25] W. J. Evans, J. M. Perotti, J. W. Ziller, J. Am. Chem. Soc. 2005,
127, 3894.

[26] W. J. Evans, S. A. Kozimor, J. C. Brady, B. L. Davis, G. W. Nyce,
C. A. Seibel, J. W. Ziller, R. J. Doedens, Organometallics 2005,
24, 2269.

[27] W. J. Evans, B. M. Schmiege, S. E. Lorenz, K. A. Miller, T. M.
Champagne, J. W. Ziller, A. G. DiPasquale, A. L. Rheingold, J.
Am. Chem. Soc. 2008, 130, 8555.

[28] a) K. H. Den Haan, J. L. De Boer, J. H. Teuben, A. L. Spek, B.
Kojic-Prodic, G. R. Hays, R. Huis, Organometallics 1986, 5,
1726; b) G. Jeske, H. Lauke, H. Mauermann, P. N. Swepston, H.
Schumann, T. J. Marks, J. Am. Chem. Soc. 1985, 107, 8091;
c) H. J. Heeres, J. Renkema, M. Booij, A. Meetsma, J. H.
Teuben, Organometallics 1988, 7, 2495.

[29] J. Frahm, Ber. Bunsen-Ges. 1982, 86, 873.
[30] J. Holton, M. F. Lappert, D. G. H. Ballard, R. Pearce, J. L.

Atwood, W. E. Hunter, J. Chem. Soc. Dalton Trans. 1979, 54.

Communications

518 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 515 –518

http://dx.doi.org/10.1021/ic010554i
http://dx.doi.org/10.1021/ic010554i
http://dx.doi.org/10.1021/ic010554i
http://dx.doi.org/10.1021/om050402l
http://dx.doi.org/10.1021/ja980534o
http://dx.doi.org/10.1021/ja980534o
http://dx.doi.org/10.1021/ja00019a050
http://dx.doi.org/10.1021/ja00019a050
http://dx.doi.org/10.1073/pnas.0602672103
http://dx.doi.org/10.1073/pnas.0602672103
http://dx.doi.org/10.1002/ange.19971090728
http://dx.doi.org/10.1002/ange.19971090728
http://dx.doi.org/10.1002/anie.199707741
http://dx.doi.org/10.1039/dt9850000669
http://dx.doi.org/10.1039/dt9850000669
http://dx.doi.org/10.1002/cber.19961291219
http://dx.doi.org/10.1039/cs9811000001
http://dx.doi.org/10.1021/ja002486p
http://dx.doi.org/10.1021/ja002486p
http://dx.doi.org/10.1021/om050230s
http://dx.doi.org/10.1021/om010596e
http://dx.doi.org/10.1021/ja036631l
http://dx.doi.org/10.1021/ja036631l
http://dx.doi.org/10.1021/ja037647e
http://dx.doi.org/10.1021/ja808763y
http://dx.doi.org/10.1021/cr010298r
http://dx.doi.org/10.1021/om00157a024
http://dx.doi.org/10.1016/0022-328X(93)83353-W
http://dx.doi.org/10.1016/0022-328X(93)83353-W
http://dx.doi.org/10.1021/ja973058v
http://dx.doi.org/10.1016/j.poly.2005.07.033
http://dx.doi.org/10.1002/(SICI)1522-2675(19980909)81:9%3C1692::AID-HLCA1692%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1522-2675(19980909)81:9%3C1692::AID-HLCA1692%3E3.0.CO;2-X
http://dx.doi.org/10.1107/S0567740874003049
http://dx.doi.org/10.1039/c29700000475
http://dx.doi.org/10.1039/c29700000475
http://dx.doi.org/10.1021/ja00744a009
http://dx.doi.org/10.1021/ja00744a009
http://dx.doi.org/10.1021/ja00393a044
http://dx.doi.org/10.1021/ja00393a044
http://dx.doi.org/10.1016/0022-328X(94)80028-6
http://dx.doi.org/10.1016/0022-328X(94)80028-6
http://dx.doi.org/10.1021/ja00786a023
http://dx.doi.org/10.1021/ja9809859
http://dx.doi.org/10.1021/ja9809859
http://dx.doi.org/10.1021/ja102681w
http://dx.doi.org/10.1021/ja00442a007
http://dx.doi.org/10.1021/ja00442a007
http://dx.doi.org/10.1038/nature02274
http://dx.doi.org/10.1021/ja00235a031
http://dx.doi.org/10.1021/ja00235a031
http://dx.doi.org/10.1021/ja021341a
http://dx.doi.org/10.1107/S1600536806026602
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1021/om050709k
http://dx.doi.org/10.1021/om050709k
http://dx.doi.org/10.1021/ic100682d
http://dx.doi.org/10.1021/ja045064e
http://dx.doi.org/10.1021/ja045064e
http://dx.doi.org/10.1021/om049286x
http://dx.doi.org/10.1021/om049286x
http://dx.doi.org/10.1021/ja8011726
http://dx.doi.org/10.1021/ja8011726
http://dx.doi.org/10.1021/om00139a034
http://dx.doi.org/10.1021/om00139a034
http://dx.doi.org/10.1021/ja00312a050
http://dx.doi.org/10.1021/om00102a011
http://dx.doi.org/10.1039/dt9790000054
http://www.angewandte.org

