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ABSTRACT: Tetranuclear cubane-type rare-earth meth-
ylidene complexes consisting of four “Cp0LnCH2” units,
[Cp0Ln(μ3-CH2)]4 (4-Ln; Ln =Tm, Lu;Cp0 =C5Me4SiMe3),
have been obtained for the first time through CH4 elimination
from the well-defined polymethyl complexes [Cp0Ln(μ2-
CH3)2]3 (2-Ln) ormixedmethyl/methylidene precursors such
as [Cp03Ln3(μ2-Me)3(μ3-Me)(μ3-CH2)] (3-Ln). The reac-
tionof themethylidene complex4-Luwith benzophenone leads
to CdO bond cleavage and CdC bond formation to give the
cubane-type oxo complex [Cp0Lu(μ3-O)]4 and CH2dCPh2,
while the methyl/methylidene complex 3-Tm undergoes se-
quential methylidene addition to the CdO group and ortho
C�H activation of the two phenyl groups of benzophenone to
afford the bis(benzo-1,2-diyl)ethoxy-chelated trinuclear com-
plex [Cp03Tm3(μ2-Me)3{(C6H4)2C(O)Me}] (6-Tm).

Transition-metal carbene and alkylidene complexes have been
extensively studied in the past four decades because of their

importance in synthetic applications.1 In contrast, studies on rare-
earth-metal carbene and alkylidene complexes have been very limited,
despite recent significant advances.2�9 This is mainly due to the
extremely high reactivity (or instability) of the highly polar rare-
earth�carbon double bonds, which renders them difficult to isolate
and characterize. The formation of a rare-earth alkylidene species was
first postulated in 1979,3 but the first structurally characterized
“carbene”-type rare-earth complex bearing a pincerlike bis(imino-
phosphorano)methylidene ligand was reported only recently in
2000.4 More recently, rare-earth methylidene complexes stabilized
by chloride bridges6 or a Lewis acid such as AlMe3

7,8 as well as mixed
methyl/methylidene complexes9 have been reported.

We report here a new class of rare-earth methylidene complexes,
[Cp0Ln(μ3-CH2)]4 (4-Ln; Ln = Tm, Lu; Cp0 = C5Me4SiMe3),
which consist of only simple “Cp0LnCH2” units and adopt a novel
cubane-like Ln4(CH2)4 core structure. The isolation and structure
determination of the trinuclear polymethyl complexes [Cp0Ln(μ2-
CH3)2]3 (2-Ln) and the mixed methyl/methylidene complex
[Cp03Tm3(μ2-Me)3(μ3-Me)(μ3-CH2)] (3-Tm), which are precur-
sors to the cubane-type methylidene complexes 4-Ln, has also been
achieved. The reactions of the methylidene complexes with ketones
were carried out to probe the competence of the complexes as
methylidene transfer agents.

The reaction of [Cp0Lu(CH2SiMe3)2(THF)] (1-Lu)
10 with 1

equiv of AlMe3 in ether at room temperature for 12 h gave the
corresponding trinuclear hexamethyl complex [Cp0Lu(μ2-CH3)2]3
(2-Lu) in 90% isolated yield through the CH2SiMe3/Me exchange
reaction between the “Lu(CH2SiMe3)2” unit in 1-Lu and the
“AlMe2” part in AlMe3 followed by trimerization (intermole-
cular Lu�Me interactions) of the resulting “Cp0LuMe2” species
(Scheme 1). In contrast, the similar reaction of [Cp0Tm(CH2-
SiMe3)2(THF)] (1-Tm)10b with AlMe3 at room temperature gave
the tetramethyl/methylidene complex [Cp03Tm3(μ2-Me)3(μ3-
Me)(μ3-CH2)] (3-Tm) in 68% isolated yield, while a hexamethyl
complex analogous to 2-Lu was not observed. However, when the
reaction of 1-Tm with 1 equiv of AlMe3 was carried out at�30 �C,
the analogous hexamethyl complex 2-Tm was obtained selectively.
When it was warmed to room temperature, 2-Tm rapidly trans-
formed into the tetramethyl/methylidene complex 3-Tm with
release of CH4 (Scheme 1).

Unlike 2-Tm, the Lu hexamethyl analogue 2-Lu is stable at
room temperature. To see whether amixedmethyl/methylidene Lu
complex analogous to 3-Tm could be formed at higher tempera-
tures, 2-Lu was heated in C6D6 in a sealed NMR tube. Surprisingly
to us, when 2-Lu was heated at 90 �C for 2 h, the tetranuclear
tetramethylidene complex [Cp0Lu(μ3-CH2)]4 (4-Lu) was obtained
quantitativelywith release ofCH4 (Scheme 1). Similarly, heating the

Scheme 1. Synthesis of Polymethyl and Methylidene
Complexes
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hexamethyl complex 2-Tm or the methyl/methylidene complex 3-
Tm at 90 �Cafforded the analogousmethylidene complex [Cp0Tm-
(μ3-CH2)]4 (4-Tm) in quantitative yield.

Complexes 2-Lu and 2-Tm possess similar trinuclear structures,
as shown by X-ray diffraction analyses (see the Supporting Informa-
tion). The six CH3 groups in each complex adopt a μ2-bonding
fashion, and each edge of the triangular metal framework is equally
bridged by two CH3 groups. The average bond lengths of the Ln�
(μ2-CH3) bonds in 2-Tm and 2-Lu are 2.50(2) and 2.49(1) Å,
respectively, which are much longer than those of the terminal
Ln�CH2SiMe3 bonds in 1-Tm [av 2.348(5) Å] and 1-Lu [av
2.322(5) Å], respectively.10b The overall structure of the trinuclear
hexamethyl complexes 2-Tm and 2-Lu is similar to that of the
C5Me5-ligated Y complex [(C5Me5)Y(μ-Me)2]3,

6a but it contrasts
with those of the C5Me4SiMe3-ligated Sc binuclear complex
[(C5Me4SiMe3)Sc(μ-Me)Me]2

11a and the monomeric dimethyl
complexes [(TptBu,Me)LnMe2]

11b and [(nacnac)LnMe2] (Ln =
Sc, Y; nacnac = {(2,6-iPr2C6H3N)C(

tBu)}2CH).
11c These results

demonstrate that the structure of the rare-earth dimethyl com-
plexes is significantly dependent on the bulkiness of the ancillary
ligands and the ionic radius of the central metal.

The trinuclear tetramethyl/methylidene complex 3-Tm possesses
three μ2-Me groups, one μ3-Me group, and one μ3-CH2 group, as
shown by an X-ray diffraction study (Figure 1). The average bond
length of the Tm�(μ3-C2) (methyl) bonds [2.66(2) Å] is much
longer than that [2.49(1) Å] of the Tm�(μ2-C3) [av 2.493(6) Å],
Tm�(μ2-C4) [av 2.51(1) Å], and Tm�(μ2-C5) [av 2.48(1) Å]
(methyl) bonds. The latter is comparable with that of
the Tm�(μ2-CH3) bonds in 2-Tm [2.50(1) Å]. In contrast, the
bond lengths of the Tm�(μ3-C1) (methylidene) bonds in 3-Tm,
which range from 2.326(3) to 2.366(3) Å with an average value of
2.35(2) Å, are significantly shorter than those of the Tm�(μ2-
C3,4,5) (methyl) bonds [av 2.49(1) Å] and much shorter than
those of the Tm�(μ3-C2) (methyl) bonds [av 2.66(2) Å], suggest-
ing that the C1 atom in 3-Tm is distinctly different from the C2�C5
atoms and can be assigned as a methylidene carbon. In agreement
with this assignment, only twohydrogen atomswere foundon theC1
atom, while three hydrogen atoms are located on each of the atoms
C2�C5 in the difference Fourier electron density map. The core
structure of 3-Tm is similar to those of mixed methyl/methylidene
rare-earth complexes bearing non-Cp ligands, namely, [{(2,6-iPrC6-

H3)(Me3Si)N}3Ln3(μ2-Me)3(μ3-Me)(μ3-CH2)(THF)3] (Ln = Y,
Ho, Lu)9a and [(NCN)3Ln3(μ2-Me)3(μ3-Me)(μ3-CH2)] [Ln = Sc,
Lu; NCN = PhC(NC6H4

iPr2-2,6)2].
9b

X-ray diffraction studies of the methylidene complexes 4-Tm
and 4-Lu revealed that these complexes adopt a tetranuclear
cubane-like Ln4(CH2)4 core structure formed by four “Cp0Ln-
(μ3-CH2)” units (Figure 2). These two complexes are isomor-
phous. There is a crystallographic mirror plane in which two
metal atoms (Ln1 and Ln3), two methylidene carbon atoms (C2
and C3), two Si atoms (Si2 and Si3), and two Cp-ring carbon
atoms (C16 and C23) are located. The C5Me4SiMe3 ligands on the
Ln2 and Ln3 metal atoms are bisected by the mirror plane. The
methyl groups of SiMe3 in a C5Me4SiMe3 ligand in 4-Tm and 4-Lu
are disordered because of the crystallographicmirror symmetry. The
Tm�(μ3-C) methylidene bond lengths in 4-Tm, ranging from
2.319(5) to 2.424(5) Å with an average value of 2.38(4) Å, are
comparable to the Lu�(μ3-C) bond lengths in 4-Lu [av 2.37(3) Å]
and the Tm�(μ3-C1) (methylidene) bond distances found in 3-
Tm [av 2.35(2) Å]. The hydrogen atoms in the methylidene units
were also easily located. As far as we are aware, 4-Tm and 4-Lu
represent the first examples of structurally characterized rare-earth
polymethylidene complexes consisting solely of simple “LLnCH2”
units and also the first examples of M4(CH2)4 cubane-type meth-
ylidene complexes of any metal.

It is also noteworthy that the selective formation of the Al-free
multimethyl or methylidene complexes such as 2-Ln, 3-Tm, and 4-
Ln in the present reactions of 1-Ln with AlMe3 (Scheme 1) is in
sharp contrast with the previously reported reactions of lanthanide
dialkyl or diamido complexes with AlMe3, which often yield Al-
containing heteromultimetallic complexes.8,12

The diamagnetic Lu complexes 2-Lu and 4-Lu showed well-
resolved 1H and 13C NMR spectra in C6D6. The “Lu�Me” groups
in 2-Lu gave a singlet at 0.19 ppm in the 1H NMR spectrum and a
singlet at 37.2 ppm in the 13C NMR spectrum. The 1H and 13C
NMR spectra of 4-Lu showed a singlets at 1.72 and 115.89 ppm, res-
pectively, which can be unambiguously assigned to the “Lu�CH2”
methylidene units. ADEPTexperiment also confirmed the presence
of CH2 units in 4-Lu.

The reactions of the methylidene complexes 4-Tm and 4-Lu
with benzaldehyde or benzophenone took place rapidly at room

Figure 1. ORTEP drawing of 3-Tm with 30% thermal ellipsoids. H
atoms (except for those on Tm�CH2 and Tm�Me units) andMe groups
on Cp0 rings and Si atoms have been omitted for clarity. Selected bond
lengths (Å): Tm(1)�C(1), 2.364(5); Tm(2)�C(1), 2.330(5); Tm-
(3)�C(1), 2.365(5); Tm(1)�C(2), 2.636(5); Tm(2)�C(2), 2.682(5);
Tm(3)�C(2), 2.652(6); Tm(1)�C(3), 2.492(6); Tm(2)�C(3),
2.493(5); Tm(2)�C(4), 2.504(6); Tm(3)�C(4), 2.524(5); Tm(1)�C-
(5), 2.495(6); Tm(3)�C(5), 2.467(5); Tm(1)�Cp(av), 2.63(2); Tm-
(2)�Cp(av), 2.63(2); Tm(3)�Cp(av), 2.64(1).

Figure 2. ORTEP drawings of (left) 4-Lu and (right) 4-Tm with 30%
thermal ellipsoids. H atoms (except those on Ln�CH2 units) and Me
groups on Cp0 rings and Si atoms have been omitted for clarity. Selected
bond lengths (Å) in 4-Lu: Lu(1)�C(1), 2.318(11); Lu(1)�C(2),
2.393(11); Lu(1)�C(3), 2.408(11); Lu(2)�C(1), 2.391(12); Lu(2)�C-
(2), 2.325(16); Lu(3)�C(1), 2.411(12); Lu(3)�C(3), 2.334(15); Lu-
(1)�Cp(av), 2.60(2); Lu(2)�Cp(av), 2.61(2); Lu(3)�Cp(av), 2.62(3).
In 4-Tm: Tm(1)�C(1), 2.319(5); Tm(2)�C(1), 2.410(5); Tm(3)�C-
(1), 2.424(5); Tm(1)�C(2), 2.409(4); Tm(2)�C(2), 2.324(6); Tm-
(1)�C(3), 2.405(4); Tm(3)�C(3), 2.337(7); Tm(1)�Cp(av), 2.60(2);
Tm(2)�Cp(av), 2.60(2); Tm(3)�Cp(av), 2.60(1).
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temperature in benzene. 1H NMR monitoring of the reaction of
4-Lu with benzaldehyde or benzophenone in C6D6 showed
quantitative formation of the tetraoxo complex Cp04Lu4O4 (5-
Lu)13 and the alkene CH2dCRR0 (R, R0 = Ph, H or Ph, Ph)
(Scheme 2). In contrast, the polymethyl complex 2-Lu did not
react with benzophenone at room temperature over several
hours. These results clearly demonstrate that a methylidene
species is much more reactive than a methyl group.

The reaction of the tetramethyl/methylidene complex 3-Tm
with 1 equiv of benzophenone at room temperature gave the
trinuclear complex [Cp03Tm3(μ2-Me)3{(C6H4)2C(O)Me}] (6-
Tm), which contains three Me groups and one unprecedented
pincerlike bis(benzo-1,2-diyl)ethoxy trianion unit (Scheme 3 and
Figure 3).14 Because a methylidene unit is obviously more reactive
than amethyl group, complex 6-Tm could be formed by nucleophilic
addition of the methylidene unit of 3-Tm to the carbonyl group of
benzophenone (to give A) and subsequent activation of an ortho
C�H bond of a phenyl group (to give B), followed by ortho C�H
activation of the other phenyl group by a Me group and release of
CH4.

15TheC�Hactivation of benzophenone by an yttriumcarbene
complex was reported recently.5a

In summary, we have demonstrated that the reaction of half-
sandwich rare-earth dialkyl complexes such as 1-Ln with 1 equiv
of AlMe3 can serve as an excellent route to rare-earth meth-
ylidene complexes that has afforded for the first time well-defined
Ln4(CH2)4 cubane-type methylidene complexes such as 4-Ln.
The isolation and structural characterization of the polymethyl
precursors 2-Ln and a methyl/methylidene complex 3-Tm have
also been achieved, thus providing clear evidence for under-
standing the methylidene formation process. The reaction of the

cubane-type methylidene complex 4-Lu with a carbonyl com-
pound such as benzophenone leads to deoxygenation and CdC
bond formation, giving the tetraoxo complex 5-Lu and an alkene
(1,1-diphenylethylene), while the methyl/methylidene complex
3-Tm undergoes methylidene addition and C�H activation
reactions with benzophenone to yield the bis(benzo-1,2-
diyl)ethoxy-chelated complex 6-Tm. The results presented in
this work suggest that the reactivity (or stability) of rare-earth
methylidene species could be fine-tuned by changing the metal
size in the rare-earth series. Further studies of the synthesis and
reactivity of the analogous methylidene complexes with other
rare-earth metals and related ancillary ligands are in progress.16

’ASSOCIATED CONTENT

bS Supporting Information. Experimental details and
X-ray data (CIF) for 2-Tm, 2-Lu, 3-Tm, 4-Tm, 4-Lu, and 6-
Tm. This material is available free of charge via the Internet at
http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
zfxi@pku.edu.cn; houz@riken.jp

’ACKNOWLEDGMENT

This work was partly supported by a Grant-in-Aid for Scientific
Research (S) (21225004) from JSPS and the National Natural
Science Foundation of China and the Key Project of International
Cooperation of NSFC (20920102030). W.-X.Z. and Z.W. thank
RIKEN for a Visiting Scientist Program and an “Asia Program
Associate”Fellowship, respectively.We are grateful toMs. Ting-Ting
Li and Dr. Jianhua Cheng for synthetic assistance.

’REFERENCES

(1) (a) Fischer, E. O.; Maasb€ol, A. Angew. Chem., Int. Ed. Engl. 1964,
3, 580–581. (b) Schrock, R. R. J. Am. Chem. Soc. 1974, 96, 6796–6797.

Scheme 2. Reactions of Methylidene Complex 4-Lu with
Benzophenone and Benzaldehyde

Scheme 3. Reaction of Methyl/Methylidene Complex 3-Tm
with Benzophenone

Figure 3. ORTEP drawing of 6-Tm with 30% thermal ellipsoids. H
atoms (except those on Tm�Me units) andMe groups on Cp0 rings and
Si atoms have been omitted for clarity. Selected bond lengths (Å):
C(16)�O(1), 1.464(6); C(16)�C(17), 1.536(7); Tm(1)�C(1),
2.482(5); Tm(3)�C(1), 2.513(6); Tm(1)�C(2), 2.516(6); Tm-
(2)�C(2), 2.502(6); Tm(2)�C(3), 2.451(6); Tm(3)�C(3),
2.522(6); Tm(1)�C(4), 2.536(5); Tm(3)�C(4), 2.570(5); Tm-
(2)�C(10), 2.521(5); Tm(3)�C(10), 2.549(6); Tm(1)�O(1),
2.197(4); Tm(2)�O(1), 2.211(4); Tm(1)�Cp(av), 2.66(2); Tm-
(2)�Cp(av), 2.65(2); Tm(3)�Cp(av), 2.69(4).



5715 dx.doi.org/10.1021/ja200540b |J. Am. Chem. Soc. 2011, 133, 5712–5715

Journal of the American Chemical Society COMMUNICATION

(c) Bourissou, D.; Guerret, O.; Gabbai, F. P.; Bertrand, G. Chem. Rev.
2000, 100, 39–91. (d) Schrock, R. R. Angew. Chem., Int. Ed. 2006,
45, 3748–3759. (e) Grubbs, R. H. Angew. Chem., Int. Ed. 2006,
45, 3760–3765.

(2) (a) Arnold, P. L.; Casely, I. J. Chem. Rev. 2009, 109, 3599–3611.
(b) Arnold, P. L.; Pearson, S. Coord. Chem. Rev. 2007, 251, 596–609.
(c) Liddle, S. T.; Edworthy, I. S.; Arnold, P. L. Chem. Soc. Rev. 2007, 36,
1732–1744. (d) Arnold, P. L.; Liddle, S. T. Chem. Commun. 2006, 3959–
3971. (e) Giesbrech, G. R.; Gordon, J. C. Dalton Trans. 2004, 2387–2393.
(f) Cavell, R. G.; Babu, R. P. K.; Aparna, K. J. Organomet. Chem. 2001,
617�618, 158–169.
(3) Schumann, H.; M€uller, J. J. Organomet. Chem. 1979, 169, C1–C4.
(4) Aparna, K.; Ferguson, M.; Cavell, R. G. J. Am. Chem. Soc. 2000,

122, 726–727.
(5) (a) Mills, D. P.; Soutar, L.; Lewis, W.; Blake, A. J.; Liddle, S. T.

J. Am.Chem. Soc. 2010, 132, 14379–14381. (b) Fustier, M.; Le Goff, X. F.;
Le Floch, P.; M�ezailles, N. J. Am. Chem. Soc. 2010, 132, 13108–13110.
(c) Mills, D. P.; Wooles, A. J.; McMaster, J.; Lewis, W.; Blake, A. J.;
Liddle, S. T. Organometallics 2009, 28, 6771–6776. (d) Mills, D. P.;
Cooper, O. J.; McMaster, J.; Lewis, W.; Liddle, S. T. Dalton Trans.
2009, 4547–4555. (e) Liddle, S. T.; McMaster, J.; Green, J. C.; Arnold,
P. L.Chem.Commun.2008, 1747–1749. (f)Cantat, T.; Jaroschik, F.; Richard,
L.; Le Floch, P.; Nief, F.;M�ezailles, N.Organometallics 2006, 25, 1329–1332.
(g) Cantat, T.; Jaroschik, F.; Nief, F.; Richard, L.; M�ezailles, N.; Le Floch, P.
Chem. Commun. 2005, 5178–5180. (h) Buchard, A.; Auffrant, A.; Ricard, L.;
Le Goff, X. F.; Platel, R. H.; Williams, C. K.; Le Floch, P. Dalton Trans.
2009, 10219–10222. (i) Liddle, S.T.;Mills,D. P.;Gardner, B.M.;McMaster,
J.; Jones, C.; Woodul, W. D. Inorg. Chem. 2009, 48, 3520–3522. (j) Wooles,
A. J.; Cooper, O. J.; McMaster, J.; Lewis, W.; Blake, A. J.; Liddle, S. T.
Organometallics 2010, 29, 2315–2321. (k) Wooles, A. J.; Mills, D. P.; Lewis,
W.; Blake, A. J.; Liddle, S. T. Dalton Trans. 2010, 39, 500–510. (l) Roos,
B.O.; Pyykk€o, P.Chem.—Eur. J.2010,16, 270–275. (m)Zhang,X.; Schwarz,
H. Chem.—Eur. J. 2010, 16, 5882–5888. (n) Cho, H.-G.; Andrews, L.
Organometallics2007, 26, 633–643. (o)Clark,D. L.;Gordon, J. C.;Hay, P. J.;
Poli, R. Organometallics 2005, 24, 5747–5758.
(6) (a) Dietrich, H. M.; T€ornroos, K. W.; Anwander, R. J. Am. Chem.

Soc. 2006, 128, 9298–9299. For a methine cluster, see:(b) Dietrich,
H. M.; Grove, H.; T€ornroos, K. W.; Anwander, R. J. Am. Chem. Soc.
2006, 128, 1458–1459.
(7) (a) Litlabø, R.; Zimmermann, M.; Saliu, K.; Takats, J.; T€ornroos,

K. W.; Anwander, R. Angew. Chem., Int. Ed. 2008, 47, 9560–9564.
(b) Zimmermann, M.; Takats, J.; Kiel, G.; T€ornroos, K. W.; Anwander,
R. Chem. Commun. 2008, 612–614.
(8) (a) Scott, J.; Fan, H.; Wicker, B. F.; Fout, A. R.; Baik, M.-H.;

Mindiola, D. J. J. Am. Chem. Soc. 2008, 130, 14438–14439. (b) Scott, J.;
Basuli, F.; Fout, A. R.; Huffman, J. C.; Mindiola, D. J. Angew. Chem., Int.
Ed. 2008, 47, 8502–8505. (c) Scott, J.; Mindiola, D. J. Dalton Trans.
2009, 8463–8472.
(9) (a) Zimmermann, M.; Rauschmaier, D.; Eichele, K.; T€ornroos,

K. W.; Anwander, R. Chem. Commun. 2010, 46, 5346–5348. (b) Hong,
J.; Zhang, L.; Yu, X.; Li, M.; Zhang, Z.; Zheng, P.; Nishiura, M.; Hou, Z.;
Zhou, X. Chem.—Eur. J. 2011, 17, 2130–2137.
(10) (a) Tardif, O.; Nishiura, M.; Hou, Z. Organometallics 2003,

22, 1171–1173. (b) Nishiura, M.; Baldamus, J.; Shima, T.; Mori, K.;
Hou, Z. Chem.—Eur. J., in press; DOI: 10.1002/chem.201002998.
(11) (a) Robert, D.; Spaniol, T. P.; Okuda, J. Eur. J. Inorg. Chem.

2008, 2801–2809. (b) Zimmermann, M.; Litlabø, R.; T€ornroos, K. W.;
Anwander, R.Organometallics 2009, 28, 6646–6649. (c) Kenward, A. L.;
Piers, W. E.; Parvez, M. Organometallics 2009, 28, 3012–3020.

(12) (a) Zhang, L.; Nishiura, M.; Yuki, M.; Luo, Y.; Hou, Z. Angew.
Chem., Int. Ed. 2008, 47, 2642–2645. (b) Sommerfeldt, H.-M.;
Meermann, C.; Schrems, M. G.; T€ornroos, K. W.; Frøystein, N. Å.;
Miller, R. J.; Scheidt, E.-W.; Scherer, W.; Anwander, R. Dalton Trans.
2008, 1899–1907. (c) Zimmermann, M.; Frøystein, N. Å.; Fischbach,
A.; Sirsch, P.; Dietrich, H. M.; T€ornroos, K. W.; Herdtweck, E.;
Anwander, R. Chem.—Eur. J. 2007, 13, 8784–8800. (d) Fischbach, A.;
Anwander, R. Adv. Polym. Sci. 2006, 204, 155–281. (e) Anwander, R.;

Klimpel, M. G.; Dietrich, H. M.; Shorokhov, D. J.; Scherer, W. Chem.
Commun. 2003, 1008–1009.

(13) Structural characterization of the same tetraoxo Lu complex has
been reported previously. See: Shima, T.; Hou, Z. J. Am. Chem. Soc.
2006, 128, 8124–8125.

(14) The reaction of 3-Tm with PhCOMe or PhCHO gave a
complicated product mixture from which a characterizable species could
not be obtained.

(15) Attempts to detect possible deuterated methanes such as
CH3D from the reaction of 3-Tm with benzophenone-d10 by 1H or
2H NMR spectroscopy were not successful, probably because of the low
concentration of the gas in the solution and the influence of the
paramagnetic Tm(III) species. Hydrolysis of the reaction mixture
caused dehydration to give a product mixture containing 1,1-diphenyl-
ethylene, which made it difficult to obtain a decisive H/D ratio in the
hydrolysis products.

(16) The cubane-type scandium methylidene complex [Cp0Sc(μ3-
CH2)]4 was also obtained. Crystallographic data: monoclinic; P21/m;
a = 12.0943(12) Å, b = 23.114(2) Å, c = 13.1802(13) Å, β = 115.690(2)�;
V = 3320.3(6) Å3; Z = 2; Dcalcd = 1.166 g cm�3; R (Rw) = 0.052 (0.138).


