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Tebbe reagent [Cp,Ti{(n-CH,)(u-Cl)AI(CH;),}] (A; Cp=
cyclopentadienyl) belongs to the most enigmatic organome-
tallic compounds." Its successful synthesis, resulting from the
careful investigation of the reaction of [Cp,TiCl,] with two
equivalents Al(CHs;)s;, was triggered by important discoveries
in two fundamentally different areas of homogeneous catal-
ysis. Indeed, the initial studies of methane (and methylidene)
formation from [Cp,TiCl,J/AI(CH;); mixtures were con-
ducted in the context of Ziegler—Natta polymerization
catalysis,”! but the methylene unit was structurally charac-
terized by X-ray crystallography for the first time in tantalum
alkylidene complexes, such as [Cp,Ta(CH,)(CH;)],”! and
tungsten methylene compounds, related to proposed catalysts
for olefin metathesis.! Although catalytically active in olefin
metathesis,”! the Tebbe reagent is currently used for efficient
carbonyl methylenation reactions.® In his initial studies,
Tebbe also commented on the synthesis of the structurally
similar all-methyl derivative [Cp,Ti{(u-CH,)(u-CH;)Al-
(CH;),}] (B) from the labile [Cp,Ti(CH;),] and Al(CHs;)s,
suggesting [Cp,Ti(CH;),{Al(CH;);}] (B¥) as a stabilized
intermediate.!! Although the structures of the bis(neopentyl)
derivative [Cp,Ti{(u-CH,)(u-Cl)Al(CH,C(CH,),),}]” and a
zirconium analogue [Cp,Zr{(n-CHCH,C(CH,);)(p-Cl)Al-
(CH,CH(CH,),),}]* have been reported, there are no X-ray
structures of the Tebbe reagent nor of discrete metallacycles
of the type [M(u-CH,)(u-R)AI(CH,),] (R = Cl, CH,). 1
Previous studies from our laboratories on rare-earth-
metal(IIT)  tetramethylaluminate complexes [L,Ln{Al-
(CHy),},] (v=1, 2, 3; x+y=3, L=monovalent ancillary
ligand, Ln=1lanthanides and Sc, Y, La) as polymerization
catalysts!'"'?l led to the isolation of Ln™ clusters with
methylene,'¥ methine,™ and carbide functionalities.'’!
We also found that complex [Cp*;Y3(p-Cl);(ps-Cl)(ps-CH,)-
(thf);] (Cp*=Cs(CH;)s) displayed Tebbe-like reactivity."!
Herein, we report that the bulky hydrotris(pyrazolyl)borate
ligand Tp™®*M® (cone angle: 244°; Trofimenko’s scorpionate)
provides a unique ligand environment for the stabilization
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and isolation of discrete rare-earth metal methyl-methylene
species.'”l Such compounds are structurally similar to the
Tebbe reagent and display Tebbe-like reactivity.

Recently we reported the synthesis of [(Tp®=*M)Y{Al-
(CH;),}(CH3)] (2) by protonolysis of [Y{Al(CHj;),};] (1a) with
H(Tp®*M) 141 We have now succeeded in obtaining single
crystals of complex 2 using salt metathesis as an alternative
synthesis approach (Scheme 1)."%] No visual changes were

[Ln{AI(CHg)4}s] (1) + K(Tp®uCHs)

] toluene, RT, 24 h

— KAI(CHg),, — ACHg)y

Scheme 1. Ln"-size-dependent salt metathesis reaction pathways of

[Ln{AI(CH,)}5] and [K(Tp®“Me)].

observed when [Y{AI(CH,),};] (1a)?! was added to a white
suspension of K(Tp™"™¢) in toluene. However, extraction of
the product from the precipitated KAl(CHj;), and subsequent
evaporation of the solvent afforded a powdery white solid, the
"H NMR spectrum of which is identical to that of complex
2.1 X-ray structure analysis performed on colorless crystals
(the crude compound was recrystallized from a toluene/
hexane mixture)?! confirmed the molecular structure pro-
posed by variable-temperature (VT) "H NMR spectroscopic
studies™ (Figure 1). Consistent with the high mobility of the
CH, ligands, 2 can be viewed as [(Tp®*™°)Y(CH;),{Al-
(CH;)5}], hence representing a structural analogue of the
previously postulated Tebbe intermediate B*.!!

Complex 2 adopts a distorted trigonal-bipyramidal coor-
dination geometry; the terminal CH; group (C25) and N3 and
N5 from two of the pyrazolyl rings occupy the equatorial
plane, and the bridging methyl group (C26) of the Al(CH;),
ligand and N1 of the third pyrazolyl ring are in the apical
positions. The Tp®*M¢ ligand coordinates to the yttrium
center in a k° fashion with Y—N bond lengths ranging from
2.361(2) to 2.418(2) A; the longest distance (Y—N1) belongs
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Figure 1. Molecular structure of 2 (thermal ellipsoids are set at the
50% probability level). One of the tBu groups is rotationally disor-
dered, only the major part is shown. Selected bond lengths [A] and
angles [°]: Y-C25 2.382(3), Y-C26 2.715(3), Y-N1 2.418(2), Y-N3
2.361(2), Y-N5 2.357(2), Al—C26 2.057(3), A~C27 2.002(3), Al-C28
1.999(3); Al-C29 1.994(3), Y-C26-Al 161.0(1), C25-Y-C26 89.1(1), N1-Y-
€26 153.22(8).

to the pyrazolyl ring trans to the bridging CH; group. The
Al(CH3), moiety shows the unusual n'-coordination previ-
ously observed in the solid-state structure of [(NNN)La{(p-
CH,)AI(CHj;)3}(thf)] (NNN =2,6-[(2,6-iPr,CsH;)NC-
(CH5),],CsH;N).?2 The presence of this n'-coordinated Al-
(CH,), ligand in addition to the terminal CH; group clearly
demonstrates the sterically saturated environment imposed
on yttrium by the bulky Tp®*™* ligand and its tendency to
produce metal complexes with low coordination numbers.!
The Y—C bond lengths differ markedly: Y—C(CH,;) is quite
short  (2.382(3) A), while Y—C [(u-CH;)AI(CH;),]
(2.715(3) A) is relatively long. For comparison, the Y—C
bonds in the five-coordinate complex [(Tp™"™¢)Y(CH,Si-
(CHs;)3),] and in the alkyl-alkylidene complex [Y{CH,Si-
(CH;);{=C(PPh,=NSi(CHs;);),}(thf)] are 2.393(2) and
2.421(2) A, and 2.406(3) and 2.408(3) A, respectively.

Interestingly, when the same salt metathesis protocol was
applied to the larger rare-earth metal center lanthanum
(radii: La*" 1.032, Y** 0.900 A for six-coordination),? the
new complex [(Tp™"**)La[(u-CH,){(n-CH;) AI(CH,),L]] (3)
was obtained from [La{Al(CH,),};] (1b)?" and K(Tp™®Me)
(Scheme 1). Separation of KAI(CHj;),, evaporation of the
solvent, and washing with a small amount of cold hexane gave
a white powder of 3 in more than 50 % yield." The molecular
composition of complex 3 could be assigned on the basis of a
VT NMR spectroscopic study and an X-ray structure
analysis.”"]

The ambient-temperature '"H NMR spectrum of 3 in C4Dg
was not particularly informative, showing only one set of
signals for the 39 protons of the pyrazolyl groups of the
Tp®Me ligand (6=5.60, 1.85, and 1.33ppm) and a BH
resonance at 0 =4.43 ppm. Two signals were observed for
metal-bound CH protons: one broad singlet at 6 =0.97 ppm
accounting for two protons, and one singlet at 6 = —0.02 ppm
with an integral intensity of 18. This result excluded the
formation of the anticipated bis(tetramethylaluminate) com-
plex [(Tp™"M)La{Al(CH,;),},] (CH integral intensity of 24). A
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VT '"HNMR spectroscopic study eventually unraveled the
structural composition of complex 3 (Figure 2).

At —60°C all of the proton signals, except that of the BH
proton, have decoalesced. For the Tp®"™¢ ligand, the
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Figure 2. Variable-temperature '"H NMR spectra (500.13 MHz) of 3, in
the region of metal-bonded CH, in [Dg]toluene.

pyrazolyl protons now appear as two sets of signals in a 2:1
ratio, implying two different environments for the pyrazolyl
rings. The signal at 6 =0.97 ppm, assigned to CH, protons,
splits into two broad singlets at 6 =2.39 and —0.35 ppm. Upon
further cooling to —80°C these two peaks resolve into
doublets with a geminal coupling constant of %/~ 12 Hz.
The large chemical shift difference for the methylene protons
suggests rather different orientations with respect to the
lanthanum center; the downfield signal indicates a close
La--H contact (cf. X-ray structure analysis).”! At —60°C, the
signal for metal-bonded CH; groups at 6 = —0.02 ppm splits
into two broad singlets at 0.35 and 0.00 ppm (2:4 ratio), which
can be assigned to two bridging and four terminal CH; groups,
respectively. At —80°C, the latter peak decoalesces further
into two singlets, consistent with distinct terminal Al-CHj;
environments as revealed by the X-ray structure analysis of 3.

Colorless single crystals of 3 were obtained by recrystal-
lization from a toluene/hexane mixture (Figure 3). The
lanthanum center in complex 3 is in a distorted octahedral
coordination environment. As in the yttrium complex 2, the
Tp®*M¢ ligand coordinates to the lanthanum center in a x°
fashion; the La—N bond lengths range from 2.567(2) to
2.608(2) A. The butterfly-shaped Tebbe-like [(u-CH,){(p-
CH;)Al(CHs;),},] moiety (dihedral angle 39.28(8)°) features
a relatively short La—C(methylene) bond of 2.519(2) A,
matching the La—C(c) separations in homoleptic three-
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Figure 3. Molecular structure of 3 (thermal ellipsoids are set at the
50% probability level). Selected bond lengths [A] and angles [°]: La—
€25 2.519(2), La—H25B 2.60(3), La—C26 2.809(2), La—C29 2.833(2),
La-N1 2.567(2), La—N3 2.595(2), La—N5 2.608(2), Al1-C25 2.073(2),
Al1-C26 2.074(2), AlT-C27 1.990(2), Al1-C28 1.989(2), Al2-C25
2.075(2), Al2-C29 2.085(2), Al2-C30 1.983(2), Al2-C31 1.988(2); La-
C25-H25B 84(2), La-C25-H25A 171(4), La-C25-Al1 90.1(1), La-C25-Al2
89.9(1), La-C26-Al1 82.5(1), La-C29-A12 81.5(1).

coordinate [La{CH[Si(CH;);],}5] (2.515(9) A).”) One of the
methylene protons points toward the lanthanum -center,
reminiscent of La—(HC) a-agostic interactions (La—H25B
2.60(3) A and La-C25-H25B 84(2)°).*" The only other known
La—C(methylene) moieties have been found in the dodeca-
nuclear molecular clusters [La,Aly(CH),(CH,),(CHj;),o{P-
(CH;);})] (La—CH, 2.588(4) and 2.629(4)A) and
[La,Aly(C)(CH),(CH,),(CH;)y(toluene)] (2.549(7)-
2.889(7) A)') as well as in [Cp*;Las(u-Cl)s(us-Cl)(pus-CH,)-
(thf);] (2.537(3)-2.635(3) A).l¥] The two La—(u-CH;) bond
lengths in 3 (La—C26 2.809(2), La—C29 2.833(2) A) fall in the
expected range.*>%")

Given the structures of complexes 2 and 3, it is tempting to
speculate about the reaction sequence leading to their
formation (Scheme 2). Apparently, the high steric demand
of the Tp®"™¢ ligand prevents the formation of a stable
bis(tetramethylaluminate) derivative C, well known for a
series of other monovalent ancillary ligands.">'®? Elimina-
tion of a molecule of Al(CHj); results in D, which is stable in
the case of yttrium only (D =2). Owing to steric constraints or
to rapid side reactions of the released Al(CH,);, a cyclic
transition state E—proposed for the formation of the Tebbe
reagent on the basis of kinetic studies®'—seems to be
disfavored for the yttrium complex 2.° The six-membered
heterobimetallacycle E would then lead to the Ln analogue of
the Tebbe reagent F by extrusion of CH,.” However, the
latter would render a sterically unsaturated lanthanum center,
which therefore re-associates with Al(CH;); to form G
(complex 3).34

Contrary to complex 2, which at ambient temperature acts
as an exclusively alkylating reagent toward fluorenone,
preliminary NMR spectroscopy experiments revealed that
compound 3 is capable of performing carbonyl methylenation
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Scheme 2. Proposed activation sequence for the formation of the
Tebbe moieties [Ln(u-CH,) {(1-CH;)AI(CH;),},] (n=1, 2;
TpR,R':TptBu.Me).

reactions. When 3 was reacted with 9-fluorenone in C;Dy, its
conversion into the methylenated derivative 9-methylidene-
fluorene (ca. 50%) and the 1,2-addition product 9-CHj-
fluorenoxy-dimethylaluminum, [(CH,;),Al(OCH;;)] (ca.
50% )™ was complete after approximately 2 h. Formation
of the latter alkylation product could be suppressed by
addition of diethyl ether as a scavenger for the released
Al(CHj;)s.

In conclusion, we have shown that the sterically crowded,
monoanionic Tp™"™¢ scorpionate ligand provides a unique
environment for the isolation of discrete rare-earth metal
complexes with Y—(CH;){Al(CH,),} and La—(CH,) moieties.
Ongoing studies are aimed at fine-tuning the steric influence
by varying the size of the rare-earth metal and the substitution
pattern of the ancillary Tp®® ligand, for a comprehensive
understanding of the feasibility and reactivity of such rare-
earth-metal methylene functionalities.

Experimental Section

Synthesis of 3: In a glovebox, [La{Al(CH;),};] (1b; 140 mg,
0.35 mmol) was dissolved in toluene (3 mL) and added to a stirred
suspension of K(Tp®*™¢) (162 mg, 0.35 mmol) in toluene (3 mL). The
resulting white suspension was stirred another 4h at ambient
temperature. The supernatant solution was decanted, and the solid
residue (product and KAI(CH;),) was extracted with additional
toluene (3 x 3 mL). The combined extracts were dried under vacuum
to yield 3 contaminated by a small amount of decomposition material.
Washing with a small amount of cold hexane and drying under
vacuum left 3 as a white powdery solid (128 mg, 0.18 mmol, 51 %).
"H NMR (600 MHz, C(D, 25°C): 6 =5.60 (s, 3H, 4-pz-H), 4.43 (v br
d, Up~90 Hz, 1H, BH), 1.85 (s, 9H, pz-CH;), 1.33 (s, 27H, pz-
C(CH;)3), 0.97 (br s, 2H, La(CH,)), —0.02 ppm (s, 18H, Al(CHz)).
'HNMR (500 MHz, [Ds]Tol, —80°C): 6 =5.40 (s, 1H, 4-pz-H), 5.25
(s, 2H, 4-pz-H), 4.28 (v br s, 1 H, BH), 2.41 (br d, ?J; 3~ 12 Hz, 1H,
La(CH,)), 1.90 (s, 3H, pz-CH,), 1.58 (s, 6 H, pz-CH;), 1.34 (br's, 18H,
pz-C(CH,);), 1.29 (br s, 9H, pz-C(CHs)3), 0.39 (br s, 6 H, Al(u-CHy)),
0.05 (br s, 6H, AI(CH3;)), 0.01 (br s, 6H, Al(CH;)), —0.33 ppm (br d,
2Jan~12 Hz, 1H, La(CH,)). *C NMR (126 MHz, C¢Ds, 25°C): 6 =
166.0 (3-pz-C), 149.0 (5-pz-C), 104.9 (4-pz-C), 50.9 (La(CH,)), 32.9
(p2-C(CH:)y), 315 (pz-C(CH):), 13.3 (pz-CH), 0.3 ppm (AL(CHy).
3C NMR (126 MHz, [Dg]Tol, —60°C): 6 = 165.9 (3-pz-C), 164.4 (3-pz-
C), 148.8 (5-pz-C), 147.5 (5-pz-C), 105.3 (4-pz-C), 104.4 (4-pz-C), 48.9
(La(CH,)), 32.7 (pz-C(CH)s), 315 (pz-C(CH)s), 31.0 (pz-C(CH:)y),
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13.6 (pz-CH,), 13.2 (pz-CH,), —5.0 ppm (br, Al(CH,)). ¥ Al{'H} NMR
(130 MHz, CiDy, 25°C): 6=167ppm (br s, Al(CH;/CH,)).
UB{'H} NMR (161 MHz, C,Dy, 25°C): 6=22.1ppm (br s, BH).
Elemental analysis (%) caled for CyHgNgALBLa (720.54gmol ):
C51.67, H8.39, N 11.66; found: C 51.30, H 7.85, N 11.02.

Full experimental and analytical details are available in the
Supporting Information.
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