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Elusive Trimethyllanthanum: Snapshots of Extensive Methyl Group
Degradation in La—Al Heterobimetallic Complexes

Laura C. H. Gerber, Erwan Le Roux, Karl W. Térnroos, and Reiner Anwander*!?!

Abstract: Reactions of [La(AlMey)s]
and [Y(AlMe,);] with PMe; show that
the phosphine can cleave Ln—CH;—Al
linkages, separating Me;Al(PMej).
PMe; (3 molequiv) reacts with [Y-
(AlMe,);] to give [(YMe;),] contami-
nated with by-products containing
phosphorus and aluminum. The La-
based analog, [(LaMes),], is not
formed selectively from the reaction of

X-ray structure analyses. Each cluster
exhibits extensive methyl group degra-
dation and contains methylene, me-
thine, or carbide moieties.
[La,Al(CH)4(CH,),(CH;),(PMes)] has
a {La,(CH),} cuboid core supported by
AlMe;, Me,AICH,AlMe,, and PMe; li-
gands. [La,Aly(C)(CH),(CH,),(CH;)y-
(toluene)] also contains a cuboid core,
{La3;Al(C)(CH),(CH,)}, which includes

supported by AlMe;, Me;AICH,AlMe,,
(AlMe,)", and toluene ligands. The lan-
thanum atoms in [LasAly(CH)s(CHs)s)
are arranged in a trigonal bipyramidal
fashion with (CH) functionalities cap-
ping each face. The {Las(CH)s*~ core
is formally balanced by three AlMe,*
moieties and is additionally supported
by six AlMe; ligands. The unit cell con-
tains two independent Las clusters, one

[La(AlMey4);] with PMe; or Et,0,
which rather yields insoluble La/Al
heterobimetallic products. Three multi-
nuclear La-based clusters were ob-
tained from a reaction of [La(AlMey);]
with PMe; (1 equiv) and identified by

activation -

Introduction

Rare-earth  metal(III)  tetramethylaluminates  [L,Ln-
(AlMey),] (y=1, 2, 3; x+y=3, L=monovalent ancillary
ligand) are converted efficiently into donor solvent-free
complexes [{L,Ln(CH;),},] by trimethylaluminum separa-
tion,"? as evidenced for a number of metallocenes, ™3 a
half-sandwich derivative [{(CsMes)LnMe,);] (Ln=Y, Ho),"
and N-donor-based postmetallocenes.™® We have recently
applied this aluminate cleavage reaction protocol to the syn-
thesis of amorphous [(LnMe;),] from [Ln(AlMe,);] (Ln=Y,
Lu: Scheme 1)."8) We have also shown that C—H bond acti-
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with pseudo-C;, and the other with
pseudo-D; symmetry, as well as two
molecules of the separation co-product
Me;Al(PMes,).

bond

vation is a viable, albeit low-rate, reaction pathway in mix-
tures containing both highly reactive {Ln—CH,} moieties and
{Ln—(CH,),~Al} heterobimetallic linkages.[**!"! Accordingly,
hydrogen abstraction led to the first structurally authenticat-
ed {Ln—CH,}”' and {Ln—CH]} moieties.” Solvent- and
alkali metal-free methyl complexes and their degradation
products from C—H bond activation can be considered elu-
sive rare-earth metal complexes (Figure 1).''2 Herein, we
describe the reactivity of [La(AlMe,);] toward neutral
donor molecules OEt, and PMe; involving the formation of

+ 3 OEt,
— 3 Me,Al(OEty)
very fast
[(LnMes3),]
* 3 AlMes (Ln=Y (2a), Lu (2b))
Ln(AIM —
[tn ea)s] + exc OEt,
1 — 3 Me;Al(OEty)
fast
—— [(LaMey);] (2¢) + } 2¢
+3AIMe; La/Al-heterobimetallic products | <~ ()

Scheme 1. Reactivity of homoleptic Ln" tetramethylaluminates toward
diethyl ether.
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Figure 1. Elusive rare-earth metal(IIT) C; moieties.

discrete mixed methylene/methine/carbide clusters bearing
no stabilizing ancillary ligands.

Results and Discussion

Reactivity of [Ln(AlMe,);] complexes toward diethyl ether:
In an attempt to synthesize homoleptic trimethyllanthanum,
[La(AlMe,);] (1¢)!"*! was stirred with a small excess of dieth-
yl ether (Scheme 1). Visually, the precipitation of putative
[(LaMe;),] (2¢) was significantly slower than in the respec-
tive yttrium reaction, producing a pale yellow insoluble
powder 2¢, . Elemental analysis of 2¢( ,, indicated that
AlMe; was not cleaved completely (Table 1), although the

Table 1. Microanalytical data for precipitates obtained from [Ln-
(AlMe,);] cleavage reactions at ambient temperature.

Homoleptic Cleavage  Product C H Al
aluminate agent [Wt%] [wt%] [wt%]
[equiv]
[Y(AIMe,);] OEt, (3) [(YMe3),] 26.88 6.51 <0.5
(1a) (2a)
[Lu(AlMe,);] OEt, (3) [(LuMe;),] 16.19 3.94 -
(1b) (2b)
[La(AlMe,);] OEt, (exc) 2¢qy) 27.77 5.76 10.20
(1c)
1la PMe; (3) 2a 28.74 6.67 2.51
1c PMe; (3) 2¢q, 24.78 4.85 7.66
1c PMe; (1) 3 27.97 5.41 12.14
Calculated values
1la 4115 1036 23.11
1b 33.03 8.32 18.55
1c 36.01 9.07 20.22
2a 26.89 6.77 -
2b 16.37 412 -
[(LaMes),] 19.58 4.93 -
(2¢)
3al 28.36 6.32 17.57
3p™ 3240 640 1712
3¢ 2836 635 1770

[a] Taken from Ref. [9]. [b] Solvent molecules and coproducts included in
the crystalline lattice were not taken into consideration. [c] The Al con-
tents obtained from AAS most probably underestimate the actual con-
tents since the sample preparation was hampered by the extremely vio-
lent reaction of such methyl complexes toward aqueous solvents.

*C MAS NMR spectrum revealed only one broad M—CH,
signal at 6=3.9 ppm (Figure 2A). The presence of diethyl
ether in 2¢ ., is revealed by two peaks at 6=66.5 and
15.1 ppm. Neat lanthanum precursor complex 1c also
showed only one °C signal at 6 =10.4 ppm (Figure 2B), con-
sistent with its solution NMR spectrum.®® For comparison,
the C MAS NMR spectrum of [Y(AlMe,);] (1a) revealed
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Figure 2. ®*C CP MAS NMR spectra of A) [La(AlMe,);] with excess Et,O
(2¢(44)), B) neat [La(AlMe,);] (1¢), C)neat [Y(AIMe,);] (1a), D) [Y-

(AlMe,);] with excess PMe; (2a), and E) [La(AlMe,);] with 3 equiv
PMe; (2¢,) (*=solvent).

two signals at 0~ —10 and 18.0 ppm assignable to Y—CH;—
Al bridging and Al-CH; terminal methyl ligands (Fig-
ure 2C)."" The '"H MAS NMR spectrum of 2¢,, is domi-
nated by two broad resonances centered at 0=-—0.36 and
12 ppm (1e: —0.39 ppm; Figure S1, Supporting Informa-
tion). Furthermore, whereas [(YMe;),] (2a) is able to under-
go the reverse reaction with AIMe; quantitatively to provide
pure 1a, the La-based products 2¢(,,, do not yield 1¢ purely
or quantitatively in the analogous reactions (Scheme 1).

Reactivity of [Ln(AlMe,);] complexes toward trimethyl-
phosphine: Since the reactions for both La and Y with di-
ethyl ether repeatedly produced noncrystalline insoluble
products, we explored the softer donor trimethylphosphine
as an aluminate cleavage reagent, as this might slow down
the cleavage reaction further in favor of the formation of
crystalline Ln-containing products and thermally stable
phosphine adduct Me;Al(PMe;)."  Similarly to the
oxygen donors diethyl ether and THF, PMe; reacted with
[Y(AlMe,);] instantaneously to give [(YMes),] (2a,
Scheme 2), the only soluble product visible in the solution
NMR spectrum being Me;Al(PMe;).”*! However, the micro-
analytical data for 2a cleaved by PMe; (Table 1: 2.51% Al)
show clearly that diethyl ether is a superior cleavage agent
for [Y(AlIMe,);]. This is also confirmed by the “C CP MAS
NMR spectrum of 2a produced with excess of PMe; which
exhibits a small signal at 6 =17.2 ppm (residual PMe;) in ad-
dition to the main M—CH; signal at 6=28.4 ppm (Fig-
ure 2D; compare 2a cleaved by OEt,: =28.5 ppm).” Two
peaks at 0=61 and —52 ppm in the *'P MAS NMR spec-
trum can also be assigned to the respective residual metal-
coordinated phosphine (Figure S2, Supporting Information).
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Scheme 2. Reactivity of homoleptic Ln"' tetramethylaluminates toward
trimethylphosphine: aluminate cleavage versus methyl degradation.

In contrast, [La(AlMe,);] (1¢) reacted more slowly (over
several hours) with PMe; to produce a dark maroon powder
2¢(,, (with 3 equiv phosphine; not shown in Scheme 2) or an
orange powder 3 with 1 equiv phosphine, which are insolu-
ble in hexane, benzene, or toluene. Based on the carbon
content of the elemental analyses, 3 equiv PMe; cleaved the
homoleptic lanthanum aluminate 1¢ more thoroughly than
1 equiv PMe; or diethyl ether (Table 1, vide supra). The
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“CMAS NMR spectrum of 2¢, revealed three signals
(Figure 2E) with the broad M—CHj; resonance showing the
same chemical shift (0=3.9 ppm) as detected for ether-
cleaved 2c,,, (Figure 2A). The “C signal at ¢ =14.6 ppm
indicates the presence of trimethylphosphine in 2¢(,, and
the broad resonance at 0=233.4 ppm can be assigned to
metal-bonded M,;CH methine carbon atoms.* The forma-
tion of methine moieties is supported by a broad peak at
6=4.8 ppm in the '"HMAS NMR spectrum of 2¢, (Fig-
ure S1, Supporting Information). Examination of the reverse
reactions of 3 and 2¢,, with excess AlMe; showed the pres-
ence of [La(AlMe,);] in the "H NMR spectra, but this was
not isolated pure or in high yields as it is in the analogous
reactions with the lutetium and yttrium derivatives 2a and
2b.

'"H NMR spectroscopic monitoring of the equimolar reac-
tion of [La(AlMe,);] with PMe; over time showed clearly
the emergence and disappearance of intermediate species
(Figure 3). Initial coordination of the PMe; was made evi-

[La(AMe,);] JL

PMe; }L |

Me;Al(PMes) JN

10 min R A

25h e

49h o e A

73h N W

97h I m)L.JL
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Figure 3. 'HNMR spectra (400.13 MHz) of [La(AlMe,);] (1¢) with
1 equiv PMe; in C;Dy4 at ambient temperature, the pure starting materials
(top two spectra), and independently synthesized Me;Al(PMes).

dent by the shift of proton and phosphorus signals to higher
field relative to free trimethylphosphine (uncoordinated
PMe;: 'HNMR 6=0.79 ppm, *'P{H}NMR 6=62ppm;
metal-coordinated PMe;: 'HNMR 0=0.49 ppm,
'P{'H} NMR 6= -48.7 ppm). Over several days the Al-
(CH,;); resonance of the cleavage co-product Me;Al(PMe;)
grew and a small methane peak was visible at d=0.16 ppm.
The tetramethylaluminate signal disappeared almost com-
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pletely and a minimum of seven new peaks appeared with
even less intensity in the 6 =0.1 to —0.3 ppm region.

Snapshots of methyl group degradation: formation of meth-
ylene, methine, and carbide cluster species: In accord with
the findings from NMR spectroscopic studies (vide supra),
slow diffusion of a PMe,/toluene solution into a [La-
(AlMe,);]/hexane solution (La/P=1:1) afforded approxi-
mately equal amounts of amorphous and single-crystalline
products 3, over a period of about three weeks. Independent
X-ray analyses of three morphologically distinct crystals re-
vealed different nanosized clusters 3a—¢ (Scheme 2; Fig-
ures 4-6), illustrating the complexity of this reaction. Two

Figure 4. Molecular structure of 3a (atomic displacement parameters set
at the 50% level). Hydrogen atoms are omitted for clarity. Selected bond
distances [A]: Lal—-C(CH) 2.541(4)-2.794(4), Lal—C24(CH;) 2.800(4),
Lal—C21(CH;) 2.913(4), Lal—C5(CH,) 2.629(4), Lal—P1 3.3284(11),
La2—C(CH) 2.493(4)-2.745(3), La2—C7(CH;) 3.207(4), La2—C9(CH;)
3.034(4), La2—C18(CHs;) 2.783(4), La2—C15(CH;) 2.806(4), La3—C(CH)
2.512(4)-2.714(3), La3—C10(CH;) 3.257(4), La3—CI12(CH;) 2.992(4),
La3—C19(CH;) 2.744(4), La3—C22(CHs;) 2.744(4), La4—C(CH) 2.530(4)-
2.682(4), Lad—C14(CH,) 2.588(4), La4—Cl6(CH;) 2.772(4), Lad—C25-
(CH;) 2.841(4), AI-C(CH) 2.070(4)-2.128(4), Al-C(CH,) 2.044(4)-
2.102(4), Al-C(terminal CH;) 1.960(4)-2.038(4), Al—C(bridging CH;)
2.035(5)-2.060(4).

La,Alg clusters and one LasAly cluster produced multiple
C—H bond activation featuring methylene, methine, or car-
bide C, functionalities."*'”! The observation of methane and
Me;Al(PMe;) in the NMR spectra, the irreversibility of the
reaction, and the elemental analyses (Table 1) indicate that
the few isolated crystals studied by X-ray diffraction must
be similar in composition to the major product of the reac-
tion.

The dodecametallic cluster [La,Aly(CH),(CH,),(CH;),-
(PMe;)] (3a, Figure 4; size~1.05x1.08x1.35 nm), which
was formed reproducibly, as revealed by two independent
X-ray crystallographic studies of crystals from different reac-
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Figure 5. Molecular structure of 3b (atomic displacement parameters set
at the 50% level). Hydrogen atoms are omitted for clarity. Selected bond
distances [A]: Lal—C4(carbide) 2.462(6), Lal—C1(CH,) 2.549(7), Lal—
C10(bridging CH;) 2.714(8), Lal—C7(bridging CH;) 2.920(7), Lal—
C21(aluminate) 2.713(8), Lal—C22(aluminate) 2.826(7), La2—C4(carbide)
2.475(6), La2—C3(CH) 2.826(7), La2—C5(CH) 2.439(7), La2—C(bridging
CH;) 2.785(9)-2.925(7), La3—C4(carbide) 2.448(6), La3—C2(CH,)
2.623(7), La3—C3(CH) 2.762(7), La3—C(bridging CH;) 2.746(7)-2.804(7),
La4—C3(CH) 2.529(7), La4—C5(CH) 2.510(7), La4—C2(CH,) 2.889(7),
La4—C17(bridging CH3;) 2.874(9), La4—C11(bridging CH,) 2.748(9), Lad—
C,(toluene) 2.844, Al1-C4 1.975(6), Al1—C7 2.024(7), Al1=C5 2.042(7),
Al1—C2 2.063, Al7—C21 2.071(8), Al7—C22 2.064(10), Al7—C25 1.976(8),
Al7T-C26 1.967(9), Al4—C4 1.979(6), Al-C(bridging CH;) 2.025(7)-
2.082(9), Al-C(terminal CH;) 1.964(8)-1.989(8), Al-C(CH,) 2.032(7)-
2.111(7).

tions, crystallizes in the monoclinic space group P2,/c with
one molecule of toluene. Cluster 3a has a cube-like core
with lanthanum and methine carbon atoms at alternating
apices. Cuboid arrangement of rare-earth metal cations with
hydroxide moieties is a common structural motif in the pres-
ence of stabilizing chelating ligands such as carboxy-
lates.'® 21 Oxo0-,* sulfido-/selenido-,?! and imido-based
rare-earth metal cubanes® have been characterized by X-
ray diffraction previously as well. With the exception of an
Er,S, cubane,”! which is supported by only I~ and THF Ili-
gands, the previous cuboid rare-earth metal heteroatom
clusters are stabilized by large ancillary ligands. Stabilization
of clusters 3a, 3b, and 3c is achieved only by methylalumi-
num ligands, and weakly coordinating PMe; (3a) or toluene
(3b). Moreover, cluster 3a is the first example of a rare-
earth metal-based molecule with a cubane core composed of
carbon along with the rare-earth metal.”™ 2" Three of the La
atoms in 3a (La2, La3, La4) show a distorted octahedral co-
ordination of carbon atoms with two distinct environments
(La2, La3: 3xCH, 3xCHj; La4: 3xCH, 1xCH,, 2xCH,).
La2 and La3 exhibit additional long contacts to C7/C9
(3.207(4)/3.034(4) A) and C10 (3.257(4) A), respectively.
Lal shows the same carbon connectivity as La4, but is addi-
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Figure 6. Molecular structure of independent clusters A (top) and B
(bottom) of 3¢ (atomic displacement parameters set at the 50% level).
Hydrogen atoms are omitted for clarity and co-crystallized Me;Al(PMe;)
is not shown. Selected bond distances [A] for A: Lal—C(CH) 2.538(10)-
2.777(9), Lal—C8 2.864(10), Lal—C20 2.895(10), La2—C(CH) 2.542(9)-
2.786(10), La2—C12 2.888(12), La2—C24 2.901(10), La3—C(CH) 2.549(9)-
2.768(10), La3—C16 2.901(10), La3—C28 2.868(10), La4—C(CH) 2.588(8)-
2.619(10), La4—C(CH,;) 2.742(10)—2.775(11), La5—C(CH) 2.580(10)—
2.612(9), La5-C(CH;)  2.718(10)-2.769(10),  Al(AlMe,")—C(CH)
2.077(11)-2.124(11),  Al(AlMe,")—C(CH;) 1.955(10)-2.028(12), Al-
(AlMe;)—C(bridging CH;) 2.020(11)-2.096(11), Al(AlMe;)—C(terminal
CH,;) 1.939(12)-1.977(11), Al(AlMe;)—C(CH) 2.059(10)-2.088(10). For
B: La6—C(CH) 2.543(10)-2.768(10), La6—C38 2.835(9), La6—C50
2.846(9), La7-C(CH) 2.552(9)-2.766(9), La7—C54 2.822(11), La7—C42
2.860(10), La8—C(CH) 2.551(10)-2.765(11), La8—C46 2.837(10), La8—C58
2.840(10), La9—C(CH) 2.586(10)-2.600(9), La9—C(CH;) 2.750(11)-
2.762(11), Lal0—C(CH) 2.590(10)-2.601(9), Lal0—C(CH;) 2.745(10)-
2.762(10), Al(AlMe,")—C(CH) 2.120(10)-2.150(11), Al(AlMe,*)—C(CH,)
1.963(10)-2.025(11), Al(AlMe;)—C(bridging CH;) 2.030(12)-2.082(11),
Al(AlMe;)—C(terminal CH;) 1.926(12)-2.000(11), Al(AlMe;)—C(CH)
2.035(11)-2.084(10).
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tionally coordinated by trimethylphosphine. The methine
carbon atoms are six-coordinate and have slightly distorted
octahedral geometry. In addition to the PMe; donor ligand,
two distinct types of methylaluminum ligands shield the
neutral {La,(CH),} cuboid core. Four AlMe; molecules belt
the cube, with an Al atom bonded to each of the four cen-
tral methine carbon atoms. Two of the methyl groups of
each AlMe; ligand bond to the two different La atoms on
each cube face. Two Me,AICH,AlMe, ligands occupy oppo-
site faces of the cube. The AlI-CH,—Al moieties of the li-
gands bond to the HC—La—CH of the cube faces. Addition-
ally, a methyl group of one of these ligands also bonds to
the second lanthanum of the cube face, thus coordinating to
all four atoms of the cube face. Compounds of the type
R,AICH,AIR, (R=CH(SiMe;),) have been isolated previ-
ously, although not explored as ligands in organometallic
chemistry but rather as chelating Lewis acids.””! The
La—C(methyl) bond lengths range from 2.744(4) to
2.992(4) A, matching those in [La(AlMe,);] (1¢: 2.696(3)-
2.980(3) A)® and the decametallic LagAl, cluster [Lag-
(CsMes)s(u-Mes AIMe )y (us-Cl)(pp-Cl)g] (2.771(4)-
2.955(3) A).”*! The La—C(methine) and La—C(methylene)
bond lengths are as short as 2.493(4) and 2.588(4) A, respec-
tively, the latter comparing to the respective La—CH, bond
lengths in [(CsMes)sLas(u-Cl)s(ps-Cl) (us-CH,) (THF )]
(2.537(3)-2.635(3) A).) The {La(PMe;)} moiety, showing a
comparatively long La—P bond (3.328(1) A),” is a rare ex-
ample of a rare-earth metal trimethylphosphine adduct.”’)
In comparison, the La—P bond lengths in eight-coordinate
[La[C(PMe,),(SiMe;)],Li] are in the 3.039(2)-3.234(2) A
range,”! and the intermolecular La—P bond length in [(v’-
PC,Me,)La(AlMe,),] is 3.1962(3) A 12!

Cluster [La,Aly(C)(CH),(CH,),(CH;)x(toluene)]  (3b,
Figure 5, size~0.98x1.07x1.40 nm) crystallizes in the tri-
clinic space group P1 with three molecules of toluene. Con-
trary to 3a, this dodecametallic cluster has a highly distorted
cubane core, caused by the displacement of one lanthanum
by an aluminum atom and the presence of three distinct
carbon C; functionalities as apices: one methylene carbon
atom, two methine carbon atoms, and one carbide atom.
This neutral {La;Al(C)(CH),(CH,)} cuboid core was as-
signed on the basis of geometrical and charge balance con-
siderations as well as by location of the hydrogen atoms. All
four La centers exhibit different coordination environments.
Lal (1xC, 1xCH,, 4xCHj), La2 (1xC, 2xCH, 3xCHs;),
and La3 (1xC, 1xCH, 1xCH,, 3x CH;) are six-coordinate,
whereas La4 attains charge balance through five carbon
functionalities (2x CH, 1xCH,, 2x CHj;) and steric satura-
tion by the additional n°-coordination of a toluene mole-
cule.® The carbide carbon features a slightly distorted
trigonal bipyramidal (tbp) geometry, with three La atoms in
the equatorial plane, and two Al atoms in the axial positions
(Al1-C4—Al14=179.9(4)°). Only slight distortion from tbp
geometry was an important criterion to decide in favor of a
carbide rather than a methine carbon functionality. This is
consistent with the hypercoordinate carbide species
[(PhsPAu);C][BF,]*" and [(CsHs)Ti(pp-Me)(pp-NPPhs)(ps-
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C)(u-AlMe,),(AlMe,)(AlMe;)],* in which a C;,-symmetric
and a slightly distorted tbp geometry at the carbide center,
respectively, were observed. In complex 3b, both C3 and
C2—a methine and methylene, respectively—have distorted
octahedral geometries. The methine carbon C5 is five-coor-
dinate and has distorted square pyramidal geometry, with
All (in the cubane core) at the apex. A (Me,AICH,AlMe;)~
ligand, similar to the neutral Me,AICH,AlMe, ligands in 3a,
bonds to the carbide carbon through an Al, and three
methyl groups and the CH, support the La atoms that form
the equatorial plane of the carbide carbon. Additionally, the
cluster is coordinated by four neutral AlMe; molecules, one
original (AlMe,)" ligand which is bonded to the exo cuboid
lanthanum atom, and one (CHj;)~ ligand bridging the latter
with All (in the cubane core). The La—C(methine), La—
C(methylene), and La—C(methyl) bond lengths range from
2.439(7) to 2.826(7) A, 2.549(7) to 2.889(7) A, and 2.713(7)
to 2.920(7) A, respectively, and hence are comparable to the
respective bond lengths in cluster 3a. The three La—C-
(carbide) distances (averaging 2.461 A) are equally short.
For comparison, the nearest La—C contacts in binary lantha-
num carbides LaC, and La,C; are 2.65 and 2.71 A, respec-
tively,” whereas in [La;(C,)I,,] they are as close as
2.345(7) A.P*¥ Moreover, the La—C(0) bond length in ho-
moleptic three-coordinate [La{CH(SiMe;),}5] is
2.515(9) AP The La—C(arene) distances range from
3.136(9) to 3.180(9) A, matching those in [Lay(OCH;-2,6-
iPr,)g] (2.978(10)-3.164(9) A).F"

The tetradecametallic complex [LasAly(CH)s(CHs)s] (3¢)
revealed the highest molecular symmetry, crystallizing in the
monoclinic space group C,, with two independent clusters A
and B and two molecules of Me;Al(PMe;) per asymmetric
unit (size~1.07x1.08 x1.14 nm, Figure 6; see also Figure S3
in the Supporting Information). The lanthanum atoms are
arranged in a tbp fashion about the center of the molecule,
involving two distinct six-coordinate lanthanum environ-
ments: Lal, La2, La3 (4xCH, 2xCH,;); La4, La5 (3xCH,
3xCHj;). Six methine moieties, each capping a tbp face,
complete the {Las(CH)¢}>" core unit. The methine carbon
atoms are each six-coordinate and show La—C distances in
the 2.538(10)-2.777(9) A range. The overall triply negative
charge of the core is balanced formally by three {AlMe,}*
fragments which bridge the methine carbon atoms above
and below the equatorial plane. Additionally, each methine
carbon atom bonds to the aluminum atom of an AlMe; mol-
ecule, two methyl groups of which also bond to one equato-
rial and one axial lanthanum. The orientation of these
AlMe; ligands determines the different symmetry of the two
independent clusters A (pseudo-Cs) and B (pseudo-D5).
The co-crystallized Me;Al(PMe;) molecules (average P—Al:
2.478 A)P¥ illustrate well how the PMe; extracts AlMe,
from the {La(Me),AlMe } aluminate moieties (x+y=4).

A possible methyl group degradation pathway: In accord
with organoaluminum-promoted (multiple) hydrogen ab-
straction reactions occurring in early transition metal-
methyl complexes,'**) we propose the methyl group degra-
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dation scenario for Ln(AlMe,);-donor (Do) mixtures repre-
sented in Scheme 3.

CH;

CHz_
L(AIMeg)Ln"_ "~ “=AIT
( 4) ‘-—.CH/ CH3

3

Do
M Al(CH3)3(Do)

L(AIMe,)Ln"'—CHj,
| l

(b) | (©)
l /CH:,' LoLn"
CHy—Al—CHs CH,
it CHs
L= h.c—Al—CHj HCH;
CHp-H €7
CHs
]\Hcm
HCL o8
CHa : i 3
VRN ,CHs LsLn Al CHs
LLn'ﬂ\ Al _— |
CHy  CHa (9 LoLn"'—CH,—Ln"L,

| |

Scheme 3. Hydrogen abstraction from {Ln—CH,} moieties in the presence
of alkylaluminate ligands.

Do-induced tetramethylaluminate cleavage (a) involving
the formation of highly reactive transient {Ln—CH;} moiet-
ies is well documented.>*%1% This initial reaction seems to
be particularly slow for large rare-earth metal centers (here,
lanthanum) and soft donors (here, trimethylphosphine).
Moreover, reactions with an Ln aluminate/Do ratio of >1:1
favor the co-existence of {Ln—CH;} and {Ln—(CH,),~AIR}
moieties (x+y=4), which is considered crucial for the oc-
currence of such C—H bond activation. Next, the strong
base [(CH;),AIR,]™ can abstract a proton from {Ln—CH,} to
form methane, trimethylaluminum, and a new {Ln—CH,—M}
linkage. Depending on whether the metalation proceeds
intra- (b) or intermolecularly ((c), (d); involving ligand re-
distribution), Tebbe-like “tuck-in” {Ln—CH,—Al} and {Ln—
CH,—Ln)} linkages are generated, respectively.”* The out-
come of these metalation reactions is assumed to be gov-
erned by steric factors such as the presence of sterically de-
manding ligands L. Such cleavage/deprotonation sequen-
ces continue until either {Ln—CH,} or {Ln—(CH;),~AIR}
moieties are completely consumed, which can also lead to
doubly and quadruply deprotonated {Ln—CH—M} and {Ln—
C-M} linkages, respectively. Ether cleavage (Do=OEt,,
THF)“! and Me,P—CH; metalation*"*?! can display alterna-
tive reaction pathways in the presence of highly reactive
Ln—C(alkyl) bonds, however, such species have not been de-
tected as major degradation products by means of NMR
spectroscopy.
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Conclusion

In many cases uncontrollable, unpredictable, and serendipi-
tous metal-ligand cluster formation/assembly provides im-
portant insights into fundamental chemical processes, wheth-
er related to materials science or to catalytic processes. The
snapshots of nanosized lanthanum—carbon clusters presented
herein document uniquely the high reactivity of {Ln—CH,}
moieties. Unsurprisingly, the high charge density of the hard
carbon functionalities CH,>~, CH?", and C* drive cluster
formation with the relatively hard La’* cations, thus docu-
menting predominantly ionic interactions. Such extensive
degradation of methyl groups may be compared with the de-
activation pathways in Ziegler—Natta-type polymerization
catalysis.[**

Experimental Section

General procedures: All operations were performed with rigorous exclu-
sion of air and water, by using standard Schlenk, high-vacuum, and glove-
box techniques (MBraun MBLab; <1 ppm O,, <1 ppm H,0). Hexane,
toluene, and diethyl ether were purified with Grubbs columns (MBraun
SPS, solvent purification system) and stored in a glovebox. C;D4 was ob-
tained from Aldrich, degassed, dried over Na for 24 h, and filtered. PMe;
solution in toluene and AlMe; were purchased from Aldrich and used as
received. Homoleptic [Ln(AlMe,);] complexes (1) were synthesized ac-
cording to literature methods.*"¥ The solution NMR spectra were re-
corded by using a Bruker-Biospin-AV500 (5mm BBO), 'H: =
500.13 Hz; *C: #=125.77 MHz, *'P: #=202.5 MHz), a Bruker—Biospin-
AV600 (5 mm cryo probe, 'H: #=600.13 MHz, *C: #=150.91 MHz), or a
Bruker-DPX400 (5 mm BBI 1H-BB Z-GRD probe, 'H: #=400.13 MHz).
'H shifts are referenced to internal solvent resonances and reported in
ppm relative to TMS. *P NMR shifts are reported in ppm relative to
85% H;PO,. All solid-state NMR spectra were recorded by using a
Bruker 500 MHz Ultrashield Plus equipped with a standard 4 mm
double-bearing probe head operating at 7#=150.91, 202.45, and
500.13 MHz for C, *'P, and 'H, respectively. The samples were placed in
ZrO, rotors in a glovebox and closed tightly. Compressed air was used
for both bearing and driving the rotors. The experimental sample temper-
ature was 298 K with a spin rate of 10 kHz. For '"H MAS NMR, the recy-
cle delay was fixed at 2 s, and eight scans were collected using a 90° pulse
excitation of 4.1 ps. For ®C MAS NMR, a typical cross-polarization (CP)
sequence was used: 90° rotation of the 'H magnetization (impulsion
length, 4.1 ps), then carbon-proton contact for 7,=4 ms, and finally re-
cording of the spectrum under high-power decoupling. The delay be-
tween transients was fixed at 2s to allow for complete relaxation of the
'"H nuclei, and 38000 scans were made in each experiment. For the
3P CP experiment, the 90° pulse length was 4.1 ps, the recycle delay was
1s, contact time was set at 1 ms, and 1000 scans were collected. *C and
'HNMR chemical shifts were referred to adamantane and *'P chemical
shifts were referred to 85% H;PO,. The "*C and *'P CP MAS fields were
similarly line-broadened by 50 Hz and 100 Hz, respectively. IR spectra
were recorded by using a Nicolet Impact 410 FTIR spectrometer as
Nujol mulls sandwiched between CsI plates. CHN elemental analyses
were performed by using an Elementar Vario EL III. Aluminum analyses
were performed by using a Perkin—-Elmer AAnalyst300 and give a lower
limit of the actual aluminum content since the considerable amounts of
sample necessary to conduct the analyses showed a violent reaction
toward air and aqueous solvents, inevitably forming small amounts of
black materials which were completely insoluble under the prevailing
conditions.

CAUTION: All cleavage products and volatiles containing trimethylalu-
minum react violently if exposed to air.
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[Y(AlMe,);] with excess PMe; (2a): Complex 1a (379 mg, 1.08 mmol)
was dissolved in hexane (=7 mL) in a screw-capped vial to make a clear
colorless solution. PMe; (1.0Mm solution in toluene, 6.50 mmol) was added
with stirring and a white precipitate formed immediately. The mixture
was stirred for 30 min and the precipitate was separated by centrifugation
and washed three times with hexane. Hexane fractions were combined
and volatiles were removed in vacuo to give pure AlMe;(PMe;) as a
white powder. Insoluble products were dried in vacuo to give [(YMe;),]
(2a) as a white powder (141 mg, 97%). 'HMAS NMR (500.13 MHz,
25°C): 6=1.79, 1.42, 0.07 ppm (br) (see Figure S1, Supporting Informa-
tion); "CMAS NMR (125.77 MHz, 25°C): 6=28.4, 17.2ppm (see
Figure 2); *'P MAS NMR (202.5 MHz, 25°C): 6=61, —52 ppm (see Fig-
ure S2 in the Supporting Information).

[La(AlMe,);] with excess Et,0 (2¢y.): Complex 1c (472 mg,
1.18 mmol) was dissolved in hexane (~7 mL). Et,O (358 mg, 4.83 mmol)
was dissolved in hexane (~2mL) and added with stirring to the [La-
(AlMe,);] solution. The mixture turned opaque white initially and within
seconds became a yellow solution with a yellow precipitate. Slow gas evo-
lution was observed. The mixture was stirred for 21 h, during which it
turned brown with a brown precipitate. Insoluble products were separat-
ed by centrifugation, washed with 4x3 mL hexane, dried in vacuo for
several hours to give a brown powder (2¢, ;,, 240 mg), and dried for 4 h
under high vacuum. Soluble fractions were filtered, combined, and dried
in vacuo to give a brown oil (210 mg). Insoluble products: '"H MAS NMR
(500.13 MHz, 25°C): 6=7.09 (br), 4.09 (br), 1.02 (br), —0.36 ppm (br)
(see Figure S1 in the Supporting Information); "“CMAS NMR
(125.77 MHz, 25°C): 6=57.6 (br), 151, 39ppm (see Figure2); IR
(Nujol): 2359 (w), 1303 (w), 1191 (w), 1043 (w), 725 (m), 683 cm™" (m).
Soluble products: '"HNMR (500.13 MHz, 25°C) showed Me;Al(OEt,)
[0=3.27 (q, /=7 Hz, 4H; CH,CH;), 0.66 (t, /=7 Hz, 6H; CH,CH,),
—0.42 ppm (s, 9H; AlMe;)] as the major product with impurities at d =
2.06 (brs), 1.68 (brs), 1.35 (s), —0.10 (s), —0.22 (s), —0.25 (s), —0.32 ppm
(m).

The insoluble products (36 mg) were suspended in hexane. AlMe;
(71 mg, 0.98 mmol) was dissolved in hexane and added to 2¢, ), and the
mixture was stirred for 3 h with no visual change. Then more AlMe,
(75 mg, 1.04 mmol) was added and the mixture was stirred overnight.
The volatiles were removed in vacuo, and soluble products were extract-
ed with 3x2mL hexane, centrifuged, and filtered. Volatiles were re-
moved in vacuo from soluble (yellow oil, 39 mg), and insoluble (orange
powder, 10 mg) fractions. Insoluble products: elemental analysis (%): C
31.09%, H 6.14. Soluble products: "H NMR (500.13 MHz, 25°C) of the
yellow oil showed [La(AlMe,);] 6 =—0.20 ppm (s) with only trace impuri-
ties.

[La(AlMe,);] with 3equiv PMe; (2¢)): Complex 1c (151 mg,
0.38 mmol) was dissolved in hexane (=4 mL) and PMe; (1.0m solution in
toluene, 1.13 mmol) was added with stirring. The mixture turned brown
with a brown precipitate after being stirred overnight. The soluble prod-
ucts were separated by centrifugation and extraction with hexane. Solu-
ble and insoluble products were dried in vacuo. Soluble products were an
orange brown solid (68 mg), and insoluble products (2¢,,) a dark
maroon powder (51 mg). Insoluble products: 'HMAS NMR
(500.13 MHz, 25°C): 6 =4.8 (br), 1.5 (br), 0.18 ppm (br) (see Figure S1 in
the Supporting Information); *C MAS NMR (125.77 MHz, 25°C): 6=
233.4 (br), 14.6, 3.9 ppm (see Figure 2); IR (Nujol): 7=1582 (w), 1303
(w), 1197 (m), 1068 (w), 954 (w), 721 (m), 671 (s), 608 cm™' (m). Soluble
products: '"HNMR (500.13 MHz, 25°C): 0=0.47 (d, 9H; J=63 Hz,
(H:C);PAIMe;, —0.38ppm (s, 9H; Me;sPAI(CH;);); *'P{'H} NMR
(202.5 MHz, 25°C): 6 —48.7 ppm (s, Me;PAlMe;).

The brown insoluble products 2¢ (41 mg) were suspended in hexane
(~3mL) and AlMe; (81 mg, 1.1 mmol), dissolved in hexane (a1 mL),
was added. The mixture was stirred for 3.5 h with no visual change, and
the volatiles were removed in vacuo. Soluble products (a yellow oil
(6 mg)) were separated by extraction with hexane and centrifugation. In-
soluble products formed a red violet solid (36 mg). Insoluble products: el-
emental analysis (%): C 23.27, H 4.39%. Soluble products: '"H NMR
(500.13 MHz, 25°C) showed [La(AlMe,);] (6=-0.20 ppm (s)) as the
major product with impurities at d=1.88 (brs), 1.35 (brm), 1.13 (t, /=
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7.9 Hz), 0.15 (t, J=8 Hz), —0.13 (m), —0.18 (s), —0.27 (m), —0.31 ppm
(s)-

[La(AlMe,);] with 1 equiv of PMe; (3): Complex 1¢ (151 mg, 0.38 mmol)
was dissolved in hexane (=4 mL) to make a clear colorless solution and
PMe; (1.0M solution in toluene, 0.38 mmol) was added with stirring. The
mixture became an orange solution with an orange precipitate after
being stirred overnight. The soluble products were separated by centrifu-
gation and extraction with at least 4 x2 mL hexane. Soluble and insoluble
products were dried in vacuo. Insoluble products formed a yellow orange
powder (3, 35mg) and soluble products formed a yellow oil. Soluble
products: IR (Nujol): 7=1303 (w), 1202 (m), 1095 (w), 953 (w), 721 (m),
674 (m), 597 (m), 489 cm ' (w). The insoluble products (19 mg) were sus-
pended in hexane (~3mL) and excess AlMe; (50 mg) dissolved in
hexane was added. The mixture was stirred for 3.5h with no visual
change, and the volatiles were removed in vacuo. Soluble products were
extracted with hexane (4 x2 mL), centrifuged, and filtered. Hexane-solu-
ble (yellow oil, 19 mg) and hexane-insoluble (pale orange powder, 7 mg)
fractions were dried in vacuo. Insoluble products: elemental analysis (% ):
C 29.79, H 5.57. Soluble products: "H NMR (500.13 MHz, 25°C) showed
La(AlMe,); (0=—0.20 ppm (s)) as the major product with impurities at
0=1.12 (t, J=8 Hz), 0.14 (d, J=8 Hz), —0.09 (brs), —0.18(s), —0.32 ppm
(brs).

Crystallization of clusters 3a—c from [La(AlMe,);] with PMe; (1 equiv):
Complex 1c¢ (102 mg, 0.25 mmol) was dissolved in hexane (~0.5 mL)
and transferred to an NMR tube. A small portion of hexane was layered
on top. The PMe; solution (1.0M in toluene, 0.25 mmol) was added
slowly. The tube was left to stand without mixing. After three days a
brown precipitate had formed. Several crystals formed over about three
weeks.

NMR monitoring of the reaction between [La(AlMe,);] with PMe;
(1 equiv): Complex 1c¢ (21 mg, 0.05 mmol) was dissolved in CsDg and
transferred to a Youngs NMR tube. PMe; solution (1.0M in toluene,
0.05 mmol) was added, then the tube was capped and inverted to mix.
"H NMR spectra were recorded periodically for a week. Soluble prod-
ucts: *'P{'H} NMR (202.5 MHz, 25°C): 6=—48.6 ppm (s, Me;PAIMe;);
"H NMR (500.13 MHz, 25°C) (see Figure 3, 177 h): =7.13 (m, Hy;CPh),
7.02 (m, H;CPh), 2.11 (s, H;CPh), 0.48 (d, J=6.6, Me;PAIMe;), 0.16 (s,
CH,), 0.10 (s), 0.06 (brs), 0.00 (brs), —0.10 (s), —0.13 (brs), —0.16 (s),
—0.18 (s), —0.20 (s, La(AlMe,);), —0.21 (brs), —0.24 (s), —0.26 (s), —0.32
(s), —0.39 (s, Me;PAIMe;), —0.53 ppm (brs).

Single-crystal X-ray structures: Crystal data and details of the structure
determination are presented in Table 2. The crystals were placed in a
nylon loop containing Paratone oil (Hampton Research) and mounted di-
rectly in the N, cold stream (Oxford Cryosystems Series 700) on a Bruker
AXS SMART 2 K CCD diffractometer. Data were collected by means of
0.3° w scans in four orthogonal ¢ settings using Mok, radiation (A=
0.71073 A). A fifth run containing 66 frames was used to assess crystal
decay. Data collection was controlled using the SMART program, data
integration using SAINT, and structure solution and model refinement
using XS and XL, respectively as contained within SHELXTL." All
three data sets were corrected for absorption, applying numerical face in-
dexing, and subsequent scaling and incident beam correction as con-
tained in SADABS.H!

Compound 3 a: The H atoms on the six-coordinate C atoms all appeared
in the difference Fourier map and all refined freely to sensible distances
and isotropic displacement values. Subsequently these were refined re-
straining the C—H distances to be similar within 0.01 A, and refining a
common U,,(H), converging at 0.051(8) A%. Noncoordinating methyl
groups were refined as rigid and rotating (difference Fourier density opti-
mization) CH; groups around the respective C—Al bonds. Coordinating
methyl groups were refined as rigid pyramidal groups with the same C—
H and H—H distances as for the previous refinement, but with the three-
fold axis of the pyramidal rigid group allowed to be nonparallel with the
(H);C—Al bond axis. The isotropic displacement parameters for the H
atoms were set to be 1.5 times that of the pivot C atom. CH, groups
were refined with C—H and H—H distances constrained to be 0.99 and
1.58 A, respectively. The isotropic displacement parameters for the H
atoms were set to be 1.2 times that of the pivot C atom. The aromatic H
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Table 2. Crystallographic data for clusters 3a, 3b, and 3ec.

3a 3b 3¢

formula CyHgsAlgLa,P CyysHp,AlgLa, — CiHggAlgLasP

formula wt. 1320.49 1398.66 1524.45

color/habit pale yellow/ colorless/plate  yellow/flat
prism prism

crystal size [mm] 0.23x0.08x0.08 0.21x0.14x0.07 0.18x0.10x0.02

cryst system monoclinic triclinic monoclinic

space group P2,/c Pl Cc

a[A] 13.0753(4) 12.0768(3) 12.3155(3)

b [A] 34.9639(11) 14.7145(4) 21.2845(6)

c[A] 11.7634(4) 19.3559(5) 46.1441(13)

a [°] 90.00 98.639(1) 90.00

Bl 93.651(1) 104.293(1) 94.167(1)

v [°] 90.00 108.740(1) 90.00

VA% 5366.9(3) 3056.1(2) 12063.7(6)

V4 4 2 8

T [K] 100(2) 100(2) 100(2)

Peated [mgm 7] 1.634 1.520 1.679

u [mm™] 3.302 2.880 3.659

F(000) 2592 1382 5936

6 range [°] 1.56/29.52 1.12/26.11 1.00/27.11

index ranges (h,k,])) —18<h<18 —14<h<14 —-15<h<15
—48<k<48 —18<k<18 —27<k<27
—-16<I<16 —23<1<23 —59<1<59

rflns integrated 87349 38571 81818

independent rflns/  14975/0.0476 12120/0.0309 26598/0.0516

Rim

observed rflns 12027 10209 24636

(I>20(1))

data/restraints/ 14975/72/571 12120/77/659 26598/74/995

parameters

R1/wR2 0.0354/0.0636 0.0493/0.1034 0.0468/0.0958

(I>20(D)

R1/wR?2 (all data)®®!  0.0518/0.0680 0.0612/0.1099 0.0518/0.0974

GOF (on Pl 1.094 1.048 1.128

largest diff., peak 1.56/—0.96 10.99/—4.68 1.73/-2.68

and hole [¢e A%

[a] R1=X(||Fol—|Fe| | )/E | Fol ;
GOF = {S[w(Fy'~F2)’)/(n—p)}'*.

wR2= {S[w(Fy’ = F2)"VS[w(Fy) ]}

atoms on the solvent toluene were fixed geometrically with U, (H) set to
be 1.2 times that of the parent carbon atom. The methyl group was re-
fined as a rigid pyramidal group rotating around the C—C bond vector
with U, (H) set to be 1.5 times that of the parent carbon atom.

Compound 3 b: The crystal was a pseudo-merohedral twin, complicating
data integration and rendering proper absorption correction imprecise.
This accounts for the highest residual peak (11 e A=, 0.88 A from La4).
The second highest peak was 1.2 ¢ A=, The structure contains 2.5 toluene
solvent molecules, one coordinated and one sitting on an inversion
center, and hence disordered. The H atoms on the six-coordinate C
atoms all behave as for 3a and were therefore refined in the same way,
albeit with U, (H) set to be 1.2 times that of the pivot C atom. All other
H atoms were refined as for 3a.

Compound 3 c: The structure contains two cluster molecules with differ-
ent molecular symmetries (Cs, and Ds, respectively) and two Me;Al-
(PMe;) molecules. Of the 12 H atoms predicted on the six-coordinate C
atoms, 11 appeared in the difference Fourier maps, also refining sensibly.
These were therefore refined as for 3a, albeit with U, (H) set to be 1.2
times that of the pivot C atom. The twelfth H atom (H49) showed insta-
bility in refinement and its coordinates were therefore fixed at a distance
of 1.08 A, with U, (H) set to be 1.2 times that of C49. All other H atoms
were refined as for 3a.

CCDC-684927 (3a), 684928 (3b), and 684329 (3c) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
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of charge from the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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