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Reaction of [SmM(OAr)s], with 4 equiv of trimethylaluminum leads to formation of the bis-tri-
methylaluminum adduct (ArO)Sm[(u-OAr)(u-Me)AlMe;],, which exhibits very short Sm—
C(bridging) distances of 2.620(5) and 2.632(5) A. A reduced *Jc-n coupling constant of 106
Hz and a low v(C—H) stretch in the solution and solid-state IR spectrum are indicative of a
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strong agostic Sm--+H—C interaction in solution.

Introduction

It is now widely accepted that metal centers may
temper their Lewis acidity by engaging in agostic
interactions with the electron-rich C—H bonds of proxi-
mal ligands.2 Although many examples of agostic
M---H—C interactions with transition metal centers
have been supported by 'H and 3C NMR data, the
paramagnetism of the lanthanide metals (with the
exception of lanthanum and lutetium) has precluded
detailed NMR studies from being carried out on the
analogous f-element species. Thus, the identification of
agostic interactions in f-element complexes has been
accomplished almost exclusively as a result of the
observation of short M—C distances in single-crystal
X-ray structure determinations.3# However, recent de-
tailed studies into the nature of agostic interactions
between lanthanide metals and the bulky ligands —CH-
(SiMez)2 57 and —N(SiHMey), 8710 have shed new light
upon this subject. Neutron diffraction and DFT studies
by Schaverien and co-workers have revealed that the
agostic interactions in the lanthanide complexes (°-Cs-
Mes)La[CH(SiMe3),]> and (7°-CsMes) Y (O-2,6-t-Bu,CsH3)-
[CH(SiMej3),] are in fact attributable to 5-Si—C rather
than a-C—H or y-C—H interactions with the metal
center.” In particular, the following distinctive proper-
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ties of these -Si—C agostic systems were noted: (i)
neutron diffraction studies revealed no significant dif-
ferences between agostic and nonagostic C—H bond
lengths; (ii) the hydrogens of the agostic methyl groups
were staggered with respect to the metal center; and
(iii) there was a significant elongation in the Si—C bond
of the methyl groups making the agostic interactions
(by ca. 0.035 A). In a more recent paper, however,
Anwander et al. reported the observation of more
“classical” agostic 5-Si—H---Ln interactions in a series
of lanthanide complexes bearing the —N(SiHMey);
ligand. These systems, of the type rac-[Me;Si(2-Me-
Benz-Ind);]LNn[N(SiHMe,),], were found to display di-
agnostic features typical of transition metal agostic
interactions, such as reduced 1Jsi—y couplings as low as
133 Hz and an infrared Si—H stretch lowered by over
300 cm™! from that observed in the free ligand.® Further
theoretical work by Herrmann et al. confirmed the
plausibility of partial donation of the Si—H bonding
electron pair into a metal sd? hybrid orbital and also
noted that the reversed polarity in the silicon—hydrogen
bond [(67)Si—H(67)] compared with the carbon—hydro-
gen bond [(07)C—H(67)] could add a further favorable
electrostatic component to the agostic interaction with
the electropositive lanthanide metal center.1! Eisenstein
has also performed DFT calculations on model Ln-
[N(SiH3).]3 systems® and observed significant Ln---H—
Si agostic interactions.

Some time ago we reported the isolation of the
tetrameric lanthanide neopentoxide complexes [Ln-
(OCH,-t-Bu)s]s (Ln = La, Nd) and demonstrated that
they displayed lowered infrared C—H stretching fre-
guencies both in the solid state and in solution, indica-
tive of “classical” Ln--*H—C interactions.? Here we
describe the synthesis and X-ray crystal structure of the
heterobimetallic species (ArO)Sm[(u-OAr)(u-Me)AlMez],
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(Ar = 2,6-i-Pr,CgH3) and the identification, by IR and
NMR spectroscopy, of significant agostic interactions
between the metal center and remote aluminum-bound
alkyl groups. Intriguingly, the close Ln—methyl contacts
in this molecule are found to display features typical of
both a Schaverien-type 5-Ln---C—Si agostic system as
well as a “classical” y-Ln---H—C interaction.

Results and Discussion

Reaction of the s-arene-bridged dimer [Sm(OAr)3], (1)
(Ar = 2,6-i-Pr,CgH3)13 with 4 equiv of trimethylalumi-
num leads to isolation of the bis-trialkylaluminum
adduct (ArO)Sm[(u-OAr)(u-Me)AlMe;]2 (2) in good yield
(eq 1).
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A single-crystal X-ray diffraction study of 2 revealed
an essentially square-based pyramidal geometry about
the metal center, with a terminal aryloxide ligand
occupying the apical site and two Sm[(u-OAr)(u-Me)-
AlMe;] moieties in the base (Figure 1). The overall
geometry of 2 is closely related to that of (t-BuO)-
(THF)Y[(u-O-t-Bu)(u-Me)AlMe,]2, which contains a ter-
minal alkoxide ligand and two yttrium—alkoxide link-
ages which are spanned by AlMe; groups.'* The most
noteworthy structural features of 2 are the short Sm—C
distances of 2.620(5) and 2.632(5) A to the bridging alkyl
groups.'® While these distances are longer than terminal
samarium—carbon o-bonds seen in alkyl complexes such
as SmM[CH(SiMez),]s (2.33(2) A)!6 or (5°-CsMes),SmMe-
(THF) (2.484(14) A),Y7 they are considerably shorter
than the typical Sm—C(bridging methyl) distance of
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Figure 1. ORTEP view of (ArO)Sm[(u-OAr)(u-Me)AlMe;],
(2) drawn with 30% probability ellipsoids. Isopropyl methyl
groups have been omitted for clarity.

2.75(1) A found in (y-CsMes)Sm[(u-Me)AlMe;(u-Me)]o-
Sm(y-CsMes),.1” The Sm—C bond distances in 2 are also
slightly shorter than analogous interactions reported in
other complexes displaying bridging Ln[(«-OR)(u-Me)]-
AlMe, units.1418.19

The hydrogen atoms on C(37) were located and
refined during the X-ray crystal structure analysis and
reveal a distorted trigonal bipyramidal geometry about
this five-coordinate carbon atom, with the samarium
center and H(37c) occupying the axial positions; the
Sm—C—H(axial) angle is 169(3)°. Notably, the hydro-
gens on the agostic methyl group are “staggered” with
respect to the metal center; that is, none of the C—H
bonds point directly toward the samarium. The hydro-
gen atoms on similarly interacting y-methyl groups have
been reliably located by X-ray diffraction studies in only
a handful of cases,® and the trigonal bipyramidal
geometries about the pentacoordinate carbon atoms in
2 are somewhat more distorted than those found in (7°-
CsMeySiMes)Y[(u-OCMes)(u-Me)AlMe;], 8 or Nd(Al-
Mey)s3(Al.Meg)o 5,20 the latter of which was characterized
by neutron diffraction. We also note that there is a
distinct elongation in the Al-C bond of the agostic
methyl groups; that is, the Al(1)—C(37) distance of
2.060(5) A is 0.1 A longer than either of the remaining
Al—C bonds (1.945(5) and 1.960(5) A), and a similar
pattern is observed for the methyl groups on Al(2). By
way of comparison, the Al—C distances for the terminal
methyl groups of Al,Mes average 1.97 A2

Sm—0O distances to the two aluminum-coordinated
aryloxide ligands are 2.287(3) and 2.297(3) A, while that
of the unique terminal aryloxide is 2.066(3) A. These
distances compare to those of 2.101(6) and 2.198(5) A
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observed in [Sm(OAr)3], for the terminal and bridging
aryloxide ligands, respectively.’® A possible explanation
for the very short terminal Sm—O bond distance is that
complexation of trimethylaluminum to two aryloxide
ligands effectively makes one lone pair on each of these
oxygen atoms unavailable for O—M =-bonding and
therefore increases the electron deficiency at samarium.
To compensate, the terminal ligand engages in very
significant z-donation to the metal center, resulting in
an almost linear Sm—0O—C angle [Sm(1)—0O(1)—C(1) =
173.3(3)°] and a degree of multiple bond character in
the Sm(1)—0(2) linkage.

The ambient-temperature 'H NMR spectrum of 2
exhibits one broad resonance for the aluminum-bound
alkyl groups (60 —5.5 ppm, Avy, = 50 Hz), which are
undergoing rapid bridge—terminal exchange at this
temperature. Lowering the temperature to —90 °C
causes a shift of this resonance to higher field, but does
not result in decoalescence into separate methyl reso-
nances, as may be expected for a static structure. The
room-temperature 13C{*H} NMR spectrum of 2 also
displays a single peak corresponding to the aluminum-
bound methyl groups (6 —16.0 ppm, Avy, = 70 Hz). The
broadness of the peaks resulting from the aluminum-
bound methyl groups at all temperatures in the 'H and
13C NMR spectra can be ascribed to their close proximity
to the paramagnetic samarium metal center, and this
serves to easily identify peaks arising from carbon atoms
and protons in contact with the metal center. When the
13C NMR spectrum of 2 is collected with proton coupling,
a broad quartet is observed which displays a signifi-
cantly reduced *Jc—n coupling constant of 106 Hz; this
value was also confirmed by INEPT experiments. Low-
ering the temperature results in a downfield shift of the
13C resonance to —8.2 ppm (Avy, = 60 Hz), but as
observed for the variable-temperature 'H NMR spectra,
no decoalescence was observed. This behavior is similar
to that reported for (%-CsMes),Yb(AIEt3)(THF), which
exhibits an unusual Yb(u-CzHs)Al linkage in the solid
state, but only averaged aluminum-ethyl resonances are
observed in the variable-temperature 'H NMR spectra
down to —100 °C.22 In contrast, low-temperature 13C-
{*H} NMR studies are effective in differentiating the
bridge and terminal carbons in Al,Meg even at relatively
low field strength.2® We note that coupling constants of
115 (YJc-p terminal) and 112 (!Jc-n bridge) Hz have
been reported for Al,Mes itself.23

Despite the fact that bridge—terminal exchange of the
aluminum-bound methyl groups in 2 could not be frozen
out, the significantly reduced coupling constant of 106
Hz appears to be consistent with a strong “classical”
Sm---H—C agostic interaction. In fact, since the mea-
sured value of 106 Hz represents an average of the
agostic and nonagostic methyl groups, the true Jc_n
coupling determined for the agostic methyl group alone
in a frozen-out structure would be expected to be
significantly lower than this. Similar 1Jc_y values have
been noted for the trimethylsilyl groups of (37°-CsMes)-
La[CH(SiMe;:,)z]z(THF),S (nS-CsMes)CE[CH(SiMeg)z]z, 24
and (7°-CsMes),Ce[CH(SiMej3),],2° although the signifi-
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cance of these reduced couplings is complicated by the
presence of competing 3-Si—C--Ln interactions.?®

The infrared spectrum of 2 (Nujol mull, KBr plates)
shows a weak intensity v(C—H) stretch at 2728 cm™1,
consistent with the presence of agostic C—H---Ln inter-
actions in the solid state. The IR spectrum of a benzene
solution revealed a similar absorption feature at 2730
cm™1, indicating that an agostic interaction is main-
tained in solution and consistent with the NMR data.
While agostic interactions have been proposed for a
variety of f-element complexes on the basis of X-ray
crystallography, supporting spectroscopic evidence has
usually come in the form of lowered C—H stretching
frequencies in solid-state infrared spectra.l’1824 The
observation of a lowered C—H stretching frequency in
the solution IR spectrum and a significantly reduced
1Jc-n coupling constant in the 13C NMR spectrum of 2
indicate that a strong Sm---H—C interaction is main-
tained in solution.

It can be seen, therefore, that complex 2 displays a
contradictory array of spectroscopic data which do not
conclusively establish the exact nature of the sa-
marium—methyl group interactions. The staggered
hydrogen atoms on the agostic methyl groups and the
elongated Al—-C bond are features that support a g-Al—
C---Ln type of interaction in which electron density from
the aluminum—carbon bond serves to satisfy the highly
electrophilic metal center. However, the reduced C—H
coupling constant and the lowered infrared stretching
frequencies observed both in the solid state and in
solution are characteristic of a “classical” y-C—H:--M
agostic interaction of the type commonly seen in the
d-block transition metals. We also note that the close
Sm:-:-C contacts of 2.626(6) A (av) in 2 are fully 0.3 A
shorter than the Ln---C contacts in the bis(trimethyl-
silyl)methyl complexes investigated by Schaverien’” and
that such close Ln---C interactions have been observed
only in other alkylaluminum adducts of lanthanide
alkyl, amido, or alkoxide moieties.?’~2° To assess whether
the steric requirements of the —[(u-OAr)(u-Me)AlMe;]
ligand were influencing the interactions with the metal
center and also to compare the bulk of this ligand with
that of bis(trimethylsilyl)methyl and bis(trimethylsilyl)-
amido ligands, we searched the literature to find a
lanthanide-bound ligand that would provide a model for
the fragment. It was found that Deacon and co-workers
have reported the synthesis and X-ray crystal structures
of the lanthanide(ll) complexes Ln[N(SiMej3)-2,6-i-
Pr,CsH3]2(THF), (Ln = Sm, Yb).3! Since samarium(ll)
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Orpen, A. G. Chem. Commun. 1992, 124. (e) Clark, D. L.; Grumbine,
S. K.; Scott, B. L.; Watkin, J. G. Organometallics 1996, 15, 949.
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Chem., Int. Ed. Engl. 1994, 33, 1725.
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Chem. 1995, 34, 5927.
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is also known to form an analogous bis-THF adduct with
the bis(trimethylsilyl)amido ligand, Sm[N(SiMes);].-
(THF),,%2 we conclude that the —[(u-OAr)(u-Me)AlMe;]
fragment closely matches —N(SiMes), (and presumably
—CH(SiMe3),) in its steric requirements. Interestingly,
X-ray crystal structures of the Ln[N(SiMejs)-2,6-i-
Pr,CsHs]2(THF), complexes revealed Ln---C contacts,
but these were weak interactions with the ipso-carbons
of the aromatic rings rather than with the trimethylsilyl
groups.3!

In conclusion, we have presented structural and
spectroscopic data for a complex possessing short
Ln---methyl group interactions and speculate that the
agostic bonding interaction may in fact lie somewhere
on a continuum between classical Ln:-*H—C and the
more recently documented Ln---C—X bonding modes
(X = Si, Al). It is evident, however, that we do not yet
have a complete understanding of these bonding schemes
and that further detailed studies of a wide range of
agostic lanthanide systems will be required in order to
fully establish the exact nature of agostic interactions
with f-element metal centers.

Experimental Section

General Considerations. All manipulations were carried
out under an inert atmosphere of oxygen-free UHP grade
argon using standard Schlenk techniques or under oxygen-
free helium in a Vacuum Atmospheres glovebox. AlMe; (2.0
M hexane solution) was purchased from Aldrich and used as
received. [Sm(OATr)3]. 12 was prepared according to a literature
procedure. Hexane and toluene were deoxygenated by passage
through a column of supported copper redox catalyst (Cu-0226
S) and dried by passing through a second column of activated
alumina. C;Dg was degassed, dried over Na—K alloy, and trap-
to-trap distilled before use. *H NMR spectra were recorded on
a Bruker AMX 500 spectrometer at ambient temperature;
chemical shifts are given relative to residual C;D;H (2.09 ppm).
13C NMR chemical shifts are given relative to C;Dg (20.4 ppm).
Infrared spectra were recorded on a Nicolet Avatar 360 FT-
IR spectrometer; solid-state spectra were taken as Nujol mulls
between KBr plates, while solution spectra were recorded as
benzene solutions vs a solvent blank in KBr cells. Elemental
analyses were performed on a Perkin-Elmer 2400 CHN
analyzer. Elemental analysis samples were prepared and
sealed in tin capsules in the glovebox prior to combustion.

(ArO)Sm[(u-OAr)(u-Me)AlMez], (2). AlMe; (0.75 mL of a
2.0 M solution in hexane, 1.50 mmol) was added to a toluene
solution of [Sm(OAr);]2 (500 mg, 0.37 mmol). The mixture was
stirred at room temperature overnight and then filtered
through a Celite pad. The solvent was removed under vacuum,
and the sticky residue was washed with a minimum of hexane.
Slow evaporation of a saturated toluene solution yielded
orange crystals (542 mg, 89% yield). *H NMR (500 MHz,
C;Dg): The spectrum consisted of broad, unassignable peaks
due to the paramagnetism of the sample. However, the
aluminum-methyl peak was upfield of the remaining peaks
and was identified on the basis of HMQC experiments: 6 —5.5
ppm, Avi, = 50 Hz. *C NMR (125 MHz, C;Dg): 6 —16.0 ppm
(YJc-n = 106 Hz), Aviz = 70 Hz. IR (Nujol, cm™1): 2784 (w),
2728 (w), 1589 (m), 1440 (s), 1382 (s), 1326 (s), 1260 (s), 1203
(s), 1173 (s), 1096 (s), 1045 (s), 937 (m), 891 (s), 866 (s), 840
(s), 804 (m), 753 (s), 697 (s). Anal. Calcd for Cs2HgeAl,O3Sm:
C, 61.05; H, 8.42. Found: C, 60.36; H, 8.90.

Crystallographic Studies. A light yellow-orange, rod-
shaped crystal was attached to a glass fiber using a spot of

(32) Evans, W. J.; Drummond, D. K.; Zhang, H.; Atwood, J. L. Inorg.
Chem. 1988, 27, 575.
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Table 1. Selected Bond Distances (A) and Angles
(deg) for (ArO)Sm[(u-OAr)(u-Me)AlMe;], (2)

Sm1-01 2.066(3) Sm1-02 2.287(3)
Sm1-03 2.297(3) Sm1-C37 2.632(5)
Sm1—C40 2.620(5) o1-Cc1 1.363(5)
02-C13 1.405(6) 03-C25 1.404(4)
02-AI2 1.891(4) 03-All 1.848(3)
Al1-C37 2.060(5) Al1—C38 1.945(5)
Al1-C39 1.960(5) AlI2—C40 2.034(5)
Al2—C41 1.950(6) Al2—C42 1.962(6)

01-Sm1-02  118.41(12) 0O1-Sm1-03 118.78(11)

01-Sm1-C37 101.86(16) O1-Sm1-C40 101.50(16)

02-Sm1-03  122.73(10) 02-Sm1-C37 94.27(16)

02-Sm1-C40  72.51(16) 03-Sm1-C37 71.63(13)

03-Sm1-C40  98.81(14) C37-Sm1-C40  156.53(15)

Sm1-01-C1  173.3(3) Sm1-02-C13 125.9(3)
Sm1-03-C25 135.2(2) Sm1-02-Al2 102.75(16)
Sm1-03-All  104.21(11) Sm1-C37-H37c  169(3)

Table 2. Crystallographic Data for 2

formula C42H59A|2035m
molecular weight 826.28
temperature, K 203(2)

cryst syst orthorhombic
space group P21212;

cryst size, mm 0.08 x 0.08 x 0.08
a, A 11.7392(7)

b, A 18.361(1)

c, A 20.836(1)

o, deg 920

B, deg 90

v, deg 90

v, A3 4491.1(4)

z 4

Dcalc, g/mL 1.222

abs coeff, mm~1 1.379

F(000) 1732

6 range, deg 1.5-23.3
total reflns 18 841

ind reflns 6434

GOF 1.187

R1 0.0295

wR2 0.0644

silicone grease. The air-sensitive crystal was mounted from a
matrix of mineral oil under argon gas flow. The crystal was
immediately placed on a Bruker P4/CCD/PC diffractometer
and cooled to 203 K using a Bruker LT-2 temperature device.
The data were collected using a sealed, graphite-monochro-
matized Mo Ko X-ray source. A hemisphere of data was
collected using a combination of ¢ and w scans, with 20 s frame
exposures and 0.3° frame widths. Data collection and initial
indexing and cell refinement were handled using SMART?3
software. Frame integration and final cell parameter calcula-
tion were carried out using SAINT?* software. The data were
corrected for absorption using the SADABS?® program. Decay
of reflection intensity was not observed. The structure was
solved in space group P2;2;2; using direct methods and
difference Fourier techniques. The initial solution revealed the
samarium and the majority of all non-hydrogen atom positions.
The remaining atomic positions were determined from sub-
sequent Fourier synthesis. The hydrogen atom positions on
one of the agostic carbon atoms, C37, were found on the
difference map and refined with isotropic temperature factors
set to 0.08 A2, All other hydrogen atom positions were fixed
in ideal positions (C—H = 0.96 A for methyl, 0.97 A for
methylene, 0.98 A for methine, and 0.93 A for aromatic). (The
hydrogen atom positions on the second agostic carbon atom,

(33) SMART Version 4.210; Bruker Analytical X-ray Systems, Inc.:
Madison, W1 53719, 1996.

(34) SAINT Version 4.05; Bruker Analytical X-ray Systems, Inc.:
Madison, WI 53719, 1996.

(35) Sheldrick, G. SADABS, first release; University of Gottingen:
Germany.
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C40, were fixed due to a problematic refinement of the peaks
taken from the difference map.) The idealized hydrogen atoms
were refined using the riding model, with isotropic tempera-
ture factors fixed to 1.5 times (methyl) or 1.2 times (all other)
the equivalent isotropic U of the carbon atom they were bound
to. The final refinement®® included anisotropic temperature
factors on all non-hydrogen atoms and converged with final
residuals of R1 = 0.0295 and wR2 = 0.0644. The absolute
structure parameter (Flack parameter) refined to 0.005(10).
Structure solution, refinement, graphics, and creation of
publication materials were performed using SHELXTL NT.%7
Additional details of data collection and structure refinement
are listed in Table 2.

(36) Ry = 3 ||Fo| — [Fcll/¥|Fol and Row = [ [W(Fo? — FA)2I/S [W(FA)1Y%
w = 1/[0?(F?) + (aP)?], where a = 0.0393(2), 0.0285(3), and 0.0719(4).

(37) SHELXTL NT Version 5.10; Bruker Analytical X-ray Instru-
ments, Inc.: Madison, WI 53719, 1997.
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