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Remarkable Stability of Metallocenes with Superbulky Ligands:
Spontaneous Reduction of Sm"™ to Sm"**
Christian Ruspic, John R. Moss, Markus Schiirmann, and Sjoerd Harder*

Complexes containing extremely bulky ligands such as the
perphenylated cyclopentadienyl ligand (PhsCs) have shown
unique properties or coordination geometries.!!! For example,
the typical bent structures of the carbene analogue decame-
thylstannocene ([Cp*,Sn"], Cp* = CsMes) can be linearized
by use of PhsCs ligands.”! Surprisingly, the nickelocene
complex [(PhsCs),Ni], prepared by reaction of the PhsCy
radical with a Ni° derivative, is diamagnetic.”! The existence
of [(PhsCs),Fe] was long disputed on the basis of its short
ring-ring distance.” Today, two linkage isomers are known:
the more sterically relaxed zwitterionic n’,n’-complex 17! and
the sterically congested (1°,n°)-metallocene 2.
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First reports on the use of the Phs;Cs ligand in catalysis
show that it greatly enhances stereoselectivity in asymmetric
syntheses.”! Moreover, the bulk of the ligand increases the
activity and selectivity in chromium-catalyzed ethylene oli-
gomerization.”! As half-sandwich complexes of alkaline-earth
and lanthanide metals are effective and promising catalysts
for a wide variety of applications,””) we pursued the introduc-
tion of superbulky cyclopentadienyl ligands in these com-
pound classes. Our surprising initial results show that instead
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of half-sandwich complexes, generally sterically congested
metallocenes are formed.

Complexes containing the PhsC;s ligand are very insoluble
on account of their rigidity and high symmetry."! Therefore,
we used the modified perarylated cyclopentadiene (4-nBu-
C¢H,)sCsH (Cp®'“H), which can be obtained in a simple high-
yield, one-pot procedure.'”! This ligand can be smoothly
deprotonated by [(4-rBu-benzyl),(thf),Ca] in benzene at 60°C
(Scheme 1). However, instead of heteroleptic [(Cp®'°)(4-tBu-
benzyl)Ca], the calcocene [(Cp®'®),Ca] was isolated as large
yellow crystals that are readily soluble in hexane (43 % yield
based on Cp®'“H). Despite the bulkiness of the Cp®'“ ligand,
the Schlenk equilibrium is apparently at the homoleptic side.
Reactions of [(Cp®'“),Ca] with [(4-tBu-benzyl),(thf),Ca] or
[(2-Me,N-a-Me;Si-benzyl),(thf),Ca] both gave no ligand
exchange, which implies high stability of the calcocene.!']

Reaction of equimolar amounts of Cp®'“H with [(2-Me,N-
benzyl);Y] in benzene (Scheme 2) gave the half-sandwich
complex [(Cp®'“)(2-Me,N-benzyl),Y] as colorless needlelike
crystals (yield: 31 % ). However, the analogous reaction with
[(2-Me,N-benzyl); Yb] resulted in spontaneous reduction to
the Yb" metallocene [(Cp®'©),Yb], which crystallized as dark
green blocks (yield: 22 %; the yield could be increased to 36 %
by using the correct 2:1 stoichiometry).

Spontaneous reduction of Ln™ ions (Ln =lanthanide) is
easily accomplished for Eu (Eu**/Eu*t E,, = —0.35 V)"l and
has been observed on several occasions.!"”! Reduction of Yb™
is less favorable (Yb**/Yb*" E,,=—1.15 V)" but has been
observed  before; decomposition of the  dimer
[{(MeH,Cs),YbMe},] to the Yb" metallocene in toluene is
an extraordinarily slow reaction [Eq. (1)]."¥ Reaction times
can be reduced substantially by addition of diethyl ether as a
coordinating solvent (50 % conversion is observed after 8 h at
80°Cin a pressure vessel).'"" The importance of Lewis bases is
underscored by a more recent example of spontaneous Yb™
reduction. Reaction of [{(Me,Si),N};Yb™] with two equiv-
alents of indene gave the expected Yb™ product [Eq. (2)].
Reaction with an indene derivative containing chelating
Me,N arms, however, gave exclusively reduction of the
metal [Eq. (3)]."") Although it is unclear why the presence
of coordinating Lewis bases results in spontaneous reduction
of Yb™, a suitable working hypothesis could be that the Yb"
metal in the product has a larger ionic radius, thus allowing for
energetically favorable coordination of additional Lewis
bases (for eight-coordinate species: Yb*' 1.14, Yb*"
0.985 A).l")

Encouraged by these results, we investigated the reaction
of [(2-Me,N-benzyl),Sm] with CpP'°H. In this case as well, a
reduction of Sm'" is observed. The samarocene [(Cp®'©),Sm],
with the metal in its highly reactive 2 + oxidation state, was
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organic chemistry,"”! and [Cp*,Sm] is
even able to reduce molecular nitro-
gen."™ In this light, the spontaneous
reduction of a Sm™ precursor to the

th Ar
Ar_ Ar K@ k@)\ Af samarocene [(Cp®'©),Sm"] is remark-
| Ar able.
Ar Ar 0% ca The exact mechanism for this
- tBu-@Me Ar \ Ar A A € ¢
Ar H <o < reduction is unclear. In analogy to the
—2thf Ar Ar Ar Ar o : .

Ar = 4-nBu-C,H, Ar Ar reaction with yttrlqm described above
Cp®H cp?®,Ca] (Scheme 2), the first step could be

Scheme 1. Reaction of Cp®*“H with a dibenzylcalcium derivative.
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Scheme 2. Reactions of Cp®'°H with benzyllanthanide derivatives.
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isolated in the form of red-brown crystals (36 % yield). The
instability of Sm™ against oxidation is well-known (Sm**/Sm?*"
E.,=—1.55 V). Sml, is used as a versatile reducing agent in
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formation of the half-sandwich com-
plex  [(Cp®©)(2-Me,N-benzyl),Ln].
This complex could be converted to
[(Cp®'©),(2-Me,N-benzyl)Ln] either
by reaction with Cp®'°H or by ligand
exchange. Steric crowding in the latter
intermediate could give spontaneous
reduction to the metallocene
[(Cp®©),Ln] and a 2-Me,N-benzyl
radical. This proposed mechanism is
confirmed by detection of 1,2-di(2-
Me,N-phenyl)ethane as a major side
product in the mother liquors. The
mechanism is also supported by the

/ well-established sterically induced
ﬁ’ Me reduction chemistry (SIR)!™ that has

been discovered by the pioneering
Ln=Yb. Sm work of Evans et al. on sterically over-

loaded [Cp*;Sm].”"! The latter com-
plex shows the same redox reactivity
as [Cp*,Sm] (Scheme 3).?!1 The per-
formance of [Cp*;Sm] as a reducing
agent has been explained by oxidation
of the Cp* anion. The spontaneous
reduction of Sm™ described herein
might shed light on the mechanism of
SIR and suggests that instead of inter-
mediate [Cp*,Ln"™]", transient Ln"
species could also play a role. In this
respect, Lappert and co-workers’ spec-
troscopic and synthetic evidence for La™ complexes should be
noted.*

Considering the bulk of the Cp®“ ligand, it seems
reasonable to assume that the spontaneous reduction of
Sm™ in [(Cp®'©),(2-Me,N-benzyl)Sm™] is driven by steric
congestion. On the other hand, [(n*-PhsCs),W=0], a complex
with a much smaller metal, has been characterized by X-ray
diffraction.””! Therefore, the driving force for the lanthanide
reduction in Scheme 2 could also be partly due to the higher
basicity and thus easier oxidation of the benzyl anion
compared to the Cp* anion. In this respect, it should be
mentioned that a recent new preparative method for
[Cp*sSm] is based on the reverse of SIR, that is, oxidation
of [Cp*,Sm] by reduction of Cp*—Cp* [Eq. (4)].”* This result
implies that the first step in SIR of [Cp*;Sm] is an equilibrium
that is largely on the side of [Cp*;Sm].

2[Cp*,Sm"] + Cp*—Cp*22 [Cp*,Sm™] (84 %) (4)

80°C
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refined. These contacts are even shorter when more

thf . ~
2[Cp*ySm"] 2 PhaP=S, THF Cp*,Sm'=s—sm'"Cp*, +::3§_S’ THF2 [cp,sm')  realistic (neutron-diffraction-like) calculated h}ofdro-
el “thf B en positions with a fixed C—H distance of 1.08 A are
gen p

- cp*—cp*

s.Rl

+ Ph,P=8 |- Ph;P
thf
2[Cp*,Sm'"]" + Cp*-Cp* + 2¢”

Scheme 3. Reduction of PhyP=S by either [Cp*,Sm] (SIR) or [Cp*,Sm].F"!

Another important driving force for spontaneous Ln™

reduction could be the remarkable stability of the metal-
locene complex [(Cp®'9),Ln] itself. Although formation of
these sterically congested complexes might not seem favor-
able at first sight, more detailed investigations of their crystal
structures shed light on their unusual stability.

The metallocenes [(Cp®'“),M] (M = Ca, Yb, Sm) crystal-
lize isomorphously in space group P1 with the metal ion on
the center of inversion (Figure 1). Considering the presence
of many n-butyl substituents, the structures are surprisingly
ordered and of good quality. The propeller-like ligands have
opposite chirality and interlock like a gear box. The metals
are bound in nearly perfect °,n’° fashion (Table 1). However,
it should be mentioned that for the heavier metals unusually
high displacement factors parallel to the ring planes are
observed (Figure 1b). This anisotropy, which is not as distinct
in the calcocene, is especially noteworthy in the samarocene
(despite measurement at a lower temperature). As heavier
alkaline-earth and Ln" metallocenes typically exhibit unusu-
ally bent structures,®’ this anisotropy might be explained by
assuming that the metals are slightly disordered within a plane
parallel to the Cp rings. Consequently, a structure with
parallel ligands but with a bent Cp.pe;-M-Cpeenier Unit results
(Scheme 4). This implies that there is some deviation from 1’
coordination. Parallel ligands but bent C-M—C bonds have
also been observed in [{(Me;Si);C},Ca].*!

The average M—C bonds in [(Cp®'®),M]
(Table 1) compare remarkably well to those
in the analogous [Cp*,M] complexes (Ca

25b 251
S CavE S 2.64(1),[0 ] Yb 2.665(3),1 Sm
2.79(1) AP, As the latter metallocenes
are bent and the Cp* ligand differs substan-
tially from the ArsCs ligand,”” this agree-
Scheme 4.

ment is merely coincidental. Comparison of
the average Yb—C bond Ilength in
[(Cp®'©),YDb] (2.673(2) A) with that in the
only other Ar;Cs; complex of a lanthanide or alkaline-earth
metal, [{(’-PhsCs)Yb(u-C=CPh)(thf)},] (2.726(7) A),?! led
us to conclude that the Cp—M bond in [(Cp®©),YD] is
unexpectedly short.*’)

One feature in particular could contribute to the unusual
stability of [(Cp®“),M] complexes. In all three structures,
short distances between an ortho H atom of one ligand and an
ortho C atom of the other ligand are evident (Figure 2). These
merry-go-round interligand contacts are in all [(Cp®'©),M]
complexes considerably shorter than the sum of the van der
Waals radii for C and H (2.90 A), thus indicating C—H-C()
hydrogen bonds. Average values are 2.68(1) (M = Ca), 2.74(2)
(M =Yb), and 2.78(2) A (M =Sm); aryl H atoms have been
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used (Table 1).*” The observed H-C contacts are of
comparable length to C—H--C(Cp~) interactions in
salts [RP*][Cp7] containing the “naked” Cp
anion.’'  Concomitant large C—H--C angles
(Table 1) indicate an energetically favorable interac-
tion. Such nonclassical hydrogen bonds, arising from

& & S>)
Ca Yb Sm

Figure 1. a) Crystal structure of [(Cp®'©),Ca] (ORTEP with thermal
ellipsoids set at 30% probability). Hydrogen atoms have been omitted
for clarity. b) ORTEP representations (top and side views with thermal
ellipsoids set at 50% probability) for partial structures of [(Cp®'“),Ca]
(—=70°C), [(Cp®'),Yb] (—70°C), and [(Cp®'®),Sm] (—100°C).

interaction of a C>°"—H?®" dipole with the aryl m system, are
well-established® and explain the typical “herringbone”
structure in crystalline benzene (Scheme 5).%%! The perpen-

H\ H\ :
/H/ H\:/H/ Ho W H
H H H/

Scheme .
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Table 1: Geometrical data for centrosymmetric metallocenes with PhsCs or Cp®© ligands (sorted in order

of increasing metal size)."

As expected, the interligand
H---C distances in [(ArsCs),M] com-

Complex M—CPeoer  M—C Cip—Cep L CPY H...cld C—H..c! plexes increase with increasing

[(PhsCo),Fe]®  1.724(8)  2.04(2)-2.19(2) 1 78(11)/113.908) 234250 162177 metal size. However, this increase

2.12(2)] [+11.4(13)] [2.41] N7 18 chh sryalle.r than the 1pcrease in

[(PhsCs), NP 1.839(2)  2.188(5)-2.229(5)  +3.8(4)/+12.0(4) 239-2.47 144177  thering-ring distance (which equals

[2.204(5)] [+8.4(13)] [2.43] 167  circa twice the M—Cpcp, distance).

[(PhsCs),Cr] P 1.932(3) 2.268(5)-2.302(5)  +5.9(4)/+8.9(4) 2.41-251 149-179  This difference originates from

- (2.281(5)] [+7.2(4)] [2.49] [168]  bending of the aryl substituents

[(PhsCs),W]*E7 2.018(2) 2.345(6)-2.371(6)  +5.1(4)/+7.5(4) 245253 169175 (i of the Cp plane (Scheme 7).
[2.357(6)] [+6.2(4)] [2.49] 07y henvl betituents i

[(Cp®%),Ca 23561(4)  2.643(1)-2.661(1)  +0.031(6)/—231(6)  2.51-2.65 153-159 ¢ phenyl  subshituents — in

[(Cp®©),Yb] 2.382(1) 2.666(2)-2.679(2)  +0.03(1)/—2.7(1) 2.54-2.67 152-158  from the metal (average

[2.673(2)] [—1.4(1)] [2.61] [154] +11.4(13)°). This bending angle

[(PhsCs),Sn]™ 2.401(3) 2.686(7)-2.705(7) ~ +0.6(4)/-2.6(4) 2.63-2.77 150-164  decreases with increasing metal

[(Cp®'®),Sm] 2.5050(8) [;?3198]2791 (2) [_;'(2)8‘;]/ 4.1(1) [2‘2?]274 152[116508] size. The aryl substituents in

) . . 2. —2. —4. .61-2. —~ BIG
2.782(2)] —3.50)] 2.67] 154 [(Cp®™),Sm] even bend towards

the metal (average —3.5(1)°). This

[a] Distances are given in A, angles in degrees, and average values between square brackets. [b] Cy
Ce, L Cp represents the angle between the C;,,—Cq, vector and the least-squares plane of the Cp ring (£
values define bending away/towards the metal, see Scheme 7). [c] H---C represents the shortest contact
between the aryl rings of one ligand and those of the other ligand (see Figure 2). For better comparison
of all structures, the hydrogen atoms have been set at realistic positions with C—H bonds of 1.08 A.

BIG)

Figure 2. Partial structure of [(Cp®'“),Ca] showing the merry-go-round
C—H--C(mt) hydrogen-bond network. Similar structures are observed
for [(Cp™©),Yb] and [(Cp®'©),Sm].

dicular orientation of the aryl rings in [(Cp®'®),M] complexes
is an S)-symmetric circular version of this herringbone
structure.

Although never discussed earlier, these short C—H---C()
hydrogen bonds are even more evident in the structures of
[(PhsCs),M] complexes with much smaller metals. Entries in
Table 1 are sorted in order of increasing metal size and
contain data for structures in which, for comparison, the C—H
bonds have been set at a value of 1.08 A. The crystal structure
of [(PhsCs),Fe], which unfortunately is of poor quality, shows
extremely short H-C contacts that average 2.41 A and are of
a similar value to the H:-C interaction in the coordination
complex [2-butyne-(HCl),] (Scheme 6).5¥ This complex, with
a very acidic hydrogen-bond donor (HCI) and an electron-
rich acceptor (alkyne), is generally seen as the extreme in X—
H---C bonding.

www.angewandte.org
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atypical distortion is additional
proof for these attractive C—
H---C(m) interactions. Although the
energy involved in the H---C contact
is estimated to be 2-5 kcalmol',*!
the overall effect could be consid-
erable. First of all, the molecule
contains ten such contacts, and secondly, cooperative
effects®! enforce this interaction: the C—H hydrogen-bond
donor also functions as the acceptor,

thus increasing acidity and hydrogen- Me

donor ability of this C—H unit. ,_cl:\?-43 A
In summary, contrary to expecta- C'_H::\!,::H_C'

tion, [(ArsCs),M] complexes are espe- |\|/|82'43A

cially stable on account of a C—H---C(ur)
hydrogen-bond network that propa-
gates through the metallocene. The
high stability of these metallocenes is Ar
expressed by the spontaneous reduction
of a Sm™ precursor to the samarocene
[(Cp®©),Sm]. As this modified metal-
locene and its analogues are readily
soluble in chemically inert solvents such
as hexane and crystallize isomorphously Ar
for a variety of metal sizes, the Cp®'©
ligand will be well-suited for capturing
hitherto unknown highly reducing
metals in low oxidation states. Further exploration of this
intriguing ligand in the chemistry of low-valent metals is in
progress.

Scheme 6.

Scheme 7.

Experimental Section

All experiments were carried out under argon using standard Schlenk
techniques and freshly dried, degassed solvents. The following
compounds have been prepared according to the literature: (nBu-
C¢H,)sCpH (=Cp®°H),"™ [(4-Bu-C4H,CH,),(thf),Ca],”® K[2-
Me,N-benzyl]*! and [(2-Me,N-benzyl),Y].[*"!

[(Cp®'©),Ca]: A solution of [(4-tBu-C4H,CH,),(thf),Ca] (256 mg,
0.393 mmol) and Cp®'“H (285 mg, 0.393 mmol) in benzene (3 mL)
was stirred for 30 min at 60°C. All solvents were removed in vacuo
and hexane (3 mL) was added. Slow cooling to —30°C gave large,

Angew. Chem. Int. Ed. 2008, 47, 2121-2126
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light-yellow, blocklike crystals of [(Cp®!©),Ca] (126 mg, 43% yield
based on Cp®'°H). Elemental analysis (% ) calcd for C,;;H,3,Ca (M, =
1492.34): C 88.53, H 8.78; found C 88.08, H 8.62. 'H NMR (300 MHz,
CyDy, 20°C): 6 =0.89 (t, *J(H,H) =7.2 Hz, 30H, CH,), 1.28 (m, 20H,
CH,), 1.53 (m, 20H, CH,), 2.46 (t, *J(H,H) = 7.2 Hz, 20H, CH,), 6.83
(d,*J(H,H) =7.6 Hz, 20H, aryl), 7.13 ppm (d, *J(H,H) =7.6 Hz, 20 H,
aryl). ®*CNMR (75 MHz, C,Dy, 20°C): 6 =14.2 (CH,), 22.8 (CH,),
342 (CH,), 35.7 (CH,), 124.0, 128.5, 131.9, 134.2, 140.0 ppm. M.p.
217°C.

[(Cp®'©)(2-Me,N-benzyl),Y]: [(2-Me,N-benzyl);Y] (22.3 mg,
45.4 pmol) and Cp®°H (33.0mg, 45.4 umol) were dissolved in
benzene (0.50 mL). After heating for 18 h at 60°C, the volatiles
were removed in vacuo (25°C, 1 Torr, 30 min). Addition of pentane
(0.40 mL) to the oily residue gave crystallization of the product in the
form of small colorless needles. The crystals were washed with
pentane (2x0.40 mL). Drying under vacuo (25°C, 1 Torr, 30 min)
gave the product as a light yellow solid (15.0 mg, 31%). '"H NMR
(300 MHz, C¢D, 20°C): 6=0.83 (t, *J(H,H)=7.4 Hz, 15H, CH,),
1.20 (m, 10H, CH,), 1.45 (m, 10H, CH,), 2.02 (s, 4H, CH,), 2.33-2.53
(m, 22H, CH, and NMe,), 6.74 (m, 2H, aryl), 6.85 (d, *J(H,H) =
8.0Hz, 10H, aryl), 6.88-6.99 (m, 4H, aryl), 7.09 (m, 2H, aryl),
718 ppm (d, J(H,H)=8.0Hz, 10H, aryl). "CNMR (75 MHz,
[CsDg], 20°C): 6 =14.1 (CH,), 22.6 (CH,), 33.5 (CH,), 35.5 (CH,),
47.2 (NMe,), 48.3 (d, 'J(PC-*Y) =34.7 Hz, CH,), 118.4, 120.7, 126.8,
127.0, 127.8, 131.1, 132.4, 134.0, 140.0, 144.9, 145.6 ppm (aryl).

[(2-Me,N-benzyl); Yb]: A cooled solution (—50°C) of K[2-Me,N-
benzyl] (2.08 g, 12.03 mmol) in THF (20 mL) was added to a cooled
suspension (—50°C) of YbCl; (1.12 g, 4.01 mmol) in THF (30 mL). A
rapid color change from orange to dark blue was observed. The
reaction mixture was allowed to warm to 20 °C and was stirred for 1 h.
After centrifugation the volatiles were evaporated in vacuo (25°C,
1 Torr, 30 min) and the residue was recrystallized from toluene/
hexane (ca.2:1) as dark blue blocks (600 mg, 26%). The crystal
structure is isomorphous to that of [(2-Me,N-benzyl),Y].[*'! Elemen-
tal analysis (%) calcd for C,;H3N;Yb (M, =1575.65): C 56.34, H 6.30;
found C 55.98, H 6.42. M.p. 157°C (decomp).

[(2-Me,N-benzyl);Sm]: K[Me,N-benzyl] (642 mg, 3.70 mmol) was
treated with SmBr; (481 mg, 1.23 mmol) analogously to the reaction
with YbCl,. Crystallization from toluene/hexane (ca. 2:1) resulted in
the formation of the product as dark red blocks (143 mg, 21 %). The
crystal structure is isomorphous to that of [(2-Me,N-benzyl),Y].[*!l
Elemental analysis (%) calcd for C,;H;3(N;Sm (M, =553.0): C 58.65,
H 6.56; found C 58.27, H 6.72. "H NMR (300 MHz, C;D;, 20°C): 6 =
—1.77 (br, 18H, NMe,), 4.58 (br, 3H, aryl), 7.12 (br, 3H, aryl), 7.25
(br, 3H, aryl), 9.80 (br, 3H, aryl), 14.25 ppm (br, 6 H, CH,). *C NMR
(75 MHz, CsDy, 20°C): =39.4 (NMe,), 44.7 (CH,), 111.9, 122.7,
124.3, 128.7, 131.5, 154.7 ppm. M.p. 150°C (decomp).

[(Cp®'9),Yb]: [(2-Me,N-benzyl);Yb] (13.1 mg, 22.7 pmol) and
Cp®°H (33.0 mg, 45.4 umol) were dissolved in benzene (0.50 mL)
and heated to 60°C for 18 h. The volatiles were evaporated in vacuo
(25°C, 1 Torr, 30 min) and the residue was dissolved in warm hexane
(0.25 mL). Slow cooling to —27°C resulted in the formation of the
product as large green blocks (25.0 mg, 36 % ). Elemental analysis (%)
caled for C;;H,3Yb (M, =1625.30): C 81.29, H 8.06; found C 80.89, H
8.24. "TH NMR (300 MHz, C¢Dq, 20°C): 6 =0.89 (t, *J(H,H) = 7.2 Hz,
30H, CH), 1.28 (m, 20H, CH,), 1.53 (m, 20H, CH,), 2.46 (t,
3J(H,H)=7.2 Hz, 20H, CH,), 6.83 (d, *J(H,H)="7.6 Hz, 20H, aryl),
7.13 ppm (d, *J(H,H) =7.6 Hz, 20H, aryl). >*C NMR (75 MHz, C,D,,
20°C): 14.2 (CHj3), 22.8 (CH,), 34.2 (CH,), 35.7 (CH,), 124.0, 128.5,
131.9, 134.2, 140.0 ppm. M.p. 193°C.

[(Cp®'®),Sm]: [(2-Me,N-benzyl);Sm] (24.0 mg, 43.4 umol) and
Cp®°H (63.1 mg, 86.8 umol) were dissolved in benzene (0.50 mL)
and heated to 60°C for 22 h. The volatiles were evaporated in vacuo
(25°C, 1Torr, 30min). The residue was dissolved in hexane
(0.25 mL). The product crystallized over night at room temperature
in the form of dark brown blocks (25.0 mg, 36 % ). Elemental analysis
(%) caled for C;oHi3Sm (M,=1602.62): C 82.44, H 8.18; found
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C82.02, H831. 'HNMR (300 MHz, CiD,, 20°C): 6=2.18 (t,
3J(H,H) =7.4 Hz, 30H, CH;), 3.06 (m, 20H, CH,), 3.88 (m, 20H,
aryl), 5.13 (t, *J(H,H) =7.4 Hz, 20H, CH,), 11.26 (br, 20H, aryl),
15.67 ppm (br, 20 H, aryl). ®*C NMR (75 MHz, C¢Dg, 20°C): 15.4,24.5,
37.4,38.0, 129.8, 137.1, 145.8, 165.0, 183.5 ppm. M.p. 193°C.

Crystal structure determinations: CCDC 665303, 665304, 665305,
665306, and 665307 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. For all structures: aryl hydrogen atoms were located
and refined isotropically whereas butyl hydrogen atoms were placed
on calculated positions and refined in a riding mode.

[(CpP'©),Ca]: Measurement at —70°C (Moyg,), formula
C,10H,30Ca, triclinic, space group P1, a=13.0492(5), b =13.9992(3),
c=142958(3) A, a=117.808(1), f=97.666(1), y=93.433(1)°, V=
2267.0(1) A%, Z=1, pac=1.093gem> u (Mog,)=0.116 mm,
205883 measured reflections, 18652 independent reflections (R;, =
0.043), 14568 reflections observed with I>20(1), 0,,,,=34.2°, R=
0.0554, wR2 =0.1639, GOF =1.01, 567 parameters, min/max residual
electron density —0.31/+0.41 e A3,

[(CP®©),Yb]: Measurement at -70°C (Mog,), formula
CyoH5Yb, triclinic, space group PI, a=13.0726(17), b=
14.0196(9), c¢=143134(9) A, «=117.630(3), B=98.022(4), y=
93.349(4)°, V=2278.6(4) A%, Z=1, peea=1.184 gcm >, u (Moy,) =
1.073 mm™!, 42543 measured reflections, 10454 independent reflec-
tions (R;, =0.027), 8935 reflections observed with I>20(1), 0, =
27.6°, R=0.0311, wR2=0.0829, GOF =1.02, 567 parameters, min/
max residual electron density —0.79/+0.49 e A=,

[(Cp®©),Sm]: measurement at —100°C (Moy,), formula
CyoH 3Sm, triclinic, space group P1, a=13.0836(11), b=
13.8421(12), ¢=14.2398(10) A, a=117.488(4), B=97.117(4), y=
94.389(4)°, V=2243.8(3) A%, Z=1, peea=1.186 gem >, u (Moy,) =
0.702 mm™', 39262 measured reflections, 10247 independent reflec-
tions (R;, =0.025), 5006 reflections observed with />20(1), 0,,.,=
27.5°, R=0.0301, wR2=0.0612, GOF=0.82, 567 parameters, min/
max residual electron density —0.87/40.29 e A3,
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