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Summary

The crystal and molecular structure of the complex Th[#’-(CH,),C,],[CH,-
Si(CH,),],, which undergoes facile intramolecular cyclometalation to the thoracyc-
lobutane Th[7’-(CH,);C;],(CH,),Si(CH,),, is reported. While the Th[n’-
(CH,);C;], ligation is unexceptional, the Th{CH,Si(CH,),], fragment is highly
unsymmetrical having Th-C (corresponding angle Th—C-Si) 2.51(1) A (132.0(6)°)
and 2.46(1) A (148.0(7)°). This conformation, which appears to result from severe
intramolecular non-bonded contacts, allows a methyl hydrogen atom of one
CH,Si(CH,), ligand to approach within ca. 2.3 A of the a-carbon atom of the other
CH,Si(CH,), ligand.

Introduction

Metal-mediated processes that result in the scission of two-center, two-electron
(2¢,2e) H-H and C-H bonds are of fundamental significance in hydrocarbon
catalysis and in devising new strategies for selective, stoichiometric hydrocarbon
activation [1-7]. In earlier work [8] we presented examples where bis(pentamethyl-
cyclopentadienyl)-organoactinides of the formula Cp;MR, (Cp’=%’-(CH,);Cs;
M =Th, U; R = hydrocarbyl) effected the cleavage of H-H and aromatic C-H
bonds with surprising facility. Mechanistic proposals based upon accessible actinide
oxidation states [9] stressed the importance of ““four-center” “heterolytic” activation
processes (e.g., eq. 1) [10] which do not require formal oxidative addition/reductive
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elimination, and which are plausibly accelerated by the high actinide electrophilicity
and coordinative unsaturation. In an effort to further define those modes of 2¢,2¢
bond activation which can occur about actinide centers and to compare/contrast
the pathways with those at transition metal centers, we have now turned our
attention to C-H activation involving saturated hydrocarbons.

Capitalizing first upon the 10°-10°-fold kinetic advantage that accrues in optimal
intramolecular processes, we have studied the thermolysis of the organothorium
compounds Cp;Th{CH,Si(CH,),], (I} and Cp;Th[CH,C(CH,);], (II) [11]. These
bishydrocarbyls undergo clean, kinetically unimolecular decomposition to yield the
corresponding thoracyclobutanes III and IV, respectively (egs. 2, 3). Mechanistic
arguments based upon deuterium labelling, activation parameters (AS™ is negative),
and plausibly accessible thorium oxidation states, suggest again a four-center,
heterolytic activation process (V) in apparent contrast to known Group VIII
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chemistry [5-7, 2-6]. It would be of obvious interest to establish a structural basis
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for further organoactinide mechanistic discussion. In reference [11] we report the
molecular structure of thoracyclobutane III and show the Th(CH,),SiC, fragment
to have approximate C,, symmetry, with the only significant deviation being a 6°
folding of the metallacycle along the CH,—-CH, vector to relieve non-bonded
interactions between Si(CH,), and ring methyl groups. In the present contribution,
we focus upon the molecular structure of the precursor complex I, which features
some surprising and suggestive distortions.
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Experimental

The complex Cp;Th{CH,Si(CH;);], (I) was synthesized as described in reference
[8]. Large, well-shaped single crystals were obtained by slow cooling (room tempera-
ture to —30°C) of saturated heptane solutions. The crystals are, at 20 £ 1°C,
monoclinic, space group P2,/n (an alternate setting of P2,/c-C;,, No. 14 [17]) with
a 10.125(3), b 30.789(7), ¢ 11.002(4) A, B 111.56(2)°, V 3190(2) A, and Z=4
(p,(Mo-K;) [18] 492 mm™}; d_,,. 1.410 g cm™?).

Intensity measurements were made on a Nicolet Pl autodiffractometer using
0.90°-wide w scans and graphite-monochromated Mo-K; radiation for a specimen
having the shape of a rectangular parallelepiped with dimensions of 0.38 X 0.48 X
0.60 mm. This crystal was sealed under N, in a thin-walled glass capillary and
mounted on a goniometer with its longest dimension nearly parallel to the g-axis of
the diffractometer. A total of 7335 independent reflections having 28, ,_< 55.0°
(the equivalent of 1.0 limiting Cu-K; spheres) were measured in two concentric shells
of 2. A scanning rate of 6° min~' was used to measure intensities for reflections
having 3° < 28 < 43° and a rate of 4° min~' for the remaining reflections. The data
collection and reduction procedures which were used are described elsewhere [21];
the scan width and step-off for background measurements were both 0.90° and the
ratio of total background counting time to net scanning time was 0.50. The intensity
data were corrected empirically for absorption effects using y-scans for six reflec-
tions having 28 between 9 and 29° (the relative transmission factors ranged from
0.63 to 1.00).

The structure was solved using the “heavy-atom” technique. Unit-weighted
anisotropic full-matrix least-squares refinement of the parameters for the Th and
two Si atoms converged to R, (unweighted, based on F)=0.138 and R, (weighted,
based on F)=0.185 for 2606 independent reflections having 28y, x_<43° and
I>30(I) [22). Inclusion of the remaining 28 nonhydrogen atoms into the model
with anisotropic thermal parameters gave R, =0.040 and R,=0.046 for 2606
unit-weighted reflections. Hydrogen atoms could not be located from a difference
Fourier calculated at this point.

The final cycles of empirically-weighted [23] full-matrix least-squares refinement
which utilized the more complete (26y,, ¢, < 55°) data set and anisotropic thermal
parameters for all nonhydrogen atoms gave R, = 0.048 and R, =0.054 for 4247
independent absorption-corrected reflections having I > 3¢(/). Since a careful com-
parison of final |F;| and |F,| values indicated the absence of extinction effects,
extinction corrections were not made.

All structure factor calculations employed recent tabulations of atomic form
factors [19] and anomalous dispersion corrections {20] to the scattering factors of the
Th and Si atoms. All calculations were performed on a Data General Eclipse S-200
computer equipped with 64K of 16-bit words, a floating point processor for 32- and
64-bit arithmetic and versions of the Nicolet EXTL interactive crystallographic
software package as modified at Crystalytics Company.

Results and discussion

The X-ray structural analysis reveals that single crystals of I are composed of
discrete mononuclear Th{n*-(CH,)sC;],[CH,Si(CH,)], molecules such as shown
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Fig. 1. Perspective ORTEP drawing of the Th{n*-(CH,)5Cs],[CH,Si(CH, )3}, molecule (I) viewed nearly
along the plane of the equatorial girdie. All nonhydrogen atoms are represented by thermal vibration
ellipsoids drawn to encompass 50% of the electron density.

in Figs. 1 and 2. The Th' ion adopts the familiar “bent sandwich” Cp;MX,
actinide coordination geometry [9,21,24], being #-bonded to two (CH,;);C;~ ligands
and o-bonded to two CH,Si(CH, ), ligands. Final atomic coordinates and aniso-
tropic thermal parameters for nonhydrogen atoms of crystalline I are presented in
Tables 1 and 2 *, respectively. Bond lengths and angles involving nonhydrogen
atoms of I are given in Table 3. The atom labeling scheme is shown in Fig. 1.
Turning first to the #°-(CH,);C; ligation, it can be seen that the intraligand
metrical parameters are not exceptional for a CpsThX, complex [9,11,21,24). Thus,
the C; rings are coplanar to within 0.010 A [25,26], while the methyl groups are
displaced 0.073-0.264 A from the C; mean plane in a direction away from the
thorium ion. In each ring, the methyl groups closest to the plane defined by the
C,,~-Th-C,, “equatorial girdle” i.e., carbon atoms C_,; and C_,,, exhibit the
largest displacement (> 0.24 A). The average C-C distance of 1.41 (2,2,4,10) A [27],
Th-C distance of 2.81 (1,1,4,10) A [27], and C-CH, distance of 1.53 (2,2,3,10) A
[27] are typical values for 7°-(CH,),C, bonding [9,11,21,24,28-30]. Moreover, the
present (ring-center-of-gravity)-Th-(ring-center-of-gravity) angle of 134.9° com-
pares favorably to values of 138, 138, 129, 138.5, and 130° in Cp;Th(Cl)[n?-

* Supplementary material available. A table of fractional atomic coordinates (Table 1), a table of
anisotropic thermal parameters for nonhydrogen atoms (Table 2), detailed experimental descriptions of
the X-ray crystallographic studies, and structure factor tables will be provided by the authors upon
request.
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Fig. 2. Perspective ORTEP drawing of the Th{7°<(CH,);Cs},{CH,Si(CH,);], molecule (I) viewed nearly
along the bisector of the C,, -Th-C,, angle. All nonhydrogen atoms are represented by thermal vibration
ellipsoids drawn to encompass 50% of the electron density.

TABLE 3

BOND LENGTHS AND ANGLES INVOLVING NONHYDROGEN ATOMS IN CRYSTALLINE
Th{#*-(CH,)sC;],[CH,Si(CH;);3],*

Type?” Length Type ® Length
A (A)
Th-C,,, 2.82(1) Coar—Cpaz 1.41(2)
Th-C,.2 2.80(1) Coa1—Cpas 1.38(2)
Th-C,,; 2.771) Cpa2~Cpas 1.432)
Th-C,4 2.7%(1) pu3~Cpas 1.39(2)
Th-Cpus 2.80(1) Cpua—Cpas 1.42(2)
Th-C,, 2.80(1) Cpo1-Cova 1.39(2)
Th-C,u; 2.82(1) Copi~Cobs 1.38Q2)
Th-C,y5 2.82(1) Cpoz2=Cobs 1.45(2)
Th-C, 4 2.83(1) Co3—Cpos 1.432)
Th-C,ps 2.81(1) Cova—Cops 1.412)
Th-C,,* 2.53(-) Cpar~Conl 1.55(2)
Th-C,, ¢ 2.55(-) Cpa2-Cona2 1.51(2)
Cpa3—Crnas 1.53(2)
Th-C,, 2.51(1) Cpas~Crnaa 1.532)
Th—C,b 2.46(1) pas —CmAS ]55(2)
Si,-C\, 1.86(1) Cop1=Conti 1.56(2)
Si,~C,, 1.88(2) Cop2-Crob2 1.51(3)
Si,~Cs, 1.88(2) Cob3—Cimns 1.50(2)
Si,~C,a 1.8%(2) Coba~Cmba 1.51(2)
Cobs~Conbs 1.54(2)
Si,-C)p 1.87(1)
Sip-Cyyp 1.86(2)
Si,-Cs, 1.89(2)

Si,-Ca, 1.87(2)
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Table 3 (continued)

Type® Angle Type * Angle
(deg.) (deg.)
C,.ThC,, 134.9(-) C,.ThC,, 96.8(4)
C,,ThC,, 103.7(-) ThC,,Si, 132.006)
C,,ThC,, 106.1(-) ThC , Siy, 148.0(7)
C,wThC,, 102.2¢-)
CooThC € 106.8(-)
C,,5,C,, 108.9(T) CpS$i,Cyp 111.4(8)
C1.81,Cxa 111.8(7) CiSipCap 110.6(8)
C,.5i,Ca, 114.2(7) C5i.Cap 114.4(8)
C,.51,Cs, 108.5(8) C3u51,Ca 107.4(9)
C,,8i,Cas 106.4(8) C305i,Can 106.0{9)
C4,8i,Cs, 106.9(8) C3,51,Cap, 106.8(9)
Cra2Cpa1Cras 10%(1) Cor2Cob1Cobs 116(1)
Cpa1CpazCpos 105(1) Cop1Cpp2Cpbs 107(1)
Cru2CpaiCpaa 10(1) Crb2CopaCrba 107(H)
Cpa3CpaiCpas 107(1) Cob3Ca0aCpbs 107(1)
CraaCrasCpa 109(1) CovaCrbsCont 109(1)
CpaZCpalCmAl ]24(1) Cpb2cpb]Cmbl 123(1)
CpaSCpnlCmni 126(” Cpbscpblcmhl 127“)
Cpnlcpazcmnl 124(1) Cpthpb2Cmb2 128”)
Cra3Cpa2Crmaz 130(1) Cob3Cob2Cmo2 125(1)
Cpa 2Cp|3le3 124“) CprCpt:SCmbS ]28(1)
CpaaCpa3Crmas 125(1) C,54Cp3Cns 125(1)
Cpe3CpadCrmas 127(1) Cop3CpbaCrmba 126(1)
CpasCpasCrmas 127(1) Cpus Copa Crmba 126(1)
Cpudcpnscmaj 124(1) Cpbdcpbscmbs 125(1)
Cpllcpascmns 127(1) Cpblcpbscmb‘.‘) 125(1)

“ The numbers in parentheses are the estimated standard deviations in the last significant digit. * Atoms
are labeled in agreement with Tables 1 and 2 and Fig. 1. © C;, and C,, refer 1o centers of gravity for the
five-carbon rings of pentamethylcyclopentadieny! ligands a and b, respectively.

CON(C,H,),][21], Cp;Th(Ch[n*-COCH,C(CH;); ] [31],{Cp;Th[0,C,(CH, ), 1, [32)
(1) [11], and (CpsThH,), [33], respectively. Even with the two (CH,),C,~ ligands
in I adopting a nearly staggered configuration, several intramolecular nonbonded
methyl - - - methyl contacts between (CH;);C, ™ ligands are still slightly (0.10-0.15
A) less than the 4.00 A Van der Waals diameter [34] of a methyl group, and the
Cunas - Cmpa contact (3.44 A) is only 0.04 A larger than the 3.40 A Van der Waals
diameter [34] of carbon. The C,,-Th-C,; “equatorial girdle” mean plane [35]
intersects the C,,-Th-C,, mean plane [36] in a dihedral angle of 89.2°. The
least-squares mean planes {25,26} for the C, rings of Cp’ ligands A and B intersect
the C,,~Th-C,, mean plane in dihedral angles of 89.2 and 89.9°, respectively, and
that of the *“equatorial girdle” in angles of 23.8 and 22,0°, respectively. This
situation is again typical of a Cp;ThX, complex.

As concerns the Th[{CH,Si(CH,),], coordination, the C,,~Th-C,, angle of
96.8(4)° is not unexpected [11,21,24]. However, the exact disposition of the hydro-
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carbyl ligands about the Th!Y ion is unusual, and results in a marked deviation from
the approximate C,, symmetry (assuming eclipsed cyclopentadienyl rings) normally

(VI)

observed for typical transition metal Cp,MX, [37,38] and actinide Cp;MX,
[11,21,24,39] complexes. To aid in describing this distortion, we define a Cartesian
coordinate system (VI) which is centered at the metal ion and has the x axis at the
intersection of the “equatorial girdle” and the C,,-Th-C,, mean plane. Under
idealized C,, symmetry, the x axis would coincide with the required twofold axis.
The y axis lies in the “equatorial girdle” parallel to both C; ring mean planes.
Importantly, unlike the distribution of X ligands in most other Cp, MX, complexes
[37,38], carbon atoms C,, and C,, in I are not symmetrically disposed about the x
axis. Rather, C, is displaced by 2.04 A from the C G —Th—\,gb plane in the positive y
direction, whlle C,, is displaced by only 1.66 A in the negative y direction. In
contrast, we find the closely related thorium dialkyl CpiTh(CH,), to exhibit a
completely symmetrical arrangement in the “equatorial girdle” and, in fact, to
possess rigorous C,, symmetry in the solid state [39).

The exact coordination of the trimethylsilylmethyl ligands in I is also rather
unsymmetrical. The Th-C,,-Si, angle of 132.0(6)°, while significantly larger than
tetrahedral, has precedent in the molecular structures of other organoactinide
hydrocarbyls. Corresponding M-C-C angles in other compounds are 128.5(16)° in
Cp;U(n-butyl) {40] and 128.6(9)° in Cp,U(CH,-p-C,H,CH,;) [40]. While no 5f
trimethylsilylmethyl crystal structures have been reported, the M—C-Si angle in
Cp,LuCH,Si(CH,), - THF is 130.7(8)° [41]. In contrast, the Th-C, -Si, angle in I
of 148.0(7)° is, to our knowledge unprecedented for a d- or f~element hydrocarbyl
involving a monohapto, sp> carbon atom. In regard to Th-C o bond lengths, it can
be seen (Table 3) that Th-C,, and Th-C,, are significantly different (2.51(1) vs.
2.46(1) A), with the shorter distance being associated with the unusually obtuse
Th-C-Si angle. For comparison, the corresponding distances in III (with Th—-C-Si
angles of 90.6 (5,5,5,2)°) are 2.463(13) and 2.485(14) A {11], meaning that compara-
bly “short” distances are associated in this case with rather acute Th-C-Si angles.
For this reason, we are reluctant at this stage to read any significance into the
shorter Th-C,,, contact in I. The metrical parameters, within the CH,Si(CH,),
ligands of I are unexceptional [41]: the Si-C bond lengths range from 1.86(2) to
1.89(2) A and the C-Si-C angles range from 106(1) to 114(1)° with an average value
of 109 (1,3,5,12)°.

Defining the Th-C,, and Th-C,, bonds as axes of rotation and the bisectors of
the Th—C-Si angles as vectors, it can be seen in Figs. 1 and 2 that there are basically
three extreme orientations of the vectors: (i) pointing toward each other, (ii) pointing
away from each other, (iii) pointing in the same general y axis direction (as
observed). For all but very compact alkyl moieties, inspection of a diffraction-de-
rived molecular model reveals that while conformation (iii) involves some distortion
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of the Th-CH,Si(CH,), bonding and several short non-bonded contacts (vide
infra), it still best minimizes nonbonded repulsions. Thus, beginning in conformation
(iii), the model indicates that rotation about the Th-C,, bond by up io 180°, results
in unacceptably close non-bonded methyl-methyl contacts with the (CH,),C,"
ligands [42]. Likewise, rotation about the Th-C,, bond by up to 180° produces
unacceptably short non-bonded methyl-methyl contacts with the other CH,Si(CH,),
ligand. The best compromise thus appears to be conformation (iii) which, while not
possessing unacceptable non-bonded contacts, is nevertheless somewhat crowded.
Close contacts involving the CH SI(CH3)3 and °-(CH, )sCs ligands include: C,,
-th2,376AC ma,,343AC mh,352A Cp- v+ Crpss 3.69 A;

Cip Cousr 381 A;C,, - C, s, 3.66 A Crp o Crpas 349 A Between the two
CH,Si(CH,), ligands, C,, --- C,, 3.71(2) A is also rather short. Also of possible
chemical significance is the spatial relationship of C,, and its attached hydrogen
atoms to C,,. The crystal structure reveals the C,, - - - C,, distance to be 3.97 A, and
inspection of a diffraction-derived scale model indicates that a modest rotation
about bond C,,-Si, brings C,, to within ca. 3.4 A of C,,. Assuming a C-H bond
distance of 1.09 A [43], subsequent rotation about bond Si,—C,, can bring a methyl
hydrogen atom on C,, to within ca. 2.3 A of C,,—fully 0.8 A shorter than the sum
of the C and H Van der Waals radii [34]. A similar exercise wnh carbon atoms C,,
and C,,,, brings the methyl hydrogen atoms to within ca. 2.7 A of C,,

Conclusions

The results of the present structural analysis indicate that while the bis(penta-
methylcyclopentadienyl) ligation in CpsTh{CH,Si(CH,);], is not unusual, the re-

Th
The SN Th
—-s:——c/ f — —s;—-c : [ —= =Si—C—H / e 4
h i RURCS—" C
H\c/s'\ o \Si/
VRS

mainder of the molecular geometry appears to be heavily influenced by significant
intramolecular non-bonded interactions. Of the possible ground state Th{CH,-
Si(CH,),], conformations, it should be noted that the one observed would be a
plausible configuration along the cyclometalation reaction coordinate illustrated in
eq. 4. Interestingly, the possibility that the C,, - - - C,, type of interaction involves a
major perturbation of the H-C,, bond and that it represents a deep minimum on
the conformational potential energy surface are not confirmed by spectroscopic
data: neither the infrared spectrum nor the 270 MHz 'H NMR down to —95°C
indicate unusual bonding or conformational energetics [45]. Further conclusions
await X-ray diffraction studies of Il (which should be even more crowded) as well as
neutron diffraction studies of both I and II.
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