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Indeed, taken with the fact that the Y;(OR),Cl,(THF), to
Y 4,(OR),4Cl,,0,(THF), conversion is quantitative in retaining
chloride, one could begin to develop an argument that halophilicity
is an important factor in yttrium fert-butoxide systems. The
formation of Y3;(OR);CI{THF), instead of Y,(OR)(THF),
(analogous to La;(OR)g(THF),?) from the reaction of YCl; with
3NaOR can be explained in terms of steric factors. The formation
of Y(OR)CI(THF);* instead of Y(OR),(THF)s* cannot be ex-
plained in this way. Neither can steric arguments explain the
reluctance of 4 to react with NaOR to form Y(OR),(THF)s*.

The importance of halophilicity is likely to be part of a more
general set of principles for yttrium and lanthanide alkoxide
chemistry that will be revealed as more chemistry is developed.
These undoubtedly will help explain the complicated reaction
chemistry observed in this system.

Conclusion

The synthesis of the cationic tert-butoxide complexes 2—4 has
considerably broadened the scope of known yttrium alkoxide
chemistry in terms of structural types and reactivity patterns. The
identification of bimetallic and highly solvated monometallic
complexes in an area previously dominated by trimetallic species
demonstrates the importance of the net charge on yttrium alkoxide
complexes in governing the chemistry. More generally, this

suggests that the amount of ligand electron density that is delivered
to the metal will significantly influence which complexes are
formed and how they will react.

In terms of reactivity, these studies have reinforced the idea
that a terminal chloride ligand can be a reactive entry point to
chemical derivatization. In addition, these reactions have dem-
onstrated that monometallic and bimetallic intermediates are
available and can be isolated for use as starting materials in
subsequent synthesis. The utility of these cationic complexes in
the synthesis of heteropolymetallic complexes is under study.

Acknowledgment. For support of this research, we thank the
Division of Chemical Sciences of the Office of Basic Energy
Sciences of the Department of Energy. Funds for the purchase
of the Nicolet R3m/V diffractometer system were made available
from the National Science Foundation under Grant CHE-85-
14495,

Supplementary Material Available: Tables of crystal data, ORTEP
diagrams, atomic positional parameters, bond distances and angles,
thermal parameters, and hydrogen atom coordinates for the yt-
trium complexes (37 pages); listing of structure factor amplitudes
(72 pages). Ordering information is given on any current
masthead page.

Reactivity of (CsMes),Sm and Related Species with Alkenes:
Synthesis and Structural Characterization of a Series of
Organosamarium Allyl Complexes!

William J. Evans,* Tamara A. Ulibarri, and Joseph W. Ziller

Contribution from the Department of Chemistry. University of California, Irvine.
Irvine. California 92717. Received July 20, 1989

Abstract: The reactivity of (CsMes),Sm (1) with alkenes has been examined and compared with that of (CsMe;),Sm(THF),
(2) and [(CsMes),Sm(u-H)], (3). 1 reacted rapidly with a variety of alkenes in hexane or toluene to form allyl complexes
and alkane byproducts. Reactions with propene, butene, and allylbenzene formed (CsMes),Sm(n’*-CH,CHCH,) (4),
(CsMe;),Sm(n*-CH,CHCHMe) (5), and (C;Me;),Sm(n*-CH,CHCHPh) (6), respectively, in 85-95% yield. Complexes 4-6
were also prepared in similar yield from 3 and the appropriate alkene in hexane. The corresponding alkane was again the
byproduct. Reactions of 3 with these alkenes in toluene formed (CsMe;),Sm(CH,C¢Hj) exclusively. 1 reacted with 1,3-butadiene
and 1,5-hexadiene to form the bis-allyl complexes [(CsMes),Sm(u-7*-CH,CHCHCH,-)), (7) and [(CsMes),Sm(u-5-
CH,CHCH-)], (8). In contrast, 3 reacted with butadiene to form 5. 2 reacts like 1 with allylbenzene and 1,3-butadiene
to form 6 and 7. 2 is not very reactive with propene and forms complex mixtures of products with butene and 1,5-hexadiene.
Complex 4 crystallizes from hexane in the tetragonal space group /4 (no. 82; S,2) with unit cell parameters a = 23.1043 (36)
A, c=18.4586 (12) A, V =4515 (1) A3, and Z = 8 for Dy = 1.36 g cm™. Least-squares refinement of the model based
on 1894 observed reflections converged to Ry = 4.7%. Complex 5 crystallizes from hexane in the monoclinic space group
P2,/n with unit cell parameters a = 15.9367 (41) A, b = 17.7780 (32) A, c = 16.7024 (48) A, 8 = 101.381 (20)°, ¥ = 4639
(2) A3, and Z = 8 for D = 1.36 g cm™. Least-squares refinement of the two crystallographically independent molecules
based on 4688 observed reflections converged to R = 7.5%. Complex 6 was crystallized from hexane at —34 °C as the
1,3-dihydroisobenzofuran adduct (CsMes),Sm(7*-CH,CHCHPh)(OCgH;), ¢, in the monoclinic space group P2,/c with unit
cell parameters @ = 10.3851 (16) A, b =17.357 (3) A, ¢ = 17.703 (2) A, 8 = 95.785 (12)°, and V = 3174.9 (8) A3 with
Z = 4 for Dy = 1.38 gem™. Least-squares refinement of the model based on 6964 observed reflections converged to R
= 3.1%. Complex 7 crystallizes from toluene/hexane in the orthorhombic space group Pbca (no. 61; D,,'%) with unit cell
parameters @ = 16.5911 (26) A, b = 29.8565 (49) A, ¢ = 18.0130 (25) A, ¥ = 8923 (2) A}, and Z = 8 for Dy 4 = 1.41 g
cm™3, Least-squares refinement of the model based on 4134 observed reflections converged to Ry = 6.9%. Complex 8 crystallizes
from hexane in the monoclinic space group P2,/c with unit cell parameters a = 13.953 (12) A, b = 8.445 (4) A, ¢ = 18.635
(10) A, 8 =102.85 (5)° and ¥ = 2143 (2) A3 with Z = 2 for Dy = 1.43 g cm™3.

The reduction, oligomerization, and polymerization of alkenes
is an important area of chemistry and efforts are continually being

(1) Reported in part at the 193rd ACS National Meeting, Denver, CO,
April 1987, INOR 315, the 2nd International Conference on the Basic and
Applied Chemistry of f-Transition (Lanthanide and Actinide) and Related
Elements, Lisbon, Portugal, April 1987, L(II) 1, the 194th ACS National
Meeting, New Orleans, LA, INOR 262, and the 196th ACS National
Meeting, Los Angeles, CA, Sept. 1988, INOR 377.

0002-7863/90/1512-2314802.50/0

made to develop better methods to manipulate these unsaturated
hydrocarbon substrates.? Recently, we initiated a study!-® of the
reactivity of {CsMe;s),Sm (1)* with alkenes both to determine if

(2) Collman, J. P,; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles
and Applications of Organotransition Metal Chemistry, 2nd ed.; University
Science Books: Mill Valley, CA, 1987; and references therein.

(3) Evans, W. J.; Ulibarri, T. A. J. Am. Chem. Soc. 1987, 109, 4292-4297.
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the unusual bent structure of 145 would provide new ways to
transform alkenes and to further probe the chemistry of 1.
Complex 1 differs from other one-electron reducing agents in
several ways. In contrast to alkali metals, it is soluble in alkanes.
In contrast to transition-metal complexes, it has a 4f® electron
configuration instead of a d® configuration. In contrast to other
organo f-element complexes,® it has a much more open coordi-
nation environment.

The first well-defined results obtained on the chemistry of 1
with alkenes involved the reduction of cyclopentadiene by 1 to
form hydrogen and the cyclopentadienide ion in (CsMes),Sm-
(CsHs).? This reaction paralleled alkali metal chemistry. How-
ever, the second product isolated from this system, the mixed-valent
complex (CsMes),Sm!(u-CHs)Sm!(CsMes),, does not have an
alkali metal analogue. The crystal structure of the latter complex
revealed how the (CsMes),Sm unit could initially approach the
unsaturated hydrocarbon electron density in the CsHs™ ion.
Further information in this regard was obtained from the crystal
structures of the Lewis acid base adducts of MeC=CMe and
C,H,Pt(PPh;), with the ytterbium analogue of 1, (CsMe;s),Yb."®
Since Yb(II) is a weaker reducing agent than Sm(II) *1 only weak
interactions were observed, but n?-approach of neutral unsaturated
hydrocarbons to the f-element bent metallocene was established.
Recently, the initial stages of the reaction of 1 with alkenes have
been revealed in the structures of the styrene and stilbene com-
plexes {(CsMes),Sm],(u-n2:n*-CH,CHPh) and [(CsMes),Sm],-
(u-nt:n*-PhCHCHPh).!! In these complexes, each samarium
atom has a significant n2-interaction with the alkene double bond,
and in each complex one of the samarium atoms also interacts
with the arene rings.

In this report, we describe reactions of (CsMe;s),Sm with un-
saturated hydrocarbons which proceed beyond the simple coor-
dination stage. Reactions of 1 with simple alkenes and dienes are
described which lead to a variety of mono- and bimetallic allyl
complexes. The reactions of these substrates with the solvated
analogue of 1, (CsMes),Sm(THF), (2), have also been examined
to study the effect of the extra solvating ligands. Since the ob-
served reaction pathways could occur via samarium hydride in-
termediates, the reactions of [(CsMes);Sm(u-H)],, 3,12 with these
substrates have also been studied. The comparisons with 2 and
3 suggest that the (CsMes),Sm unit can provide an unusual co-
ordination environment for the manipulation and derivatization
of alkenes.

Experimental Section

The complexes described below are extremely air- and moisture-sen-
sitive. Therefore, both the syntheses and subsequent manipulations of
these compounds were conducted under nitrogen with rigorous exclusion
of air and water by using Schlenk, vacuum line, and glovebox (Vacu-
um/Atmospheres HE-553 Dri-Lab) techniques.

Solvents were purified as previously described.!* Propene, trans-2-
butene, cis-2-butene and 1,3-butadiene were purified by using columns

(4) Evans, W. J.; Hughes, L. A.; Hanusa, T. P. J. Am. Chem. Soc. 1984,
106, 4270-4272. Evans, W. J.; Hughes, L. A;; Hanusa, T. P. Organometallics
1986, 5, 1285-1291.

(5) Andersen, R. A; Blom, R.; Boncella, J. M.; Burns, C. J.; Volden, H.
V. Acta Chem. Scand. 1987, A41, 24-35. Andersen, R. A.; Boncella, J. M;
Burns, C. J,; Green, J. C.; Hohl, D.; Rosch, N. J. Chem. Soc., Chem. Com-
mun. 1986, 405-407.

(6) Marks. T. J.; Ernst, R, D. In Comprehensive Organometallic Chem-
istry; Wilkinson, G., Stone, F. G. A., Abel, E. W, Eds.; Pergamon Press:
1982; Chapter 21. Forsberg, J. H.; Moeller, T. In Gmelin Handbook of
Inorganic Chemistry, 8th ed.; Moeller, T., Kruerke, U., Schleitzer-Rust, E.,
Eds.: Springer-Verlag: Berlin, 1983; Part D6, pp 137-282. Evans, W. J. Adv.
Organomet. Chem. 1985, 24, 131-177.

(7) Burns, C. J.; Andersen, R. A. J. Am. Chem. Soc. 1987, 109, 915-917.

(8) Burns, C. J.; Andersen, R. A. J. Am. Chem. Soc. 1987, 109, 941-942.

(9) Morss, L. R. Chem. Rev. 1976, 76, 827 and references therein.
Bratsch, S. G.; Lagowski, J. J. J. Phys. Chem. 1985, 89, 3317. Varlashkin,
P. G,; Peterson, J. R. J. Less-Common Met. 1983, 94, 333.

(10) Evans, W. J. Polyhedron 1987, 6, 803-835.

(11) Evans, W. J,; Ulibarri, T. A.; Ziller, J. W. J. Am. Chem. Soc. In
press.

(12) Evans, W. J.. Bloom, I.; Hunter, W. E.. Atwood, J. L. J. Am. Chem.
Soc. 1983, 105, 1401-1403.

(13) Evans, W. J.; Grate, J. W.; Doedens, R. J. J. Am. Chem. Soc. 1985,
107, 1671-1679.
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of CaSO, (Drierite) and MnO on vermiculite. Phthalan (1,3-dihydro-
isobenzofuran), allylbenzene, and 1,5-hexadiene were dried with 4 A
molecular sieves, degassed on a high vacuum line by freeze-pump-thaw
cycles, and vacuum distilled by using a liquid nitrogen bath.
(CSNICS)zsm,4 (CsMes)zsm(THF),N (CsMes)zsm(THF)z,ls'lG and
[(CsMes),SmH],'?2 were made according to the literature. (CsMes),Sm
must be handled in an ether-free glovebox. Physical measurements were
obtained as previously described.!*!” 13C NMR spectra were obtained
on a GN-500 MHz spectrometer and variable-temperature NMR data
were obtained on a GE-300 MHz spectrometer. Most reactions were
carried out in a 100-mL glass tube fitted with a high vacuum greaseless
stopcock. This will be called a 100-mL reaction vessel in the Experi-
mental Section.

(C;Mes),Sm(n*-CH,CHCH,) (4) from (C;Mes),Sm (1). In the
glovebox, (CsMes),Sm (0.203 g, 0.436 mmol) was dissolved in 6 mL of
toluene to give a dark green solution which was placed in a 100-mL
reaction vessel equipped with a Teflon stir bar. The apparatus was
attached to a Schlenk line, and the pressure was reduced by opening it
to vacuum until the solution bubbled. Addition of | atm of propene to
the stirred reaction mixture caused an immediate color change to red.
After 5 min, the excess propene was removed, the flask was returned to
the glovebox, and the solvent was removed by rotary evaporation. The
resulting red powder was extracted with hexane to yield a red supernatant
and a small amount of a yellow solid which was identified as
[(CsMe;),Sm},(u-0)'8 by 'H NMR spectroscopy. Hexane was removed
from the red supernatant by rotary evaporation to leave 4 as a red mi-
crocrystalline powder (0.209 g, 94%) which was identified by X-ray
crystallography: 'H NMR (cyclohexane-d,,) 6 15.55 (br s, CH,CHCH,,
1 H), 7.04 (d, Jyy = 12.1 Hz, CH,CHCH,, 2 H), 3.58 (d, Jyy = 7.8
Hz, CH,CHCH,, 2 H), 1.29 (s, C4Me,, 15 H), 1.08 (s, C;Mes, 15 H);
BC NMR (benzene-dg) 6 175.7 (d, Jey = 144 Hz, CH,CHCH,), 115.6
(s, CsMey), 113.7 (s, CsMeg), 25.6 (t, Joy = 142 Hz, CH,CHCH,), 15.1
(q, Jen = 124 Hz, CsMes), 14.8 (q, Joy = 126 Hz, CsMes); '"H NMR
(cyclohexane-d,,) with excess proteo-tetrahydrofuran added 6 14.98 (br
s, CH,CHCH,, 1 H), 5.32 (v br s, CH,CHCH,, 4 H), 1.19 (s, CsMe;,
30 H); magnetic susceptibility xy?**K = 1186 X 107 (cgs); ™" = 1.68
ug; IR (KBr) 3075 w, 2900 s, 2870 s, 2735 w, 1540 w, 1445 s, 1380 s,
1240 m, 1015 m, 770s, 710 w, 670 m cm™'. Anal. Calcd for SmC,;H;q:
Sm, 32.55; C, 59.81; H, 7.64. Found: Sm, 32.80; C, 59.58; H, 7.51.

(C;Mes),Sm(n*-CH,CHCH,) (4) from [(CsMes),SmH], (3). In the
glovebox, {(CsMes),SmH], (0.061 g, 0.072 mmol) was added to S mL
of hexane to give an orange suspension which was placed in a 100-mL
reaction vessel and handled as described above. Addition of 1 atm of
propene over the stirred reaction quickly generated a dark red solution.
After 15 min, the excess propene was removed, the flask was returned
to the glovebox, and the solution was filtered to yield a red supernatant
and a small amount of an orange solid. The solvent was removed from
the red supernatant by rotary evaporation to leave a red microcrystalline
powder (0.057 g, 86%), which was found to be pure (CsMes),Sm(n*
CH,CHCH,) by 'H NMR spectroscopy.

Analysis of the Gases Formed in the Conversion of 1 to 4. In the
glovebox, (CsMes),Sm (0.050 g, 0.119 mmol), 10 mL of toluene, and a
Teflon stir bar were placed in a 100-mL reaction vessel equipped with
a side arm sealed with a Kontes high vacuum greaseless valve and a
septum for reagent addition. The flask was attached to a high vacuum
line (2 X 107 Torr) and degassed by five freeze-pump~thaw cycles.
Propene (8.8 mL, 0.357 mmol) was added by syringe through the side
arm, and the frozen solution was allowed to warm to room temperature.
The gases were collected by Toepler pump (0.129 mmol, 54%) and de-
termined to be a 1.0:0.8 molar mixture of propene:propane by mass
spectrometry.

Analysis of the Gases Formed in the Conversion of 3 to 4. In the
glovebox, {(CsMes),SmH]}, (0.052 g, 0.06]1 mmol), 10 mL of hexane, and
a Teflon stir bar were placed in a 100-mL reaction vessel equipped as
described above. Propene (6.0 mL, 0.244 mmol) was added following
the above procedure. The gases (0.066 mmol, 54%) were collected by
Toepler pump and determined to be a 1.0:0.3 molar mixture of pro-
pane:propene by mass spectrometry.

(CsMes),Sm(n*-CH,CHCHMe) (5) from 1. (CsMes),Sm (0.068 g,
0.16 mmol) was dissolved in 5 mL of toluene and handled as described
above in the 1 to 4 conversion. Addition of | atm of trans-2-butene to
the stirred solution caused an immediate color change to orange-red.
After 30 min, the excess trans-2-butene was removed, and the solvent was

(14) Evans, W. J.; Ulibarri, T. A. Polyhedron 1989, 8, 1007-1014.

(15) Evans, W. J.; Grate, J. W.; Choi, H. W.; Bloom, I.; Hunter, W. E.;
Atwood, J. L. J. Am. Chem. Soc. 1985, 107, 941-946.

(16) Evans, W. J,; Ulibarri, T. A. Inorg. Synth. In press.

(17) Evans, W. J.; Chamberlain, L. R.; Ulibarri, T. A.; Ziller, J. W. J. Am.
Chem. Soc. 1988, 110, 6423-6432.
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removed by rotary evaporation, leaving a red, slightly tacky powder. The
red powder was extracted with hexane to yield a red supernatant and a
small amount of a yellow solid which was discarded. Rotary evaporation
of the hexane left § as a red slightly sticky microcrystalline powder (0.075
g, 97%). X-ray quality crystals were obtained from hexane at -34 °C.
In a similar fashion, (CsMes),Sm in toluene was reacted with | atm of
cis-2-butene to generate pure 5: 'H NMR (benzene-dg) 6 14.73 (br s,
CHHCHCH(CH;), 1 H), 10.90 (br s, CHHCHCH(CH};), | H), 7.57
(br s, CHHCHCH(CH,), | H), 6.03 (br s, CHHCHCH(CH3,), 1 H),
-4.61 (brs, CHHCHCH(CH,), 3 H), 1.10 (s, CsMes, 30 H): tentative
assignments assuming accidental degeneracy of the C;Me; resonances;
'H NMR (benzene-d;) with excess proteo-tetrahydrofuran added § 14.69
(br s, CHHCHCH(CH,), 1 H), 9.28 (br s, CH,CHCH(CH,), 2 H), 6.02
(brs, CHHCHCH(CH;), | H), -4.60 (br s, CHHCHCH(CH,), 3 H),
1.10 (s, CsMe;s, 30 H); 1*C NMR (benzene-dg) 6 114.12 (s, CsMey),
14.97 (q, Jey = 125 Hz. CsMes); magnetic susceptibility x2°% = 1267
X 107 (cgs); ter?™ X = 1.74 up; IR (KBr) 2910, 2860's, 1550 w, 1440
m, 1380 m, 1255 w, 1150 w, 1080 m, 1025 m, 790 m cm™'. Anal. Caled
for SmC,4Hjy: Sm, 31.59. Found: Sm, 32.6.

(CsMes),Sm(n>-CH,CHCHMe) (5) from 3. In the glovebox,
[(CsMes),SmH}, (0.039 g, 0.046 mmol) was added to 5 mL of hexane
and handled as described in the 3 to 4 conversion. The solution imme-
diately began to darken upon addition of 1 atm of trans-2-butene. After
30 min, the excess trans-2-butene was removed, and the solution was
filtered to yield a red supernatant and a small amount of a yellow solid.
The solvent was removed from the red supernatant by rotary evaporation,
leaving a red, slightly sticky, microcrystalline powder (0.043 g, 98%),
which was found to be pure 5 by 'H NMR spectroscopy. In a similar
fashion, [(CsMes),SmH], in hexane was reacted with 1 atm of cis-2-
butene to generate pure S.

(CMes);Sm(n*-CH,CHCHPh) (6) from (C;Mes),Sm(THF). In the
glovebox, (CsMes),Sm(THF) (0.242 g, 0.49 mmol) was suspended in 15
mL of hexane. Addition of CH;CHCH,C¢Hs, (0.15 mL, 1.13 mmol) to
the stirred solution caused an immediate color change to red. After 3
h, the solution was centrifuged to yield a red solution and a small amount
of a dark brownish-black solid. The solvent of the red solution was
removed by rotary evaporation to yield an oily red solid (0.23 g, 88%).
The red oil was dissolved in hexane with a few drops of phthalan (1,3-
dihydroisobenzofuran, OCgHg) and cooled to -34 °C to generate crystals
suitable for a single-crystal X-ray crystallographic study. The volatiles
from the above reaction were analyzed by mass spectrometry and found
to contain propylbenzene: 'H NMR of desolvated complex (benzene-d)
6 15.55 (br s, CHHCHCH(C¢H;), | H), 10.17 (br s, CHHCHCH(C,-
Hj), 1 H), 6.55 (br s, CHHCHCH(C¢H;), 1 H), 6.43 (t, Jyy = 7.3 Hz,
H,-CHHCHCH(CH), | H), 5.71 (t, Jyy = 7.4 Hz, H,,-CHHCHCH-
(CgHs), 2 H), 5.32 (br s, CHHCHCH(C¢H;), | H), 3.92(d, Jyy = 7.6
Hz, H-CHHCHCH(C¢H,), 2 H), 1.17 (br s, CsMes, 15 H), 0.72 (br
s, CsMes, 15 H); 'H NMR of phthalan adduct (benzene-d,) § 15.44 (br
s, CHHCHCH(C¢Hy), | H), 6.53 (t, Jyy = 7.3 Hz, H-CHHCHCH-
(C¢Hs), | H), 6.53 (br s, CHHCHCH(C¢H;), | H), 5.71 (t, Jyy = 7.6
Hz, H,-CHHCHCH(C¢H;), 2 H), 394 (d, Jyy = 7.8 Hz, H,-
CHHCHCH(C¢Hs), 2 H), 0.95 (s, CsMes, 30 H). Note that two of the
hydrogen resonances of the allyl moiety were not found and are assumed
to be lost in the base line due to fluxionality (see below). In addition,
the phthalan molecule does not appear as a coordinated solvent, but as
a free ether: C NMR (benzene-d) 6 165.4 (d, Jcy = 143 Hz, allyl C),
146.0 (s, allyl C), 128.1 (d, Jcy = 153 Hz, aryl C), 117.3 (d, Jey = 160
Hz, aryl C), 115.2 (s, CsMey), 114.4 (d, Joy = 156 Hz, aryl C), 48.7 (d,
Jen = 137 Hz, allyl C), 15.7 (q, Jeu = 125 Hz, CsMes); magnetic
susceptibility x5 = 1423 X 107 (cgs); uer®’¥ = 1.84 ug; IR (KBr)
of the phthalan solvate 2920-2860 s, 1595 m, 1550 s, 1500 m, 1440 s,
1380 m, 1285 w, 12455, 1180 m, 1020 w, 990 s, 890 w, 875 m, 790 s,
770 s, 750 s, 695 5, 645 m cm™!. Anal. Caled for SmCy,H,;0: Sm,
22.84; C, 67.53; H, 7.20; O, 2.43. Found: Sm, 23.10; C, 67.47; H, 7.21;
0, 2.22.

(C;Mes),Sm(n*-CH,CHCHPh) (6) from 1. In the glovebox, allyl-
benzene (159 uL, 1.200 mmol) was added to a stirred solution of
(CsMes),Sm (0.253 g, 0.600 mmol) in 10 mL of toluene. The solution
immediately turned red. After 15 min, the solvent and volatiles were
removed by vacuum distillation and were analyzed by gas chromatog-
raphy-mass spectrometry. The volatiles contained allylbenzene and
propylbenzene in a 1:1.2 ratio. 6 (358 mg) was isolated in 91% yield.

(CMes),Sm(n*-CH,CHCHPh) (6) from 3. In the glovebox,
[(CsMes),SmH]}, (0.043 g, 0.050 mmol) was suspended in 5 mL of
hexane. Upon addition of allylbenzene (40 uL, 0.30 mmol) to the stirred
solution, the solution began to turn red. After 1 h, the solvent was
removed by vacuum distillation leaving an oily red solid. The solid was
extracted with hexane yielding a yellow solid and a red solution. Rotary
evaporation left an oily red solid (0.040 g, 74%) which was determined
to be desolvated 6 by 'H NMR spectroscopy. The volatile products of
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the reaction were analyzed by mass spectrometry and were determined
to contain allylbenzene and propylbenzene in a 1.0:0.8 molar ratio.

[(CsMes),Sm(u-7°-CH,CHCHCH,-)}, (7) from 2. (CMe;),Sm-
(THF), (0.214 g, 0.38 mmol) was suspended in 10 mL of hexane to give
a dark purple suspension which was placed in a 100-mL, round-bottomed
flask equipped with a gas inlet and a Teflon stir bar. The pressure in the
reaction vessel was reduced until the solution bubbled. Butadiene (1 atm)
was placed over the stirred solution causing an immediate color change
to deep red and causing all components to go into solution. During the
next 3 h, a red-orange precipitate was deposited. Excess butadiene was
removed, and the solution was filtered to yield a red supernatant which
was discarded and 7 as a red-orange microcrystalline powder (0.131 g,
73%): 'H NMR (benzene-dy) & 14.07 (br s, (CHHCHCHCHH-),, 2
H), 10.10 (br s, (CHHCHCHCHH-),, 2 H), 6.73 (br s, (CHHCHCH-
CHH-),, 2 H), 5.27 (br s, (CHHCHCHCHH-),, 2 H), 0.90 (s, CsMe;,
60 H), -6.77 (br s, (CHHCHCHCHH-),, 2 H), -8.07 (br s, (CHHC-
HCHCHH-),, 2 H); 'H NMR (benzene-d,) with excess proteo-tetra-
hydrofuran added & 14.09 (br s, (CH,CHCHCH,-),, 2 H), 8.38 (brs,
CH,CHCHCH;-),, 4 H), 5.24 (br s, (CH,CHCHCH;-),, 2 H), 0.92 (s,
CsMes. 60 H), -7.04 (br s, (CH,CHCHCH,-),, 4 H); *C NMR
(THF-dg) 6 159.2 (d, Jcy = 140 Hz, CH of CgHy,), 155.2 (d, Joy = 141
Hz, CH of CgH,,), 117.1 (s, CsMes), 111.1 (s, CsMes), 38.1 (t, Joy =
124 Hz, CH, of CgH,5), 28.9 (t, Jcyy = 122 Hz, CH, of CgH,5), 17.8 (q,
Jeu = 125 Hz, CMes), 16.6 (q, Jey = 125 Hz, CsMes); magnetic
susceptibility x,2%*¥ = 1160 X 107 (cgs); uy2*®* = 1.67 ug; IR (KBr)
28705, 1550 w, 1535 w, 1438 m, 1378 m, 1255 w, 1188 m, 1080 w, 1015
w, 988 w, 786 m, 670 m cm™. Anal. Calcd for SmyCygH,y: Sm, 31.66.
Found: Sm, 31.8.

[(CsMe;),Sm(u-n*-CH,CHCHCH,-)}, (7) from 1. In the glovebox,
(CsMeg),Sm (0.255 g, 0.61 mmol) was suspended in 15 mL of hexane
to give a dark green suspension which was treated with butadiene as
described above. A red-orange microcrystalline powder (0.230 g, 80%)
was isolated and determined to be pure 7 by 'H NMR spectroscopy.

[(CsMeg),Sm(u-n*-CH,CHCH-)}, (8) from 1. In the glovebox, 1,5-
hexadiene (40 uL, 0.337 mmol) was added to a stirred solution of
(CsMes),Sm (0.141 g, 0.336 mmol) in 10 mL of toluene. The solution
immediately turned red-purple. After 10 min, the solvent was removed
leaving a dark purple solid, which was suspended in 10 mL of hexane.
Filtration gave a dark red supernatant and 8 as a dark purple solid (0.048
g, 78%). A separate reaction involving 75 mg (0.179 mmol) of 1 was
carried out on a high vacuum line attached to a Toepler pump. No
evolved hydrogen was collected: 'H NMR (benzene-dg) & 1.22 (s, CsMes,
30 H), 0.88 (s, CsMe;s, 30 H); 'H NMR (benzene-dg) upon addition of
excess proteo-THF & 1.04 (s, C;Mes, 60 H); 1*C NMR (benzene-d;) &
114.4,112.5 (CsMeg), 15.6, 15.2 (CsMes). Assignments were made by
using a DEPT NMR experiment.”” Complex 8 was too insoluble to
obtain a coupled '*C NMR spectrum or to obtain a ’C NMR spectrum
containing resonances for the C¢Hj unit: IR (KBr) 2980 s, 2920 s, 2870
s, 1530 m, 1440 m, 1380 m, 1260 w, 1240 m, 1130 w, 1020 m, 995 w,
815 w, 800 w, 685 s cm™!. Anal. Calcd for SmyCysHgs: Sm, 32.62.
Found: Sm, 32.4.

Ethene Polymerization Reactions. All polymerization reactions were
carried out by using a 3 oz. Fisher-Porter aerosol pressure apparatus.!’
The reactions were pressurized with 40 psi of ethene. The reaction of
ethene with (CsMes),Sm (1), (CsMes),.Sm(THF), (2), {(CsMes),SmH],
(3), (CsMe;),Sm(n*-CH,CHCH,) (4), and [(CsMes),Sm(u-n’-
CH,CHCHCH,-)1, (7) gave polyethylene. Only 1 and 2 catalyzed the
polymerization for a significant period of time. Polymer samples ob-
tained from 1 and 3 were characterized by GPC in trichlorobenzene (at
the Unocal Science and Technology Division, Brea, CA) and were found
to have a high polydispersity.

X-ray Data Collection, Structure Determination, and Refinement for
(CsMe,),Sm(n*-CH,CHCH,) (4). A bright red crystal with approximate
dimensions 0.10 X 0.20 X 0.40 mm was mounted in a thin-walled glass
capillary under nitrogen and accurately aligned on a Syntex P2, auto-
mated four-circle diffractometer. The determination of Laue symmetry,
crystal class, unit cell parameters, and the crystal’s orientation matrix
was accomplished by techniques similar to those of Churchill.?® Room
temperature (23 °C) intensity data were collected by using the 6-26 scan
technique with Mo Ko radiation. Final cell parameters are based on a
least-squares analysis of 25 reflections in well-separated regions of re-
ciprocal space, all having 21° < 26 < 30°. Details are given in the
Supplementary Material.

(18) Evans, W. J.; Grate, J. W.; Bloom, .. Hunter, W. E.; Atwood, J. L.
J. Am. Chem. Soc. 1985, 107, 405-409.

(19) Pegg, D. T.; Doddrell, D. M.; Bendall, M. R. J. Chem. Phys. 1982,
77, 2745-2752.

(20) Churchill, M. R.; Lashewycz, R. A.: Rotella, F. J. Inorg. Chem. 1977,
16, 265-271.
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The complex crystallizes in the noncentrosymmetric tetragonal space
group /4 [S,% no. 82]. This space group was determined to be correct
by successful solution and refinement of the structure. All 2158 data
were corrected for the effects of absorption and for Lorentz and polar-
ization factors and reduced to unscaled |F,| values. The data were placed
on an approximate absolute scale by means of a Wilson plot. Those 1894
data having |F,| > 3.00(|F,]) were considered observed and used in sub-
sequent calculations.

The structure was solved by direct methods by using the program
MITHRIL;?! the position of the samarium atom was located from an “E-
map”. The positions of all remaining independent non-hydrogen atoms
were determined from a series of difference-Fourier syntheses. All
crystallographic calculations were performed by using our locally mod-
ified version of the UCLA Crystallographic Computing Package.”? The
structure was refined by using full-matrix least-squares methods (aniso-
tropic thermal parameters were included for all non-hydrogen atoms).
The weighting scheme using p = 0.05 has been previously described.?
Hydrogen atoms were placed in calculated idealized positions with d(C-
H) =0.95 A% The model converged with Ry = 4.7%, Ryr = 5.0%, and
GOF = 1.36 for 217 variables refined against 1894 data. A final dif-
ference-Fourier map was featureless. Final fractional coordinates for all
structures in this paper are given in the Supplementary Material.

The analytical scattering factors of Cromer and Waber?® for the
neutral atoms (C, H, Sm) were used throughout the analysis; both the
real (Af) and imaginary (iAf”) components of anomalous dispersion?®
were included.

X-ray Data Collection, Structure Determination, and Refinement for
(CsMeg),Sm(n*-CH,CHCHMe) (5). A dark red crystal of approximate
dimensions 0.14 X 0.25 X 0.33 mm was studied as described above for
4 except a Nicolet P3 automated four-circle diffractometer was used. All
6594 data were corrected as described above for 4. A careful survey of
a preliminary data set revealed the systematic extinctions 0k0 for k =
2n+ 1 and hO!/ for h + I = 2n + 1; the diffraction symmetry was 2/m.
The centrosymmetric monoclinic space group P2,/n, a nonstandard
setting of P2,/c {Cy*: no. 14}, is thus uniquely defined.

The structure was solved by direct methods (SHELXTL pLUS)?® and
refined by full-matrix least-squares techniques. Hydrogen atom con-
tributions were included by using a riding model with 4(C-H) = 0.96
A and U(iso) = 0.08 A2, Refinement of positional and anisotropic
thermal parameters led to convergence with Rp = 7.5%, Ry¢ = 7.5%, and
GOF = 1.12 for 451 variables refined against those 4688 data with |F,|
> 2.00(|F,)), (Rp = 4.5%, R,r = 5.7% for those 3409 data with |F | >
6.00(|F,])). The quantity minimized during least-squares analysis was
S w(lF,| - |F.|)? where w™' = g%(|F,|) + 0.0017(|F,|).> A final differ-
encie-Fourier synthesis showed no significant features, p(max) = 1.16 ¢

X-ray Data Collection, Structure Determination, and Refinement for
(CsMes),Sm(n*-CH,CHCHPh)(OC;sHy) (6'). A dark red crystal of ap-
proximate dimensions 0.30 X 0.3]1 X 0.45 mm was immersed in Para-
tone-N (Exxon), mounted on a glass fiber, transferred to the Syntex P2,
diffractometer equipped with a modified LT-1 apparatus. and handled
as described above for 4. Data (7742) were collected at 213 K and
corrected as described above for 4. A careful survey of a preliminary
data set revealed the systematic extinctions 0kO for k = 2n + 1 and h0/
for I = 2n + 1; the diffraction symmetry was 2/m. The centrosymmetric
monoclinic space group, P2;/c [Cy®; no. 14}, is thus uniquely defined.

The structure was solved by direct methods (SHELXTL PLUS) and re-
fined by full-matrix least-squares techniques. Refinement of positional
and thermal parameters (isotropic for hydrogen atoms) led to conver-
gence with R = 3.1%, R,r = 3.0%, and GOF = 1.34 for 54] variables
refined against those 6964 data with |[Fo| > 0 (R = 2.2%, R, = 2.8%
for those 5969 data with |Fy| > 6.00(|F,])). Sw(|F,| - |F|)? was mini-
mized with w™! = g2(|F|) + 0.0002(]F,|).2 A final difference-Fourier
synthesis showed no significant features, p(max) = 0.54 ¢ A3,

X-ray Data Collection, Structure Determination, and Refinement for
[(CsMes),;Sm(u-n’-CH,CHCHCH,-)], (7). A dark red crystal with ap-
proximate dimensions 0.10 X 0.40 X 0.62 mm was handled as described
above for §. All 7896 unique data were corrected as described above,
and those 4134 data having |F,| > 4.00(|F,|) were considered observed
and used in subsequent calculations.

A careful survey of a preliminary data set revealed the systematic
extinctions hk0 for h = 2n + 1, KO/ for / = 2n + 1, and 0k/ for k = 2n

(21) Gilmore, C. J. J. Appl. Cryst. 1984, 17, 42-46.

(22) Strouse, C. E. Personal communication to R. J. Doedens.

(23) Corfield, P. W. R,; Doedens, R. J.; Ibers, J. A. Inorg. Chem. 1967.
6, 197-204.

(24) Churchill, M. R. Inorg. Chem. 1973, 12, 1213-1214.

(25) International Tables for X-ray Crystallography; Kynoch Press:
Birmingham, England, 1974: (a) 99-101; (b) 149-150.

(26) Nicolet Instrument Corporation; Madison, W1, 1988.
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+ 1. The space group is therefore uniquely defined as the centrosym-
metric orthorhombic space group Pbca [Ds,'*; no. 61].

The structure was solved and refined as described above for 4. At
convergence, the discrepancy indices were Rg = 6.9%, R.r = 6.7%. and
GOF = 1.50 for 451 variables. A final difference-Fourier map showed
no significant features.

X-ray Data Collection, Structure Determination, and Refinement for
[(CMe,),Sm(u-n*-CH,CHCH-)}, (8). A dark purple plate was mounted
in a 0.1 mm capillary and handled as described above for §. A full
structural determination was carried out, but, due to the small size of the
crystal and the subsequent low intensity of the data collected, the
structural determination was not of sufficient quality to obtain reliable
distance and angle data. However, the connectivity of the structure was
definitely determined. The following unit cell data were obtained: space
group P2;/c, a = 13.953 (12) A, b = 8.445 (4) A, ¢ = 18.653 (10) A,
8 =102.85(5)° and V = 2143 (2) A3 with Z = 2 for Dy = 1.43 ¢
cm™. R values obtained were Rp = 6.4%, R,r = 8.5% for 1525 reflec-
tions with |Fo| > 6.0a(|F,]).

Results

Propene Reactions. Synthesis and Characterization of
(CsMes),Sm(n*-CH,CHCH,) (4). Propene is the simplest alkene
to give isolable monomeric products with (CsMes),Sm (1). Ethene
could not be used for this purpose since it is rapidly polymerized
by 1, (CsMCs)sz(THF)z (2),27'28 and [(CsMCs)szH]Z (3).
When a dark green solution of 1 in toluene was exposed to | atm
of propene, it reacted instantly to form ruby red, hexane soluble
4 in nearly quantitative yield (eq 1). The reaction to produce

(CsMes),Sm + excess H,C=CHCH; —
1

(CsMes)zsm(nB-CHchCHz) + CH3CH2CH3 (1)
4

4 also proceeds cleanly to completion if only a few equivalents
of propene are used instead of an excess. Analysis of the gaseous
byproducts of this reaction by Toepler pump revealed that only
propane is produced during the reaction. If only | equiv of propene
was used, the reaction solution did not achieve the characteristic
red color of 4. Instead a dark brown solution was obtained which
could be converted to 4 if an additional equivalent of propene was
added. The reaction of 1 with 20 psi of propene produced hy-
drocarbon oligomers of propene with molecular weights up to 350
(identified by GC-MS). Consistent with this, 4 polymerized
ethene. The reaction of (CsMe;),Sm(THF), (2) with | atm of
propene did not produce 4.

Complex 4 was also prepared from the reaction of a hexane
suspension of [(CsMes),SmH], (3) with | atm of propene (eq 2).

0.5[(CsMes),SmH], + excess H,C=CHCH; —
3
(CsMes)zsm(nB'CHchCHz) + CH3CH2CH3 (2)
4

This reaction is like the (CsMe;),Sm reaction in that more than
1 equiv of propene per samarium atom was needed for the reaction
to proceed to completion. If only | equiv of propene was used,
unreacted 3 remained in the reaction mixture as an orange pre-
cipitate. The addition of a second equivalent of propene caused
the precipitate from the unreacted 3 to disappear. A Toepler pump
experiment was carried out on a reaction with 2 equiv of propene,
and it was found that only propane was produced during the
reaction.

Even though 4 is extremely soluble in alkane solvents, it is a
tractable solid which can be readily crystallized. An X-ray
crystallographic study identified 4 as an n*-allyl complex (Figure
1). Structural details will be described in a later section. The
presence of two CsMe; signals and separate signals for the syn
and anti protons of the allyl group in the 'H NMR spectrum
indicates that, in the absence of coordinating solvents, 4 exists
in solution as a static #*-allyl structure. The infrared spectrum
contains a stretch at 1540 ¢cm™ which can be assigned to the

(27) Evans, W. J.. Bloom, I.; Hunter, W. E.; Atwood, J. L. J. Am. Chem.
Soc. 1981, 103, 6507-6508.
(28) Watson, P. L.; Herskovitz, T. ACS Symp. Ser. 1983, 212, 459-479.
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Figure 1. oRrTEP diagram of (CsMes),Sm(n*-CH,CHCH,) (4) with
thermal ellipsoids drawn at the 30% probability level.

delocalized C-C stretch of an n*-allyl unit.2%° High-temperature
'H NMR spectroscopy up to 70 °C in cyclohexane-d,, was carried
out, but no change in the spectrum was observed with the in-
creasing temperature. The addition of a coordinating solvent, such
as tetrahydrofuran, causes both the CsMejs signals and the syn
and anti signals to coalesce. This coalescence is assumed to occur
through a THF adduct of 4 in which the allyl moiety can shift
to an ! mode of binding. The lack of any signals in the 'H NMR
spectrum for a coordinated THF molecule suggests than an
equilibrium is present between 4 and its THF adduct.

The chemistry of 4 is consistent with the availability of an
nl-allyl binding mode. For example, 4 dissolved in hexane reacted
with | atm of H, to produce [(CsMes),SmH], (3). As described
above, 4 dissolved in hexane catalyzed the polymerization of
ethene. However, when 4 was dissolved in THF, no polymerization
of ethene was observed. Presumably, when 4 is dissolved in THF,
the open coordination site required for the catalytic behavior is
blocked. 4 has also been found to react with 75 psi of CO, but
the crystalline product of this reaction has not as yet been iden-
tified.

Butene Reactions. Synthesis and Characterization of
(CsMe;),Sm(n*-CH,CHCHMe) (5). A solution of (CsMes),Sm
in toluene instantly reacted with | atm of trans-2-butene or
cis-2-butene to form ruby red, hexane soluble 5 in nearly quan-
titative yield (eq 3). Complex § could also be generated in

(CsMes),Sm + excess CH;CH=CHCH; —
1

(CsMes)ZSm(n3-5CH2CHCHMe) + CH,CH,CH,CH; (3)

quantitative yield from the reaction of a suspension of
[(CsMes),SmH], in hexane with | atm of trans-2-butene or
cis-2-butene (eq 4). The reaction of 3 with 1,3-butadiene also

0.5[(C5M65)ZSmH]2 + excess CH3CH=CHCH3 -
3
(CsMCs)sz(ﬂB'CHchCHMC) + CH3CH2CH2CH3 (4)
5

0.5[(C5M65)ZSmH]2 + H2C=CHCH=CH2 -
3
(CsMey),Sm(n*-CH,CHCHMe) (5)
5

produced § (eq 5), but (CsMes),Sm(THF), did not react with
1 atm of butene to form 5. As with the propene reactions, the
butene reactions could be done with just a few equivalents of
butene per samarium atom, and in these reactions, the byproduct

(29) Wilke, G.; Bogdanovic, B.; Hardt, P.; Heimbach, P.; Keim, W ;
Kroner, M.; Oberkirch, W.; Tanaka, K.; Steinrucke, E.; Walter, D.; Zim-
rr}llermann, H. Angew. Chem., Int. Ed. Engl. 1966, 5, 151-266, and references
therein.

(30) Tsutsui, M.; Ely, N. J. Am. Chem. Soc. 1978, 97, 3551-3553.
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Figure 2. ORTEP diagram of one of the crystallographically independent
molecules of (CsMes),Sm(n’-CH,CHCHMe) (5) with thermal ellipsoids
drawn at the 40% probability level.

was the alkane, in this case, butane. The reaction of 1 with 10
psi of butene gave hydrocarbon oligomers with molecular weights
up to 450.

Like 4, complex 5 is extremely soluble in alkanes. However,
§ differs from 4 in that it tends to be oily, and it does not easily
form crystals. Nevertheless, X-ray crystallographic data were
obtained, and the 53-allyl structure (described later) is shown in
Figure 2. The 'H NMR spectrum of § contains separate signals
assignable to the syn and anti protons on the allyl moiety, but the
two expected CsMes resonances are observed as a single signal.
A low-temperature 'H NMR study of 5 in toluene-d; down to
-80 °C did not freeze out more than one CsMe; environment. The
infrared spectrum contains a stretch at 1550 cm™ indicative of
an n’-allyl unit. It appears that the addition of the methyl sub-
stituent on the allyl group increases the steric bulk of the ligand
such that the structure is less rigid in solution. This decreased
rigidity may result in less favorable crystal packing which manifests
itself as lower crystallinity. As with 4, the addition of the co-
ordinating solvent THF to § causes the NMR signals for the syn
and anti protons to coalesce.

Allylbenzene Reactions. Synthesis and Characterization of
(C;Mes),Sm(n>-CH,CHCHPh) (6). Solutions of (CsMe;),Sm-
(THF), and (CsMes),Sm reacted instantly with an excess of
H,C=CHCH,Ph to produce dark red, hexane soluble 6 in ex-
cellent yield. The monosolvate (CsMe;),Sm(THF), which is
readily generated from 2 on a rotary evaporator,!4 was also ex-
amined in this case and gives similar results. Propylbenzene was
the only byproduct formed in these reactions. The stoichiometry
of the reaction of (CsMes),Sm with allylbenzene was investigated
by using a 2:1 ratio of H,C=CHCH,Ph to 1. GC-MS analysis
of the organic products revealed allylbenzene and propylbenzene
in a 1:1.2 ratio. This is consistent with the net 3:2
CH,CHCH,Ph:1 stoichiometry given in eq 6. Complex 6 is also

2(C5Mes)zsm(THF)o_2 + 3H2C=CHCH2Ph -
2(CMes),Sm(n*-CH,CHCHPh) + CH,CH,CH,Ph (6)
6

formed when a suspension of [(CsMes),SmH], in hexane reacts
with 2 equiv of allylbenzene (eq 7). As in the samarium(II)-based
reactions, propylbenzene is the byproduct of this reaction.

0.5[(CsMes),SmH], + 2H,C—=CHCH,Ph —
3
(CsMes),Sm(7*-CH,CHCHPh) + CH,CH,CH,Ph (7)
6

Complex 6 is extremely soluble in alkane solvents and is isolated
as a red oil. It can only be obtained as a tractable solid when
it is recrystallized in the presence of a coordinating ether such
as tetrahydrofuran or phthalan (1,3-dihydroisobenzofuran,
OC3Hg). X-ray crystallographic data were obtained on the
phthalan adduct (CsMe;s),Sm(n*-CH,CHCHPh)(OC;gHj), 6, and
again an n’-allyl structure was observed (Figure 3). The !H NMR
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Figure 3. ORTEP diagram of (CsMe;),Sm(n*-CH,CHCHPh)(OCgHjy)
(6’) with thermal ellipsoids drawn at the 40% probability level.

spectrum of 6 contains distinct peaks for the syn and anti protons
and two peaks for the CsMe; rings. The CsMes peaks have a half
height line width of 26 Hz which is larger than that of 4 (10 Hz).
In view of the change in crystallinity observed with the addition
of a methyl substituent on the allyl moiety when going from 4
to 5, it is not surprising that the addition of the phenyl substituent
causes complex 6 to be an oil. It is only by adding a coordinating
ether that a crystallizable, rigid structure is obtained. Addition
of a coordinating ether to an NMR sample of 6 causes both the
C;sMes peaks and the syn and anti peaks to coalesce. The infrared
spectrum of the solvated complex is less definitive, since there are
stretches at 1550 and 1500 cm™! indicative of an n’-allyl structure,
but there is also a stretch at 1595 cm™! which is in the '-allyl
region.?-30

Reaction of [(CsMe;),SmH], with Alkenes in Toluene. When
3 was dissolved in toluene instead of suspended in hexane, it
reacted differently with alkenes. Instead of forming the allyl
complexes described above, toluene solutions of 3 reacted instantly
with alkenes to produce the orange-red n'-metalated benzyl
complex, (CsMes),Sm(CH,Ph) (eq 8). The benzyl complex was

0.5[(CsMes),SmH], + alkene ———» (CsMes),Sm(CH,Ph)
8)

isolated in pure form after a reaction time of only a few minutes.
It has been previously determined that 3 requires a much longer
reaction time (i.e., days) to generate the benzyl complex from
toluene in the absence of an alkene coreagent.’!

1,3-Butadiene Reactions. Synthesis and Characterization of
{(CsMes),Sm{u-n*-CH,CHCHCH,-)], (7). When (CsMe;),Sm-
(THF), or (CsMe;s),Sm were suspended in hexane, they instantly
reacted with | atm of 1,3-butadiene to produce a deep red, hexane
soluble complex. Upon stirring, a red-orange precipitate of 7
formed (eq 9).

(CsMes),Sm(THF)po 2 + excess Hy,C—CHCH=CH, -—=

(CsMes)gsm
H,C O~ CH_  GCH, _CH
SeHT BHy TH,JCH, (@
Sm(CsMes),
7

Complex 7 is moderately soluble in toluene and can be re-
crystallized from a toluene/hexane mixture as deep red crystals.
X-ray crystallography revealed that 7 is a bis-allyl samarium
complex formed by dimerizing butadiene (Figure 4). The 'H
NMR spectrum of 7 is highly dependent on the solvent and the
temperature. In arenes at room temperature, separate peaks are
observed for the six independent protons on the Cg fragment, but

(31) Evans, W. J,; Ulibarri, T. A.; Ziller, J. W. Manuscript in preparation.
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Figure 4. orTEP diagram of {(CsMes),Sm(u-n*-CH,CHCHCH,-)1, (7)
with thermal ellipsoids drawn at the 30% probability level.

Figure 5. Molecular structure of [(CsMes),Sm{u-n>-CH,CHCH-)1, (8).

there is only one CsMes resonance. This peak is somewhat broad,
however, which suggests that there probably are several similar
conformations that 7 can adopt in solution. The addition of THF
to an NMR sample of 7 causes the CsMes peak to sharpen, and
an equilibration of the methylene protons of the Cg moiety is seen.
This presumably occurs through an n3-n! fluxional process. If
the '"H NMR spectrum is taken in THF-d; four CsMe; envi-
ronments are observed, and ten signals are observed for the
Cg-protons. The two major CsMes peaks are in a 1:] ratio and
are assigned to one molecule in which the two CsMes ligands on
each samarium atom experience a different magnetic environment,
as in 4. When the THF-d; sample is cooled to =40 °C, only this
latter conformation is observed. This latter low-temperature
THF-dg '"H NMR spectrum can be duplicated in toluene-d; at
low temperature (=20 °C). The infrared spectrum of 7 has
stretches at 1550 and 1535 cm™ in the n-allyl region.

The chemistry of 7 is analogous to that of the simple allyl
complex 4 in that it polymerizes ethene and reacts with | atm
of H, to produce [(CsMe;),SmH],. As with 4, the ability of 7
to participate in these reactions suggests that 7 can adopt an
n'-conformation.

1,5-Hexadiene Reactions. Synthesis and Characterization of
[(C5Me5)25m(n3-CH2CHCH—)]2 (8). When (CsMCs)sz was
treated with 1,5-hexadiene in toluene, a dark purple compound,
8, was produced in 75% yield. Complex 8 is only marginally
soluble in arenes and when dissolved in THF forms a red-orange
THF solvated derivative. An X-ray crystallographic investigation
revealed that 8 is a bis-allyl complex like 7, except that it is derived
from one (not two) molecule of the diene substrate (Figure 5).
The major byproduct of the reaction of 1 with 1,5-hexadiene was
the red hexane soluble propylallyl complex (CsMes),Sm(n*-
CH,CHCHPr) (9) (eq 10). 9 could not be separated from the
other hexane soluble byproducts in reaction 10 but was inde-
pendently synthesized from 1 and 1-hexene (eq 11). The reaction
of 3 with 1,5-hexadiene gave a mixture of products with a dis-
tribution opposite that of the 1/1,5-hexadiene reaction. The major
portion of the reaction mixture was a red hexane soluble mixture
containing 9. Complex 8 was observed only as a minor byproduct.
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(CsMes);Sm + H,C=CHCH,CH,CH=CH, —=
1

(CsMes)QSm
HC O CH_ _CH
A CHCH,  +
Sm(CsMes)g
8
(CsMes)gsm

H,C \:/CHCHQCH2CH3 (10)

o

9
(CsMes)zsm + H2C=CH2CH2CH2CH2CH3 -
1

(CSMeS)ZSm(n;CHZCHCHPr) (1n

The 'H NMR spectrum of 8 is similar to that of 4 in that it
contains two CsMe;s resonances, but it differs from that of 7 which
contains a single CsMes resonance. Presumably, since the
(CsMes),Sm units are closer together due to the shorter C ligand,
the fluxional processes necessary to produce a single CsMes en-
vironment as in 7 are blocked by unfavorable steric interactions.
As with all of the allyl systems, the addition of THF causes the
two CsMe; resonances to coalesce.

Generalizations on the Structures of the (CsMe;),Sm(n>-allyl)
Complexes. A summary of the bond distances and angles observed
in4, §, 6/, and 7 is given in Table II. Complete bond distance
and angle data are given in the Supplementary Material. The
crystallographic data set obtained on 8 was not of high enough
quality to include in this discussion due to the small size of the
crystal, but the connectivity of the atoms in 8 was unambiguously
determined. In complexes 4, 5, 6/, 7, and 8, each samarium atom
is surrounded by two 7°-CsMe;s rings and an n*-allyl ligand.
Complex 6 differs in that it has an additional ligand, phthalan,
in the coordination sphere. The fact that complex 6, which has
the most sterically bulky allyl ligand, can accommodate an extra
ligand may seem surprising. However, it has been shown that
the trivalent (CsMes),Sm unit is flexible in regard to coordination
environment.’23*  For example, several sets of (CsMes),Sm!!
complexes are known in which both n-coordinate and (n + 1)-
coordinate species containing the same n-coordinate ligand set
can be crystallographically characterized.>* The existence of a
solvated derivative of 6 suggests that ether adducts of complexes
4,5, 7, and 8 could also form. More importantly, the solvation
of 6 demonstrates that there is room to coordinate another ligand
or reactive substrate adjacent to the allyl ligand in these complexes.

Table II shows that the average samarium~C(Cs;Mes) distances,
2.724 (30)-2.772 (24) A, fall in the 2.68-2.77 j\ range typical
for trivalent (CsMes),Sm complexes.® As expected, the most
sterically crowded molecule, 6, has the longest Sm-C(C;Mes)
distance. The 134.6-140.3° range of (C;Mes centroid)-
Sm—-(C;Me;s centroid) angles in 4-7 extend the top end of the
previously observed span of 130~139°.2* Consistent with the steric
demands of the allyl ligands, 6’, has the smallest angle in this
group. The C(allyl CH,)-Sm—C(allyl CHR) angles also follow
this pattern and range from 52.1 (1)° for complex 6" to 57.1 (8)°
for complex 4. The C(CH,)~C(CH)~C(CHR) angles are identical
within experimental error (range: 124.2(18)-127.6(15)°) and
are typical for n-allyl ligands.3>-3® The angular orientation of

(32) Evans, W. J.; Drummond, D. K.; Grate, J. W.; Zhang, H.; Atwood,
J. L. J. Am. Chem. Soc. 1987, 109, 3928-3936.

(33) Evans, W.J.: Drummond, D. K.; Hughes. L. A.; Zhang, H.. Atwood.
J. L. Polyhedron 1988, 7, 1693-1703.

(34) Evans, W. J.. Hanusa, T. P.; Levan, K. R. Inorg. Chim. Acta 1985,
110, 191-195.

(35) Clarke. H. J. J. Organomet. Chem. 1974, 80, 155-173.

(36) Kaduk, J. A.; Poulos, A. T.; Ibers, J. A. J. Organomet. Chem. 1977,
127, 245-260.

(37) Putnik, C. F.: Welter, J. J.: Stucky, G. D.; D’Aniello, M. J,, Jr.:
Sosinsky, B. A.; Kirner, J. F.; Muetterties, E. L. J. Am. Chem. Soc. 1980,
100, 4107-4116.
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the allyl ligand to the metal in each of these complexes is also
in the normal range. This can be measured by the dihedral angle
between the plane defined by the three carbon atoms of the allyl
ligand and the plane defined by the metal and the two outer carbon
atoms in the allyl ligand. These angles are 116.4° for 4, 119.1°
and 118.3° for the two independent molecules of §, 109.3° for
6’,and 113.3° and 117.4° for Sm(1) and Sm(2), respectively, in
7.

The C-C and Sm-C distances involving the allyl ligands are
not all equal and suggest that there is a slight trend toward the
localization of charge on C(CH,). The distances do not differ
by more than 3o, however. In all cases, the Sm~C(CH,) distance
has the shortest numerical Sm~C(allyl) value. In addition, in all
cases the C(CH,)-C(CH) distance is slightly longer than the
C(CH)-C(CHR) distance. This asymmetry is consistent with
the facile n°-¢! conversions which appear to occur in these
molecules and has been observed previously in the structure of
(CsHy)Zr(n*-CH,CHCH,), %

In the unsubstituted allyl complex 4, the Sm—C(CH) distance
is the longest Sm~Cf(allyl) distance. A similar situation is observed
in (CsMes)U(n*-CH,CHCH,);.® In contrast, it is more common
in transition-metal complexes to find that the metal-(central
carbon) distance is the shortest of the three metal-carbon
lengths.35-3® Disorder clouds this issue® in (\PrO),U(»*-allyl);,*!
and no consistent pattern is observed in [Li(u-
C;H;)(CH;0,)5][Ce(n*-C3H;s),]. 42 However, in the substituted
allyl samarium complexes 5, 6’, and 7, there is an increase in the
Sm-C(allyl) distances across the allyl unit with Sm—C(CH,) <
Sm-C(CH) < Sm—C(CHR). It is possible that the substituted
carbon atom occupies the position farthest from the samarium
due to the steric demands of the substituent.

Discussion

Propene, Butene, and Allylbenzene Reactions. (C;Me;),Sm
reacts with simple alkenes larger than ethene to form allyl com-
plexes in high yield. Allyl complexes are well-known in orga-
nolanthanide chemistry,*>™* although prior to this study, only one
allyl lanthanide complex, the quite complicated [Li(u-
C;H;)(C H;0,),][Ce(n*-C3Hs),],* had been characterized by
X-ray diffraction. Previously, structural assignments were made
by NMR and IR spectroscopy, and in some cases even with
diamagnetic complexes, the data were ambiguous. With these
paramagnetic samarium systems, it was essential to have crys-
tallographic data. The structures presented here establish that
n’-coordination occurs and suggest that even in the solid state,
there may be a tendency toward charge localization which would
lead to »* = 4! interconversions. The NMR studies of these allyl
complexes show that spectral assignment must take into account
the presence of coordinating solvents and the temperature.

The first syntheses of allyl lanthanide complexes involved the
reaction of trivalent lanthanide halides with Grignard reagents.*
More recently, allyl complexes have been prepared from trivalent
alkyl and hydride species.***’ The formation of allyl complexes

(38) Comprehensive Organometallic Chemistry, Wilkinson, G., Stone, F.
G. A, Abel, E. W., Eds.; Pergamon Press: 1982: (a) Jolly, P. W. (Chapter
37); (b) Maitlis, P. M.; Espinet, P.; Russell, M. J. H. (Chapter 38); (c)
Hartley, F. R. (Chapter 39).

(39) Erker. G.; Berg, K.; Angermund, K.; Kruger, C. Organometallics
1987, 6, 2620-2621.

(40) Cymbaluk, T. H.; Ernst, R. D.; Day, V. W. Organometallics 1983,
2, 963-969.

(41) Brunelli, M.; Perego, G.. Lugli, G.; Mazzei, A. J. Chem. Soc., Dalton
Trans. 1979, 861-868.

(42) Huang, Z.; Chen, M.; Qiu, W.; Wu, W. [norg. Chim. Acta 1987, 139,
203-207.

(43) Tsutsui, M.; Ely, N. J. Am. Chem. Soc. 1975, 97, 3551-3553.

(44) Mazzei, A. In Organometallics of the f-Elements; Marks, T. J.,
Fischer, R. D., Eds.; D. Reidel: Dordrecht, Holland, 1979; NATC ASI, Vol.
44, pp 379-393.

(45) Watson, P. L,; Roe, D. C. J. Am. Chem. Soc. 1982, 104, 6471-6473.

(46) Jeske. G.; Lauke, H.; Mauermann, H.: Swepston, P. N.; Schumann,
H.: Marks, T. J. J. Am. Chem. Soc. 1985, 107, 8091-8103.

(47) Brunelli, M.; Poggio, S.: Pedretti, U.; Lugli, G. Inorg. Chim. Acta
1987, 131, 281-285.
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Table I. Crystallographic Data for 4, 5, 6, and 7°
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complex 4 5 6 7
formula Cz;H;sSm C24H37Sm C37H4705m C43H725m2
mol wt 461.9 4759 658.1 949.9
space group 14 (no. 82; %) P2,/n P2i/c Pbca (no. 61; Dy'%)

cell constants

a, 23.1043 (36) 15.9367 (41) 10.3851 (16) 16.5911 (26)
b A 17.7780 (32) 17.357 (3) 29.8565 (49)
¢, A 8.4586 (12) 16.7024 (48) 17.703 (2) 18.0130 (25)
B, deg 101.381 (20) 95.785 (12)
cell volume, A3 4514.7 (15) 4639 (2) 31749 (8) 8922.7 (24)
mols/unit cell 8 8 4 8
Dearcar g €M™ 1.36 1.36 1.377 1.41
temp, K 295 296 213 295
Heatedy M} 26.1 25.4 18.8 26.5
transmission, coeff min-max 0.16-0.22 0.47-0.53 0.33-0.39 0.22-0.31
R, % 47 7.5 31 6.9
Rue, % 5.0 7.5 3.0 6.7
¢Radiation for all structures was Mo Ka; A = 0.71073 A.
Table II. Interatomic Bond Distances (A) and Angles (deg) for the (CsMes),Sm(n*-allyl) Complexes 4, 5, 6/, and 7¢
complex 4 5 70 &
formula (CsMeg),Sm(n’- (CsMe),Sm(n’- {(CsMeg),Sm(u,n*- (CsMey),Sm(n’-
CH,CHCH,) CH,CHCHMe) CH,CHCHCH,-)], CH,CHCHPh)(OCgHy)
Sm-C(ring) 2.724 (30) 2,727 (20), 2.729 (30) 2,725 (27), 2.728 (27) 2.772 (24)
Cn-Sm-Cn* 140.3 138.9, 139.1 138.7, 137.8 1346
C(A)-Sm-C(C) 57.1 (8) 55.6 (5), 56.5 (5) 54.2 (6), 55.8 (6) 52.1 (1)
Sm-C(A)? 2.630 (15) 2.551 (17), 2.579 (17) 2.575 (17), 2.560 (17) 2.643 (3)
Sm-C(B) 2.668 (18) 2.689 (16), 2.659 (15) 2.680 (16), 2.686 (15) 2,769 (2)
Sm-C(C) 2.643 (18) 2.715 (14), 2.674 (16) 2.730 (17), 2.721 (16) 2.922 (3)
C(A)-C(B) 1.465 (32) 1.401 (22), 1.392 (22) 1.377 (24), 1.431 (24) 1.396 (4)
C(B)-C(C) 1.369 (32) 1.358 (24), 1.380 (25) 1.363 (24), 1.348 (22) 1.359 (4)
c-C-C 125.6 (20) 126.3 (15), 127.6 (15) 124.2 (18), 125.9 (16) 126.3 (3)

¢The allyl carbon atoms are labeled as follows: n*-CAH,CBHCCHR. ®The complexes are listed in order of increasing steric requirements. ¢Cn = centroid

of cyclopentadienyl ring.

from divalent organolanthanide precursors had not been observed
before this study was initiated.!*® One can envisage several ways
by which (CsMes),Sm can react with an alkene to form an allyl
complex. Since some of these pathways involve trivalent samarium
hydride intermediates, we also examined the reactions of the most
relevant hydride, [(CsMe;s),Sm(u-H)], (3),!2 with the same
substrates, and these will be discussed first.

The reactions of hexane suspensions of 3 with propene, cis- and
trans-2-butene, and allylbenzene, which form 4-6 and the ap-
propriate alkane, can be explained by the sequence shown for
propene in eqs 12-14. The same scheme was proposed earlier

0.5[(CsMes),SmH], + H,C—=CHCH, —
(CsMes)zsm(CH2CH2CH3) (12)

(CsMCs)sz(CH2CH2CH3) + H2C=CHCH3 g
(CSMCS)zsm(CH2CH2CH3)(H2C=CHCH3) (13)
A

(CsMes)zsm(CHchzcH3)(H2C=CHCH3) -
(CsMes)zsm(ﬂB'CHchCHz) + CH3CH2CH3 (14)

for the synthesis of allyl lanthanum and neodymium complexes
from hydride precursors.* The first step in this scheme, the
1,2-addition of a lanthanide hydride to an alkene (eq 12), is
well-established in lanthanide chemistry.449-3! Less precedent
existed for the second step, the coordination of an alkene to a
trivalent lanthanide complex (eq 13), although the existence of
transient intermediates such as A were reasonable in many sys-
tems. The crystal structure of (CsMes),Sm(n3-

(48) Professor T. J. Marks informs us that his group has also studied the
reaction of (CsMey),Sm with propene: Marks, T. J. 44th Northwest Regional
ACS Meeting, Reno Sparks, NV, June 1989, 20. Nolan, S. P.; Stern, D.
Marks, T. J. 196th ACS National Meeting. Los Angeles, CA, Sept. 1988,
INOR 378.

(49) Evans, W. J.. Bloom, L. Engerer, S. C. J. Catal. 1983, 84, 468-476.

(50) Evans, W. J.; Meadows, J. H.: Hunter, W. E.; Atwood, J. L. J. Am.
Chem. Soc. 1984, 106, 1291-1300.

(51) Watson, P. L. J. Am. Chem. Soc. 1982, 104, 337-339.

CH,CHCH,Ph)(OC;Hy), 6/, which demonstrates that a Sm3*
ion can accommodate two n°-CsMe; groups, an n*-allyl ligand,
and an additional ligand, shows that an alkyl alkene samarium
complex such as A is quite reasonable sterically. The third step
in the sequence, the metalation of the alkene (eq 14), again has
ample precedent in the extensive metalation chemistry observed
for organolanthanide alkyl complexes.5-52-57

The reaction of 3 with these alkenes in toluene to form the
benzyl complex (CsMe;),Sm(CH,Ph) (eq 8) is also consistent with
the above sequence. On the basis of the high metalation reactivity
of the solvated complex, (CsMes),SmMe(THF),%¢ and the re-
activity of sterically unsaturated lanthanide alkyls in general 8
one would expect unsolvated (CsMes),Sm(CH,CH,CHj3) to
readily metalate toluene (eq 15).

(CsMes)zsmCH2CH2CH3 + C6H5CH3 -
(CsMes)zsm(CH2C6H5) + CH3CH2CH3 (15)

The reactivity of 3 with 1,3-butadiene to form 5 (eq 5) is also
consistent with the above discussion. 1,2-Addition of the H-Sm
bond to one double bond forms the methyl allyl complex directly.
[(CsMeg),LaH], reacts similarly.4

With this background, the formation of allyl complexes from
(CsMe;),Sm and alkenes can be discussed. Figure 6 shows three
possible pathways for this type of transformation exemplified with
propene. Scheme I (in Figure 6) shows the direct metalation of
the alkene to form the allyl complex and hydrogen. This is the

(52) Evans, W. J.; Wayda, A. L. J. Organomet. Chem. 1980, 202, C6~C8.

(53) Atwood, J. L,; Hunter, W. E.; Wayda, A. L.; Evans, W. J. Inorg.
Chem. 1981, 20, 4115-4119.

(54) Watson, P. L. J. Chem. Soc., Chem. Commun. 1983, 276-277.

(55) Watson, P. L.; Parshall, G. W. Acc, Chem. Res. 1985, 18, 51-56, and
references therein.

(56) Evans, W. J.; Chamberlain, L. R,; Ulibarri, T. A.; Ziller, J. W. J. Am.
Chem. Snc. 1988, 110, 6423-6432.

(57) den Haan. K. H.; Wielstra, Y.. Teuben. J. H. Organometallics 1987,
6, 2053-2060.

(58) Evans, W. J. Polyhedron 1987, 6, 803-835.
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reaction pathway observed in the reaction of (CsMes),Sm with
cyclopentadiene.’ This scheme is unlikely since the observed
byproduct of the alkene reactions is an alkane and not hydrogen.

In Scheme II (in Figure 6), the first part of the overall sequence
involves the formal abstraction of hydrogen from the alkene by
{CsMes),Sm to form a samarium(III) hydride and an allyl radical.
Each of these intermediates can undergo further reaction. The
allyl radical can (a) react with a second samarium(II) molecule
to produce the observed samarium allyl product, (b) undergo a
dimerization reaction, or {c) abstract hydrogen from the solvent
to regenerate the alkene and produce a solvent radical, which will
carry out more radical-based chemistry. The samarium(III)
hydride can react with a second equivalent of alkene to generate
a samarium alkyl complex like A above which would metalate
a third equivalent of alkene to produce the observed samarium
allyl complex. If the allyl radical reacts according to pathway
(a) and the samarium hydride reacts as described above, the
reaction stoichiometry matches that observed in the formation
of 6; i.e., 2 mol of (CsMes),Sm react with 3 mol of alkene to form
2 mol of (CsMes),Sm(n?-allyl) and 1 mol of alkane.

The major problem with Scheme II is that reactions in toluene
should form (CsMes),Sm(CH,Ph). The Sm(III) hydride complex
in Scheme II should have chemistry similar to that observed for
3, and, if anything, it should be more reactive. Hence, Sm(III)
alkyls should form which should metalate toluene as observed in
the reactions of 3 with alkenes and as observed for
(CsMes),SmMe(THF)."”

In Scheme I (in Figure 6) (CsMes),Sm adds to propene to
produce a samarium(III)-substituted radical. This step is con-
sistent with the polymerization chemistry observed in the reaction
of (CsMes),Sm with ethene and with the butadiene dimerization
observed in the reaction of (CsMes),Sm with 1,3-butadiene (see
below). These Sm(III)-substituted radicals could disproportionate
to produce 1 mol of the observed samarium allyl complex and a
samarium alkyl complex. The samarium alkyl complex could react
with another mol of alkene to yield a second mol of the samarium
allyl complex and 1 mol of the alkane as in Scheme II. Scheme
111, like Scheme I1, matches the observed reaction stoichiometry.
Scheme III also has the same problem identified in Scheme II,
i.e., if Sm(III) alkyl complexes are present, (CsMes),SmCH,Ph
should be formed in toluene. Since this is not observed, Scheme
111 is also inadequate.

Indeed, any scheme which contains free (CsMes),Sm{alkyl)
moieties will fail to match the experimental results because these
complexes will certainly metalate toluene. Any scheme which
involves a free (CsMes),SmH unit in the presence of alkene is
similarly unacceptable, since it will generate a reactive alkyl
complex. On the other hand, it is difficult to imagine a metal-
based reaction involving the formal transfer of a hydrogen atom
from each of two alkenes to a third alkene which does not involve
either a metal alkyl or metal hydride intermediate! The results
strongly suggest that the (CsMes),Sm-based transformation of
3 mol of alkene to | mol of alkane and 2 mol of allyl ligand occurs
within a site in which toluene cannot access reactive samarium
hydride and alkyl intermediates. It is unlikely that such a site
could be provided by the (CsMes),Sm unit alone. However, recent
results involving the reactivity of (CsMes),Sm with aryl-substituted
alkenes suggest a possible explanation involving two (CsMes),Sm
units.

(CsMes),Sm reacts with styrene and stilbene to form
[(CsMes),Sm],(u-n*n*-CH,CHPh) (9) and [(C;Mes),Sm](u-
n*m*-PhCHCHPh) (10), respectively.!" The structures of these
complexes are shown in Figure 7. In both cases, two (CsMes),Sm
units coordinate to the carbon-carbon alkene bond. This is
consistent with the 2:1 (CsMes),Sm:(unsaturated substrate)
stoichiometries observed in the products of reactions of
(CsMes),Sm(THF), , with the unsaturated substrates PhC=
CPh,!2 PhN=NPh,¥60 pyCH=CHpy.5' and N=N.62 In view

(59) Evans. W. J; Drummond. D. K.; Bott, S. G.; Atwood, §. L. Or-
ganometallics 1986, 5, 2389-2391.
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of all of these 2:1 structures, it seems likely that the reactions
between 1 and alkenes also could involve the formation of 2:1
intermediates, i.e., [(CsMes),Sm],(alkene) complexes. If such
intermediates are formed, then the four pentamethylcyclo-
pentadieny! groups could provide the protected site which prevents
the toluene solvent from being metalated by the alkyl and hydride
intermediates involved in the observed alkene hydrogen transfer
chemistry.

Figure 8 shows a scheme which may explain the experimental
observations. In intermediate B, the propene is oriented in a way
to mimic the observed structure of 9. In this orientation, the C-H
activation needed to form the allyl product seems readily available.
Moreover, a second (CsMes),Sm unit is present which can accept
the allyl ligand generated by C-H cleavage. To meet the re-
quirement that no free Sm(III) hydrides or alkyls are formed,
several other steps must occur before the bimetallic unit comes
apart. First, the coordination of a second molecule of propene
to the bimetallic hydride complex C must occur. Complexes 6
and 10 suggest that there is room for coordination of a second
alkene. If hydrogen transfer to this second propene to form the
propyl complex D occurs while the bimetallic complex remains
intact, the existence of a free Sm—H unit is avoided. If the propyl
ligand in D abstracts another hydrogen atom while within the
protected tetracyclopentadienyl environment of the bimetallic
complex, the observed propane can be formed without having a
free samarium alkyl unit. This second hydrogen abstraction could
occur in two ways. The propyl ligand could metalate the coor-
dinated allyl ligand to form a SmMCH,CHCHSm unit containing
a C;H,* ion which could react with the third molecule of propene
to generate the observed 2 mol of the allyl complex and the
propane. Alternatively, the third molecule of propene could co-
ordinate to one of the samarium atoms in D and be directly
metalated to form a second allyl ligand. The bimetallic complex
would dissociate at this point to the observed 2 mol of 4. Again,
the structures of 6’ and 10 suggest that there is room to coordinate
this third molecule of propene. Obviously, the intimate details
of this scheme are speculative. However, a scheme of this type
would allow the transfer of two hydrogen atoms from two propene
molecules to a third propene molecule without the formation of
a free Sm(III) alkyl or hydride unit which would metalate toluene.
It is possible that two (CsMes),Sm units provide a dynamic
tetrakis(pentamethylcyclopentadienyl) cavity which allows this
chemistry to occur.

Diene Reactions. The reaction of (CsMe;),Sm with 1,3-bu-
tadiene to form primarily 7 is consistent with the observed
chemistry of butadiene with alkali metals® and previously observed
similarities between (C;Me;),Sm and the alkali metals.3'°
However, in contrast to the (CsMes),Sm-based ethene polym-
erization reaction and the many alkali metal butadiene polym-
erization reactions, the (CsMes),Sm/1,3-butadiene reaction stops
at the dimer stage. Dimerization of 1,3-butadiene can be achieved
with sodium under special conditions®* as evidenced by subsequent
CO, reactions which give Cy diacids. The reaction of K[(Cs-
H;),V],% NiBrMe(PPr),,% and [Pd(C;H;)OAc],/HOAC®” with

(60) Evans, W. J.; Drummond, D. K.; Chamberlain, L. R.; Doedens, R.
J,; Bott, S. G.; Zhang, H.; Atwood, J. L. J. Am. Chem. Soc. 1988, 110,
4983-4994.

(61) Evans, W. J.: Drummond, D. K. J. Am. Chem. Soc. 1988, 110,
2772-2774.

(62) Evans, W. J,; Ulibarri, T. A.; Ziller, J. W. J. Am. Chem. Soc. 1988,
110, 6877-6879.

(63) Encyclopedia of Polymer Science and Engineering, Wiley: New
York, 1985; Vol. 2, p 544.

(64) Frank, C. E.; Foster, W. E.; J. Org. Chem. 1961, 26, 303-307.

(65) Jonas, K.. Wiskamp, V. Z. Naturforsch. 1983, 386, 1113-1121.

(66) Cameron, T. S.; Green, M. L. H.; Munakata, H.; Prout, C. K.; Smith,
M. J. J. Coord. Chem. 1972, 2, 43-45.

(67) Behr, A_; llsemann, G. V.; Ketm, W.; Kruger, C.; Tsay, Y.-H. Or-
ganometallics 1986, 5, 514-518.
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Scheme | .
Sm" + HpC=CHCH; ——= Sm'”—-> + He ——= 172 H,

4

Scheme |l
Sm" + HyC=CHCH; ———= Sm"-H + HC=CHCHys

HaC=CHCH; sm"
Sm”l——CchchHg Sm|||_....>
\20:CHCH3 L

Smm_'_> + CHyCH,CHs

heme 1l
.
28m" + 2H,C=CHCH; ———= 2Sm"—CH,CHCH,

gisproportionalion

H,C=CHCHj,4 Sm”lCHQCchHg +Sm'”—:>

Sm”'—-> + CH30H20H3
Figure 6. Possible reaction pathways for the formation of (CsMe;s),Sm-
(allyl) complexes from (CsMes),Sm and alkenes.

o5 10
Figure 7. Molecular structures of the styrene and stilbene complexes,
[(CsMes),Sm]y(u-n*n?-CH,CHPh), 9, and [(CsMes),Sm]y(u-n*n*
PhCHCHPh). 10, respectively.

1,3-butadiene have also generated linear bis-allyl CgH,, ligands
which have been crystallographically identified.

1t is possible that a bimetallic intermediate of the type discussed
for the alkene reaction sequence in Figure 8 is the reason that
this butadiene reduction stops at the CgH,, stage. A complex such
as [(CsMes),Sm],C,Hg may form, a second butadiene molecule
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/ on
2(CsMes),Sm + HC=CHCH; —m= (CsMes),Sm \| T=Sm(CsMeg), —=

1 CHz/
B
A
y >
(CoMeg) Sn! /TH “NSm(CoMeg) H.C=CHCH,§
S 572 5 512
\CHZ/
c
H H
\C/ 2(CsMes),Sm(n°-CH,CHCHy)
CH,CH,CH, 4
cH .
(CsMes),Sm < [ SmCoMey), —22CHCH .
CHy
CHyCHLCHy
D

Figure 8. Possible reaction pathway for conversion of 3 mol of propene
to propane and two allyl complexes within a tetracyclopentadienyl cavity
generated from two (CsMeg),Sm units.

may coordinate, and clean C~C bond formation may occur within
the [(CsMe;s),Sm], cage. However, since butadiene is sufficiently
different from the alkene substrates discussed above, there is no
need to discuss a common reaction pathway.

The reaction of (CsMe;),Sm with 1,5-hexadiene to form 8 was
chosen to see if a (CsMes),Sm-substituted 5-hexenyl radical would
form and cyclize to a cyclopentylmethyl complex.%8-7  This is
not observed and although not definitive, this is more evidence
against Scheme III in Figure 6. With our present data, it is not
possible to determine if the hydrogen transfer which occurs in the
formation of 8 occurs in the same way as it does in the formation
of 4-6.

(CsMes),Sm vs (CsMes),Sm(THF),. In general, 1 is more
reactive than 2 with any given substrate as expected from the
greater degree of steric unsaturation in 1.1° It is interesting to
note that although 2 readily reacts with ethene and butadiene,
it fails to form 4 and 5 from propene and butene in the facile
manner achievable by 1. Yet, 2 reacts with the more highly
substituted substrate, allylbenzene. Since dissociation of one
molecule of THF from 2 to form (Cs;Mes),Sm(THF) occurs
readily, it is clear that 2 can easily provide one open coordination
position for an incoming substrate. The differences in substrate
reactivity may arise because some substrates can coordinate further
and displace the other THF, whereas other substrates cannot.

Conclusion

(CsMe;),Sm reacts rapidly and quantitatively with alkenes to
form allyl complexes via pathways which do not involve free
(CsMes),SmH or (CsMes),Sm(alkyl) intermediates. The observed
facile hydrogen transfer between unsaturated hydrocarbons may
occur within a dynamic tetracyclopentadienyl cavity provided by
two (CsMes),Sm groups. The structures of the (CsMes),Sm
complexes of styrene and stilbene and the isolation of
(CsMe;s),Sm(CH,CHCHPh) as a phthalan adduct indicates that
there is room for coordination of additional substrate molecules
to a (CsMe;),Sm(allyl) moiety as needed in a cage reaction
scheme. The fact that (CsMes),Sm(THF), does not have the same
reactivity as (CsMes),Sm demonstrates the importance of reagents
and reaction conditions free of coordinating solvents in these
Sm(II) reactions. Hence, one of the experimental consequences
of the unusual, bent structure of the unsolvated (CsMes),Sm may

(68) Lamb, R. C,; Ayers, P. W.; Toney, M. K. J. Am. Chem. Soc. 1963,
3483-3486.

(69) Walling, C.; Cooley, J. H.. Ponaras, A. A.; Racah, E. J. J. Am. Chem.
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be that the ligand deficient samarium centers readily form 2:1
(CsMes);Sm:(unsaturated substrate) complexes. The tetra-
cyclopentadienyl cavity generated in this way may provide an
environment in which reactions not possible in bulk solution can
occur. The formation of dynamic tetracyclopentadienyl cavities
of this type may be available in other systems and should be
pursued as a means of accomplishing rapid, quantitative cage
chemistry without constructing a rigid enclosure.

Acknowledgment. We thank the National Science Foundation

for support of this research. Funds for the purchase of the Nicolet
R3m/V diffractometer system were made available from the
National Science Foundation under Grant CHE-85-14495.

Supplementary Material Available: Tables of crystal data, final
fractional coordinates, hydrogen atom coordinates, bond distances
and angles, and thermal parameters (45 pages); tables of observed
and calculated structure factors (74 pages). Ordering information
is given on any current masthead page.

Molecular Hydrogen Complexes. 6. The Barrier to Rotation
of n?-H, in M(CO);(PR;),(n*-H;) (M = W, Mo; R = Cy,
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Abstract: Inelastic neutron scattering (INS) studies, electronic structure calculations, and molecular mechanics have been
carried out on a series of molecular hydrogen complexes, M(CO);3(n*-H;)(PR;); (M = Mo, W,R = ¢-C;D;; M = W, R =
i-C3D4), in order to determine relative electronic versus steric (ligand bulk) effects on the barrier to rotation of the H, ligand.
Low-lying vibrational excitations were identified with INS, and high-resolution spectrometers were used to measure the rotational
tunneling splitting of the librational ground state on the solid complexes at 4 K. Replacement of the W by Mo changed the
latter splitting by about a factor of 3, from 0.89 to 2.82 em™. Variation of the phosphine on the other hand changed the frequency
by less than 20%. The torsional transitions observed in the range 300-400 cm™' are consistent with the tunneling transitions
for a simple double-minimum potential with one angular degree of freedom for the rotation. The barrier heights hindering
the H, rotation were determined from these measurements to be 2.4 kcal/mol (M = W, R = i-Pr), 2.2 kcal/mol (M = W,
R = Cy), and 1.5-1.7 kcal/mol (M = Mo, R = Cy). Ab initio electronic structure calculations showed that the electronic
component yields barriers of 1.4-1.8 kcal/mol for M = W and R = H, of 0.8 kcal/mol for M = W and R = Me, and of 0.6
keal/mol for M = Mo and R = H. The present calculations show the simple double-minimum potential with the minima
parallel to the P-M-P axis, which is indeed observed to be the equilibrium position for the H, in the crystallographic studies.
Molecular mechanics (MM2) calculations showed no direct steric effects arising from the bulky phosphine ligands on the H,
rotational barrier but did show an additional orientational preference (0.6-1.4 kcal/mol) for the H; along the P-M-P axis.

The sum of the calculated ab initio and MM2 barriers agreed remarkably well with the observed INS values.

The nature of bonding of the dihydrogen ligand to transition
metals is of major significance because M(n*-H,) represents the
prototype for ligand coordination solely via interaction of a metal
center with a o-bonding electron pair (“o-bond complex™).!? This
three-center, two-electron bonding is electron-deficient similar to
boron hydrides and serves as a model for as yet unisolated alkane
complexes (C-H coordination). Theoretical studies® indicate that
the primary interaction is donation of electron density from the
H-H o bond to an empty metal orbital and that a lesser degree
of metal to H, o* back-bonding analogous to metal to olefin =*
back-donation also occurs. The latter stabilizes the side-on (5?)
coordination mode and ultimately facilitates cleavage of the H-H
bond to give dihydride complexes in oxidative addition reactions
(Chart 1). An experimental probe of the electronic details of
dihydrogen coordination is clearly desirable. n?-H, undergoes a
remarkably wide variety of ligand dynamics, including rapid
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rotation about the M—H, axis.! The presence and magnitude of
an energy barrier to rotation that is electronic in origin would offer
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