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The Coordination Chemistry of Divalent
Bis(pentamethylcyclopentadienyl)lanthanide Complexes

with Non-Classical Ligands
Carol Jean Burns

ABSTRACT
Divalent complexes of the formula (nescs)zn (M = Eu, Sm, Yb, Ca,
Sr, and Ba) have been isolated free of coordinating Lewis bases. X-Ray
crystallography and gas-phase electron diffraction reveal that these
complexes have a "bent-sandwich" geometry. UV-Photoelectron spectro-
scopy'su§gests that the bonding in the compounds is ionic, and a model
consistent with this observation is proposed to rationalize the bending

of the molecules. Divalent lanthanide and alkaline earth'cations of

similar ionic radii demonstrate similar coordination chemistry with

simple Lewis bases.

Isolation of the base-free species allows the synthesis of
coordination compounds of weak bases, such as electron-rich olefins and
acetylenes. The complexes (Hescs)sz(y-C2H4)Pt(PPh3)2 and
(Hescs)sz(nz-MeCuCHe) have been structurally characterized, and in each
case the neutral organic molecule is nz-cdordinated to the lanthanide.
Ethylene is rapidly polymerized by (Mescs)sz, and methylallene is
catalytically isomerized to 2-butyne. Both of these processes are
proposed.to be involve initial reduction of the organic substrate by the
ytterbium. Fluoro-olefins and -arenes undergo reduction followed by

A o
fluoride abstraction to give the mixed-valence compound [(Mescs)sz]Z(y-
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F), which is converted thermally to the tetranuclear species

(Me_C.) Yb4(p‘F)4.

57576
The reaction of (MeSCS)ZYb vith polar compounds such as (HeSCS)BeMe
and BH3-PMe3 results in the formation of coordination compounds which

may be viewed as models for the coqrdination of the small molecules CH4
and BH3. Zinc alkyl and aryl compounds undergo teductipn, yielding
zincate complexes of the formula (HeSCS)ZYh(p-R)ZZnR. The trimethyl-
zincate compound displays symmetrically bridging methyl groups, while in
the phenyl analog, the bridging geometry is markedly unsymmetric.
Sterically demanding polar molecules such as carboranes react with
(MeSCS)ZYb to form inclusion compounds, with no close host-guest
contacts in the solid state. First-row transition metal metallocenes,

however, form 1:2 adducts with (HeSCS)ZYb, in which the ytterbium atoms

coordinate to the cyclopentadienyl rings of the metallocene.
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INTRODUCTION

While the earliest synthetic efforts in the field of organometallic

lanthanide chemistry dealt almost exclusively with the trivalent

cations, the chemistry of divalent lanthanides has received increasing

attention in recent years. The +3 oxidation state is the most stable
for all of the lanthanide ions, corresponding to ionization of the 652
and 5d1 electrons, which are well shielded from the nuclear charge by
the 5s and 5p electron shellsl. In some cases, however, alternate
oxidation states are available when they represent a partiéularly stable
elecfronic configuration (i.e. close to an empty, half-filled, or filled

f-electron shell) such as Ce4+' (4f°), Sm2+ 2+ 2+

13)  ana vb2t (4f'%). A detailed discussion of the trends in the

(4f6),- Eu (4f7), Tn

(4f
stabilities of lanthanide oxidation states may be found elsewherez. In
practice, not all of the elements which can exist as stable divalent

binary halides have been successfully employed in synthetic efforts;

. . + + +
organometallic compounds have been prepared with sz ' Eu2 , and sz '

however.

The earliest complexes ofvthis type were M(CSHS)ZLn (M = Eu, Yb; L

= NH3), prepared by the addition of the diene CSHG to solutions of Yb or

Eu metal in liquid ammonia3. Compounds of the type (C8H8)Ln(L)n M =

Eu, Yb; L = NH dmf, pyridine) have been prepared by a similar liquid

3'
ammonia synthesis4 (there is also a report of the synthesis of (COT)Yb
by co-condensation of Yb atoms and cycloocatetraene at -196°C5).
Reductive methods were also employed in the early synthesis of

cyclopentadienyl compounds of divalent lanthanides. The reduction of
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Yb(CSHS)ZCI with either sodium or ytterbium metal in thf was used to
prepare Yb(CSHS)Z(thf)3d, and the analogous samarium compound was
prepared by the .reduction of Sm(CSHS)3 by potassium naphthalides.

Milder conditions were adequate in effecting the reduction of

, ) 7
[(MeC5H4)2YbM=]2 to produce the complex (MeCSH4)2Yb(thf) :

hv

[(MeC5H4)2YbMe]2 > (MeC H4)ZYb + thf —> (MeC H4)2Yb(thf) (1)

5 5

80°C

[(MeC5H4)2YbHe]2 >  (MeC H4)2Yb + thf ——> (MeC H4)2Yb(thf) (2)

5 5

Another common method of preparing cyclopentadienyl compounds of
divalent lanthanides has been metathetical exchange with the metal
dihalidesloz

L

> M(C Mes)z(L)n + 2 M'X (M' = Li, Na, K; X = Cl,

MX. + 2 M'(CSMes)
5 Br, I) (3)

2

A large number of compounds of the type Cp2M(L)n have been prepared to

date, with a variety of Cp ligands: C_.H 3.6.8 L 9

575 ! 574
10,11 12,13
5Me4Et .

There are few reported examples of organometallic compounds of

C_Me

sieg , and C

divalent lanthanides which do not contain either the Cp or the COT

ligand. Reactions of Eu or Yb metal with terminal alkynes in liquid

4

ammonia are reported to yield compounds of the type M(CECR)Zl . Another

successful synthetic strategy has been transmetalation; the reaction of

Yb metal with HgR, (R = C=CPh, C6F5) precipitates Hg(0) to yield the

15

2

corresponding dialkyl ytterbium species {the pentafluorophenyl complex

was isolated as a base adduct with thf). Several recent reviews of

MeC_H, ', (Me351)C5H4 ,

",f
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organometallic lanthanide chemistry have been publishedls; these contain
sections on low-valent complexes.

Interest in the chemistry and reaction patterns of organolanthanide
coeplexes has tutned_to'an examination of the divalent species, owing to
their ability to act as electron transfer reagents towards organic17 and

inorcanic18 substrates. The oxidation potentials in aqueous solution

for the divalent cations are as followslsa: Sm2+, +1.55 V; EuZ+, +0.43v;
and Yb2+, 41.15V (vs. NHE). The species (HeSCS)ZSm has been used to
17a 17d 17¢

reduce molecules such as CO . PhCeCPh . and PhN=NPh , Wwhile the
compound (He5C5)2Yb(OEt2) has been shown to reduce a large number of

nitrogen-containing heterocyclesl3'19. The latter species has also been

18, often inducing

used to reduce a variety of metal éarbonyl complexes
interesting structural rearrangements. Divalent lanfhanides complexes
have found utility in organic synthesis other than as electron-transfer
reaqentszo. Species formulated as RMI (R = alkyl, aryl; M = Eu, Yb), -
synthesized by the reaction of the bulk mefals with alkyl or aryl
iodides in thf, have been used as Grignard-type reagents in alkylation
teaction521. The divalent reagents‘gave higher yields of the alkylated
product thqn trivalent species formed from the use of Sm or Ce. The
diodides of Sm and Yb have also been extensively inves-tigated as
organic reaqénts for hydrogenation, alkylation, and couplingzz.

In the development of the chemistry of divalent lanthanide species,
tvo major problems were encountered. The first of these was the
insolubility of most of the cyclopentadienyl compounds in hydrocarbon

solvents; the loss of coordinated base often lead to the formation of

insoluble coordination polymers. This problem has been solved by the
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SMes-. As has been shown in early

transition metal23 and actinide24 systems, the use of the pentamethyl-

use of the peralkylsubstituted ring C

cyclopentadiényl group can increase the crystallinity and hydrocarbon
solubility of complexes by filling the coordination environment of the
metal ion, preventing polymerization. The use of this electron-rich
ligand also increases the reducing power of the divalent lanthanide; the
measured reduction potentials (with respect to the szFe/szFef couple)

2+ 2+

for (Me5C5)2M complexes in acetronitrile are: Sm , =2.4V; Eu” ; -1.22V;

v, -1.78v%5,

The second probleﬁ has not been as easy to overcome. The synthesis
and isolation of lanthanide complexes often necessitates the use of
Lewis bases such as ethers or amines, and these species coordinate very
strongly to hard Lewis aéids such as lanthanides. A qualitative series
of ligand affihities has been established for (Mescsleb: pyridine »»
thf » Et20 ~ dmpmloe. Any examination of the coordination chenmistry of
these species is limited to bases which are more strongly coordinating
than ethers. The only way to extend this series would be to start with
a base-free species. Complexes of the type M(CSHS)2 (M = Yb, Eu) have
been prepared by the sublimation of base adducts3b, but these species
suffer from insolubility in non-coordinating solvents. Recently,
methods have bgeh developed for synthesizing M(CsMes)2 (M = Eu, Sm)26 by
metal vapor synthesis or by sublimation of base adducts, and for

Yb(CSMeS)2 by the removal of HN(SiMe3)2 from a base adduct13. None of

these methods can be generalized to all three metals, however, and the

procedures are often involved. In order to extend the chemistry of



' 5
these species, it is necessary to develop a high-yield, general method
for preparing the base-free compounds.

The affinity of lanthanides for hard Lewis bases is related to the
nature of tﬁe bonding in these complexes. The valence orbitals in the
lanthanide series are the 4f orbitals, vhich are of limited radial
extent vhen compared to 3d orbitals. They are also well shielded by the
58 and 5p shell, so that orbital overlap with ligand-based orbitals is
minimal. The result of this is that the bonding in all lanthanide
complexe§ has generally been believed to be predominantly ionic. Thus,
the metals prefer to coordinate polar nolecules, such as those with
highly directional lone pairs.

Many spectroscopic observations exist wvhich confirm tﬁe assertion
of ionic bonding. The optical spectra of lanthanide complexes show weak
bands due to f-f transitions; these are narrovw due to a lack of ligand
field splitting. The positions of these bands are largely insénsitiye
to the coordination of the netal, but the small perturbations visible
have been correlated wvwith the extent of covalency for a seriés of
trivalent compound327. The estimated covalent contributions range from
0-2.5%, with the organometallic conplexes lying in the higher end of the
range. Exanination of the photoelectron spectra of a series of Gd
conpounds has shown that the relative intensities of the "shake-up"
satellite peaks of the 3d5/2 photopeak, related to the degree of metal-
ligand orbital ovérlap, renain almost constant upon changing a ligand

from C1 to C_.H He, or CcCPh, given similar molecular geometrieszs.

575
1513u Mossbauer neasurements have suggested that E\i(CSBS)2 has

approximately the same degree of covalency as EuC1229.
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Structural evidence also supports this bonding model. For ionic

complexes, changes in the M-C bond distance across the series for a

given coordination environment should be readily predictable given the

ionic radii of the metals. This seems to be the trend in organometaliic

lanthanide species, unless the coordination sphere 1is excessively
crowded30.

Recently, however, data and calculations have been presented which

would suggest a higher degree of covalent bonding in some lanthanide

compounds31, particulary those with the_CsM and COT ligands. It is of

®s
interest to study the structure and spectroscopy of bis(pentamethyl-
cycloﬁentadienyl)lanthanide complexes, with the aim of elucidating the
bonding in such species. The ionic radii of the lanthanide ions are
large relative to those of the first-row transition metal ions, and
coordination numbers as high as twelve are observed32. At that point,
the molecular geometry can be dictated by intraligand electronic and
steric repulsions, rather than by bonding preferences. For this reason,
it is preferable to examine the molecular structures of coordinatively
unsaturated molecules such as the base-free species M(CsMes)2 when
discussing the nature of bonding in organolanthanide complexes.

One type of acid-base interaction one would like to explore would
be that implied by the stoichiometric and catalytic reations of
lanthanide complexes with organic molecules. Lanthanide metal vapors
react with olefins, dienes, and terminal and internal alkynes33 to give
a variety of products in which the metal is considered to be in an

oxidation state less than three. The reactions of dienes and internal

alkynes give products formulated as M(L)1-3’ depending on the substrate

«
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used. These species show weak catalytic hydrogenation activity.
Hydrolysis or thermal decomposition of the materials gives rise to
hydrogenated hydrocarbons. Olefins and terminal alkynes éhow evidence
of C-H and C-C bond cleavage, oligomerization, and dehydrogenation.

The nost commonly studied reaction of homogeneous lanthanide
complexes with unsaturated nolecules is the polymerization/oligomeri-
zation of olefins by trivalent bis(cyclopentadienyl)lanthanide alkyls
and hydrides“. The (Hescs)zbu(k) (Oztz) system has been particularly
vell studied, and a mechanism has been proposed based on the sequential
(but reversible) concerted insertion of ethylene unitsas. “rhe
similarity of this type of process to Ziegler-Natta polymerization has
prompted a great deal of research on the tacticity and stereoregularity
of polymers produced by honogeneous trivalent lanthanide systems from é
wide variety of unsaturated substtateslsa'“. |

Perhaps the most interesting reaction exhibited by a triv'alentr
homogeneous lanthanide species is the facile activation of all mamner of
C-H bonds by (Hescs) aLuR (R = He, B)35c'37. These complexes reportedly
netallate benzene, pyridine, and tetramethylsilane, eliminating RH and
forming the Lu alkyl or aryl species. The hydride undergoes H-D
exchanges with D2’ and Etzo reacts to give the Lu ethoxide and ethane.
The methyl compound even activates methane, as eiridenced .by labeling
experinents:

13

(Hescs)zhuCH3 + "°CH

3CB + CH

3 4 (4)

> (Me C.).Lul
52
5
All of these reactions, as well as the samarium reductions

4

discussed previously, intimate that the substrate nolecules nay first

coordinate as o-bases to the acidic lanthanides prior to further



8
reaction. No direct evidence has ever been seen for this intermediate,
hovever. If such an interaction is to be studied, coordination
compounds of lanthanides with olefins, alkynes, and alkanes (or analogs
of these molecules) must be synthesized. Because the substrate
molecules react with trivalent species and strongly reducing divalent
complexes, the most likely systems for study would be the base-free
‘divalent bis(pentamethylcyclopentadienyl)ytterbium or europium
compounds.

The purpose of this research has been to address some of these

questions and needs. The first chapter describes a general synthetic

route to produce base-free bis(pentamethylcyclopentadienyl)lanthanide
complexes, and examines their spectroscopy and simple coordination
chemistry in order to gain insight into the bonding in these species.
The second chapter deals with the interaction of the divalent compounds
with unsaturated molecules, and addresses some aspects of trans-
formations of these molecules catalyzed by Yb(II). Finally, the
coordination chemistry of (MeSCS)ZYb with analogs of .saturated
hydrocarbons is explored, along with the question of what constitutes a

basic ligand.
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CHAPTER ONE: The Synthesis of Bis(pentanethylcyclopentadienyl)-

Lanthanide and -Alkaline Barth Conplexes

Synthesis

The methods first employed to successfully synthesize the base-free

compounds (Me_C.).,M (H = Sm, Eu, and Yb) involved the removal of a
57572
1,2

volatile, labile ligand under’réduced pressure e
(nescs)zn(n) ¢ (Hescs)zﬂ +L ¢t (1)
Perturbation of such a coordinative equilibrium could lead to a general
method for the synthesis of the divalent lanthanide species, given the
proper choice of ligand. The base adduct chosen for investigation,
(Hescs)zn(OEtz), can be synthesized in a one-step procedure (eq. 2), and

yet has a ligand which has been demonstrated to be relatively weakly

OEt2
HI2 + 2 NaCSHe5

> (Me C

H(OEtz) + 2 Ral (2)
5

5'2
coordinntinq3. While the diethyl ether complexes of ytterbium and
europiun havevbeen prepared previouslyB, the samarium analog had not
been reported. The nost convenient synthesis of samarium(II) iodide
yields SmIz(thf)n, vhich results in the formation of a thf adduct in the
metathétical preparation of the (Hescs) complex, even from diethyl ether
uolution‘. Heating the diiodide under vacuum, however, will remove the
thf, and the diethyl ether adduct of (Hescs)ZSm can be isolated from the
reaction shown in equation 2 (M = Sm).

If a toluene solution of (Hescs)sz(OEtz) is heated to 100°C, then

exposed slowly to dynamic vacuun so that the solvent is removed over a

period of several hours, the coordinated diethylether is removed

A
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quantitatively, resulting in a high yield of bis(pentamethylcyclopenta-
dienyl)ytferbium. This desolvation process can be extended to the
earlief divalent lanthanides.

It is of interest in the stﬁdy of the bonding and chemistry of
these species to examiﬁe the analogous bis(pentamethylcyclopentadienyl)
alkaline earth complexes (M = Ca, Sr, Ba). The ionic radii of the
alkaline earth cations are similar to those of the divalent lanthanide

. . .. . , , 5 c e ..
cations in similar coordination environments™ (see Table I); if ionic

Table I Ionic Radii (A) of Lanthanide and Alkaline Earth Dications
(C.N. = Coordination Number)

M C.N. Ionic Radius M C.N. Ionic Radius

I
Yb 6 1.02 | Ca 6 1.00
Yb 7 1.08 | Ca 7 1.06
Yb 8 1.14 | Ca 8 1.12
|
Eu 6 1.17 |
Eu 7 1.20 |
Eu 8 1.25° | Sr 6 1.18
| Sr 7 1.21
sm 6 - | Sr 8 1.26
Sm 7 1.22 |
Sm 8 1.27 |
|
| Ba 6 1.35
| Ba 7 1.38
| Ba 8 1.42

bonding is strictly followed, the chemistry of the ytterbium and calcium
analogs should be nearly identical, while the chemistry of the europium
and samarium conmpounds should resemblehthat of the strontium compound
most closely. The alkaline earth ether adducts (M = Ca, Sr, Ba) can be

prepared by the method of Equation (2). The calcium and strontium



14
reactions are carried out in diethylether, as in the case of the
lanthanides, but there is no reaction between BaIziand NaCSMe5 in this
solvent, presumably due to the insolubility of the barium salt. If the
reaction is instead conducted in tetrahydrofuran solution, the isolated
product is (Mescs)zBa(thf)2

desolvated by the same "toluene reflux" method to give the compounds

All three of these ether adducts may be

(MeSCS)ZM (M = Ca, Sr, Ba). Some physical characteristics of the base-

free complexes are given in Table II. .

Table II Physical Characteristics of (Me_.C.). M

575"2
M Color M.P. 1y mr 13¢ wur
Sm Green 214-217°C §1.16 (v1/2 = 25Hz) & -98.2 (C_Me
' 5 99.0 (C,Re ? (ref 6)
Eu Red 219-222°C not visible not visible
Yb Brown 189-191°C 5 1.92 (s) § 113.4 (C Hes),
(red>130°C) §10.61 (0 sMe)
Ca WVhite 207-210°C § 1.90 (s) § 114.3 (C5 5),
§ 10.27 (C )
Sr WVhite 216-218°C §1.95 (s) § 113.6 (C5 e.),
§ 10.83 (C5 )
Ba Vhite 265-268°C §1.97 (s) & 114.0 (C_M ),

5 11.10 (cg )

The colors of the base-free complexes are the same as those of
their ether adducts with the exception of the ytterbium compéund, whose
diethyl etherate is green. The ytterbium species displays a variety of
colors, depending on the physical form of the compound. Samples
crystallized from hydrocarbon solvent can display two different

crystalline forms: 5 dark brown-black form, and a dark green form which
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loses occluded solvent under reduced pressure to give 1light brown,
opaque crystals. Freshly sublimed samples appear bfown-green. The
compound is also therhochroic in all forms, reversibly turning orange-
red above ca. 130°C. This will be discussed in more detail in Chapter
Three. .

All of the .conpounds are thermally stable; they melt without
decomposition and sublime readily. Electron impact massvspectta show
strong molecular ions. Where multiple isotopes of the metal occur
naturally, these molecular ions display isotopic envelopes which can be
simulated (see Experimental Section).v In thé case of (Hescs)zsm, hibher
molecular weight clusters are observed in the gas phase,.corresponding
to (Hescs)zsm2 and (He5C5)3Sm2: these clusters can also be simulated
(Fig. 1).

Figure (1) Isotopic Clusters for'(ne5C5)3Sm2
706 : 706

IJIJ I

Experimental Simulated

Twvo of the divalent lanthanide complexes, (Hescs)znu and

(HeSCS)ZSm. are paramagnetic, and the temperature dependence of their
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solid-state magnetic susceptibility has been examined. The plots of
llxn vs. T can be seen in Figures (2) and (3), respectively. As
nentioned in the Introduction, the partially filled 4f orbitals in
lanthanides are well shielded from interaction with ligand-based
orbitals, resulting in very small crystal field splittings (< 300 cm-l,
on the order of kT at room temperature). Therefore, unlike first-row
transition netal ions, the magnitude of the crystal field splitting is
smaller than both electron-electron repulsion and spin-orbit coupliqg,
and the spectroscopic states of the lanthanides can be predicted by the
Russell-Saunders coupling scheme. For most lanthanide electron
configurations, the value of the spin-orbit coupling is of a sufficient
magnitude that any excited states are nuch higher in emnergy than the

ground state configuration. The magnetic noment can then be calculated

fron equation (3), where g3 is the Lande splitting factor (equation
2+

(4)). The magnetic behavior of (MeC) ,Bu (Eu®, 4f7, 8S) is an example
"eff bl gJ {3(3 + 1)]1/2 (3)
S(S +1) +J(J+1) - L(L + 1)
g; = 1+ (4)

2J(J + 1)
of this case. The plot (Figure 4) shows essentially Curie behavior in
the range 5-280 K with 6 very close to 0 K and u = 7.70 and 7.84 B.M. at
5 and 40 kG, tespeétively.

6, 7Fo), however, the J = 0 and J = 1 states

1

o4

In (HeSCS)ZSm (sn™ , 4f
in the free ion are separated by only ca. 300 cm -, and the J = 2 state
lies only ca. 200 cm-l above the J = 1 state. Both of these first two
excited states are thermally accessible, and contributions due to these

in proportion to their thermal populations must be taken into account in



Figure (2) Plot of 1/)(M vs. T for (MeSCS)ZEu
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a calculation of the moment. Ions with a 4f6 configuration should
display temperature independant paramagnetism at low températures (when
there 1is 1little thermal population of excited states). The molar
susceptibility then rises with temperature as the J = 1 and 2 states
become populated; the value of u at 300 K is predicted7 to be 3.4-3.5
B.M. The plot of 1/)(M vs. T for (MeSCS)ZSm clearly demonstrates this
behavior: at 5 kG xM(corr) = 5,016 x 10-3 emu/mol and u = 3.36 B.M.
(281.7 K), while at 40 kG xM(corr) = 5.032 x 10-3 emu/mol and u = 3.37
B.M. (282.7 K). A solution measurement has previously reported that
(297 ¥) = 3.7 B.1.5.

It is noteworthy that the plots for these compounds closely
resemble those of the free M2+ ions, as well as those of.inorganiq salts
of Sm(II) énd Eu(II)7. This indicates that the crystal field splitting
induced by the pentamethylcyclopentadienyl ligand in these compounds is
not significantly larger than that induced by simple halide and. pseudo-
halide 1ligands. The extent of metal-ligand orbital interaction is

small, and therefore the compounds are best considered to be ionic.

-Structure
Bis(cyclopentadienyl) compounds have been shown to adopt a
bewildering variety of structures, depending on the central element, M.

Where M is a d-transition element, the structure is generally a D or

5h
DSd parallel-ring "sandwich"a, as is that of Mg(CSHS)g. Bis(cyclopenta-

dienyl)beryllium, however, exhibits a ring slip structure described

alternately as nz—ns or n3-n5 10. The compound Ca(CSHS)2 has been found

to have a complicated solid state structure in which each calcium has in

“‘/
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its coordination sphere two ns-rings, one n3-ring, and one n1~ringll.

Most compounds of the Group 14 elements have been shown generally to

adopt a C "bent sandwich" structure both in the solid12 and gas

2v

phasesl3, except when prévented by interligand repulsions14 (one

interesting exception to this is (MeSCS)ZSi' which has bent and parallel
' 15

sandwich molecules in the same asymmetric unit 7). The -Group 12

compounds can also display a range of structures. The compound

Zn(C.H. ), is a linear polymer16 )

57572

have been shown to have "slip-sandwich"

, while Zn(CSM
17

eg), and Zn(CSHASiMe3)2
structures in the gas phase.
The solid-state structures of (Mescs)ZSm and (MeSCS)ZEu_have beén
determined by single crystal X-ray crystallographyz. As expected, the
steric requirements of the pentamethylcyclopentadienyl ligand prevent
coordination polymerization. The molecules have a bent sandwich
geometry in the solid state. The space group and unit cell constants of
the brown-green crystalline form of (Mescs)sz derived from sublimation

were determined by precession photography, and it was found to be

isomorphous with the samarium and europium structures (Table III).

Table III Unit Cell Constants for (MeSCS)ZM
M Space Group a(A) b(A) c(A) B Ref.
Sm P21/n 9.815(3) 13.436(9) 14.163(8) 94.98(4) 2
Eu P21/n 9.838(4) 13.443(4) 14.174(3) 95.03(2) 2
b P2, /n 9.8 12.4 14.9 95. this work
Ybb PZl/n 31.013(3) 12.466(2) 9.836(1) 95.960(9) this work

a brown-green form, from precession photographs. b brown-black form.

The dark brown-black form obtained from aliphatic hydrocarbon solvent

had one doubled cell constant, however, indicating that this form was
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not strictly isomorphous with the previously determined structure. The
crystal structure of this modification was determined by X-ray
diffraction.

The structure of this form also consists of individual molecules of
a bent sandwich geometry, but there are two crystallographically unique
rolecules in the aéymmetric unit. Figure (4) shows an ORTEP drawing of
the nolecules, while Table IV contains relevant bond distances. Com-
parison of the individual (xescs)zu units in the Sm, Eu, and Yb

structures reveals that they are qualitatively quite similar (Table V).

In all three cases, the metal atonm is ns-coordinated to two non-parallel

Table IV Bond Distances for (HeSCS)ZYb (A

Ybl-C1 2.670(4) Yb2-C21 2.684(3)
Ybl-C2 '2.651(3) Yb2-C22 2.690(3)
Yb1-C3 2.646(3) Yb2-C23 2.656(3)
Yb1-C4 2.641(3) Yb2-C24 2.636(3)
Yb1-C5 2.656(3) Yb2-C25 2.640(3)
Yb1-C11 2.672(3) Yb2-C31 2.671(3)
Ybl-Cl2 2.667(3) Yb2-C32 2.665(3)
Yb1-C13 2.673(3) Yb2-C33 2.662(4)
Yb1-C14 2.664(3) Yb2-C34 2.676(4)
Yb1-C15 2.682(3) Yb2-C35 2.690(3)
Ybl-Cpl 2.366 Yb2-Cp3 2.31

Ybl-Cp2 2.386 Yb2-Cpd 2.390

Cpl through Cp4 are the ring centroids for the rings composed of C1-C5,
C11-C15, C21-C25, and C31-C35, respectively.

Table V Holecular Geometries of (HeSCS)ZH Compounds
Sm Eu - Yb (two molecules)
H-C (ring, avg) 2.79(1) A 2.79(1) A 2.662(3) A, 2.667(3) A
H-Cp (avg) 2.53 A 2.53 A 2.376 A, 2.384 A

LCp-M-Cp 140.1° 140.3° 145.7°, 145.0°
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Figure (4) ORTEP Labeling Diagram of (MeSCS)ZYb (Two Unique Molecules)
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pentamethylcyclopentédienyl rings, with the rings staggered with
respect to one another.

The molecular geometry of the ytterbium compound is typical of
Yb(II)bis(pentamethylcyclopentadienyl) complexes. The averaged M-C
(ring) distance, 2.665(3) A, is similar to that found in the complexes
(Me,Cy) ,Yb(OEt,) [2.69(2) Al’ and (Me,C),Yb(thf) -1/2 PhMe ([2.66(2)

18

A]"". The ring centroid-metal-ring centroid angle is slightly larger

than that found in base adducts [140.6° for (Me ) Yb(ostz), 143.5 for

5% 2
(Hescs)sz(thf)]; in the adducts, steric repulsions between the rings
and the coordinated base cause the ring-metal-ring angle to be
compressed. The greatest deviation from planarity for a carbon atom in
any of the rings is 0.010(4) A. In the two unique molecules, the rings
are twisted with respect to one another by 21.5(3)° and 25.3(4)° (this
5)Zsz). The nethyl groups on the
cyclopenfadienyl rings are bent out of the plane of the rings away from

angle is reported as 19° in (Hesc

the ytﬁerbiun atoms by an average of 0.131(5) A and 0.150(5) A in the
twvo unique molecules (0.13 A for Sm and Eu); this structural feature has
been noted in other lanthanide complexeslg.

The differences in the M-C bond lengths and the ring—netal;ring
angles for the three lanthanides are readily explainable in terms of the
size 6f the metal radii. As the size of the divalent ion decreases in
the series Sm > Eu > Yb, the metal to carbon bond length decreases by a
commensurate amount (see Table I). In the structure of (Hescs)sz, the
closest non-bonding contacts between the two rings on one metal atom are

3J.494(6) A and 3.680(7) A for the independant molecules. The

corresponding values in the Sm and Eu structures are 3.56(1) A and
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3.55(2) A, respectively. As the siie of the metal ion increases, the
effective distance between the ligands increases, aﬂd a smaller ring-
metal-ring can be toleiated béfore this non-bonding limit is reached.
The difference in thg structures of (Mescs)zn (M = Sm, Eu) and the
structure of (MeSCS)ZYb determined in this study lies in the nature of
the intermolecular ‘interactions. In the structures of the samarium and
europium compounds (and presumably the brown-green form of the ytterbium
compound, given the similarity of the unit cell parameters), each
molecule has one close metal to methyi carbon intermolecular contact
with a molecule related by a crystallographiﬁ center of inversion. 1In
(MeSCS)ZSm, this contact is 3.22(1) A, while in (Me5C5)2Eu it is 3.19(2)
A. There are no other intermolecular contacts closer than 3.7 A. This

close contact has the effect of creating a "coordination dimer" (Figure

5).

Figure (5) Intermolecular Contacts in (Mescs)zsm

~ O
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In the brown-black form of (Me5C5)2Yb, the analogous molecules are

no longer related by an inversion center: one unit twists with respect
to the other, so that it forms close contacts with a molecule in an

adjoining asymmetric unit. Yb(2) now has two close contacts with methyl

groups on a ring bonded to Yb(l): Yb2---C19 = 3.078(4) A and ¥b2--.C20

3.305(5) A. The Yb(l) in turn has one close contact (Ybl---C36
2.944(4) A) to a methyl group on a ring associated with a Yb(2) in an
asymmetric unit related by a unit translation along the c axis. The
result of these contacts is a "linear coordination polymer" (Figure 6).

The strength of these interactions is obviously weak; they must be on

Figure (6) Intermolecular Contacts in (MeSCS)ZYb
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the order of solvation energies, s{nce the compounds are all hydrocarbon
soluble. The IR spectfa of the different crystal morphologies are
superimposible. It is unknown whether the structure distorts to allow
these acid-base interactions to occur in the solid state, or whether
they exist incidentally simply becau#e of crystai packing forces. This
topic will be discussed further in Chapter Three.

Whatever their origin, these intermolecular interactions may have
the effect of compressing ﬁhe ring-centroid;rihg centroid angle in the
solid state, in the same way that the angle is compressed in base
adducts. In order to study the structure of these molecules in the
absence of ‘such perturbations, electron diffraction experiments have
récently been carried out in the gas phase on (MeSCS)ZM (M = Yb, Mg, Ca,
Sr, and Ba)lg. The results. of these investigations can be found in
Table VI.

The gas phase results indicate that the compounds (except for Mg)

Table VI Geometrical Paramaters for (MeSCS)ZM
M M-C/A (mean)  1/A°  M-Cp/a o/ 6/ > £5,61°°
¥Yb 2.622(6) 9.4(5)  2.326(5) 158(4) -1(2) 20(3)
Mg 2.341(6) 11.9(13)  2.101(8) o° o od
Ca 2.609(6) 9.9(11)  2.312(6) 154(3) -3(1) 20(2)
Sr 2.750(8) 10.5(7) 2.469(6) 149(3) -3(2) 25(3)
Ba 2.898(17) 14.8(16) 1.631(6) 148(6) =3(3) 26(6)

AThe ring centroid-metal-ring centroid angle. bThe tilt angle of the
ring away from a perpendicul&r to the metal-centroid axis. "The angle
between the ring planes. Fixed value. 1 = r.m.s. amplitude of
vibration
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have a bent-sandwich geometry. The best fit to the experimental data
was obtained when the rings in the refinement model had a staggered
geometry. Within experimental error, the differences in the metal-
carbon bond lengths are exactly as one would expect given the.
differences in metal ion radii (see Table I). The Yb-C bond length is
slightly smaller than the value found in the solid state; this may
indicate that the intermolecular contacts in the solid state may
effectively increase the coordination number of the metal, thereby
increasing its ionic radius.

Refinement of o and 8 clearly shows that the non-parallel ring
geometry is due to a bending of the molecule, rather than to tilting 6f
the rings. The bend angle in the case of Yb is not statistically larger
than the value in the solid state; the smallest intramolecular Me-Me
distance in the gas phase is 4.15(10) A. The bend angles decrease with
increasing metal radius. It must be. cautioned that the structures
correspond to thermal average values; the data are not corrected for
shrinkage effectSZI, and a regular sandwich can not Se ruled out as the
equilibrium structure. A regular sandwich structure 1is considered
unlikely, however, based on a comparison of the r.m.s. amplitudes of
viBration for the M-C bond lengths with the values for other
decamethylmetalloceneszz. If the equilibrium geometry is regular, the
energy required to bend the molecule 20° must be less than ca. 1.9

kJ/mol.

Bonding

Any explanation for the unusual bent geometry of the bis(penta-
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methylcyclopentadienyl)lanthanides and alkaline earths must rely on an
assumption for the bonding model to be employed. Information about the
nature of the bondin§ in these complexes has been derived from the
results of recent UV photoelectron spectroscopy (PES) experiment523. In
UV PES studies, electrons are ionized from valence molecular orbitals,
and so information may be obtained as to the extent of stabilization of
the 1ligand orbitals through covalent interaction with metal-based
orbitals. This is illustrated in Figure 7. 1In the familiar molecular
orbital diagram for a metallocene in D5d symmetry, it can be seen that
the most easily ionized electrons are those in the alg and e2g orbitals,
primarily metal-based orbitals. The next highest occupied molecular
orbit;ls are those principally involved in metal-ligand bonding: the e1g
and e orbitals. These orbitals are derived from the occupied cyclo-

1lu
pentadienyl n-bonding orbitals, stabilized through interaction with

Figure (7) Molecular Orbital Diagram for D5d M(C5H5)2
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metal-based orbitals. The more covalent the interaction, the more these
orbitals are stabilized, and the higher the energy required to ionize

the electrons. The splittihg between the e and e u bands can also be

1g 1
indicative of the degree of covalent interaction. The e1g set interacts
with metal ndxz and ndyz orbitals, while the €l set must interact with

the higher-lying (n + 1)px,py pair. As the covalent interaction

increases, the e1g orbitals are stabilized to the point where they move

below the €. in energy in the d-transition metal series (these may be

distinguished by their differing He(I)/He(II) intensity ratios). The

larger the splitting, the more covalent the interaction. In Table VII,

the PES data is presented for the lanthanide23 and alkaline earth24
Table VII Vertical Ionization Energy (eV) Data for (HeSCS)ZM
Adiabatic Edge

H of e, band e,u &g Splitting Other

Mg 6.90 7.75 7.05 0.70 -

Ca 6.46 . 6.99 - -

Sr 6.30 6.98 - -

Ba 6.13 6.75 - -

Sm 6.30 7.05 - 5.37, 5.572

Eu 6.30 6.93 - 6.262

Yb 6.50 7.11 - 6.112

v o 7.00 o121 7.69 0.42 5.87°

Cr 7.10 7.27 7.89 0.62 4.93, 6.18b
6.34, 6.69

Mn 7.10 7.26 7.95 0.69 5.33, 5.72, 6537
6.50, 6.72b

Fe 7.30 7.31 8.08 0.77 5.88, 6.28

a

4f ionizations. b 3d ionizations from e, and a1 orbitals; for
detailed discussion, see reference 25a. g g
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compounds, as well as the assignments for some first row decamethyl-

25 for comparison. The primary feature to note is the

netallocenes
position of the ring ionizations. For the first row metallocenes, the
e, ionizations are higher in energy, indicating stabilization of the
ring R-orbitals interaction with netal-based orbitals: covalent bonding.
For the lanthanide and alkaline earth complexes, the e, ionizations are
much lovwer in energy, corresponding to a greater localization of charge
density on the rings, or ionic bonding. It should also be noted that
there is no separation of the e1g and 1 bands in these latter species.
This is taken primarily as a further indication of ionic bonding, but
there may be another factor involved in decreasing the resolution. 1In a
reduction synmetry from D5d to C2v, the elg and e degenerate orbital
pairs are reduced in symmetry to a, + bz and a, + bl, respectively.
This closely spaced manifold of 4 orbitals nay not be resolved, but
appear as a qinqle broad band. For the ionic D5d netallocene
(Hescs)znq, the degenerate levels will still be resolvable.

Quasi-relativistic Xo-SW nolecular orbital calculation323 have
confirmed the essential results of the PES studf. Covalent
contributions to the bonding of the bis(pentamethylcyclopentadienyl)-
lanthanides are small, as indicated by the localization of charge on the
ligands, and by the very small ligand field splitting of the 4f orbitals
(0.07 eV). Holecular orbital calculations could not establish a reason
for the bending of the nolecules, however. ‘

The explanation for the trends in the geometries of these species
may be sinilar to that used to explain the bending in alkaline earth

dihalides. Experiments using the electric quadrupole deflection of
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molecular beam526

have established that for a given halide, the
molecular geometry of its alkaline earth compound becomes progressively

more bent as one progresses down the group:

Table VIII Geometries of Alkaline Earth Dihalides.
L X-H-X | F cl Br I
|
Be | 180° 180° 180° 180°
Mg | « 160° 180° 180° 180°
Ca ] 140° 180° i80° 180°
Sr | 108° 118-130° 180° - 180°
Ba | = 100° & 120° "bent"”  "bent"

Twvo nodels have been employed to explain these structural trends. An
orbital hybridization nodel has been proposed27 in which a linear
geometry for a triatomic molcule is considered to be the result of an s-
p hybridization of the central metal, while a bent structure is the
result of s-d4 hybridization. VThe factor vhich determines vwhat geometry
a polecule will adopt is the energy of rehybridization. Descending
Group 2, the ns -+ (n - 1)d electron promotional energy decreases with
respect to that for ns - np, so that the heavier alkaline earths are
more likely to exhibit a bent geometry. With decreasing halide size,
the electronegativiy of the halide increases, leading to increased
cationic character for the central metal. This is proposed to lower the
sd “valenée state" with respect to the sp valence, giving rise to an |
increased bending angle. Vhat this model fails to take.into account,
however, is cation polarizability. The error of this assumption is
apparent vhen one considers that some estimates place the polarizability

2+ above that of F 30.

of Ba
Considering the preponderance of evidence suggesting ionic bonding

for the lanthanide and alkaline earth compounds studied here, it is
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desirable to invoke a model which relies only on electrostatic
considerations to explain the geometry. The polarizable-ion model,
first applied to a calculation of the binding energies and. dipole
moments of alkali halide moleculeszs, has subsequéntly been used
successfully to calculate not only thermochemical propertieszg, but also
equilibrium geometries ofvalkaline earth dihalides30

The model is empirical, requiring the vknowledge of certain
parameters such as internuclear distances, vibrational force constants,
and ion polarizabilities, but these values can then be used to derive
binding energies, dipole moments, and bending angles. The basis of the

model as applied to metal dihalides is a calculation of U the total

TI

heat of formation of MX, from the free ions (see Figure 8):

2
UT =U, + Ur * U (5)
Ue = electrostatic binding energy
Ur = repulsive energy
va = van der Waals attractive energy

This formula neglects zero point and thermal energies. The term Ur
accounts for the repulsion between ions when the outer electron shells
begin to overlap. It is usually calculated by a formula similar to
equation (6), summed over all ion pairs. The term va describes the
instantaneous dipole attractions between the ions, and is of the form of
eqqation (7.

U_ =2 A,.exp(-r, ) , p = large (6)

.
r ij ij 137713

6

Both of these terms operate only at very short range, and do not make

significant contributions to the total energy for values of 6 greater
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~ Figure (8) Electrostatic Parameters for a Triatomic Molecule

Utort = Ug* Uyt Uy

+Elz

o; = static ion polarizability
than ca. 30°. They must be included in any energy calculations, but can

be neglected when calculating the geometry of the molecule. The final

ternm, Ue' is the sum of all the electrostatic forces in the molecule:

Ue = Uoe * Ueq * Ugq * Ugq - (8)
Ucc = charge-charge interactions
Ucd = charge-dipole interactions
Udd = dipole-dipole interactions
de = work of inducing dipoles

Assuming values for r, and z, E+ and E- can be calculated. Then by
assuning values for the static ion polarizabilities, the induced dipole
moments can be calculated as functions of 6. This allows the terms in
equation (8) to be evaluated. A detailed treatment may be found in
reference 30. If the molecule consists of a large, polarizable cation
and small, relatively non-polarizable anions, bending the moleculé
increases the magnitude of the electrostatic field (and hence the dipole

moment) at the cation more than at the anions. This in turn increases
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favorable negative charge-positive dipole and negative dipole-positive
dipole attractions. For large values of 6, this increase more than
offsets the increase in repulsion between the anions, and bending 1is
favored.

This model can be successfully applied to lanthanides, and has been
uséd not only to predict trends in structures and vibrational

frequencies for halides31

32

, but also to calculate dissociation energies
both for halides and for mono—oxides33 in the gas phase. The question
- of the applicability of this model to bis(cyclopentadienyl) lanthanides
then lies in the assumpfion that C5Me5- is a relatively non;polarizable
anion. The polarizabilities of ions are sometimes approximated by an
equation of the form:
a«C r2/IP (9)

where rz is the average value of the square of the radius of the valence
electron orbit, and IP is the ionization potential of the ion34. The
.component of the polarizability of interest is that perpendicular to the
plane of the ring, since when 6 is large, so is B. The radial extent of
the valence orbitals in fhis direction is that of the C 2p orbitals,
i.e. the polarizability in the direction of the cation is not expected

to be large.

Coordination Chemistry

The postulate that similar ionic radii for lanthanides and alkaline
earth bis(pentamethylcyclopentadienyl) compounds should lead to similar
coordination behavior seems to be verified by the coordination chemistry
with ethers. Metals of the same approximate size, such as Yb and Ca,

will form the same adduct (e.g. a mono-diethylether adduct), whereas a
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"larger metal, such as Ba, will not form the analogous compound. On the
other hand, the largest members of each series, Sm and Ba, both form 1:2

35, whereas the Yb compound only forms a 1:1 adductla.

adducts with thf
In an attempt to extend the comparison, a series of compounds has been
prepared using three ligands of varying base strengths: bipyridine, 2,6-
dimethylphenylisocyanide, and triethylphosphine. All of the adducts can
be made in the same stoichiometry for each metal, however, and so no
additional information can be gained about relative ligand affinities
for metals of different sizes.

- All of the coordination compounds are synthesized by reaction of
the base-free metal complex with the appropriate number of equivalents
of ligand in hydrocarbon solveht, followed by crystallization, although
for the stronger ligands bipyridine and isocyanide, the ytterbium

complexes have been synthesized from the diethylether adduct18’36.

Bipyridine
The products of the reaction of (Me5C5)2Eu and (MeSCS)ZYb with
bipyridine have been previously characterized3’18. The Eu complex forms

a simple 1:1 adduct, but the Yb species reduces the heterocyclic ligand
to form a radical anion-Yb(III) complex. The Yb product was therefore
not used for comparison. Some physical characteristics of these
compounds can be found in Table IV. The most important feature of the
coordination compounds is their insolubility in hydrocarbon solvents;
the complexes must be recrystallized from hot toluene. Because of this
insolubility, the complexes could not be characterized by solution

methods, and evaluation of the stoichiometry was based on analytical
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Table IV Data for (MeSCS)ZM(bipy)
¥ Color MP Anal.
Eu Brown »300°C 'C 62.3, H 6.62, N 4.84

Found: C 60.9, H 6.67, N 4.75

Ca Red »330°C C 77.2, H 8.21, N 6.00
Found: ¢ 76.9, H 8.27, N 5.82

Sr Red »330°C C 70.0, ® 7.46, N 5.45
Found: € 69.4, H 7.51, N 5.38

Ba Red 317-319°C € 63.9, H 6.80, N 4.97
Found: C 63.0, H 6.92, N 4.96

data. Of all of the base adducts of the alkaline earth compounds, the
bipyridine complexes are the most stable towards hydrolysis. The
alkaline earth species are very sensitive to hydrolysis, seemingly more
so than the ianthanides; this is a feature of theéir chemistry which is
not well understood. The hydrolytic sensitivity increases in broportion
to the metal ionic radius. Because of this, analytical data are
generally poor.

The most startling feature of the glkaline earth complexes is their
bright color; although the coordination of heterocyclic bases was
observed to induce color changes in Ca(CSHS)237, the colors produced
were much paler. Other main group complexes of bipyridine have been

shown to exhibit bright colors, however38.

Triethylphosphine
The phosphine was the most weaklj coordinating base to be studied
in this series, as evidenced by the colors of the alkaline earth

species. While phosphine complexes of (Me5C5)2Yb have been synthesized
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previously39, phosphine complexes of Group 2 elements have not been
reported. Reaction of the base-free species with any number of
equivalents of phosphine produced only the 1:1 adduct. Some physical
characteristics of these species are given in Table X. These

Table X Data for (Hescs)zM(PEt3)

M Color MP 1HNMR 31PNMR

Yb Green 128-132°C & 2.05 (30H) 5 -20.1 (s)
&5 1.24 (9H), & 0.93 (6H)

-Ca White 111-113°C & 1.98 (30H) 5§ -20.3 (s)
§ 1.21 (9H), & 0.87 (6H)

Sr White 140-142°C & 2.03 (30H) 8§ -20.1 (s)
§ 1.21 (9H), & 0.85 (6H)

Ba White 250-255°C & 1.96 (30H) 8§ -20.3 (s)
5§ 1.17 (9H), & 0.89 (6H)

species were studied by 31P{1H1NMR spectroscopy in an attempt to discern
any solution perturbation of the phosphorus chemicél shift. The values
for all of the complexes were the same, at approximately the free value
of-PEt3. This indicated the possibility of a dissociative equilibrium
in solution. Variable temperature studies were then carried out, with
the goal of freezing out this equilibrium. These experiments were not
successful. While in the case of the heavier alkaline earth compounds
(sr, Ba) the phosphorus resonance was observed to move upfield slightly
upon cooling to -80°C, the signal had not broadened significantly (vl/2
= 4 Hz), indicating that the equilibrium was not being slowed
substantially.
2,6-Dimethylphenylisocyanide

The isocyanide ligand forms a 2:1 adduct with all of the alkaline

earth complexes, as well as with (MeSCS)ZEu and (MeSCS)ZYb’ It is



37
reduced by the samarium complex to give an uncharacterized mixture of
products. Some physical characteristics of the coordination compounds

are given in Table XI. The position of the wCN band in the IR spectra

Table XI Data for (MeSCS)ZM(CNR)2 (R = 2,6—dimethy1§henyl)
Nt Color M vy ON (en )
Eu - brown 229-231°C 2144s, 2115w
Yb green-brown 199-202°C 2131s, 2116sh, 2095m
Ca yellow 213-215°C (dec) 2145s, 2115h
Sr yellow 230-233°C (dec)  2150s, 2115m
Ba yellow ©211-212°C (dec)  2138s, 2115m

of the compounds can be indicative of the nature of the metal ligand
interaction. If the isocyanide is acting simply as a o-donor, the CN
stretching frequency will increase upon complexation, whereas if the

ligand is acting as a mn-acceptor, the stretching frequency will be

reduced4°. For example, vCN for free cyclohexylisocyanide is 2135 cm-l.

1 in the coordination compound with

, and to 2160 in the complex with U(C5H5)342. The values of VvCN

This value is raised to 2215 cm
aipn,
for the complexes considered in Table XI are all raised from that of the
free ligand, 2115 cm-l. In addition, a band is seen in all the spectra
at the position of the free ligand, indicating either hydrolysis, or
dissociation of the isocyanide in the Nujol mull.

While the 1HNMR spectra of the alkaline earth adducts all showed
normal diamagnetic shifts, the spectrum of the Yb species showed
broadened resonances at room temperature. Solid state magnetic

susceptibility measurements indicated that the compound was diamagnetic,

however, indicating that the broadened signals were probably due to
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chemical exchange. Variable temperature NgR experiments were carried
out on the Ca, Sr, Ba, and Yb compounds with added excess isocyanide.
In the case of the alkaline earth compounds, there was one sharp signal
for the ortho-methyl groups at room temperature, indicating rapid
exchange of free and coordinated ligand. Upon cooling to -80°C, the
methyl resonance of the ligand had begun to broaden (V1/z = 10 Hz), but
exchange had not.been stopped. In the case of the Yb compound, adding
excess ligand caused the room temperature spectrum to broaden further:;
the isocyanide methyl resonance appeared as a broad singlet at & 2.89
(vl,2 = 35 Hz), and the CSHe5 protons appeared at 8§ 2.34 (vl/2 = 12 Hz).
Warming this sample to +70°C caused the resonances to sharpen as the
fast exchange limit was approached. VWhen the sample was cooled, the
resonances remained unchanged until -50°C; at this point, a multiplet
vas observed in the aryl region at & 6.76, and two other signals were
visible at § 2.72 (vl/2 = 28 Hz) and & 2.46 (vu2 = 4 Hz), corresponding
to isocyanide methyl and Csne5 resonances. The resonances then became
sharper down to -70°C, when resolution was lost.

The differences in the solution behavior of the complexes
(Hescs)zﬂ(CNR)z’(H = Yb, Ca) is significant in that it represents the
only evidence in the study of the coordination chemistry of these
species that the lanthanide and alkaline earth complexes may display
different bonding properties. While the origin of this difference is
not understood (the similarity of the IR stretching frequencies argues
against any substantial degree of =« back-bondipg), it would appear that
the barrier to dissociation of the isocyanide is higher for the Yb

complex than for its calcium analog.
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CHAPTER THO: Coordination Chenistry with Unsaturated Ligands

Coordination Compounds

Coordination compounds of d-block transition metals with olefins
and acetylene51 have been studied extensively. The bonding in such
complexes is described as consisting of two componentsz: the filled n-
bonding orbitals of the unsaturated molecules act as o-donor electron
pairs to the metal, vhile the empty n-antibonding orbitals are available
to accept electron density from occupied netal n-symmetry orbitals.
Coordination of potential #s-accepting ligands to lanthanides has also
been implied to exist in a number of reduction3 and insertion4
reactions, and a complex of - Sm(III) with a neutral arene ((Hescs)-
Sm(A1C14)3) has been isolateds. In spite of this, no coordination
compound. of a lanthanide with a neutral olefin or acetylene has
previously beenvcharacterized.

The base-free bis(pentamethylcyclopentadienyl)lanthanide compounds
are ideal starting materials for the synthesis of such species. Most
homoleptic cyclopeptadienyl conpounds are coordinatively saturated by
the presence of three cyclopentadienyl groups or strong auxiliary Lewis
bases. The compounds (Hescs)zﬂ, hovever, are coordinatively
unsaturated, and the ytterbium and europium complexes are Qtahle with
respect to oxidation, minimizing the likelihood of subsequent reaction.
The ytterbium compound is particularly well suited because it is
diamagnetic, allowing the use of NMR spectroscopy as a diagnostic tool.

The structure of (Hescs)Sm(A1C14)3 reveals that the arene is ns-'

bound to the lanthanides, and it is suggested that the electron rich n-
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system of the aromatic ring is forming a dative bond to the lanthanide.
While lanthanides are fully capable of participating in such an acid-
base interaction, the only occupied metal valence orbitals of the proper
symmetry to interact in a n fashion with a donor 1ligand are the f
orbitals, which are too shielded to overlap appreciably with empty n*
orbitals on an unsaturated molecule. Thus, the lanthanides are not
capable of engaging in back-bonding.

In d-transition metal chemistry, the importance of back-bonding is
manifested in the preference of the later transition metals for olefins
and acetylenes with eleétron-withdrawing substituentslc'e; the inductive
effect of the substituents increases the metal to ligand back-donation,
increasing the M-L bond strength. If ligand to metal o-donation is the
only componenf to the bonding, however, the strongest interaction will
be created by incfeasing the effective electron density in the 7 systenm
of the unsaturated molecule.

‘ One way of achieving this is to coordinate an olefin to an
electron-rich, low-valent metal, such as a member of the nickel triad.
The n-donation of electrons from the metal to the olefin should create a
partial negative charge at the olefin carbons. Addition of a solution
).Yb results in the isolation of a red

5'2
crystalline 1:1 adduct, (Me5C5)2Yb(y-C2H4)Pt(PPh3)2. , The analogous

of (PPh3)2Pt(C2H4) to (MeSC

nickel complex can be prepared, and is isolated as green crystals. The
IR spectra of these compounds resemble a superposition of the spectra of
the component molecules,'indicating little of no structural perturbation
has taken place on complexation.

In an attempt to evaluate the strength of such an interaction,
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variable temperature NMR studies have been carried oﬁt on the Pt
complex. The phosphorus chemical shift is very close to that of the
free platinum olefin complex, although the Pt~P coupling constant is
slightly higher. Neither the chemical shift nor the linewidth change
appreciably, however, upon cooling the sample to -70°C.

The behavior of the 1HNMR spectrum with temperature, however, gives
a clear indication that this is a chemically exchanging system (the
exchange observed is presumed to be between free and coordinated
(C2H4)Pt(PPh3)2 (eqn. 1)). 1In ds-benzene, the resonance due to the
| (MelCy) ,¥b + (C,H,)Pt(PPh,), 2 (Me,Cp),¥b(u-C,H,)Pt(PPh,), (1)
ethylene protons is visible at 90 MHz (30°C) as a broadened triplet at &
2.18 (shifted somewhat upfield from the free complex). At 500 MHz,
however, this signal is not visible at room temperature, and only begins
to reappear,in the spectrum at & 2.23 upon warming the'solution to 50°C.
The fast exchange limit is not reached by 90°C on this NMR time scale. -
In d8-toluene, the averaged signal due to the ethylene protons is
visible at room temperature at 500 MHz at &§ 2.06. Cooling this solution
causes the ethylene signal to broaden and disappear. At -70°C, the
signal due to the C5Me5 ligand is also broad, indicating that a region
of intermediate exchange has been reached. The rate of exchange is
evidently faster in dgftoluene than in d6-benzene, as indicated by the
regions of intermediate exchange (-70°C and 30°C, respectively). It is
possible that the aromatic solvents themselves can act as bases towards
the ytterbium complex through polarization of the n-electrons, in a
manner analogous to an olefin. In that case, the electron-donating

effect of the methyl group on toluene should improve the "basicity" of



45
the molecule. The more strongly coordinating solvent could be expected
to enhance the rate of dissociation of the Pt complex by competing for
the Yb coordination site. Further evidence of coordinating effects of
aromatic solvents will be discussed later in this chapter.:

Although the NMR studies indicated that the ethylene unit was
perturbed more by coordination to Yb than the phosphines, the inability
to stop chemical exchange rendered the choice of a coordination site
ambiguous. In order to establish the nature of the interaction, the
structure of the compound has been determined by X-ray crystallography.
Figure (1) is an ORTEP diagram of the complex, and pertinent bond
distances énd angles can be found in Tables I and II.

The molecule has épproximately CS symmetry, with the pseudo-mirror
plane passing through soth Yb, Pt, and the midpoint of the ethylene
unit. The rings on the Yb are staggered, with a torsional angle of

30.6°. The structure of the (C2H4)Pt(PPh3)2 unit in the coordination

Table I Bond Distances for (MeSCS)ZYb(y C2H4)Pt(PPh3)2 (A)
Pt-Cl 2.084(3) Pt-P1 2.284(1) Yb-C11 2.693(3)
Pt-C2 2.085(3) Pt-P2 2.266(1) Yb-C12 2.675(3)
Yb-C1 2.770(3) Yb-C13 2.672(3)
Yb-C2  2.792(3) P1-C111 1.833(3) Yb-C14 2.681(3)

’ P1-C121 1.834(3) Yb-C15 2.690(3)
Cl-C2 1.436(5) P1-C131 1.833(3) Yb-C21 2.660(3)
Cl1-H1 0.85(5) P2-C211 1.823(3) Yb-C22 2.650(3)
Cl1-H2 1.07(4) P2-C221 1.825(3) Yb-C23 2.634(3)
C2-H3 0.93(3) P2-C231 1.822(3) Ybh-C24 2.679(3)
C2-H4 0.97(4) Yb-C25 2.694(3)

Yb-Cpl 2.398
Yb-Cp2 2.378

Cpl and Cp2 are the centroids of the rings comprised of C11-C15 and C21-
C25, respectively.

compound remains essentially unchanged from the structure of the free

compound7a, and the structure of the (Mescs)sz unit does not differ



Figure (1)
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H4-C2-YDb
H1-C1-Pt
H2-C1-Pt
H3-C2-Pt
H4-C2-Pt

ORTEP Labeling Diagram of (MeSCS)Z(u-C2H4)Pt(PPh3)2
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68(3)
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103(2)
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113(2)
108(2)
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Yb-C1-Pt
Yb-C2-Pt
Yb-C1-C2

Yb-C2-C1

Pt-C1-C2
Pt-C2-C1

H1-Cl-H2
H1-C1-C2
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H3-C2-H4
H3-C2-C1
H4-C2-C1

Pt-P1-Cl11
Pt-P1-C121
Pt-P1-C131
Pt-P2-C211
Pt-P2-C221
Pt-P2-C231

142.7(2)
141.1(2)
75.9(2)
74.2(2)
69.9(2)
69.8(2)

117(4)
121(3)
113(2)
118(3)
117(2)
120(2})

114.3(1)
121.5(1)
109.1(1)
115.5(1)
115.3(1)
115.2(1)

c27

Table II Intramolecular Angles for (Mescs)ZYb(y-C2H4)Pt(PPh3)2 ()
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substantially from the observed structure of the ytterbium complex
determined in Chapter One. Some combarisons are given in Table III.

Table III Comparison; of Free and Coordinated Molecules

{C,H,)Pt(PPh,),

Bond Lengths (A) Bond Angles (°) _ Ref.
c-C M-C M-P CHMC PMP

Free 1.43(1) 2.106(8) 2.265(2) 39.7(4) 111.6(1) Ta
2.116(9) 2.270(2)

Coordinated 1.436(5) 2.084(3) 2.284(1) 40.3(1) 106.31(3) this

2.085(3) 2.266(1) work
(C,H,)NiP, 1.43(1)  1.98(1) 2.147(4) 42.1(5) 110.5(2) 7b
. 2.00(1)  2.157(4) ‘

_(M_esgs.)_zlb_ ,

Bond Lengths (avg, &) Bond Angles (°) Ref.

¥b-C Yb-Cp .Cp~Yb-Cp

Free 2.665(3) 2.380 145.4 Chap. 1
Coordinated 2.673(3)  2.388 142.3 this work
(MeCg),Yb(the) 2.66(1) 2.37 ‘ 143.5 8

The hydrogen atoms positions in free (C2H4)Pt(PPh3)2 were not
determined, and so no comparison of the geometry of the ethylene unit is
available. One parameter often used to describe the geometry of
coordinated olefins is «, defined as the angle between the normals to
the planes containing the olefinic € atoms and their substituentsg.
This angle is proposed to increase as the amount of n-back bonding
increases. For Pt(C2H4)3, the value has been determined by neutron
diffraction10 to be 31.4°, while in Pt(C2H4)2(C2F4), the values for the

ethylene and tetrafluoroethylene units are 32° and 70.4°, respectively.

The value of « in the structure of the Yb coordination complex is 52.7°.
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The ytterbium atom does form the closest contact with the ethylene
unit of the platinum compound, as indicated by the NMR data. The values

of the Yb-C (olefin) bond distances are 2.770(3) A and 2.792(3) A. 1In

11
5C5lp

contact distance is 2.756(9) A; when this number is corrected for the

the complex (Me5C5)2Lu(p-Me)Lu(Me)(Me the dative C(Me)-Lu

larger effective ionic radius of Yb(II) relative to Lu(III) in the same
coordination number (0.16 A)lz, the value of a Yb-C dative bond length
would be expected to lie in the range 2.85—2.9’A.

The ytterbium-olefin interaction in this molecule is similar to
alkali metal cation-olefin interactions seen in the solid state

structures of salts of d-transition metal olefin anionic complexes such

] 14a 14b
3°2 3

as K[Co(C2H4)(PMe3) ]

14c
oy

coordinated to ethylene units, with an average M-C distance of 3.12 A in

and {LiCo(C2H4)(PMe , and [(Nac H.),-

33 68572

(thf)sziC In these compounds, the alkali metals are nz-
the potassium compound, 2.71 A in the sodium compound, and M-C distances
ranging from 2.21-2.61 A in the lithium compound.

| The planes defined by Pt-C1-C2 and Yb-C1l-C2 meet in a dihedral
angle of 15.1°. While the origin of this tilt is not known (it may
simply be due to intermolecular packing forces), it brings two of the
ethylene hydrogen atoms to within ca. 2.6 A of the Yb atom: Yb-Hl =
2.58(5) A, Yb-H3 = 2.64(3) A (the other Yb-H distances are substantially
longer: Yb-H2 = 3.09(4) A, Yb-H4 = 3.15(3) A). These distances are
similar to non-bonding Yb-H distances of 2.53, 2.63, and 2.72 4 in

Yb[N(SiMe (Me3A1)213a, and 2.77 and 2.86 A in Yb[N(SiMe

3l2)2 3lal5”
(dmpe)l3b. This tilt is eventually stopped by the close approach of

methyl carbons to the ethylene unit (C2---C1l6 = 3.406(5) A).
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Acetylenes should also provide electron-riqh n systems available

for coordination to acidic lanthanides. The presence of two orthogonal
n-bonding orbitals enhances the basicity of these molecules. One way to
infer the relative basicities of weak bases is to examine the changes
that they produce in the infrared stretching frequencies of the 0O-H bond
of phenol. Based on tabulated information, the the order of baéicity of
unsaturated hydrocarbons is alkynes > alkenes > 1,3-dienes zvallenesls.
This data reveals also that internal acetylenes are significantly more
basic than their terninal counterparts (terminal acetylenes are

16, and therefore they are

sufficiently acidic to cause ring protonation
unsuitable for coordination studies). In agreement with this
qualitative ordering, simple acetylene coordinatioh compounds of
ytterbium can ;e isolated.

Reaction of a variety of substituted acetylenes with (Hescs)sz
results in the formation of 1:1 coordination compounds:

(He5 Yb + RCCR' = (Hescs)sz(RCECR') (2)

C5)2
(R= R'= Me; R = R'= Ph; R = Ph, R'= Me; R = t-Bu, R'= Me)
The 2-butyne adduct is red; all others are dark brown or black. No band
attributable to vCcC is visible in the IR spectra of these compounds,
indicating that the symmetty.of the acetylene is not reduced appreciably
upon coordination to the metal center. All of the spectra show a band
at ca. 275 cm-l. This band has been attributed to a M-ring stretching
'mode, and its position is often found to correlate with the oXidation
state of the lanthanide; in divalent ytterbium complexes, the band
appears below 300 cm-l, vhile in trivalent species, it appears at of

above 300 cm-l. Attempts have been made to examine the Raman spectrum
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of the 2-butyne adduct with a red dye laser, but these have not been
successful. Any number of factors may bé contributing to the failure of
the measurements: the sensitivity of the samples, ytterbium
fluorescence, scattering, concentration effects, etc.

The NMR spectroscopy of the compounds also shows little
perturbation of the coordinated ligand. In the 13C{1H} spectra, the
quarternary carbons are generally deshielded slightly with respect to
the free 1ligands. In the 1H spectra of the complexes, the most
noticeable difference exists in the case where R or R' is Me; these
resonances are shifted upfield by 0.1-0.25 ppm. For example, the
spectrum of free 2-butyne in d6-benzene shows a singlet at § 1.52,
whereas the resonance in the ytterbium adduct appears at & 1.27. The
complexes are undergoing rapid exchange of free and coordinated alkyne
in solution; NMR samﬁles with excess alkyne show a single set of
averaged resonances for the ligand. Variable temperature NMR studies
have been carried out on the 2-butyne adduct. Keeping in mind the
solvent dependence of the exchange rate in the platinum complex, the
experiments were conducted in methylcyclohexane, a saturated solvent. A
sample prepared with a 10-fold molar excess of 2-butyne showed a single
resonance for the ligand at § 1.63 (the free ligand appears in C.7D14 at
8 1.64). Cooling the sample to =-70°C did not cause this resonance to
broaden, although it moved downfield to & 1.73. Evidently the exchange
is still quite rapid at this temperature.

The mode of coordination of the acetylenes in the solid state has

been verified by determining the molecular structure of (MeSCS)ZYb(nz-
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MeC=CMe). An ORTEP diagram of the complex is shown in Figure 2, and

bond distances and angles can be found in Tables IV and V.

Yb(n°MeC=CMe) (A)

Table IV Bond Distances for (Mescs)2

Yb-C1 2.829(5) Yb-C1l1 2.674(5) Yb-C21 2.660(4)

Yb-C2 2.871(5) . Yb-C12 2.671(4) Yb-C22 2.641(5)
Yb-C13 2.678(4) Yb-C23 2.652(5)

Ccl-C2 1.154(6) Yb-C14 2.659(4) Yb-C24 2.651(5)

C1-C3 1.477(9) Yb-C15 2.654(4) . Yb-C25 2.651(4)

Cc2-C4 1.458(8) Yb-Cpil 2.384 Yb-Cp2 2.370

C3-H31 1.02(8) C4-H41 0.98(5)

C3-H32 0.95(8) C4-H42 0.90(7)

C3-H33 0.82(9) C4-H43 1.04(6)

Cpl and Cp2 are the centroids of the rings comprised of C11-C15 and C21-.
€25, respectively.

Table V Intramolecular Angles for (Me5C5)2Yb(02MeCECMe).(°)
C1-Yb-C2 23.4(1) C1-C3-H31 116(4)
Cpl-Yb-C1 107.8 C1-C3-H32 - 120(4)
Cp2-Yb-C1 107.7 C1-C3-H33 102(6)
Cpl-Yb-C2 108.8 H31-C3-H32 95(6)
Cp2-Yb-C2 - 107.5 H31-C3-H33 106 (7)
Cpl-Yb-Cp2 143.3 H32-C3-H33 118(7)
C2-C1-C3 178.9(6) C2-C4-H41 118(3)
C1-C2-C4 175.8(6) C2-C4-H42 113(4)
Yb-C1-C2 80.4(4) C2-C4-H43 115(3)
Yb-C2-C1 76.3(3) H41-C4-H42 104(5)
Yb-C1-C3 99.4(4) H41-C4-H43 112(4)
Yb-C2-C4 107.9(4) H42-C4-H43 93(5)

The molecule has pseudo-C synmetry, with the dihedral angle

v
between the plane of the 2-butyne and the Cpl-M-Cp2 plane equal to

5)sz unit is again typical of divalent

ytterbium coordination compounds; the average Yb-C (ring) distance is

91.5°. The geometry of the (Me5C

2.659(5) A, and the average Yb-ring centroid distance is 2.377 A. The
centroid-Yb-centroid angle is 143.3°. The rings are staggered, with the
torsion angle equal to 35.2°.

The C=C and average C-C(Me) bond distances in the complex are
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1.154(6) A and 1.468(9) A, respectively. These values are identical
within statistical errors to the values determined at =50°C in the
crystal structure of 2-butyne17 of 1.21(2) A and 1.46(1) A. The
terminal methyl groups are staggered; the torsion anéle is 55°.
Although the hydrogen atom positions are not well determined, there
appears to be no Yb-H contacts closer than 3.1 A.

The average Yb-C(acetylene) bond distance is 2.850(5) A4,

Figure (2) ORTEP Labeling Diagram of (Mescs)sz(nzkeCECHe)

Cc30

cas

H33

cl9

cié
Ci3
ci2

ci7
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approximately the same as was found in the platinum olefin complex. 1In
d;transition metal acetylene complexes, the most important structural
parameter in estimating the degree of metal to ligand back bonding is
the angle about the acetylenic carbon atoms. The smaller the angle
{(i.e. the more "benf back™ the substituents), the greater the component
of M-L na-donation. This angle tends to be smaller in 1low valent
electron-rich complexés (142(2)° 1in (PPh3)2Pt(PhC5CMe) for the methyl
substituentls), and tends to be larger in compounds with the metal in a
higher formal oxidation state, due to the reduced metal d-electron
density available for back bonding (168(2)° in tréns-[MePt(PMeZPh)z(nz-
MeCsCMe)]PFslg). In the 2-butyne adduct of the ytterbium complex,
however, the ligand shows virtually no deviation from linearity (the
average angle about the acetylenic carbon is 177.4(6)°), indicating that
there is no component of Yb 4f to n* back donation in the bonding.
Additionai evidence for the lack of this type of bonding lies in the
fact that the analogou§ 2-butyne coordination compound can be isolated
with (Mescs)ZCa, which lacks valence electrons in any orbitals which
would be suited by symmetry for nmn-back-bonding.

If both platinum-olefin complexes and acetylenes have sufficiently
electron-rich n-systems td coordinate to ytterbium, it might be reasoned
that platinum-acetylene complexes would be even more activatéd to serve
as bases for the lanthanide. Reaction of (Mescs)sz with (PPh3)2Pt(n2-
MeC=CMe) fails to produce a coordination compound, however, and the
starting materials are reisolated. The reason for this probably lies in
the structure of the platinum complex. While the solid state structure

of (PPh3)2Pt(n2-MeCsCMe) has not been determined, it is probable that
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the angles about the acetylenic carbons are similar to those found in
the PhC=CMe complex, ca. 140°. Therefore, the ytterbium can not
approach the C-C triple bond for ‘coordination without encountering
unfavorable steric repulsions due to the methyl groups, which are bent
back. This serves as a reminder that while Yb(II) may be acidic enough
to readily coordinate to a number of ligands, the steric requirements
sMes

effect on the chemistry of the molecule.

created by the C ligands are quite demanding, and may have a large

Ethylene Polymerization

The reaction of (Me5C5)2Yb with ethylene does not produce a simple
coordination compound; the solution changes color from orange to green,
and the ethylene is rapidly polymerized. Homogenous ethylene
polymerization by lanthanide catalysts is well documented4, but in all
reported cases the catalyst is a trivalent lanthanide alkyl or hydride
complex. The proposed mechanism for these polymerization reactions is
comprised of three basic steps. The initiation step involves the
concerted insertion of an ethylene unit into the metal?carbon or metal-
hydride bond. The propogation of the chain occurs by repeated
insertions into the bond between the lanthanide and the growing polymer.
The termination step is proposed to be B-H (or in the case of
substituted ethylenes even pBg-alkyl) transfer; this regenerates the

lanthanide hydride catalyst.

In the absence of a metal-carbon or metal-hydride o-bond, however,

the key insertion step cannot occur. It is likely, therefore, that in

the polymerization of ethylene by divalent bis(pentamethylcyclopenta-
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dienyl)lanthanide complexes, thg active catalyst is a trivalent species.
This idea is supported by the observation that only those complexes
which are capable of exhibiting the trivalent oxidation state, Yb and
Sm, show catalytic activity; ethylene is not polymerized by the Ca or Eu
conpounds. The concentration of catalyst in solution must be small,
however; in the case of ytterbium no bulk change in the oxidation state
of the species 1is observed. The samarium-containing solutions
eventually undergo an color change from green to yellow. This could be
due either to irreversible oxidation to a trivalent species, or to
decomposition of the (Méscs)zsm by impurities in the ethylene employed.

de

It has previously been reported that (Me.C.) Sm(OEtZ) will polymerize

5%/ 2
ethylene without undergoing a bulk change in the oxidation state of the
solution speéies.

Given the sensitivity of the lanthanide complexes to air oxidation,
it seems possible that products of such oxidation could be present in
small concentrations even in carefully prepared solutions. It is first
necessary to rule such species out as possible polymerization catalysts.
The compound [(MeSCS)ZSmlz(p~O) has previously been prepared by the
reaction of (Me_.C.)

575°2
oxide, pyridine N-oxide, and 1,2-epoxybutane20. An improved yield of

Sm(thf)z_ with such chemical oxidants as nitric

the material can be obtained by reaction of the base free complex
(MeSCS)ZSm with nitrous oxide in hydrocarbon solution. The ytterbium
analog has also been prepared in this manner. Although the bridging
oxide compounds can be prepared from the diethyl ether adducts of the

respective metals, the yield is reduced, particularly in the case of

ytterbium. Some physical characteristics of these species are given in

-~



56

Table VI.
Table VI Physical Data for [(HeSCS)ZM]Z(y-O)
u Color up Lane
Sm Yellow 265°C (dec) 5 0.06 (vl/2 = 9.5 Hz)
Yb Orange 334-337°C § 24.4 (v1/2 = 980 Hz)

In the published solid state structure of [(MeSCS)ZSmlz(y-O), the
Sm-0-Sm angle is crystallographically required to be 180°, and the Sm-0
distance is described as being short for an oxide-bridged system. It is
suggested that these factors are "consistent with a bridging oxygen
ligand which has perpendicular nm-interactions with both (Mescé)ZSm
units." The X-ray powder pattern of the ytterbium complex reveals it to
be isohorphous with the published Sm structure. In light of the
interesting structural features, the solid state magnetic susceptibility
was studies as a function of temperature to determine if the two metal
centers were behaving as independent paramagnets, or if any magnetic
exchange was occurring. The plots of 1/):m vs. T for the Sm and Yb
compounds are shown in Figures (3) and (4), respectively.

In the free Sm(III) ion (4f5, 6H), the J = 5/2 ground state is

21 to lie only about 900 cm_1 below the J = 7/2 state, so that

predicted
the latter is significantly thermally populated at higher temperatures.
The result is that the ion exhibits temperature independent para-
magnetism at higher temperatures. The moment is predicted to rise to a
value of 1.55 to 1.65 B.M. at 300K. The plot in Figure (3) demonstrates
this behavior; the calculated moment at 300K is 1.53 B.M. per sSm(III),
close not only to the free ion value, but also to the value of 1.8 B.M.

measured in solutionzo.
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For [(Mescs) Yb]z(y-o), two separate regions of Curie-Weiss

2
behavior are observed. The degeneracy of the 2F7/2 ground state is
removed by crystal field splitting (although small, this splitting is on
the order of kT), so that the slope of 1/):M vs. T changes above ca. 100K
as the population of the crystal field levels changes. From 6-35K, the
magnetic mément is calculated to be 4.07 B.M. per Yb(III), with 8 = -2K.
From 100K-280K u = 4.31 B.M. per Yb(III), with 8 = -14K. The predicted

value for the free ion at 300K is 4.50 B.x.°2Ll.

Both of these complexes
behave in a manner consistent with the postulate that the paramagnetic
centers are magnetically isolated.

Reaction of the bridging oxide complexes with ethylene produces no
- significant amount of polymer o?er a 24 hour period. Evidently, these
compounds ére not acting as the catalytically active species in
solution. The proposed trivalent catalyst must be formed in solution by
reaction of the (Me5C5)2M compounds with ethylene. Several such
reactions can be envisioned:
1.) The ethylene unit may be transferring a proton to one of the
cyclopentadienyl rings, creating a vinyl complex of the lanthaﬁide,
which can then undergo ethylene insertion into the metal-carbon bond.

(Me5C5)2M + H2C=CH2 - C5Me5 2

This reaction is judged unlikely based on a comparison of the relative
22 3

H + (MeSCS)M-CH=CH (3)

pKa values for C.Me.H (27.5"") and ethylene (442 ). In addition to

5775
this, any of the cyclopentadienyl complexes should be able to undergo
such a reaction, not just the Sm and Yb species.

2.) 1In metal vapor reactions of Yb, Sm, and Er, the activation of the

C-H bonds of unsaturated hydrocarbons to form lanthanide hydrides has
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been proposed24. The analogous solution process would be the homolytic
cleavage of a C-H bond in ethylene to give a lanthanide hydride and
butadiene (or a lanthanide vinyl complex): |

(MeSCS)ZM + H,C=CH (4)

2 2 (Me5C5)2MH + H,C=CH-CH=CH

2 2
(or (Me.C.) M-CH=CH2)

5752

This process is also considered unlikely, at least in the case where M =
Yb. Attempts to synthesize bis(pentamethylcyclopentadienyl)ytterbium-
hydride suggeét that it is thetmodynamically unstable (vide infra); its
formation could not provide the driving force necessary to break the
strong olefinic C-H bond.'

3.) The probable initiation step in the polymerization step is the
direct electron-transfer reduction of ethylene by Yb(II) or Sm(II):

2 (Me5C5)2M + H2C=CH2 - (MeSCS)ZMCHZCHZM(CSMeS) (5)

There is no electrochemical information available on the reduction of
ethylene to support this hypothesis, but this process is not without
precedent. In the presence of naphthalene, lithium will reduce ethylene
to produce 1,4—dilithiobutane25. It is postulated that the species
initially formed is LiCHZCHzLi, which subsequently inserts ethylene to
produce the butane derivative, inducing a greater charge separation. It
is notable in this respect that propylene is neither polymerized nor
oligomerized by the divalent ytterbium complex (no propylene is consumed
over several days' time), although it does produce a change in the
solution color to green. Trivalent lanthanide species have been
observed to oligomerize propylene4; no kinetic barrier to ingertion is

indicated. If a trivalent catalyst were formed by a process other than

direct reduction, propylene should be oligomerized. This failure to
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react can be ascribed to the increased reduc;ion potential of propylene
{due to the inductive effect of the methyl group). Additional evidence
for the direct reduction of unsaturated hydrocarbons by ytterbium (II)
will be discussed later in this chapter.

Once a trivalent complex has been formed which contains a metal-
carbon o-bond, an additional molecule of ethylene can then coordinate to
the metal center, and be inserted into the M-C bond to propogate the
polymer chain. It has been demonstrated that olefins have the ability
to coordinate to lanthanides; it can also be shown that olefin
coordination is necessary to the polymerization proces#. The presence
of a coordinating base is sufficient to suppress olefin polymerization,
as indicated by the teport4e that the diethyl ether adduct of (HeSCS)ZYb
shows low polymerization activity (the greater activity of the Sm
conplex may be ascribed to the increased lability of the larger iom).

Much weaker bases are also effective in suppressing polymerizationm.
Expefinents have been condﬁcted in which a variety of gases have been
reacted with (HeSCS)ZYb in pentane solution. Vhen an orange solution of
(Hescs)sz is exposed to low pressures of CO (i.e. 2-3 atm.), the
solution color rapidly changes to dark green, indicating the formation
of a coordinative interaction. The color change reverses vwhen the
pressure is released, but IR spectra taken immediately of the solutions
show an intense band at 2117 cm_l. Gaseous CO by itself 1is
ingufficiently soluble in hydrocarbon solvents at room temperature to
give a spectrum (this in itself indicates that the coordinative
equilibrium is sufficient to "solubilize" the gas), but values have been

26a 1 26D

reported for wCO at 12K in CH matrix (2137 cm ), Nujol mull

4
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26b

(2130 cm-l), and perfluorokerosene mull (2134 cm-l

). The small
perturbation detected in the sfretching frequency of CO (even smaller
than that caused by coordination to (Me3SiCSB4)3U, where vCO = 1976 cm-l
27) attests to the vweakness of the interaction. If ethylenme is added té
a solution already pressurized with CO, no polymer is formed.

The addition of CH, or Xe does not produce a color change in

4
solution, but polymerization is similarly inhibited. Polymerization
termination experiments were also conducted in which the gases were
added to solutions in which polymerization had already commenced; it was
observed fbat polymerization vas halted in all cases. It is possible
that these gases are acting as very weak bases towards ytterbium, and
are either preventing the coordination of the olefin, or at least
limiting the lifetime of the Yb-Czﬂ4 complex to such an extent that the
electron-transfer step never occurs.

The basicity of the neutral gas molecules is related to the extent
to which they can be polarized by the Yb, and as mentioned in Chapter
One, the polarizability of a species is inversely proportional to its

first ionization potential (Chapter One, eqn. 9). Table VII lists the

first I.E.'s for some small molecules:

Table VII First Ionization Energie528 (eV)
Gas | NH3 Xe Hz Co CH4 NZ CZH4
IE | =11 12.1 13.6 14.0 ~ 14 15.6 10.5

There is a solvent dependence of the rate of ethylene poly-

merization. Reactions cagried out in toluene proceed at a slower rate



62
than those in aliphatic hydrocarbons (for the same amount of catalyst,
approximately equal amounts of polymer were formed in toluene in 6 h,
and in hexane in 1.25 h). This rate retardation is reminiscent of the
enhancement of the rate of dissociative exchange of the platinum olefin
complex. In both cases, the aromatic hydrocarbon is evidently acting as
a base, competing with the olefin for the coordination site at Yb.

(10 atm.) to a solution of (Me.C.),M (M = Sm, Yb)

2 57572

causes no color change, and reaction of D2 with the ytterbium complex

Addition of H

over a period of weeks does not bring about any deuterium encorporation
into the methyl groups of the rings (as indicated by the lack of vC-D
bands in the IR spectrunm). If ethylene is added to a solution of
(MeSCS)ZYb already pressurized with H2, no polymer is formed, but the
solution color changes to bright green, indicating that the hydrogen
dbes not prevent ethylene from coordinating to the metal center. It
must therefore prevent polymerization in some other manner. One likely
possiblilty is that the trivalent catalyst is hydrogenolized as soon as
it forms, producing (MeSCS)ZYbH and ethane. Insertion of another
molecule of ethylenevinto the Yb-H bond, followed by further reaction
with Hz, could lead to a catalytic olefin hydrogenation system.
Experiments are planned to attempt to detect ethane in the gases over
the reaction mixture. Thé question remains how the ytterbium regains
the divalent oxidation state.

This question relates also to the third step in the overall
polymerization process: the termination step. The most commonly
proposed4 chain termination step in the polymerization of ethylene by

trivalent lanthanides is p-hydride abstraction from the polymer chain by
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the lanthanide metal to give a lanthanide hydride and a terminal alkene:

CHZ—(CH )DCH3 - (MeSCs)zM—H + H2C=CH—(CH )nCH (6)

(Me.C.)  MCH
55’2 i )

2 3

There is 1little or no information in the 1literature on
organonetallic ytterbium hydrides, however. There is a report that the
hydrogenolysis of [(MeC5H4)2YbMe]2 results in a green precipitate which,
when dissolved in thf, yields the divalent complex (MeC5H4)2Yb(thf)29.
It appears that trivalent ytterbium hydrides are thermodynamically
unstable with respect to reduction and loss of HZ‘ In order to examine
the stability of the hydride in the presence of the Csnes'ligand, an
attempt has been made to prepare a trivalent Yb hydridevby a route which
has been successful in the synthesis éf hydrides of La, Nd, Sm, and

Lu4c.

Reaction of (Me,Cy),¥b(u-C1),Li(0Et,), *2 % with LicH(sikej), in
toluene results in the formation of a purple crystalline solid
identified by its IR spectrum, NMR spectrum, mass spectrometry, and
elemental analysis to be (MeSCS)ZYb[CH(SiMe3)2]. Lanthanide alkyls
generally cannot be isolated free of coordinating solvents or halidé
directly from metathetical routes, but these reactions have been
successful when the alkyl group is sterically bulky.

Stirring a hexane solution of the ytterbium alkyl under 10 atm. of
H2 or D2 results in the gradual 1ightening of the solution from purple
to red, accompanied by the formation of a purple precipitate (a second,
red product may be isolated from the supernatent in low yield; the
nature of this product is still under investigation). VAll éttempts to
recrystallize or otherwise purify this precipitate result in its

decomposition. The IR spectrum reveals that the SiMe3 groups are no
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longer present, but fails to show any distinct band vwhich can be
identified as a metal-hydride étretch; it is apparent, thou¢h, that the
spectra of the Hé and D2 products are not identical (see Experimental
Section). The material is only slightly soluble in aromatic hydrocar-
bons, but a dilute NMR sample can prepared in dG-benzene. The complex
initially appears as a single broad resonance at & 7.80 (vl/2 = 98 Hz).
WYhen the powder is hydrolyzed with nzo in CGDG; only Csnesﬂ is visible
in the IBNHR spectrum of the hydrolysate. On this basis, the species is
formulated as a paramagnetic hydride.

Solid state variable temperature magnetic susceptibility studies
reveal that the compound is a mixed valence Yb(II)/Yb(III) species; the
moment calculated on the basis of the formula [(Hescs)thlz(u-B) has a
value of 4.03 B.M. in the range.25-45 K (6 = -2 K), and a value of 4.25
B.M. in the range 100-280 K (8 = =30 K). Although mixed-valence
complexes of this type are not common, at least one other example of the
class has been structurally characterized'(vidg infra). It is worth
noting ‘that in the investigation of the green precipitate formed from
the hydrogenolysis of bis (methylcyclopentadienyl) (methyl)ytterbium
(presumed to be the hydride), it is reported that the reaction with

CH.I, only 40-50% of the CH‘ is produced that would be expected if the

3
conplex were (HeC5H4)Yh829. This suggests that this green material may
also be a mixed-valence hydride.
The question of the stability of the hydride has been examined by

IHNHR spectrum for a solution of

monitoring the time evolution of the
the complex warmed to 70°C (Figure 5). The paramagnetic resonance at &

7.80 gradually broadens and shifts upfield. After 3 days, the resonance
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Figure (5) ‘Pyrolysis of [(Me ) Yb] (y H) in C6D6
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appears at & 2.57 ( = 230 Hz). As the heating is continued, the

Y172
resonance continues to move slowly upfield, but begins to sharpen again,
so that after 14 days, the respnance appears at § 1.97 (\«'1/2 = 6.5 Hz),
very close to the diamagnetic value of (MeSCS)ZYb. In the complex
[(MeSCS)ZYbIZ(M*H), only one paramagnetic signal is visible; either the
divalent and trivalent ytterbium sites are undergoing a rapid exchange
(ring exchange or electron transfer), or the ring protons on the
trivalent ytterbium unit are too broad to be detected. As the hydride
decomposes with time, the divalent ytterbium unit exchanges with the
free (MeSCS)ZYb, and an averaged signal is observed. This signal moves
upfield, approaching the diamagnetic value as all of the bridging
hydride is converted to (MeSCS)ZYb' At no point during the reaction is
Hz visible in solution (& 5.2).

There is also no evidence of the formation of trivalent species
arising from solvent activation. This is surprising in light of the
reported reaction patterns of other lanthanide and early transition

31 32 have been

metal hydrides. Both (MeSCS)ZLuH and (MeSCS)ZSCH
demonstrated to activate C-H bonds in a variety of molecules. The
reaction of the lutetium hydride with benzene initially yields
dihydrogen and a lutetium phenyl complex; longer reaction times result
in the formation of a 1,4-dimetallated arene. In the case of scandium,
the hydride and benzene are in very rapid equilibrium with the phenyl
corplex and dihydrogen in solution.

The slow rate with which hydrogen loss proceeds in a sealed NMR

tube can be accelerated considerably if the pyrolysis is carried out in

an open system. Bulk scale pyrolyses are carried out by heating the
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(22}

powder in toluene, and removing the solvent under dynamic vacuum. The
divalent complex (MeSCS)ZYb can be isolated in good yield from these
reactions. The presence of bases capable of coordinating to the free
divalent lanthanide apparently also enhance the rate of hydrogen loss.
The coordination of (MeSCS)ZYb to the trivalent hydride seems to confer
some measure of kinetic stability to the species; breaking up this.
interaction destabilizes the hydride with respgct to hydrogen loss.

- This "decomposition" reaction closes the loop of the hypothetical
catalytic cycle. The catalyst, (Mescs)sz, can be regenerated from the
product of the chain termination step. The complete postulated
mechanism for ethylene polymerization is shown in Figure (6).

A number of other olefins have been studied, in hopes that the
catalytic activity can ‘be. extended, but the results have been
disappointing. In many cases it is evident (as in the case of
propylene) that the olefin cannot undergo the necessary r;duction for
catalyst formation. Other olefins would appear to be activated for
reduction (e.g. styrene and vinyltrimethylsilane), and yet
polymerization does not occur. The chemistry of ytterbium with
unsaturated hydrocarbons appears to be delicately balanced between the
need for an electron-rich n-system for coordination, and the requirement
of a moderate reduction potential. The demanding steric environment of

the metal center is undoubtedly an additional complication in this

system.

Allene Isomerization

In some cases, seqhential insertion may not be the lowest energy
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Figure (6) Mechanism of Ethylene Polymerization
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reaction pathway for the reduced substrate. This appears to be true in
the reaction of Yb(II) with 1,2-dienes. When 1,2-propadiene (allene) 1is
added to solution of (MeSCS)ZYb' the initial dark green-brown color of
the' mixture gradually changes to red, and a red-brown paramagnetic
pqwder is isolated from solution. This compound has eluded
identification, but the IR spectrum shows a distinctivé band at 2168

cn 1, indicative of a carbon~carbon triple bond stretch. The allene has

apparently been isomerized to an acetylene during the course of the
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reduction by Yb(II).

This proposal is supported by the results of the reaction with 1,2-
butadiene. The addition of methylallene to (MeSCS)ZYb again results in
a dark-colored solution, which turns deep red after ca. .1 h. Red
crystals isolated in high yield from this solution can be identified by
1H and 13CNMR spectra as the previously characterized diamagnetic
complex (MeSCS)ZYb(nz-MeCECMe). Methylallene is isomerized to 2-butyne:

(Mescs)sz + MeHC=C=CH2 -+ (MeSCS)ZYb(nz-MeCECMe) (1)

It cannot be determined from the bulk scale reaction if the
isomerization process 1is stoichiometric or- catalytic, and so the
reaction of the ytterbium complex in the presence of an excess vof
methylallene has been monitored by 1HNMR spectroscopy in both dlz-
cyclohexane and_ds-benzene. In both cases, the resonances due to the
1,2-butadiene disappear, as the methyl resonance attfibutable to 2-
butyne grows into the spectrum. The process is catalytic, with the
CSMe5 of the ytterbium complex remaining unchanges in integration with
respect to the signal due to the residual protons in the solvent.
Figure (7) shows the time evolution of the reaction in ds-benzene. The
methyl signal of 2-butyne appears initially at the value of the
coordination complex; as more alkyne forms, the coordinated and free
ligand exchange, and the methyl resonance moves downfield to the
averaged value of the chemical shift.

Plots of 1ln[methylallene] vs. time show that the reactions are
first order in allene over approximately three half-1i§es (Figures 8 and

12 '

9). In d “-cyclohexane (20°C, [(MeSCS)ZYb] = 0.16 M, [methallene]O
-1

, which corresponds to a half-life of t1/2

2.6 M), k = 6.4 x 1076 sec
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Reaction of (MeSCS)ZYb with 1,2-butadiene in C6D6
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Figure (8) Plot of ln[methylallene] vs. t in dlz-cyclohexane
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30 h. 1In d6-benzene (20°C, [(MeSC ),¥b] = 0.19 Y, [methylallene]O 2.0

572

g)[ k = 7.4 x 10_5 sec-l, corresponding to a half-life of t1/2 = 160
min. The detailed kinetic expression cannot be derived due to the
complication that both the starting material and the product are in
rapid equilibrium with free (MeSCS)ZYb. In order to simplify the
expréssion, assumptions would have to be made about the relative rates
of the equilibria and the magnitudes of the equilibrium constants, for
which no information is available.

The interconversion of allenes and alkynes has been effected in
organic synthesis by a variety of reagents33. The most commonly
employed reagents are strong bases such as metal alkoxides or metal
amides, either in protic or non-protic solvents. The proposed mechanism
is the abstraction of a allenic proton, followed by rearrangement of the
carbanion intermediate, and subsequent reprotonation (this is often
referred to as a prototropic rearrangement). Such a process usually
occurs intermolecularly, but the use of some bases in non-protic
solvents can lead to an intramolecular pathway, in which the proton,
athbugh formally attached to the base, is still hydrogen-bonded to the
carbanion and a suprafacial 1,3-migration, normally symmetry-forbidden,
occurs34. Other methods employed in isomerization reactions include
acid catalyzed prototropic rearrangements, anionotropic rearrangements
involving halide solvolysis, and photolytically-initiated free radical
halogenations.

A common feature in all of these mechanisms is the intermediacy of

an organic species (either anion, cation, or radical) which is described

as a resonance hybrid of the allenic and acetylenic forms:
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>c=c=¢— <> >C—C=Cc—

The distribution of the products in a given reaction depends in part on
their relative thermodynamic stabilities. In general, increased
stability results from alkyl substitution of sp- or spz-hybridized
carbon atoms. The order of stability for C, 8¢ isomers based on the free
energies of formation at 298K shows that 2-butyne is 3.0 kcal/mol more
gstable than 1,2-butadiene, while 1,3-butadiene is 8.4 kcal/mol nore
stable than the internal acetylene. In agreement with this, the
principal product of isomerization of 1,2-butadiene by KOBut in ButOB is
2-butyne. The importance of kinetic control, however, is emphasized by
the fact that little 1,3-butadiene is formed in the reaction. Kinetic
factors (dependant on solvent, catalyst, etc.) can often overcome
unfavorable energies of interconversion, resulting in systems where
substantial amounts of 2-butyne to 1,2-butadiene isomerization are
observed35.

In the isomerization of nethylallene by (Hescs)sz, as in the
polymerization of ethylene, it appears that the rate of isomerization is
related to the accesibility of the trivalént oxidatioﬁ state. In a
control experiment, (HeSCS)ZCa wvas reacted with a 2-fold excess of |

methylallene in d12

-cyclohexane. While a very slow isomerization of the
allene to acetylene did occur (perhaps catalyzed by Ca(OH)2 impurities),
the rate was very much slower than that of Yb (1:1/2 > 100h). This
suggests that the process involves direct reduction of the substrate,

perhaps followed by hydride migration in a "pseudo-anionotropic"
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rearrangenent (Figure 10).

Figure (10) Isomerization of 1,2-Butadiene

Yb2* Yb**
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)c=0—10‘:: —> O=C=CT
H3C Hac
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» H
Yb2* Yb**

H C—C=C—CH, < HC—C=C—CH;

While no information is available on the electrochemical reduction of
alkylallenes, the similarity of the second reduction potentials of
haloallenes. and -alkynes has been interpreted in terms of a common
reduétion product for the two species36. -

The re-reduction of the lanthanide center or the reversible
electron transfer may be compensated for energetically not only by the
increased thermodynamic stability of the 2-butyne isomer, but also by
the increased strength of the metal-alkyne interaction relative to that
with the allene. This is demonstrated by the solvent dependance of the
isomerization reaction rate. In the absence of a "coordinating”
solvent, the 2-butyne preferentially binds to the ytterbium, suppressing
the rate of catalysis. In benzene, however (as in the case of the

platinum-olefin complex), the rate of dissociative exchange of the



75
alkyne is enhanced, effectively freeing the catalytic center for
reaction with methylallene. The preference of the ytterbium complex for
alkynes 1is also indicated in the bulk scale reactions, where after
relatively short reaction times (ca. 2 h), when the methylallene should
remain largely unconverted (judging by the established rate in

cyclohexane), only the 2-butyne adduct of ytterbium is isolated.

Fluoride Abstraction

While studying the effect of electron-withdrawing substituents on’
olefin polymerization, it was observed that fluoro-ethylenes react with
(MeSCS)ZYb to form metal fluorides. If a hexane solution of (Me5C5)2Yb

H.C=CF or F.C=CF an insoluble brown

2" 72 2’ 2 2’

precipitate forms. This 1is merely the kinetic product, however.

is pressurized with HFC=CH

Attempts to recrystallize this material from hot toluene result in its
partial conversion to another product, and the crystalline solid
isolated is a mixture of two species: green-brown blocks and red
needles. Both compounds are insoluble in aliphatic and cold aromatic
solvents, and so cannot be characterized by solution means. The IR
spectra of the complexes are not revealing, except for the presence of a

1 in the red

strong band at 434 cm-1 in the brown product, and at 449 cm
product; these has been attributed to vYb-F. These two products can be
synthesized independently from the reaction of (MeSCS)ZYb with silver
fluoride.

The stoichiometries of the respective complexes were .determined

from single crystal X-ray diffraction studies. The green-brown product

is found to have the formula [(MeSCS)ZYbIZ(y-F). An ORTEP diagram is
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presented in Figure (11), and intramolecular bond distances and angles

can be found in Tables VIII and IV, respectively.

Table VIII Bond Distances for [(MeSCS)sz]Z(y-F) (4)
Ybl-F 2.317(2) Ybl-C1 2.676(3) Yb2-Cil 2.577(3)
Yb2-F 2.084(2) Ybhi-C2 2.676(3) Yb2-C12  2.569(3)
Ybl-C3 2.706(3) Yh2-C13 2.559(3)
Ybi-Cpl 2.407 Yb1-C4 2.707(3) Yb2-C14  2.604(3)
Yb2-Cp2 2.290 Yb1-C5 2.673(3) Yb2-C15 2.609(3)

Cpl and Cp2 are the centroids of the rings corresponding to C1-C5 and
C11-C15, respectively.

Table IV Intramolecular Angles for [(MeSCS)ZYb]Z(u-F) (°)
Cpl-Ybl-F 110.1 Cp2-Yb2-F 110.7
Cpl-Ybl-Cpl' 139.9 . Cp2-Yb2-Cp2' 138.6
Ybl-F-Yb2 180.0

The complex consists of a divalent (Mescs)sz unit coordinated in a
linear fashion to a trivalent (Mescs)szF unit. The planes formed by
the metal atoms and ring centroids for each ytterbium are perpendicular
to one another. The molecule lies on a crystallographic two-fold axis
of symmetry, and so the Ybl-F-Yb2 angle is constrained to be 1linear.
The average met;l-carbon bond lengths (Ybl-C = 2.688(3) A, Yb2-C =
2.584(3) A) clearly shows Yb2 to be the trivalent metal center. The
difference in the average metal-carbon length, 0.10 A, is close to the
value of 0.15 A predicted by Shannon12 to be the difference between
Yb(II) and Yb(III) in 7-coordination. The Yb-F bond lengths differ by
0.23 34, consistent with the notion that the Yb(II) to F distance
reflects a dative interaction, not a single ionic bond.

Although a linear M-F-M bridge is normally associated with the
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Figure (11) ORTEP Labeling Diagram of [(Me Yb]z(y-l")

5C5) 5

presence of a F 2p » M d orbital component in the bonding, the linear

geometry in this molecule. is necessitated by the severe steric
-repulsions between the Mesc5 rings. The two ytterbium units approach
each other closely enough that the closest contact distances between
methyl Qroups on Cpl and Cp2 are 3.6-3.7 A. These steric repulsions
manifest themselves in mény ways. The Yb2-F distance 2.084(2) A, is
longer than the Yb-F distance of 2.026 A found in the complex
(Mescs)szF(thf)37; the distance should be shorter for the metal in a

lower coordination number. The rings on each ytterbium are in an

eclipsed geometry' (torsion angles of 16.0(3)° and 16.6(4)° for Cpl and
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Cp2, respectivsly. This structural feature has also been observed in
the structure of [(MeSCS)ZSm]Z(y-O)ZO, and is due to the fact that
further twisting of the rings would bring the methyl groups of C6 and
C17 into even closer contact with the rings on the adjacent metal. A
combination of this and the small ring centroid-Yb-ring centroid angles
(139.9° and 138.6°) decreases the closest contacts between methyl groups
on rings on the same metal atom; the C19-C20' distance is 3.419(6) A.
Furthermore, the methyl groups engaged in these close contacts (C8, C9,
C19, and C20) are bent back out of the plane of the cyclopentadienyl
rings by as much as 0.25 A.
The red product, formed by heating the dinuclear species in

toluene, is a tetranuclear complex of the formula (Mesc ) Yb4(p—F)4.

5'6

This compiex crystallizes as a di-toluene solvate. An ORTEP labeling
diagram of the complex can be found in Figure (12), while Figure (13)
shows the eight-membered ring which forms the core of the molecule.
Some bond distances and intramolecular angles are presented in Tables X
and XI, respectively.

Table X Bond Distances for (Me C5)6Yb4(y-F)4 (&)

5

- Ybl-F1 2.221(3) Yb1-Cl 2.684(10) Yb2-C11  2.630(6)
Yb1-F2 2.219(3) Ybl-C2 2.637(9) . Yb2-C12  2.629(6)
Yb1-C3 2.653(7) Yb2-C13  2.631(6)
Yb2-F1 2.132(3) Ybi-C4 2.631(7) Yb2-C14  2.639(6)
Yb2-+F2 2.126(3) Yb1-C5 2.667(8) Yb2-C15  2.669(6)
Ybl-Cpl  2.386 Yb2-C21  2.580(7) Yb2-C24  2.611(7)
Yb2-Cp2  2.357 Yb2-C22  2.570(7) Yb2-C25 2.612(6)

Yb2-Cp3 2.311 Yb2-C23  2.601(7)

Cpl, Cp2, and Cp3 are the centroids of the rings comprised of C1-C5,
C11-C15, and €21-C25, respectively.
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Figure (12) ORTEP Labeling Diagram for (MeSCS)GYb4(p-F)4
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Table XI Intramolecular Angles for (Me5C5)6Yb4(u-F)4 {°)
F1-Ybl-F2 106.0(1) F1-Yb2-F2 91.9(1)
F1-Ybl-Cpl 129.2 F1-Yb2-Cp2 103.7
F2-Ybl1-Cpl 124.9 F1-Yb2-Cp3 104.0

F2-Yb2-Cp2 104.0
Ybl-F1-Yb2 157.3(2) F2-Yb2-Cp3 105.4
Yb1-F2-Yb2 160.0(2) Cp2-Yb2-Cp3 138.4

The complex consists of two independent types of ytterbiun
fragments: a trivalent (MeSCS)szF unit and a divalent (MeSCS)YbF unit.
These units are connected by fluoride bridges to each other and to units
related by a .crystallographic center of inversion to form the
tetranuclear cluster. The oxidation states of the metals can be
distinguished by the metal-fluoride bond distanceQ. - The average Ybl-F
bond length (2.220(3) A) is approximately the same within statistical
errors as the average Yb2-F bond length (2.129(3) A), and the average
Ybl-C distance (2.654(8) &) is the same as the average Yb2-C distance
(2.617(7) A). Yb2 is in a higher coordination number, however, and so
should have a larger effective ionic radius. This implies that Yb(2) is
trivalent.

The geometry about Yb2 is pseudo-tetrahedral, with distorted angles
of F1-Yb2-F2 = 91.9(1)° and Cp2-Yb2-Cp3 = 138.4°. The average Cp-Yb2-F
angle is 104.3°. The average metal-carbon length is in the range found

13’16. The

for other Yb(III) complexes in eight-coordination
coordination environment of Ybl is pseudo-trigonal, with a Fl1-Ybl-F2
angle of 106.0(1)°, and an average Cpl-Ybl-F angle of 127.1°. The
angles about the bridging fluorides are near linear: Ybl-F1-Yb2 =

157.3(2)°, and Ybl-F2-Yb2 = 160.0(2).

One curious feature of the structure is the Yb-F bond lengths. It
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was observed in the structure of the dinuclear fluoride that a
distinction could be made between a single ionic bond and a dative beond
based on bond length.‘ In the tetranuclear complex, each ‘ytterbiunm
should be singly bonded to one fluoride and form a dative interaction
with the other. The two Yb-F bond lengths about each ytterbium are-
identical, however. This implies that the structure is a mixture of two
resonance forms, so that each Yb-F bond is pért ionic and part dative.
This type of resonance has been observed in many main-group oligomers
where the bridging group is a halide38, alkoxide39, or amide40.

The overall eight-membered.Yb‘lF4 ring is not completely planar.
The plane defined by Yb2-F1-F2' is bent away from tﬁe plane formed by
the four fluorine atoms by 26.1°, so that Yb2 is 0.65 A out of the
latter plane. This bending decreases the angles about the bridging
fluorides. It al;o brings C17 and C18 into close contact with Ybl and
Ybl', respectively: Ybl:-.-C17 = 3.124(7) A and Yb---C18 = 3.232(7) A.
This effectively increases the coordination number of the divalent
ytterbium. Repulsions develop, however, between the ring carbons of Cp2
and the bridging fluorides, causing this ring to be pushed away from Yb2
slightly. The average Yb-C Pond length for C11-C15 (2.640(6) A) is
significantly longer than that for C21-C25 (2.595(7) A).

There are relatively few structurally characterized organometallic
fluorides of the d- or f-transition metal elements4l, and only one which
contains M-F-M bridging interactions. The compound (HSCS)ZSCF41a is a
cyclic trimer in the solid state. All of the Sc-F distances are the

same within error limits, with an average value of 2.046(8) A, and the

average F-Sc-F and Sc-F-Sc angles are 86.5(3)° and 153.4(4)°,
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respectively. Oligomers with linear or near linear fluoride bridges are

38’42. In the gas

common in main group organometallic chemistry, however
phase structure of the complex [HeZAlF]4, the model which refines the
best is one in which all of the Al-F bond distances are the sanme
{(1.810(3) A), and in which the eight-membered ring is puckered. The
refined values of the F-Al-F and F-Al-F angles are 92(1)° and 146(3)°,
respectively.

Attempts have been made to synthesize all-trivalent ytterbium
fluorides free of coordinating bases for structural comparison with
these compounds. It was hoped that solvent removal from (Me5C5)2YbF(L)
(L = thf, acetonitrile, Et20) by the "toluene-reflux" method could lead
to complexes of the formula [(MeSCS)ZYbF]x. The complex (Me5C5)2YbF-
(thf) is successfully synthesized by reaction of the divalent ytterbium
thf adduct with AgF. The analogous reaction with (Mescs)sz(NCMe)2
gives a mixture of products, however, probably due to fluorination of
the unsaturated ligand. Diethyl ether proves to be too weak as a base,
and the products isolated from silver oxidation are the dinuclear and
tetranuclear complexes already characterized. The hot solvent method
. ultimately proved unsuccessful; heating (Me5C5)2YbF(thf) in toluene
merely resulted in its decomposition. |

The near linear M-F-M angles and the "resonance" of the M-F bond
lengths suggested that it might be interesting to study the magnetic
behavior of the complexes, in order to determine if there is any
interaction between the paramagnetic centers. Variable temperature

magnetic susceptibility measurements show that both the dinuclear and

tetranuclear compounds display behavior which is consistant with
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isolated Yb(III) paramagnets, however. The plots of 1/)(n vs. T (Figures
14 and 15) show that powdered'samples of both species follow Curie-Weiss
behavior, with the bend expecfed for Yb(III). At 5 kG, the values of
the moment for [(Hescs)szlz(u-F) are u = 4.11 B.M. (6 = 0 K) in the
range 7-35 K, and u = 4.69 B.M. (6 = -25 K) in the range 100-280 K. For
the tetranuclear compound, ﬁ = 3.67 B.M. (6 = -3 K) in thg range 7-35 K,
and g = 4.95 B.M. (6 = -37 K) in the range 80-280 K. |

If magnetic susceptibility measurements are conducted on
crystalline samples, the measured moments are much higher in the high
temperature region: u = 6.07 B.M. with 6 = 1 K for the dinuclear
comound, and u = 6.06 B.M. with 6 = -64 K for the tetranuclear complex-
at 5 kG. This effect is commonly observed in lanthanide complexes. The
fact that the crystal field splitting is small in compariéon with the
spin-orbit coupling neans that the orbital angular momentum is largely
unquenched. This can lead to an anisotropic value of g, the Lande
splitting factor43. In a measurement of the nagnetic susceptibility of
a bulk crystalline sample, the individual crystals have the ability to
orient themselves in the sample container along the preferred direction
of magnetization. This results in an anomalously high measured value of
M.

The thermal conversion of the dinuclear species to the tetranuclear
compound is an indication of the thermodynamic.strength of the Yb-F
bond. The energy gained by formation of a second Yb-F dative
interaction is apparently sufficient to induce ring loss. The
relatively low yield of the interconversion suggests that another

ytterbium-containing product is present in the reaction solution.
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Removal of the solvent from the mother liquors results in the isolation
of a small amount of (MeSCS)ZYb, although in insufficient yield to be
quantified. One possible balanced équation for the reaction is given in

equation (8).

4 [(Mescs)sz](p-F) - (MeSCS)GYb4(y-F)4 +

4 (MeSCS)ZYb + "(Me5C5)2" (8)

The results of the reactions of (MeSCS)ZYb with fluoroolefins
appear to suggest that the initiation step in the polymerization of
ethylene is homolytic c-H bond cleavage. In order to explore this
possiblity further, the reaction.of the ytterbium compound with a serieé
of fluorcarenes has been studied. |

An enormous difference is observedv in the relative rates of .
reaction in aliphatic hydrocarbon solvent. The reaction of (MeSCS)ZYb
with C_F_ is complete in a matter of minutes, while the reaction with

6 6

C _H_CF., takes place over a period of 12-14 h. The slowest member - of the

6573
series is C_H_F; this reaction has an estimated half-life of 7-10 days.

6°5

The ytterbium-containing products formed depend upon the rate of the
reaction. The faster reactions precipitate only [(MeSCS)ZYbJZ(y-F) as
a powder, while the'reaétion with fluorobenzene slowly precipitates a
crystalline mixture of the dinuclear and tetranuclear fluorides over a
period of two weeks. The kinetic product dominates the product mixture
during the first week, while the tetranuclear species makes up the bulk
of the solid precipitated thereafter.

If the reaction of ytterbium with fluorocarbons involved simple

homolytic C-F bond cleavage, then the rates of reaction should correlate
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with the thermodynamic C-F bond strengths for a series of related
molecules. The C-F bond dissociation energy of hexafluorobenzene,
though, is more than 30 kcal/mol higher than that of fluorobenzene44,
implying that the latter should react more quickly. It is obvious that
this mechanism does not explain the exﬁerimental observations.

If the mechanism of fluoride abstraction involves prior reduction
of the substrate, the rate of reaction might then be expected to follow
the relative reduction potentials of the organic species, with the more
reducible molecules reacting faster. Information is not available on
the electron affinities of all of these molecules, but the E.A. of C6F6
has been measured44, and is found to haée a minimum value of 1.8 % 0.3
eV. The ease of oxidation and reduction of a molecule can often be
related to its susceptibility to eleétrophilic and nucleophilic attack.
Compared with aromatic hydrocarbons, fluoroarenes are relatively
resistant to electrophilic attack, and yet nucleophilic attack is one of
the most commonly observed reactions of the 1atter45. Furthermore, the
rate of nucleophilic attack by anions or radicalsvis found to increase
with increasing fluorine substitution45’46.

It may be postulated from these trends that the initial step in the
fluoride abstraction reaction is the reduction of the fluorocarbon,
followed by C-F bond cleavage. This contention is further supported by
the observation that (Me5C5)2Yb does not activate .saturated
fluorocarbons, even those possessing a permanent dipole moment (e.g.
CH3CF3). This lack of reactivity of alkyl fluorides towards Yb(II) has

also been reported by others (ref. 47c, supplenmentary material).

A comparison may now be made between the reactions of ytterbium
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with fluorcolefins and ethylene. The initial step in both reactions is
coordination of the unsaturated substrate to the metal, followed by
reduction. The reéctions merely take different paths subsequent to this
step. Sequential ethylene insertion results in polymerization in one
case, while the strength of the Yb-F bond drives the abstraction process
in the other. |

Several studies have been reported on halide ‘abstraction by
organometallic complexes of actinides and 1anthanides47. These
reactions are proposed to occur by way of an inner-sphere, single-
electron transfer pathway, and give rise to multiple metal-containing
products. In the case of the lanthanides, the formation of one ring
products such as (MeSCS)chl2 or [(MeSCS)ZSmCI-(MeSCS)SmCIZ]z has beén
attributed to "Grignard-like" reactions of (Me.C )ZMX with excess RX to

575

produce (MeSCS)MX2 and MeSCSR‘ Mechanistic schemes have been presented
which propose the formation of Me5C5R, RR, RH, and R - H to account for
the organic radical produced by the initial abstraction.

Although it has been demonstrated that the formation of one-fing
fluorides can take place even in ‘the absence of an excess of the
fluoridé source (the dinuclear compound can be converted to the
tetranuclear), it is of interest to study the fate of the organic
radical in the fluoride abstractions. The reaction solutions remaining
after deposition of the ytterbium fluorides are light-colored in the
case of CGHSCF3 and C6H5F. Hydrolysis of these solutions, followed by
extraction with diethyl ether and removal of the solvent results in fhe

isolation of colorless to pale yellow oils. 1HNMR and mass spectral

analysis of these oils indicates that they contain CSMeSH and CsMesR.
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No trace of dimerized products is visible in the mixture, although these
species may be formed in insufficient yield for isolation.

In the case of CGFG' however, the reaction solution is bright

purple, and a further Yb-containing species can be isolated in low

yield. The IR, 1 19

H and ““FNMR spectra of the compound indicates that it
contains both CSHe5 and C6F5 groups, and the presence of a Yb-F bond is
suggested in the IR spectrum by a strong band at 445 cm-l. The highest
molecular weight fragments in the EI mass spectrum correspond to
(“eﬁcs)YbF(Cst) and (HeSCS)ZYbF units. The analytical data do not
conclusively sﬁpport any one formulation, but the closest calculated
percentages are for the formula [(HeSCS)ZYbF~(Hescs)YbF(Cst)] (C, 45.2;
H, 4.75). Ungortunately, X-ray quality crystals could not be obtained
of the compound.

The similarity of this formula to the product mixtures obtained_
from chloride abstraction prompted a study of the reaction of (Hescs)sz
with simple chloride salts, in hopes that these reactions might produce
the same complexes as halide abstraction reactions, as is observed in
the case of AgF. The reactions of AgCl and Hqu2 with the divalent
ytterbium compound produce the same light blue paramagnetic product
vhich shows a strong band in the IR spectrum at 326 cm-l. Three
resonances are visible in the 1HNHR spectrum in a 1:1:1 integration.
This spectrum resembles that reported for [(He5C5)3Sm2C13], indicating
that the blue compound may also_be a mixed one-ring/two-ring species,

but to date, all attempts to further characterize this material have

failed.
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CHAPTER THREE: Coordination and Inclusion of Polar Molecules

Models for Methane Coordination

The activation of C-H bonds by d-transition metal complexes has
been studied extensively in recent yearsl. The wide range of complexes
which are capable of activating saturated hydrocarbons includes both
nucleophilic and electrophilic species, and high-valent as well as low-
valent metal centers. There are a number of requirements which appear
to be met in all of these systems, however. The most obvious of these
is the need for a sterically uncongested or coordinatively unsaturated
ligand set about the metal center. This implies that precoordination of
the alkane is required for activation. Complexes containing
intramolecular "agostic" C-H---M interactions have been described as
plausible models for this coordination step, in which electrong in the
C-H bonding pair is donated to the metal in a two-electron, three-center

1a,2. Furthermore, theoretical consideration has been given to the

bond
activation of the C-H bonds of by metals and metal surfaces, and it has
been suggested that the C-H o-bonding orbitals can overlap with empty
metal d-orbitals3. In spite of this, no neutral alkane complexes of d-
transition metals have been isolated (although evidence has been
presented for the interaction of unsaturated metal fragments with alkane
matrixes at low temperature4).

| Electrophilic complexes of f-transition metals and related early d-
transition metals' have also been found to activate C-H hondss. As

mentioned in the Introduction, (Me5C5)2LuMe has been found to undergo o-

bond metathesis with a number of unsaturated and saturated substrates.
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13

The complex reacts with CH 3

4 resulting in encorporation of 1 C label
into the methyl group of the metal complexsa'e. Bis(pentamethylcyclo-
pentadienyl)scandium(alkyl) complexes similarly engage in o-bond
methathesisSb. These reactions are proposed to proceed in a concerted
fashion by way of a four-center, polar intermediate formed by the
donation of the o-bonding electrons of the C-H bond to the acidic metal
center. Evidence for prior coordination of the alkane lies in the
marked steric selectively of the reactionssa.

Unlike the d—transifion metals, lanthanides ‘are sufficiently
electrophilic that an analog of an alkane coordination complex has been
isolated. The complex (Me5C5)2LuMe free of coordinating Lewis bases
exists in the solid state as an asymmetric dimersa. This dimer is in
equilibrium with the monomeric form in solution. The solid state
structure reveals that the methyl group of one metal is acting as a
donor ligand to the second metal ion, forming a near linear ﬁﬁ-ne—bu
bridge bond. Unfortunately, there is no report that the hydrogen atoms
on the bridging group were located in the room temperature X-ray
structure, and so no information may be inferred about the nature of the
donor orbital on the methyl group.

The reactivity of trivalent lanthanide alkyls with both saturated
and unsaturated C-H bonds in general precludes the isolation of simple
alkane coordination compounds. As in the case of olefins and
acetylenes, the divalent complex (Me5C5)2Yb provides a 1likely
alternative starting material; it is coordinatively unsaturated,

diamégnetic, and contains no M-C o-bonds capable of metathetical

exchange.
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As described in Chapter Two, polymerization inhibition experiments

suggest that CH, does act as a weak Lewis base towards ytterbium, but no

4
simple coordination compound is isolated. It is necessary to employ
methane analogs which are activated for coordination, much as was
required in the case of the unsaturated hydrocarbons. Theoretical
descriptions of alkane cv:aordinat:ie.m3 suggest.that the t2 bonding
orbitals of methane are capable of acting as o-donor orbitals (see
Figure 1). These electrons are quite low in energy, however, as

indicated by the first ionization potential of methane of ca. 14 eV6.

Figure (1) Molecular orbitals of Methane

O

o

OO0
0)
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The basicity of methane can be increased by raising the.energy of these
orbitals; this can be achieved by substituting a hydrogen atom with an
element which has a lower electronegativity. In other words, a basic
methane analog can be created by chqosing the identity of X in the
molecule CH3X so as to create a permanent dipole moment in the direction
of the methyl group, in the same way that directional lone pairs induce
a dipole moment in traditional Lewis bases.

Electropositive metals appear to be effective substitutents in
inducing such a dipole moment. The reaction of (MeSCS)ZYb with
triethylaluminum in hydfocarbon solvent results in the formation of a
bright green solution from which a green, crystalline, diamagnetic solid
precipitates upon standing. The solid is slightly solubie in hot
aromatic solvents, and dilute 1HNMR spectra suggest a 2:3 ratio of CsMe5
and Et groups, although the exact disposition of the ligands about the
metals is unclear. The IR spectrum reveals the presence of low-energy
vC-H bands at 2790 and 2695 cm-l: these low energy bands are similar to
those found in the spectrum of (MeSCS)ZScEt5b which have been attributed
to B-agosﬁic M---H interactions. This suggests that‘the alkyl groups
are interacting with the ytterbium center in a donor-acceptor fashion.
While X-ray quality crystals have not been obtained, preliminary
precession photographs indicate that the unit cell is quite large,
consistent with a polymeric structure. This formulation is also
supported by the low' solubility of the complex. The presence of
multiple alkyl groups about the electropositive center may allow the
coordination by more than one ytterbium molecule, which in turn may then

coordinate to other -AlEt3 mblecules, forming a polymef.A



97

To prevent this type of polymerization, it is necessary to employ a
potential ligand which has only one o—bondéd alkyl group. The complex
(HeSCS)BeHe fulfills this requirement. Althouﬁh the dipole moment of
this complex is not known, values have been reported for similar

72 .nd 2.08D for (H5C5)5e57b. The

molecules: 4.26D for (HSCS)BeCI
reaction of. (HeSCS)ZYb and (HeSCS)BeHe in pentane gives rise to an
orange solution from which dark orange prisms can be crystallized in
good yield. The IR spectrum of the compound show no new features or
bands relative to the spectra of the starting materials. In order to
confirn the coordination mode of the (HeSCS)BeHe group (in the absence
of bands identifiable as lowered C-B stretching modes), the structure of
the complex was determined by X-ray crystallography. An ORTEP diagram

of the molecule can be found in Figure (2), while intramolecular

distances and angles are given in Tables I and II, respectively.

Table I Bond Distances for (Hescs)sz(u-Ke)Be(CSﬁes) (A)
Yb-C1 2.766(4) Yb-C11 2.710(3) Be-C31 1.872(6)
Be-C1 1.705(6) Yb-C12 2.679(3) Be-C32 1.881(6)

Yb-C13 2.657(3) Be-C33 1.874(5)
C1-H11 0.92(4) Yb-C14 2.656(3) Be-C34 1.899(5)
C1-H12 0.90(5) Yb-C15 2.681(3) Be-C35 1.879(5)
C1-H13 0.73(6) Yb-C21 2.696(3)
' Yb-C22 2.695(3) Yb-Cpl 2.391
Yb-H11 2.54(4) Yb-C23 2.677(3) Yb~-Cp2 2.400
Yb-H12 = 2.51(5) Yb-C24 2.683(3) Be-Cp3 1.447
Yb-H13 -2.71(6) Yb-C25 2.668(3)

Cpl, Cp2, and Cp3 are the centroids of the rings comprised of C11-C15,
C21-C25, and C31-C35, respectively.

The structure consists of a (Hescs)sz molecule and a Be(Csnes)

unit with a linear, asymmetric methyl bridge. The structural features:

of the divalent ytterbium unit are comparable to those found in
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Table II Intramolecular Angles for (Hescs)2Yb(p~He)Be(C5He5) (*)
Yb-Cl-Be 177.2(3) Yb-C1-H11 67(2)
Yb-C1-H12 64(3)
Be-Cl1-H11 115(2) Yb-C1-H13 78(5)
Be-C1-H12 113(3)
Be-C1-H13 104(5) Cl-Be-Cp3 177.5
Hil1-C1-~-B12 105(4) C1-Yb-Cpl 107.5
H11-C1-H13 100(5) Cl-Yb-Cp2 107.2
H12-C1-H13 121(6) Cpl-Yb-Cp2 144.6
Figure (2) ORTEP diagram of (He5C5)sz(p-He)Be(CSHes)
C16

C36

C22

(HeSCS)SYb and its weak coordination compounds. The average Yb-C (ring)
bond distance is 2.680(3) A, similar to the value of 2.673(3) A found in
(Hescs)th(y-C254)Pt(PPhs)z, and slightly longer than the value of
2.665(3) A in (Hescs)sz. The bend angle of the rings, 144.6°, is very

sinmilar to the value of 145.4° determined from the structure of the

base~free ytterbium complex, and that of 143.3° found for the 2-butyne
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adduct. The rings in are staggered, with a torsional angle of 39.9(2)°.
Hhile the structure of (HeSCS)BeMe has not been reported, the
structure of the unsubstituted cyclopentadienyl analog has been
determined by gas-phase electron difftaction7b. The Be-C (ring)
distance in (HSCS)BeHe is 1.923(3) A, slightly longer than the average
Be-C(ring) distance of 1.881(6) A found in the ytterbium complex. The
Be-C(methyl) distances in the two species are identical: 1.705(6) A in
the ytterbium complex, and 1.706(3) A in (HSCS)BeHe.

The most interesting structural feature of the molecule is the
bridging interaction. In the vast majority of transition metal
complexes containing bridging methyl groups, the M-C-M angle is less
than 90‘8. In (MeSCS)ZYb(ubHe)Be(Csues). however, Yb-Me-Be angle of
177.2(3)° is very nearly 1linear, the same as the angle about the
bridging methyl g¢group in (He5¢5)4hu2(ybue)(ue)sa, 170(4) °. Few other
exahples of linear bridging methyl groups have been structurally
characterized. In the complex LiBHe49,'one type‘ot methyl gtoup bridges
Li and B in a near linear fashion, with angles about carbon of 176.3(4)°
and 178.8(6)° and angles about carbon of 150-160° have been observed in
complexes where methyl groups bridge lithium and other electropositive

netalslo.

: 10a
In the complex (HSCS)‘Zrz(;.H!e)[OCH(CHZCHea)IZAlMe2 , as well as

11, a model has been used

in the theoretically studied molecﬂle CH3Li2+
to explain the linear methyl bridge which involves a rehybridization of
the methyl carhqn so that it is in trigonal bipyramidal coordination(
vith the metals occupying the axial positions. In this nodel, the M-C-H

angles are 90°, and the H-C-H angles are 120;. In the complex
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(Hescs)sz(u-He)Be(Csﬁes), while the hydrogen atoms positions are poorly
deternined, it appears that the Be-C-H angles are significantly larger
than 90° (see Table II), indicating that the ytterbium atom interacts
with all three hydrogen atoms in a linear tribridged geometryg. This
type of interactioq has been demonstrated in LiBHe49, as vell as in the
tetrameric form of Hebiloe’f. The geometry about the nethyl group is
consistent with thq proposal that the orbital gserving to donate electron
density to the acidic lanthanide is not ac P, orbital, but rather the
HOMO of (HeSCS)BeHe (Figure 3). The methyl group does not possess C3v
symmetry with respect to the C-Yb axis in the crystal structure,
howvever. The methyl group is tilted so that two of thevthree hydrogen
atons closely approach the Yb atom (Yb--H11 = 2.54(4) A, Yb-.H12 =
2.51(5) A), vwhile the third hydrogen atom is significantly farther awvay
(Yb--H13 = 2.71(6) A).
The hydrogen afon positions located by x-ray diffraction represent
centroids of elecfron density, and do not accurately reflect nuclear
positions. A neutron structure would undoubtedly reveal C-H distances

of ca. 1.05 A; this would increase the Yb--H distances slightly.

Figure (3) HOMO of (HeSCS)BeHe
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The Yb-Cl bond distance of 2.766(4) A is comparable to the average
Yb-C(ligand) bond distances found in the platinum olefin and 2-butyne
coordination complexes described in Chapter One (2.781(3) A and 2.850(5)
A, respectively). In the dimer of (HeSCS)ZLuHe, the shared electron
pair Lu-C bond distance for the metal in seven-coordination is 2.440(9)

A. Taking into account the differences in the ionic radii of Lu3+ and

sz+ 12, the expected ionic Yb(II) to carbon bond 1length in seven-
coordination would be ca. .2.60 A. The difference between the bond
length for a shared electron pair bond vs. a dative bond appears to be
0.15-0.20 A. This is in agreement with structural results fdr main
group complexesl3, in which it is found that electron pair and dative
bond lengths can differ by as much as 0.25 A. This reflects the
difference in the ionic radii of the neutral and anionic carbon atoms.
The lack of significant perturbations in the structures .of the
component molecules indicates that the interaction between the ytterbium
and the methyl group is weak. This is confirmed by variable temperature
1HNHR spectroscopy studies. At room temperature, the spectrum of
(HeSCS)BeHe displays a sinqiet at 5§ 1.76 due to the ring protons, and a
methyl singlet at & -1.27 broadened by quadrupolar coupling to beryllium
(I = 3/2). This singlet moves downfield to & -1.13 in the complex, and
the resonance broadens further (vl/2 = 30 Hz).  Addition of
approximately one molar equivalent of (MeSCS)BeMe yields a single set of
resonances for the Be compound, indicating exchange of free and
coordinated ligand. At +90°C, the methyl resonance appears as a singlet

at &-1.41 (v 9 Hz). Cooling the sample causes this singlet to

1/2

broaden and shift downfield. At -25°C, the resonance disappears
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entirely, and does not reappear above -70°C. While the intermediate
exchange region has been reached, exchange can not be stopped.

The accessibility of the donor orbital appears to be as important
as the dipole moment in dictating whether a molecule will coordinate to
ytterbium. While the methyl compound of beryllium forms a coordination
complex readily, thé analogous  phenyl compound, (MeSCS)BePh, does not
form an isoclable adduct. This is presumably due to the steric
emcumbrance encountered in any attempt to bring the carbanionic site on
the phenyl ring into the vicinity of the Yb atonm.

Other first-row small molecules isocelectronic with methane are
known to serve as strong bases towards ytterbium. While HZO is too
gcidic to form a kinetically stable coordination compound, ether
complexes of (Me_C_.).,Yb are well known14

57572 :

demonstrated to act as a strong donor molecule towards ytterbium15

Similarly, ammonia has been

Moving to the left of carbon in the periodic table, one might wonder
whether it might be possible to isolate a coordination complex of the
electron-deficient BH3 molecule. |

There are relatively few references in the literature to borane
complexes of transition metals. Borane complexes of metal carbonyl
anions have been reportedls, in which the borane is proposed to act as
an electron-accepting ligand. This suggests that borane may be an
unsuitable ligand for a hard Lewis acid such as ytterbium. In order to

prepare the BH, unit for coordination, it is necessary to incorporate it

3

into a molecule which has a permanent dipole moment in the direction of

the borane. One such species, the anion BH CN , has been used

3

metathetically to prepare lanthanide and actinide complexes of the
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formulation Cp3MX17. While the products do show evidence of 03-BH3

coordination in the solid state, their solution behavior is complicated
by coordination equilibria (equation 1). The Lewis basicity of the

(MeCH,) JUNCBH, # (MeC,H,) U (n’~BH,CN) (1)
nitrogen is an undesirable side effect of the use of the CN group. To
effectively study the coordination of the BH3 unif, it is preferable to
use a ligand without other strongly basic sites.

Phosphine-borane adducts may be suitable ligands, because
phosphines have been demonstrated to coordinate only weakly to
ytterbium. Phosphine adducts of borane are kinetically very stable
relative to their amine analogs; they resist hydrolysis even in boiling
acid. Thié stability is attributed to the strength of the B;P bonding.
The P-B o-donation is augmented by n-symmetry back-donation from the
filled B-H bonding orbitals to empty phosphorus d orbitalslg. The
molecules also provide the necessary dipole moment; the measured dipole
moment of BH.-PMe is 4.99D, and that of BH.-PPh., is 4.79D. The higher

3 3 3 3

dipole moment of BC13-PPh3 (7.0D) indicates that the moment lies in the

direction of the borane.

Reaction of (Me.C.),Yb with BH,-PMe, results in a rapid

_ 57572 3 3
precipitation of a light green solid; the analogous BH3-PPh3 complex is
orange. Both complexes may be recrystallized from toluene (the PMe3

3 3

occludes solvent, which is lost under reduced pressure. The IR spectra

complex 1is only soluble in hot toluene), but the BH,-PPh. adduct

reveal the presence of vB-H bands in the expected region; the values are

given in Table III.
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Table III vB-H for Phosphine-Borane Complexes (cm-l)

BH3-PMe3 3 2364s, 2339sh, 2268sh, 2256w
(MeSCS)ZYb(n -BH3~PMe3) 2427m, 2363vw, 2334sh, 2302sh, 2266m
BH. -PPh 2378s, 2344m, 2253vw

3 3 3

(MGSCS)ZYb(n -BH -PPhB) 2434m, 2380s, 2345m, 2296w, 2265w

3
Some bands indicate the possible presence of free ligand, suggesting
that an equilibrium exists in the mull; this was also noted.in the
isocyanide complexes discussed in Chapter One. In general, the vB-H
bands move to higher energy upon coordination to the acidic lanthanide.
This is consistent with reported spectra for (MeC5H4)3U(n3-BH3CN)17C;
the values for vB-H are higher than those observed for [(n-
Bu)4N][NCBH3]. | |

The lHNMR spectra of the complexes reveal little about the nature
of the coordination; the borane protons are not visible in the spectra
compound moves upfield

3
upon coordination from & 0.78 to & 0.49. The 31? and 118 chemical

of the adducts. The Me resonance in the PMe

shifts change little upon coordination, in general moving downfield»by
less than 1 ppn. In both adducts, however, JB-P is raised upon
coordination of the ligand (the value increases by 18 Hz in the PMe3

complex, and by 11 Hz in the PPh, complex). The coupling constant

3
between two nuclei is believed to be related to the amount of s-orbital
character in the bondlg. It appears that when the ytterbium coordinates
to the borane, ig inductively increases the P - B o-donation,
effectively increasing the bond strength.

In order to make structural compafisons between these complexes and

the (MeSCS)BeMe complex, the molecular structure of the BH3-PMe3 adduct

was determined by X-ray crystallography. An ORTEP diagram is presented
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in Figure (4), and bond distances and angles can be found in Tables IV
and V.

Precession photographs showed thermal diffuse scattéring, but
attempts to cool crystals of the compound‘in order to collect a loy
temperature data set resulted in crystal fracture. The solution
obtained from a room temperature data set does show a great deal of
thermal motion. Two of the methyl groups on the rings (C11 and C14) and
one of the methyl groups on the phosphine (C211) were refined in two
half-occupancy positions (see the structural discussion in Appendix I
- for further details).

The molecule lies on a crystallographic mirror plane defined by the

Figure (4) ORTEP Diagram of (Mescs)sz(BH3~PMe3)
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Table IV Bond Distances for (MeSCS)ZYb(BH3‘PMe3) (A)
Yb-B 2.764(8) Yb-C1 2.699(7) Yb-C4 = 2.700(9)
P-B 1.910(8) Yb-C2 © 2.705(5) Yb-C5 2.688(6)
Yb-C3 2.681(4) Yb-Cé 2.663(5)

P-C1l11 1.81(1) .
p-C211 1.81(1) Yb-Cpl 2.420 Yb-Cp2 2.397

Cpl and Cp2 are the centroids of the rings comprised of C1-C3 and C4-Cé
(and their mirror-related counterparts), respectively

Table V Intramolecular Angles for (MeSCS)sz(BH3'PMe3) ()
Yb-B-P 162.3(5) B-P-C1l11 112.3(3)
B-P-C211 111.2(4)
B-Yb-Cpl 108.2 cii1-p-Cl1it’ 99.0(8)
B-Yb-Cp2 112.4 C111-pP-C211 83.6(5)
Cli1i-p-C211" 131.4(5)
Cpl-¥b-Cp2 139.4 c211-p-C211" 61.0(9)
atoms €1, C4, Yb, B, and P. The (Mescs)sz unit and the

trimethylphosphine are bridged in a near-linear fashion by the borane.
The structural parameters of the trimethylphosphine-borane unit compare
favorably with those determined by microwave spectroscopy for the free
complexzoa; the P-B distance is 1.910(8) A, compared to 1.901(7) A in
the free ligand, and the average P-C distancé (1.81(1) A) is the same as
in BH3-PMe3 (1.82(1) A). The average C-P-C angle calculated from the
values of €111-P-C111', C111-P-C211, and C111-P-C211', 104.7(6)°, is
similar to the C-P-C value found in the free ligand (105.0(4)°).

The average Yb-C(ring) bond 1length, 2.687(6) A, 1is identical to
that found in the beryllium methyl complex (2.680(3) A), and somewhat
longer than in the base-free (MeSCS)ZYb (2.665(3) A}, reflecting the
higher coordination number. The centroid-Yb-centroid angle, 139.4°, is

somewhat smaller than in most of the Yb(II) compounds crystallographi-

cally characterized. This angle is probably compressed somewhat by
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steric repulsions between one ring and the trimethylphosphine group
(C14---C211 = 3.54(2) A).

The Yb-B-P bridge is more bent than the Yb-C-Be bridge in the
beryllium methyl complex (162.3(5)° vs. 177.2(3) °). The large degree of
thermal motion in the structure prevented elucidation of the hydrogen
atom positions in the bridging borane, and therefore 1little can be
deduced about the geometry about the borane, but the lack of
perturbation in the structure of the ligand upon coordination suggests
that the hydrogen atoms are interacting with the Yb in a tribridged
linear manner, as in the beryllium structure. Interactions of borane
and borate hydrogen atoms with metals have been documented; in the

20b

2'32H4~2PM83

diborane unit through B-H-M bridge bonds, and Fe-H-B bridges are implied

complex ZnCl » the zinc atoms is coordinated to the

between an iron trimer and a tricapping borate in the complex (u-

20c

H)Fe3(CO)9BH4

Electron-Transfer Complexes

During the course of the study of the coordination chemistry of
(MeSCS)ZYb with electroppsitive metal alkyls, the reactions with group
12 alkyl and aryl complexes were conducted. The reaction of ZnMe2 with
(MeSCS)ZYb in pentane immediately produces an orange flocculent
precipitate, suggestive of a coordination compound, but with' continued
stirring, the solid redissolves to give a deep purple solution from
which zinc metal is precipitated as a mirror. The material can be
crystallized at -78°C to give dark purple blocks. The IR spectrum of

the compound reveals low energy vC-H bands at 2803, 2771, and 2678 cm—l,
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indicating "agostic" Yb.-H interactions. Such bands would not be
expected in a simple compound of the formula (Mescs)szMe, however. The
IR spectra of the methyl complexes (Me5C5)4Lu2(y-Me)(Me)5a and
(MeSCS)ZScMe5b are reported not to show such bénds. The analytical data
likewise suggested that the compound was not a simple ytterbium alkyl,
and yet the 1HNMR spectrum at room temperature showed only one resonance
for the C5Me5

order to determine the stoichiometry of the product, the crystal

rings, giving no information about the structure. In

structure of the compound was determined. An ORTEP diagram of the
structure is shown in Figure (5), while pertinent bond distances and
intramolecular angles are listed in Tables VI and VII.

Figure (5) ORTEP Diagram of (Mescs)sz(p-Me)ZZnMe

c3
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Table VI Bond Distances for (MeSC ) Yb(p—Me)ZZnMe (4)

572

Yb-C1 2.546(4) C1-H1l 1.02(5) Yb-Cl1 2.615(3)
Yb-C2 2.529(5) Cl-H12 1.02(4) Yb-C12 2.628(4)
: C1-H13 0.91(4) Yb-C13 2.615(3)
Zn-Cl1 2.066(4) C2-H21 0.89(4) Yb-C14 2.612(3)
Zn-C2 2.075(5) C2-H22 1.133(5) Yb-C15 2.612(3)
Zn-C3 1.960(4) C2-H23 0.840(5) Yb-C21 2.595(4)
Yb-C22 2.600(3)

Yb-H1l 2.32(5) Yb-Cpl 2.325 Yb-C23 2.622(3)
Yb-H21 2.25(4) Yb-Cp2 2.316 Yb-C24 2.639(3)

Yb-C25 2.591(4)

Cpl and Cp2 are the centroids of the rings comprised of C11-C15 and C21-
C25, respectively.

Table VII Intramolecular Angles for (Mescs)sz(y—Me)ZZnMe (*)
Cl1-Yb-C2 89.2(1) Yb-C1-H11 65.9(3)
Cl-Yb-Cpl 103.5 . Yb-C1-H12 117.7(2)
C2-Yb-Cpl 103.9 Yb-C1-H13 135.1(3)
Cl1-Yb-Cp2 105.0 Yb-C2-H21 62.1(3)
C2-Yb-Cp2 105.2 Yb-C2-H22 123.8(4)
Cpl-Yb-Cp2 139.2 Yb-C2-H23 142.2(4)
Cl1-Zn-C2 118.7(2) Zn-Ci-H11 141.3(3)
C1-Zn-C3 120.9(2) Zn-Cl1l-H12 91.8(2)
€2-Zn-C3 120.3(2) Zn-C1-H13 99.9(3)
: Zn-C2-H21 138.2(3)
Yb-Cl-Zn 75.9(1) Zn-C2-H22 94.3(3)
Yb-C2-Zn 76.1(1) Zn-C2-H23 100.5(4)
H11-C1-H12 = 110.5(4) H21-C1-H22 109.8(3)
H11-C1-H13 103.0(4) H21-C2-H23 111.0(3)
H12-C1-H13 107.0(4) H22-C2~-H23 93.9(4)
The compound 1is in fact (Me5C5)2YbM6 coordinated to another
molecule of ZnMe, to give a zincate complex of Yb(III). Such zincate

2

complexes‘have precedent in alkali metal chemistryZI, although they have
never been structurally characterized. The ytterbium is in pseudo-
tetrahedral coordination, with an average Yb-C(ring) bond 1length
(2.613(4) A) identical to that found for the trivalent Yb in eight-

coordination in the complex (MeSCS)BYb4(”—F)4’ The centroid-Yb-

centroid angle, 139.2°, is also comparable to that in the fluoride
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complex, as well as in other Yb(III) complexes in eight—coordinatiorx22
The rings are staggered, with a torsion angle of 33.0(2)°. The zince
atom 1is in pseudo-trigonal planar coordination. The ZnC3 unit 1is nop
quite planar; €3 lies 0.117(6) A out of the plane formed by Zn, C1, and
c2. 'The Zn-C(terminal) distance is shorter than the average Zn-
C{(bridge) distance (1.960(4) A vs. 2.071(5) A). This reflects the fact
that the two Zn-C(bridge) distances are averages of a single bond and a
dative bond, which is likely to be ca. 0.2 A longer.' For comparison,
the Zn-C bond length for monomeric ZnMe2 in the gas phase is 1.930(2)
423,

The structural parameters relating to the bridging unit are
comparable to other known structures of the general formula szM(p-
Me)ZM'Ln; these values are given in Table VIII. The acute angle about
bridging methyl carbon is very reminiscent of angles about methyl group
bridges in main group chemistry {(e.g. in A12Me6, the Al-C-Al angle in

the gas phase is 75.5(1)°27).

Table VIII Structural Parameters for szM(pre)zM'Ln

M-C (avg, A) LC-M-C (*) M-C-M' (avg, °) Ref.

Cp . Yb(u-Me).ZnMe  2.538(5) 89.2(1) 76.0(1) this
2 2 work
Cp,¥ (u-Ke) ,¥Cp, 2.54(1) 92.3(3) 87.7(3) 24
Cp,Yb(u-Me) ,YbCp,  2.51(4) 93.4(4) 86.6(3) - 24
Cp, ¥ (u-Me) AlMe, 2.58(2) 84.5(6) 80.8(5) 25
Cp,Yb(ule) ,AlMe,  2.59(2) 87.1(6) 78.8(5) 26

The Yb(p—Me)ZZn unit is very nearly planar; the planes represented

by Yb-C1-C2 and Zn-C1-C2 meet in a dihedral angle of 5.2(1.5)°. The
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methyl bridges are symmetrical within statistical verrors. The most
interesting feature of the bridging groups is the disposition of the
hydrogen atoms. While the hydrogen atoms are poorly located, a pattern
emerges which is outside the bounds of statistical error. The bridging
methyl groups are eclipsed, and for each methyl group there is one very
acute Yb-C-H angle (ca. 64°), bringing a hydrogen atom into close
proximity with fhe ytterbium atom (Yb~H11l = 2.32(5) A, Yb-H2l = 2.25(4)
A4). These distances are far shorter than the closest M.--H contacts
determined in the structure of Cp4Y2(y-Me)224, even taking into account
the slighter smaller size of Yb. These contacts are undoubtedly the
origin of the low energy C-H stretching modes in the IR spectrunm.

The lack of an identifiable methyl resonance in the roonm
temperature 1HNMR spectrun suggests that the molecule may be undergoing
some fbrm of chemical exchange or fluxionality, with the intermediate
exchange region falling at room temperature. Variable temperature NMR
studies have been carried out in dg-toluene. At -10° C, two resonances
are visible in the spectrum at & 3.30 (vl/2 = 43 Hz) and & -15.5 (vl/2 =
160 Hz), in a 10:1 integration. Below this temperature, the resonances
shift with temperature as normal paramagnetic resonances. These appear
to be thebc

Me. and terminal methyl resonances of a stopped-exchange C2v

5°°5
structure. Evidently, the bridging methyl groups are too broad to be
observed. At ca. 0° C, the methyl resonances begins to broaden and
disappear, so that at 30° C, it is no longer visible. The methyl»
resonance does not appear below 90° C, indicating that the chenically

exchanging methyl resonance is still too broad to be observed.

The question remains whether the exchange process which
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equilibrates the bridge and terminal positions is inter- or
intramolecular. To answer this question, variable temperature NMR
studies have also been carried out with an excess of ZnMez, to examine
the exchange of free and coordinated zinc alkyl. At -10°C in the
presence of excess ZnMez, the resonances for the ring and terminal
methyl protons of the complex are visible at nearly the same positions
(6§ 3.30 and & -17.3, respectively) as in the spectrum without added zinc
alkyl, and a resonance for free ZnMe2 appears at & -0.14. Above 0°cC,
the two methyl resonances broaden and move, and the terminal methyl
protons disappear entirely above 10° C. As the temperatufe is raised
further, the remaining averaged methyl signal progressively broadens,
and it disappears entirely at 70° €. The similarity of the spectra for
the experiments wifh and without added ligand suggests that the
mechanism for exchange of bridge and terminal methyl groups is in fact
the exchange of free and coordinated ZnMeZ:

*x

Me Me
~ \ *-. *-' -~ \
(MeSCS)ZYb\\\Me//,ZnMe 2 (MeSCS)ZYbMe + ZnMeMe 2 (MeSCS)ZYb\\Me,,ZnMe

The trimethylzincate complex recrystallizes intact from diethyl
ether, but can easily be cleaved with thf to give the previously
reported compound (MeSCS)ZYbMe(thf)zs. 4 Attempts have been made to
obtain the base-free methyl compound by perturbing the above
coordinative equilibrium, but heating the compound in toluene and
removing the solvent slowly under vacuum merely results in the isolation
of a low yield of the divalent species (Me.C.).Yb.

5-5'2

In light of the inability to isolate a coordination compound of
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(MeSCS)BePh with divalent ytterbium, it was of interest to attempt to
prepare the analogous zincate complex with aryl substituents, to examine
the steric problems posed by a bridging phenyl group.  Either Znth or
Zn(p—tolyl)2 reacts with (MeSCS)ZYb in toluene to give a deep purple
solution and a zinc mirror. Removal of the solvent foliowed by
recrystallization from pentane results in the isolation "of the
triarylzincate complex of ytterbium. The IR spectra of these complexes
reveal no unusual vC-H bands, such as were visible in the spectrum of
the methyl analog. In the reaction with Zn(p—tolyl)z, a small amount of
zinc starting material .is always reisolated from the residue of the
pentane extract, and a second, very soluble red product can be
crystallized from the pentane solution. This species is obtained in
very low yield, but NMR and mass spectral evidence suggest that it is
the base-free p-tolyl complex of ytterbium. The relative yields of this
species and the zincate seem to be insensitive to reaction
stoichiometry; a 2:1 reaction of (MeSCS)ZYb and Zn(p-toly1)2 results in
the isolation of a mix;ure of the ytterbium starting material and the
two aryl products. Both of the arylzincates readily lose ZnR2 in the
gas phase, and the highest molecular weight fragments visible in the
mass spectrum correspond to (Me5C5)2YbR. The complexes are too
thermally unstable to sublime on a preparative scale.

The room temperature 1HNMR spectra of these compounds show a single
averaged set of resonances for the aryl ligands, indicating that
exchange of the bridging and terminal groups is fast on the NMR time
scale at room temperature (with respect to the methylzincate). Thé rate

of dissociation of ZnAr2 is undoubtedly enhanced by steric repulsions
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between the aryl rings and the C Me5 groups. Variable temperature NMR

5
studies have been undertaken with the intent of studying the barrier to
this exchange. As the tepperature is lowered to -10° C, the resonances
begin to broaden, and by -30°C, the aryl resonances disappear into the
baseline. Several paramagnetic peaks start reappearing at -50° C in the
spectrum of the phenylzincate, while the spectrum of the p-tolyl analog
does not show peaks due to the stopped-exchange limit at temperatures
above -60° C. Both complexes have reached the stopped-exchange limit at
-75°C. Variable temperature experiments with excess added ZnAr2 show
that the barrier to exchange of free and coordinated ligand is the same
as that for exchange of bridging and terminal aryl groups.

In the spectra of the stopped exchange limit, there are a
bewildering number of peaks (see Figure 6). The peaks and their

Table IX Low Temperature NMR Spectra of Arylzincates

(Me.C.)  Yb(u-Ph) ZnPh Integ. (Me C.) ., Yb(u-p-tol).Zn(p-tol) Integ.
5=5~2 2 5=5-2 2

& 128.9 (vl/2 = 1000 Hz) 2 & 126.9 (vl-/2 = 240 Hz) 2

8§ 49.95 (vl/2 = 95 Hz) 2 5§ 32.98 (vl/2 = 52 Hz) 6

8§ 12.52 (v1/2 = 120 Hz) 1 5§ 12.93 (vl/2 = 180 Hz) 2

& 3.44 (vl/2 = 230 Hz) 15 8§ 3.60 (v1/2 = 155 Hz) 15
§ -4.82 (vl/2 = 85 Hz) 2

5§ -6.01 (vl/2 = 120 Hz) 2 § ~6.75 (v1/2 = 55 Hz) 6

& -20.45 (vl/2 = 100 Hz) 2 & -20.62 (vl/2 = 51 Hz) 2

& -69.54 (v = 900 Hz) 2 5 -69.87 (v = 315 Hz) 2

In additio%/zto these resonances, each spectrunm lé%ows a very broad

feature under other resonances from ca. +10 to -10 ppm.

approximate integrations are given in Table IX (the integrations are
approximate owing to the inaccuracy of integration over a ‘very broad
sweep width). While there are many similarities between the two
spectra, there also appears to be many peaks missing and overlapping.

Only one C5Me5 ring is visible (the other is probably the broad roll in
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Figure (6a) Stopped-Exchange Spectrum of Triphenylzincate
{solvent resonances are
_ off scale)
N .y
Figure (6b) Stopped-Exchange Spectrum of Tri(p-tolyl)zincate
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the baseline), and all of the aryl rings appear to be likewise
inequivalent, indicating that the low température solution structure has
far less symmetry than the methylzincate.

The solid state structure of the phenylzincate has been determined
by X-ray crystallography in an effort to discover the distortion that
could account for such a low symmetry spectrum. An ORTEP diagram of the -
molecule appears in Figure (7), and bond distances and angles are given
in Tables X and XI, respectively.

The solid state structure does show lower symmetry than the
analogous methyl complex. The complex consists of a trivalent
(Hescs)sz fragment connected by two Sfidging phenyl groups to a ZnPh
moiety, but the bridges are markedly asymmetric, so that the complex
mﬁre nearly resembles an édduct of (HeSCS)ZYbPh and ZnPh2 (see Figure
8). There is also a prénounced bending of the molecule; the dihedral
anqle' between the planes formed fron Yb-C21-C31 and Zn-C21-C31 is
59.3(1)°. |

The bridging phenyl groups bend far away from the(uescs)sz unit.
The angles formed with the Yb-C21-C31 plane for C21-C26 and C31-C36 are
36.3(2)* and 47.2(2)°, respectivély. In most compounds of electrophilic
metals containing bridging phenyl groups, the plane of the phenyl ring
is perpendicular to the M-M vectorzg. This is proposed to occur to
allov not only overlap between the filled phenyl sp2 o-orbital and
the bonding combination of the respective metal orbitals, but also
overlap between the filled orthogonal p-orbital on the phenyl ring and

30

the anti-bonding combination of the metal orbitals™ . The bending away

of the phenyl groups in this compound is undoubtedly due to severe
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Figure (7) ORTEP Diagram of (Hescs)sz(y-Ph)ZZnPh

>riqure (8) - Asymmetric Bridging Phenyl Groups




Yb-C21
Yb-C31

Zn-C21
Zn-C31
Zn-C41

C41-C42
C41-C46
C42-C43
C43-C44
C44-C45
C45-C46

Table X

2.536(4)
2.723(4)

2.173(3)
2.065(4)
1.963(4)

1.391(5)
1.389(5)
1.402(6)
1.341(7)
1.368(6)
1.392(6)

Bond Distances for (MeSC

Yb-C1
Yb-C2
© Yb-C3
Yb-C4
Yb-C5S
Yb-C11
Yb-C12
Yb-C13
Yb-C14
Yb-C15

Yb-Cpl
Yb-Cp2

2.623(4)
2.623(4)
2.619(4)
2.627(4)
2.620(4)
2.730(4)
2.712(4)
2.649(4)
2.632(4)
2.675(4)

2.333
2.395

5)2

Yb(y—Ph)ZZnPh (&)

C21-C22  1.384(5)
C21-C26  1.414(5)
C22-C23  1.383(5)
C23-C24 1.378(6)
C24-C25 1.370(5)
C25-C26 1.376(5)
€31-C32  1.393(5)
C31-C36  1.401(5)
C32-C33  1.400(6)
C33-C34 1.356(7)
C34-C35 1.374(s6)
C35-C36  1.385(5)
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Cpl and Cp2 are the centroids of the rings comprised of C1-C5 and C11-

C15, respectively.

Table XI

3.422(6) A,

Yb-C21-Zn
Yb-C31-Zn
C21-Yb-C31
C21i-Zn-C31

C21-Yb-Cpl
C21-Yb-Cp2
C31-Yb-Cpl
C31-Yb-Cp2
Cpl-Yb-Cp2

C42-C41-C46
C41-C42-C43
C42-C43-C44
C43-C44-C45
C44-C45-C46
C41-C46-C45

3.379 A, C17-.C32

C11--C22 =

75.0(1)
72.5(1)
80.1(1)
106.1(1)

105.5
106.2
108.8
105.9
136.1

115.4(4)
121.3(4)
121.1(4)
119.8(4)
119.3(4)
123.0(4)

steric repulsions with the C_Me

5

3.362(6) A.

Intramolecular Angles for (MeSCS)ZYb(p-Ph)ZZnPh (°)

3.462(6) Cl2..C32 =

C21-Zn-C41
C31-Zn-C41

C22-C21-C26
C21-C22-C23
C22-C23-C24

. €23-C24-C25

C24-C25-C26
C21-C26-C25

C32-C31-C36
C31-C32-C33
C32-C33-C34
C33-C34-C35
C34-C35-C36
€31-C36-C35

111.7(1)
134.9(2)

114.0(3)
123.3(4)
120.1(4)
119.3(4)
119.6(4)
123.6(3)

114.2(4)
122.7(4)

.120.8(4)

118.8(4)
120.2(4)
123.3(4)

Several close contacts

encourage the tilting of the Ph rings: C6.-:.C26 = 3.471(6)

3.390(6)

stopped by other close contacts: C7--C22 = 3.282(6) A, C10--C33 =

A, C6-:C36

A4, Cle--C22

The tilting of the rings is eventually
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3.503(6) A.

The effect of the steric repulsions can be seen in the (Mescs)sz
unit as well. The average Yb-~C(ring) distance is longer for the ring
comprised of C11-C15 (2.680(4) A for Cp2 vs. 2.622(4) A for Cpl), and
longer than would normally be expected for an Yb(III) complex in eight-
coordination. The centroid-Yb-centroid angle is compressed by the
steric repulsions in the 1ligand sphere. Although the rings are
staggered (torsion angle of 31.8(3);), this brings the methyl groups on
the back sides of the rings into close proximity (C9--C19 = 3.384(7) A).
The result of all of these close contacts is that the methyl groups on
the rings are bent back by an average of 0.230(5) A in Cpl, and 0.314(5)
A in Cp2.

 When the phenyl rings bend away from Yb, the ZnPh moiety appears to
move so as to maintain maximum overlap with the orthogonal p-orbitals on
the rings; the angles formed by the intersection of the Zn-C21-C31 plane
~with the planes of the phenyl rings are 84.4(1)° for C21-C26 and
76.2(1)° for C31-C36. The rings themselves exhibit an axial distortion
away from hexagonal symmetry. This effect has been noted by

29’31, but may simply be attributable to crystal packing forces.

others

The reason for the asymmetric bridge is likewise unknown. The
difference in the Yb-C(bridge) bond lengths (2.536(4) A vs. 2.723(4) A)
nears the proposed distance between a electron pair bond and a dative
bond. Likewise, the shorter of the two Zn-C(bridge) bonds, 2.065(4) A4,
is closer to the terminal Zn-C bond length (1.963(4) A) than to the
other Zn-C(bridge) distance (2.173(3) A). The terminal phenyl ring lies

substantially off the Yb-Zn axis, reflecting the fact that the Zn is
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"halfway between" a coordination number of two and three (C31-Zn-C41 =
134.9(2)°). It is possible that the complex forms an unsymmetric bridge
structure because the steric repulsions are not as severe for bringing
one phenyl ring close to the Yb ion and moving one farther away as they
are in the case where both ringslare at an intermediate distance. While
it is far from certain that this is the structure at low temperature in
solution, the low symmetry is not inconsistent with the NMR spectrum at
the stopped-exchange limit.

Attempts have been made‘to cleave the phenylzincate complex in a
manner to the methyl analog, to produce complexes of the type
(MeSCS)ZYbPh(L). The compound can be recovered intact from diethyl
ether, but dissolution in thf gives a red solution. Removal of the
solvent and extraction with hexane yields a red solution, from which .a
small amount of (MeSCS)ZYbPh(thf) can be crystallized. Unfortunatly,
the hexane extraction does not efficiently remove displaced Znth, and
the product is inevitably contaminated with zincate.

The reaction. of (Mescs)sz with diarylzinc compounds takes an

entirely different course in saturated hydrocarbon solvents. Reaction

of ZnPh. with the ytterbium complex in hexane results in the rapid

2
precipitation of an insoluble black powder, with no formation of zinc
metal. Both the phenyl and the p-tolyl products are extremely insoluble
in.hydrocarbon solvents, and do not react further in toluene with excess
ZnAr2 to give the zincate species. The IR spectra reveal that-the Yb is
probably still divalent (judging from the low energy bands presumed to

involve Yb-ring stretching modes), and that aryl groups are present.

The lHNMR spectra of samples hydrolyzed with nzo show benzene (or
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toluene) and CsMeSH in an approximate 3:1 area ratio, suggesting that
the compounds may arise from a ligand-swapping reaction between
(MeSCS)ZYb and ZnArz, and may have the empirical formula
[(MeSCS)YbAr][ZnArZJ. No crystals of sufficient quality for X-ray
analysis have been obtained.

A verified case of ligand exchange between Yb and Zn can be found
in the reaction of (MeSCS)ZYb with (HSCS)ZnMe. Reaction of these two
compounds in hexane rapidly produces a light green powder which is
insoluble in hydrocarbon solvents. The IR spectrum of the powder and
the 1HNMR spectrum of the hydrolysate show that it contains both C5H5
and C5Me5 groups (this product will be discussgd further in a later
section). Removal of the solvent from the filtrate yields a light-
colored residue from which éolorless crystals can be sublimed. This
compound is identified by IR and NMR spectra and from analytical data as
(MeSCS)ZnMe, clearly showing that C5H5/C5Me5 ring exchange has occured.

Although trialkylzincate complexes have been previously reported,

there have been no reports in the literature of trialkyl- or
arylmercurates. The reason .for this is likely due to the high barrier
to rehybridization of the mercury. Electron transfer reaction should
therfore not yield mercurates, but base-free alkyl species.

Unfortunately, (Mescs)sz does not react with HgPh despite the

2I
relative ease of reduction of ng+ (Eo = +0.85 V in aqueous solution,
compared to -0.76 V for Zn2+)32, and the weakness of Hg-C bonds when

compared to Zn-C bonds33. The reason probably again lies in the high

reorganization energy required to bring the phenyl group into a bridging

position between the metal atoms.
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One way to circumvent this difficulty would be to use a mercury
reagent with a potentially reducible alkyl or aryl group, such as a
fluoroaryl compound. The reaction of (MeSCS)ZYb with Hg(Cst)2 in
pentane gives a purple solution and mercury metal, indicating that
electron transfer has taken place. Cooling the solution to -78°C
produces purple crystalline solid, which can be identified by IR, 1H and
19FNMR spectroscopy, as well as analytical data, as the base-free aryl
species (MeSCS)ZYb(CsFS)' There is no evidence of mercurate formation.
‘The complex shows a molecular ion in the mass spectrum, and is readily
soluble in hydrocarbon solvents. The paramagnetic species can be
observed directly by 19FNMR spectroscopy. Three signals are observed at
8 47.0 (vl/2 = 1400 Hz, 2F, ortho F), & 1.79 (v1/2 = 29 Hz, 1F, para F),
and § -7.30 (vl/2 = 73 Hz, 2F, meta F). ‘
Diethylmercury is similarly reducéd by divalent Yb; the reaction in
pentane precipitates mercury metal within hours. The solution remains
orange, however, and only (MeSCS)ZYb is recovered. Evidently, a base-
free ethyl complex is produced, which readily undergoes B-H elimination

to give ethylene and (MeSCS)ZYbH‘ This can then return to the divalent

oxidation state by eliminating HZ’ as described in Chapter Two.

Inclusion Compounds

It might be proposed that any molecule that possesses a permanent
dipole moment could conceivably coordinate to ytterbium. The olefin,
acetylene, and alkyl compounds previously described, however, are all
sterically relatively undemanding. If a molecule is too large to "fit"

in the space between the bulky C5Me5 rings, a weak coordination compound
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would not be expected to form. In order to explore this question, the
reactions‘ have been conducted between (MeSCS)ZYb and bulky polar
molecules, dicarbadodecaboranes (these will be referred to simply as
carboranes in this discussion).

34) is comparable to

The dipole moment of ortho-carborane (4.31D
that of the phosphine-borane adducts, and is proposed to be directed so
that the carbon atoms lie at the positive end of the dipole. This
assignment is supported by the lower dipole moment of' meta-carborane,
2.78D. The reaction of o-H2C2310H10 with (MeSCS)ZYb in hexane produces
an immediate precipitation of green solid. This solid can be
recrystallized from hot toluene to give dark green needles in good
yield. The analogous complexes with meta-carborane and 1,2-dimethyl-
ggghg—carborane are somevwhat more soluble, but can be crystallized from
hexane at -25°C. Analytical data reveal that the complexes all have a
carborane to Yb ratio of 1:1, and the NMR spectra reveal no solution
perturbation of the ligand chemic;l shifts.

The IR spectra do show some notable differences, however. 1In the
spectra of the c#rboranes, individual stretching frequencies can be
discerned which correspond to vC-H and vB-H modes. 1In the spectra of
the complexes, the bands corresponding to C-H stretching modes are
lowered substantially, while the B-H bands remain unperturbed (Table
XII). This would suggest that the ytterbium is interacting with the
hydrogen atoms at the positive end of the molecular dipole.

Another interesting phenomenon is the observed thermochroism of the

meta-carborane and 1,2-dimethyl-ortho-carborane complexes. Both are

green when isolated at low temperature. When the o-Me2C2310H10 complex
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Table XII IR Spectra of Carborane Complexes
Complex v C-H (en D) v B-H (cn %)
o~-H CZB OHI 3070vs 2604vs, 2578vs ,
[Ybf[o-ﬁzczﬂloalo] 3074m, 3010vs 2610vs, 2575vs, 2563s
m-H CZB 0H1 3064s 2603vs
tvof4-2%28. w3 3066w, 3024vs 2601vs
2 ﬁ 10710
o-Me%CZB10 18 - 2586vs
[Yb] o—Me2C2 10H10] - 2591vs

is allowed to warm, it is found to consist of two crystalline forms: one
that remains green at all temperatures, and one that turns orange above

. 5°C. The color change in the orange form is reversible. The n-

Q

H2C2B10H10 complex is green at room temperature, but reversibly turns

orange above 95°C. The o-HZCZBloH10 compound remains green at all
temperatures. The .thermochroism of these compounds is reminiscent of
the thermochroisn .of (MeSCS)ZYb itself, which reversibly turns dark
orange.above ca. 130°C.

In hopes of elucidating the nature of the metal-carborane
interaction, as well as the structural source of the thérmochroism, the
structures of two of the compounds have been determined by X-ray

crystallography: green [(Me Yb] {o-H,C.B, .H 0], and the orange form

5C5) 5 2¢2B108;
of [(MeSCS)ZYb][o-Me C,B..H..]J. The results are startling, in that it

272710710
is apparent that the two individual molecules in the asymmetric unit are
entirely non-interacting. Packing diagrams of the two structures are
presented in Figures (9) and (10). The labeling schemes for each
structure are given in Figures (11) and (12).

The closest contact between Yb and any atom in the carborane unit

in the ortho-carborane structure is a Yb..-C distance of 5.762(6) A&,

while in the 1,2-dimethyl-ortho-carborane structure there is a Yb:--B
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Figure (9) ORTEP Packing Diagram for [(MeSCS)ZYb][o-HZCZBloﬂlo]

7=

Figure (10) ORTEP Packing Diagram for [(Mescs)sz][o-MeZCZBloﬂlol
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Figure (11) Atom Labeling Scheme for [(MeSCS)ZYb][o-HZCZBlcﬂlol

Figure (12) Atom Labeling Scheme for [(Mescs)sz][o-MeZCZBloﬂlo].
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distance of 5.25(1) A. These distances are far outside the range of any
possible van der Waals contact. Even in complexes of the supposedly
very weakly coordinating anion BIICHIZ—' M--H-B interaction are observed
which bring the B atoms to within ca. 2.5-3.0 A of the meta135. The
complexes reported here are best classed as inclusion or clathrate
compounds.

Inclusion compounds are those species whose solid state structures
possess vacant spaces, channels, or layers which are occupies by one or
more non-interacting "guest" molecules, and whose characteristic
properties (e.g. crystalline form) different from those of its
components. The first clathrates prepared were complexes of quinol and
hydrogen sulfide36a or sulfur dioxide36b. Since then, the class has
grown to include.a wide variety of host and guest molecules, and the
definition has even expanded outside the realm of solid state structures
to include "liquid c1athrates"37.

Many inclusion compounds have guest molecules effectively
encapsulated in a hydrogen-bonded cage, such as the hydrate clathrates
of inert gases and small molecules38, but the channels in zeolites and
the spaces between layers in intercalation compounds can serve equally
well to trap guest molecules. There are also classes of compounds in
which the guest molecule is merely held in place between individual
molecules in the structure, without any evident polymeric nature to the
lattice. The degree to which the trapped molecule is prevented from
escaping varies, but some inclusion compounds can be reconstituted once

the guest molecule has been removed.

The enthalpy of clathration is often likened to the enthalpy of
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monolayer adsorption. This quantity is often of interest, because it
can be related directly to the strength of the guest-host interaction,
assuming that guest-guest interactions are negligible. Clathration
enthalpies have been measured for certain types of inclusion compounds;

39, although values

the values in general lie between -20 and -30 kJ/mol
as high as -70 kJ/mol have been observed for some clathrate hydrates.
The negative enthalpies are sufficient to overcome the unfavorable
entropy contribution. There have been no reported examples of inclusion
compounds of carboranes, but réports are beginning to appear indicating
the successful clathration of metallocenes40

In both complexes, the (MeSCS)ZYb unit has - an average Yb-C bond
length and a centroid-Yb-centroid angle which are reasonble for divalent

ytterbium (the corresponding values in the structure of polymeric

(MeSCS)ZYb are 2.665(3) A and 145.4°). The 1,2-dimethyl-ortho-carborane

Table XIII Geometry of (MeSCS)ZYb Units
Lengths (A) |(Mesgslzvbl|o-3292§103101 [(Mesgsleb][o-Mezgzgloglol
Yb-C11 2.683(5) ' 2.637(5)
Yb-C12 2.657(5) 2.641(4)
¥Yb-C13 2.647(5) 2.651(4)
Yb-C14 2.667(5) _ 2.623(4)
Yb-C15 2.675(5) 2.621(4)
Yb-C21 2.681(4) 2.650(4)
Yb-C22 2.675(5) 2.632(4)
Yb-C23 2.661(4) 2.628(5)
Yb-C24 2.663(5) 2.619(5)
Yb-C25 2.685(4) 2.630(4)
Yb-C(avg) 2.669(5) 2.633(4)
Yb-Cpl 2.382 2.350
Yb-Cp2 2.387 2.352
Cpl-Yb-Cp2 " 142.9° ‘ 146.8°

Cpl and Cp2 are the centroids of the rings comprised of C11-C15 and C21-
C25, respectively.
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structure shows slightly shorter Yb-C bond lengths and a larger Cp-Yb-Cp
angle; this will be discussed later in the context of the intermolecular
interactions.

The carborane units also resemble the reported structures of their
halogen-substituted analogs41 (Table XIV). A common problem in the

structural determination of carboranes is disorder between carbon and

Table XIV Bond Lengths for Carboranes (A)
a b
0B CoBiollig 9ol CyBigHgBr, ooMe,CoBi ol o=Me)C)B,oHcBr,

c1-C2 1.67(1) 1.63(3) 1.57(1) 1.65(3)
C1-C3 - - 1.57(1) 1.48(4)
C2-C4 - - 1.57(1) 1.54(3)
C1-B1 1.69(1) 1.74(3) 1.65(1) 1.73(3)
C1-B2 1.69(1) 1.70(3) 1.73(2) 1.73(4)
C1-B3 1.69(1) 1.73(3) 1.70(2) 1.75(4)
C1-B4 1.69(1) 1.66(4) 1.67(1) 1.77(4)
c2-B1 1.72(1) 1.75(3) 1.67(1) 1.67(4)
C2-B4 1.71(1) 1.70(3) 1.77(1) 1.75(3)
C2-B5 1.69(1) 1.72(3) 1.58(2) 1.70(4)
C2-B9 1.67(1) 1.76(3) 1.59(1) 1.65(5)
B1-B2 1.72(1) 1.68(3) 1.69(1) 1.83(3)
B1-B5 1.71(1) ©1.82(3) 1.71(1) 1.75(4)
B1-B6 1.69(1) 1.71(3) 1.71(1) 1.73(4)
B2-B3 1.79(1) 1.80(3) 1.73(1) 1.79(4)
B2-B6 1.76(1) 1.74(3) 1.71(1) 1.79(4)
B2-B7 1.77(1) 1.79(3) 1.79(2) 1.78(4)
B3-B4 1.75(1) 1.73(4) 1.71(1) 1.73(4)
B3-B7 1.76(1) 1.69(3) 1.80(2) 1.76(4)
B3-B8 1.77(1) 1.78(3) 1.81(1) 1.82(5)
B4-B3 1.75(1) 1.75(3) 1.68(1) 1.81(4)
B4-B9 1.76(1) 1.79(3) 1.68(1) 1.81(5)
B5-B6 1.72(1) 1.75(3) 1.68(1) 1.71(4)
B5-B9 1.78(1) 1.80(3) 1.77(1) 1.77(4)
B5-B10  1.74(1) 1.79(2) 1.73(2) 1.77(4)
B6-B7 1.76(1) 1.77(3) 1.75(1) 1.85(4)
B6-B10  1.75(1) 1.75(3) 1.73(1) 1.79(4)
B7-B8 1.79(1) 1.81(3) 1.76(1) 1.74(4)
B7-B10  1.76(1) 1.73(3) 1.64(2) 1.78(4)
B8-BY 1.76(1) 1.69(3) 1.67(1) 1.84(4)
B8-B10  1.76(1) 1.78(3) 1.73(1) 1.76(4)
B9-B10  1.77(1) 1.75(3) 1.85(4) 1.73(4)
a b . '

Ref. 4la. ° Ref. 41b.
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boron sites. Some indication of disorder in a structuré can be given by
‘examining the average bond length about a certain position in the cage,
as well as the distance to the atonm para to the position in the cage
(see Table XV). Assuming bonding radii for B and C of 0.88 A and 0.82

A38a

, the expected bond distances are 1.76 A for B-B, 1.70 A for B-C,
and 1.64 A for C-C. Therefore, the expected average bond length about a
C in a carborane is 1.69 A. The averages about the B atoms should be
1.73 A, 1.75 A, and 1.76 & depending on whether the B atom is adjacent
to two, one, or no C atoms. Likewise, para-icosahedral distances can be
calculated on the basis of an ideal carborane geometry. In the

structure of 1,2-dimethyl-ortho-carborane, the random variations about

the idealized bond lengths make it difficult to discern any pattern, but

Table XV Comparison of Carborane Sites
o-H.C.B..H o-Me,C.B. .H Idealized
avg. bond length (A) 272710710 2,2 10710
C1 v 1.69(1) 1.66(1) 1.69
Cc2 1.69(1) ' 1.64(1) 1.69
Bl 1.71(1) 1.68(1) 1.73
B2 1.75(1) 1.73(1) 1.75
B3 1.75(1) 1.75(1) 1.75
B4 1.73(1) 1.70(1) 1.73
B5 1.73(1) 1.69(1) 1.75
B6 1.74(1) 1.72(1) 1.76
B7 1.77(1) 1.75(2) 1.76
B8 1.77(1) 1.73(1) 1.76
BS 1.75(1) 1.69(1) 1.75
B10 1.76(1) 1.71(2) 1.76

para-distances (A)

C1-B10 3.20(1) 3.12(1) 3.23
C2-B7 3.24(1) 3.14(1) 3.23
B1-BS 3.31(1) 3.34(1) 3.34
B2-B9 3.37(1) 3.23(1) 3.34
B3-B5 3.34(1) 3.28(1) 3.34

B4-B6 3.33(1) 3.32(1) 3.34
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it is clear that the average bond lengths about Cl and C2 are somewhat
shorter than those around the proposed B sites, and the para-icosahedral
distances for these atoms are much shorter that for the other sites.
Considering also the observation that fhere is no significant residual
electron density associated with B atoms suggesting alternate methyl
group placements, the structure may be said to be fairly well ordered.
The pattern in the ortho-carborane structure may be seen even more
clearly. Evidently, the carboranes have a strong orientation preference
when included into the lattice.

The two compounds are nearly isostructural, but an important
difference can be detected when the intermolecular interactions of the
(Me_C.),.Yb units are studied. In the structure of [(Mescs)sz]-
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[HZCZBIOHIOJ' each ytterbium atom is within close contact distance of
two methyl groups on different adjacent molecules (Yb-:C26 = 3.076(5) A&,
Yb.-C20 = 3.284(5) A), forming a coordination polymer. 1In the structure
of [(MeSCS)ZYb][Mezczsloﬂlol, each ytterbium shows only one close
contact with a molecule related by a crystallographic inversion center
(Yb.-C26 = 2.987(5) A), forming coordination dimers. The intermolecular
interactions are shown in Figures (13) and (14). This situation is very
reminiscent of the difference between the two different ﬁorphologies of
(MeSCS)ZYb discussed in Chapter One.

These intermolecular interactions are responsible for the small but
significant differences in the structures of the individual (MeSCS)ZYb
units. In the ortho-carborane structure, the Yb cation is in a higher

effective coordination number, and this is reflected in the longer Yb-C

distances and the smaller centroid-Yb-centroid angle.
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Yb] {[0-H.,C.B, .H. ]

Figure (13) Intermolecular Interactions in [(Mescs) 2“2%10%10

2

Yb] [o-H,C,B, .H. ]

Figure (14) Intermolecular Interactions in [(Me 2%2%10%10

5C5) 2

The difference in the orientation of the Yb units in the lattice
also changes the unit cell constants slightly (see Table XVI). The
coordination polymer chains in the structure of the ortho-carborane
complex are parallel to the b axis, and breaking these chains up to form
dimeric units lengthens the b axis. In an attempt to discern whether
the thermochroism observed in the 1,2—dimethy1-c_>_r_gg—carboran‘e complex
is due to a structural phase change, the unit cell constants of the

complex were determined at -80°C, while it was in the green forn
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(although damage to the crystal induced in the phase change made data
collection at this femperature impossible). These cell constants are
also given in Table XVI. 1In the green form of the compound, the b axis
suffers a slight compression. This suggests that the intermolecular
interactions between Yb units begin to resemble those found in the
ortho-carborane structure. This further implies that the phase change
which induces thermochroism is related to the alteration in the inter-

Table XVI Unit Cell Constants

Complex a (4) b (A) c (4) B (°)

[(MeSCS)ZYb][HZCZBIOH10] 12.780(1) 10.047(1) 21.175(3) 91.18(1)

[(Mescs)sz][MezczBloﬂlo] 13.061(1) 10.822(1) 21.814(2) 93.211(9)
orang€é€ phase :
[(MeSCS)ZYb][MeZC BlOHIO] 13.109(1) 10.655(2) 21.117(4) 93.04(1)

green”phiase

molecular interactions. Evidently, even these very weak intermolecular
forces are capable of altering the 1igand-to-metal‘charge transfer bands
phought to be primarily résponsible for the colors of f-metal
organometallic compounds42.

The utility of (Me5C5)2Yb as a clathrating agent explains the ready
inclusion of solvents during crystallization. As mentioned in Chapter
One, all aliphatic and aromatic hydrocarbon solvents used to crystallize
the compound are occluded; the solvents are subsequently lost from the
lattice under reduced pressure.

The perturbation of the wvC-H bands in the IR spectra of these
species cannot directly be explained, but similar perturbations in the

IR spectra of guest molecules in other types of inclusion compounds

In general, it is assumed that the perturbation is a reflection of the
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host-guest interactign; the larger the perturbation, the greater the
magnitude of this interaction. Another useful aspect of the host-guest -
interactions is the immobilization of the guest molecule for
crystallographic study. In the carborane complexes, the ytterbium not
only provides a heavy atom to facilitate structural solution, it also
interacts with the dipole moment of the carborane, creating a preferred
direction of orientation, minimizing disorder problems which often

plague the crystallography of these molecules.

Metallocene Adducts

Another class of molecules which can suffer from disorder in the
solid phase ‘are transitioﬂ metal metallocenes. Ferrocene was first
believed to exist in a D5d staggered conformation in the solid state,
but it was later discovered by X-ray and neutron diffraction studies
vthat the room temperature structure is an averaged one, comprised of a
superposition of eclipsed molecules in different rotational
orientations44, giving rise to a statistical center of symmetry. The
disorder is not entirely static, however. The inc¢rease 1in the
vibrational ampli;udes of the atoms with temperature suggests 2
component of librational motion of the ring about the C5 axis in the
disorder. Other first-row metallocenes show similar librational
motion45. It may be possible to immobilize a metallocene in a lattice
of (MeSCS)ZYb’ facilitating structural studies, provided that such an
inclusion compound could be prepared.

The reaction of (Me.C.).Yb with (H.C.),Fe in toluene results in the

57572 5752

isoclation of orange-red crystals of the empirical formula [(Mescs)sz]z—
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[(H5C5)2Fe]. The analogous brown cobalt complex can be prepared from
cobaltocene, provided that the product is isolated within 24 h. Both
the IK and lHNMR spectra of these species appear to be superpositions of
the spectra of the respective starting materials. In order to determine
the reason for the 2:1 stoichiometry of the complexes, the structure of
the cobalt compound has been determined at low temperature bf X-ray
crystallography. An ORTEP diagram of the adduct is presented in Figure
(15), and bond distances and angles are given in Tables XVII and XVIII.
The complex is found not to be an inclusion compound, but rather a
2:1 cqordination compound, with the two ytterbium cations coordinated by
way of very 1long Yb-C diétances to different rings of a single

cobaltocene molecule. The molecule lies on a crystallographic inversion

Figure (15) ORTEP Diagram of {(Mescs)szlz[(Hscs)ZCo]




136

Table XVII Bond Distances for [(H°5C5)2Yb]2[(H5C5)2C°] ()

Yb - -Cl 2.907(5) Co-C1 2.102(5) Yb-C11 2.645(3)
Yb--C5 3.385(9) Co-C2 2.039(4) Yb-C1l2 2.641(4)

Co-C3 2.096(5) Yb-C13 2.636(4)
C1-C2 1.369(7) Co-C4 2.075(5) "~ Yb-C14 2.657(4)
C2-C3 1.367(8) Co-C5 2.062(5) Yb-C15 2.645(4)
C3-C4 1.319(9) Yb-C21 2.681(4)
C4-C5 1.393(9) Co-Cpl 1.719 v Yb-C22 2.716(4)
C5-C1 1.384(9) Yb-C23 2.682(4)

Yh-Cp2 2.354 Yb-C24 2.659(4)

Yb-Cp3 2.394 Yb~-C25 2.634(4)

Cpl, Cp2, and Cp3 are the centroids of the rings comprised of C1-C5,
Cl1-C15, and C21-C25, respectively.

Table XVIII Intramolecular Angles for [(Me5C5)2Yb]2[(H5C5)2Co] (°)
Yb-C1-C2 126.1(4) €2-C1-C5 106.8(5)
Yb-C1-Co 164.0(3) Cl1-C2-C3 108.4(5)

€2-C3-C4 108.8(5)
Cpl-Co-Cpl’ 180.0 C3~-C4-C5 107.5(5)
Cp2-Yb-Cp3 142.6 €1-C5-C4 © 106.7(5)

center, and so there is only one independent (MeSCS)ZYb unit, and one

independent C ring.
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The cobaltocene unit has a staggered configuration, as required by
the crystallographic inversion center. The average Co~C bond length is
2.071(5) A, compared to the values for free (HSCS)ZCO of 2.096(8) A in

46, and 2.119(3) A in the gas phase47. The structure of

the solid state
the free metallocene was found to be staggered in the solid state; gas

phase measurements cannot conclusively distinguish between the D nd

5¢ 2
DSh conformations. It has been suggested that the barrier to internal
rotation of the Cp rings is low enough to permit large-amplitude
torsional motion, and that the gas phase structure may be best
approximated by assuming free rotation of the ‘cyclopentadienyl

groups47b. This torsional motion is evidently not completely supressed

by coordination to ytterbium; the carbon atoms in the ring are quite
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anisotropic, with maximum r.m.s. amplitudes of thermal vibration as high
as 0.443 A.

Although there are significant differences in the C-C bond lengths
within the cyclopentadienyl ring, there seems to be no pattern
identifiable as a static Jahn-Teller distortion. In the gas phase
structural studies of cobaltocene, it is suggested that the Jahn-Teller

47a. There are

distortion in the molecule may in fact be dynamic
deviations in the planarity of the ring, however. The maximum
displacement from the least-squares plane through C1-C5 is 0.034(6) A.

The (MeSCS)ZYb unit in the structure has an average Yb-C(ring) bqnd
length of 2.660(4) A, identical within statistical errors to the value
of 2.669(5) A in the complex of ortho-carborane, but somewhat longer
than the value of 2.633(4) A determined from the structure of the 1,2-
dimethyl-ortho-carborane inclusion compound. The centroid-Yb-centroid
angle, 142.6°, again resembles that in the coordination polymer form of
(MeSCS)ZYb (142.9°), rather than that in the coordination dinmer
(146.8°). This suggests that the coordination of the metallocene.may
involve more than one sterically significant Yb:.-C interaction. The
pentamethylcyclopentadignyl rings are staggered (the torsion angle is
24.3(5)°), and the methyl groups are bent out of the planes of the rings
by an average of 0.120(6) A away from the Yb atom.

The closest contacts between the Yb and any ca;bons on the
cyclopentadienyl rings of the cobaltocene are Yb--C1 (2.907(5) A), and
Yb--C5 (3.385(9) A). These distances are longer than the coordination

distances of other weak unsaturated ligands (2.850(5) A in the 2-butyne

adduct of ytterbium), and yet are on the order of the intermolecular
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interactions in the various solid-state forms of (MeSCS)ZYb; All other
Yb--C contacts are greater than 3.8 A. It may be argued whether this
constitutes an nl- or an nz—coordination mode.

There are many examples in the literature of cyclopentadienyl rings
which are nl- or nz-coordinated to lanthanides or alkaline earths. . The
complex Nd(MeC5H4)3 exists as a coordination tetramer in the solid
'state48, in which each Nd is coordinated to 3 ns-rings, and one nl-ring.
The average Nd-C (ns) distance is 2.79(5) A, and the intermolecular Nd-C
distances range from 2.990(7) A to 2.978(7) A. The compound La(C5H5)3,
however, has a solid state structure in which each metal ion interacts
with two carbons in a ring on an adjacent molecu1e49. The La-C
intermolecular distances are 3.034(6) A and 3.032(6) A. The mixed-
valence complex (Me_C.)

5752
nS/nZ-bridging cyclopentadienyl group, and yet the two Sm(II)-C

Sm(y—CSHS)Sm(CSMeS)2 is claimed to have an

(cyclopentadienyl) distances are very different (2.986(8) A and 3.180(9)

)0,

In the solid state structure of (H5C5)2Ca, each Ca is said to
have a coordination sphere of two ns-rings, one n3-ring, and one nl-
ring, and yet the "non-coordinating" distances in the n3-ring (2.951(2)
A and 2.943(2) A), are shorter than the Ca-C distance for the proposed
nl-ring (3.100(2) A)51. Clearly, there is no consensus on what
constitutes a  coordinating distance. This problem, taken with the
confusion over the definition of nl vs. nz? suggests that the
designation of one label or the other is somewhat arbitrary. In the
complex [(Mescs)szlz[(Hscs)ZCo], the coordination mode is probaﬁly

somewhere between the two extremes.

The magnetic susceptibility of the compound has been studied as a
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function of temperature, in order to determiné if coordination of
ytterbium affects the magnetic behavior of cobaltocene. The plots of
l/)cM vs. T for cobaltocene and the ytterbium gomplex are shown 1in
Figures (16) and (17), respectively. The two plots are virtually
identical, indicating that the ligand field of the Co is not perturbed
by the weakly coordinating (MeSCS)ZYb unit. The two compounds show

Curie-Weiss behavior, with u = 1.84 B.M. and 6 = -8 K for (H5C5)2Co, and

1.94 with 8 = -4 K for [(Me )

M Yb]z[(H C.),Col. These moments are

5%5)2 5% 2
very close to the spin-only value for one unpaired spin.

If cobaltocene and (MeSCS)ZYb are allowed to react for more than 24
h., an insoluble green precipitate begins to appear in the solution. As
in the case of the (HSCS)ZnMe reaction, this precipitate gives
indication of both the substituted and unsubstituted rings in the IR
"spectrum. Evidently, ring exchange can occur between Co and Yb. This
can be accounted for when one considers that Co(II) is a d7-ion, with
one electron in the formally metal-ring antibonding e1g orbital. This
makes the complex kinetically labile.

In order to study the products of the ring exchange more
completely, the reaction has been carried out with an even more labile
metallocene, (H5C5)2Mn (ds, high spin). vThe reaction proceeds as
expected, yielding an immediate precipitate of green powder. The
complex (MeSCS)ZMn can be isolated from the supernatent solution. The
green powder dissolves readily in thf, yielding a purple solution. Two
products can be isolated from‘this matefial; they are separable based on
their solubility in toluene. The compound (H.C.) Yb(thf.)n is isolated

57572

as purple crystals from thf, but loses solvent under reduced pressure to
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Figure (16) Plot of 1/)cM vs. T for (H5C5)2Co
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Figure (17) Plot of l/)c}'I vs. T for [(HeSCS)ZYblz[(HSCS)ZCOJ
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pressure, but they irreversibly turn green and crumble when heated in
toluene or heated above 120°C. The red crystals are identified
spectroscopically as (Mescs)(HSCS)Yb(thf)Z' Due to the kinetic lability
of ionic complexes of the lanthanides, few methods are available for the
synthesis of such mixed-ring species. The yield of the mixed-ring
species is ca. 50% of the totai ytterbium-containing material isolated.
Although this method may not provide a high yield of the mixed-ring
compound, it can be readily separated from bis(cyclopentadienyl)-
ytterbium, and so the procedure may prove to be of some synthetic
utility.

In this Chapter, it h;s been demonstrated that ytterbium can
coordinate to a diverse array of molecules. It would seem that a new
definition must be constructed for basic ligands in the (MeSCS)ZYb
system: any molecule is potentially a base towards ytterbium if it has a
dipole moment, either permanent or induced. Whether or not the moleéule
then coordinates is determined primarily by steric factors. Even in
cases where direct coordination is not possible, molecules may be

included in the lattice of (Mescs)sz, and evidence can be discerned for

host-guest interactionms.
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Experimental Section

General

All of the compounds synthesized were oxygen and water sensitive.
All operations were carried out under nitfogen utilizing standard
Schlenk techniques or in a Vacuum Atmospheres inert atmosphere dry box.
All reactions requiring elevated pressures were carried out in Fischer-
Porter thick-walled glass pressure bottles. Hydrocarbon and ethereal
solvents were distilled under nitrogen from sodium benzophenone ketyl
prior to use. Dichloromethane was distilled from calciunm hydride.
Acetonitrile was distilled from PZOS’ and and stored over 34 molecular
sieves. Triethylphosphine was dried over KOH. Deuterated solvents for
NMR studies wére'distilled from potassium under nitrogen and stored over
sodiun. Other chemicals were of reagent grade, unless otherwise
specified.

Pentamethylcyclopentadiene and tetramethylethylcyclopentadiene were
prepared by published proceduresl. The compounds [(C635)3P]2Pt(C2H4)2,
[(C655)3P]2Ni(C2H4)3, and Hg(C6F5)24 were prepared by literature
procedures. The compound [(C6H5)3P]2Pt(C4H6)3 was prepared by a
reported method, substituting dimethylacetylene for methyl-
phenylacetylene. (CSHS)Zn(CH3)5 was prepared by a procedure previously
used to make the ethyl analog, substituting MeMgBr fo; EtMgBr.
Zn(C_H_.), and Zn(p-CH.C.H,) 6 were prepared, using a modification of the

6°5°2 3767472

literature procedure, by the reaction of 2nCl. with PhMgBr and (p-

2
CH3C6H4)L1, respectively.

Infrared spectra were recorded on a Nicolet 5DX FTIR as Nujol mulls
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between Csl plates, or as solutions in KBr cells. Melting points were

measured on a Thomas-Hoover melting point apparatus in capillaries

sealed under Nz, and are uncorrected. 1HNMR spectra were recorded

either at 90 MHz on a JEOL FX-90Q spectrometer, or at 200 MHz on a

departmental machine at the University of California, Berkelely and

13

referenced to (CH3)4Si at & = 0. CNMR spectra were recorded either at

22.5 MHz on the JEOL spectrometer or at 50.8 MHz on the departmental

spectrometer and referenced to'(CH3)4Si at & = 0. 31PNMR spectra were

recorded either at 36.2 MHz on the JEOL spectrometer or at 81.8 MHz on

the departmental machine and referenced to 85% H3PO at & = 0, with the

4
convention that chemical shifts at higher frequency are positive.

.19FNMR spectra were recorded on the JEOL spectrometer at 84.26 MHz and

referenced to C6F6 at & = 0. 11BNMR spectra were recorded on the JEOL

spectrometer at 28.7 MHz and referenced to BF3-OEté at &§ = 0. Elemental
analyses were performed by the analytical laboratories at the University
of California, Berkeley. E.I. mass spectra were recorded on a AEI-MS-9
mass spectrometer in the mass spectroscopy laboratories at the
University of California, Bérkeley.- X-ray powder patterns were recorded
using a Debye-Scherrer camera and Cu—ka ;adiation (A = 0.1.5418 &) with
a Ni filter, and were indexed manually. Magnetic susceptibility

measurements were conducted by Mr. David J. Berg using a S.H.E.

Corporation Model 905 SQUID Magnetometer, using reported procedures7
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Chapter One

g
-

MI, (¥

MI, Sm, Eu)

The thf solvates of EuIZ and Sm12 were prepared by the method of
Girard, Kagan, and Namyg. The thf was removed from'these solvates by
heating the powders under vacuum (Eu: 180°C, 15h; Sm: 160°C, 16h).
During desolvation, Ehe EuI2 changed color ffom pale yellow to white,
and the SmI2 changed from blue-gray to deep green. Complete removal of

the thf was verified by examination of the infrared spectra (Nujol

mulls).

Ytterbium Dijiodide

Ammonium iodide was dried by heating to 120°C under vacuum for
12-14 hr. After being cooled to room temperature, it was washed with
diethyl ether (100 nL) to remove any iodine formed during heating.
Anmonium iodide (12.7 g, 0.0875 mol) was transferred to a large
Schlenk-type flask equipped with a magnetic stir bar and a dry
ice-ethanol condenser which was vented to a nitrogen manifold. The
flask was cooled to -78°C with a dry ice-ethanol bath. Anhydrous
ammonia (250-300 mL) was condensed onto the ammoniﬁm iodide, and the
mixture was stirred to dissolve the solid. Ytterbium chips (7.95 g,
0.0459 mol; a 5% excess of ytterbium was used to ensure complete
conversion of ammonium iodide) were added a few chips at a time to the
stirring solution of ammonium iodide in ammonia. When all ytterbium had
been added, the solution was allowed to stir at -78°C for 1 h. The cold

bath was then removed, and the ammonia was allowed to boil away. The



149
resulting orange-yellow residue was crushed to a powder and dried uﬁder
vacuum, then heated to 200°C under vacuum for 16-20 h to remove the
u-ammonia of solvation. This resulted in a light yellow powder. 1It. was
essential to remove all of the ammonia at this stage to prevent the

formation of ammonia complexes in later procedures.

MI, (o

The alkaline earth diiodides were prepared as pyridine solvates by

Ca, Sr, and Ba)

the method of Taylor ;nd Grantg, by the reaction of the metal dihydrides
with ammonium iodide in pyridine. The coordinated pyridine was removed
by heating the white powders under vacuum (Ca, 210°C, 16h; Sr, 180°C,
16h; Ba, 180°C, 22h). Complete removal of fhe pyridine was verified by
examination of the infrared spectra as Nujol mulls. It was neceésary to
remove all of the coordinated pyridine at this stage to prevent

formation of pyridine complexes in later procedures.

Sodium Pentamethylcyclopentadienide

A 1-L round-bottomed flask was fitted with a dry ice-ethanol
condenser and a large magnetic stir bar. The flask was attached to a
nitrogen manifold in a.fume hood, and the ﬁanifold was vented through a
0il bubbler. The flask was cooled to -78°C with a dry ice-ethanol bath.
A cylinder of anhydrous ammonia was fitted with a short (ca. 3") spout
of Tygon tubing. Under nitrogen flush, 500 nL of liquid ammonia was
poured into the flask. Approximately 0.5-1 g of sodium metal (cut into
small pieces) was dissolved in the ammonia with stirring, and a few

crystals of ferric nitrate were added to initiate electron transfer and
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production of sodium amide. This produced a color change from blue to
brown or tan (this color change could occur instantaneously or could
take up to 1 hr to occur, depending on how much sodium was initially
added). The.rest of the sodium (total amount 8.61g, 0.375 mol) was then
added, and the mixture was allowed to stir at -78°C until all of the
metal was converted to sodium amide, and the solution had turned gray
(ca. 1 hr). At this time the cold bath was removed, and the ammonia was
allowed to boil away. The gray-black residue was crushed to a powder
and dried under reduced pressure. The sodium amide was suspended in 300
nL of thf. Pentamethylcyclopentadiene (42.55g, 48.91mL, 0.3123 mol) was
dissolved in an additional 300 mL of thf, and added by cannula to the
suspension of sodium amide. This resulted in the evolution of ammonia,
and the solution became warm. The mixture was stirred (vented to a
nitrogen manifold) for 8 hr. Stirring was then stopped, and the excess
amide was allowed to settle for 1-2 days. The resulting orange-yellow
solution was filtered through cannula filters fitted with oven-dried
glass microfiber filters affixed with teflon tape (the filters clogged
approximately every 20 min. of filtration and had to be replaced). If
the filtrate exhibited any cloudiness, it was refiltered in the same
manner. The thf was removed under reduced pressure to give an off-white
sticky precipitate. The precipitate was washed with 3 x 200 mL of
diethyl ether, and the washes were discarded. The remaining white
powder was dried under reduced pressure. The total yield of sodium

pentamethylcyclopentadienide was 39.33g (79.67%).
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(MeC,) \Sm(OEt )

Samarium diiodide (4.34g, 0.0107 mol) was slurried with sodium
pentamethylcyclopéntadienide (3.17g, 0.0200 mél) in 250 mL of diethyl
ether, and stirred for 17 h. The resulting deep green~brown solution
was filtered and the volume was reduced to 125 nL. Cooling the solution
to -15°C produced large deep green needles. Two subsequent batches of
crystals were isolated from the mother liquor by reducing the volume and
cooling. The total yield was 3.63g (73.2%), MP 190-192°C. Anal. Calcd

for C24H4005m: C, 58.2; H, 8.15. Found: C, 58.0; H, 8.20. IR (Nujol):

2723m, 1468m, 1164m, 1145s, 1080vs, 1038s, 1018m, 929m, 837s, 818vw,

799w, T774vw, 731wbr, 635w, 611m, 589w, 443vwbr, 364mbr, 307m, 268sbr cm
L lhr (€;Dg. 31°C): 8 20.7 (broad triplet, J=6 Hz, 6H), 8 2.77 (v, ,

= 4 Hz, 30H), 8 -4.50 (broad quartet, 4H). The identity of the ligand

as Etzo was verified by hydrolyzing a sample of the compound in C6D6 and

examining the lHNMR spectrum of the hydrolysate. 13CNMR (C7D8’ 31°C): 8

1. _ ' 1. oiam _
93.01 (MegCq, @, "Jou= 124 Hz), 8 73.21 (OCH,CHy, q, 'J,= 130 Hz), 3

89.74 (QSMes, s). The methylene carbon of OI-:t2 was not observed at room

13

temperature. Upon cooling the sample to -30‘C, however, CNMR{IH}NMR

spectra showed the following resonances: 3 102.6 (nggs), d 94.94
(OCHZQH3), 3 -137.9 (QSMeS). An additional resonance emerged from the
region of the toluene aryl carbons at 3 135.9, which was attributed to

OCH,CH ;.

{MeCp) Sm

Bis(pentamethylcyclopentadienyl)samarium(diethylether) (3.88qg,

0.00784 mol) was dissolved in toluene (200 mL) to give a deep green
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solution. The solution was heated to 100°C, and the solvent was removed
slowly under reduced pressure. The residue was dissolved 1in an
additional 200 mL of toluene, and the process was repeated. The green
solid was gxtracted witﬁ 200 mL of toluene, and the solution was
filtered. The volume was reduced to 120 nL, and the solution was cooled
to -25°C, producing large brown-green blocks. Additional batches of
crystals were obtained from the mother liquor by concentrating and

cooling. The combined yield was 2.65g (80.3%), MP 214-217°C. The

compound sublimed at 125°C/10-'4 torr. To confirm that all diethyl ether

had been removed, a sample was hydrolyzed in C6D6' and the hydrolysate

was examined by 1HNMR spectroscopy; no diethyl ether was observed. The

1

identity of the compound was confirmed by comparing the IR and HNMR

12

spectra with reported values IR (Nujol): 2712w, 1649vwbr, 1577vw,

1497w, 1436s, 1162w, 1146w, 1058w, 1018w, 950w, 721w, 656w, 628w, 602w,

1

557vw, 477w, 372sh, 359m, 299sh, 268s em . 1HNMR (C6D 30°C): 3 1.16

6'
(s, Vi/97 25 Hz). The lower M/e portion of the EI mass spectrum showed
a strong M+ isotopic cluster at 422, which simulated well (all

percentages relative to 422 as 100%):

M/e Simulated % Experimental %
414 11.6 11.5
415 2.58 2.52
416 0.27 -
417 56.4 61.7
418 54.7 55.1
419 62.6 60.4
420 40.3 37.3
421 7.44 8.81
422 100 100
423 22.2 26.1
424 86.7 79.3
425 19.0 16.2
426 1.99 1.44

4217 0.13 -
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Ring loss and fragmentation is evident. Without heating, higher

weight molecular fragments are observed, corresponding to (Mescs)zsm2

and (M65C5)3Sm2. These fragments also may be simulated (for

(MeSC5)3Sm2, all percentages relative to 706 as 100%):

M/e Simulated % Experimental %
693 0.57 2.11
694 0.19 -
695 0.03 : 2.13
696 5.51 7.08
697 5.97 8.75
698 6.75 , 9.85
699 ' 18.1 22.8
700 25.8 32.4
701 49.6 54.6
702 46.8 o 50.0
703 42.4 48.4
704 71.2 ' 75.8
705 60.2 65.5
706 100 100
707 83.7 83.8
708 59.6 57.9
709 77.1 - 74.1
710 22.8 23.3
711 74.3 66.3
712 24.0 22.0
713 33.9 29.1
714 10.5 8.69
715 1.65 -
716 0.17 -
717 0.01 3.93

(Me C.) ,Eu(OEt,) (thf)

EuIZ(thf)2 (0.73g, 0.0012 mol) was slurried in 100 mL of diethyl
ether with sodium pentamethylcyclopentadienide (0.40g, 0.0025 mol) and
stirred at room temperature for 16 h. The ether solution was filtered,
and the volume of the filtrate was reduced to 40 nL; cooling the
solution to -25°C produced red-orange prisms. A further batch of
crystals was isolated‘ from the mother liquor by concentrating and

cooling. The total yield was 0.50g (70%), MP 181-182°C. The identity
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of the compound was verified by comparison of the infrared and melting
point with previously reported valueslo. IR (Nujol): 2720w, 1640w,
1291w, 1248w, 1208w, 1185vw, 1164sh, 1147n, 1123vw, 1089w, 1055m,
1029vs, 926w, 892vs, 834m, 790m, 773w, 638wbr, 581w, 349m, 276sh, 247sbr
cm-l. To confirm the ratio of the coordinating bases, a sample of the
compounds was hydrolyzed in C6D6' and the hyrolysate was examined by
lHNMR spectroscopy. Diethyl ether, thf, and MeSCSH were observed in a

1:1:2 ratio.

(Me C.) Eu(thf)

(MeSCS)ZEu(OEtz)(thf) (0.50g, 0.88 mmol) was dissolved in 70 nL of
toluene to give a red solution. This solution was heated to 100°C, and
the solvent was removed slowly under reduced pressure. The process was
then repeated with an additional 70 mL of toluene. The residues were
extracted with 100 mL of pentane. Thé pentane solution was filtered,
concentrated to 60 mL, and cooled to -25°C, producing red needles. An
additional batch of crystals was isolated from the mother liquors by
concentrating and cooling. The total vield was 0.35¢ (80%), MP 178-
181°C. The identity of the compound was confirmed by comparison of the
IR and MP with reported valueslo. IR (Nujol): 2720w, 1640wbr, 1293w,
1281w, 1223w, 1210m, 1160w, 1024s, 956sh, 940w, 927m, 870s, 718m, 686w,

664m, 627w, 583m, 395w, 354mbr, 256s cm-l.

(Me_C

v

‘Bis(pentamethylcyclopentadienyl)europium(diethylether)11 (2.18q,

0.00439 mol) was dissolved in toluene (200 mL) to give an orange-red
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solution. The solution was heated to 100°C, and the solvent was removed
slowly under reduced pressure. The residue was dissolved in an
additional 200 mL of toluene, and the solvent was removed as before.
The orange solid was dissolved in 250 mL of hexane, filtered, reduced to
180 mL in volume, and cooled to -25°C, producing large red prisms.v Two
more batches of crystals were isoclated from the mother 1liquors by
concentrating and cooling. The total yield was 1.62¢g, 87.4%, MP 219-
222°C. The compound sublimes at 125°C/10-4 torr. Anal. Caled for
CooHygEus C, 56.9; H,7.17. Found: C, 55.1; H, 7.18. IR (Nujol): 2725w,
1647w5r, 1494m, 1434vs, 1160w, 1149sh, 1017s, 948w, 720w, 628w, 602w,
584w, 5695h, 547w, 478vwbr, 398brsh, 364sh, 351im, 263vsbr cmfl. To
confirm that all diethyl ether had been removed, a sample was hydrolyzed
and the hydr&lysate was examined by 1HNMR spectroscopy: only

in C6 6

+ , .
CsMeSH was observed. The mass spectrum shows M , successive ring loss,

and fragmentation of the rings. The parent molecular ion isotopic

cluster may be simulated (intensities relative to 423 as 100%):

M/e Simulated % Experimental %
421 89.63 90.53

422 19.98 10.61

423 100 100

424 21.95 11.78

425 2.31 -

(Mesg_s)_zEu(CNR)2 (R = 2,6-dimethylphenyl)

Bis(pentamethylcyclopentadienyl)europium (0.23g, 0.54 nmol) was
dissolved in 30 mL of toluene, and added with stirring to a toluene
solution (10 mL) of 2,6-dimethylphenylisocyanide (0.14g, 1.1 mmol),
producing a dark brown solution. The volume of the solution was reduced

to 25 mL, and the mixture was cooled to =-25°C, yielding dark brown
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crystals. A second crop of crystals was isolated from the mother
liquors by concentrating and cooling. The combined yield was 0.31g
(84%), MP 229-231°C. IR (Nujol): 3071w, 2717m, 2144s, 2115w, 1944vw,
1932vw, 1869vw, 1869vw, 1790vw, 1662vw, 1590w, 1443s, 1299w, 1171m,
1152sh, 1082m, 1036m, 1019w, 993vw, 974vw, 950vwbr, 923w, 897w, 776sh,
769s, 721m, 694vw, 658vw, 639w, 589vw, 574vw, 543vw, 497w, 475wbr,

418vw, 374m, 357w, 316vw, 302sh, 263vs cmnl. Anal. Calcd for

C38H48N2Eu: C, 66.6; H, 7.08; N, 4.09. Found: C, 66.1; H, 7.05; N,

4.03. A sample of the compound was hydrolyzed in CGD and the

6!
hydrolysate was examined by 1I-INMR spectroscopy: 2,6-dimethylphenyl-

isocyanide and CsMeSH vere observed in a 1:1 ratio.

{Me Cc) Yb

Method A
Bis(pentamethylcyclopentadienyl)(hexamethyldisilylamine)ytterbium11
(0.49g, 0.81 mmol) was heated under one atmosphere NZ' The compound
melted at ca. 120°C. The resulting red liquid was heated to‘200°C, and
green-brown crystals began to sublime up the walls of the flask. After
heating for 1h, the material was extracted with pentane (50 nL),
yielding an orange solution. This solution was reduced in volume and
cooled to -25°C. The green needles isolated lost solvent under reduced
pressure and turned greenish-tan. A second crop of crystals could be
isolated from the mother liquors. The combined yield was 0.29g, 80%.

Method B

Bis(pentamethylcyclopentadienyl) (hexamethyldisilylamine)ytterbium
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was sublimed slowly at 90°C at 10-4 mm Hg pressure to give dark brown-
green crystals. The yield from this method was nearly quantitative.
Method C | ‘

Pentamethylcyclopentadiene (1.60 mL, 1.40g, 0.0103 mol) in toluene
(20 mL) was added to a solution of bis(hexamethyldisilylamido)ytterbium
(2.53g, 0.00512 mol) in toluene (40 mL). This solution was stirred 15h.
After filtering the solution, the toluene was removed slowly under
reduced pressure. The residue was extracted with pentane (60 mlL),
filtered, and the volume of the filtrate was reduced to ca. 40 nL.
Cooling thd solution to =-25°C produced green needles, which lost solvent
under vacuum. A second crop of crystals was obtained by concentrating
and cooling the mother liquors. The total yield was 1.42g, 62.5%;
Method D

Bis(pentamethylcyclopentadienyl)ytterbium(diethylether).10 (2.96g,
0.00572 mol) was dissolved in 200 mL of toluene to give a deep green
solution. This solution was heated to 100°C, and the solvent removed
very slowly under reduced pressure (over 3-4 h.). As the diethyl ether
was removed with the toluene, fhe solution turned deep brown-orange.
Thé residue was dissolved in an additional 200 mL of toluene, and the
process was repeated. The solid residue was extracted with 250-300 oL
pentane. The pentane solution was reduced in volume to 150 mL and
cooled to -25°C. This produced very fine green needles which turned tan
upon exposure to vacuum. A second batch of crystals was isolated from
the filtrate by concentrating and cooling. The total yield was 2.20g,
86.7%. |

The compound reversibly turns orange-red at 130°C, and melts at
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189-191°C. Anal. Calcd for C,.H..Yb: C, 54.2; H, 6.82. Found: C, 53.8;

20730 ,
H, 6.96. IR (Nujol): 2725w, 1653vwbr; 1160w, 1148w, 1017m, 792vw, 720w,
623vw, 584w, 403shbr, 352m, 274s cm 1HNMR (C6D6, 30°C): & 1.92 (s).
13..1 oy - ‘ . . R
C{ HINMR (C6D6, 30°C): & 10.61 (ﬂgscs), § 113.4 (QsMes). The mass

spectrum shows sequential loss of pentamethylcyclopentadienyl rings, as
well as fragmentation of the rings. The parent molecular ion isotopic

envelope may be simulated (intensities relative to 444 as 100%):

M/e Simulated % Experimental %
438 0.28 -
439 0.06 -
440 8.65 6.21
441 41.82 47.62
442 70.17 70.97
443 59.76 59.11
444 100 100
445 20.87 15.22
446 37.58 36.15
447 8.04 -
448 0.84 -

449 0.05 -

jggﬂg4gsl2Yb|HN(SiMe3L21

Ethyltetramethylcyclopentadiene (1.56 mL, 1.31¢g,. 8.72 mmol) in
pentane (20 mL) was added to a stirred solution of bis(hex;methyldi-
silylamido)ytterbium (2.16g, 4.37 mmol) in pentane (30 mL). The mixture
was stirred for 20 h, resulting in a deep orange-brown solution. This
solution was filtered, reduced in volume to 15 mL, and cooled to -78°C.
The resulting deep green crystals were isolated at low tempefature, but
melted slightly to a sticky orange-brown solid at room temprature. This
color change was reversible. The isolated yield was 0.63g, 23%. The
infrared spectrum revealed the presence of both free and coordinated

hexa-methyldisilylamine, indicating partial dissociation of the
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coordinated 1ligand. IR (Nujol): 3379w, 3205w, 2726m, 1603w, 1309w,
1248vs, 1217wsh, 1177s, 1044sbr, 986m, 930vs, 868sbr, 837vsbr, 770sh,
752wsh, 686sh, 680m, 658m, 614w, 600w, 583w, 550vw, 431w, 361m, 302s,
27Tm cm_l. It proved very difficult to remove all solvent from the oily
solid; therefore, the compound was not characterized completely, but

converted directly to the base-free species.

(Etle,c ), ¥b
Method A

Bis(ethyltetramethylcyclopentadienyl) (hexamethyldisilylamine)ytter-
bium (0.63g, 0.0010 mol) was heated under one atmosphere Nz. . The
compound was heated to 170°C for 45 min., during which time red-orange
crystalline solid sublimed up the sides of the flask. This solid
darkened to brown-orange upon cooling. The sublimed material was
collected;.the total yield was 0.33g, 70%.
Method B

Bis(ethyltetramethylcyclopentadienyl) (hexamethyldisilylamine)ytter-
bium (0.70g, 0.0011 mol) was sublimed at 90°C at 10—4 mm Hg to give dark
brown-orange crystalline material. The total yield was 0.41g, 79%.

The compound turned orange at 120°C, and melted at 158-165°C.

Anal. Calcd for C,,H,,Yb: C, 56.0; H, 7.28. Found: C, 56.2; H, 7.34.

22834
IR (Nujol): 2722m, 1605w, 1308w, 1158w, 1146wsh, 1037w, 1017m, 866w,
747w, 716w, 549vw, 438w, 360w, 301ls, 277m cm-l. 1HNMR (C6D6' 30°C): &
1.98 (s, 12H); & 1.90 (s, 12H); & 2.40 (q, 4H); & 0.97 (t, 6H, 3JHH =

7.2 Hz). The mass spectrum shows successive ring loss, as well as

fragmentation of the rings. The parent molecular ion isotopic envelope
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may be simulated (all percentages relative to 472 as 100%):

M/e Simulated % Experimental %
466 0.28 -
467 0.07 0.18
468 8.53 10.13
469 41.45 44.13
470 . 70.18 73.20
471 60.52 62.00
472 100 100
473 22.81 22.53
474 37.55 36.47
475 8.76 7.54
476 1.01 0.40
471 : 0.07 -

(Me5g5)_2Yb(CNR)2 (R = 2,6-dimethylphenyl)
Bis(pentamethylcyglopentadienyl)ytterbium {(0.14g, 0.32 mmol) was
dissolved in tqluene (10mL) and added with stirring to a toluene
solution (5 mL)}) of 2,6-dimethylphenylisocyanide (0.080g, 0.61 mmol),
giving a green solution. The volume was reduced to 4 mL, and the
solution was cooled to -25°C, yielding green-brown blocks. A second
batch of crystals was isolated from the mother liquors by concentrating
and cooling. The combined yield was 0.18g (84%), MP 199-202°C. IR
(Nujol): 2716vw, 2131vs, 2116sh, 2095m, 1975vw, 1928vw, 1852vw, 1653vw,
1603vw, 1591vw, 1466s, 1447sh, 1377s, 1295vw, 1260w, 1172m, 1126sh,
1090m, 1078sh, 1034w, 1017w, 989w, 965vw, 920w, 891brsh, 877wbr,
822wbrsh, 804wbr, 765vs, 726sh, 718m, 700w, 641lvw, 618vw, 590vw, 473vw,

382m, 360sh, 308m, 266sbr cm-l. Anal. Calcd for C38H48N2Yb: C, 64.7; H,

6.87; N, 3.97. Found: C, 65.0; H, 6.71; N, 3.98. lHNMR (C6D6, 30°C): &

6.80 (m, 6H), & 2.34 (s, v = 1.7 Hz, 30H), & 2.13 (s, v = 6.8 Hz,

1/2 1/2

12H).
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(eoCe) Y (PEL,)

Bis(pentamethylcyclopentadienyl)ytterbium (0.30g, 0.68 mmol) was

dissolved in pentane (20 mL) and added to a pentane solution (5 mL) of
triethylphosphine (0.10 mL, 0.080g, 0.68 mmol), resulting in an
immediate color change from orange to deep blue-green. The volume of
the solution was reduced to 10 mL, and the solution was cooled to -25°C.
Dark green - needles were isolated from solution. A second crop of
crystals was obtained from the mother liquors by concentrating and
cooling. The total yield was 0.30g (77%), MP 128-132°C. IR (Nujol):
2718w, 1144m, 1122s, 1052sh, 1011s, 947m, 935sh, 900sh, 849w, 713w,
693sh, 684m, 677sh, 650m, 629w, 611ls, 583m, 561lsh, 512w, 474sh, 443sh,
396mbr, 347sh, 281sbr, 263sh cm_l. Anal. Calcd for C26345PYb: C, 55.6;
H, 8.09. Found: C, 54.7; H, 8.05. 1HNMR (C7D8’ 30°C): &.2.05 (s, 30H),
§ 1.24 (t, 3JHH = 7 Hz, 9H, broadenéd due to unresolved coupling to P),
§ 0.93 (q, 6H, broadened due to unresolved coupling to P). 31P{1H1NMR

(C 30°C): & -20.1 (s).

7Pg

2L

Calcium diiodide {3.24g, 11.0 mmol) was slurried with MeSCSNa

(Me Cc) ,Ca(OEt

(3.35¢g, 21.2 mmol) in 200 mL of diethyl ether, and the suspension was
stirred for 24 h. The ether solution was filtered, and the volume of
the filtrate was reduced to 80 mL. The solution was cooled to -25°C,
producing 1afge white needles. A second batch of crystals was isolated
from the mother liquor by concentrating and cooling. The total yield
was 2.82g (69.2%), MP 186-191°C. Anal. Calcd for C,,H,.0Ca: C, 74.9;

24740
H, 10.5. Found: C, 74.6; H, 10.4. IR (Nujol): 2722m, 1650wbr, 1440s,
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1417m, 1301vw, 1286w, 1177sh, 1162sh, 1146s, 1068vs, 1040s, 1017m,

971sh, 924m, 912sh, 837s, 815w, 738sh, 720w, 625w, 613w, 588m, 545wbr,

526sh, 512w, 438m, 409sh, 354wsh, 333vsbr, 279s cm >. YH MMR (cgD.
30°C): @ 2.92 (q, 4H, 3JHH= 7 Hz), 8 2.05 (s, 30H), & 0.80 (t, 6H,
3. 13 ot

Jgg= 7 Hz). TTC NMR (C.D., 30°C): 8 113.1 (s, CcMe.), & 66.20 (t,
1 _ 1 _

JCH— 143 Hz, Ogﬂz), 9 13.35 (q, JCH_ 126 Hz, OCHZQH3), 9 11.38 (q,
1 ‘

Joy= 124 Hz, C (CH) ().
{Me Cc)Ca |

The compound (Me5C5)2Ca(OEt2) (2.50g, 6.50 mmol) was dissolved in

200 mL of toluene. The solution was heated to 100°C, and the solvent
was removed slowly under vacuum. An additional 200 nL of toluene was
added, and the process was repeated. The 1light yellow residue was
extracted with 180 mL of hexane. The hexane solution was concentrated
to a volume of 50 mL, and cooled to -25°C, producing large colorless
blocks. Further batches of crystals were isolated by concentrating and

cooling the mother liquor. The total yield was 1.83g (90.6%), MP

207-210°C. The compound sublimed at 75“C/10-4 mm. Anal.. Calcd for

C20H30Ca: Cc, 77.3; H, 9.76. Found: C, 77.1; H, 9.65. IR (Nujol):

2721m, 1653wbr, 1441s, 1418sh, 1162w, 1058w, 1019s, 950vw, 891lvw, 723m,

665w, 628w, 594w, 539wbr, 462shbr, 399wsh, 367vs, 291s, 276sh cm *. 1K

NHR (C D, 31°C): 8 1.90 (s). >3
1

3 10.27 (q, JCH= 124 Hz, C5(9H3)5). The EI mass spectrum at the lowest

possible temperatures showed M+ (310) as well as sequential ring loss

C NMR (C6D6' 31°C): 3 114.3 (s, gsMes),

and fragmentation of the rings (base peak = 136, CSMeSH)' At higher

temperatures, higher cluster fragments were visible, corresponding to
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Caz(CSMes)z,

175, MGSCSCa).

CaZ(C5Me5)3, Caz(C5M65)4, and even Ca3(C5Mes)4 (base peak =

(Me5g512Ca(bipy)

Bis(pentamethylcyclopentadienyl)calcium (0.31g, 0.0010 mol) was

dissolved in hexane (30 mL), and added with stirring to a hexane
solution (10 mL).of bipyridine (0.16g, 0.0010 mol). The color of the
solution immediately turned deép red-purple, and an orange-red micro-
crystalliné precipitate began to appear. The solution was stirred for
12 h. The precipitate was collected, and a second batch of product was
isolated by concentrating and cooling the mother liquors. The total
yield of product collected was 0.42g (90%). The compound was
recrystallized from hot toluene to give large red blades: it was only
sparingly soluble in cold toluene. The crystals did not melt below
330°C. IR (Nujol): 3059m, 2721m, 1598s, 1592s, 1575m, 1568m, 1450nm,
1475s, 1436vs, 1312m, 1245w, 1224vw, 1175w, 1156m, 1114w, 1103w, 1061w,
1043m, 1021sh, 1012s, 1000sh, 966w, 960sh, 892w, 881w, 813w, 759vs,
742m, 696vw, €68vw, 653vw, 643m, 625m, 588w, 555w, 417wbr, 375sh, 350sh,

1

327vsbr, 288m cm ~. Anal. Caled for C,.H,,N.Ca: C, 77.2; H, 8.21; N,

4073872

1

6.00. Found: C, 76.9; H, 8.27; N, 5.82. H NMR (C6D 31°C): 9 1.91

6'
(Csﬂgs); 9 8.59, 9 8.13, 8 6.75, 8 6.21 (all multiplets assigned to aryl
resonances, no coupling resolvable). The insolubility of the compound

made it impossible to obtain a high quality spectrum.

(Mesgs)_ZCa(CNR)2 (R = 2,6—dimethy1ph§ny1)

Bis(pentamethylcyclopentadienyl)calcium (0.13g, 0.42 mmol) was
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dissolved in 10 mL toluene and added with agitation to a toluene
solution (20 mL) of 2,6-dimethylphenylisocyanide (0.11g, 0.84 nmol).
" The volume was reduced to 15 mL, and the yellow solution was cooled to
-25°C, producing yellow blocks. A second batch of crystals was isolated
from the mother liquors by concentrating the solution further and
cooling. The combined yield was 0.18g (75%). The compound darkened
slowly above 165°C, and melted irreversibly to an orange oil at
213-215°C. IR (Nujol): 3066w, 2718m, 2145vs, 2115m, 1946w, 1870w,
1790w, 1671w, 1653sh, 1604sh, 1591w, 1552vw, 1488shbr, 1443s, 1300w,
1273w, 1170s, 1150sh, 1098sh, 1085m, 1060vw, 1036m, 1020m, 991vw, 976w,
924w, 897m, 882shbr, 803m, 777vs, 719s, 638w, 589w, 573w, 548w, 511w,

1

379s, 363s, 334vs, 283sbr cm . Anal. Calcd for C,. H, N, Ca: C, 79.7; H,

38H48N2
8.45; N, 4.89. Found: C, 78.9: H, 8.54: N, 4.81. ‘HNMR (D, 30°C): 3
6.65 (m, 6H), & 2.35 (s, 30H), & 2.17 (s, 12H). LlHNMR of

2,6-dimethylphenylisocyanide (C6D6, 30°C): 3 6.62 (m, 3H), & 2.05 (s,

6H) .

(Me C,),Ca(PEt,)

Bis(pentamethylcyclopentadienyl)calcium (0.14g, 0.45 mmol) was
dissolved in 15 nL pentane and added to a degassed solution of
triethylphosphine (0.070mL, 0.056g, 0.47 mmol) in pentane (5 mL). The
solution was filtered, and the volume was reduced to 5 mL. When cooled
to 25°C, the solution produced white needles. A second crop of
crystals was obtained from the mother liquors by concentrating the
filtrate and cooling. The combined yield was 0.17g (88%), MP 111-113°C.

IR (Nujol): 2719m, 1653wbr, 1418m, 1311vw, 1288sh, 1265w, 1250w, 1236sh,
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1154m, 1085m, 1062w, 1036s, 1022s, 989sh, $77w, 963w, 937w, 8392vw, 800w,
752w, 767sh, 756s, 723m, 701m, 671w, 624wbr, 588w, 551vw, 515vw, 44Swbr,

365sh, 343vsbr, 306w, 287sbr cm L. Anal. Calcd for C el sPCar C, 72.8;

H, 10.6; P, 7.22. Found: C, 73.0; H, 10.7; P, 6.97. 1HNMR (C6D6,

30°C): @ 1.98 (s, 30H), @3 1.21 and 3 0.87 {(both multiplets, combined

integration 15H). 31PNMR51H1 (C.D

6 6 30°C): & -20.3 ppm (s).

(Me C,) S (OEt,)

Strontium diiodide (2.30g, 6.74 mmol) and Me_C_Na {2.02g, 12.8

575

mmol) were slurried together in 200 mL of diethyl ether, and the
suspension was stirred for 36 h. The solution was then filtered,
concentrated to a volume of 120 mL, and cooled to -25°C, producing white
needles. Two subsequent batches of c¢rystals were obtained by
concentrating and cooling the mother liquors. The combined yield was

1.87g (67.7%), MP 210-215°C. RAnal. Calcd for CoqHyo0Sr: C, 66.7; H,

9.35. Found: C, 64.6; H, 9.42. IR (Nujol): 2722m, 1650wbr, 1488m,
1419m, 1159m, 1146s, 1079vs, 1038s, 1013m, 927m, 838s, 818w, 797w,
724wbr, 668vw, 620wbr, 588m, 545wbr, 513w, 442vw, 416w, 397w, 355mbr,

282vsbr cn Y. lm mm (CgDg. 30°C): 8 2.82 (q, 4H,'3JHH= 7 Hz), 8 2.07

(s, 30H), 8 0.74 (t, 6H, 3JHH= 7 Hz). T3¢ NMR (CgDg, 31°C): 8 112.5 (s,
1. _ 1. _

Me;),  66.34 (t, 'J= 143 Hz, OCH)), 3 13.25 (q, 'J = 127 Hz,
1

Jog= 125 Hz, Cg(CH,) ().

Cs

OCH,CH,), 8 11.09 (q,

2

The compound (MeSCS)ZSr(OEtz) (1.50g, 3.47 mmol) was dissolved in

200 mL of toluene, and the solution was heated to 100°C. The solvent
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was removed slowly under reduced pressure. The process was then
repeated with another 200 mL of toluene. The residue was extracted with
150 mL of hexane. This solution was filtered, concentrated to a volunme
of 80 mL, and cooled to -25°C; white blocks were isolated by filtration.
A second batch of crystals was oﬁtained from the mother liquors by
concentrating and cooling. The total yield was 1.10g (88.5%), MP
216-218°C.  The compound sublimed at 105°C/10™% torr. Anal. Calcd for
C20H305r: C, 67.1; H, 8.45. Found: C, 65.6; H, 8.41. IR (Nujol):
2725w, 1650wbr, 1244w, 1162w, 1148m, 1038m, 1020m, 956w, 721mbr,v737sh,
699sh, 668vw, 631w, 620vw, 589w, 546vw, 516w, 430w, 396vw, 366w, 354m,

1 1 13

308sh, 289vsbr cm . g 31°C): 8 1.95 (s). C NMR (C,D,
1

31°C): 8 113.6 (s, C.Me.), & 10.83 (q, ~J.,= 125 Hz, CS(QH3)5). The

H NMR (C6D
=575 CH

mass spectrum showed M+ (358) as well as sequential ring loss and ring

fragmentation. The molecular ion isotopic cluster, though small, could

be satisfactorily simulated (all percentages relative to 358 as 100%):

M/e Simulated % Experimental %
356 11.74 12.05
357 10.91 11.41
358 100 100

359 22.02 - 21.41

LQQSQSLZSr(bipx)

Bis(pentamethylcyclopentadienyl)strontium (0.19g, 0.53 mmol) was
dissolved in 15 mL of toluene and added with stirring to a toluene
solution (15 mL) of bipyridine (0.08g, 0.51 mmol). The resulting bright
red solution was filtered and cooled to -25°C, yielding orange-red
needles. A second crop of needles was obtained by concentrating and

cooling the mother 1liquors. The total yield was 0.20g (75%). The
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conpound did not melt below 330°C. IR (Nujol):. 3058m, 2751lvw, 2723m,
1660vwbr, 1592s, 1575m, 1568m, 1560w, 1489m, 1477m, 1457s, 1438vs,
1314m, 1282vw, 1244w, 1220vw, 1175m, 1160sh, 1156m, 1105w, 1090w, 1062w,
1043m, 1018w, 1007s, 970vw, 962vw, 928wbr, 902w, 893vw, 7T63vs, 757sh,
742m, 731sh, 723w, 700vw, 667w, 652w, 641w, 622w, 588vw, 526vw, 415m,
353vw, 342vw, 274vsbr cm-;. Anal. Calcd for C3OH38NZSr: ¢, 70.0; H,
7.46; N, 5.45. Found: C, 69.4; H, 7.51; N, 5.38. The insolubility of

the compound precluded the possibility of obtaining the NMR spectrum.

(Me5g5125r(CNR)2 (R = 2,6-dimethylphenyl)

Bis(pentamethylcyclopentadienyl)strontium (0.18g, 0.50 mmpl) was
dissolved in 20 nL of warm toluene and added to a toluene solution (15
nL) of 2,6-dimethylphenylisocyanide (0.13g, 0.99 mmol), yielding a pale
yellow solution. The volume was‘reduced to 15 mL, and the solution was
cooled to -25°C, producing pale yellow prisms which seemed to lose
solvent under vacuum. A second crop of crystals was isolated from the
mother liquors by concentrating and cooling the solution. The total
yield of product was 0.24g (77%). The compound darkened slowly above
215°C, and melted irreversibly to an orange oil at 230-233°C. IR
(Nujol): 2719m, 2150s, 2115m, 1946w, 1931w, 1868w, 1792w, 1671w, 1605sh,
1590m, 1443s, 1297m, 11171s, 1150sh, 1079m, 1062sh, 1037m, 1016w,
991wbr, 973wbr, 923w, 897w, 822vw, 802m, 774vs, 721m, 640w, 612vw, 587w,
572vw, 544vw, 514vw, 496w, 471w, 375m, 360w, 3ziéh, 309sh, 279vsbr cm-l.

Anal. Calcd for C38H48N25r: c, 73.6; H, 7.80; N, 4.52. Found: C, 73.3;

H, 7.91: N, 4.49. HNMR (cgD

6,-31°C): 3 6.58 (m, 6H), 3 2.38 (s, 30H), @

2.12 (s, 12H).
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(Me5g5125r(PEt3L

Bis(pentamethylcyélopentadienyl)strontium (0.20g, 0.56 mmol) was
dissoived in 35 mL hexane, and added to a degassed solution of
triethylphosphine (0.082mL, 0.066g, 0.56 mmol) in pentane (5 mL). This
solution was filtered, the volume was reduced to 10 mL, and the solution
was cooled to -25°C. The resulting small white crystals appeared to
lose solvent under vacuum. A second batch of product was isolated from
the mother 1liquors by concentrating and cooling the filtrate. The
combined yield was 0.19¢ (71%), MP 140-142°C. IR (Nujol): 2720m,
1655wbr, 1415w, 1347w, 1309vw, 1239vw, 1210vw, 1149m, 1109vw, 1036s,
1022s, 982sh, 963vw, 932w, 888sh, 873mbr, 767sh, 756m, 720w, 704m, 671w,

624w, 591vw, 515w, 475w, 452vw, 428w, 409sh, 398w, 355w, 325vw, 285vsbr

cm-l. Anal. Calcd for C26H45PSr: C, 65.6; H, 9.54; P, 6.50. Found: C,

1

58.6; H, 9.17; P, 2.09. THNMR (CGD 31°C): 8 2.03 (s, 30H), ® 1.21 and

6I
9 0.85 (both multiplets, combined integrétion 15H). 31P{1HiNHR (C6D6,

31°C): & -20.1 ppm (s).

(ﬁesgslzBa(thf)z

Barium diiodide (2.60g, 6.65 mmol) and Me_C_Na (2.10g, 13.3 mmol)

5%
were dissolved in 150-200 mL of thf, and the solution was stirred for 48
h. The solvent was removed under reduced pressure, and the resulting
residue was extracted with 150 mL of hot toluene. The volume of the
toluene extract was reduced to 100 mL, and the solution was cooled to
-25°C, producing white needles. Further batches of crystals were

isolated by concentrating and cooling the mother liquor. The combined

yield was 2.76g (75.2%), MP 187-191°C. Anal. Calcd for C28546028a: o
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60.9; H, 8.40. Found: C, 60.9; H, 8.54. IR (Nujol): 2723m, 1651wbr,
1496m, 1294w, 1285w, 1246m, 1212m, 1146w, 1129w, 1080m, 1037vs, 957w,

930w, 899vs, 859sh, 797mbr, 729m, 646w, 642vw, 61lmbr, 587sh, 466vw,

1 1

419w, 404wbr, 362wbr, 308m, 282sh, 258vsbr cm . 30°C): 3

13C

H NMR (C6D6,

2CH2), 3 2.12 (s, 30H), 8 1.33 (m, 8H, OCHZQH2).
: °my . 1, _
NMR (C6D6, 30°C): 8 112.7 (s, Q5M65>” 3 68.Q2 (t, JCH_ 146 Hz, OQHZCHz,
additional coupling unresolved), 3 25.44 (t, 1JCH= 134 Hz, OCHzgﬁz,
1. _
Jog= 123 Hz, C.(CH,) o).

3.33 (m, 8H, OCH

additional coupling unresolved), 8 11.21 (q,

No reaction was observed to occur between Ba12 and MeSCSNa in Etzo.

(Me ) Ba

The compound (Mescs)zBa(thf)2 (2.50g, 4.53 mmol) was dissolved in
200 mL of toluene, and heated to 100°C. The solvent was removed slowly
under reduced pressure. This process was repeated with an additional
200 mL of toluene. The off-white residue was extracfed with 180 nL of
warm toluene. The volume of the extract was reduced to 90 mL, and the
solution was cooled to -25°C, yielding white needles. Further batches
of crystals were 1isolated from the mother liquors by concentrating and
cooling. The total yield was 1.60g (86.5%), MP 265-268°C. The compound
sublimed very slowly at 10.4 torr at temperatures above 135°C. Anal.
Calcd for C20H3OBa: C, 58.9; H, 7.43. Found: C, 52.0; H, 7.39. IR
(Nujol): 2723m, 1653wbr, 1497sh, 1342wsh, 1309vw, 1290vw, 1148w, 1030m,
1019m, 1004sh, 941w, 929w, 860wbr, 775vw, 728m, 719sh, 695w, 668vw,

1

636w, 626w, 611w, 589w, 464w, 408wbr, 259vs cm-l. H NMR (C6D6, 31°C):

13 opy . 1, =
3 1.97 (s). C NMR (CgDg, 31°C): 8 114.0 (s, C/Me.), 8 11.10 (q, "Iy

124 Hz, CS(QHB)S). The mass spectrum showed n (358), as well as
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sequential ring 1loss (the base peak was 273, (MeSCS)Ba), and ring
"fragmentation. The molecular ion isotopic cluster could be simulated

(all percentages relative to 408 as 100%):

M/e Simulated % Experimental %
404 3.23 2.90

405 : 9.59 10.99

406 12.67 15.29

407 17.62 16.97

408 100 100

409 21.85 27.17

410 2.30 2.26

(MeSQSLZBa(bipy)

Bis(pentamethylcyclopentadienyl)barium (0.21g, 0.51 mmol) was
dissolved in 30 mL of toluene and added with stirring to a toluene
solution (10 mL) of bipyridine (0.080 g, 0.51 mmol). The resulting
bright red solution was reduced in volume to 15 mL and cooled to -25°C,
producing orange-red needles. A second crop of needles was isolated
from the mother liquors by concentrating further and cooling. The total
yield from both crops was 0.21g (71%), M? 317-319°C. IR (Nujol): 3045m,
2721m, 1590m, 1571w, 1488s, 1437vs, 1379s, 1341sh, 1312m, 1244w, 1216vw,
1174w, 1155m, 1043w, 1020w, 1001m, 962vwbr, 937vwbr, 902w, 892sh, 764vs,
738w, 726w, 655w, 639w, 620w, 412w, 306m, 258vsbr cm-l. Anal. Calcd for
C30H38NzBa: ¢, 63.9; H, 6.80; N, 4,97. Found: C, 63.0; H, 6.92; N,

4.96. The insolubility of the compound precluded the possibility of

obtaining the NMR spectrum.

(Me5g5123a(CNR)2 (R = 2,6-dimethylphenyl)

Bis(pentamethylcyclopentadienyl)barium (0.18g, 0.44 mmol) was

dissolved in 15 mL of warm toluene and added to a toluene solution (15
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mL) of 2,6-dimethylphenylisocyanide (0.12g, 0.91 mmol), yielding a pale
yellow solution. The volume was reduced to 5 mL, and the solution was
cooled to -25°C, producing yellow prisms which seemed to lose solvent
under vacuum. A second crop of crystals was isolated from the mother
liquors by concentrating and cooling the solution. The combined yield
was 0.24g (80%). The compound darkened slowly above 175°C, and melted
irreversibly to a red-orange oil at 211-212:C. IR (Nujol): 2716én,
2138vs, 2115m, 1939w, 1865w,  1789vw, 1739vw, 1664wbr, 1603sh, 1590w,
1544vw, 1485m, 14435, 1296w, 1167m, 1151w, 1095sh, 1082m, 1034m, 1019w,
988vw, 973vw, 922w, 89%6vw, 801m, 773vs, 721m, 637w, 498vw, 465vw, 373nm,

357w, 258vsbr cm L. Anal. Caled for C g gl Ba: €, 68.1; H, 7.23; X,

4.18. Found: C, 65.8; H, 7.13; N, 4.20. 1HNMR (C6D6, 31°C): 3 6.60 (m,
6H), & 2.29 (s, 30H), 3 2.11 (s, 12H). A sample of the conpound with
approximately two excess equivalents of ligand was prepared in

1HNMR observed as a function of temperature. At

dg-toluene, and the
room temperature, the methyl resonance of the pentamethylcyclo-
pentadienyl ligands was at 8 2.30, and a single methyl resonance was
observed for the isoéyanide at 8 2.11, indicating exchange of free and
coordinated 1ligand. at -80°C, the methyl resonance due to the

isocyanide had broadened slightly (8 2.09, v1/2= 10 Hz), but separate

signals were not observed for free and coordina;ed ligand.

(MeSQSLZBa(PEt3L
' Bis(pentamethylcyclopentadienyl)barium (0.20g, 0.49 nmol) was
dissolved in 30 mL of warm toluene, and added to a degassed solution of

triethylphosphine (0.14 mL, 0.12g, 1.0 mmol) in pentane (10 mL). This
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solution was filtered, and the sblvent was removed to give a pale yellow
oil. The oil was stored at -25°C for several days, during which time it
crystallized to give white feathery crystals. These were washed at
-25°C wiﬁh precooled pentane, and dried under vacuum. The yield was
0.15g (58%), MP 250-255°C. IR (Nujol): 2723m, 1660wbr, 1441m, 1342w,
1314vw, 1288w, 1288w, 1140s, 1078vs, 1041s, 1017sh, 979sh, 944m, 928sh,
869wbr, 784w, 770s, 751sh, 725m, 699m, 673w, 663sh, 643sh, 626w, 612w,
591vw, 546vw, 520w, 478vw, 466vw, 449w, 40Tmbr, 374w, 355w, 320sh,
258vsbr cn L. Anal. Caled for C, H, PBa: C, 59.4; H, 8.61; P, 5.89.

26 45

Found: C, 54.2; H, 8.41; P, 2.09. ‘HNMR (CDg. 30°C): B 1.96 (s, 30H), o

6l
1.17 and 8 0.89 (both multiplets, combined integration 15H). 31P{1H}NMR

(C6D6, 30°C): & -20.3 ppm (s).
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Chapter Two

(MecCe) Yb(u=C H,) Pt (PPh,),

Bis(pentamethylcyclopentadienyl)ytterbium(II) (0.18g, 0.41 mnmol)
was dissolved in 20 mL of toluene and added to a toluene solution (30
mL) of (n2-ethylene)bis(triphenylphosphine)platinum(0) (0.30g, 0.40
mmol). The resulting deep red solution was stirred for 4 h. The
solution was concentrated to a volume of ca. 10 mL, and cooled to -25°C.
The product was isolated as deeb red needles. A second crop was
obtaiﬁed from the mother 1liquor by concentrating and cooling. The
combined yield was 0.27g, 56%, MP 178-180°C (dec). Anal. Calcd for

C58H64P2Pth: ¢, 58.5; H, 5.43; P, 5.20. Found: C, 58.1; H, 5.31; P,

4.61. IR (Nujol): 3050w, 2723w, 1958vw, 1888vw, 1814vw, 1665vw, 1590w,
1571w, 1477s, 1435vs, 1330vw, 1308w, 1181m, 1159m, 1123sh, 1092vs,
1070sh, 1026m, 998m, 968w, 932vw, 918vw, 902vw, 846w, 799m, 774vs, 694vs

br, 620vw, 587vw, 540s, 509vs br, 493sh, 448sh, 437m, 421m, 374w, 274s

-1 1

cm . H NMR (C -30°C, 90 MHz): & 7.47 {(m), & 6.93 (m, total

606" |
integration of phenyl region: 30H), & 2.18 (t, 4H, ZJPtH = 56 Hz,
broadened due to unresolved 31? coupling), & 2.08 (s, 30H). 31P(1H}NMR

o . 1 _
(C6D6' 30°C, 90 MHz): & 33.0 (t, thp = 3807 Hz).

Lngsgsleb(u-C2§4)N1(PPh3L2

Bis(pentamethylcyclopentadienyl)ytterbium (0.26g,‘ 0.59 mmol) was
dissolved in pentane (30 mL) and added with stirring to a toluene
solution (5 mL) of (nz-ethylene)bis(triphenylphosphine)nickel (0.36gq,

0.59 mmol). The deep green solution was filtered and cooled to -78°C,
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resulting in the formation of dark green blocks (0.46g, 74%). Any
attempt to concentrate the mother liquors resulted in the decomﬁosition
of the solution. Higher yields of microcrystalline material were
obtained when the reaction was conducted entirely in hexane, but
attempts to recrystallize the material failed (the dissociated ligand in

solution decomposed with loss of ethylene under reduced pressure). The

compouhd melted and decomposed at 165-169°C. Anal. Calcd for
C58H64P2Nin: C, 66.0; H, 6.13; P, 5.87. Found: C, 65.2; H, 6.15; P,.
4.84. IR (Nujol): 2724w, 1955vw, 1971vw, 1893vwbr, 181Svw, 1662wbr,
1588w, 1576w, 1479s, 1433vs, 1307w, 1181m, 1170m, 1160m, 1142s, 1119s,
1092vs, 1071m, 1026s, 998m, 975vw, 968vw, 929vw, 918vw, 872vwbr,
84%vwbr, 83iw, 178vw, 175Tm, 749m, 744s, 741s, 737m, 722sbr, 704sh,
696vsbr, 685sh, 619w, 586vw, 543s, 532s, 519vs, 509s, 505sh, 487m, 452w,

1 1

436m, 418w, 274m cm . HNMR (CGD 30°C, 90 MHz): & 7.48 (m), & 6.94

6’
(m, total integration of phenyl region: 30H), & 2.03 (s, Vg = 7.5 Hz,
30H), & 2.34 (s, v, = 10 Hz, 4B). “'P{'HINMR (c.D,, 30°C, 36.2 MHz):
14

& 34.4 ppm (the value for (C2H4)Ni(PPh3)2 is reported as & 31 ppm™ ).

Reaction of (Me.C.).Yb with (MeC=CMe)Pt (PPh.)
- 5=5%2 3-2

Bis(pentamethylcyclopentadienyl)ytterbium (0.20g, 0.45 mmol) was
dissolved in 20 mL of hexane and added with stirring to a solution of
(MeCECMe)Pt(PPh3)2 in a minimum volume of toluene (2-3 mL). No color
change was detected. The solution was filtered and cooled to -78°C,
producing a white precipitate. This precipitate was isolated, and was

identified by IR spectrdscopy and MP as the platinum starting material.



2 MoC=CHe
(Mesgsleb(n MeC=CMe)

Bis(pentamethylcyclopentadienyl)ytterbium (0.22g, 0.50 mmol)

dissolved in pentane (15 ml) was added to a degassed solution of
2-butyne (0.50 mL, 0.35g, 6.5 mmol) in pentane (5 mL). The solution
color changed immediately from orange to deep red. The volume of this
solution was reduced to 5 mL, and the solution was cooled to -78°C for
12h, resulting 1in ihe formation of dark purple-red needles. When
isolated and exposed to vacuum, the needles seemed to lose solvent, but
did not crumble or chanée color. The yield was 0.18g (73%), MP
170-173;C. IR (Nujol): 2722m, 1653vwbr, 1492s, 1444vs, 1152m, 1132vw,
1093m, 1063w, 1036sh, 1019s, 997w, 956wbr, 937wbr, 904vw, 876vw, 724w,
705mbr, 676sh, 668m, 622w, 588vw, 549vw, 528vw, 440brsh, 373mbr, 306sbr,
275vsbr cm—l. Anal. Caled for C24H36Yb: C, 57.9; H, 7.31. Found: C,
1

54.6; H, 7.33. HNMR (C6D6, 30°C): & 1.99 (s, 30H), & 1.27 (s, 6H).

13 30°C): & 113.4 (C.Me,),
5Hes
1

HNMR of 2-butyne (c6D6' 30°C): & 1.52

CNMR of 2-butyne (C,D,, 30°C): & 74.60 (s, CMe), & 3.08 (q, 1

1
CNMR{ "H] (CGDG'

(Cg(CHy ), & 3.73 (CICH,)).
13

5 76.86 (CMe), & 10.88

(s). CH

= 124.7 Hz, C(CH,)).

(Me .C.) Ca(ng-MeCsCMe)
5=5-2

Bis(pentamethylcyclopentadienyl)calcium (0.18g, 0.58 mmol) was
dissolved in pentane (15 mL) was added to a degassed ‘solutioh of
2-butyne (0.5 mL, 0.35¢g, 6.5 mmol) in pentane (5 nL). Thé solution
remained colorless. The volume of this solution was reduced to 5 nL,
and the solution was cooled to -78°C for 12h, resulting in the formation

of white crystals. - The yield was 0.14g (66%), MP 192-195°C. IR
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(Nujol): 2726m, 1665wbr, 1613vw, 1492s, 1443vs, 1347m, 1318vw, 1290w,
1237w, 1146m, 1090sh, 1093m, 1080vs, 1035sh, 1019s, 1006s 973vw, 955wbr,

935s, 748sh, 735sh, 722w, 691vw, 642w, 628m, 619m, 599vw, 586vw, 553sh,

544w, 517w, 455s, 404shbr, 349vsbr, 327sh, 313shbr, 289mbr cm_l. Anal.

Calcd for C24H36Ca: C, 79.0; H, 9.97. Found: C, 77.7; H, 9.75. 1HNMR
13

(C,Dg, 25°C): 8 1.99 (s, 30H), 8 1.26 (s, 6B). lcwmri’ml (c.D., 30°0):

66"
3 113.4 (CoMe ), d 76.86 (CMe), 8 10.88 (Co(CH,),), ® 3.73 (C(CH,)).

1HNMR of 2-butyne (C6D6, 30°C): 3 1.52 (s). 13CNMR of 2-butyne (C6D6,
1

30°C): 8 74.60 (s, CMe), 8 3.08 (q, ~J = 124.7 Hz, C(CH;)).

(Me.C.) .Yb(n2-PhC=CPh)

.)“5"2
Bis(pentamethylcyclopentadienyl)Ytterbium {(0.29g, 0.65 mmol) was

dissolved in 20 mL of hexane and added to a hexane solution (10 mL) of
diphenylacetylene (0.12g, 0.67 mmol), yielding a dark orange solution.
The volume of the solution was reduced to 10 nL, and the solution was
cooled to -25°C, producing black blocks. A second crop of blocks was .
obtained from the mother liquors by concentrating and cooling. The
combined yield was 0.37g (91%), MP 121-123°C. IR (Nujol): 3102w, 3085w,
3054m, 3035m, 3022m, 2725w, 1958vw, 1885vw, 1809vw, 1750vw, 1664wbr,
1605m, 1573w, 1500s, 1444vs, 1310vw, 1179w, 1160sh, 1152w, 1071m, 1028m,
1018sh, 999w, 912w, 844w, 753vs, 690vs, 622w, 590vw, 537m, 510w, 498vw,

488vw, 376mbr, 276s cm~1. Anal. Calcd for C,,H,.Yb: C, 65.7; H, 6.50.

34740
Found: C, 64.9; H, 6.62. THNMR (C.D., 30°C): § 1.95 (s, 30H), 5 6.95
(m), & 7.47 (m, combined integration of phenyl region 10H). 13C{1H1NMR

(C6D6, 30°C): & 10.69 (Csﬂgs), § 114.0 (QSMeS), § 123.6 (Cph), & 128.7,

& 131.8 (Ph resonances). Other phenyl resonances were obscured by
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solvent peak. 1HNMR of PhC=CPh (C6D6’

30°C): & 124.0 (CPh), & 128.4, & 128.6, &

30°C): & 7.48 (m), & 6.98 (m).
L3c(lu)nMR of Phc=CPh (CyDs

131.9 (Ph resonances).

(Me,C.) . Yb(n?-t-BuC=Cle)
5851,

Bis(pentamethylcyclopentadienyl)ytterbium (0.25¢, 0.56 mmol) was
dissolved in 15 mL of hexane and added to a degassed solution of 4,4-
dimethyl-2-pentyne (0.15 mL, 0.11g, 1.1 mmol) in hexane (5 nmL),
resulting in a darkening of the orange color of the solution of the
ytterbium complex. The solution was reduced to 5 mL in volume, and was
cooled to -25°C, pro&ucing dark green-black feathers. The yield was
0.25¢g (83%), MP 147-150°C. IR (Nujol): 2727m, 2034vwbr, 1654wbr, 1445s,
1303vw, 1204w, 1151m, 1020m, 955w, 934w, 905vw, 725sh, 707m, 624w, 589w,
544w, 51lvw, 477vw, 375mbr, 273vs cm *. Anal. Calecd for C,H, ¥b: C,
60.1; H, 7.86. Found: C, 59.1; H, 7.90. Lanmr (C6D6, 20°C): & 2.00 (s,
30H), 5 1.41 (s, 38), &5 1.13 (s, 9H). °C{THINMR (C.D,, 20°C): & 113.7
(gsxes), & 88.82 (¢c=C), & 74.80 (Cc=C), & 30.42 (§g3CCaC), & 27.65

1

(Me,CC=C), & 11.09 (CcMe.), § 3.77 (C=CMe). ~HNMR of t-BuC=CMe (C,D

6 r
20°C): & 1.54 (s, 3H), & 1.14 (s, o). L3cilHINMR of t-BuC=CMe (C D
20°C): 5 87.84 (C=C), & 74.03 (C=C), & 31.56 (Me,CC=C), & 27.58

(Me,CC=C), & 3.38 (C=CMe).

(Me.C.) . Yb(n2-Phc=CHe)
5=5=2

Bis(pentamethylcyclopentadienyl)ytterbium (0.28g, 0.63 mmol) was
dissolved in 20 mL of hexane and added to a degassed solution of 1-

phenyl-l-propyne (0.16 mL, 0.15¢g, 1.3 mmol) in hexane (5 mL), resulting
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in a darkening of the orange color of the sclution of the ytterbium
complex. The volume of the solution was reduced to 5 mL, and it was
cooled to -25°C, producing dark brown-black needles. The yield of the
adduct was 0.30g (85%), MP 126-125°C. IR (Nujol): 3096vw, 3081w, 3060w,
3051m, 2723m, 1987vw, 1935vw, 1887vw, 1815vw, 1766vw, 1663wbr, 1597=m,
1570m, 1487s, 1440vs, 1315vw, 1284vw, 1180w, 1161w, 1151w, 1074w,
1061sh, 1028sh, 1017m, 996w, 973vw, 964vw, 918w, 848vw, 755vs, 723w,

698s, 668w, 624w, 590vw, 528m, 516vw, 367wbr, 308sh, 280vs cm-l. Anal.

Calcd for C,oHj Vb: C, 62.2; H, 6.86. Found: C, 61.8; H, 6.98. lHNMR

(C6D6’ 20°C): & 7.27 (m), & 6.93 (m, total integration of phenyl region

SH), 5 1.99 (s, 30H), & 1.48 (s, 3. iMmimm (¢, 20°0): & 130.,

6"
5 129.3, &5 129.2, & 122.4 (phenyl resonances), & 113.7 (QSMes), 5 87.14
(C=C), & 80.85 (C=0), & 11.01 (CMe ), & 4.57 (CxMe). THNHR of
PhC=CMe (C6D6, 20°C): & 7.42 (m), & 7.01 (m, total integration of phenyl
region 5H), & 1.67 (s, 38). c('HINMR of Phc=CMe (cD., 20%C): &
131.8, & 128.5, & 127.7, & 124.8 (phenyl resonances), § 86.14 (QEC); s

80.46 (C=C), & 4.00 (C=CMe).

Polymerization of Ethylene by (Mesgslzzg

In a representative reaction, bis(pentamethylcyclopentadienyl)-
ytterbium (0.10g, 0.23 mmol) was dissolved in ca. 25 mL of hexane (or
toluene) and transferred to a thick-walled pressure bottle. Ethylene
was admitted to the bottle, and the pressuré‘feleased three times to
flush the air space above the solution. Finally, ethylene was admitted
to a pressure of 12 atm., producing an immediate color change from

orange (or red) to green, and the formation of cloudiness due to
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suspended polyethylene; the solution was stirred for 2 - 4 h. The
pressure was then released, whereupon the color reverted to orange (or
red), and the bottle was opened to air. The solution was hydrolyzed
with dilute HCl, and the polymer formed was washed with acid, water,
and acetone, and dried in the air. In polymerization inhibition
experiments, the inhibiting gas (CO,» H2’ DZ' Xe, or CH4) was first
admitted to a pressure of 7 atm., énd then ethylene was added to bring
the total pressure above the solution to 14 atm. Any color changes were
noted. In all cases, the ytterbium complex could be recovered by
remﬁving the solvent under reduced pressure. In polymerization
termination experimenté, ethylene was first admitted to a pressure of 7
atm., and the polymerization allowed to proceed for ca. 5 min. The
inhibiting gas was then admitted to bring the total pressure above the
solution to 14 atm. The reaction was then stirred for 6 - 8h. After

the pressure was released, the polymer was isolated as before.

Reaction of (Me5g51212 with Propylene
Bis(pentamethylcyclopentadienyl)ytterbium (0.080g, 0.18 mmol) was
dissolved in 20 mL of pentane and transferred fo a thick-walled glass
pressure bottle. The solution was pressurized to 5 atm. with propylene,
producing a color change from-orange to green. The solution was allowed
to stir for 2 days, but no polymer was formed, and the pressure of
propylene did not decline significantly. The solution was then heated
to 100°C for 3 days with stirring. No reaction was apparent, either in
the formation of polymer, or in a reduction of the pressure within the

vessel. When the pressure was released, the color reverted to orange.
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The ytterbiurm complex was recovered by removing the solvent under

reduced pressure.

Reaction of (Me, g ngg with Gasess (CQ, ﬂzL QZL EZL

In a typlcal reaction, bis(pentamethylcyclopentadienyl)ytterbium

Re, and CH,)

(0.30g, 0.68 mnmol) was dissolved in 25 mL of pentane, and the orange
solution was transferred by stainless steel cannula to a thick-walled
pressure bottle equipped with a magnetic stir bar. The gas was admitted
and then the pressure released three times to flush the air space above
the solution. The gas was then admitted a final time to a pressure of
150 psig (approximately 10 atm.), or to the condensation pressure of the
gas. The solution was stirred for 1-12 h (depending on 'the gas), and
any color changes noted. In the case of CO, IR studies were carried out
by releasing the éas pressure after 4h, and immediateiy transferring a
portion of the solution to a 0.5 mm KBr solution cell by cannula. 1In
all cases, (HeSCS)ZYb was recovered by removing the solvent under
reduced pressure; the identity of the ytterbium complewias verified by

IR and MP.

Reaction of (Me, gslzg with 92_4 (M = Ca, Eu, and Sm)

In each case, 0.030-0.050g of compound was dissolved in 30 mL of

hexane and transferred to a thick-walled pressure bottle. The solutions
were pressurized to 10 atm. with ethylene. When M = Ca or Eu; there was
no apparent change in the color of the solution, and after 1 day
stirring under ethylene, there was no appreciable formation of

polyethylene. When M = Sm, polyethylene formed rapidly, but within
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minutes the solution changed color from green to yellow, and
polymerization slowed. The polymer formed was isolated in the same

manner as in the ytterbium reaction.

[Ute G, ¥bl, (w-0)
Fron (Me,Co),¥b

Bis(pentamethylcyclopentadienyl)ytterbiur (0.41g, 0.92 mmol) was
dissolved in 40 mL of pentane,  and the solution was transferred to a
thick-walled pressure bottle. The boftle was pressurized to 3 atm. with
NZO' Within 10 minutes, the color of the solution had lightened, and
orange precipitate had begun to appear. The solution was stirred for 4
h. After the pressure was released, the solution ({along with the
precipitate) was transferred to a Schlenk flask, and the volume was
reduced to 5 mL. The solﬁtion was cooled to -25°C to complete
precipitation of the solid. The supernatent solution was removed, and

the orange solid was recrystallized from a minimum of hot toluene. The

yield was 0.23g (55%).

From (Mesgsleb(OEtzl
Bis(pentamethylcyclopentadienyl)ytterbium{(diethylether) (0.26g,
0.50 mmol) was dissolved in 20 mL of toluene and transferred to a thick-
walled pressure bottle. The solution was pressurized to 3 atm. with
NZO' The solution rapidly changed color from green to orénge. The
reaction mixture was allowed to stir for 4 h. The solution was
transferred back into a Schlenk flask and the toluene was removed under

‘reduced pressure, leaving an orange oil. The oil was dissolved in 2 nL



182
of pentane, and this solution was cooled to -78°C. The yield was 0.040g
(18%) .

The compound melted- at 334-337°C. Anal. Calcd for C4OH600Yb2: C,

53.2; H, 6.70. Found: C, 52.7; H, 6.78. IR (Nujol): 2728w, 1650vwbr,
1497m, 1302vw, 1168sh, 1154w, 1133sh, 1024m, 957vw, 895sh, 863wbr,

756vw, 735sh, 724w, 695m, 673vs, 641w, 625m, 593wbr, 566vw, 478vwbr,

432brsh, 384mbr, 309sh, 301vsbr, 283sh cm-l. 1H NMR (C6D6, 31°C): &

24.40 (s, v = 980 Hz). The EI mass spectrum revealed M+ (904) as

1/2
well as fragments corresponding to (Me5C5)3Yb20 (767), (Me5C5)2Yb20

(635), (MeSCS)YbZO (497), (MeSCS)ZYb (444), szo (364), and products of

ring fragmentation. The molecular ion isotopic cluster profile compared

well with that calculated for C,.H_.0Yb, (all percentages relative to

40760772
902 as 100%):

M/e Simulated % Experimental %
897 3.82 11.9
898 15.1 20.2
899 34.6 44.0
900 58.3 45.2
901 85.5 61.3
902 100 100
903 - 90.9 78.6
904 92.4 87.5
905 49.5 46.4
906 45.3 25.0
907 : 16.5 19.0
908 9.70 11.3
909 3.27 -

[(Mesgslzsmlz(u-o)
From (_M_6595L25_m
Bis(pentamethylcyclopentadienyl)samarium (0.31g, 0.74 mmol) was

dissolved in 30 mL of toluene, and the solution was transferred to a

thick-walled pressure bottle. The vessel was pressurized to 3 atm. with
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YNZO, producing a color change in the reaction mixture from green tc
yellow. The reaction was stirred for 6 h. The solution was transferred
to a Schlenk flask, and the volume was reduce to ca. 10 mL. The
solution was cooled to -25°C, producing yellow flakes. A second batch

of crystals were obtained from the mother liquor by concentrating and

cooling. The total yield was 0.19g (60%).

From (MegC;),Sn(OEt,)

7 Bis(pentamethylcyclopentadienyl)samarium(diethylether) (0.51g, 1.0
mmol) was dissolyed in 50 mL of toluene and transferred to a
Fischer-Porter pressure apparatus. The solution was pressurized to 3
atm. with NZO’ whereupon the color changed from green to yellow within
10 min. The reaction was allowed to stir for 4 h. The solution was then
transferred back to a Schlenk flask, and the volume was reduced to 20
nk. When cooled to =-25°C, the solution produced very thin yellow
plates. A second crop of product was isolated from the mother liquor by
concentrating and cooling. The combined yield of hoth.crops was 0.19¢g
(43%) .

The compound gradually darkened irreversibly when ﬁeated above
265°C. IR (Nujol): 2727w, 1670vwbr, 1603vwbr, 1317vw, 1295vw, 1187vw,
1149m, 1091s, 1066sh, 1036w, 1022sh, 1011lm, 973shbr, 950mbr; 937shbr,
876vwbr, 798w, 729m, 695vw, 68lvw, 658m, 634s, 605vs, 589s, 549vw;
Sl6vw, 488vw, 464vw, 451vw, 40lwbr, 374wbr, 350vw, 303vsbr, 279sh cm_l.
Lanmr (C6D6' 30°C): & 0.06 (s, Y1/ = 9.5 Hz; reported value § 0.06 in
13

C6D6) . The EI mass spectrum did not show a molecular ion; the highest

visible fragment was ut - (C5Me5) (722). Other fragments present were
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(MeSCS)ZSmZO {586), (Mescs)SmZO (453), (Mescs)zsm (422), Sm20 (318),

(MeSCS)Sm (287), and those due to ring fragmentation.

Reaction of [(MeSQslzzglz(g-O) with ¢, 8,

[(Mescs)sz]z(p-O) (0.080g, 0.089 mmol) was dissolved in 20 nL of
toluene and transferred to a thick-walled glass pressure bottle. The
solution was pressurized to 10 atm. with ethylene, and allowed to stir

for 24 h. No polymer formed during this time, and no change in color

was observed.

(Mesgsleb[CH(SiMe3lzl

The compound was prepared by an adapfation of a literature method
used to prepare other lanthanide bis(trimethylsilyl)methyl complexesls.
(Mescs)sz(Cl)ZLi(OEtz)2 (1.23g, 1.84 mmol) and (Me3Si)2CHLi (0.32g, 1.9
mmol) were suspended in 50 mL of toluene at 0°C and stirred for 12 h.
The solvent was then removed under reduced pressure. The purple residue
was extracted with 35 mL of pentane, filtered, concentrated to 15 mL in
volume, and cooled to -25°C, producing large purple blocks. A second
crop of crystals was isolated from the mcher liquors by concentrating
and cooling. The combined yield of both crops was 0.85g (77%), MP 187-
190°C. IR (Nujol): 2729m, 2046vwbr, 1904vw, 1841vw, 1779vw, 1678vw,
1447s, 1314vw, 1256s, 1248sh, 1239vs, 1189vw, 1154w, 1100m, 1061sh,
1032s, 1023sh, 977wbr, 956wbr, 860vsbr, 835vsbr, 816§h, 806sh, 763s,
736w, 723w, 702m, 674sh, 666s, 607w, 588s, 551vw, 389sbr, 304vsbr cm—l.
Anal. Caled for C,.H, Si,¥b: C, 53.8; H, 8.21. Found: C, 53.7; H, 8.19.
1

HNMR (C.D,, 20°C): & 72.5 (s, v.

606 1/2 = 1000 Hz, 18H), & 6.76 (s, v =

1/2
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445 Hz, 30H). The molecular ion (M/e = 603) was visible in the EI mass
spectrum, as were fragmentsvcorresponding to (Mesc5
JYb, Yb[CH(SiMe3)2], and ligand

)2Yb,

(MeSCS)Yb[CH(SiMe3)

fragmentation.

(Me5C

2]’ 5

Reaction of (MeSQSLZYb[CH(SlMe3L21 with gz

Bis(pentamethylcyclopentadienyl) [bis(trimethylsilyl)methyl]ytter-

bium (0.44g, 0.73 mmol) was dissolved in 30 mnL and transferred to a
thick-walled glass pressure bottle. The solution was pressurized to 10
_atm. with H2 with stirring. After 2 h stirring, the solution color had
lightened to pale red, and purple powder had precipitated from solution.
The solution was allowed to stir for 12 h, and then the pressure was
releasad, and the purpie powder was collected by filtration. The yield

of this product was 0.18¢ (56%), MP 196-197°C (dec.). IR (Nujol):
2724w, 1653wbr, 1486sh, 1445s, 1395m, 1315vw, 1299vw, 1152m, 1021m,
974vw, 956w, 940shbr, 722w, 675vw, 638sh, 620m, 591w, 550vw, 516vw,
486mbr, 382mbr, 324s, 289mbr, 264mbr'cm—;. Anal. Caled for C4OH61Yb2:
C, 54.1; H, 6.94. Found: C, 51.9; H, 7.07. The compound was sparingly
soluble in hydrocarbon solvents, but a NMR sample was prepared by
heating the compound in C6D6 in a closed systenm. lHNMR (C6D6, 30°C): &
7.80 (v1 = 98 Hz). A Sample of the compound was hydrolyzed in C6D6’

/2
and the hyrolysate was examined by 1HNMR spectroscopy. Only CsMeSH was
observed. A sample of the compound (0.14g, 0.16 mmol) was slurried in
10 mL of toluene, heated to 90°C, and the solvent was removed slowly

under vacuum, leaving a brown residue. This residue was extracted with

hexane (15 mL) and filtered. The filtrate was reduced to 3 nlL in volume
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and cooled to -25°C; ca. 0.10g of (Mescs)sz was 1isoclated as green
needles which lost solvent and turned brown under vacuum.

The analogous hydrogenolysis was carried out with DZ' and the IR
spectrum of the product was recorded. IR of purple powder {Nujol):
2724m, 2041vwbr, 1653vwbr, 1491m, 1443s, 1311vw, 1208vw, 1166w, 1151w,
1023s, 975sh, 929mbr, 872sh, 741sh, 724w, 695vw, 624vw, 590w, 550vw,
444m, 384m, 359w, 322s, 262s cnm .

The IR spectra of the Hz and D2 products are not superimposable;
there appears to be a broad feature underneath the region of the H2
product spectrum from 1300-1400 cm.l which moves to 900-1000 cm-l in the

D2 product, but no single sharp band can be identified as v Yb-H/D.

Reaction of (Mesgslzgg with vinyltrimethylsilane
Bis(pentamethylcyclopentadienyl)ytterbium (0.26g, 0.59 mmol) was
dissolved in 20 mL of hexane, and added to a solution of vinyltrimethyl-
silane (0.43 mL, 0.29¢g, 2.9 mmol) in hexane (5 mL), resulting in a green
solution. The volume was reduced to ca. 5 mL, and the solution was
cooled to -25°C, producing large green plates. When the plates were
exposed to vacuum, however, they.turned brown and crumbled. The IR
spectrunm qf the resulting material showed no evidence of coordinated

ligand.

Reaction of (Mesgslzgg with ethylene oxide

Bis(pentamethylcyclopentadienyl)ytterbium (0.31g, 0.70 mmol) was
dissolved in 35 nL of toluene, and added with stirring to a solution of

ethylene oxide (3 mL) in toluene (15 mL). The solution immediately
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changed color from red to orange, and became viscous. The mixture was
allowed to stir for 8 h. The solvent was removed under reduced
pressure, leaving a sticky polymer. This was extracted with 30 mL of
pentane and dried in the air. The pentane extract was concentrated to 5
mL, and cooled, producihg a small amount of orange powder. The IR
spectrum of this powder showed a strong band at 667 cm_l, matching that

in the spectrum of [(HeSCS)ZYbJZ(p-O).

Reaction of (Mesgslzgg with cyclopropane
Bis(pentamethylcyclopentadienyl)ytterbium (0.}9g, 0.43 mmol) was
dissolved in 25 mL of pentane and transferred to a thick-walled pressure
bottle. The solution was pressurized with cyclopropane until the volume
of the solution had increased noticeably. The solution was alleed to
stir for 24h. No reaction was observed. The pressure was released, and
the ytterbium compound was recovered by removing the pentane 'under

reduced pressure.

Reaction of (Mesgs) Yb with styrene

Bis(pentamethylcyclopentadienyl)ytterbium (0.14g, 0.32 mmol) was
dissolved 30 mL of pentane, and added to a degassed solution of styrene
(3 mL) in pentane (5 mL). The solution immediately turned deep green.
The solution was stirred for 12 h, but there was no evidence of polymer

formation.

Reaction of (Mesgslzgg with allene

Bis (pentamethylcyclopentdienyl)ytterbium (0.35g, 0.79 mmol) was
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dissolved in pentane (20 mL) and transferred to a thick-walled glass
pressure bottle. Approximately 1 mL of allene was condensed into this
solution with stirring. - The solution immediately turned dark green-
brown. After stirring 20 min., the color of the solution turned red.
The mixture was allowed to react for 4 h. The volume of the solution
was reduced to 3 ﬁL, and it was cooled to -25°C, producing some brown
powder. Attémpts to recrystallize this material failed. The solvent
was removed from the supernatent under reduced pressure, leaving sﬁme
red oil. IR (Nujol) of the brown powder: 2725m, 2168m, 2157sh, 1620sh,
1543s, 1511s, 1489sh, 1439s, 1422sh, 1311m, 1210vw, 1163vw, 1154vw,
1037sh, 1021m, 990w, 954vw, 922vw, 864s, 7T72vs, 722vw, 705sh, 695sh,
682s, 664s, 633s, 624s, 594m, 565w, 554sh, 461w, 425sh, 405sh, 380mbr,
302vsbr cm-l. A 1HNMR spectrum of the material showed ten paramagnetic
resonances, with the three largest ones appearing at & 10.47 (vl/2 = 250
Hz), & -4.66 (vl/2 = 250 Hz), and & -8.68 (vl/2 = 180 Hz), in a relative

integration of 1:2:1.

Reaction of (Mesgsl Yb with 1,2-butadiene

Bis (pentamethylcyclopentadienyl)ytterbium (0.31g, 0.70 mmol) was

dissolved in 20 mL of pentane. To this was added a pentane solution (5
mL) of 1,2-butadiene (ca. 0.4 mL) with stirring. The orange color of
the ytterbium complex in solution changed to dark green-brown. After
stirring 1 h, the solution color had changed again to deep red. The
mixture was allowed to stir for.another 2h. The volume of the solution

was then reduced to 5 mL, and the solution was cooled to -78°C,

producing red crystals (0.25 g, 72%). The compound was identified as
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(Mescs)sz(nz-MeCECMe) by examination of its IR spectrum, MP, 1H and

13C{1HINMR spectra.

Reaction of (Me5g5l219 with 1,3-butadiene

Bis(pentamethylcyclopentadienyl)ytterbium (0.45g, 1.0 mmol) was

dissolved in 30 nL of penfane and was transferred to a thick-walled
glass pressure bottle. Approximately 1 mL of butadiene was condensed
.into the solution. The solution turned dark orange-brown immediately.
After stirring for 1 h, the solution had turned orange~red. The mixture
was allowed to react for 4 h. The volume of the solution was then
reduced to 5 mL, and it was cooled to -25°C. This resulted in the
precipitation of ca. 0.20 g of red powder. When the solvent was removed
from the filtrate, an orange oil remained. IR (Nujol) of the red
powder: 2724w, 1559m, 1310w, 1271w, 1259w, 1237vw, 1198w, 1152w, 1135w,
1023m, 996w, 967w, 913vw, 809s, 797sh, 724m, 699m, 675m, 629vw, 616vw,
590w, 551vw, 517vw, 385wbr, 305vs cm-l. A 1HNMR spectrum of the powder
showed four paramagnetic resonances: & 11.96 (vl/2 = 50 Hz, relative

integration 5), & 6.00 (vl/2 = 60 Hz), & 5.49, and & 5.16 (overlapping

resonances, combined relative integration 3).

(MeSQSLZYb(2,4—hexad1ene)

Bis(pentamethylcyclopentadienyl)ytterbium (0.37g, 0.83 mmol) was
dissolved in 20 mL of pentane, and was added to a degassed solution of
2,4-hexadiene (mixed isomers, 0.19 mL, 0.14g, 1.7 mmol) in pentane (5
mL). The solution immediately turned dark brown-orange. The volume of

the solution was reduced to 5 mL, and it was cooled to -78°C, producing
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0.18g (41%) of dark green crystals, MP 90-97°C (melted and bubbled). IR
(Nujol): 2725w, 1651wbr, 1615vw, 1444s, 1152m, 1023s, 999sh, 960w, 933m,

924m, 917m, 860w, 705m, 678w, 666m, 620w, 591vw, 389wbr, 304sh, 274s

cm 1. Anal. Caled for C26H40Yb: C, 59.4; H, 7.68. Found: C, 58.8; H,
1

7.77. HNMR (C6D6, 30°C): & 5.94 (m, 4H), & 1.98 (s, 30H), & 1.46 (s),
1

8§ 1.40 (s, combined integration 6H). HNMR of 2,4-hexadiene (C.D

676’
30°C): 8§ 6.07 (m), & 5.37 (m), & 1.63 (s}, & 1.56 (s).

Reaction of (Me.C.).¥Yb with AgF

58510
Bis(pentamethylcyclopentadienyl)ytterbium (0.30g, 0.68 mmol) was

dissolved in 40 mL of toluene, added to silver fluoride (0.29g, 2.3
mmol), and stirred for 14 h, resulting in the precipitation of silver
metal and some dark brown solid from a red solution. The solution was
warmed to dissolve precipitated product, and filtered warm. The volume
of the filtrate was reduced to 10 mL, and the solution was heated to
dissolve all solid. Slow cooling yielded a product which appeared to
consist of two different kinds of crystals: green-brown blocks and a few
red blades. A second batch of crystals was isolated by reducing the
voelume of the mother liquor to 3 mL, heating the solution to dissolve
precipitate, and cooling it slowly to room temperature. This second
batch of crystals éonsisted primarily of the red product. The total
amount of solid isolated was 0.14¢g; individual yields could not be
accurately assessed. Repeated recrystallization from hot toluene
increase the amount of the red product in the product mixture. If the
reaction mixture was heated in toluene to 90°C for 6-8 h with stirring,

only the red product was isolated (0.08g, 27% based on Yb).
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Characterization of the two compounds was effected by manual separation
of the crystals.

[(Mesgsleb](n—F) - Green-Brown Blocks

The compound melted with decomposition at 290°C. Anal. Calcd for

C40H60Yb2F: C, 53.0; H, 6.69. Found: C, 51.5; H, 6.57. IR (Nujol):

2723m, 1652vwbr, 1491m, 1442vs, 1190sh, 1154m, 1100s, 1065m, 1022s,
958w, 934sh, 890vw, 819vw, 730w, 718sh, 696vw, 667w, 625w, 592vw, 568vw,
552vw, 516vw, 501vw, 452sh, 434vs, 398w, 377vw, 363vw, 326vs, 303s,
282sh, 267vs cm_l. The compound was completely insoluble in non-
coordinating solvents. The 1HNMR in CD3CN (30°C) .showed no resonances.
The highest fragment in the EI mass spectrum was M+ (906). The rest of

the mass spectrum showed the same fragments as that of the tetranuclear

complex.
Powder Pattern Data for [(MeSCS)ZYblz(p—F)

Index dhkl {meas) dhkl (calc) d(cale)/d(meas) I

101 9.7445 10.136 1.0402 S

002 8.1728 8.1171 0.9932 s+
200 7.8824 7.9033 1.0027 m

02090 7.2104 7.1569 0.9926 n+
210 6.9024 6.9187 1.0024 m

021 6.5467 6.5488 1.0003 m

112 6.0464 5.9831 0.9895 m-
121 5.7816 5.8464 1.0112 m-
220 5.3243 5.3050 0.9964 m-
202 5.0748 5.0679 0.9986 m

310 4.9279 4.9445 1.0034 w-
113 4.5177 4.5248 1.0029 s-
023 4.3164 4.3164 . 1.0000 il

203 4.0311 4.0232 0.9980 m+
321 3.9257 3.9178 0.9980 w+
1114 3.5934 3.5958 1.0007 m+
2 23 3.5030 3.5071 1.0012 W

042 3.2725 3.2744 1.0006 . s-
41 2 3.1699 3.1687 0.9996 m+
034 3.0919 _ 3.0914 0.9998 t-
501 2.97317 2.9677 0.9980 W

052 2.7005 2.6998 0.9997 m+
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[(Me5g513192§212-(PhMe)2 - Red Blades

The compound did not melt below 350°C. Anal. Calcd for

b C, 50.4; H, 6.07. Found: C, 45.8; H, 5.69 (the analysis

1481067 4¥P4"
indicated that toluene may have been lost during combustion; Anal. Calcd

for C60H90F4Yb4: C, 45.6; H, 5.75). IR (Nujol): 2725m, 1653vw, 1604w,

1566wbr, 1526w, 1493m, 1444sh, 1306shbr, 1257m, 1208vw, 1154m, 1102s,
1064m, 1022s, 1008sh, 975sh, 958m, 939sh, 892w, 87ésh, 772vw, 730s,
694m; 666s, 624m, 591w, 572vw, 553w, 513sh, 449vs, 438shbr, 386sbr,

365sh, 325sh, 313vs, 301sh, 275vs cm-l. The compound was only sparingly

soluble in non-coordinating solvents. The lHNMR in CD3CN (30°C)

revealed only one visible signal for a diamagnetic CsMe5 ring at &
1.87, as well as toluene (integration to establish the relative ratio of

the two was precluded by interference from a small amount of C MeSH).

5

In comparison, (Me5C5)2Yb showed a diamagnetic signal in CD3CN at &

1.83. The mass spectrum (EI or CI with methane) did not show a

molecular ion. The highest observed fragment was M/e 789

((Me_C.).Yb,F, = 791). Other observed fragments were M/e 767

5757377272

((Me5C5)3Yb2F = 772), 751 ((Me5C5)3Yb2 = 753), 654 ((Me5c5)2Yb2F2 =

656), 635 ((Me5C5)2Yb2F = 637), 619 ((MeSCS)Zsz = 618), 497

((MeSCS)szF = 502), 463 ((MeSCS)ZYbF), 444 ((MeSCS)ZYb). 327

((MeSCS)YbF = 328), 309 ((MeSCS)Yb), 193 (YbF), 174 (Yb), and CSMeSH

fragments.

Powder Pattern Data for [(Me }.Yb,F

5C5) 3Yb,Foly

s = strong, m = medium, w = weak, t = trace

-(PhMe)2

Index dhkl (meas) dhkl (calce) d(calc)/d (meas) I
200 12.951 12.974 1.0018 i
002 11.906 11.917 1.0009 m
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010 10.252 10.285 1.0032 m
011 9.2608 9.4432 1.0197 m+
111 8.6090 8.6032 0.9993 w+
202 7.8824 7.8497 0.9959 W
112 7.1524 7.1422 0.9986 s~
400 6.3938 6.4868 1.0145 W
213 5.2850 5.2628 0.9958 t
120 5.0390 5.0444 1.0011 t-
121 4.8742 4.8870 1.0026 W-
320 4.4338 4.4202 0.9969 W
023 4.3164 4.3170 1.0001 m-
322 3.9689 3.9812 1.0031 t
224 3.5442 3.5710 1.0076 t
230 3.3143 3.3145 ' 1.0001 t-
233 2.9981 .2.9916 0.9978 W+
235 2.6443 2.6430 0.9995 t
252 1.9862 1.9898 1.0018 s
555 1.7269 1.7206 0.9964 m+

Reaction of (Me_C.) . Yb(OEt.) with AgF
- 5=5-2 2

Bis(pentamethylcyclopentadienyl)ytterbium(diethylether) (0.45g,
0.87 mmol) and silver fluoride (0.44g, 3.5 mmol) were slurried together
in 50 mL of pentane in a flask wrapped with aluminum foil. The
suspension was allowed to stir for 2 days. After this time, the
supernatent solution was light-colored, and brown precipitate had
appeared, along with silver metal. The supernatent was filtered and

discarded. The brown precipitate was extracted with 30 mL of hot

 toluene. This toluene solution was concentrated and cooled to -25°C,

producing a mixture of brown blocks and red needles. Examination of the
IR spectra of the solid showed that it was a mixture of the dinuclear
. and tetranuclear fluoride species, with no evidence of diethyl ether

coordination.

(Meg ) ,YDF (thf)

Bis{pentamethylcyclopentadienyl)ytterbium(tetrahydrofuran) (0.52g;
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1.0 mmol) and silver fluoride (0.51g, 4.0 mmol) were slurried in 30 ml
of pentane in a Schlenk-type flask wrapped in aluminum foil, and stirred
for 20h. The resulting orange solution was filtered away from the
precipitated silver metal residue, and the volume of the filtrate was
reduced to 10 mL. Cooling the solution to -25°C produced orange
crystals. AR second crop of crystals was isolated from the mother
liquors by concentrating and cooling. The combined yield was 0.30gq,
56%. The compound melted with decomposition at 158-162°é. Anal. Calcd

for C OFYb: C, 53.9; H, 7.18. Found: C, 53.7; H, 7.08. IR (Nujol):

24838
2724w, 2042vw, 1658m, 1573vw, 1489sh, 1422s, 1340m, 1313vw, 1291vw,

1243w, 1210vw, 1172w, 1153w, 1033sh, 1021vs, 953w, 925m, 916sh, 869s,

855m, 843m, 721w, 705m, 676w, 637w, 618w, 591w, 553vw, 509w, 473vs,

1 1

379s, 342sh, 307vs cm . “HNMR (CDe. 20°C): 82.18 (s, v = 250 Hz).

6’ 1/2
To verify the presence of thf, a sample of the compound was hydrolyzed

in C D6' and the 1HNMR spectrum of the hydrolysate was examined; C Mesﬂ

6 5

and thf were observed in a 2:1 ratio.

An attempt was made to remove the thf from the complex by the
tolﬁene reflux method. The (Me5C5)2YbF(thf) (0.30g, 0.56 mmol) was
dissolved in 50 mL of toluene, and the solution was heated to 100°C.
The solvent was then removed slowly under reduced pressure. The
remaining red-orange residue was extracted with 30 mL of toluene. Tﬁe
filtrate was filtered, concentrated to 10 mL, and cooled to =-25°C. No

crystalline material could be isolated. Removal of the solvent left a

red-orange oil.
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{Me } L ¥b (NCMe)

5S51y 2
Bis(pentamethylcyclopentadienyl)ytterbium(diethylether) (0.66g, 1.3

mmol) was dissolved in toluene (50 mL), and 5 mL acetonitrile was added
with stirring, resulting in an immediate darkening of the green color of
the solution and the appearance of dark green ﬁrecipitate. The solution
was warmed slightly to drive the precipitate back into solution. The
solution was then cooled to -20°C, resulting in the formation of dark
green crystals. A second crop of crystals was isolated from the mother
liquors by concentrating and cooling. The combined yield of both crops
was 0.66g (99%), MP 195-198°C. IR (Nujol): 2719m, 2392vw, 2303w, 2289w,
2269s, 2261s, 2037vw, 1662vw, 1624vw, 1465s, 1447sh, 1367s, 1358s,
1314sh, 1209vw, 1164w, 1155w, 1021m, 975w, 946vw, 928w, 919sh, 892vw,
799w, 770w, 730m, 722sh, 695vw, 639wbr, 587w, 391w, 368wbr, 266vsbr cm
1

. Anal. Calecd for C24H36N2Yb: C, 54.8; H, 6.92; N, 5.33. Found: C,

lamer (c.p., 25°C): 5 2.37 (s, 30H), & 1.27 (s,

54.9; H, 6.90; N, 5.02. 606"

6H, v = 100 Hz).

1/2
An attempt was made to react this compound with AgF, in order to
make a species of the type (MeSCS)ZYbF(L) from‘which L could be removed.
The acetronitrile complex (0.54 ¢, 1.0 mmol) was slurried with silver
fluopide (0.13 g, 1.0 mmol) in 40 nL of hexane in a flask wrapped with
aluminum foil. This solution was allowed to stir for 16 h. The
resulting red-orange solution was filtered away from the precipitated
silver metal, and the volume was reduced to 8 mL. Cooling the solution
to -25°C produced only a small amount (ca. 0.06 g) of red-orange

crystalline material, MP 170-175°C. IR (Nujol): 2725m, 2309vw, 2277w,

2200shbr, 2184s, 2171s, 2151s, 1660m, 1563sh, 1615vs, 1578m, 1522vs,
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1444s, 1408m, 1367s, 1321w, 1205sh, 1188w, 1165m, 1150sh, 1143w, 1021m,
984w, 937vw, 926w, -891m, 866vw, 764w, 751w, 722w, 662w, 651w, 643sh,
625w, 600w, 591sh, 561vw, 552vw, 538vw, 527w, 518vw, 479m, 461m, 385xbr,

306 vsbr cm_l.

Yb with H,C=CHF, H)C=CF,, or F,C=CF,

In a representative reaction, bis(pentamethylcyclopentadienyl)-

Reaction of (Mesgslz

ytterbium (0.45g, 1.0 mmol) was dissolved in 35 mL of hexane and
transferred to a thick-walled glass pressure bottle.

Tetrafluoroethylene was admitted, and the pressure was released three
times to flush the air space above the solution. Finally, the solution
was pressurized to 2-3 atm. with C2F4. After ca. 5 minutes, the
solution began to grow cloudy as a precipitate formed. The solution was
stirred for 4h, and then the pressure was released. The solution was
pale red, and brown powdery precipitate had formed. The precipitate was
isolated and dried under reduced pressure. The total yield was 0.38g
(84%). The material was identified as [(MeSCS)ZYblz(y-F) by comparison
of the IR spectrum, MP, and X-ray powdér pattern with those of an
authentic sample. Reactions conducted in toluene were slower to begin
producing precipitate (15 - 30 minutes). In these reactions, the volunme
of the toluene solution was reduced to 5 mL, and the solution was cooled
to -25°C to complete precipitation of the product. The yield of
fluoride from toluene was lower, and IR spectra and x-ray powder

patterns showed that the precipitate was a mixture of the dinuclear and

tetranuclear species.
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Reaction of (Me Q ) Yb(OEt ) with C2F4

Bis(pentamethylcyclopentadienyl)ytterbium(diethylether) (0.33g,

0.64 mmol) was dissolved in 30 mL of toluene and the solution was
transferred to a thick-walled glass pressure bottle. The solution was
pressurized to 3 atm. with tetrafluoroethylene, and the solufion was
allowed to stir for 24 h; no color change occured. The pressure was
then released, and the volume of the solution was reduced to 5 mL under
reduced pressure. A small amount of red precipitate (ca. 0.03 g) was
filtered out of solution and examined by IR spectroscopy; it appeared to
consist mostly of the tetranuclear fluoride complex. The filtrate was

cooled to -25°C, producing green needles. These were identified as the

ytterbium diethylether complex by examination of the IR spectrum and MP.

Reaction of (Me C ) Yb with C

—6—5
Bis (pentamethylcyclopentadienyl)ytterbium (0.29g, 0.65 mmol) was

dissolved in 20 mL of hexane and added without stirring to a hexane
solution (5 mL) of fluorobenzene ( 0.12 mL, 0.12g, 1.3 mmol). No
immediate reaction was observed. The reaction was allowed to stand for
2 vweeks. After 1 week, crystals had formed on the walls of the flésk.
These crystals were filtered, and identified by IR spectroscopy and the

MP to be [(Me_.C_),Yb] (u-F). After another week, the mother liquors had

5 5 2
deposited more crystals, along with a small amount of pale green powder.
The crystals were isolated, and identified by IR spectroscopy and the MP
to be mostly [(Me5C5)3Yb2F2]2, with a small amount of the dinuclear

species mixed in. The green powder melted with decomposition at 280°C.

IR of the green powder (Nujol): 2726m, 2039vw, 1658vwbr, 1599vwbr,



198
1446vs, 1315vw, 1208vw, 1155m, 1019%, 956w, 936wbr, 899vw, 860vw, 738sh,
726m, 696m, 641m, 624w, 591w, 569vw, 398sbr, 299m, 267vsbr cm-l. The
remaining solution was hydrolyzed and extracted with diethyl ether. The
ether was removed from the extract under reduced pressure to give a pale
yellow oil. The highes peak in the mass spectrum of this oil was due to
MeSC5~C6H5 (212). CgMe H and CSMGSOH were also visible. There was no
evidence that biphenyl was a major product in the solution. The 1HNMR
(CD3CN) showed resonances attributable to CSMeSH, as well as resonances

at & 1.80, & 1.76, and & 1.69; overlap of all these resonances precluded

the possibility of accurate integration.

Reaction of (MeSQSLZXh with g§3g6§5

Bis(pentamethylcyclopentadienyl)ytterbium (0.37g, 0.83 mmol) was

dissolved in 30 mL of pentane, and added with stirring to a solution of

CF3C6H5 (0.040 mL, 0.048g, 0.33 mmol) in pentane (5 mL). No immediate

reaction was observed. After 14 h, brown powdery precipitate had come

out of solution. The solution volume was reduced to ca. 5 mL, and the

solution was cooled to -25°C to complete precipitation. The brown
powder was isolated, washed with pentane, and dried under reduced
pressure. Examination of the IR spectrum and MP revealed the powder to
be [<M95C5)2Yb]é(”-F)‘ The yield of the dinuclear fluoride was 0.20g

(67% based on CF CGHS)' The mother liquor from the reaction was

3

hydrolyzed and extracted with Etzo; the extracts were dried over Mgso4,

and the solvent was removed under reduced pressure to yield a colorless

0il which solidified upon standing. The mass spectrum of this material

showéd fragments corresponding to C5Me5H and CSMeSOH, as well as a
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fragmentation pattern for Me C.-CF,C H. (the base peak in the spectrurm

575 T"276°5
was M/e = 244, corresponding to M+ - 2F). There was no evidence for the
dimerized species, (CGHSCFZ)Z’ The lHNMR spectrum (C6D6)~of the oil

showed resonances identifiable as CsMeSH, plus resonances at & 7.24 (m),
§ 7.11 (m, total integration of phenyl region 5H), & 2.13 (s, 3H), &

2.10 (s, 6H), and & 1.98 (s, 6H).

Reaction of (Mesgslzxg with Cele

Bis (pentamethylcyclopentadienyl)ytterbium (0.51g, 1.1 mmol) was
dissolved in 25 mL of pentane and added with stirring to a degassed
pentane solution (5 mL) of hexafluorobenzene k0.13 mL, 0.21g, 1.1 mmol).
The color of the solution immediately turned purple, and brown
precipitate was deposited. The solution was allowed to.stir for 1h.
The brown powder was isolated by filtration, washed with pentane, and-
dried under reduced pressure. Examination of the M?, IR spectrum, and
X-ray powder p;ttern revealed this‘ solid to be [(Mescs)sz]Z(u-F)
(0.26g, 50% Based on Yb). The purple filtrate waé reduced in volume to
3 mL, ana cooled to -25°C, producing 0.10g of purple powder, MP 276-
280°C (dec). IR (Nujol): 2726m, 1653vwbr, 1530m, 1492sh, 1447s, 1403vs,
1387m, 1366w, 1345vw, 1325vw, 1314vw, 1288vs, 1164w, 1151w, 1l2is,
1098vs, 1064w, 1023m, 994vwbr, 919vwbr, 833vs, 801w, 724w, 697w, 669m(
620vw, 592vw, 544vw, 445sbr, 387Tmbr, 326vsbr, 306vs, 278m cm_l. Anal.:

1

Found: C, 42.9; H, 4.88. HNHR (C6D6, 30°C): & 52.07 (vl/2 = 90 Hz), &

35.49 = 87 Hz), & 25.90 = 16 Hz), relative integrations

vi/2 (vi/2

2:2:1. In addition to this, an additional resonance was always observed

at & 11.14 (v = 115 Hz), but the relative integration varied from 2-

1/2
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3. 1In order to determine the nature of the ligands present, a sample of

the compound was hydrolyzed in C6D6’ and the hydrolysate was examined by

lH and 19FNMR spectroscopy. The 1HNMR spectrum revealed the presehce of

CSMeSH, but no proton resonance was visible for CGFSH. The 19FNMR

spectrum, however, demonstrated that C6F5H was present 1in the

hydrolysate: & 24.98 (m, 2F), & 10.15 (t, 1F), & 1.87 (m, 2F). The nass
spectrum of the compound showed a large number of'iragment ions: 496
((MeSCS)Yb(CGFS)F = 495), 478 ((MeSCS)Yb(CGFS) = 476), 461 ((MeSCS)ZYbF
= 463), 444 ((Mescs)sz), 380 ((C6F5)YbF2
344 ((CGFS)Yb = 341), 329 ((MeSCS)YbF = 328), 309 ((MeSCS)Yb), as well

= 379), 362 ((CGFS)YbF = 360),

as ions due to methyl and fluorine loss from these fragments, and ions

due to fragmentation of C5Me5H and CGFSH'

Reaction of ngsgslzzg with §3 3 and §3CCF3

In a typical reaction, bis (pentamethylcyclopentadienyl)ytterbium

CCF

(0.25g, 0.56 mmol) was dissolved in 20 mL of hexane, and transferred to
a thick-walled glass pressure bottle. The solution was pressurized to 3
atm. with 1,1,1-trifluoroethane; no color change was observed. The
solution was allowed to stir for 3 days. The pressure was released, and
the solvent was removed under reduced pressure. Only (Me5C5)2Yb was

reisolated, as confirmed by examination of the IR spectrum.

‘Reaction of (Mesgslzzg with AgCl

Bis (pentamethylcyclopentadienyl)ytterbium (0.40g, 0.90 mmol) and
silver chloride (0.26g, 1.8 mmol) were slurried together in 50 mL of

pentane in a foil-wrapped flask. A green solid formed rapidly, then
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slowly turned purple and dissclved again with accompanying precipitation
of silver metal. The solution was allowed to stir for 12 h; it was then
filtered, concentrated to 10 mL in volume, and cooled to -25°C,
producing some purple powder. This was recrystallized from a minimum
volume of toluene to give 0.26g of 1light blue microcrystals. The
compound decomposed at 328°C without melting. IR (Nujol): 2728w,
1682vwbr, 1614vwbr, 1491m, 1311vw, 1208vw, 1170w, 1121vw, 1083w, 1024nm,
975vw, 958vw, 924vwbr, 891lvw, 876vwbr, 738sh, 723m, 700w, 660vw, 628vw,
592w, 559vw, 529vw, 396m, 326vs, 311s, 288m, 248s, 222vs cm-l. Anal.

Found: C, 36.7; H, 5.03; Cl, 7.67. 1

HNMR (C6D6): at 30°C, only two
resonances were apparent, at § 45.15 (vl/2 = 38 Hz) and & 18.99 (vl/2 =
50 Hz), in a relative integration of 1:2. When the temperature was
raised or lowered, however, the upfield resonance resolved itself into
two separate paramagnetic resonances. For example, at -10°C, the three
resonances appearad at § 55.19 (v1/2 = 34 Hz), & 23.19 (vl/2 = 59 Hz),
and & 20.72 (vl/2 = 43 Hz), in a relative integration of 1:1:1. These

resonances shifted normally with temperature, but were inequivalent from

+90°C to -80°C.

Reaction of (Mesgslzxg with ggg;2
Bis(pentamethylcyclopentadienyl)ytterbium (0.21g, 0.47 mmol) and
mercuric chloride (0.13g, 0.47 mmol) were slurried together in 30 mL of
hexane. A green precipitate formed rapidly, then turned purple, and
finally redissolved, depositing mercury metal. ‘The solution was allowed
to stir for 14 h, then was filtered, concentrated to 5 mL, and cooled to

-25°C, producing 0.10g small blue crystals. Examination of the IR and
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1HNMR spectra revealed that this material was the same as that which was

produced by the reaction with silver chloride.
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Chapter Three

Reaction of (Mesgslzgg with AlEt3

Bis(pentamethylcyclopentadienyl)ytterbium (0.29g, 0.65 mmol) was

dissolved in pentane (30 mL) and was added to a pentane solution (0.66
nL of a 0.99¥ solution, 0.65 mmol) of triethylaluminum. If the solution
was stirred, the solution rapidly precipitated a bright green powder.
If the compounds were mixed without stirring, the solution turned bright
green, and upon standing green polycrystalline material formed on the
walls of the flask.. When the reaction was conducted in toluene, the
solution did not precipitate solid. Removing the solvent resulted the
formation of a green oil, which solidified upon addition of pentane.
The isolated yield of green material was 0.26g, MP 223-226°C. IR
(Nujol): 2790w, 2730w, 2695m, 1411m, 1312vw, 1208vw, 1175w, 1150vwl
1092m, 1016w, 982m, 940m, 907w, 793wbr, 848sh, 766sh, 720m, 686sh,
- 680sh, 663m, 647sh, 618m, 583mbr, 546m, 471shbr, 414mbr, 359wbr, 281sh,

1

268m, cm-l. Anal. Found: C, 47.3; H, 7.73. 30°C): & 2.01

81
3

(s, 30H), & 1.21 (t, 9H, JHH = 7 Hz, broadened), & -0.09 (q, 6H,

HNMR (C7D

broadened). The EI mass spectrum failed to show any fragments
containing aluminum. The spectrum consisted entirely of the

fragmentation pattern of (Mescs) Yb (444). The reaction of

2

(Me_.C.) Yb(OEtz) with AlEt. in hexane produced a green oil which

5752 3
solidified upon standing to give a green solid which had the same IR
spectrum and MP as the material produced from the base-free ytterbium

complex.



(Mesgsleb(y-Me)Be(Csﬂgsl

An orange solution of bis(pentamethylcyclopentadienyl)ytterbiun
(0.26g, 0.59 mmol) dissolved in pentane (20 al) was added to a pentane
solution (10 mL} of methylpentamethylcyclopentadienylberyllium ( 0.090g,
0.59 mmol) with .stirring. No color change was observed. The volume was
reduced to 15 mL, and the solution was cooled to -25°C, resulting in the
formation of dark orange prisms. The crystals were 1isolated by
filtration and dried under vacuum. The yield was 0.29g (82%), mp 224-
227°C. IR (Nujol): 2723m, 2172vwbr, 2035vwbr, 1652wbr, 1539sh, 1494sh,
1444s, 1393sh, 1347sh, 1197w, 1175sh, 1154m, 1122vs, 1019s, 991sh,
958sh, 942s, 920sh, 904sh, 865vwbr, 738vw, 722w, 705w, 628wbr, 590w,
553vwbr, 503vwbr, 466vwbr, 416sh, 363mbr, 274vsbr cm-l. Anal. Calcd for
C31H4sBeYb: C, 61.8; H, 8.04. Found: C, 62.1; H, 8.10. 1HNMR (C6D6,
20°C): & 2.02 (s, 30H), & 1.76 (s, 15H), & -1.13 (br s, 3H). 13CNMR

(C6D6, 20°C): & 112.8 (s, YbC Mes), 5 108.7 (s, BeC.Me.), & 10.84 (q,

5 =575
1. _ 1. _ .
JCH = 124 Hz, chsggs), 5 8.93 (q, ey = 126 Hz, Becsﬂgs). No signal
was visible for the bridging methyl carbon. 1HNHR of (MeSCS)BeMe (C6D6,

13

20°C): & 1.76 (s, 15H), & -1.27 (br s, 3H). CNMR of (Me Cy) Belte

(CGDB' 20°C): & 108.7 (s, C Mes). No signal was visible for the methyl

5

carbon. The mass spectrum of the compound showed no molecular ion; the
. C . + .

highest weight fragment corresponded to M - Me, m/e 588. Fragmentation

patterns for (MeSCS)ZYb and (MeSCS)BeMe were observed.

Reaction of (Mesgslzgg with (Mesgs)BePh
Bis(pentamethylcyclopentadienyl)ytterbium (0.24g, 0.54 mmol) was

dissolved in hexane (20 mL) and added to a solution of (MeSCS)BePh

Y
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(0.12g, 0.54 mmol) in hexane (1i0mL), giving a dark orange-brown
solution. The volume of the solution was reduced to 3 mL, and the
solution was cooled to -25°C. Green crystals were isolated thch turned

brown under vacuun; only (MeSCS)ZYb was reisolated.

[(Me C.) Yb] [H,B Pie,]

Bis(pentamethylcyclopentadienyl)ytterbium (0.35g, 0.79 nmol) was
dissolved in 20 mL of hexane and added with stirring to a slurry of
trimethylphosphineborane (0.070g, 0.78 mmol) in hexane (5 mbL). This
resultéd in an immediate precipitation of light yellow-green solid; the
white phosphineborane dissolved slowly. The solution was allowed to
stir for 12 h, and the precipitate was collected by filtration. The
vield of this powder was 0.32¢ (77%), MP 250-253°C. IR (Nujol): 2724w,
2427m, 2363vw, 2334sh, 2302sh, 2266m, 1653vwbr, 1595vwbr, 1457vs,
1437sh, 1314w, 1296m, 1175w, 1155w, 1103w, 1019w, 965s, 950m, 886w,
769w, 722m, 695vw, 646vw, 597w, 374wbr, 250vs, 250sh cm“1 (IR of
trimethylphosphineborane: 2725vw, 2364s, 2339sh, 2268sh, 2256w, 1429w,
1314w, 1294m, 1137w, 1128sh, 1083w, 1070m, 973sbr, 950s, 889w, 759w,

739vw, 722w, 709m, 58lvw, 570w, B5léwbr cm_l). Anal. Calcd for

c.,.H,.BPYb: C, 51.8; H, 7.95; P, 5.81. Found: C, 51.8; H, 7.79; P,

23742
5.79. 'HNMR (CD., 20°C): & 2.25 (s, 30H), 5 0.49 (@, 23, = 10.9 Hz,
om). Slpiluinmr (CcDg. 30°C): & -1.64 (1:1:1:1 g, lJBP = 77.7 Hz).
g gy (CgDg. 30°C): & -35.41 (4, 1JBP = 78.2 Hz). CHMMR of

N oy - 2, 1.
HB-PMe, (CD,, 20°C): § 0.78 (d, 29, = 10.5 Hz, 9K), & 1.09 (1:1:1:1
gquartet of doublets, 1JBH = 95.4 Kz, 2JPH = 15.5 Hz, 3H). 31P{1H1NMR

(C6D6, 30°C): & -1.59 (1:1:1:1 quartet, 1JBP = 59.8 Hz). 113{1H1NMR
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°C): § - 1, 2
(CeDy, 30°C): & -36.71 (4, Jgp = 59.8 Hz).

(e C,) ,¥b(H B PPh,)

Bis(pentamethylcyclopentadienyl)ytterbium (0.33g, 0.74 mmol) was
dissolved in 20 mL of hexane and added with stirring tc a slurry of
triphenylphosphine-borane (0.21g, 0.76 mmol) in 5 nmL of hexane. Affer
stirring for 15-20 minutes, the white solid had disappeared, but an
orange precipitate had formed. The solution remained orange throughout.
The solution was allowed to stir for 12h, and the precipitate was
isolated by filtration. Concentrating and cooling the filtrate
completed the precipitation of orange solid. The total vield was 0.43g
(80%), MP 155-158;C. The solid was recrystallized from toluene to give
large red crystals which lost solvent and turned orange under vacuum.
IR (Nujol): 3077w, 3058m, 2722w, 2434nm, 2380s, 2345nm, 2296w, 2265w,
1967vw, 1897vw, 1817vw, 1774vw, 1667vwbr, 1589w, 1573vw, 1483s, 1436vs,
1336vw, 1314w, 1279sh, 1260w, 1183w, 1161vw, 1145w, 1135w, 1107vs,
1090sh, 1070sh, 1058s, 1027m, 1019sh, 998m, 974vw, 927vw, 920vw, 847vw,
799wbr, 766vw, 751sh, 745vs, 738vs, 704s, 693vs, 677sh, 633m, 624sh,
614m, 606m, 591vw, 542vw, 505vs, 494s, 476w, 450w, 440w, 428w, 376wbr,
273sbr cm-1 (IR of H3B-PPh3: 3079w, 3057w, 3026w, 2378s, 2344m, 2253vw,
1966vw, 1903vw, 1828vw, 1778vw, 1588w, 1572vw, 1481s, 1434vs, 1337vw,
1310w, 1262vw, 1199vw, 1184w, 1162vw, 1134m, 1106s, 1057s, 1027m, 1002n,
799wbr, 764w, 746s, 737vs, 721w, 705s, 693s, 624m, 605m, 543w, 505s,

496m, 477m, 439w, 427w cm_l). Anal. Calcd for ¢ BPYb: C, 63.4; H,

38Hys
6.74; P, 4.30. Found: C, 63.8; H, 6.71; P, 4.01. ‘mu (CgDg, 20°C): &

7.51 (m), & 6.98 (m, combined of phenyl region 15H), & 2.20 (s, 30H).
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31P{1HINMR (C_.D 20°C): & 22.5 (the resonance had a broadened pseudo-

66"
P 11 .1
doublet appearance, with J = 57Hz). B{ "HINMR (C6D6,
1

1/2 HNMR of H3B-PPh3 (C6D6, 20°C): & 7.62 (m), & 6.98 (n,

combined integration of phenyl region 15H). 31P!lH}NMR (C6D6, 20°C): &

30°C): & -36.47

(v = 170 Hz);

21.2 (the resonance had a broadened pssudo-doublet abpearance, with J

65 Hz). 11311H}NMR (C 30°C): & -37.28 (the resonance had a

606"

broadened pseudo-doublet appearance with J = 46 Hz).

(MeSQSLZYb(u—Me)ZZnMe

From (Mesgsleb:

- Bis(pentamethylcyclopentadienyl)ytterbium (0.25¢, 0.56 mmol) was
dissolved in 25 mL of pentane and added to a solution of ZnMe2 (0.060
mL, 0.094g, 0.98 mmol) in pentane (5 mL) with stirring. An orange
flocculent precipitate formed rapidly. The solution was éllowed to stir
for 14h. After several hours, the orange precipitate had redissolved,
and the solution had turned purple; the color change was accompanied by
the formation of a zinc mirror on the walls of the flask. The solution
was filtered, concentrated to 3 mL in volume, and cooled to -78°C. Dark
purpie prisms were isolated and dried under reduced pressure. The yield
was 0.25g (81%). This was the only product isoléted, even when the
reagents were combined in different stoichiometries.

From (MGSQSLZYb(OEtzli

Bis(pentamethylcyclopentadienyl)ytterbium(diethylether) (2.82q,
5.45 mmol) was slurried in 45 mL of hexane, and a solution of Zn1e2
(0.49 mL, 0.78g, 8.16 mmol) in pentane (5 nL) was added to this with

stirring. The ytterbium ‘etherate dissolved over a period of hours,
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giving a small amount of orange precipitate which rapidly redissolved to
give a purple solution and zinc metal. The solution was allowed to stir
for 16h, then the metal was allowed to settle, and the soiution was
filtered. The filtrate was concentrated to 30 mL and cooled to -78°C,
producing large purple blocks. A second crop was isolated from the
mother liquors by concentrating and cooling. The combined yield was
2.75g (91.1%).

The compound melted at 216-218°C. IR (Nujol): 2803m, 2771m, 2728m,
2678sh, 2041vwbr, 1654vwbr, 1490m, 1440s, 1312vw, 1220w, 1163vw, 1152w,
1060w, 1024m, 739sh, 725w, 689w, 643vs, 618sh, 590m, 529s, 403m, 387w,
312vs, 284sh cm .  Anal. Calcd for C,.H,¥bZn: C, 50.2; H, 7.17.

23739
1

Found: C, 49.9; H,, 7.11. THNMR (C.D., 20°C): & 2.90 (v, = 27 Hz);

1/2
the methyl groups were not visible at this temperature. The EI mass
spectrum did not show a molecular ion; the highest observable fragment
" was (Mescs)szMe2 (475}, followed by (Mescs)szMe (459), (Me5C5)2Yb
(444), (MeSCS)Yb (309), Yb (174), and ions due to ring fragmentation.

(MesgslebMe(thf)
Bis(pentamethylcyclopentadienyl)ytterbium(trimethylziﬁcate) (0.23gq,
0.42 mmol) was dissolved in 20 mL of tetrahydrofuran, yielding an orange
solution. The solvent was removed under reduced pressure, and the
residue was recrystalliied from warm hexane to give 0.19g of orange
crystals (86%). The compound melted and bubbled at 162-163°C. IR
(Nujol): 2806w, 2779w, 2721w, 2041lvwbr, 1607vwbr, 1494sh, 1440vs,
1407sh, 1344w, 1314vw, 1296vw, 1257w, 1177sh, 1153m, 1102s, 1063m,

1039sh, 1021vs, 959w, 923w, 869s, 842sh, 737sh, 725w, 695w, 675m, 624w,
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594w, 567vw, 531w, 489vw, 429wbr, 397s, 30lvsbr cm-l. Anal. Calcd for

C25H410Yb: C, 56.6; H, 7.80.. Found: C, 55.2; H, T7.68. 1HNHR (C6D

20°C): & 1.16 (v

6 1
1/2 = 185 Hz). To confirm the presence of thf, a sample

of the compound was hydrolyzed in C6D6' and the hydrolysate was examined

by 1HNMR spectroscopy. Both thf and C5Me5H were observed in the

spectrum in a 1:2 ratio. The EI mass spectrum did not show a nolecular

ion at M/e = 531; the highest weight fragment was (MeSCS)ZYbMe (459),

followed by (MeSCS)ZYb (444), (MeSCS)Yb (309), Yb (174), and ions due to

ring fragmentation.

Attempt to Remove ZnMe, from (MeSQSLZYb(u—Me)ZZnMe

Bis (pentamethylcyclopentadienyl)ytterbium(trimethylzincate) (2.52g,
4.55 mmol) was dissolved in 50 mL of toluene to give a dark purple
solution. This solution was heated to 100°C, and the solvent was
removed very slowly (over a period of 2-3 h) under reduced pressure,
leaving a dark red-brown residue. This process was then repeated with
an additional 50 mL of toluene. The residue was extracted with 100 nL
of pentane, leaving behind a small amount of red-brown powder. The
extract was concentrated to 30 mL in volume, and cooled to -25°C. Green
crystals were isolated from this solution which lost solvent and turned
brown under vacuum. Examination of the IR spectrum and MP confirmed
that this material was (MeSCS)ZYb' An additional crop of crystals was
isolated from the mother liquors by concentrating and cooling. The

total amount of the base-free ytterbium complex isolated from solution

was 0.52g (26%).
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LﬂgSQSLZYb(y-Ph)ZZnPh

From (Me Cy),¥b:

Bis (pentamethylcyclopentadienyl)ytterbiun (0.28g, 0.63 mmol) was

dissolved in 20 mL of toluene and added with stirring to a slurry of
ZnPh2 in 15AmL of toluene. The color of the solution became dark, but
no precipitate formed immediately. The solution was allowed to stir
for 24 h, at which time the color had changed to purple, accompanied by
the formation of a zinc mirror on the walls of the flask. The solution
was filtered, and the toluene was removed under reduced pressure. The
purple residue was extracted with 35 mL of pentane, filtered,
concentrated to a volume of 5 mL, and cooled to -78°C, producing‘purple
blocks. The isolated yield was 0.32g (68%).
From (Yes_S)sz(OEt s

Bis (pentamethylcyclopentadienyl)ytterbium (0.73g, 1.4 mmol) and

ZnPh. (0.46g, 2.1 mmol) were dissolved in 20 mL of toluene, the solution

2
was stirred for 14 h, producing a dark purple solution and a zinc mirror
on the walls of the flask. The solution was filtered, and the toluene
was removed under reduced pressure. The purple residue was extracted
with 40 nL of pentane; the extract was filtered, concentrated to 10 mL,
and cooled to -78°C, producing purple crystals. A second crop of
crystals was isolated from the mother liquors by concentrating and
cooling. The combined yield of the two batches was 0.63g (60%).

The compound melted with decomposition at 111-114°C. IR (Nujol):
3059m, 3037m, 2729w, 2668§w, 1952vw, 1882vw, 1868vw, 1819w, 1772vw,
1757vw, 1671vw, 1628vw, 1593m, 1573vw, 1558vw, 1490s, 1420s, 1297m,

1240m, 1191w, 1171sh, 1153w, 1100m, 1074m, 1048s, 1024m, 101lsh, 993m,

”~
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963vw, 938sh, 925vw, 875w, 855sh, 844w, 827vw, 759m, 722vs, 709vs,
701vs, 674w, 654w, 632w, 624w, 619w, 606sh, 599w, 573vw, 496wbr, 442n,

438m, 4352, 383mbr, 339sh, 300sbr cm-l. Anal. Calcd for C38H45Yb2n: c,
1

61.7; H, 6.14. Found: C, 61.6; H, 6.24. HNMR (C6D6, 30°C): & 12.98

= 193 Hz, 6H), & 7.37 (v1 = 380 Hz, 30H), § 5.78 (v1 = 205 Hz,

vi/2 /2 /2

3H). The ortho protons were visible only as a very broad resonance

(vl/2 % 1500 Hz) at 63 ppna. The EI mass spectrum did not show a
molecular ion (740); the highest weight fragment was (Me5C5)2YbPh (521},
followed by (Mescs)sz (444), (MeSCS)YbPh {385), (MeSCS)Yb (309), Yb

(174), and ions due to ring fragmentation.

Reaction of (MeéQSLZYb(u-Ph)ZZnPh with thf

Bis(pentamethylcyclopentadienyl)ytterbium(triphenylzincate) (0.25g,
0.34 mmol) was dissolved in 15 mL thf to give a red>solution. The
solvent was then removed under reduced pressure to give a red residue.
This was extracted with 30 mL of hexane, giving a purple-red solution.
Reducing the volume of the solution to 5 mL and cooling it to -25°C
produced a purple film of the zincate on the walls of the flask along
with some red crystals. These were separated manually. The yield of
red crystals was 0.10g (49%), MP 137-141°C. IR (Nujol): 3041m, 3029nm,
2722w, 1931vw, 1856vw, 1806vw, 1734vw, 1634v#br, 1593w, 1562w, 1490m,
1409m, 1340w, 1306m, 1296m, 1224w, 1171sh, 1149m, 1049s, 1018vs, 993vw,

974vw, 959vw, 934w, 921w, 890sh, 868vs, 852sh, 843sh, 758w, 730sh, 718m,

705vs, 674w, 627w, 618vw, 596w, 449w, 383w, 368sh, 302vsbr ca Y. Anal.

Calcd for C30H430Yb: c, 60.8; H, 7.33. Found: C, 57.4; H, 7.09. 1HNMR

(C.D 20°C): & 133.3

676 ~ 1800 Hz), & 65.0 (v1

vy, = = 400 Hz, 2H), &

/2
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0.32 (v = 150 Hz, 30H), & -9.43 (v, = 100 Hz, 1H). The EI mass

1/2 i/2
specﬁrum did not show a molecular ion at 593; the highest weight
fragment was (Mescs)szPh (521). Tetrahydrofuran was observed at H/e =
72, however, and by examining the time evolution of the mass spectrunm,
it was observed that the thf came off early in the scan series. Ions
were also observed corresponding to (MeSCS)ZYb (444), (MeSCS)YbPh (386),

(IeSCS)Yb (309), Yb (174), and ions due to ligand fragmentation.

Reaction of (Me

SESLZXQ with Zn(p-tolyl)2

From (Me C.), ¥b:

Bis(pentamethylcyclopentadienyl)ytterbium (0.33g, 0.74 mmol) and
bis(p-tolyl)zinc (0.289, 1.1 mmol) were stirred-together in 20 mL of
toluene for 16 h, resulting in a purple solution and a zinc mirror on
the walls of the flask. The solution was filtered, and the solvent was
removed under reduced pressure. The residue was extracted with 20 mlL of
pentane, giving a red solution. Some white solid was left behind by the
extraction; this was identified as Zn(p—tolyl)2 by IR and 1HNMR
spectroscopy (approximately 0.06g was recovered). The red solution was
reduced to 3 mL in volume, and cooled to -78°C, producing a purple
woody-looking solid. The yield of this solid was 0.25g (43%), MP 127~
132°C. IR {(Nujol): 3045m, 3019m, 2727w, 1905vw, 1813vw, 1634vw, 1592m,
1507m, 1490m, 1464s, 1311lvw, 1295w, 1241w, 1196w, 1187w, 1151vw, 1066m,
1036sh, 1026s, 1022sh, 1007sh, 965vw, 878vw, 850vw, 821w, 791vs, 729w,
713sh, 696vw, 678w, 649vw, 638vw, 621vw, 595w, 576w, 548w, 482vs,
386wbr, 303sbr em '. Anal. Calcd for ¢, H_ Zn¥Yb: C, 62.9; H, 6.58.

41751
Found: C, 61.3; H, 6.50. 1HNMR (C7D8, 30°C): & 7.10 (vl/2 = 300 Hz,

”
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30H), & 11.90 (vl/2 = 115 Hz, 6H), & 0.13 (vl/2 = 36 Hz, 9H). The EI
mass spectrun of this solid did not give a molecular ion at 782; the
higest weight fragment was (Me5C5)2Yb(p—tolyl); 535. Ions were also
visible for (MeSCS)ZYb (444), and (MeSCS)Yb (309), as well as those due
to ligand fragmentation. The solvent was removed from the filtrate to
give a red solid. This solid sublimed at 110"C/10_4 torr. The amount
of red solid isolated was 0.12g, MP 162-165°C. IR (Nujol): 3030m,
3006sh, 2728m, 2035vw, 1889vwbr, 1794vwbr, 1654vwbr, 1613vw, 1585w,
1509m, 1421m, 1349w, 1308w, 1246m, 1228w, 1213vw, 1187vw, 1165w, 1150m,
1034s, 1021sh, 1010sh, 958w, 928wbr, 852vwbr, 820w, 792m, 777s, 727w,
67Tm, 636vw, 625vw, 619vw, 589w, 554m, 480s, 386mbr, 325vsbr, 281m cm-l.
Anal. Calcd for C27H37Yb: C, 60.6; H, 6.99. Found: C, 56.4; H, 7.13.
1

HNMR (C6D6, 20°C): & 11.40 (v1 = 585 Hz, 30H), & -9.54 (v1 = 33 Hz,

/2 /2
3H). The higheét molecular weight fragment in the EI mass spectrum of
the red material was (MeSCS)ZYb(p-tolyl)A (535). There were also
fragments éorresponding to (MeSCS)ZYbMe (459), (MeSCS)ZYb (444),
(MeSCS)Yb (309), and those due to ligand fragmentation.

Attempts made to produce one of these products exclusively by
varying the stoichiometry were futile. Reacting an excess of Zn(p-
tolyl)2 with the ytterbium complex just resulted in reisolation, while
the reaction of (MeSCS)ZYb and Zn(p-tolyl)2 in a 2:1 ratio resulted in a
mixture of the purple and red products with the ytterbium starting
material.

From (lte,C.) 'Yb(oztz)_:

Bis(pentamethylcyclopentadienyl)ytterbium(diethylether) (0.41g,

0.79 mmol) and bis(p-tolyl)zinc (0.29g, 1.2 mmol) were stirred together
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in 15 mL of toluene for 14 h, resulting in the formation of a purple
solution and a zinc mirror on the sides of the flask. The solution was
filtered, and the solvent was removgd under reduced pressure. The
residue was extracted with 20 mL of pentane, filtered to remove some
white solid, and reduced to 3 mL in volume. Cooling to -78°C produced
0.26g (57%) of the purple product. The solvent was removed from the
filtrate under reduced pressure to give a red oil, from which 0.08 g of

the red product could be sublimed.

Reaction of (Mesgslzzg with ZnAr2 in hexane (Ar = Ph, p-tolyl)

In a representative reaction, bis(pentamethylcyclopentadienyl)-

ytterbium (0.30g, 0.68 mmol) was dissolved in 25 mL of hexane and added
to a slurry of diphenylzinc (0.15¢, 0.68 mmol) in 5 mL of hexane. The
white solid dissolved during the first 10 minutes of stirring, precip-
itating in its place a black powder. The solution was allowed to stir
for 4 h; the ﬁrecipitate was then collected by filtration, washed with
pentane, and dried under vacuum. The yield of black precipitate was
0.25g. The black precipitate was insoluble in all hydrocarbon solvents.
Attempts to dissolve the precipitate in thf yielded a bro#n oil. When
hexane was then added to this o0il, the solution turned bright red and
precipitated zinc metal. Attempts to isolate a single product from the
hexane solution were fruitless.

ZnPh, product:

2
The compound melted with decomposition at 196-198°C. IR (Nujol):

3053m, 3035m, 2726w, 1950vw, 1877vw, 1822vw, 1604sh, 1593w, 1559w,

1495w, 1485m, 1417s, 1309w, 1300w, 1261m, 1236sh, 1193w, 1183w, 1158w,
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1078m, 1055s, 1030sh, 1021s, 998sh, 991sh, 938wbr, 893vw, 870vw, 847w,
760m, 746m, 737m, 726s, 705vs, 675w, 641w, 467w, 444m, 433w, 395mbr,
270mbr cn L. Anal. Found: C, 56.2; H, 5.21. A dilute LunuR spectrun
was obtained by heating a sample of the powder in C6D6: § 7.02 (m), &
1.59 (s), in an approximate area ratio of 4:5. A small paramagnetic
resonance was also visible at § #.98 (vl/2 = 60 KHz). A sample of the
compound was then hydrolyzed in CD3CN and the hydrolysate was examined
by lHNMR spectroscopy. Benzene and CSMeSH were visible in approximately

a 3:1 ratio.

Zn(p—tolyl)2 product:

The compound melted with decomposition at 168-172°C. IR (Nujol):
3045m, 3022sh, 2994sh, 2725w, 1905vw, 1823vw, 1737vw, 1680vw, 1643vw,
1587m, 1507m, 1487m, 1313vw, 1251m, 1240w, 1233w, 1217vw, 1193s, 1081m,
1038s, 1019sh, 872vw, 856vw, 807m, 799sh, 787s, 727w, 721lvw, 7Tld4sh,
707vw, 640vw, 594vw, 556w, 485vs, 480vs, 275mbr cm-l. Anal. Found: C,
52.6; H, 5.35. A very dilute 1HNMR spectrum was obtained by heating a
sample of the powder in C6D6: 5§ 7.02 (m), & 2.10 (s), & 1.64 (s), in an
approximate relative integration of 4:3:5. The 1HNMR spectrum also
showed two small paramagnetic peaks at & 7.70 (vl/2 = 100 Hz) and & 2.28
(vl/2 = 60 Hz). A sample of the compound was hydrolyzed in CD3CN and
the hydrolysate was examined by 1HNMR spectroscopy: CSMeSH and toluene
were visible in approximately a 1:3 ratio.

The diarylzinc compounds were found not to react with
(Mescs)sz(OEtz) in hexane. Attempts were made to react the black

powder with excess diarylzinc in hot toluene. 1In all cases, the black

powders did not react further, but were reisolated.
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Reaction of (Mesgslzzg with Lgsgs)ZnHe

Bis (pentamethylcyclopentadienyl)ytterbium (0.29g, 0.65 mmol) was
dissolved in 20 mL of hexane and added with stirring to a solution of
(HSCS)ZnMe (0.19g, 1.3 mmol) in hexane (5 mL). The solution rapidly
precipitated a light green solidf Tﬁe solution was stirred for 6h, then
the green precipitate was collected by filtratién. IR (Nujol): 2724w,
1650wbr, 1521w, 1305vw, 1191vw, 1149w, 1040m, 1012s, 905wbr, 874vw,
837w, 796sh, 780sh, 7T70vs, 723w, 666vwbr, 627w, 567w, 393wbr, 351w,
309w, 270w, 247w cm-l. The gréen solid melted in a very broad range
from 180-280°C. A sample of this precipitate was hydrolyzed in C6D6'
and the hydrolysate showed both C5H6 and CSMeSH in the 1HNMR spectrun,
in an approximate area ration of 1:2.5. ‘The solvent was removed from
the filtrate under reduced pressure, leaving a white residue. ' The
residue was heated under vacuum, and 0.21g of colorless solid sublimed
on the sides of the flask. This white solid melted at 92-96°C. IR
(Nujol): 2728w, 1658vwbr, 1418s, 1377s, 1308vw, 1206vw, 1166m, 1155n,
1022s, 974shbr, 864wbr, 720m, 70ls, 571s, 532w, 465w, 396wbr, 340n cm_l.
Anal. Caled for C, H, .Zn: C, 61.3; H, 8.43. Found: C, 61.1; H, 8.57.

11718
1

HRMR (C6D6, 20°C): & 1.97 (s, 15H), & -0.65 (s, 3H).

Reaction of (Mesgslzxg with HgEt,

Bis (pentamethylcyclopentadienyl)ytterbium (0.25g, 0.56 mmol) was
dissolved in 20 mL of pentane and was added slowly with stirring to a
solution of diethylmercury (0.090 mL, 0.22g, 0.85 mmol) in pentane (5
mL). At the beginning of the addition, a purple tinge appeared in the

formerly clear solution of diethylmercury, along with some turbidity.
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As the remainder of the ytterbium complex was added, however, the
solufion took on the orange color of the ytterbium compound. After
stirring for 4h, the. solution remained orange, but a precipitate of
mercury metal had appesared. The solution was'filtered, concentrated,

and cooled to -25°C; only (MeBCS)ZYb was reisolated.

Reaction of (Me C,) ¥Yb with HgPh,

Bis (pentmethylcyclopentadienyl)ytterbium (0.38g, 0.86 mmol) and

"diphenylmercury (0.15¢g, 0.42 mmol) were dissolved together in 35 nL of
toluene and stirred for 3 days. There was no precipitation of mercury or
color change. The solution was then refluxed for 6h. The solu;ion
remained red orange, and'no precipitate formed. After cooling, the
volume of the solution was reduced to 10 mL, and the mixture was cooled
to -25°C, producing white crystals. Examination of the IR of the
crystals revealed that they were diphenylmercury. When the reaction was

carried out in hexane, the results were the sane.

(Me Cy) YB(C Fy)

Bis(pentamethylcyclopentadienyl)ytterbium (0.43g, 0.97 nmol) was
dissolved in 20 nL of pentane and was added to a solution of bis(penta-
fluorophenyl)mercury (0.26g, 0.49 mmol) in pentane (10 mL). The
solution was stirred for 14h, which resulted in the precipitation of
mercury metal and a color change to purple. The solution was filtered,
concentrated to 10 mL in volume, and cooled to -78°C. Purple
crystalline solid was isolated by filtration. A second crop of crystals

was isolated from the mother 1liquors by concentrating the solution
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further and cooling to -78°C. The combined yield was 0.37g (63%), MP
129-132°C. The material was recrystallized from pentane to remove
impurities of Hg(C6F5)2. IR (Nujol): 2730w, 1632m, 1603m, 1531m,
1510sh, 1495vs, 1435vs, 1360m, 1309m, 1251w, 1262m, 1247s, 1208vw,
1164m, 1151w, 1099sh, 1084s, 1066s, 1027vs, 964m, 914vsbr, 8945h, 8815h,
865vw, 834sh, 820sh, 803s, 746vw, 725w, 696vw, 672w, 635vw, 621vw, 586w,

573vw, 551vw, 475w, 444vw, 392mbr, 345m, 327vs, 308sh cm-l. Anal. Calcd

for C,cH, F.Yb: C, 51.1; H, 4.96. Found: C, 50.9; H, 5.21. lannr
19

(C6D6' 30°C): & 12.0 (v1 = 335 Hz). FNMR (C_D., 30°C): & 47.0 (v

CgDg-
= 29 Hz, 1F), 8 -7.30 (v

/2
~ 1400Hz, 2F), & 1.79 (v1

1/2

/2 /2 = 73 Hz, 2F).

To verify the presence of the CGFS group, a sample of the compound was
hydrolyzed in C6D6' While there was no evidence of C6F5H in the 1HNMR
spectrum of the hydrolysate, it was visible in the 19F,spectrum: & 24.86
(m, 2F), & 10.01 (t, 1F), & 1.76 (m, 2F). The EI mass spectrum showed a
molecular ion (611), as well as ions corresponding to (MeSCS)Yb(C6F5)
(475), (MeSCS)YbF (463), (MeSCS)ZYb (444), (MeSCS)Yb (309), Yb (174),

and ions corresponding to ligand fragmentation.

[{MesCys),¥b] [0-H)CoBy ol 6l

Bis(pentamethylcyclopentadienyl)ytterbiumn (0.26g, 0.59 mmol) was
dissolved in hexane (20 mL) and added with stirring to a slurry of
ortho-carborane (0.080g, 6.55 mmol) in hexane (5 mL). A green
precipitate rapidly formed as the ortho-carborane dissolved. The
solution was allowed to stir for 10 h, and the green precipitate was
collected by filtration. The yield of green solid was 0.28g (87%), MP

205-207°C. The solid could be recrystallized from a minimum volume of
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hot toluene to give dark green needles. IR (Nujol): 3074m, 3010vs,
2730w, 2657sh, 2610vs, 2575vs, 2563s, 2544sh, 1854vwbr, 1656wbr, 1466m,
1305vw, 1213w, 1154w, 1140m, 1036m, 1018s, 989w, 944wbr, 923w, 794w,
772vw, 7123s, 718s, 71ld4s, 699vw, 643wbr, 631lvw, 589w, 400shbr, 367w,
283sbr cm-1 (IR of o-H,C,B,.H..: 3070s, 2604vs, 2578vs, 1466n, 1214w,

2°2710710°
1152m, 1140w, 1048w, 1035m, 1015m, 985m, 943w, 919w, 886vw, 787vw, T17s

1, ) . : ] .
cem ~). Anal. Calcd for C22H42810Yb. C, 45.0; H, 7.22. Found: C, 44.1;
1

B, 7.38. HNMR (C6D6, 20°C): 8 1.91 (s, 30H), & 1.74 (s, Vig T 12 Hz,
1

2H). HNMR of ortho-carborane (C6D6' 20°C): & 2.11 (s, vl/2 = 16 Hz).

[{MegCq) )¥b] [o-Me,C)By oH 0l

Bis(pentamethylcyclopentadienyl)ytterbium (0.28g, 0.63 mmol) was
dissolved in 20 mL of hexane and added to a solution of 1,2-dimethyl-
ortho-carborane (0.11g, 0.64 mmol) in hexane (10 nL) with stirring; no
color change was observed. The solution was filtered, reduced to 10 mL
in yolume, and cooled to -25°C. The first batch of product was isolated
as green crystals which reversibly turned orange above +5°C. The second
crop of compound consisted of two kinds of crystals: the thermochroic
form, and green crystals which stayed green at room temperature. The
two kinds of crystals were identical spectroscopically. The combined
_yield of material was 0.30g (77%). The orange crystals melted at 170-
172°C, while the green crystals melted at 195-197°C. IR (Nujol): 3074w,
3012sh, 2729m, 2591vsbr, 2561sh, 203Tvwbr, 1957vwbr, 1939vwbr, 1869vwbr,
1850vwbr, 1655wbr, 1536shbr, 1447s, 1395w, 1217sh, 1195w, 1152m, 1138sh,
1020s, 951w, 938w, 921w, 903sh, 792m, 773w, 739w, 728m, 696w, 678vw,

666w, 646w, 630sh, 591vw, 514w, 482vw, 453vw, 370mbr, 289vs cm_1 {IR of
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o—MeZCZBloﬂloz 3071w, 3048sh, 2586vsbr, 2033vwbr, .1948vwbr, 1856vwbr,
l1666vwbr, 1536shbr, 13955, 1314vw, 1262vw, 1195w, 1151vw, 1142vw,
108%vw, 1072vw, 1022s, 988vw, 949w, 939sh, 920w, 905vw, 788m, 770w,
739m, 729s, 678w, 663w, 644w, 512w, 479w, 454w cm-l). Anal. Calcd for

. . ) . 1.
C24H46510Yb. C, 46.8; H, 7.54. Found: C, 47.0; H, 7.71. HNNR (C6D6,
20°C): 5 1.94 (s, 30H), & 1.14 (s, 6H). THNHR of 1,2-dimethyl-ortho-
carborane (C6D6, 20°C): 8 1.17 (s).

[{MegCs) ) ¥b] [n-H,C,B, \H, ]

Bis(pentamethylcyclopentadienyl)ytterbium (0.29g, 0.65 mmol) was

dissolved in 20 mL of hexane and added to meta-carborane (0.09g, 0.62
mmol) with stirring. The carborané dissolvea, but there was no visible
change in the orange color of the solution. The volume was reduced to
10 mL, and the solution was cooled to -25°C, resulting in the formation
of green blades. The crystals were isolated by filtration and dried
under reduced pressure. The yield was 0.25g (69%). The compound turned
brown at 60°C, then orange at 95°C; and finally melted at 186-188°C.
Theée color changes were all reversible. IR (Nujol): 3066w, 3024vs,
2730w, 2601vs, 1655vwbr, 1562vwbr; 1444s, 1315vw, 1164w, 1153s, 1072m,
1027m, 994w, 959vw, 939vw, 813w, 780vw, 720s, 698vw, 662vw, 627w, 590vw,
406sh, 366mbr, 307sh, 285sbr cm-1 (IR of m-Hzczsloﬁlo: 3064s, 2603vsbr,
2096vw, 1844vw, 1459s, 1307vw, 11605,.10725, 1056w, 1024s, 991s, 971ivw,
939vw, 927vw, 895vw, 887sh, 81lvw, 775vw, 720vs cm-l). Anal. Calcd for
C22fagByo¥P: Cr 45.0; H, 7.22. Found: C, 45.1; H, 7.20. lmum (c,D,,
20°C): only one resonance observed at & 1.93 (s). ;HNMR of meta-

carborane (C6D6, 20°C): & 1.97 (s, vl/2 = 16 Hz).



[(egC,) ¥b])[(HC,) Fe]

Bis(pentamethylcyclopentadienyl)ytterbiun (0.22g, 0.50 mmol) was
dissolved in 10 mL of toluene and was added to a solution of férfocene
(0.09g, 0.48 mmol) in toluene (10 mL). The volume of the solution was
reduced to 3 mL, and 5 mL of pentane was added. The mixture was cooled
to -25°C, producing'orange—red blocks. The yield was 0.15g (58%), MP
199-202°C. IR (Nujol): 3101lvw, 3069m, 2723w, 1653vwbr, 1495vs, 1448s,
1418m, 1407m, 1313vw, 1164sh, 1150w, 1103s, 1019vs, 1005s, 908vw, 88655,
857w, 846sh, 826s, 815s, 752vw, 728w, 693w, 665w, 629vw, 591lvw, 496n,
476n, 393brsh, 368mbr, 309sh, 280vs cn *. Anal. Caled for C, H, Vb, Fe:

5077072
1

C, 56.0; H, 6.59. Found: C, 55.5; H, 6.55. 30°C):. & 3.99

1

HNMR (CGDG'

(s, 10H), & 1.93 (s, 60H). 20°C): & 4.00 (s).

HNMR of ferrocene (C6D6,
- LtegC,) ¥b] ) [(HC) pCol
Bis(pentamethylcyclopentadienyl)ytterbium (0.28g, 0.63 nmol) was
dissolved in toluene (20 mL) and added with stirring to a solution of
cobaltocene (0.060g, 0.32 mmol) in toluene (10 mlL). The solution
remained dark red-orange. The volume was reduced to 3 mL, and 5 mL of
pentane was added to the solution. The mixture was then cooled to
-25°C, producing brown blocks. The yield from this reaction was 0.26g
(77%) . The crystals gradually turnedbbright green as they were heated
above ca. 150°C, but they did not melt below 300°C. IR (Nujol): 3107sh,
3067m, 2725w, 2035vwbr, 1814vw, 1656wbr, 1448s, 1419sh, 1404w, 1336sh,
1214vw, 1164sh, 1153w, 1103m, 1061sh, 1046m, 1020m, 1007s, 994sh, 911w,
887vw, 832m, 802vs, 780sh, 723w, 695w, 664vw,4633vwbr, 623vwbr, 590w,

568vw, 522vw, 428wbr, 367mbr, 326sh, 308sh, 282vs cm-l. Anal. Calcd for
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. , : . L
CyoHlqgCo¥b: C, 55.8; H, 6.57. Found: C, 55.5; H, 6.59. “HNMR (C,D,
1

30°C): & 1.93 (s, 60H), & -49.84 (vl/2 = 130 Hz, 10H). HNMR of

(HSCS)ZCO (C6D6’ 30°C): & -50.1 = 145 Hz). The product was’

vi/2
independent of the reaction stoichiometry; a 1:1 reaction gave the same
species upon crystallization. It was found that if the solution was

stirred for more than 10-12h, a green precipitate began to appear,

indicating slow ring exchange between the Yb and Co centers.

525)_2& with ﬂsgs)_zM_n

Bis(pentamethylcyclopentadienyl)ytterbium (0.29g, 0.65 mmol) was

Reaction of (Me

dissolved in toluene (15 mL) and added to a solution of manganocene
(0.12g, 0.65 mmol) in toluene (10 nL) with stirring. The solution
immediatelyrprecipitated bright green powder. The nixture was allowed
to stir for 24h. The green powder was isolated by filtration. The
solvent was removed from the filtrate under reduced pressure, and the
resulting orange residue was heated to 100°C under vacuum. Some dark
orange crystals (ca. 0.08¢g) sublimed out of the.residue, followed more
slowly by some yellow-orange crystalline solid (ca. 0.05g). The dark
orange crystals melted at 82-84°C. IR (Nujol): 3090m, 2730m, 2680w,
2671vw, 2058vw, 1733w, 1671w, 1618m, 1602sh, 1522m, 1424w, 1414w,
1309vw, 1167vw, 1156vw, 1110m, 1106m, 1067w, 1025m, 1005vs, 895vw,
850vw, 801s, 774vs, 723sh, 710sh, 666vw, 629vw, 586vw, 540s, 483s, 442w,'
414w, 278m cn *. Anal. Calcd for C, .H, Mn: C, 73.8:; H, 9.31. Found: C,

20730°

73.7; H, 9.21. The EI mass spectrum showed (Mescs)zMn at 325, as well

as a small ion for (Mescs)(HSCS)Mn at 255. The mass spectrum of the

yellow-orange material showed only the fragmentation pattern for



(MeSCS)ZMn.

The green solid from the reaction was dissolved in thf, givigg a
purple solution. The solution was filtered, and the solvent was removed
under reduced pressure, leaving a red-purple residue. The residue was
extracted with toluene, leaving behind an orange solid (ca. 0.10g). The
red toluene solution was reduced iﬁ volﬁme to 3 mL, and cooled to -25°C.
Green solid precipitated out of the solﬁtioﬁ (gg. 0.13g). Both solids
were then recrystallized from thf. The orange solid recrystallized ffom.
thf as purple blocks which lost solvent and turned orange under reduced
pressure. These orange blocks did not melt below 320°C. IR {Nujol):
3088nm, 3072m, 2707vw, 1739vwbr, 1700vwbr, 1639wbr, 1573wbr, 1465s,
1367w, 1340w, 1312vw, 1294vw, 1177w, 1033vs, 1008vs, 928w, 878s, 844sh,
789s, 770vs, 748vsbr, 670w, 485wbr, 396mbr cm—l. Anal. gglég for
C14H180Yb: C, 44.8; H, 4.84. Found: C, 43.8; H, 4.74. 1HNMR (d8-thf,
20°C): & 5.68 (s, 10H), & 3.58 (m, 4H), & 1.73 (m, 4H). The green
material recrystallized from thf as red crystals. These crystals did
not lose solvent at room temperature under vacuum, but turned green when
'heated in toluene or when heated above 120°C (did not melt below 320°C).
IR (Nujol): 3087w, 3072w, 3056w, 2720w, 1581vw, 1449s, 1340w, 1311vw,
1294vw, 1173w, 1034vs, 1009s, 917m, 880s, 820sh, 799w, 774mbr, 742vs,
723sh, 670w, 589vw, 266m cm_l. Anal. Calcd for C23H3602Yb: C, 53.4; H,
7.02. Found: C, 51.9; H, 6.84. THNMR (C,Dy, 20°C): & 6.02 (s, 5H), &

3.44 (=, 8H), & 2.15 (s, 15H), & 1.40 (m, 8H).

Reaction of (Mesgslzgg with Lﬂgsgslzmg

Bis(pentamethylcyclopentadienyl)ytterbium (0.27g, 0.61 mol) was
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dissolved in 20me of hexane and added to a solution of bis(pentamethyl-
cyclopentadienyl)manganese (0.20g, 0.61 mmol) in hexane (15 mL), and ths
mixture was'allowed to stir for 14 h. No reaction was apparent. The
solution was then filtered, concentrated to 10 mL in volume, and cooled

to -25°C; the two starting materials crystallized out separately.
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X-Ray Crystallographic Studies

ngsgslzgg - polymeric fo;m

Brown-black crystals of the compound were grown by extremely sliow
cooling of a hexane solution to -15°C over several days. Bis{penta-
methylcyclopentadienyl)ytterbium has a strong tendency to occlude
hydrocarbon solvents, but very slow cooling of the solution allowed the
formation of solvent-free crystals. A crystal was cleaved to give a
fragment of approximate dimensions 0.32 mm X 0.44 wm x 0.60 mm, which
was lodged into a thin-walled 0.5 mm quartz capillary in a nitrogen-
filled drybox. The capillary was flame sealed.

Preliminary precession photographs indicated monoclinic Laue
symnetry, and yiélded prelininary cell dimensions. The c¢rystal was
transferred to an Enraf-Nonius automated diffractometer16 and centered
in the beam. Automatic peak indexing procedures yielded the sane unit
cell as the precession photographs and confirmed the Laue symmetry.
Examination of the 0 k 0 and h 0 1 zones showed the following systematic

absences: 0 k 0, k*=2n+ 1; h 01, h +1 = 2n + 1, consistent only with

the space group P21/n. Accurate cell parameters and the orientation

matrix were determined by a least-squares fit to the setting angles of
the unresolved MoK« components of 24 symmetry related reflections with
26 between 27 and 29°. The results are given in Table (I) along with
the parameters used for data collection.

The 5577 raw data were converted to structure factor émplitudes and

their esd's by correcting for scan speed, background, and Lorentz-
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polarization effects . Analysis of the azimuthal scan data showed

& variation of I /1 of 0.563 1in the average relative intensity

min’ “max
curve. An empirical absorption correction was applied using the average
relative intensity curve of the azimuthal scan datalg.

The unique set of 4933 data were used to solve and refine the
structure. The ytterbium atoms were located through the use of a three-
dimensional Patterson map. The remaining non-hydrogen atoms were
located through the use of standard Fourier techniques. All non-
hydrogen atoms were refined anisotropically. All of the hydrogen atoms
were located in a difference Fourier map. The hydrogen atoms were
placed in calculated positions, and were included in the structure
factor calculation, but were not refined.

The final residuals for 380 variables refined aéainst the 4190 data

2, 30(F02) were R = 0.0206, R_ = 0.0289, and GOF = 1.491.

for which Fo
The R value for all 4933 data was 0.0379.

The quantity minimized by the least-squares program was Zw(IFOI-
IFCI)Z, where w 1s the weight of a given observation. The p-factorzl,
used to reduce the weight of intense reflections, was set to AO.O3
throughout the refinement. The analytical forms for the scattering
factor tables for the neutral atoms22 were used and all non-hydrogeﬁ
scattering factors were corrected for both the real and imgginary
components of anomalous dispersion23.

Inspection of the residuals ordered in ranges of sin8/A, IFol, and
parity and value of the individual indexes showed no unusual features or

trends. There was evidence of secondary extinction in the low-angle,

high-intensity data, and a secondary extinction correction was applied



24 . . . . )
to the data“". The secondary extinction coefficient was refined in the

least-squares calculations to a value of 1.45(2) x 10—7 e—z.
The highest and lowest peaks in the final difference Fourier map

had electron densities of 0.456 and -0.686 e/A3,‘respectively, and wvere

associated with Ybh(2).
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Table (I). Crystal Data for (Mesgslzzg (25°¢C)

Space Group

fw 3

d (calc.), g/cm

u (calc.), 1/cm

size, mm

radiation

menochromator

scan range, type

scan speed, deg/min

scan width, deg

reflections collected

unique reflectigns

reflections, F > 30(F
. o 0

variables

R, %

Rw, %

R ’

cBF?
-2

g, e

largest A/c in the last
least-squares cycle

2

%

Intensity Standards: 2, 7,
hours of x-ray exposure time.

decay in intensity was observed.

Orientation Standards: 3

P21/n

31.7013(3)

12.466(2)

9.836(1)

95.960(9%)

3782(2)

4

887.00

1.56

49.25

0.32 x 0.44 x 0.60

MoKa (A = 0.710734)
highly oriented graphite
3° < 268 £ 45°, o

0.694 - 6.71, variable
A6 = 0.55 + 0.35 tan8
5577; th, +k, +1

4933

4190

380

0.0206
0.0289
0.0379

1.491 _
1.45(2) x 10
0.11

1

4, 5; 20, 2, 1; measured every two

Over the period of data collection no

reflections were checked after every 250

measurements. Crystal orientation was redetermined if any of the

reflections were offset from their predicted positions by more than

0.1°. Reorientation was required 5 times during data collection.



(Me Cy) ,Yb(u-C,H, )Pt (PPh,)

Deep red needles of the compound were grown by.slow cooling of a
warm toluene solution to room temperature. A large needle was cleaved
to yield a crystal of approximate dimensions 0.15 mm x 0.30 mm x 0.40
mm. This was lodged into a thin walled 0.3 mm quartz capillary in a
nitrogen filled drybox. The capillary was then flame sealed.

Preliminary precession photographs indicated triclinic Laue
symmetry. The crystal was transferred to an Enraf-Nonius automated
diffractometerls, cooled to -80°C, and centered in the bean. .Automatic
peak indexing procedures yielded cell parameters and confirmed the Laue
synmetry.

Accurate cell parameters and the orientation matrix were determined
by a least-squares fit to the setting angles of the unresolved MoKa
components of 24 symmetry related reflections with 26 between 26 and
29°. The results are given in Table (II) along with the parameters used
for data collection.

The 6568 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed, background, and Lorentz-
polarization effectsl7_19. Analysis of the azimuthal scan data20 showed

a variation of I

L /T of 0.601 in the average relative intensity
min’ “max ;

curve. An analytical absorption correction was applied to the data
using the sizes of the indexed faces of the crystal and a 16 x 6 x 10
Gaussian grid of internal pointsls. The maximum and nminimum
transmission factors were 0.548 and 0.294, respectively.

The unique set of 6568 data were used to solve and refine the
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structure. The héavy atoms were located through the use of a
three-dimensional Patterson map. The remaining atoms were lécated
through the use of standard Fourier and difference Fourier techniques.
The non-hydrogen atoms were refined anisotropically. The hydrogen atoms
on the ethylene carbons were located in a difference Fourier map, and
they were refined isotropically. The hydrogen atoms on the phenyl
carbons and on the méthyl carbons were located in a difference Fourier
map, then placed in calculated positions with fixed thermal parameters;
they were included in ‘structure factor calculations, but were not
refined.

The final residuals for 576 variables refined against the 5929 data

2
0

The R value for all 6568 data was 0.0256.

for which F.2 » 30(F02) were R = 0.0200, R = 0.0314, and GOF = 1.70.

The quantity minimized by the least-squares program was zw(lFOI -

IFCI)Z, where w is the weight of a given observation. The p-factor21,
used to reduce the weight of intense reflections, was set to 0.03
throughout the refinement. The analytical forms for the scattering
factor tables for the neutral atoms22 were used and all non-hydrogen
scattering factors were corrected for both the real and imaginary
components of anomalous dispersion.23 '
Inspection of the residuals ordered in ranges of sin6/A, IFOI, and
parity and value of the individual indexes showed rno unusual féatures or
trends. There was‘évidence of secondary extinction in the low-angle,
high-intensity data, and a secondary extinction correction was applied

24

to the data™ . The secondary extinction coefficient was refined in the

least-squares calculations to a value of 6.2(7) x 1(1\“8 e-z. Three
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reflection; showed anomalously large values of w X Az. These were
rejected as "bad" data, and were not included in the least-squares
refinement.

The largest peak in the final difference Fourier map had an

electron density of 0.919 e/A3. and was associated with the Pt aton.



Table (II). Crystal Data for (Mesgsleb(u—C2§4)Pt(PPh3L2 (-80°C)

Space Group Pl

a, A 9.577(2)

b, 4 14.797(2)

c, A 18.429(2)

a, deg 96.90(1)

B, deg 92.56(1)

¥, deg 102.77(1)

v, A3 2522(1)

VA 2

fw 3 1191.23

d (calc.), g/cm 1.57

M {(calc.), 1l/cm 47.35

size, mm 0.15 x 0.20 x 0.40
radiation MoKa (A = 0.710734)
monochromator highly oriented graphite

scan range, type

scan speed, deg/min
scan width, deg
reflections collected

3° £ 26 £ 45°, ©8-26
0.838 - 6.71, variable
A6 = 0.65 + 0.35 tan#é
6568; +h, zk, %1

unique reflections 6568
reflections, Foz > 39(F02) 5933
variables 576

R, % 0.0200

Rw, % 0.0314

R 1 % 0.0256

GBF 1.70 e
g, € ) 6.2(7) x 10
Largest A/6 in final 0.12

least-squares cycle

Intensity Standards: -1, 5, -

hours of x-ray exposure tinme.

232

-3; -6, 1, 3: measured every two

Over the period of data collection no

decay in intensity was observed.

Orientation Standards: 3 reflections were checked after every 250
neasurements. Crystal orientation was redetermined if any of the
reflections were offset from their predicted positions by more than
0.1°. Reorientation was required 5 times during data collection. The
cell constants and errors were taken to be the average of the initial

and final values.
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2
, s = ~)
(hcsgsleb(n MeC=CMe)

Crystals were grown by slow cooling of a saturated solution of the
compound in a 4:1 mixture of octane/2-butyne. A large crystal was
cleaved to yield a small fragment of approximate dimensions 0.18 mn X
0.33 mm x 0.40 mm suitable for data collection. Tﬁe fragment was lodged
in a 0.3 mm quartz capillary in a nitrogen-filled drybox, and the
capillary was flame sealed.

Precession photographs indicated monoclinic Laue symmetry, and
yielded preliminary cell dimensions. The crystal was transferred to an
Enraf-Nonius automated diffractometer16, cooled to -80°C, and centered
in the beam. Automatic peak indexing procedures yielded the same unit
cell as 'the precession photographs and confirmed the Laue symmetry.
Examination of the 0 X 0 and h 0 1 zones showed the following systematic
absences: 0 k 0, k =2n +1; h01l, h+1=2n+1, consistent only with
the space group P21/n. Accurate cell parameters and the orientation
matrix were determined by a least-squares fit to the setting angles of
the unresolved MoKa components of 24 syﬁmetry related reflections with
26 between 28 and 30°. The results are given in Table (III) along with
the parameters used for data collection.

The 3324 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed, background, and Lorentz-

17-19

pclarization effects . Analysis of the azimuthal scan data20 showed

a variation of Imin/Imax of 0.567 in the average relative intensity
curve. An empirical absorption correction was applied using the average

relative intensity curve of the azimuthal scan datalg.
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The unique set of 2971 data were used to solve and refine the
structure. The ytterbium atom was locate@ through the use of a
three-dimensional Patterson map. The carbon atoms were located through
the use of standard Fourier techniques. All non-hydrogen atoms were
refined with anisotropic thermal parameters. The hydrogen atoms on the
2-butyne ligand were located in a difference map, and were refined with
isotropic thermal parameters. The hydrogen atoms on the pentamethyl-
cyclopentadienyl rings were located in a difference Fourier map, then
placed in calculated positions. They were included in the structure
factor calculation, but were not refined.

The final residuals for 251 variables refined against the 2449 data

2
0

The R value for all 2971 data was 0.044.

for which F. 2 > 30(F02) were R = 0.022, R_ = 0.029, and GOF ="1.505.

The quantity minimized by the least-squares program was Ew(lFol -
[Fcl)z, where w is the weight of a given observation. The p—factor21,
used to reduce the weight of intense reflections, was set to 0.03
throughout the refinement. The analytical forms for the scattering
factor tables for the neutral atoms22 were used and all non-hydrogen
‘scattering factors were corrected for both the real and imaginary
components of anomalous dispersion23
Inspection of the residuals ordered in ranges of sinf6/a, |F0| and
parity and value of the individual indexes showed no unusual features or
trends. There was evidence of secondary extinction in the low-angle,

high-intensity data, and a secondary extinction correction was applied

to the data24. The secondary extinction coefficient was refined in the



least-squares calculations to a value of 3.1(8) «x 10-8 e_z. Tvwo

reflections showed anomalously high values of w X Az. They were
rejected as "bad" data, and were not included in the refinement.
The highest and lowest peaks in the final difference Fourier map

had electron-densities of 0.709 and -0.438 e/A3, respectively, and both

were associated with the ytterbium atom.
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Table (III). Crystal Data for (Me;gsleb(n -MeC=CHe) (-806°C)

Space Group P21/n,

a, A ' 15.738(2)

b, A 15.299 (1)

c, & §.724(1)

B, dsg 103.90(1)

v, A 2272.6(8)

Z 4

fw 3 497.59

d (calc.), g/cm 1.45

i (calc.), 1l/cm 41.06

size, mm 0.18 % 0.33 x 0.40
radiation MoKa (A = 0.710733)
monochromator highly oriented graphite
scan rangs, type 3° < 26 < 454, 6-20
scan speed, deg/min in 6 0.838 - 6.71, variable
scan width, deg ’ ' A6 = 0.65 + 0.35 tan®
reflections collected 3324, th, +k, +1
unique reflectians 2971

reflections, Fy~ > 30(Fy2) 2441

variables 251

R, % 0.022

Rw, % 0.029

R 1 % 0.044

o8, 1.505 e

g, e 3.1(8) x 10

largest A/o in final 0.03

least-squares cycle

Intensity Standards: 10 2 2, 1 10 2, 21 6: measured every two hours of
x-ray exposure time. Over the period of data collection 3.5% decay in
intensity was observed. A linear decay correction was applied to the

ravw data.

Orientation Standards: 3 reflections were checked after every 250
measurements. Crystal orientation was redetermined if any of the
reflections were offset from their predicted positions by more than

0.1°. Reorientation was required 2 times during data collection.
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[(Me Cp) ,¥b], (u-F)

Brown blocks of the ¢dmpound were grown by slow cooling of a warm
saturated toluene solution to room temperature, and were separated fronm
thé accompanying crystals of the tetranuclear species manually. A
crystal of approximate dimensions 0.17 nm x 0.23 mm x 0.42 mm was
selected and lodged in a thin-walled 0.3 mm quartz capillary in a
nitrogen-filled drybox. The capillary was then flame-sealed.

Preliminary precession photographs indicated monoclinic Laue
symmetry, and yielded preliminary cell dimensions. The crystal was then

16 and centered

transferred to an Enraf-Nonius automated diffractometer
in the beam. "Automatic peak indexing procedures yielded the same unit
cell as the precession photographs and confirmed the Laue symmetry.
Exanination of the h 0 1 and h 1 1 zones showed the following systematic
absences: h 01; 1 =2n+1; hk1l; h+k=2n+1, consistent with both
spéce groups Cc and C2/c. Selection of the space group C2/c for data
refinement was proven correct by the successful convergence of the
solution. Accurate cell parameters .and the orientation matrix were
determined by a least-squares fit to the setting angles of the
unresolved MoKa components of 24 symmetry related reflections with 28
between 26 and 32°. The results are given in Table (IV) along with the
parameters used for data collection.

The 2695 raw data were converted to structure factor amplitudes and
their ésd's by correcting for scan speed, background, and Lorentz-

17-19

polarization effects Analysis of the azimuthal scan data20 showed

a variation of I_. /I of 0.766 in the average relative intensity
min’ “max
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curve. An analytical absorption correction was applied to the data
using the sizes of the indexed faces of the crystal and a 10 x 8 x 8
Géussian grid of internal pointsls. The maximum and rminimunm
transmission factors were 0.495 and 0.353, respectively.

The unique set of 2483 data were used to solve and refine the
structure. The ytterbium atoms were located through the use of a three-
dimensional Patterson nap. The remaining non-hydrogen atoms were
located through the use of standard Fourier techniques. All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms on the
methyl groups were located in a difference Fourier map, then placed in
idealizea positions and given isotropic thermal parameters 1.20 times
those of the carbons to which they were attached. They were included in
the structure factor calculation, but were not refined.

The final residuals for 197 variables refined against the 2256 data

2, 30(F°2) were R = 0.0173, R = 0.0248, and GOF = 1.75.

for which Fo

The quantity minimized by the least-squares program was Zw(lFOI-
IFCI)Z, where w is the weight of a given observation. The p-factorZI,
used to reduce the weight of intense reflections, was set to 0.02
throughout the refinement. The analytical forms for the scattering
factor tables for the neutral atoms22 were used and all non-hydrogen
scattering factors were corrected for both the real and imaginary
componehtsvof anomalous dispersion23.

Inspection of the residuals ordered in ranges of sin6/A, lFol, an
parity and value of the individual indexes showed no unusual features or

trends. There was evidence of secondary extinction in the low-angle,

high-intensity data, and a secondary extinction correction was applied
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2 . . . . . .
to the data The secondary extinction coefficient was refined in the

least-squares calculations to a value of 1.44(7) x 10_7 e-z.
The largest peak in the final difference Fourier map had an

glectron density of 0.667 e/A3, and was associated with Yb(2).



Table (IV). Crystal Data for [<Me5_5121g12(p—r) (25°C)

Space Group
a, A
b, A
c, A
dsg
i

5%
(0N | 3}

7
17

N <

v 3
d (calc.), g/¢cn
u (calc.), 1l/cm
size, mm
radiation
monochromator
scan range, type
scan speed, deg/min
scan width, deg
reflections collected
unique reflectigns 2
reflections, F > 30(F_")
. o)
variables
R, %
%

R .,
G8F _
g, e

largest A/o in the last
least~-squares cycle

Intensity Standards: 11,

hours of x-ray exposure time.

decay in intensity was observed.

C2/c
16.319(2
14.314(1
16.760(2
104.39(1
3792(2)
4

906.00

1.597

49.17

0.17 x 0.23 x 0.42

MoKa (A = 0.71073A)
highly oriented graphite
3° € 26 < 45°, 6-26
0.745 - 6.71, variable
A6 = 0.60 + 0.35 tané
2695, +h, +k, *1

2483

2256

197

0.0173

0.0248

1.745 _
1.44(7) x 10
0.00

)
)
)
)

1

10, 1; 3, 1, -11; measured every two

Over the period of data collection 0.9%

No decay correction was applied.

Orientation Standards: 3 reflections were checked after every 250

measurements. Crystal orientation was redetermined if any of the

‘ reflections were offset from their predicted positions by more than

0.1°. Reorientation was not required during data collection.
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[(ie,C,) ,¥b F ], - (Phite)

Red needles of the compound were grown by slow cooling of a hot
toluene solution to -room témperature. A large needlé .was cleaved,
yielding a fragment of approximate dimensions 0.12 mm x 0.24 mm x 0.30
mm suitable for diffraction. This fragment was lodged in a 0.3 mm thin
walled quartz capillary in a nitrogen—filled»drybox, and the capillary
was flame sealed. Precession photographs indicated monoclinic .Laue
symmetry, and yielded preliminary cell dimensions.

The crystal was transferred to an Enraf-Nonius automated
diffractometer16 and centered in the bean. Automatic peak indexing
procedures yielded the same unit cell as the precession photographs and
confirmed the Laue symmetry. Examination of the h 0 1 and h 1 1 zones
showed the following systematic absences: h 0 1; 1 =2n + 1, h k 1; h +
k =2n + 1,'consistent with both space groups Cc and C2/c. Selection of
the space group C2/c for data refinement was proven correct by
successful convergence of the solution. Accurate cell parameters and
the orientation matrix were determined by a least-squares fit to the
setting angles of the unresolved MoKa components of 24 symmetry related
reflections with 26 between 28 and 29°. The results are given in Table
(V) along with the parameters used for data collection.

The 4690 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed, background, and Lorentz-

17-19

polarization effects Analysis of the azimuthal scan data20 showed

a variation of I . /I of 0.559 in the average relative intensity
min’ “max

curve. An analytical absorption correction was applied to the data
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using the dimensions of the indexed faces of the crystal and a 12 x 12 x

18 . .
. The maximum and minimunm

6 Gaussian grid of internal points
transmission factors were 0.549 and 0.268, respectively.

The wunique set of 4287 data was used to sol&e and refine the
structure. The ytterbium atoms were located through the use of a
three-dimensional Patterson map. The remaining non-hydrogen atoms were
located through the use of standard Fourier techniques.

During the course of the refinement, the difference Fourier map
indicated the presence of one disordered nolecule of toluene per
asymmetric unit. T@e toluene was placed and refined isotropically as
two half-occupancy molecules related by the two-fold axis. The C-C-C
angles were constrained to be 120°, the C(Ph)-C(Ph) bond lengths to be
1.404, and the C(Ph)-C(Me) length to be 1.504 during least-squares
refinement. The ring carbons were furthermore all constrained to have
the same isotropic thermal parameter. The three largest peaks in the
final difference Fourier map were all around the disordered iing,
indicating that there may have been another disordered position, but no
other ring model could be fitted successfully.

The hydrogen atoms on the pentamethylcyclopentadienyl rings on
Yb(1l) were 1located. These atoms were placed and included in the
structure factor calculations with Visotropic thermal‘ parameters, but
were not refined.

The final residuals for 329 variables refined against the 3305 data
for which F 2

0
The R value for all 4287 data was 0.0508. The quantity minimized by the

p 30(FO)2 were R ='0.0272, Rw = 0.0356, and GOF = 1.58.

least-squares program was Zw(lFol - IFCI)Z, where w is the weight of a
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given observation. The p-factor21, used to reduce the weight of intense
reflections, was set to 0.03 throughout the refinement. The analytical
forms for the scattering factor tables for the neutral atoms22 were used
and all non-hydrogen scattering factors were corrected for both the real

. . . .23
and imaginary components of anomalous dispersion .

Inspection of the residuals ordered in ranges of sin8/A, |F and

ol
parity and value of the individual indexes showed no unusual features or
trends. There was evidence of secondary extinction in the low-angle,
high-intensity data, and a secondary extinction correction was applied
to the data24. The secondary extinction coefficient was refined in the
least-squares calculations to a value of 3.1(4) x 10-8 e_z.

The largest peak in the final difference Fourier map had an

electron density of 0.837 e/83, and was associated with the disordered

toluene molecule.



Crystal Data for [(Me

Space Group

a, A
b, &
c, A
B, dsg
v, A§
z

fw

d (calc.), g/cm3
M (calc.), 1/cm
size, mm
radiation
monochromator
scan range, type
scan speed, deg/min
scan width, deg
reflections collected
unique reflectians
reflections, F > 30(F
. 0

variables
R, %
Rw, %
R

11’
cBr -2
g, e

largest A/6 in final
least squares cycle

2

0 )

%

Intensity Standards: 3, 7,
hours of x-ray exposure time.

decay in intensity was observed.

to the raw data.

Orientation Standards: 3 reflections were checked after every 250
neasurements. Crystal orientation was redetermined if any of the

reflections were offset from their predicted positions by more than

5Cc) YR F 1, - (Phle), (25°C)

" C2/¢

26.805(3)

10.285(1)

24.621(2)

104.530(9)

6570(2)

4

1763.96

1.78

56.80

0.12 x 0.24 x 0.30

MoKa (A = 0.710734)
highly oriented graphite
3° 5 26 < 45°, 6-29
0.694 - 6.71, variable
A6 = 0.55 + 0.35 tan®
4690; th, +k, +1

4287

3305

329

0.0272
0.0356
0.0508

1.58 _
3.1(4) x 10
9.71

8

0, 12; 12, 0, 2: measured every two
Over the period of data collection, 2.4 %

A linear decay correction was applied

0.1°. No reorientation was required during data collection.
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(Me )2Yb(y-Me)Be(C,Me )

S5l sieg)

Crystals were grown by slow céoling of a saturated pentane
solution. A dark orange prism of approximate dimensions 0.14 nmm X
0.35mm x 0.31mm was selected, loaded into a 0.3mm quartz capillary in a
nitrogen-filled dry box, and flame sealed.

Preliminary precession photographs indicated monoclinic Laue
symmetry, and yielded preliminary cell dimensions. The crystal was
transferred to an Enraf-Nonius automated diffractometer16, cooled to
-80°C, and centered in the beam. Automatic peak indexing procedures
yielded the same ﬁnit cell as the precession photographs and confirmed
the Laue symmetry. Examination of thé 0 k 0 and h 0 1 zones showed the
following systematic absences: 0 k 0, X =2n+1; h01l, h+1=2n+1;
consistent only with the space group P21/n. Accurate cell parameters
and the orientation matrix were determined by a least-squares fit to the
setting angies of the unresolved MoKa components of 24 symmetry related
reflections with 26 between 27 and 29°. The results are given in Table
(VI) along with the parameters used for data collection.

The 4383 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed, background, and Lorentz-
pelarization effectsl7-19. Analysis of the azimuthal scan data20 showed
a variation of Imin/Imax of 0.613 in the average relative intensity
curve. An analytical absorption correction was applied to the data
using the sizes of the indexed faces of the crystal and a 12 x 12 x 6
18

Gaussian grid of internal points™ . The maxinum and minimun

transmission factors were 0.7719 and 0.4408, respectively.
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The unique set of 3887 data were used to solve and refine the
structure. The Yb atom was 1located through the use of a three-
dimensional Patterson map. The rermaining non-hydrogen atoms were
located through the use of standard Fourier techniques.

Examination of the difference Fourier map revealed the presence of
all hydrogen atoms. The hydrogen atoms on the pentamethylcyclo-
pentadienyl rings were placed in idealized positions and given isotropic
thermal parameters 1.30 times those of the carbons to which they were
attaEhed. They were included in the structure factor calculation, but
were not refined. Difference Fourier maps subsequently revealed an
alternate placement of the hydrogen atoms attached to C19. These
hydrogen atoms were replaced in idealized positions rationalized to
reflect this geometry. The hydrogen atoms on the bridging methyl group
were placed and refined Qith isotropic thermal parameters.

During data collection, the low tempe;ature apparatus malfunctioned
three times, causing the temperature to drop rapidly. The data
collected during these intervals exhibited extremely large negative
values of A. Three separate ranges of data were rejected in the
refinement; a total of 62 data were affected.

The quantity minimized by the least-SQuares program was Zw(IFol-
|FC|)2, where w is the weight of a given observation. The p-factor21,
used to reduce the weight of intense reflections, was set to 0.02
throughout the refinement. The analytical forms for the scattering
factor tables for the neutral atoms22 were used and all non-hydrogen
scattering factors were corrected for both the real and imaginary

. . 23
components of anomalous dispersion
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The final residuals for 311 variables refined against the 3176

2

data for which F 2) Jo(F
. 0 o

) were R = 0.0226, R_ = 0.0278, and GOF =
1.741. The R value for all 3887 data was 0.0436.

Inspection of the residuals ordered in ranges of sin8/A, IFOI, and
parity and value of the individual indexes showed no unusual features or
trends. There was evidence of secondary extinction in the low-angle,
high-intensity data, and a secondary extinction correction was applied

to the data24. The secondary extinction coefficient was refined in the

least-squares calculations to a value of 1.8(8) x 10-8 e-z.
The highesf and lowest peaks in the final difference Fourier map

had electron densities of 0.625 and -0.670 e/%3, respectively, and were

associated with the Yb atonm.
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Table (VI). Crystal Data for (Hesgsleb(u—Ne)Be(C:K§5L (-80°C)
<

Space Group P21/n

a, A 117265(1)

b, A 11.102(1)

c, A 24.125(3)

B, dig 82.9504(9)

v, A 2994(1)

Z 4

fw 3 602.78

d (calc.), g/cm 1.34

i (calc.), 1/cm 31.28

size, mm 0.14 x 0.35 x 0.31

radiation MoKa (A = 0.710734)

monochromator highly oriented graphite

scan range, type 3° < 26 < 45°, 8-2¢

scan speed, deg/min 0.838 - 6.71, variable

scan width, deg A6 = 0.65 + 0.35 tané

reflections collected 4383, +h, +k, %l

unique reflectigns 2 ' 3887

reflections, Fo > 30(?0 ) 3176 (after rejection of 62 "bad"
data - see discussion)

variables 311

R, % 0.0226

Rw' % 0.0278 -

R 17 % 0.0436

cBF - 1.741 g

g, e . 1.8(8) x 10

largest A/o in the last - 0.05

least-squares cycle

Intensity Standards: -7, 2, 3; -1, 2, 15; -4, 6, 5; measured every two
hours of x-ray exposure time. Over the period of data collections 3.2%
decay in intensity was observed. A linear decay correction was applied

to the raw data.

Orientation Standards: 3 reflections were checked after every 250
measurements. Crystal orientation was redetermined if any of the
reflections were offset from their predicted positions by more than

0.1°. No reorientation was required during data collection.
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(He C.) ,¥b(BH, PMe,)

Bright green crystals of the compound were grown by slow cooling of
a hot toluene solution to room temperature. A large block was cleaved
to yield a fragment of approximate dimensions 0.26 mm x 0.43 mm X 0.63
mm, which was lodged into a thin-walied 0.3 mm quartz capillary in a
nitrogen-filled drybox. The capillary was then flame sealed.

Preliminary precession photographs indicated orthorhombic Laue
symmetry, and yielded preliminary cell dimensions. The crystal was
transferred to an Enraf-Nonius automated diffractometer16 and centered
in the beam. Auﬁomatic peak indexing procedures yielded the same unit
cell as the precession photographs and confirmed the Laue symmetry.
Exanination of the 0 k 1 and h k 0 zones showed the following systematic
absences: 0 k 1, k + 1 = 2n + 1; and>h k 0, h = 2n + 1, consistent with
the space groups Pnaz1 and Pnma. Selection of the space group Pnma for
data refinement was ‘proven correct by successful convergence of the
solution. Accurate cell parametefs and the orientation .matrix %ere
determined by a least-squares fit to the setting angles of the
unresolved MoKa components of 24 symmetry related reflections with 28
between 28.6 and 29.0°. The results are given in Table (VII) along with
the parameters used for data collection.

The 3793 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed, background, and Lorentz-

17-19

polarization effects Analysis of the azimuthal scan data20 showed

a variation of I . /I of 0.733 in the average relative intensity
min’ “max

curve. An analytical absorption correction was applied to the data
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using the sizes of the indexed faces of the crystal and a 16 x 6 x 16
Gaussian grid of internal pointslg. The maximum and nminimum
transmission factors were 0.44$ and 0.285, respectively.

Rfter rejection of the systematically absent data, the 3421
remaining reflections were averaged. The agreemeht factors for the
averaging (based on Fobs) were 0.011 for the observed data, and 0.033
.for all data. The unique set of 1799 data were used to solve and refine
the structure. The ytterbium atom was located through the use of a
three-dimensional Patterson map. The remaining non-hydrogen atoms were
located through the use of standard Fourier techniques.

The large and highly anisotropic thermal parameters for the methyl
groups on the cyclopentadienyl ring indicated that the rings were

probably undergoing librational motion about the pseudo-C_. axis. The

5
methyl groups on the crystallographic mirror plane were most severely
affected, and were best refined as two half-occupancy carbon positions
lying off of the mirror plane. The half-occupancy carbons were refined
isotropically, as including anisotropic thermal parameters did not
improve the refinement. Attempts to refine the other methyl groups on
the ring in the same manner led to unreasonable values for the C(ring)-
C(Me) bond 1lengths, and so C12, Cl3, C15, and C16 were refined
anisotropically in single positions. Examination of difference Fourier
maps did not unambiguously reveal the hydrogen atom positions, and so
they were not included in the structure.

The final residuals for 130 variables refined against the 1160 data

2

for which F_% ) 3o(r°2) Were R = 0.0295, R = 0.0488, and GOF = 2.378.

The R value for all 1799 data was 0.0598.
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The quantity minimized by the least-squares program was Zw(lFo

[§9]

IFCI) , Where w 1is fhe weight of a given observation. The p-factorQl,
used to reduce the weight of intense reflections, was set tc 0.03
throughout the refinement. The analytical forms for the scattering-
factor tables for the neutral atoms22 were used and all non-hydrogen
scattering factors were corrected for both the real and imaginary
components of anomalous dispersion23.

Inspection of the residuals ordered in ranges of sin6/A, ]Fol, an
parity and value of the individual indexes showed no unusual features or
~trends. There was evidence of secondary extinction in the low-angle,
high-intensity data, and a secondary extinction correction was applied

24

to the data The secondary extinction coefficient was refined in the

least-squares calculations to a value of 8(2) x 1()_8 e—z.
The highest and lowest peaks in the final difference Fourier map

had electron densities of 0.463 and -0.460 e/A3, and were associated

with Cl14 and Yb, respectively.
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Table (VIT). Crystal Data for (dcsgsleb(Bh3'Phc3l (25°C)
Space Group Pnmra
a, A 19.778(2)
b, A 13.266(2)
c, A3 9.801(1)
v, & 2630(1)
z 4
fw 3 533.42
d (calc.), g/cm 1.35
u (cale.), 1/cm 36.10
size, mm 0.26 x 0.43 x 0.63
radiation MoKa (A = 0.710734)
monochromator highly oriented graphite
scan range, type 3° £ 26 < 45°, 6-26
scan speed, deg/min 0.805 - 6.71, variable
scan width, deg AB = 0.60 + 0.35 tané
reflections collected 3793; +h, 1k, +1
unique reflectigns 2 1799
reflections, FO > 30(Fo ) 1160
variables 130
R, % , 0.0295
Rw, % 0.0488
R . % 0.0598
c8F1 2.378

-2 y -8
g, e 8(2) x 10
largest A/o in the last 0.19

least-squares cycle

Intensity Standards: 6, 2, -6; 9, 7, -1; 12, 4,-2; measured every two
hours of x-ray exposure time. Over the period of data collection 4.5 %
decay in intensity was observed. A linear decay correction was applied

to the raw data.

Orientation Standards: 3 reflections were checked after every 250
measurements. Crystal orientation was redetermined if any of the
reflections were offset from their predicted positions by more than
0.1°. Reorientation was not required during data

collection.
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Yb(u-Me)ZZnhe

Purple crystals of the compound were grown by cooling a saturated
pentane solution to -78°C. A purple prism of approximate dimensions
0.30 mm x 0.30 mz x 0.38 mm was chosen and wedged into a thin-walled 0.3
mm quartz capillary in a nitrogen-filled drybox. The capillary was then
flame sealed.

Preliminary precession photographs indicated orthogonal Laue
symmetry, and yielded preliminary cell dimensions. The crystal was
transferred to an Enraf-Nonius automated diffractometerls, cooled to
-80°C, and centered in the beam. Automatic. peak indexing procedures
yielded the same unit cell as the precession photographs and confirmed
the Laue symmetry. Examination of the 0 k 1, h 0 1, and h k 0 zones
showed the following systematic absences: 0 k1, k =2n+1; h01l, 1=
2n + 1, and h k 0; h = 2n + 1, consistent wi;h the space group Pbca.
Accurate cell parameters and the orientation matrix were determined by a
least-squares fit to the setting angles of the unresolved MNoKa
~ components of 24 symmetry related reflections with 26 between 26 and
29°. The.results‘a;e given in Table (VIII) along with the parameters
used for data collection.

The 3368 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed; background, and Lorentz-

17-19

polarization effects Analysis of the azimuthal scan datazo showed

a variation of I ., /I of 0.724 in the average relative intensity
nin® “max

curve. An empirical absorption correction was applied to the data using

the average relative intensity curve ot the azimuthal scan datals.
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The unique set of 2980 data was used to solve and refine the
structure. The ytterbium atom was located through the use of a three-
dimensional Patterson map. The remaining non-hydrogen atoms were
located through the use of standard Fourier techniques. All non-
hydrogen atoms were refined anisotropically.

Examination of a difference Fourier map revealed the presence of
all of the hydrogen atoms. The hydrogen atoms on the pentamethyl-
cyclopentadienyl rinés were placed in idealized positions. The hydrogen
atoms on C(3) were placed in located positions, and then these positions
were rationalized to reflect idealized methyl group geometry. All of
these hydrogen atoms were given isotropic thermal parameters 1.30 times
those of the carbons to which they were attached. They were included in
the structure factor calculation, but were not refined. Subsequent
difference Fourier maps revealed alternate orientations of the hydrogen
atoms about C(16) and C(30). These h&drogen atoms were placed in the
located positions, and then the positions were rationalized to reflect
idealized methyl group geometry. The hydrogen atoms on the bridging
methyl groups ( C(1) and C{2) ) were located and refined isotropicallly.

The final residuals for 251 variables refined against the 2322 data

LN 30(F02) were R = 0.0185, R_ = 0.0246, and GOF = 1.573.

for which Fo
The R value for all 2980 data was 0.0468.

The quantity minimized by the least-squares program was'Zw(lFol—
IFCI)Z, where w is the weight of a given observation. The p—factor21,
used to reduce the weight of intense reflections, was set to 0.02
throughout the refinement. The analytical forms for the scattering

factor tables for the neutral atoms22 were used and all non-hydrogen
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.

scattering factors were corrected for both the real and imaginary
components of anomalous dispersion23.

Inspection of the residuals ordered in ranges of éine/k, IFOI, an
parity and value of the individual indexes showed no unusuallfeatures or
trends. There was evidence of secondary extinction in the low-angle,
high-intensity data, and a secondary extinction correction was applied
to the data24. The secondary extinction coefficient was refined in the
least-squares calculations to a value of 2.3(2) x 10_8 e_z. Several
reflections showed anomalously higﬁ values of w x Az, possibly due to
multiple reflection. Twelve reflections were rejected prior to the
final refinement as "bad" data.

The highest and lowest peaks in the final difference Fourier map

had electron densities of 0.600 and -0.455 e/A3, respectively, and were

associated with the ytterbium atom.



Table (VIII). Crystal Data for

Ce),Yb(u-le) Znlle (-80°C)

Space Group

a, A
b, A
c, &
v, &3
Z

fw

d (calc.), g/cm3

M (calc.), 1/cm

size, mnm

radiation

monochromator

scan range, type

scan speed, deg/min

scan width, deg

reflections collected

unique reflectigns 2

reflections, F > 30(F_")
. o]

.variables

R, %

R, %
W

RY ., %
68}1_2
g, e

largest A/o in the last
least-squares cycle

Intensity Standards: 3, 10, 4;

hours of x-ray exposure time.

decay in intensity was observed.

to the raw data.

Orientation Standards:

measurements.

55~

Pbca

19.472(2)

15.595(1)

15.063(2)

4574 (1)

8

553.98

1.73

51.38

0.30 x 0.30 x 0.38

MoKa (A = 0.710734)
highly oriented graphite
3° £ 26 < 45°, 6-28
0.838 - 6.71, variable
A8 = 0.65 + 0.35 tané
3368, +h, +k, +1

2980

2322

251

.0185
.0246
.0468

.573 _
.3(2) x 10
.03

8

OV OO0

2, 4, 12; 9, 3, 2; measured every two

Over the period of data collection 1.7%

A linear decay correction was applied

3 reflections were checked after every 250

Crystal orientation was redetermined if any of the

reflections were offset from their predicted positions by more - than

0.1°. Reorientation was not required during data collection.



257

(Me )

Me Cc) ,¥b(u-Fh) ZnPh

2

Crystals of the compound were grown by slowly cooling a saturated
penfape solutiop to -78°C. ‘A purple block of approximate dimensions
0.24‘mm x 0.26 mm x 0.40 mm was selected and loaded into a thin-salled
0.3 mim quartz capillary in a nitrogen-filled drybox. The capillary was
then flame sealed.

Preliminary precession photographs indicated tetragonal Laue
symmetry, and yielded preliminary cell dimensidns. The crystal was
transferred to an Enraf-Nonius automated diffractometerls, cooled to
-80°C, and centered in the bean. Automatic peak indexing procedures
yielded the same unit cell as the precession photographs and confirmed
thebLaue symmetry. Examination of the 0 0 1 and h k O zones‘showed the
following systematic absences: 0 01, 1 =2n+ 1; h kKO0, h+%k=2n+1,
consistent only with fhe space group P42/n. Accurate cell parameters
and the orientation matrix were determined by a least-squares fit to the
setting angles of the unresolved MoKa components of 24 symmetry related
reflections with 26 between 28 and 29°. The results are given in Table
(IX) along with the parameters used for data collection.

The 4654 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed, background, and Lorentz-

17-19

polarization effects Analysis of the azimuthal scan data20 showed

a variation of I_. /I of 0.897 in the average relative intensity
min’ "max _
curve. An analytical absorption correction was applied to the data

using the sizes of the indexed faces of the crystal and a 12 x 10 x 12
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18 . ‘ .
. The maximun and mininmunp

Gaussian grid of dinternal points
transmission factors &ere 0.462 and 0.400, respectively.

The unique set of 4166 data were used to solve and refine the
structure. The ytterbium atom was located through the use of a three-
dimensional Patterson map. The remaining non-hydrogen atoms were
located through the use of standard Fourier techniques. All non-
hydrogen atoms were refined anisotropically.

Examination of a difference Fourier map revealed the presence of
all the hydrogen atoms. All hydrogen atoms were placed in calculated
positions, and were given isotropic thermal parameters 1.30 times those
of the carbons to which they were attached. They were included in the
structure factor calculation, but were not refined. Subsequent
difference Fourier maps revealed an alternate orientation of the.methyl
hydrogens about C(19). These hydrogen atoms were placed in the located
positions, and the positions were rationalized to reflect idealized
methyl geometry.

| The final residuals for 362 variables refined against the 3338 data

2 > 30(F02) were R = 0.0250, Rw = 0.0312, and GOF = 1.538.

for which FO
The R value for all 4166 data was 0.0494.

The quantity minimized by the least-squares program was Zw(IFOI-
IFCI)Z, where w is the weight of a given observation. The p-factor21,
used to reduce the weight of intense reflections, was set to 0.03
throughout the refinement. The analytical forms for the scattering
factor tableg for the neutral atoms22 were used and all non-hydrogen

scattering factors were corrected for both the real and imaginary

. .23
components of anomalous dispersion
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Inspection of the residuals ordered in ranges of sin8/A, lFol, and
parity and value of the individual indexes showed no unusual features or
trends. Two reflections had intensities that were an order of magnitude
higher than any other reflection, and were strongly Vaffected by
secondary extinction. As such, they interfered with the calculation of
an extinction coefficient for the rest of the dataf They were rejected
as "bad" data, and were not included in the final refinements. Even
after this rejection, there was evidence of secondary extinction in the

low-angle, high-intensity data, and a secondary extinction correction

was applied to the data24. The secondary extinction coefficient was
refined in the least-squares calculations to a wvalue of 3.7(4) x 10-8
-2

e °.

The highest and lowest peaks in the final difference Fourier map
had electron densities of 1.256 and -0.544 e/A3, respectively, and were

associated with the ytterbium atom.
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Tabls (IX). Crystal Data for (Me.C.) Yb(y—Ph)zznPh (-80°C)

5=5=2
Space Group P42/n
a, & ) 217263(3)
c, A3 14.089(2)
v, & 6370(2) '
Z 8
fw 3 740.19
d (calc.), g/cm 1.54
u (calc.), 1l/cm 37.05
size, mm 0.24 x 0.26 x 0.40
radiation MoKa (A = 0.710734)
monochromator highly oriented graphite.
scan range, type 3° £ 28 < 45°, 6-28
scan speed, deg/min 0.805 - 6.71, variable
scan width, deg A6 = 0.65 + 0.35 tan®
reflections collected 4654; +h, +k, +1
unique reflectigns - 2' 4166
reflections, F > 30(FO ) 3338
variables 362
R, % 0.0250
R,/ % 0.0312
R 1’ % 0.0494
o8t - 1.538 8
g, e 3.7(4) x 10
largest A/oc in the last 0.00

least-squares cycle

Intensity Standards: 4, 2, 9; 2, 14, 2; 11, 8, 4; measured every two
hours of x-ray exposure time. Over the period of data collection 1.5%
decay in intensity was observed. A linear decay correction was applied

to the raw data.

Orientation Standards: 3 reflections were checked after every 250
measurements. Crystal orientation was redetermined if any of the
reflections were offset from their predicted positions by more than

0.1°. Reorientation was not required during data collection.
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(MegCg) )¥b(ozH,C B ol o)

Dark green needles of_the compound were grown by slowly cooling a
saturated toluene solution to -15°C. A needle was cleaved to yield a
piece of approximate dimensions 0.12 mm x 0.16 mm x 0.27 mnm. This
fragment was wedged into a thin-walled 0.3 mm quartz capillary in a
nitrogen-filled drybox. The capillary was flame sealed.

Preliminary precession photographs indicated monoclinic Laue
symmetry, and yielded preliminary cell dimensions. The crystal was
transferred to an Enraf-Nonius automated diffractometer16 and centered
in the beam. Automatic peak indexing procedures yielded the same unit
celi as the precession photographs and confirmed the Laue symmetry.
Examination of the 0 kX 0 and h 0 1 zones showed the following systematic
absences: 0 k 0, k=2n +1; h 01, 1 =2n + 1, consistent only with the
space group le/c. Accurate cell parameters and the orientation matrix
were determined by a least-squares fit to the setting angles of the
unresolved MoKa components of 24 symmetry related reflections with 26
between 28 and 29°. The results are given in Table (X) along hith the
parameters used for data collectiﬁn.

The 3988 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed, background, and Lorentz-

17-19

polarization effects Analysis of the azimuthal scan data20 showed

a variation of I . /I of 0.877 in the average relative intensity
min’ “max
curve. An analytical absorption correction was applied to the data

using the sizes of the indexed faces of the crystal and a 10 x 16 x 8
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Gaussian g¢grid of internal pointslg. The maximum and minirum
transmission factors were 0.685 and 0.624, respectively.

The unique set of 3543 data were used to solve and refine the
structure. The ytterbium atom was located through the use of a three-
dimensional Patterson map. Thel remaining non-hydrogen atoms were
located through the use of standard Fourier techniques. All non-
hydrogen atoms were refined anisotropically. There was evidence of
disorder in the carborane comprised of partial carbon occupancy in the
B(1) site (see discussion in the text). Due to an insufficient number
of data, and to the high correlation that would exist between the
thermal parameters and the carbon occupancies of atoms within the
carborane, it was deemed unwise to attempt to model this disorder.

All hydrogen atoms were located in a difference.Fourier map. They
were placed in calculated positions, with r[C(Me)-H] = 0.958 and r(C(or
ﬁ)—H] = 1.05A4. These hydrogen atoms were included in the structure
factor calculation, but were not refined.

The final residuals for 299 variables refined against the 2117 data

2, 30(F02) were R = 0.0196, R = 0.0239, and GOF = 1.486.

for which Fo
The R value for all 3543 data was 0.102.

The quantity minimized by the least-squares program was Ew(lFol—
IFCI)Z, where w is the weight of a given observation. The p-tactor21,
used to reduce the weight of intense reflections, was set to 0.02
throughout the refinement. The analytical forms for the scattering
factor tabies for the neutral atoms22 were used and all non-hydrogen
scattering factors were corrected for both the real and imaginary

. . 3
components of anomalous dlspersmn2 .
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Inspection of the residuals ordered in ranges of siné/a, lFol, an
parity and value of the individual indexes showed no unusual features or
trends. There was evidence of secondary extinction in the low-angle,
high-intensity data, and a secondary extinction correction was applied

to the data24. The secondary extinction coefficient was refined in the

least-squares calculations to a value of 2.6(5) x 10-8 e-z.
The highest and lowest peaks in the final difference Fourier map

had electron densities of 0.528 and 0.333 e/A3, respectively; both were

associated with the ytterbium atom.



Takle (X). Crystal Data for (Me5

- Space Group
a, A
b, A

i
B, deg
A’i

fw

d (calc.), g/cm

M (calc.), 1l/cm

size, mm

radiation

monochromator

scan range, type

scan speed, deg/min

scan width, deg

reflections collected

unique reflectigns 2

reflections, F > 30(F_°)
. 0

variables

R, %

R, %
L

RY. ., %
68}1_2
g, €

largest A/o in the last
least-squares cycle

3

Intensity Standards: 4, 6,
hours of x-ray exposure tinme.

decay in intensity was observed.

to the raw data.

Cc),¥b(oH, C,B H ) (25°C)

P21/c ‘

12.780(1)

10.047(1)

21.175(3)

51.18(1)

2718.3(8)

4

587.73

1.47

34.39

0.12 x 0.16 x 0.27
MoKa (A = 0.710734)
highly oriented graphite
3° £ 28 £ 45°, 9-26
0.805 - 6.71, variable
A = 0.65 + 0.35 tané
3988; +h, +k, %1

3543

2117

299

0.0196
0.0239
0.102

1.486 _
2.6(5) x 10
0.01

8

4, -10; 8, 2, 4; measured every two

Over the period of data collection 1.5%

A linear decay correction was applied

Orientation Standards: 3 reflections were checked after every 250

measurements. Crystal orientation was redetermined if any of the

reflections were offset from their predicted positions by more than

0.1°. Reorientation was not required during data collection.
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(e Co) b lolle,C) By ol 4)

Crystals of the compound were grown by slowly cooling a saturated
toluene solution to -25°C. The crystals were green when isolated at low
temperature, but turned orange at about +5°C when warmed slowly to room
temperature. This color chénge was reversible. Attempts were made to
determine the crystal structure of the green form of the compound at
-80°C, but every crystal cooled on the diffractometer suffered
irreversible damage in the phase change. Further crystals were studied
at +25°C. An orange crystal fragment of approximate dimensions 0.26 mm
X 0.27 mm X 0.28 mm was selected and wedged into a thin-walled 0.3 mn
quartz capillary in a nitrogen-filled drybox. The capillaryiwés flame
sealed.

Preliminary precession photographs indicated monoclinic Laue
symmetry, and yielded preliminary cell dimensions. The crystal was
transferred to an Enraf-Nonius automated diffractometerl6 and centered
in the beam. Automatic peak indexing procedures yielded the same unit
cell as the precession photographs and confirmed the Laue symmetry.
Examination of the 0 kX 0 and h 0 1 zones showed the following systematic
absences: 0 k 0, k = 2n + 1; h 01, 1=2n+1, consistent only with the
space group P21/c. Accurate cell parameters and the orientation matrix
were determined by a least-squares fit to the setting angles of the
unresolved MoKa components of 24 symmetry related reflections with 26
between 27.6 and 28.4°. The results are given in Table (XI) along with

the parameters used for data collection. One crystal was centered at
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-80°C, and the cell constants of the green phase were determined: a =
13.109(1)A4, b = 10.655(2)4, ¢ = 21.117(4)4, B8 = 93.04(1)".

The 4502 raw data were converted to structure factor amplitudes and

their esd's by correcting for scan speed, background, and Lorentz-

17-19

polarization effects Analysis of the azimuthal scan data20 showed

a variation of Imin/Imax of 0.904 in the average relative intensity
curve. An analytical absorption correction was applied to the data
using the sizes of the indexed faces of the crystal and a 14 x 12 x 10
Gaussian grid 6f internal pointslg. The maximum and nminimum
transmission factors were 0.594 and 0.471, respectively.

The unique set of 4016 data were used to solve and refine the
structure. The ytterbium atom was located through the use of a three-
~dimensional Patterson map. The remaining non-hydrogen atoms were
located through the use of.standard Fourier techniques. There were no
indications in final difference Fourier maps of alternate locations for
the carborane methyl carbons, suggesting that there was no disorder in
the carborane molecule. All non-hydrogen atoms were refined aniso-
tropically.

The hydrogen atoms on the pentamethylcyclopentadienyl rings and
those attached to borons in the carborane were located in a difference
Fourier map. These hydrogens were placed in calculated positions, with
r{C(Me)-H] = 0.958 and r{B-H] = 1.05A. They were included in the
structure factor calculation, but were not refined. The carborane
methyl hydrogens could not be located, and they were not placed.

The final residuals for 317 variables refined against the 3072 data
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for which F° > 30(F_%) were R = 0.0260, R_ = 0.0329, and GOF = 1.516.
The R value for all 4016 data was 0.0647.

The quantity minimized by the least-squares program was Zw(IFOI—
lFCI)Z, where w is the weight of a given observation. The p—factor21,
used to reduce the weight of intense reflections, was set to 0.03
throughout the refinement. The analytical forms for the scattering
factor tables for the neutral atom522 were used and all non-hydrogen
scattering factors were corrected for Eoth the real and imaginary
components of anomalous dispersion23

Inspection of the residuals ordered in ranges of sin6/A, IFOI, an
parity and value of the individual indexes showed no unusual features or
trends. There was some evidence of secondary extinction in the low-
angle, high-intensity data, and a secondary extinction correction was

24. The secondary extinction coefficient was refined

in the least-squares c§lculations to a value of 2.7(8) x 10-8 e-z.

applied to the data

The highest peak in the final difference Fourier map had an
electron density of 0.585 e/A3, and was associated with the ytterbium
atom. The lowest peak in the final difference Fourier map had an

electron density of -0.368 e/A3, and was close to C(1).



Table

(XI). Crystal Data for (MeSC5

Space
a,
bl
c,
51
vI
Z

fw 3
d (calc.), g/cm

Group

89

o Q4 e e e

M (calc.), 1l/cm
size, mm
radiation
monochromator

scan range, type
scan speed, deg/min
scan width, deg
reflections collected
unique reflectigns 2
reflections, F > 30(F_7)
X o
variables
R, %
Rw’ %
R . %
Bt
-2
g, €
largest A/oc in the last
least-squares cycle

Intensity Standards: 2, 7, 4; 8,
hours of x-ray exposure time.
decay in intensity was observed.

to the raw data.

Orientation Standards: 3 reflect

measurenents. Crystal orientati

26

Yb{o-Me.C,B, H..) (25°C)

1tblo-He,C)Byoliol {252C)

P21/c

13.061(1)

10.822(1)

21.814(2)

93.211(9)

3079(1)

4

615.78

1.33

30.40

0.26 x 0.27 x 0.28
MoKa (A = 0.710734)
highly oriented graphite
3° €28 < 45°, 6-28
0.805 - 6.71, variable
A8 = 0.65 + 0.35 tansé
4502; +h, +k, 1

4016

3072
317

0.0260
0.0329
0.0647

1.516 )
2.7(8) x 10
0.01

8

1, 6; 3, 4, 11; measured every two

Over the period of data collection 4.8%

A linear decay correction was applied

ions were checked after every 250.

on was redetermined if any of the

reflections were offset from their predicted positions by more than

0.1°.

Reorientation was not required during data collection.
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. Crystals of the compound were grown by slow vcooling of a 1:1
toluene/pentane solution to -25°C. A crystals of aﬁproximate dimensions
0.33 mn % 0.30 mn x 0.42 mm was selected and lodged into a 0.3 mm thin-
walled quartz capillary in a nitrogen-filled drybox, and the capillary
was flame sealed. Preliminary preces§ion photographs indicated
tetragonal Laue symmetry, and yielded preliminary celi dimensions.

The crystal was transferred to an Enraf-Nonius automated
diffractometerls, cooled to -110°C, and centered in the beam. Automatic
peak indexing procedures yielded the same unit cell as the precession
photographs and confirmed the Laue symmetry. Egamination of the data
revealed the following systematic conditions: h k1, h+ k+1=2n; 00
1, 1 = 4n; h k 0, h = 2n, consistent only with the‘space group I4l/a.
Accurate cell parameters and the orientation matrix were determined by a
least-squares fit to the setting angles of the unresolved MoKa
components of 24 symmetry related reflections with 26 between 27.6 and
27.8°. The results are given in Table (XII) along with the parameters
used for data collection.

The 3216 raw data were converted to structure factor amplitudes and
their esd's by correcting for scan speed, background, and Lorentz-

17-19

polarization effects Analysis of the azimuthal scan data20 showed

a variation of I . /I of 0.776 in the average relative intensity
rin’ “max

curve. An empirical absorption correction was applied to the data using

the average relative intensity curve of the azimuthal scan datala.
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The unique set of 2918 data were used to solve and refine the
structure. The ytterbium and cobalt atoms were located through the use
of a three-dimensional Patterson map. The reraining non-hydrogen atoms
were located through the use of standard Fourier techniques. All non-
hydrogen atoms were refined anisotropically.

Examination of a difference Fourier map revealed the presence of
all hydrogen atoms. All hydrogen atoms were placed in calculated
positions; the hydrogen atoms on the pentamethylcyclopentadienyl rings,
were given isotropic thermal parameters 1.20 times those of the carbons
to which they were attached, and the hydrogen atoms on the cyclopenta-
dienyl ring were given thermal parameters 1.30 times those of' the
carbons to which they were attached. The hydrogen atoms were included
in the structure factor calculation, but were not refined.

The final residuals for 242 variables refined against the 2200 data

2, 30(F02) were R = 0.0190, R_ = 0.0255, and GOF = 1.694.

for which FO
The R value for all 2918 data was 0.0524.

The quantity minimized by the least-squares program was zw(lFOI-
IFCI)Z, where w is the weight of a given observation. The p-factor21,
used to reduce the weight of intense reflections, was set to 0.02
throughout the refinement. The analytical forms for the scattering
factor tables for the neutral atoms22 were used and all non-hydrogen
scattering factors were corrected for both the real and imaginary
components of anomalous dispersion23.

Inspection of the residuals ordered in ranges of siné8/A, IFOI, and

parity and value of the individual indexes showed no unusual features or

trends. There was evidence of secondary extinction in the low-angle,
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high-intensity data, and a secondary extinction correction was applied

to the data24. The secondary extinction coefficient was refined in the

least-squares calculations to a value of 2.3(2) x J.O_8 e_z. There were
several reflections of low intensity which displayed large positive
values of A, indicating that they were affected by multiple reflection.
Ten reflections were rejected, and were not included in the final
refinement.

The highest and lowest peaks in the final difference Fourier map

had electron densities of 0.341 and -0.422 e/A3, and were associated

with C22 and the ytterbium atom, respectively.



Table (XII). Crystal Data for [(Me5§slzgglziigsgslzggl (-110°¢C)

Space Group

a, A

c, A

v, A

Z

fw 3

d (calc.), g/cnm

u (calc.), l/cm

size, mm

radiation

monochromator

scan range, type

scan speed, deg/min

scan width, deg

reflections collected

unique reflectigns 2

reflections, F_“ > 30(F °)
\ o]

variables

R, %

R, %
W

RV, %
68}1_2
g. e

largest A/c in the 1last
least-squares cycle

3

I41/a

21.286(2)

15.703(3)

8927(3)

8

1076.13

1.60

45.43

0.33 x 0.30 x 0.42

MoKa (A = 0.710734)
highly oriented graphite
3° £ 208 £45°, 6-29
0.805 - 6.71, variable
A8 = 0.65 + 0.35 taneé
3216; +h, +k, +1

2918

2200

242

0.0190
0.0255
0.0524
1.694 _
2.3(2) x 10
0.01

8
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Intensity Standards: -13 -6 -1, -2 -14 -2, -2 -6 -12: measured every two

hours of x~-ray exposure time.

decay in intensity was observed.

No decay correction was applied.

Over the period of data collection 0.3%

Orientation Standards: 3 reflections were checked after every 250

measurements. Crystal orientation was redetermined if any of the

reflections were offset from

0.1°. Reorientation was not required during data collection.

their predicted positions by more than
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The data reduction formulae are:

2 w W
F,°= - (c- 28 ° (5.2 = - (c + am)12
Lp Lp
F o= vF 2 o (F) =vF “+ 0 (F* ~-F
(o] [o] [o] [o] o © (o]

where C 1is the total count in the scan, B the sum of the two
background counts, w is the scan speed used in deg/min, and

1 sin 268 (1 + c05229m)

Lp 1+ c03226m - sin229

is the correction for Lorentz and polarization effects for a
reflection with scattering angle 26 and radiation monochromatized
with a 50% perfect single~crystal monochrometer with scattering
angle 29m.

Reflections used for azimuthal scans were located near x = 90° and
the intensities were measured at 10° increments of rotation of the
crystal about the diffraction vector.

2, 1/2
2 |1F | - IF,1] i lF 1 - IF D2
R = R _
w =1 2 t
ZIF | L ZWF J
(il | - 1 D2y 12
GOF = {
L (ng - n) J

where n_ 1is the number of observations, nv the number of wvariable
parameters, and the weights w were given by

1
W = - o{F 2

2 o]
o] (Fo)

_ 2 2 2,2
) = Voo (Fo ) + (pF”)

where 02(F } is calculated as above from ofF 2) and where p is the
factor used to lower the weight of intense retlections.
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Appendix I.

(Fe Co).Yb

= =
-

[3%]
-3
(61

Tables of Positional and Thermal Parameters

Table of Positional Parameters and Their Estimated Standard Devia{ions

- - - - - -

Atom

Y81
Y82
ct
c2
€3
c4
cs
cs
c?
cs
cs
c1g
cit
ciz
c13
cl4
c1s
c16
c17
cis

c19
c28

c21
cz22
€23
c24
c2s
C26
c27
c2s
c29
c3g
Cc31
€32
Cc33

x

#.13183(1)
g.12122(1)
2.2886(1)
8.1719(1)
#.1692(1)
#.1958(1)
8.2182(1)
#.2179(2)
g.1518(2)
#.1459(2)
2.287812)
£.2493(2)
g.8583(1)
P.9585(1)
2.2899(1)
8.1811(1
g.8767(1)
B.8154(2)
2.8361(2)
B.1842(2)

£.1333(2)
B.8743(2)

g.1811(1)
B2.2849(1)
#.1978(1)
g.1696(1)
#.1593(1)
#.1853(2)
B.2363(1)
8.2211(2)
g.1588(2)
#.1387(2)
g.98865(1)
g.8896(1)
g.86881(1)

- - -—- -

Yy

#.18489¢(1

B.48485(1) -§.22348(2)

2.8821(3)
-8.8847(3)
-8.8743(3)
-8.8338(3)

£.8617(3)

£.1653(4)
-8.8283(4)
-8.1888(4)
-5.8882(4)
£.1267(4)
£.1438(4)
£.8314(3)
2.8316(3)
£.1386(3)
£.2866(3)
£.1825(5)
-8.0642(5)
-2.8638(3)

2.1748(3)
8.3279(4)

£.4465(3)
P.4192(3)
#.5823(3)
B.5774(3)
2.5442(3)
2.3986(3)
£.3282(4)
2.5108(4)
£.6852(3)
P.6837(3)
£.343313)
B8.4561(3)
2.4984(3)

- - 2 = - - - - - -

) £.24378(2)

8.424914)
B.4499(4)
#.337214)
B.241814)
8.2968(4)
2.52471(5)
B.579414)
8.3282(5)
B.1123(5)
#.2342(8)
#.1321(4)
2.1948(4)
B.8894(4)
-g.9164(4)
g.8573(4)
8.2167¢6)
#.1545(6)
~g.8676(5)

-8.1153(4)
8.8471(5)

-g.8138(4)
~8.121404)
-8.2228(4)
-9.1753(4)
-8.9479(4)

8.1229(5)
-8.1223(5)
~8.3589(%)
-8.2393(5)

8.8423(5)
-0.4711(4)
~F.4774(4)
~8.3928(4)

3.418(4)
3.12504)
4.382(9)
4.71(9)
4.44(9)
4.54(9)
4.89(9)
7.9(1)
7.7¢(1)
7.1¢1)
6.7(1)
8.1(2)
§.5(1)
5.4(1)
4.21(8)
4.58(9)
§.13(9)
9.6(2)
8.8{1)
6.3(1) -’

6.8(1)
7.8(1)

4.44(9)
4.71(%)
4.86(9)
4.58(9)
4.49(9)
6.6(1)
6.8(1)
7.8t1)
7.8(1)
6.7(1)
4.42(9)
4.54(9)
5.6(1)
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Table of Posftional Parameters and Their Estimated Standard Deviations (cont.)

Name

Y81
YB2
cl
c2
c3
C4
cs
cé
c7
cs

~
1%

Cle
Cl1
ci12
c13
Cld
c15
Cle
c17
c18
ci1g

Atom

C34
C35
C36
Cc37
c38
Cc39
C4g

£.8389(1)
9.9558(1)
g.1129(2)
#.1154(2)
8.8475(2)
8.8885(2)
#.8381(2)

8.4139(4)

8.316104)
£.2668(4)
8.5187(4)
g.6146(4)
2.4221(7)
8.2858(5)

~8.3354(4)
-g.3831(4)
-8.5553(5)
~8.5782(4)
-#.378%(8)
-8.2515(86)
-9.3684(86)

The thermal parameter gfven for anisotropically refined

7.6(1)
11.1(2)
13.4(3
12.3(2)

the {sotropic equivalent thermal parameter defined as:

(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B{3,3) + ablcos gamma)*B(1,2)

+ acl{cos beta)*B(1,3) + bcicos alpha)*B(2,3)]
wheres a,b,c are real cell parameters, and B(1,J) are anisotropic betas.

Table of Anisotropfc Thermal Parameters - B's

3.651(8)
3.151(8)
5.4(2)
5.8(2)
5.1(2)
5.1(2)
4.1(2)
8.2(3)
11.3(3)
8.2(3)
6.8(2)
6.3(3)
3.1(2)
4.8(2)
4.202)
5.1(2)
4.8(2)
4.8(2)
7.4(3)
7.4(3)
7.7(3)

8(2,2)

3.5141(8)
3.158(7)
4.2(2)
4.8(2)
3.4(1)
4.412)
4.5(2)
6.5(2)
7.503)
4.5(2)
8.5(3)
5.9(2)
8.1(2)
6.7(2)
3.9(2)
4.4(2)
5.3(2)
15.4(4)
11.8(3)
5.3(2)
5.5(2)

2.928(8)
2.979(6)

5.8(2)
3.6(2)
4.8(2)
4.2(2)
6.8(2)
8.1(3)
4.7(2)
8.8(3)
4.9(2)
12.1(4)
5.8(2)
§.3(2)
4.4(2)
4.1(2)
5.1(2)
8.8(3)
8.8(3)
6.1(2)
4.9(2)

B.789(6)
-g.864(5)

8.7(2)
1.5(2)
#.50(1)
1.2(1)
B.6(2)
1.6(2)
2.3(2)
~3.6(2)
2.9(2)
~g.2(2)
1.8(2)
-1.6(2)
-4.5(1)
9.212)
g.7(2)
1.2(3)
-4.4(2)
-8.8(02)
-F.3(2)

-.388(
-g.898¢(
“1.4(2)
#.5(1)
#.6(2)
B.4(2)
8.2(2)
-3.6{2)
2.4(2)
1.502)
8.9(2)
1.1(3)
-2.1(2)
-0.8(2)
-F.4(1)
-g.4(2)
-g.5(2)
1.312)
2.8(2)
-2.112)
1.2(2)

7) -£.643(5)
6) B.855(5)

-g.3(1)
2.4(1)
g.8(1)
g.1(1)
g.7(2)

-2.3(2)
g.8(2)

-7.3(2)

-8.7(2)
2.2(2)

-1.8(2)

-#.5(2)

-g.4(1)

-g.401)

-g.2(2)

-3.8(3)
8.8(3)

~2.1(2)
8.5(2)

atoms s

Beqv

3.418(4)
3.125(4)
4.92(9)
4.71(9)
4.44(9)

. 4.54(9)

4.89(9)
7.9(1)
7.7(1)
7.1
6.7(1)
8.1(2)
5.5(1)
5.401)
4.21(8)
4.58(9)
5.13¢(9)
9.6(2)

8.8(1)

6.3(1)
6.8(1)



Name

c2g
c21
c22
<23
C24
£2s
<26
cz27
c28
c29
C3g
c31
€32
€33
C34
c3s
€36
€37
c3s8
c3s
Cag

Table of Anisotropic Thermal Parameters - 8°'s

B(1,1)

9.7(3)
4.8(2)
3.7(2)
4.8(2)
5.2(2)
5.2(2)
8.4(3)
4.5(2)
6.712)
8.8(3)
8.2(3}
4.2(2)
S.812)
5.7(2)
3.5(2)
3.9(2)
7.5(3)
9.7(3)
13.4(4)
$.8(3)
9.3(3)

B(2,2)

5.1(2)
4.7(2)
4.9(2?
5.2(2)
‘ 3.401)
3.8(2)
6.4(2)
6.4(2)
9.2(3)
4.6(2)
5.5(2)
4.9(2)
4.8(2)
6.2(2)
12.7(3)
7.2(2)
7.8(2)
8.1(3)
9.72(3)
29.3(8)
11.7(3)

B(3,3)

8.8(3)
3.6(2)
5.3(2)
5.8(2)
4.8(2)
4.4(2)
4.7(2)
9.3(3)
7.3(2)
7.5(2)
6.5(2)
3.9(2)
3.7(2)
4.6(2)
4.8(2)
5.8(2)
6.98(2)
4.9(2)
9.2(3)
6.2(3)
9.4(3)

B(1,2)

1.9(2)
-F.3(2)
g.1(1)
-1.58(2)
-#.8(1)
-F.1(2)
B8.4(2)
1.3(2)
-1.5(2)
-g.1(2)
8.4(2)
2.7(1)
g.6(2)
2.6(2)
1.8(2)
-1.5(2)
2.5(2)
-2.8(2)
7.8(2)
3.5(4)
-6.8(2)

(Continued)

8(1,3)

-£.3(3)
-g.401)
-8.4(2)
1.801)
£.312)
g.402)
-9.8(2)
2.1
3.2t2)
1.8(2)
1.5(2)
-8.5(1)
-8.401)
-8.6(2)
-g.2(2)
-8.8(2)
-8.6(2)
#.5(2)
~4.8(3)
1.8(2)
-2.1(3)

B(2,3)

-g.4(2)
-g.4(1)
-1.8(2)
-8.3(2)

g.8(1)
=1.1(1)

8.8(2)
-2.2(2)
-8.7(2)

1.2(2)
-1.6{2)
-1.8(1)
-8.8(1)
-g.8(2)
-1.8(2)

8.5(2)
-2.7¢(2)

1.7¢(2)
-4.2(2)
-1.2(4)

3.1(3)

278

Begv

7.8(1)
4.44(9)
4.71(9)
4.86(%)
4.52(9)
4.49(9)
6.6(1)
6.8(1)
7.6(1)
7.8(1)
6.7(1)
4.42(9)
4.54(9)
5.6(1)
6.8(1)
5.5(1)
7.2(1)
7.6(1)
11.102)
13.4(3)
18.3(2)

The form of the anisotropic temperature factor
exp(-2.25{h2a281(1,1) + k2b28(2,2)

+ 2k1beB(2,3))12

(Me C.),¥b(u=C H,) Pt (PPh

where a,b,

3

L,

+ 12c¢2B(3,3)
and c are reciprocal

1s:

+ 2hkabB(1,2) + 2hlacB(1,3)
lattice constants.

Table of Positional Parameters and Their Estimated Standard Deviations
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.2

B(A )

Atom

Table of Positional Parameters and Their Estimated Standard Deviations (cont.)
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Seqv
1.756(3)
1.93304)
1.97(2)
1.87(2)
2.78¢(9)
2.64(9)

B(2,3)
§.023(8)
g.141(8)
o.87(3)
g.85(3)
“g.1(1n
g.2(1)

B(1,3)
2.934(5)
g.326(6)
g.18(3)
8.24(3)
-g.3(2)
g.5(1)

isotropic thermal parameters.
tn the form of the

hermal parameter defined as:

2
1) + b *B(2,2) + c *B{(3

,3) + ablcos gamma)*B(1,2)

B(1,2?
2.297(5)
g.285(6)
8.35(2)
g.33(2)
g.9(1)
g.3(1)

2
rature Factor Expressions - B's

B(3.33
1.838(6)
1.916(6)
1.92(4)
1.96(4)
3.8(2)
3.1(2)

1.496(6)
1.575(7)
1.87(4)
1.86(4)
1.6(2)
1.9(2)

e(2,2)

Table of General Temp

2
(4/3) * [a *B(!

B(1,1)
1.801(6)
2.248(7)
2.84(4)
1.72¢4)
3.1(2)
2.8(2)

nisotropically refined atoms are given

-sotropic =quivalent t
- acl{cos beta)*B(1,3) + bcl(cos alpha)*B(2,3)]

”

i{ame
PT
Y3
P1
P2

c1
c2



B(1,1)

2.4(2)
2.3(2)
1.7(2)
2.7(2)
2.5¢(2)
3.3(2)
2.7(2)
3.3(2)
4.2(2)
2.9(2)
3.2(2)
4.8(2)
3.3(2)
4.3(2)
3.3(2)
5.8(27
6.7(3)
4.6(2)
7.7(3)
3.5(2)
2.242)
3.6(2)
3.5(2)
2.3(2)
2.1(2)
2.4(2)
2.8(1)
2.8(2)
4.3(2)
4.6(2)
3.3(2)
3.1420
2.1(2)
2.9(2)
3.7(2)
7.8(3)
10.2¢(3)
6.3(2)

B(2,2)

2.8(2)
2.8(2)
2.8(2)
2.5(2)
2.9(2)
4.4(2)
4.6(2)
4.5(2)
2.8(2)
4.9(2)
2.6(2)
2.1(2)
3.3(2)
2.8(2)
2.8(2)

5.8(2)
2.8(2)

6.3(3)
3.5(2)
4.8(3)
2.5(2)
4.3(2)
6.6(2)
4.2(2)
3.8(2)
2.4(2)
2.8(1)
2.7(2)
3.9(2)
3.1(2)
2.3(2)
2.2(2)
2.3(2)
2.6(2)
3.4(2)
3.7(2)
2.5(2)
2.7(2)

B(3,3)

2.3(2)
3.9(2)
2.9(2)
2.8(2)
2.141)
3.8(2)
5.3(2)
4.2(2)
4.98(2)
3.4(2)
2.7(2)
2.2(2)
2.8(2)
2.8(1)
2.5(2)

5.8(3)
4.1(2)

3.1(2)
3.8(2)
5.6(2)
1.9(1)
2.61(2)
2.4(2)
4.5(2)
6.3(3)
4.1(2)
2.8(1)
2.4(2)
2.4(2)
2.4(2)
3.2(2)
2.8(2)
2.4¢(2)
2.2(2)
3.3(2)
4.6(2)
6.9(2)
4.3(2)

pressions - B's
B(1,2) B(1,3)
g.7(1) g.8(1)
g.8(1) g.8(1)
-g.1(1) g.3¢1)
g.4(1) g.8¢1)
g.4(1) g.7¢1)
g.7(2) 1.2¢2)
1.4(2) g.7(2)
-g.2(2) -g.3(2)
1.1(2) 1.1(2)
g.8(2) 8.9(2)
g.9(1) g.7¢1)
g.1¢(2) g.7(1)
g.5(2) g.2¢(1)
1.8(2) 1.2¢1)
g.4(2) 1.1(1)
3.2(2) 1.1(2)
-g.1(2) 1.2¢2)
1.8(2) -g.1(2)
1.6(2) 1.4(2)
-g.2(2) 1.9¢2)
g.6(1) -g.1(1)
1.4(2) g.4(2)
2.6(2) -2.4(2)
1.1(2) -g.5(2)
g.7¢2) g.1(2)
£.9(1) -9.2(2)
g.6(1) -g.801)
g.401) g.4(1)
2.8(2) g.8(1)
1.8(2) 9.9(2)
g.4(2), -9.1(2)
g.7¢1) g.1¢1)
g.2(1) 2.3(1)
g.7¢(1) g.4(1)
1.802) 1.9(2)
1.8¢(2) 3.2(2)
1.8(2) 5.2(2}
1.7(2) 2.3(2)

g.7¢1)
1.8(1)
1.2(1)
1.9(1)
1.2(1)
-g.1(2)
1.6(2)
g.7¢(2)
1.2(2)
1.2(2)
-1
-g.4(1)
g.1e1n)
2.5(1)
g.1(1)

g.7(2)
-2.7(2)

g.1(2)
1.1(2)
-0.4(2)
-g.2(1)
7.6(2)
g.1(2)
-1.3(2)
-0.8(2)
9.3(2)
g.1(1)
£.101)
8.3(2)
-0.7(2)
-g.2(2)
-0.3(1)
g.3¢1)
5.5(1)
£.4(2)
1.6(2)
1.6(2)
1.8(2)

280

2.45(9)
2.€5(38)
2.51(9)
2.62(9)
2.46(9)
3.8(1)
L.001)
4.2(1)
3.5(1)
3.7(1)
2.85(9)
2.8(1?
2.9
2.95(8)
2.53(9)

5.2(1)
4.8(1)

4.6(1)
4.8(11
4.2(1)
2.24(8)
3.4(1)
4.68001)
3.8(1)
3.8(1)
2.96(9)
1.29¢(8)
2.68(9)
3.3(1)
3.3
3.8(1)
2.72(8)
2.29(8)
2.54(9)
3.401)
5.2(1)
6.5(1)
4.2(1)



(Continued)

-g.1(1)
Z.2¢(1)
g.2(1)
2.1
8.3(2)
g.6(2)
g.2(1)
g.2(1)
g.08(2)
1.8(2)
1.802)
2.3(1)
-g.3(1)
2.3(2)
g.4(2)
g.7(2)
B.7(2)

be1e of General Temperature Factor Expressions - B's
Mzme B(1.1) B(2,2) B(3,3) B(1,2) B(1,3)
can 2.3(2) 1.8(1) 2.3(1) -g.2(1) g.4(1)
car2 2.3(2) 2.3(2) 2.5(2) g.6(1) g.1(1)
cz13 5.8(2) 2.5(2) 2.1(2) 2.8(2) B.5(2)
caéd 5.4(2) 2.1(2) 2.9(2) 8.3(2) 2.8(2)
€2:5 2.3(2) 4.1(2) 3.5(2) g.4(2) 1.3(2)
cale 2.4(2) 3.3(2) 2.9(2) g.2(2) g.6(1)
22 1.3(1) 2.3(2) 2.1{1) g.1(1) g.1(1)
ca22z 2.4(2) 2.3(2) 2.2(2) -g.2(1} 2.3(1)
cazz 2.3(2) 2.5(2) 3.4(2) g.1(2) -2.1(2)
czz 2.3(2) 2.4(2) 4.4(2) -g.2(2) B.7(2)
czz2s 2.5(2) 3.5(2) 3.4(2) g.2(2) 1.3(1)
Cz26 2.5(2) 2.7(2) 2.9(2) #2.5(1) g.6(1)
Cz31 2.1(1) 3.3(2} 1.6(1) 1.8(1) g.8(1)
Cz32 3.5(2) 2.4(2) 4.3(2) 1.8(2) -9.3(2)
€z33 6.6(3) 3.6(2) 4.9(2) 2.6(2) -8.5(2)
C234 5.4(2) 6.1(2} 3.9(2) 4.9(2) #.5(2)
€238 2.7(2) 9.7(3) 4.4(2) 3.4(2) 8.3(2)
Czz6 2.4(2) 5.2(2) 3.9(2) 1.8(2) 8.3(2)

§.6(2)

Beqv

1.96(8)
2.E85(9)
3.2(1)
3.4(1)
3.5(1)
2.88(9)
1.838(8)
2.329(9)
3.8(1)
3.3(1)
3.3(1}
2.79(9)
2.34(8)
3.4(1)
4.8(1)
4.7¢(1)
5.3(1)
3.8(1)

The form of the anisotropic thermal parameter is:
2

2 2 2 2
expl-0.25Ch a* B{1,1) + k b* B(2,2) + 1 c* B(3,3)"'

+ 2hka*b*B(1,2) + 2hla*c*B(1,3}

4+ 2k1b*c*B(2,31)1 , where a*,b*, and ¢* are reciprocal lattice constants.

(Me.C

LZYb(ng-MeCsCMe)

=55

Table of Positional Parameters and The!r Estimated Standard Deviations

Atom

Yb
cl
ce
c3
C4
cl
c12
€13
cl4
c1s
Ccié6

0.37121¢1)

#.23167(1)

B.3473(3)  #.1184(3)
B.2794(3) £.1118(4)
B8.4335(4)  £.1285(4)
B.1916(4) £.1882(4)
£.3891(3) £.3492(3)
8.3977(4)  £.3697(3)
g.4188(3) §.4812(3)
£.3292(3) #.3985(3)
#.2663(3) #.3662(4)
B8.2636(5) 8.3296(4)

£.16798(2)
9.3854(5)
£.3878(5)
£.4858(7)
2.2188(7)
8.3225(5)
£.3412(5)
£.2115(5)
£.1119(5)
8.1777(5)
8.4359(6)

2.49504)
4.1(1)
4.1(1)
§.7(2)
6.8(2)
4.2(1)
4.1(1)
3.5(1)
3.3(H
4.8(1)
8.8(2)

LR e L T ¥ i,



Table of Positional Parameters and Their Estimated Standard Deviations {cont.)

x

B.4667(8)
g.494104)
g.38%404)
g.169604)
B.4588(4)
#.5857(3)
B.45641(3)
8.3774(3)
8.3782(3)

#.4892(5)
£.5965(4)

8.4898(5)
£.3863(5)
£.3114(5)
g.437¢4)
g.482(4)
£.433(5)
8.167(3)
£.151(4)
£.188(3)

£.3686(5)
8.448904)
g.4357(4)
#.3877(5)
B.8957(4)
8.1687(4)

8.2154(3)

#.1696(4)
8.8966(4)

B8.8284(5)
8.1941(7)

8.2981(8)
8.1948(7)
8.8246(5)
8.174(5)
8.151(85)
g.881(6)
8.841(3)
8.132(5)
B8.133(4)

#.4799(7)
8.1988(7)
-2.8385(6)
#.1186(8)
8.1814(5)
§.8818(5)
-8.8353(S)
-§.9848(5)
8.8892(86)

8.2828(7)
#.1631(7)

-8.1891(7)

-8.2183(7)

-8.8244(8)
f.564(7)
8.453(7)
8.526(8)
8.2987(5)
8.248(6)
B.121(6)

Starred atoms were refined isotropically.
Anisotropically refined atoms are given in the form of the
fsotropic equivalent displacement parameter defined as:

(4/73) * (a2*B{1,1) + b2*B(2,2) + ¢c2*B(3,3) + ablcos gamma)*B{],2)
+ aclcos beta)*B(1,3) ¢ bec(cos alpha)*B(2,3)]:

Name

Yb
Cci
c2
c3
c4
cll
c12
ci13
Cl4
Cis

g.88331(1)
g.8855(2)
8.8857(3)
2.8867(3)
2.8853(3)
8.8883(3)
2.8074(3)
P.9854(2)
g.8847(2)
B.2846(2)

8(2,2)

g.88226(1)
2.8825(3)
8.8832(3)
B.8851(4)
B.BIA8(3)
2.9823(2)
g.892713)
8.8825(2)
£.8833(2)
8.8838(3)

2.808728(2)

8.89956(2) £.88455(2) 7.28988(2)

7.8(2)
5.3(2)
S.4(2)
6.5(2)
4.8(1)
4.1(1)
3.6(1)
4.8(1)
4.8(1)

18.112)

8.3(2)
7.6(2)
8.7(2)
12.2(2)
7{2)
8(2)~
18(3)*
3(1)~
6(2)*
401)~

8(1,3)

9.9163(6) £.8818(4) £.8113(6)
P.9122(6) B.PO18(4) £.8878(6)
P.P165(8) B.2824(6) @.2625(9)
8.824(1) -@.8818(5) 9.8877(9)
8.0118(5) @.8834(4) £.8121(6)
9.0871(5) @.8012(5) £.8821(7)
#.08991(5) £.8802(4) B8.8258(6)
2.9888(5) ©£.9014(4) @F.8858(5)
£.9158(7) B.8932(4)

2.80866(86)

Table of Refined Displacement Parameter Expressions - Beta's

- - - - - - - - - = — . . = - - - - -

B(2,3)

£.8889(7)
£.8822(7)
2.8896(9)
-8.888(1)
8.8817(6)
-8.8887(6)
£.8096(6)
£.8826(6)
2.2821(7)

282
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Table of Refined Displacement Parameter Expressions - Beta's (Continued)
Name B{l.1) 8(2,2) B(3,3) 8(1,2) B8(1,3) B(2,3)
Cle B.8157(4) £.883B(4) P.9252(7) £.8837(6) £.8323(7) £.80835(8)
c17? 8.8142(6) 9.9845(4) @.8114(B) -8.9906(8) -F.885(1) -9.882119)
c18 2.8956(3) 2.8843(3) £.8184(8) -9.80825(5) £.9349(8) -£.8889(9)
€19 2.9877(3) £.8852(3) 9.2113(7) £.9831(6) J.9948(8) £.8958(8)
c2g 8.9855(3) #.9853(4) £.828(1) 2.8027(5) £.8184(9) F.984(1)
c21 #.2885(3) ©£.8838(3) H.8118(6) J.9968(4) F.8133(6) B.8827(6)
c22 2.8038(2) @.8859(3) @.8896(5) F.8821(4) £.8858(5) ~8.8813(7)
c23 2.8856(2) £.982613) Q£.9199(5) £.82896(4) £.8992(5) £.8888(6)
c24 8.8839(2) @2.2068(3) £.8871(5) F.8894(5) B.8827(6) ~F.8824(7)
c2s 8.8874(3) 2.8833(3) £.8179(6) -2.9935(4) B.5165(6) -9.8966(7)
c2s 9.9285(5) £.9866(4) £.9226(8) H.P165(7) £.8318(9) £.2138(9)
c27 2.8848(3) £.8166(7) £.8161(8) 9.8235(8) £.8841(8) -9.988(1)
c2s g.8128(4) 2.8856(4) B.9239(8) -#.0028(6) H.8276(7) £.8013(9)
c29 8.2879(4) B.8158(7) H.0182(7) £.8062(9) £.8821(9) ~§.885(1)
c3p 2.8171(5) 2.8898(4) @.844(1) -§.8181(7) 9.942(1) =8.831(1)

The form of the anfisotropic displacement parameter is:
exp(~(B(1,1)*h2 + B(2,2)"k2 + B(3,3)"12 « Bll,2)*hk + B{(1,3)*h1

[(Me C,) ,¥b], (u-F)

Table of Positional Parameters and The!r Estimated Standard

Atom

-

Ybl
Yb2

Cl
c2
c3
C4
-C5
6
c?
c8
cs

B2.098

g.892

8.998
-2.1621(2)
~g.1625(2)
-8.1267(2)
-g.1819(3)
-9.1226(2)
-8.2885(3)
~8.1999(3)
-8.1272(3)
-8.8788(4)

+ B(2,3)*k1)1.

Deviations

y z B{A2)
2.98A55(1) 9.259 3.686(5)
2.38798(1) 8.258 3.161(5)
B.2424(2) 2.258 3.%4(7)
2.1988(3) #.2535(2) 4.14(9)
8.8368(3) 2.1891(2) 4.37(9)

-2.2465(3) B8.2247(3) §.5(1)
-8.8337(3) 2.318%(3) 5.6(1)
8.8573(3) #.3283(2) 4.69(9)
p.1968(3) 8.24291(3) 6.7(1)
2.8518(4) 2.6988(3) 7.401)
~8.1382(4) P.1823(4) 9.6(2)
~8.1881(4) #.3746(4) 108.5(2)



Table of Positional

Name

Ybl
Yb2

Cl1
c2
c3
C4
cs
Ce
c7?
cs

CcS
cig

ciul
c12
c13
Cl14
C1§
Cls

Atom

cig
c11
c12
ci3
Cl4
cls
Cls
c17
cis
cls
cag

284

Parameters and Their Estimated Standard Deviations (cont.)

-8.1185(4)
~2.9146(2)
£.8647(3)
B8.1167(2)
8.8787(3)
-8.9186(3)
-9.8876(3)
B.8998%(4)
§.2878(3)
2.1875(4)
-9.87739(3)

B.2973(4)
B.41928(3)
B.,3665(3)
2.431613)
.5144(3)
g.5997(3)
B.3785(4)
8.2783(3)
B.4162(4)
#.6860(3)
8.5741(3)

9.41139(3)
£.3985(2)
2.4851(2)
8.3773(2)
g.3567(2)
8.3694(2)
9.4288(3)
£.4395(3)
B.37438(3)
B.3399%(3)
2.3675(3)

8.6(2)
3.88(8)
4.14(8)
4.16(9)
4.42(9)
4.2919)
6.8(1)
6.3(1)
7.8(1)
7.7(1)

An{sotropically refined atoms are given in the form of the
isotropic equivalent displacement parameter defined as:

(4/3) * [a2*B{(1,1) + b2*8(2,2) ¢ c2*B{3,3) + ablcos gamma)*B(1,2)
+ acl{cos beta)*B(1,3) + bclcos alpha)*B(2,3)]

Table of General Displacement Parameter Expressions - B's
B(1,1) B(2,2) 8(3,3) B(1,2) B(1,3) B(2,3)
3.384(9) 3.945(9) 4.78(1) ) 1.384(8) g
3.74(1) 2.915(9) 2.857(8) ) g.879(7) B
5.8(1) 2.4(1) 4.3(1) g g.9(1) 8
3.5(2) 3.8(1) 5.5(2) g.9(1) 1.7¢(1) B.5(1)
3.8(2) §.8(2) 4.5(2) -g.6(1) 1.411) -g.4(1)
4.5(2) 3.9(2) 8.9(2) -9.8(2) 3.2(1) -1.8(2)
3.9(2) S5.4(2) 7.5(2) -0.2(2) 1.4(2) 2.5(2)
4.2(2) 6.8(2) 4.102) -1.2(2) 1.4(1) g.3(2)
5.9(2) 4.5(2) 18.7(3) g.4(2) 4.1(2) £.8(2)
6.8(2) 11.3(3) 4.9(2) -2.9(2) 1.2(2) -8.1(2)
7.2(2) 5.3(2) 18.1(4) -2.112) 6§.5(2) ~4.1(3)
6.8(3) 18.4(3) 15.3¢4) 1.612) 3.2¢(2) 8.6(2)
9.4(3) 11.7(4) 4.7(2) -4.7(3) 2.1(2) -1.4(2)
4.5(2) 4.4(2) 3.1{1) -g.8(1) 1.8(1) -8.9(1)
5.5(2) 4.901) 2.8(1) B.2(2) £.8(1) -2.1(1)
4.802) 5.31(2) 3.1(1) -#.5(1) B.7(1) -8.8(1)
§.9(2) 4.1(2) 3.5(1) ~1.4(1) 1.5(1) -1.8(1)
5.8(2) 4.2(2) 3.6(1) 8.5(1) 1.801) -g.9(1)
6.7(2) 8.3(3) 6§.7(2) -2.4(2) 3.9(2) =1.7(2)

Beqv

3.686(5)
3.161(5)
3.94(7)
4.14(9)
4.37(9)
5.58(1)
5.6(1)
4.69(9)
6.7(1)
7.4(1)
9.6(2)

18.5(2)
8.6(2)

3.88(8)
4.14(8)
4.16(9)
4.42(9)
4.29(9)
6.8(1)

<



Tﬁb]e of General Displacement Parameter Expressions - B's {(Continued)
B(1,1) 8(2 2) B(3,3 8(1,2) B(1,3) B(2,3) Beqv
9.8(3) t.SLZ) 4.2(2) 1.3(2) 1.8(2) #.3(2) 6.3(1)

o 4.402) 18.1(3) 6.4(2) -1.1(2) 1.8(2) -3.8(2) 7.8(1)
11.5(3) 5.8(2) 6.1(2) -4.8(2) 2.7(2) -9.8(2) 7.7(1)
8.8(3) 6.2(2) 5.6(2) 2.3(2) 1.2(2) -1.6(2) §.7(1)

285

The form of the anisotropic displacement parameter {s:
expl-2.25(h2a28(1,1) + k2b2B(2,2) + 12¢2B(3,3) + 2hkabB(1,2) ¢ 2hlacB(1,3)
+ 2k1bcB(2,3))1

where a,b,

[(Me C.),¥b F, ], (Phife),

and c are reciproca1

lattice constants

Table of Positional Parameters and Their Estimated Standard Deviations

c29
c39
c31
Cc32
Cc33
C34
€35
C36
c37

(
(
1
2
4
4
3
3
3
5
7
4
5
5
3
3
9.3131(3
#.3648(3
3
9.3852(4
3

4

4

4

3

3

3

3

3

5

5

5

4

5

B 4169

(
(
(
B 3513¢(
(
(
(
(

5.4635(1)
£.45148(8)
2.4793(2)
2.51888(9)
2.52798(6)
7.5684(3)

#.16551
8.18367
7.1567¢(
7.2582¢(
g.1198(2
g.204(1
#.1521¢
8.8265¢(
g.898(1
g.996¢(2
8.328(1
9.219(2
~8.869(1
~8.148(1
-9.1422¢
-g.9801«
-8.8414¢
-3.8791¢(
-9.1444¢
-8.2959¢(
-8.8677¢
B.8244¢
(

(

(

{

(

(

(

1

2

1

1

1

{

(

(

(

3
3
)
)

}
)

-9.9621
-8.2247
£.2866
#.1771
2.92883
g.1431
8.2663
g.408(

(
(
4
4
)
)
9
9
)
)
)
)
)
)
7)
7)
8)
7)
7)
9)
8)
8)
9)
9)
8)
9)
8)
8)
8)
)

)

)

)

)

2

2

4

2

2

)
)
)
. )
£.5958(2)

g.4618(2)
B.4234(3)

g.97565(1)
8.87363(1)
9.9896(2)
-8.8976(2)
£.1761(4)

£.98568(4)
2.1157(4)
2.9144(4)
-9.8788(4)
-9.8235(4)
B.9865(4)
8.1448(4)
2.1763(4)
2.1695(4)
£.1325(4)
g.1172(4)
£.1453(6)
§.2172(8)
g.2846(5)
8.1228(5)
2.8828(5)
2.250
g.2801(1)
2.2853(1)
8.2656(2)
#.2389(1)
§.23154(9)
B.2926(4)

~ o
~

NORUWE SO

24.9
15.9

—
~
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* -~ Atoms refined with isotropic thermal parameters.

Anisotropically refined atoms are given in the form of the
isotropic equivalent thermal parameter defined as:
2

2
(4/3) = fa *B(1,1) + b '8(2.2) + ¢ *B(3,3) + abl{cos gamma)*B(1,2)

+ acl{cos beta)*B(1,3) + bcl(cos alpha)*B(2,3)]



28¢€

" Table of General Temperature Factor Expressions - B's

Name 8(1,1) B(2,2) 8(3,3) B(1,2) B(1,3) B(2,3} Beqv
Yg1l 3.48(1) 5.62(2) 4.38(1) -g.97(1) 1.46(1) £.13(1) 4.411(8)
Y82 3.18(1) 3.81(1) 4,73(1) g.2%8(1) 2.85(1) -8.95(1) 3.932(7)
Fl 3.7¢(2) 5.8(2) 6.9(2) #.3(2) 1.4(2) ~1.6(2) 5.4(1)
F2 6.2(2) 4.7¢(2) 5.1(2) -8.2(2) g.8(2) 2.7(2) 5.4(1)
Cl 7.5(4) 32(1) 3.6(4) -19.(6) 1.7¢4) -3.9(7) 14.3(4)
c2 13.4(5) 11.1(6)} 18.2(5) -6.1(5) 8.9(4) -5.1(5) 12.5(3)
c3 6.2(4) 8.1(5) 8.4(4) 1.2(4) 5.8(3) 1.4(4) 7.8(2)
C4 7.3(4) 6.5(4) 7.4(4) -2.2(4) 4.6(3) -8.9(4) 6.6(2)
(o] 5.6(3) 14.2(6) 18.4(4) 4.4(4) 5.4(3) 8.4(4) 9.5(3)
€6 11.6¢(7) 65(3) 6.6(7) =y g.1¢(6) 6(1) 28.08(9)
c7 5g(1) 12.1(7) 23.5(7) -15.(8) 39.8(6) -11.(6) 24.§(5)
cs 8.2(5) 28(1) 23(1} 7.7(6) 9.1(5) 11.1(8) 15.9(4)
cs 15.8(7) 16.2(8) 14.7(7) -19.(8) 19.9(5) -6.4(7) 14.5(4)
clg 18.1(7) 16.6(8) 24.2(8) 19.5(6) 16.5¢(5) 13.8(6) 17.6(4)
c11 5.9(3) 3.2(3) 7.2(4) 8.2(3) 3.4(3) g.2(3) 5.1(2)
c12 4.1¢3) 3.8(3) 5.4(4) -9.4(3) 1.2(3) -1.2(3) 4.4(2)
c13 5.5(4) 4.7(3) 4.4(3) g.2(3) 1.5¢(3) -g.9(3) 4.8(2)
Cisg 5.9(3) L4201 7.7(4) g.8(3) 3.1(3) -1.8(3) 5.4(2)
C15 5.2(4) 4.8(3) 6.7(4) #.8(3) 1.8(3) -Z.1(3) 5.3(2)
c16 9.2(5) §.7(4) 8.5(5) -1.4(4) 3.2(4) ‘5.4(4) 7.6(3)
c17 4.2(3) 5.5(4) 8.1(8) -g.1(3) 1.7(3) -1.5(4) 5.9(2)
ci8 8.1(5) 5.8(4) 6.9(5) -8.5(4) g.8(4) -9.9(4) 6.6(2)
c19 7.5¢(4) 6.8(5) 9.3(5) -8.5(4) 4.3(4) -1.1(4) 7.5(3)
€29 8.8(5) 5.4(4) 9.1(6) 2.8(4) 1.8(5) ~2.4(4) 7.7(3)
cz1 5.6(4) 4.2(3) 7.1(5) g.2(3) -2.9(4) -1.3(4) 6.3(2)
c22 4.3(3) 9.8(5) 5.2(4) -1.1(4) 1.4(3) -1.6(4) 6.2(2)
€23 5.6(4) 5.5(4) 5.3(4) -8.9(3) -g.3(4) 7.6(3) 5.8(2)
c24 3.5(3) 7.3(5) 6.6(4) -9.8(3) 1.2(3) -g.7(4) 5.8(2)
€25 5.6(4) 5.8(4) 6.8(4) -2.2(3) g.1¢(4) 1.8(4) 6.8(2)
C26 9.8(7) 7.8(6) 12.6(8) 2.8(5) -3.9(86) -3.7(5) 11.2(})
cz7 8.9(7) 24(1) 7.9(8) -2.2(8) 2.3(5) ~4.3(7) 12.2(4)
czas 13.4(9) 8.6(6) 7.7(6) -g.9(7) ~2.8(6) 2.3(5) 18.8(4)
c29 4.4(4) 19¢(1) 12.2(8) - g.8(6) 2.6(5) =4.147) _ 11.7(4)
c3g 11.847) 12.2(7) 8.4(86) -6.1(5) =1.7¢(6) 3.4(5) 11.204)

D = > = - - > S W - e T R = . S -

The form of the ani{sotropic thermal parameter is:
2 2 2 2 2
exp(-Z.,25Ch a* B(1,1) +# k b* B(2,2) + 1 ¢c* B(3,3)' + 2hka"b"B(1,2) + 2hla*c*B(1,3)

+ 2k1b*c*B8(2,3))1 v where a*,b*, and ¢* are reciprocal lattice constants.
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Table of Positional Parimeters and Their Estimated Standard Deviations

Atom

Y8

C1

c1l
c12
c13
Cl4
c1s
Cle6
Ci17?
cle
ci19
[oF3:4
c21
€22
€23
Cc24
c25
Cc2s
cz27?
czs

c29
c3g

€31
€32
€33
C34
€35
C36
c37
c3s8
€39
Cag

Yb(u-Me)Be(ngg

£.95923(2)
8.8873(4)
F.2163(4)
g.1388(4)
g.1531(4)
£.2446(3)
g.2833(3)
#.2376(4)
B.8528(4)
.9948(4)
B.3882(5)

~ B.385214)

-9.1566(4)
-8.874404)
-9.8812(4)
-9.8386(4)
-2.1327(4)
-#.2588(5)
-8.8747(5)

9.8996(4)

g.8837(5)
~8.2986(5)

-8.8562(4)

£.8372(4)
-8.8892(4)
-F.131404)
-2.1593(4)
-8.8438(5)

£.1636(5)

£.9616(5)
-.2129(5)
-8.2781(4)

5L

8.21877(2)

8.2083(4)
8.8365(4)
-g.8172(4)
8.0342(4)
9.1225(4)
g.124504)
9.8888(5)
-8.1193(%)
-8.8969(4)
2.191404)
2.1985(4)
8.3175(4)
£.4128¢4)
g.4182¢(4)
£.3272¢4)
£.2642(4)
£.2883(§)
2.5823(5)
8.5137(5)

2.3127(5)
P.1679(5)

g.3114(4)
8.2321(4)
g.1119(4)
8.128404)
B.2438(4)
8.4459(5)
8.2647(5)
-g.8828(4)
8.8156(5)
£.2936(5)

#.17317(1)

£.2881(2)
£2.1948(2)
£.1689(2)
P.1875(2)
P.1869(2)
2.1691(2)
£.2528(2)
g.1791(2)
#.8577(2)
g.8569(2)
2.1761(2)
g.1771(2)
£.1795(2)
#.1275(2)
8.98925(2)
g.1233(2)
2.22861(3)
£.226112)
2.1188(2)

£.931812)
g.1829(3)

2.4172(2)
#.4252(2)
£.4234(2)
F.4188(2)
2.4114(2)
P.4148(3)
g.4328(3)
B8.4275(2)
B.4115(3)
£.3998(2)

2.4569(4)

3.7(1)
2.42(9)
2.78(9)
2.58(9)
2.27(8)
2.35(8)
4.8(1)
4.3(1)
4.8(1)
3.8(1)
3.6(1)
3.8(1)
2.64(9)
2.56(9)
2.64(9)
2.83(9)
§.711)
5.8(1)
4.6(1)
4.4(1)
5§.5(1)
2.77(9)
2.64(9)
2.62(9)
2.83(9)
2.74(9)
§.1(1)
5.1(1)
4.4(1)
5.4(1)
4.5(1)
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Table of Positional

Parameters and Their Estimated Standard Deviations (cont.)

Name

Atom

BE

H1l1
H12
H13

x Yy
-8.8294(5) #.1996(5) £.3589(3)
8.888(4) £.286(4) #.276(2)
-g.826(4) 8.262(5) B.271(2)
-f.893(5) #.139(6) 9.288(2)

Starred atoms were included with isotropic
The thermal parameter givan for anisotropically refined atoms is
the fsotropi{c equivalent thermal parameter defined as:

(4/3) * (a2*B(1,1) + b2*B(2,2) + c2*B(3,3) ¢ abl{cos gamma)=B(1,2)

+ aclcos bets)*B(1,3) + bc{cos alpha)*B(2,3)]

thermal parameters.

2.8(1)
1(1)»
3(1)=
§(2)~

where 8,b,c are real cell parameters, and B({,J) are anisotropic betas.

Table of Antsotropic Therma) Parameters - B's

3.887(7)
4.3(2)
2.8(2)
2.6(2)
2.9(2)
2.7(2)
2.5(2)
4.6(2)
4.1(2)
4.7(2)
4.6(2)
3.8(2)
2.3(2)
2.7¢(2)
2.8(2)
3.8(2)
3.2(2)
3.6(2)
5.8(3)
3.8(2)

$.3(2)
5.8(3)

3.4(2)
2.3(2)
3.3(2)
2.9(2)

2.898(7)
4.8(2)
2.8(2)
2.3(2)
2.6(2)
2.4(2)
2.2(2)
4.3(2)
4.1(2)
3.7(2)
4.1(2)
3.1(2)
3.3(2)
2.4(2)
2.7(2)
3.8(2)
1.9(2)
6.9(3)
4.7(2)
4.9(2)

§.1(3)
3.4(2)

2.8(2)
3.2(2)
2.8(2)
3.5(2)

B(3.3)

-——-———

1.44407)
2.7(2)
1.742)
3.1(2)
2.412)
1.602)
2.3(2)
3.2(2)
4.9(3)
4102
2.6(2)
4.2(2)
3.402)
2.8(2)
3.8(2)
1.912)
3.6(2)
5.9(3)
4.8(3)
5.3(3)

2.9(2)
7.8(3)

1.8(2)
2.3(2)
1.7¢(2)
2.1(2)

1.982¢8)

1.2(2)
‘8.9(2)
g.1(2)
#.6(2)
g2.702)
#.5(2)
1.1(2)
-9.8(2)
1.1(2)
g.4(2)
~9.4(2)
£.3(2)
2.8(2)
g.8(2)
2.8(2)
8g.2(2)
-g.8(3)
1.6(2)
-1.8(2)

1.6(2)
-8.7(2)

g2.8(2)
g.1(2)
g.4(2)
-g.7(2)

-9.837¢
g.1(2)
-g.3(1)
-8.2(2)
-8.7(1)
7.3(1)
~A.4l1)
-1.8(2)
“2.7(2)
-2.8(2)
8.2(2)
-1.2(2)
-g.1(2)
-g.8(1)
-g.401)
.41
-1.8(2)
1.2(2)
-1.7¢(2)
=1.8(2)

-2.8(2)
-3.2(2)

8.3(2)
-8.1(1)
-g2.1(1}

-8.1(1)

6) B.861(7)
9.3(2)
g.4(1)
8.8(2)

-8.5(2)
-9.14(2)
~7.1(2)
1.2(2)
8.7(2)
~1.8(2)
£.3(2)
-8.5(2)
g.6(2)
-1.8(2)
8.6(2)
g.3(1)
-g.1(2)
1.5(3)
-2.1(2)
1.5(2)

8.2(2)
-8.61(2)

-8.1(2)
-g.1(2)

£.3(2)
-8.1(2)

Beqv

2.469(4)
3.7(1)
2.42(9%)
2.78(9)
2.58(9%)
2.2718)
2.35(8)
4.801)
4.3(1)
4.8(1)
3.8(1)
3.6(1)
3.811)
2.64(9)
2.56(9)
2.64(9)
2.83(9)
5.7(1)
§.8(1)
4.6(1)

4.4¢(1)
5.5{(1)

2.77(9)
2.64(9)
2.62(9)
2.83(9)
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Tzble of Anisotropic Thermal Parameters -~ 8's

289

{Continued)

Kzme 8{ti,1) B(2,2) B{(3,3) 8(1,2) B(1,3) B(2,3) Beqv

c35% 2.412) 4.8(2) 1.7402) g.612) g.2(1) 2.1(2) 2.74(9)
c36 6.6(3) 3.8¢2) 5.3(3) g2.1(2) 1.8(3) g.1(2) 5.1(1)
€37 3.85{(2) 6.8(3) 5.9(3) -1.3(2) -1.4(2) -g.8(3) 5.1(1)
c3s 5.8(3) 3.4(2) 3.9(2) 1.5(2) g.2(2) g.6(2) 4.4(01)
c39% §.2(2) 4.9(2) 6.2(3) -2.4(2) -1.8(2) -g.7(2) 5.4(1)
cag 3.1(2) 6.8(3) 3.6(2) g.7(2) -8.5(2) g.5(2) 4.5(1)
BE 2.8(2) 3.1(2) 2.5(2) g8.6(2) g.1¢2) 2.3(2) 2.8(1)

The f f the anisotropic temperature factor is:
ex:[~zt;5?h2328(l.l) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB(1,2) + 2hlacB(1,3)

+ 2

{Me

k1bcB(2,3))1]

<Cs),Yb(BH. -Ple )

Table of Posftional Parameters and Their

where 3,b, and ¢ are reciprocal lattice constants.

Estimated Standard Deviations

Atom x

Y8 - B.9883%6(2)
P -2.8768(1)
cl 8.2158(5)
c2 2.29837(3)
c3 #.1832(3)
c4 ~9.8362(5)
Ccs g.8912(4)
Cé #.8571(4)
c11 B.2494(6)
c12 9.2147(6)
ci3 #.1721(4)
Cl4 ~-9.1822(7)
Cis ~B.9168(7)
Cle 2.1877(6)
Cil1 -@.8755(6)
c211 -9.1464(7)
B £.8083(5)

Starred atoms were included with {sotropic
The thermal parameter given for anisotropically refined

p.258
9.250
2.25¢9
£.3336(7)
P.38087(5)
8.258
#.3346(8)
8.3823(6)
2.278(1)
2.442(1)
#.3671(7)
2.293(1)
B.443(1)
2.3666(9)
2.351(1)
#.318(1)
2.259

P.98144(3)
-7.3461(3)
g.845(1)
-2.8361(7)
-8.1639(5)
g.1427¢9)
g.1981(7)
8.2588(6)
#.187(1)
9.8863(8)
-8.2891(7)
8.877(2)
B8.177(1)
£.3451(8)
-f.4661(1)
-2.271(1)
~§.229(1)

thermal

4.71L1)
6.92(9)
6.5(3)
§.7(2)
4.7(1)
12.2(6)
17.2(3)
7.4(2)
6.4(3)*
11.5(3)
8.8(2)
7.1¢(4)"
18.3(4)
13.7(4)
14.8(4)
22.4(7)
6.1(3)

parameters,

atoms is

the isotropic equivalent thermal parameter defined as:

(4/3) * [a2"B{(1,1) + b2+%B(2,2) + c2*B{(3,3) + ablcos gamma)*B(1,2)
+ aclcos beta)*B(1,3) + bclcos alpha)*B(2,3))
where a.b,c are real cell parameters, and B(1,J) are anisotropic betas.
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Table of Anisotropic Thermal Parameters - B's
Name B(1,1) B(2,2) 8(3,3) B(1,2) B8(1,3) B(2,3) Beqv
Y8 3.28(2) 7.45(3) 3.3%¢(2) 4 g.84(2) 4 4.71¢1)
4 3.9¢(1) 11.5¢(2) 5.4(1) g =g.7¢(1) 4 6.92(9)
o} 3.8(4) 12.4(9) 4.8(3) g -8.7(4) -] 6.5(3) A
c2 3.6(3) 7.1(4) 6.4(3) -i.2¢3) -g.1(3) -1.2(3) 5.7(2)
c3 2.8(2) 6.8(4) 4.5(2) 2.1(2) g.602) 2.8(3) 4.7(1)
c4 3.6(4) 29(2) 3.5(4) g 1.1¢(4) a 12.2(8)
cs 9.9(5) 16.7(7) 4.8(3) 6.2(5) 2.2(3) 2.8(4) 18.2(3)
ce 9.8(4) 9.7(8) 3.5(3) -8.4(4) 1.813) -1.8(3) 7.4(2)
c12 8.7(86) 18.7¢(7) 14.9(8) -2.8(8) 1.2(4) =5.9(5) 11.5(3)
c13 5.9(4) 12.8(86) 8.5(4) 1.8(4) g.1(3) 5.5(4) 8.8(2)
C15 27(1) 14.6(6) 12.8(7) 15.1¢(8) 8.3(6) 4.9(7) 18.3(4)
Cle 15.8(7) 16.5(9) 8.9(5) -5.5(8) 2.9(5) -5.8(5) 13.7(4)
Cll1 18(1) 11.3(9) 12.9(86) g.3(8) -7.8(5) 3.9(6) 14.8(4)
c211 12.6(8) 32¢(2) 23(1) 8(1) -2.7(8) -6(1) 22.4(7)
8 3.7(5) 9.1(8) $.5(S) -4 -1.6(5) ) 6.1(3)
The form of the anisotropic temperature factor 1e: 0 TTTTTTTTTIIIoe
expl{-8.25(h2a2B{1,1) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB(1,2) + 2hlacB(1,3)
+ 2k1bcB(2,3))] where a,b, and c are reciprocal lattice constants.
_(_gggsgs)_ZYb(u-Me)ZZnMe

Table of Positional Parameters and Their Estimated ftandg:f-bgrlftlggf

Atom x y z BlA2)

Y8 #.12695(1) 8.12215(i) 8.23922(1)  2.127(4)

ZN §.24212(3) £.14952(3) £.12288(3) 3.48(1)

Cl1 2.1596(2) g.2232(3) £.1133(3) 3.8(1)

c2 8.2423(2) B8.8493(3) 9.2232(3) 4.2(1)

c3 g.3217(3) £.1523(4) B.2441(3) 6.4(1) . b

c11 2.2892(2) 9.2267(3) £2.3628(2) 2.64(9)

ci2 £.1353(2) £8.2781(3) £.3221(3) 3.6(1)

ci3 #.1965(2) 8.2257(3) £.3428(3) 3.8(1)

Cl4 g.1787(2) £.1548(3) #.3956(2) 3.5(1)

C1s 2.1861(2) 2.1549(3) 9.4872(2) 2.82(9)

Cle 2.8878(3) 9.2682(3) #.3636(3) 4.2(1)

c17 #.1311(3) £.3566(3) #.2786(4) §.7(2)

ci8 8.2672(3) 9.2554(4) £.3193(4)

$.9(1)



291

Tablez of Positional Parameters and Their Estimated Standard Deviations (cont.)

Name

Y8
IR
c1
‘CZ
c3
cll
cle2
Cc13
Cid4
c1s
Cls
c17

Atom
C13
c2#
c21

c22
c23

C24
€258
C2s¢
c27
czs
c23
c38
HIl
H12
H13
H21

H22 ’

H23

£.22661(3)
2.8682(3)
2.8878(2)

p.#158(2)
B.8693(2)

g.8934(2)
£.8567(2)
-2.8528(2)
-g.8290(2)
2.883%2(3)
2.1425(2)
2.8641(3)
2.111(2)
2.189(3)
9.154(2)
8.214(2)
#.291(2)
8.26212)

P.2964(4)
2.18084(3)
P.3479(3)

8.8876(3)
B.B3444(3)

~9.8224(3)
-8.2198(3)
B.8614(3)
2.1574(3)
2.8578(3)
-B.2324(3)
~2.9835(3)
#.232(3)
#.27513)
£.223(3)
B.9398(3)
B.874(3)
g.888(3)

B.4433(3)
#.4734(3)
#.2337(3)

2.1584(3)
£2.1841(3)

£.1591(3)
§.2399(2)
8.2955(3)
g.1138(3)
8.8984(3)
£.1328(3)
£.3143(3)
8.137(2)
g.128(3)
8.854(3)
#.265(2)
£.255(3)
8.197(3)

4.4(1)
2.89(9)

2.94(9)
2.99(8)

2.63(9)
2.56(9)
4.2(1)
5.8{(1)
4.2(1)
4.1(1)
4.98(1)
1.3(9)*
7{(2)=
2(1)*
2(1)*
3(1)*
2(1)=

- - = - - - P = . A " - - - - - . - - -

therma) parameters.

Starred atoms were included with
The therma)l parameter given for anisotropically refined

tsotropic

atoms 1s

the tsotropic equivalent thermal parameter defined as:

(4/73) *= [a2*8(1,1) + b2*B(2,2)

+ ac{cos beta)*B{1,3) + bcl(cos alpha)*B(2,3)]
where a,b,c are real cell parameters, and B(1{,J) are anisotropic betas.

+ ¢c2*B(3,3) + ab{cos gamma)*B(1,2)

Table of Anisotropic Thermal Parameters - B's

1.918(8)
2.62(2)
4.98(2)
2.8(2)
3.5(2)
3.1(2)
$.1{2)
3.7(2)
3.2(2)
3.4(2)
4.4(2)
18.8(4)

B(2,2) 8(3,3) B(1,2) 8(1,3) B(2,3)
2.461(9)  2.882(6) -F.212(7) -£.177(6) F.294(6)
4,74¢2) 3.88(2) -B.46(2) B.41(2) -2.83(2)
3.9(2) 2.8(2) -8.8(2) g.1(2) 2.6(2)
4.8(2) 5.8(2) 2.3(2) B.4(2) 8.512)

18.8(4) 4.8(2) 2.4(3) 8.9(2) 2.1(3)
2.8(2) 2.8(2) g.1(2) £.8(2) g 4
3.812) 2.7¢2) -1.2(2) -8.1(2) -8.1(2)
4.7(2) 2.9(2) -2.1(2) -8.2(2) -g.412)
5.8(2) 2.2(2) g.1(2) -1.1(2) -8.4(2)
3.2¢2) 1.9¢(2) -1.1(2) -8.1(2) ~2.8(1)
3.8(2) 4.5(2) " #.5(2) ~8.4(2) -1.4(2)
2.7(2) 4.5(2) -1.1(2) 1.2¢3) g.2(2)

Beqv

2.127(4)
3.48(1)
3.6(1)
4.2(1)
6.4(1)
2.64(9)
3.6(1)
3.8(1)
3.5(1)
2.82(9)
4.2(1)
§.7(2)
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Table of Anisotropic Thermal Parameters - B's

(Continued) L
Name B{1,1) 8(2,2) B(3,3) B(1,2) B(1,3) Eiglgl 533!
;1;. 4.8(2) 8.6(3) 5.2(3) -3.2(2) 8.1(2) -2.9(2) 5.9(1)
c19 5.8(3) 9.4(4) 3.6(2) 1.3(3) -2.2(2) g.7(2) 6.3(1) ;
c29 6.8(3) 4.412) 2.7(2) -1.6(2) 8.7(2) 2.4(2) 4.4(1)
cz2! 2.3(2) 2.9(2) 3.5(2) -9,1(2) 2.1(2) -1.1(2) 2.89(9) ‘b
c22 2.6(2) 3.102) 3.2(2) g.6(2) -2.9(2) -1.8(1) 2.94(3)
c23 3.98(2) 3.6(2) 2.4(2) g.1(2) -8.3(2) -g.8(2) - 2.99(9)
c24 2.1(2) 2.7(2) 3.2(2) 8.2(2) -8.2(2) -g.4(2) 2.63(9)
€28 2.4(2) 2.6(2) 2.7(2) -2.3(2) g.2(1) -g.2(1) 2.56(9)
c26 2.212) 4.9(2) 5.4(2) -g.6(2) 1.8€2) -2.1(2) 4.2¢(1)
c27 4.2(2) 4.9(2) 5.9(2) 1.2(2) -2.2(2) -2.7(2) 5.8(1)
c2s 5.6(3) 4.8(2) 2.3(2) -2.3(2) -2.2(2) g.1(2) 4.2(1)
c2% 3.6(2) 3.8(2) 4.8(2) g.8(2) 8.9(2) -2.712) 4.1(1)
c3g 4.8(3) 3.2(2) 3.8(2) -g.5(2) £.202) g.4(2) 4.8(1)
T torn ot the amisotropie temperature facter tar T
expl-2.25(h2a2B(1,1) + k2b28(2,2) + 12¢28(3,3) + 2hkabB(1,2) ¢+ 2hlacB(1,3)
+ 2k1bcB(2.3))) where a,b, and ¢ are reciprocal lattice constants.
(e C ) Yb(u-Ph) ZnPh
Table of Positional Parameters and Their Estimated Standard Deviatfons
Atom x ¥y 2 B{A2)
Y8 -2.24136(1) -@.981278(1) &Z.83716(1) 1.789(4)
ZN -§.22334(2) -§.88517(2) -#.16528(4) 2.25(1)
ct -§.2983(2) -£.1194(2) 2.8744(3) 2.11(9)
c2 -2.3388(2) -#.9718(2) 2.1885(3) 2.2819)
c3 -g.3888(2) -2.8426(2) 2.1868(3) 2.5(1)
C4 -9.2521(2) -@8.8722(2) 8.2881(3) 2.5(1)
cs -2.244112) -2.1194(2) 5.1353(3) 2.4(1)
Co -g.317812) -9.1686(2) 2.2923(4) 3.3(1)
c7? -8.4857(2) -£.8616(3) 8.8783(4) 3.5(1) -
(o} -P.3415(3) g.8829(3) 8.2531(4) 4.3(1)
o] -8.2868(3) -£.8665(3) 9.2841(4) 4.3(1) -
cie -8.1927(2) -8.1684{2) 2.1299(4) 3.8(1) :
c1l -5.2158(2) 2.1878(2) -@.8169(3) 2.7(1)
cl12 -8.1569(2) 8.27661(2) -g.9148(8) 2.5(1)
ci3 ~9.1445(2) p.9681(2) P.8887(3) 2.5(1)
Ci4 -P.1954(2) . @.0813(2) 9.1368(3) 2.6(1)
Cis -9.2488(2) 2.1183(2) 5.5768(4)‘ 2.8(1)
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Table of Positional Parameters and Their Estimated Standard Deviations (cont.)

Name

YB
ZN
ci
c2
c3
C4
Cs
Cce

Atom

Cls
c17

cis
cis

c2g
c21
c22
cz23
C24
cas
c28
€31
€32
€33
C34
Cc3%
C36
. C4l
ca2
C43
C44
C48
C46

-9.2399%(3)
-2.1286(2)

-5.8826(2)
“2.1944(3)

~8.2951(3)
-8.3165(2)
-£.3597(2)
~8.4215(2)
-8.4423(2)
-8.4812(2)
~§.3486(2)
~8.1754(2)
-£.1185(2)
-2.8793(3)
-8.9964(2)
-8.1523(2)
-9.1985(2)
-8.2236(2)
-8.1799(2)
-£.1888(3)
-8.2369(3)
-9.2887(2)
-8.2742(2)

#.1468(2)
9.2785(3)

8.8373(3)
#.2839(3)

£.1488(2)
-9.8827(2)

£.9433(2)

g.8427(2)
-8.8048(2)
-0.8498(2)
-8.8497(2)
-8.8767(2)
-8.8764(2)
-8.1296(3)
-8.1844(2)
-9.1873(2)
-8.1347(2)

§.8293(2)

#.8136(2)
8.8322(3)
g.98682(3)
#.8857(3)
2.8653(2)

~9.9979(4)
-9.8932(4)

8.1298(4)
£.2438(4)

g.1188(4)
-2.1918(3)
-9.8778(3)
-g.1881(4)
~g.1684(4)
~9.19639(3)
-8.1627(3)
-0.9975{3)
-@.9486(4)
-g.9417(4)
-9.2841(4)
~-2.1328(4)
~8.13398(3)
~9.2944(3)
~-B.3642(4)
-f.4587(4)
~P.4B46(4)
~8.4186(4)
-#.3253(3)

4.2(1)
4.8(1)

4.8(1)
4.8(1)

4.2(1)
1.88(9)
2.6(1)
3.2(1)
3.08(1)
2.7(1)
2.6(1)
2.25(9)
3.3(1)
4.1(1)
3.9(1)
3.5(1)
2.9(1)
2.15(9)
3.2(1)
4.8(1)
3.9(1)
3.6(1)
2.8(1)

P L - - - . - e o -

The therma)l parameter given for anisotropically refined

atoms 1is

the {sotropic equivalent thermal parameter defined as:
(4/3) * [a2*B(1,1) + b2*B(2,2) + ¢2*B(3,3) + ab(cos gamma)*B(1,2)
+ acl{cos beta)*B(1,3) + bclcos alpha)*"B(2,3)]

where a,b,c are real cell parameters,

and B(1,J) are anisotropic betas.

Table of Antsotropic Thermal Parameters - B's

1.957(8)
2.38(2)
3.1(2)
2.8¢(2)
3.8(2)
2.7(2)
2.7¢2)
4.7(2)

8(2,2)

“1.%48(8)
2.76(2) -
1.9(2)
2.8(2)
2.8(2)
3.1(2)
2.4(2)
2.7(2)

8(3,3)

1.225(8)
1.61(2)
1.4(2)
2.1(2)
1.8(2)
1.5(2)
2.112)
2.5(2)

B{1,2)

-g.846186)
~9.84(2)
-9.1{(2)
-8.1(2)
g.1(2)
-8.2(2)
§.3(2)
-1.8(2)

B(1,3) B(2,3)
-f.942(6) B.816(7)
~.84(2) g.42(2)

g.412) 2.3(2)

#.82) g.4(2)

9.8(2) -9.8(2)
-8.2(2) #.7(2)

B8.5(2) 2.8(2)

8.7(2) g.8(2)

Beqv

1.789(4)
2.25(1)
2.11(9)
2.2819)
2.5(1)
2.511)
2.4(1)
3.3(1)



Table of Antisotropic Thermal Parameters - B's

Name 8(1,1)
c7 2.6(2)
cs 4.8(3)
[o3-} 4.7(3)
cig 3.8(2)
Ccll ‘ 3.7(2)
clz 2.8(2)
c13 2.6(2)
Cid4 3.7(2)
cils 3.1(2)
Clse 6.4(3)
c17 3.9(2)
cis 3.8(2)
c1s 5.1(3)
czag 4.7(3)
c21 2.4(2)
c22 2.8(2)
c23 2.9(2)
c24 2.5(2)
€25 3.1(2)
Cc2s 2.5(2)
Cc31 2.8(2)
c32 3.1(2)
Cc33 3.2(2)
Cc34 4.8(2)
C35 4.8(2)
C36 3.412)
C4l 2.3(2)
c42 2.7(2)
C43 4.4(3)
C44 §5.7{(3)
C45 4.302)
C46 2.8(2)

The form of the anisotropic temperature factor
expl{=0.25(h2a2811,1) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB(1,2) + 2htacBt(1,3:
and ¢ are reciprocal )

+ 2k1beB(2,31)1]

4.5(2)
4.3(3)
5.6(3)
3.7(2)
2.8(2)
2.6(2)
2.7(2)
2.6(2)
2.612)
2.4(2)
§5.8(3)

§.3(3)
4.6(3)

3.6(2)
1.7(2)
2.4(2)
3.8(2)
3.6(2)
3.4(2)
2.8(2)
2.9(2)
3.7(2)
4.7(3)
3.8(2)
3.2(2)
3.3(2)
2.3(2)
3.9(2)
5.8(3)
4.8(3)
3.9(2)
3.7(2)

where a,b,

3.6(3)
2.5(2)
4.1(3)
2.5(2)
2.1(2)
2.4(2)
1.702)
2.6(2)
3.7(3)
3.2(2)

3.6(3)
2.2(2)

4.4¢3)
1.3(2)
2.5(2)
3.7(2)
2.8(2)
1.6(2)
2.5(2)
1.8(2)
3.1(2)
4.3(3)
3.7(3)

2.6(2)

2.8(2)
1.8(2)
2.9(2)
2.7{2)
1.9(2)
2.5(2)

B(1.,2)

-g.2(2)
-g.5(2)
-2.8(2)

-9.5(2)
-1.8(2)

g.7(2)
-g.1(1)
£.1(2)
g.7(2)
-8.8(2)
-8.8(2)
2.8(2)
g.4(2)
g.6(2)
1.4(2)
1.8(2)
g.402)
-g.2(2)
-8.4(2)
g.5(2)
-9.6(2)
-8.9(2)
-8.8(2)

i1s:

{(Centinued)

B(1,3)

-1.2(2)
g.7(2)

-8.9(2)

g.8(2)
-2.6(2)
-9.2(2)
-8.1(2)
=2.8(2)

g.4(2)

-1.8(2)
-8.1(2)

-8.7(2)
2.2(2)
-g.1(2)
-7.2(2)
-2.8(2)
-g.1{t2)
2.5(2)
g.5(2)
-8.3(2)
-8.2(2)
1.7¢2)
1.742)
g.5(2)
B.8(2)
g.9(2)
1.612)
~8.1(2)
-1.8(2)
-8.9(2)

B(2,3)

1.5(2)
-g.9(2)
1.1(2)
1.6(2)
#.2(2)
-g.1(2)
-2.1(2)
-9.2(2)
-g.4(2)
1.8(2)
-g.8(2)

-g.8(2)
-1.1(2)

-1.402)
8.3(2)
-g.1(2)
8.2(2)
2.8(2)
~9.4(2)
-g.3(2)
2.3(2)
g.9(2)
g2.7(2)
2.9(2)
-9.102)
-8.8(2)
2.2(2)
g.6(2)
-g.2(2)
g.8t2?
8.4(2)
2.1(2)

Jattice constants.
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Beqv

3.5(1)
4.3(1)
4.3(1)
3.8(1)
2.7(1)
2.5(1)
2.5(1)
2.601)
2.8(1)
4.2(1)
4.8911)

4.801)
4.8(1)

4.2(1)
1.88(9)
2.6(1)
3.2(1)
3.8(1)
2.701)
2.801)
2.25(9)
3.3(1)
4.1(1)
3.9(1)
3.501)
2.9(1)
2.15(9)
3.2(1)
4.801)
3.9t
3.601)
2.8(1)

o~



(Me.C.).Yb(o-H.C.B, H..)

5572 2=2710-10~

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B{A2)
Y8 2.36837(1) B.24721(3) @2.89276(1) 2.8029(4)
Cil B.3971(4) 2.3949(86) 5.1872(3) 3.5(1)
c12 2.3175(5) B.3838(6) B.1208%(3) 3.8(1) '
ci3 8.2296(4) #.3361(69 2.8837(3) 3.7(1)
Cl4 8.2544(4) £.4484(6) #.8463(2) 3.3(1)
Cl15 2.3584(4) 2.4831(5) B.8683(2) 3.8(1)
Cle6 28.59086(5) 9.4984(7) B.1431(3) 5.4(2)
Cci17 9.3228(7) £.1938(8) B.1696(3) 6.7(2)
cis Z.1284(5) 9.2788(7) B.8388(3) 6.5(2)
cie #.17385(5) 2.5274(7) B.8948(3) 5.8(2)
c2g B.4134(5) 2.6064(6) g.8388(3) 5.1(2)
c21 8.3725(4) 2.09284(5) -2.8696(2) 2.9(1)
cz22 8.2785(4) g.9326(6) -0.8444(2) 3.1(1)
cz3 3.2192(4) #.1439(6) -9.8718(3) 3.4(1)
Cc24 P.2884(4) 2.2889(5) -£.1129(3) 3.3(1)
c2s 5.3332(4) g.1348(6) -8.1117(2) 3.3¢(1)
c26 B.4496(5) -0.2843(6) -§.8683(3) 4.6(1)
c27 £.2252(8) -9.8674(7) 2.8992(3) 5.4(2)
€28 £.1934(5) ©.1736(7) -2.8678(3) 5.2(2)
c2% . 8.2623(6) £.3266(8) =-§,1539(3) §.5(2)
c3g Z.4744(5) 8.1837(7) -§.1549(3) 4.7(2)
C1 : #.7766(5) 2.8757(7) 2.2862(3) S.8(2)
c2 2.7745(5) B.8788(7) 8.28481(3) 5.6(2)
Bl 2.838€7(5) 8.8526(7) B.2465(4) 4.1(2)
B2 2.8859(6) £.1521(8) £.1806(4) 4.6(2)
B3 2.7617(5) #.2335(8) 8.1797(3) 4.1(2)
B4 2.6918(5) #.1745(8) 8.2442(4) 4.5(2)
BS P.8838(6) B.1445(9) B.3141(4) 4.7(2)
B6 £.9518(5) p.2918(8) 2.2582(3) 4.8(2)
B7 g.8736(5) 8.3174(8) 2.2984(4) 3.8(2)
B8 B.7527(6) #.3388(8) 5.2451(4) 4.2(2)
B9 2.7587(5) 8.2223(8) 513143(3) 4.4(2)
1o 8.8715(6) #.3186(8) B.2915(4) 4.6(2)

The thermal parameter given for anisotropically refined atoms is
the isotropic equivalent thermal parameter defined as:
(4/3) * (a2*B(1,1) + b2*"B(2,2) + c2*B(3,3) + ablcos gamma)*B(1,2)
+ acl{cos beta)*B{(1,3) + bclcos alpha)*B{2,3)]
where a,b,c are real cell parameters, and B(1,J) are anisotropic betas.
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Table of Anisotropic Thermal Parameters - B's

Name B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) 8(2,3) Beqv
Ye 3.813(8) 2.648(8) 2.758(8) 8.23(2) -2.125(7) -£.34{(2) 2.82914)
cll 3.6(2) 3.9(3) 3.8(2) 2.6(2) 9.2(2) -9.5(2) 3.5(1)
ci2 5.2(3) 3.8(2) 3.1(2) 8.3(2) 1.3(2) 8.3(2) 3.8(1)
c13 3.4(2) 3.8(3) 3.8(3) -9.5(2) g.9(2) -8.6(3) 3.7(1)
ci4 3.742) 3.6(3) 2.8(2) g.8(2) g.4(2) £2.1(2) 3.3(1)
cis 3.9(2) 2.5(2) 2.7(2) 8.3(2) g.9(2) -2.4(2) 3.801)
Ccle 5.2(3) 5.9(4) 5.8(3) 1.5(3) -1.3(3) -1.7(3) 5.4(2)
c17 18.8(5) 5.4(4) 4.113) 1.8(4) 1.8(3) 1.7(3) 6.712)
ci8 5.3(3) 6.8(5) 7.4(3) -2.8(3) 2.8(3) - =2.813) 6.5(2)
c19 6.9(3) 5.6(4) 4.9(3) 2.9(3) -1.5(3) -ﬂ.9k3) 5.8(2)
ca28 6.8(3) 2.813) 5.7(3) -9.7(3) 2.6(3) -g.1{(3) 5.1(2)
c21 : 3.1(2) 2.3(2) 3.3(2) p.4(2) -g.8(2) -8.7(2) 2.9(1)
ca2z 3.3(2) 3.8(3) 3.1(2) -3.4(2) -g.4(2) Cp.2(2) 3.1(1)
cz3 2.9(2) 3.9(3) 3.5(2) -8.2(2) -g.6(2) -£.8(2) 3.4(1)
c24 4.4(3) 2.4(3) 3.9(2) B.4(2) -2.3(2) -8.1(2) 3.3(1)
€25 4.9(3) 3.1(3) 2.7(2) -g.7(2) -g.512) -g.3(2) 3.3(1)
€26 4.6(3) 3.6(3) 5.5(3) 1.2(3) -1.9(3) -1.5(3) 4.6(1)
c27 5.2(3) 4.4(4) 6.6(4) -9.4(3) g.413) 1.803) 5.4(2)
c2s 3.3(3) §.704) 6.4(4) 1.3(3) -1.2(3) -1.2(3} 5.2(2)
c29 7.4(4) 4.6(3) 4.3(3) 8.2(3) -1.3(3) g.7(3) 5.5(2)
c32 §.3(3) 5.3(4) 3.6(3) -1.4(3) 2.5(3) «F.7(3) 4.7(2)
cl 4.2(3) 4.3(3). 6.4(4) -9.1(3) -8.9(3) -1.6(3) 5.8(2)
c2 4.2(3) S.4(4) 7.104) -9.6(3) p.6(3) 2.8(3) 5.6(2)
Bl 2.8(3) 3.2(3) 6.404) 1.9(3) B.2(3} g.7(3) 4.1(2)
B2 3.5(3) 4.704) 5.7(4) -2.5(3) g2.8(3) -1.2(3) 4.6(2)
B3 3.5(2) 4.7(8) 4.813) -9.3(3) -2.8(2) g.104) 4.1(2)
B4 3.1(3) 4.704) 5.7(4) g.1(3) 8.2(3) g.9(4) 4,5(2)
BS 3.2(3) 5.104) 5.7(4) 2.2(3) -g.7(3) 1.7(3) 4.7(2)
B6 2.8(3) 4.904) 4.403) -g.2(3) g.2(3) 8.5(3) 4.8(2)
87 3.3(3) 3.2(3) 4.8(3) -g2.6(3) -g.4(3) g.5(3) 3.8(2)
88 3.8(3) 3.3(4) 5.3(4) g.1(3) -g.4(3) g.2(3) 4.2(2)
B9 4.3(3) 5.1(5) 4.8(3) p.7(3) g.8(2) 8.7(3) 4.4(2)
818 5.1(4) 3.7(3) 4.804) -2.8(3) -2.9(3) -g.6(3) 4.6(2)

The form of the anisotropic temperature factor is:
exp(-8.25(h2a2B(1,1) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB(1,2) + 2hlacB(1,3)
+ 2k1bcB(2,3))]1 where a,b, and c are reciprocal lattice constants.

a

o>
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Table of Positional Parameters and Their Estimated Standard Deviations

Atom

Y8

c2
c3
c4
cil
c12
i3
ci4
18
c16
c17
c1s
c19
c2s
c21
c22
cz23
c24
c2s
c26
c27
c28
c29
c3e
81
B2
83
B4
BS
86
B7
B8
B9
B19

c,B. .H

2=2-10-10~

)

5.216(5)
19.3(2)
12.5(2)
22.6(4)
23.8(4)

5.8(1)

§.8(1)

5.6(1)

5.2(1)

4.4(1)

B.4(2)

1.142)

3.9(2)

8.6(2)

7.1(2)

5.7(1)

5.6(1)

5.6(1)

5.8(1)
5.6(1)

192.812)
11.2(2)
18.2(2)
9.9(2)
11.3(3)
8.8(2)
11.803)
11.8(3)
8.6(2)
11.1(3)
8.2(2)
11.4(3)
8.5(2)
1.6(3)
13.2(3)

Starred atoms were

x y F
2.33238(2) £.17732(2) 2.81864(1)
B.2571(7)  0.6348(6) £.2485(4)
£.1531(6)  £.6365(7) £.2891(4)
2.31201)  £.5861(8)  2.2595(5)
2.11101)  £.588(1)  9.1866(6)
2.3679(4)  £.3531(5) 9.8976(3)
$.3804(4)  £.4885(5) £.8512(3)
£.204104)  5.3493(5) §.8546(3)
£.2139(4)  £.2629(5)  §.1821(2)
2.3133(4)  £.2693(5)  9.1286(2)
2.4759¢5)  £.4922(6) B.1155(4)
£.3245(6)  £.5192(7)  £.8099(3)
2.1871(5)  £.3863(7) £.5189(3)
2.1274(5)  9.1846(6) £.1234(4)
2.3537(5)  3.1979¢(5)  £.1843(3)
9.3748(4)  £.8168(5) ~-8.8677(2)
£.3683(4)  £.1309(5) -2.895%(2)
2.2642(4) §.1665(5) -9.8969(2)
9.2187(4)  B.0773(5) -2.8671(2)
8.2781(4) -§.0161(5) -B.0486(2)
2.4683(5) -£.9638(7) -9.8668(3)
£.4582(6)  2.1995(8) -8.1278(4)
$.2187(7)  £.2817(7) -8.1294(3)
£.8951(5) £.8758(8) -2.8613(4)
2.2581(8) -9.1358(7) -B.8182(4)
2.2585(7)  £.6895(8) g.1781(4)
2.3235(6)  £.768(1)  £.2345(5)
8.2646(7)  2.747(1)  5.30828(4)
2.1556(7) B5.6614(7) 9.2894(5)
7.1484(7)  2.756(1)  2.1678(5)
£.2438(7)  9.8458(7)  £.1831(4)
2.2419(9)  7.8878(9)  §.2626(4)
2.1379(7)  £.8148(8)  8.2937(4)
2.8780(7)  2.734(1)  §.2368(5)
2.1328(8)  £.875(1)  §.2283(5)

included with Isotropic

thermal parameters.

The thermal parameter given for anisotropically refined atoms
the isotropic equivalent thermal parameter defined as:

(4/3) * [a2*B{1,

1)

+ b2*B(2,2) + ¢2*B{(3.3)

+ acl{cos bhta)'S(l 3) + bc(cos alpha)*B(2,3)]

where a,b,c are real

cell parameters,

+ ablcos gamma)'B(l 2)

and B{t1.J) are anisotroplc betas.
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Tabkle of Arisotropic THerma] Para.ieters -~ B's

Name B(1,1) B(2,2) B(3,3) B(1.2? B{l,3) B(2,3) Begv
YE 4.869(8%) 6.87(1) 4.635(9) 2.324(9y -p.338(8) ~-1.19(1) §.216(5)
Ci 16.2(5) 7.8(3) 7.%(4) 5.5(3) 2.6(4) 1.3(3) 18.3(2)
(o 9.5(4) 9.7(4) 12.2(5) -3.314) 2.7(4) =3.9(4) 1B.5(2).
Cc3 42(1) 12.4¢(5) 16.3(8) 16.8(5) 7.7(8) 5.3(6) 22.614)
Cs 32(1) 15.9¢(6) 24.5(9) -14.3(86> 13.7(8) ~12.4(6) 23.8(4)
cil 4.9(2) 4.312) 6.8(3) g.5(2» 1.4102) -0.4(2) §.2(1)
2 g.5(3) 4.1(2) §.6(3) 1.7¢(2 2.3(2) 8.9(2) 6.8(1)
C:3 5.4(2) 5.3(3) 6.2(3) 2.602) p.6{2) -F.6(2) 5.6(1)
C14 4.39(2) 4.60(2) 6.113) g.7(2» 1.7¢2) ~9.4(2) 5.2(1)
cis 5.3(2) 3.6(2) 4.3(2) #.8(2) 8.502) ~8.1(2) 4.4(1)
Cie - 5.B(3) 7.8(4) 11.4(5) 1,103 1.8(3) -1.5(4) 8.4(2)
c.7 15.4(6) 8.2(4) 18.1(4; 2.314) 5.1(4) 4.5(3) 11.1(2)
s B.8(3) 11.5(4) 8.914) 6.5(3) =1.9(3 =1.5(4) 9.9(2)
ci9 6.5(3) 8.3(4) 11.1(5) -9.7(3, 2.5(3) -g.4(4) 8.6(2)
cae 9.5{(4) 5.8(3) 6.1(3) 1.4¢3) g.3(3) 2.4(3) 7.1(2)
c21 3.802) 6.6(3) 5.2(2) 2.3(2) -2.9(2) =2.2(2» S$.7(1)
€22 5.4(2) 6.7(3) 4.812) ~2.4(2) 1.1(2) =1.1(2) S.61(1)
€z3 6.8(3) 5.4(3) 4.5(2) 1.2(2, -8.4(2) -8.1(2» 5.6(1)
c24 4.6(2) 7.4(3) 5.4(3) g.4(2) g.1(2) -9.4(3) §.8(1)
c25 7.2(3) 4.7(3) 4.9(2) g.1t2y -8.5(2) 2.1(2) 5.6(1)
£2e 8.4(3) 13.104) 12.4(4) 6.2(3 ~3.5(3) -6.7(3) 19.8(2)
ca? 12.8(4) 14.1(86) 9.8(4) -4.9(4)l 3.6(4) -1.5(4) 11.2¢2)
28 14.9¢(5) B.7¢(4) 6.6(4) 4.1(4) ~1.6(4) 1.2(3) 12.2(2)
c2% 4.9(3) 14.7(6) 18.2(4) -g.004) 8.5(3) -2.7(4) 9.9(2)
cae 16.6(7) 7.614) 7.604) -2.61(5) ~2.3(5) 1.3(4) 11.3(3)
g1 9.5(5) 7.9(5; 9.1(5; 2.6(4) 2.4(4) -9.8(4) 8.8(2)
Bz 6.304) 18.2¢(8) B.5(5) -1.3(5) 1.2(4) 3.9(6) 11.8(3)
3] B8.4(5) 18.6(8) 5.7(4) -3.391(5) -1.804) 2.6(5) 11.8(3)
B4 198.2(5) §.9(04) 12.145) g.3(4) 4.7(%) 3.8(4) 9.6(2)
ES 7.4(5) 15.6(8) 19.416) 2.6(5) 1.3(4) 3.806) 11.1(3)
£6 10.8(5) 6.504) B8.2(4) g.104) 2.5(4) 2.9(4) 8.2(2)
g7 17.817) 8.2(5) 8.7(5) -5.4(5) 4.3(5) -1.5(4) 11.4(3)
£8 10.9¢5) 7.1047 7.804) 2.8(4) 3.2(4) 2.2(4) 8.5(2)
1] S.1(4) 28.5(9; 8.2(5) 2.315) 1.114) -1.3(81) 11.6(3)
tig 15.6(6) 12.8(5) 12.8(5) 8.7(4) 7.8(4) 6.8(5) 13,203

The form of the antsotroplc temperature factor fis:
e-pl~8.25!h2a2B(1,1) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB{1,2) + 2hlacB(!,3)
+ 2k1bcB(2,3))] where a,b, and ¢ are reciprocal lattice constants.
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Table of Positional Parameters and Their Estimated Standard Deviations

Atom X y 2 B(A2)
YB P.24356(1) £.22256(1) -9.8Q886(1) 1.793(4)
co B.258 B.258 -9.258 2.18(2)
c1 2.2354(3) 9.2282(3) -g.1472(3) 4.9(2)
c2 8.1826(3) #.2176(3) -£.1853(3) 4.5(1)
c3 2.1628(3) g.2748(4) -£.2899(3) 5.4(2)
c4 2.2932(4) 2.3178(3) -@#.1938(3) 6.8(2).
CS 2.2588(3) #.2988{(3) ~@.1551(3) 6.4(2)
cil P.1485(2) £.2916(2) §.88911(2) 2.1(1)
c12 2.1911(2) #.3315(2) g.8381(2) 2.2(1)
c13 2.2141(2) 2.30872(2) 2.8923(2) 2.2(1)
C14 §.1782(2) §.2534(2) B.19839(2) 2.1(1)
c15 #.1335(2) 2.2439(2) B.8578(2) 1.87(9)
cleé 2.8977(2) 2.3231{(3) <~9.8587(3) 3.8(1)
c17 2.2121(2) 2.39984(2) =~0.8941(3) 3.3(1)
c1s8 8.2643(3) g.3377(3) 2.1363(3) 3.4(1)
c19 2.1888(3) £.2184(3) 8.1755(3) 3.2(1)
c22 2.8831(2) 2.1946(3) #.9582(3) 3.1()
cz21 2.3988(2) p.1188(2) -2.8385(3) 2.5(1)
c22 2.3529(2) P.1652(2) =-@.8347(3) 2.7(1)
c23 2.3624(2) #.1987¢(2) 8.8294(3) 2.7(1)
c24 2.3235(2) g.1573(2) 2.8759(2) 2.6(1)
c2s £.2895(2) g.1138(2) 8.8372(3) 2.6(1)
Cc2¢6 2.28411(3) 2.8755(3) -9.8865(3) 5.8(2)
c27 2.3911(3) #.1816(3) ~g.9980(3) 5.5(2) .
c2s8 2.4111(3) 2.2388(3) 2.9492(4) 5.7(2)
c29 #.3292(3) g.1608(3) £.1521(3) 5.2(2)
c32 2.2388(3) 7.9688(3) #.8632(4) 4.9(2)

- D P = W = = - -

Starred atoms were fncluded with fsotropic thermal parameters.
The thermal parameter given for anfsotropically refined

atoms

the fsotropic equivalent thermal parameter defined as:

(4/3)

(a2*B(1.1)
+ ac{cos beta)*B{1,3)
where a,b,c are real

+ b2*B(2,2)

+ ¢c2*B(3,3)
+ belcos alphal*B(2,3)]
cell parameters,

is

+ ab(cos gamma)*B(1,2)

and B(1,J) are anisotropic betas.
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Table of Antisotropic The;ma1 Parameters - B's

Name Bt1,1) B(2,2) B{(3,3) B(1,2) B(1,3) B(2,3) Begqv

Y8 1.737(7) 2.5&5(8) 1.629(8) #.391(6) Z.818(8) 2.821(8) 1.793(4)
ple} 2.13(3) ‘ 2.36(3) 1.82(3) -g.13(3) f.48(4) -g.84(4) 2.18(2)
2l 5.7(3) 8.2(4) g.8(2) 3.6(3) 1.8(2) g.612) 4.9¢(2)
22 4.6(3) 6.1(3) 2.8(2) -2.7(2) 2.3(2) -1.6(2) 4.5(1)
23 3.8(3) 9.7(4) 2.8(3) 3.2(3) g8.7(2) 1.1(3) 5.4(2)
T4 ‘ 11.4(5? 3.3(3? 5.6(3) 1.5(3) 5.5(3) 2.3(3) 6.8(2)
S 4.5(3) 9.3(4) 5.5(3) -3.6(3) 2.5(2) -6.9(2) 6.4(2)
Cll 1.9(2) 2.7(2) 1.8(2) #.6(2) 2.1(2) -2.5(2) 2.1(1)
212 2.6(2? 1.7(2) 1.8(2) g.4(2) g.812) -g.8(2) 2.8(1)
13 2.2(2) 1.9(2) 2.5(2) #.102) -g.112) -2.4(2) 2.2(1)
Cl4 2.8(2) 2.4(2) 1.8(2) 8.7(2) #.112) g.1(2) 2.1(1)
z15 2.8(2) 1.8(22 1.8(2) 2.1(2) g.612) -g.1(2) 1.87(%)
Z186 2.9(2) 3.8(2) 2.1(2) 1.3(2) -9.3(2) -g.6(2) 3.8(1)
217 3.8(2) 2.3{(2) 3.9(2) g.1(2) 1.4(2) g.2(2) 3.3(1)
218 3.8(2) 3.5(2) 3.6(2) #.502) -9.8(2) -1.3(2) 3.4(1)
<13 4,143 3.5(2) 2.1(2) 1.3(2) g.8(2) g.6(2) 3.2(1)
c28 2.6(2) 3.7(2) 3.1(2) -g. 12y g.7(2) -9.4(2) 3.1{1)
21 2.5(2) 2.3(2) 2.8(2) 9.6(2) -5.9(2) -g.7(2) 2.511)
222 2.4(2) 2.8(2) 2.8(2) 1.8(2) g.6(2) 8.5(2) 2.7(1)
223 1.4(2) 2.1(2) 4.7(3) #.4(2) -g.9(2) -9.6(2) 2.7(1)
224 2.112) 3.1(2) 2.6(2) 1.3(2) -8.5(2) -g.8(2) 2.6(1)
c2s 2.8(2) 2.1(2) 3.7(2) g.3(2) -8.7(2) g.2(2) 2.6(1)
c2s 5.3(3) 4.8(3) 5.1(3) 1.8(3) -2.3(3) -2.4(3) 5.8(2)
ca27 3.4(3) 7.6(4) 5.4(3) 2.8(3) 0 2.5{2) 2.6(3) 5.5(2)
cz2se 3.1(3) 3.1{(3) 1.9(8) -9.5(2) -2.1(3) -g.7(3) 5.7(2)
c29 $.2(3) 7.4(4) 3.1(3) 3.6(3) ~-1.8(2) -g.9(3) 5.2(2)
c3g 3.2(3) 3.8(3) 7.7(4) -9.4(2) -8.7(3) 2.7(3) 4.9(2)

The form of the anisotropic temperature factor is:
exp(-2.25(h2a2B{1,1) + k2b2B(2,2) + 12¢2B(3.3) + 2hkabB(1,2) + 2hlacB(1,3)
e 2k1beB(2.3))] where a,b, and ¢ are reciprocal lattice constants.
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