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CHAPTER ONE

A Review of the [8]Annulene Complexes of the Actinides and Lan-
thanides

Introduction

Bis([8]annulene)uranium(lV)l. uranocene, was prepared as an
expected f-orbital analoque to d-transition metal metallocenes.
In d-transition metal complexes such as ferrocene, an important
amount of ring-metal covalency is achieved by the interaction of
the highest occupied 1igand MOs (elg) of two cyclopentadienyl
anions with the unoccupied 3dtl orbitals on Fez*. By analogy, a
ring-metal interaction is symmetry permitted between the interac-
tion of the highest occupied MOs of two [8]annulene dianions with
two lanthanide or actinide metal f-orbitals (1 = %2). An empiri-
cal model depicting this interaction is shown in Figure I.1. In
this example, the central metal ion shown, uranium(lV), has two

electrons remaining in metal f-orbitals; thus, the HOMO of uran-

ium(lV) is located on the metal.
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Since the synthesis of bis([8]annulene)uranium(IV).2 there have
been many other complexes synthesized involving a8 lanthanide or
actinide element and one or more [8]annulene dianions. All of
these compiexes are unstable towards air (most are pyrophoric)
and water; all handling of these complexes must be carried out in

an inert atmosphere.

This chapter reviews the synthesis and structures of the f-
block metal [8]annulene dianion complexes. For the purpose of
this chapter, the [8]annulene dianion complexes of the actinides
and lanthanides have been classified as bis- or mono-[8]annulene
complexes and are further classified by oxidation state of the f-
block meta! (+3 and +4 for actinides, +2, +3, and +4 for

lanthanides).

Bis([8]annulene)actinide(IV) complexes

Bis([8]annulene)uranium(IV) and its ring r:ﬂkylated.?'-'7

arylatede-lo and annulated”—13 derivatives constitute the
majority of the [Bl]annulene compliexes known for the tetravalent

actinides. The synthesis of the other bis({8]annulene)-

actinide(lV) complexes is similar to that of the uranium systems.

The most utilized reaction for the synthesis of bis([8]annu-
lene)actinide(1V) complexes is the reaction of a tetrahydrofuran

(THF) solution of [Blannulene dianion with a8 stoichiometric



amount of the actinide tetrachloride in THF (1.1). This method
has been employed for the synthesis of bis([8]annulene)-
thorium(IV) (thorocene).14 -protactinium(IV) (protactinocene),15
-uranium(IV)2 and -neptunium(1V) (neptunocene),16 however, the
yield of bis([8]annulene)protactinium by this method is low. Bis-
([B]aﬁnﬁlene)plutonium(IV), plutonocene, ié synthesized by the
reaction of tetraethylammonium hexachloroplutonate(lV) suspended
in THF with a stbiChiometric amount of [8]annulene dianion in THF

(1.2).18

(1.1]

* ————>

2 KyCgHg + AnCl, e An(CgHg) , + 4 KCI
(1.2]
e M 4 (E WY Pup] S >
2 K,CoHg + (CoHNH) PUCT . ~Tc Pu(CgHg) , + 4 KCI
_ .
+ 2 CeHN'C

Curiously, attempts tovsynthesize bis([8lannulene)plutonium(IV)

using cesium- or pyridinium hexachloroplutonate(lV), CsZPuCl6 or

(CSHSNH)ZPuCIG. were unsuccessfﬁl. but the Synthesis of bis([8]~

16

H_NH) UC1 was successful.

annulene)uranium(lVv) from (C5 5 2 6

Bis([8]annulene)thorium(IV), -qranium(IV)'and -blutonium(IV)
can also be synthesized'by the reaction of cyclooCtatetraenevwith
the finely divided metals obtained by heating the metal hydrides

17

(1.3). In this reaction, a sealed Pyrex tube containing the

actinide-cyclooctatetraene mixture is heated in a tube furnance



at 150-160° C. The reaction product is isolated by sublimation.
This preparative method provides demonstration of the thermo-

dynamic stability of the bis([Blannulene)actinide complexes.

[1.3]
0 4 CH —eceemamw
An°® + CBHB > An(CBHB)2
The bis(1,3,5,7-tetramethyl{B]annulene)actinide(!V) complexes
made from 1,3,5,7-tetramethyl-cyclooctatetraene have been syn-
thesized for many of the actinide elements. The synthesis of
{,3,5,7-tetramethyl-cyclooctatetraene is shown in Figure

1.2.18' 19

Figure 1.2: Synthetic scheme for 1,3,5,7-tetramethyl~cyclooctate-

traene
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Treatment of 1,3,5,7-tetramethyl-cyclooctatetraene with two
equivalents of potassium gives the corresponding [B]annulene

dianion. Bis(l.3.5.7.tetramethy][8]annulene)thorium(IV),20

19 19, 21

=uranium(lvVv), -neptunium(1V) and —protactinium(IV)21 have

ali been synthesized by the addition of {,3,5,7-tetramethyi[8]~

annulene dianion to the appropriate actinide salt (1.4).

[1.4]

S :
4 THF An(Me C.H,6) + 4 KCI

478 4

2 KZ("eACSHA) + AnCl

Attempts to make the bjs(l;3,5.7-tetramethy1[Bjannulene)pluton—
ium(lV).derivative by addition of tetramethyl{B8lannulene dianion
to pthonium tetrachloride resuited in the reduction of Pu(1V) by
the tetramethyl[8]annulene dianion to Pu(.lll).l‘9 When the
borohydride complexes of neptunium»and plutonium are used in
place of the halide salts acceptéble‘yfelds of the bis(tetra-

methyl[8]annulene) complexes were obtained (1.5).21

[1.5]

L m————s)
2 K (He4C8H4) + AQ(BH )

Qa4 THF An(He4C8H4) + 4 KBH4

2

Other substituted bis([8]annulene)actinide(lV) complexes for

uraniuma-13 thorium20

’ neptunium4 and plutonium4 have been
prepared by the reaction of the substituted {8]annulene dianion
with the appropriate actinide(lV) salt. X-ray diffraction data
suggest that the alkyl-substituted neptunium(IV) and

plutonium(IV) complexes are jsomorphous with the corresponding



uyranium(IV) complex;4 none of the structures of these complexes

have yet been determined from single crystal x-ray diffraction.

The mechanism of the reaction to form the bis([8]annulene)
complexes is not known. It is clear, however, that there are dif-
ferences in the mechanism in the formation of bis{([8]annulene)-
uranium(1V) vs. bis([8]annulene)thorium(IV). When the reaction of
two equivalents of n-butyl(8]annulene dianion with thorium tetra-
chloride was carried out in an NMR tube and monitored by lH—NHR.

a resonance was observed which cannot be attributed to the

Abis([B]annulene) complex.22 Further experiments showed that this

apparent intermediate in the reaction is the mono-ring compliex,

22

([8]annulene)thorate(lV) dichloride. The mechanism for the for-

mation of bis({8]annulene)thorium(IV) evidently invoives the
stepwise substitution of [8]annulene dianion for two chloride
ions (figure 1.3). In the analogous uranium system, however, no

intermediate mono-ring complexes have been observed.

Figure 1.3: Reactions for the formation of bis([8]annu-
lene)thorium(1V).

K,CoH, + ThCl4 ————— > (C,HL)ThCI

2CgMs g's 2+ 2 KCI

KZCBHB + (CqH ) THCI, === > Th(C HL), + 2 KCI

g's s’ 2



Uranium, unlike thorium, has an accesible trivalent oxidation
state. It has been shown fhat’biS([B]annulene)Ufahium(iV) can be
reduced by lithium naphthalide to the bis([8]annulene)uran-
até(lll) anion (1.6).23 The same»compfex can be éynthésized by

. the reéctién oF‘tW6 equivalents of [8]anhulene dianion with one

equivalent of uranium trichloride_(l.é).23

[1.6]

y |
Th . LITU(CgHg) 1 + C H

12710

UCgHgl, + LT(C o)

or

2 K,C_,H, + UCI

2CgMg 3 T KIU(C

8H8)2] + 3 KCI
It has been found that [8]annulene dianion»reduces_uranium
tetrachloride to uranium trichloride whén the reaction is carried

out at -78° C.2

4 Hhen two equivalents of [8]énhQiene dianion in
THF are added to one equivalent of_urapium tetrachloride in THF
at -78° C, the green color of uranium tetrachloride changes'to
the purple color of the trichloride.,As this reaction mixturé is.
warmed slowly to room temperature, the color of.the_réaction

changes to the dark green color of bis-([B]annulene)uranigm(IV).

The yield of bis-([8lannulene)uranium(1V) is not affected in this

method of reaction. These reactioné indicate that the first step

of the reaction to form bis([8]annulene)uranium(iV) is the reduc-

tion of the uranium tetrachloride.

Based on the existence of the bis([8lannulene)uranate(lll])

anfon and the reduction of U(IV) to U(I1I]) by [8]annulene



dianion, the following mechanism (Figure 1.4) has been proposed,
as an alternative to simple ligand substitution, for the forma-

tion of bis([8]annulene)uranium(IV):24

Figure 1.4: A Proposed Mechanism for the Formation of Bis-
([8]annulene)uranium(IlV).

UCl, L+ K, C.,H, =---—- > UCl, L+ KC_H.

4 "x 288 3 "x 88
UCly L, + K,CHg =—=--- > (CgHgIUCT L
(CgHgIUCT L+ K Cohg ——-——- > (Cghg) Ul
(CgHg),UCITD)  + UCI, L ——-==- > (CgHg),U + UCIy L
(CgHg) ,U(ITT)  + CgHg ——---= > (CoHg) U + KC Ho

882 88

Clearly, more work is needed on the mechanism of the formation of

bis([8]annulene)actinide(lV) complexes.
Structures of the Bis([8]annu1ene)act1nide(IV) complexes

The crystal structures of some of the bis([{8]annulene)actinide

complexes are known. Bis([B]annulene)uranium(IV)ZS'26 a

nd
—t:horium(lV)z6 are isostructural (Figure 1.5) with the only major
difference observed in the metal-to-carbon bond lengths; this
difference reflects the larger crystal radius for thorium(IV) vs.

uranium(IV).27

Both of the molecules have D8h symmetry; the.carb-
on atoms of the [8]annulene rings are eclipsed. X-ray diffraction
data and infrared spectra data on bis([8]annulene)neptunium and
-plutonium suggest that these complexes are isostructural with

bis{([8]annulene)uranium and —thorium.15
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The crystal structure of bis(l,3,5,7-tetramethyl[8]annulene)-

uranfum(IlV) is also known.28 This complex crystallizes as

| molecules. in two rotomeric conFigufations (Figure 1.6).

Figure 1.5: Structure of Bis([B]annulehe)uranium(IV),



Figure 1.6: Structure of Bis(!,3,5,7-tetramethyl[8]annulene)-

uranfum(lV) (hydrogen atoms omitted).
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In the A form the hethyl groups are essentially eclipsed énd in
the B form the methyl groups are essentially staggered. The
methyl groups on the [8]annulene rings aré bent out of the:plahe
of the ring by angles ranging from 0.8° to 6.5°. In the A form of
this molecule, the methyl‘groups are separated by 3.76 X as a
result of this bending; thfs disténce,is within the Van der Waals
contact distanceffor two.methyl groups (4.0 A )?9 One possibile
exp!anatfon for thg bending of the methyl groups is the change in
vﬁybrfdization of the rin§ carbons to achieve better orbital over-
lap with the uranium 6d and 5f orbitals. This bending of the

methy! group toward the uranium would result from such a change

in hybridization (Figure 1.7).

Figure 1.7: Methyl Group Bending in Bis(1,3,5,7-tetramethy![8]-

ahnulene)uranium(lV).

ﬁo

Q CHg
av
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X-ray powder pattern data on bis(1,3,5,7~tetramethyl[8]annu-
lene)protactinium(lV), -neptunium(IV) and -plutonium(lV) indi-
cates that these complexes are isostructural with the uranium

21
complex.

Bis([8)annulene)lanthanide(IV) complexes

There are two reports of the tetravalent lanthanide complex,
bis([8]annulene)cerium(IV). This work is discussed, in detail, in

the third chapter of this thesis and will not be discussed here.

Theory of Bis([8]annulene)metal(IV) complexes

The existence of bis([8]annulene)actinide(lV) complexes does
not by itself establish the existence of a ring-metal bond formed
from the interaction of metal d and/or f orbitals with the |igand
w orbitals. One method of establishing the importance of d and f
orbital participation of bonding in these complexes is to compare
experimental results, for example, photoelectron spectra, with

predictions from calculational methods.

Early MO calculations (LCAQ) by Hayes and Edelstein30 on bis-
({8lannulene)actinide(lV) complexes did indeed indicate that

there was significant interaction between the ligand e2U orbitals

and the metal 5f"+ orbitals. In these calculations, only the

2

ligand n orbitals and the metal f orbitals were used, since it

was considered that the metal d-orbitals of the actinides were
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too high in energy to have significant interaction with the

ligand MOs.

One important consequence of the early model of bonding is

that the interaction of the metal f+2 orbitals with the e, ligand

n-MOs leads to the energy level ordeting ezg > e2

figure 1.1) for the bis([8]annulene) sandwich complexes. The

u (as shown in

first photoelectron spectfa (PES) bis([B]ahnulehe)thorium(IV) and

—uranium(IV)Bl' 32

were interpreted on thfs basis, but léter work
by Clark and Green.33 in which the spectral chaﬁges due to He-l
or Hefll'ionizing light were compared, led to the assignment of
eéu > ezg. This assignment suggests that there is participation
-of the metal d orbitals in the bonding scﬁeme.

A more complete bonding modei from the Xa scattered-wave (SW)
treatment of bis([8]annulene)uranium(lV) and -thorium(IV) was
proposed by R8sch and St‘reitwiesér.34 Agreement with'the PES was
remarkably good, considering that relativistic effects had not
been included in the calculations. These calculations supported
the assignment of fonization potentials by Clark and Green and
verified that the contribution of the metal d 6rbitals to the
ring metal bond in these complexes is af least as important as

the contribution of the metal f orbitals.

Recently, the quasirelativistic Xa SW MO calculations on bis-
([8lannulene)uranium(1V), -thorium(IV) and -cerium(lV) were

'reported.as These calculations show remarkably good agreement



-t

- bis([8]annulene)uranium(lV).

15

with the PES spectra of bis([8]annulene)uranium(lV) and -thor-

ium(lV). As is the case for non-reiativistic calculations, the

‘calculated level ordering (e2u > ezg) from quasirelativistic cal-

culations confirms the PES interpretation of Clark and Green. A
more detailed discussion of the results of the SCF-Xa calcula-
tions of R8sch and Streitwieser is in chapter three of this

thesis.

The calculations by RbUsch and Streitwieser indicate that bis~
([B8lannulene)thorium(lV) is more ionic than
34, 35 One experiment that supports
this fdea is the slow reaction of
bis(n-butyl[8]annulene)thorium(lV) with uranium tetrachloride to
form bis(n—butyl[8]annqlene)uranium(IV).20 The reverse reaction
does not occuf.-As an indication of the relative ionicity of bis-
([8]annulene)thorium(1V) as compared to bis({8lannulene)uran-
fum(IV), the slow formation of bis([8]annulene)uranium(IV) in the
above examples can be contrasted with the immediate reaction of
the highly ionic bis([8]annulené)cerate(lII) anion with UCI4 to

form bis([B]annulene)uranium(IV).36

Fiqure 1.8: Reactions of Bis([B]annulene) complexes with UCI4.
U(n—BuC8H7)2 + ThCl4

K[Ce(CBHB)Z] + UC]4 K’ U(C8H8)2 + CeCl3 + KCI

where k' >> k
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Bis([8]annulene)actinate(IIl) anions

When two [8]annulene_dianion rings complex a trivaient metal
atom, the result is a bis([8]annulené) sandwich anion. There is
one class of complexes involving the actinides and two classes of
complexes for the lanthanide(lll) ions that contain two [8]annu-
lene~dianions sandwiching a trivalent centrai metal ion.

The potassium salts of bis([B]anhu]ene-)uranate(IIl).23
—neptunate(lll),37 hplutonate(lll)37 and -americate(lil)38 have
ail-been reported. These combiexés have been synthesized by the
reaction of two equiva]entélof [B]annuiene dianion with one

equivalent of the actinide trihalide (1.7).

[1.7]

> K[An(C ] + 3 KCI

2 K.C.H. + AnX

2teMs 3 THF )

g2

The physical properties of these complexes are similar to those

36, 39

of the class K[Ln(CeH Small amounts of oxidizing

g)2d-
agents oxidize the trivalent central metal complexes to the cor-

responding tetravalent central metal complex (1.8).37

o . (1.8}
K[An(CeHB)Z]

Bis([8]annulene)lanthanate(III) anions

The two classes of complexes containing a bis([8lannulene)lan-

thanate(l11) anion are those that contain an alkali cation and
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those that contain the compliex ([8]annulene)lanthanate(lll) cat-
jon. One of the classes, the alkali salts of the bis([8]annu~
lene) lanthanate(11]) anions, have been prepared by a variety of
methods. The first of the methods, and the one which is of the
most synthetic utility, is the direct reaction of the di-alkaline
salt of [8]annulene dianion with the anhydrous lanthanide
trichloride (1.9). The synthesis can be accomplished by the ad-
dition of a suspension of the lanthaﬁide salt in THF to a THF

solution of the dianion.36' 39

(1.9]

>
2 KZCBHB + LnCl3 THF K[Ln(CaHe)z] + 3 KCI

The bis([B]aﬁnulene)lanthanate(III) anion complexes from
1,3,5,7-tetramethyl-cyclooctatetraene have also been prepared the
reaction of the substituted dianion with the lanthanide

trichloride.40

Atthough the mechanism for the formation of the bis([8]annu-
lene) lanthanate(l1]) complexes is not known, the following equi-
libria (figure 1.9) have been established involving the lan-
thanide trichlorides, [8]annulene dianion, the ([8]annulene)-
lanthanate(ll]l) chloride and the bis([8]annulene)lanthanate(l]1])
anion.36 It is postulated from these equilibria that in the reac-
tion of [8]annulene dianion with a lanthanide trichloride the
([8lannulene)lanthanate(l1l) chloride is formed initially as a

isolable intermediate of the reaction. The moho-ring intermediate
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then reacts with additional [8]annulene dianion to form the bis-

([8lannulene) complexes.

Figure 1.9: Equilibrium equations involving ([B8J]annulene)lan-
thanate(ll]l) complexes and lanthanide trichlorides.

—--—) ) L .
2 KyCghtg + 2 LnCly (777 [CqHglnC1"2THF], + 4 KCI
[CgHgLnC12THFI, + 2 K Colg (__77 2 KILN(CgHg) )] + 2 KCI
-—-_.) . ‘.
KILn(CgHg),1 + LnCly (77 [CgHgLNC1.2THF], + KCl

The other preparations of the alkali biS([B]annulene)-
lanthanate(111) salts are-methods'which are useful only for
sbecific lanthaﬁide elements. -For example, the bis([8]annulene)-
cerate(lll) anion can be_prepared by thé réduction of bis([8]-

annulene)cerium(IV) with one.equivaleht,oF'potassium'(1;10).41

[1.10]

Ce(CBHa)2 + K === > K[ce(C8H8)2]
This method is only feasible for complexes that contain lan-
thanide ions that can exist in a 4+ oxidation state and thus only

the cerium complex can be Made in this manner.

The bis([B]annulene)lanthanate(llI) anions which are complexed
by an ([8]annulene)lanthanate(lll) cation are the only other
class of complexes which contaih two [B]annulene dianions in a

sandwich arrangement about a lanthanide(III) ion. This class was
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first reported for the cerium(lll) ion, from the reduction of

cenium(IV) isopropoxide with triethylaluminum in the presence of

cyclooctatetraene (l.ll).4l

[(1.11]

Ce(OR)4 + A](C2H5)3 —E';--) CeZ.(C8H8)3

88

The green cerium complex was characterized by elemental analysfs
and infrared spectrum. The structure of this compiex is not
known, but its infrared spectrum indicates that all of the
ligands are present as the planar [8]annulene. Reaction of

CeZ(CBHB)B with cyclooctatetraene using a catatlytic amount of
41

triethylaluminum gave bis([(8)annulene)cerium(IV) (1.12)

(1.12]

(C2H5)3AI

A more general synthetic procedure for the synthesis of

LnZ(CBHB)B is by the reaction of neutral cycloocfatetraene with
2

lanthanide atom vapor at -198 °C (1.13).4

(1.13]

LR + C H, --—--- > Ln

2 8°3

Crystallization of LnZ(CBHe)3 from THF gives the complex as its

. 42
bis-THF adduct, [(CBHB)Ln(OC4H8)2][Ln(C8H8)2]. The crystal
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structure of the THF adduct of the neodymium complex (discussed
later) cleariy shows that the bis([Blannulene)neodymate(I1])

. . . . 42
anion is present in this structure.

The structures of both classes of compounds involving bis([{8]-
annulene)lanthanate(ll]l) anions have been elucidated from singie
crysfal x-ray diffraction studies on etherate adduéts of the com-
plexés. The struéture of the diglyme adduct of K[Ce(C8H8)2]43>
shows a bis([a]annulene)cerafe(lIl) anibn which has the [8]annu-
lene rings parallel p}anar and with a local symmetry of Ded about
the central metal atom. The anion is in a tight ion pair with a

diglyme solvated potassium cation.

8H8)2] is Cs; the potassium ion,

cerium ion, two ring carbons and the central oxygen of the dig-

The 'symmetry of (K(diglyme)][Ce(C
lyme all lie on the mirror plane of this mo}ecule.

The structure of the bis-THF adduct of Ndz(C8H8)342 shows a
bis({8]annulene)neocdymate(111]) anfon where the local symmetry of
the anion is Cl' The carbon atoms of the two [8]annulene.rings (A
and B) are almost eclipsed, but the rings are not parallel planar
and these planes intersect‘at an angle of 7.28 °. The complex
anion is an ion pair with a bis-THF solvated [8]annulene)neo-
dyméte cation. The metal-ring carbon distances shown in Figure ¥

1.11 {1lustrate the effect of thg presence of two trivalent atoms

in this molécule.
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Figure 1.10: Structure of [K(C_H, ,0.)][Ce(C.H,),] (hydrogen atoms
omitted). 61473 g82

O
o5 Sy

Figure 1.11: Structure of [(CBHB)Nd' ZTHF][Nd(CBHB)Z] (hydrogen
atoms omitted).



22

The carbon atom indicated on ring B (in the structure of

[(CBHB)Nd ZTHF][Nd(CBHe)2

neodymiums. The presence of two neodymium atoms does not break

] is within bonding distance of both

the planarity of the rings, but it does cause distortions in the

bis([B]annulene)nebdymate anion.

The structure of [(CBHB)Nd(OC4He)2] [Nd(CaHS)ZJ can be con-

44,45 . . '
2(C8H8)3. In the titanium

structure, both titaniums are compiexed by one [8]annulene, but

trasted with the structure of Ti
they share a third cyclooctatetraene (Figure 1.12).
7

Figure 1.12: Structure of*"TiZ(CBVHB)_3 (hydrogen atoms omitted).

L=
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In the neodymium complex, the presence of a second lantha-
nide(Ill) only distorts the bis([8lannuiene)lanthanate(l1]) ion.
The thermodynamic driving force for neodymium to form é covalent
n-bond with cyclooctatetraéne is not sufficient to overcome the
coulombic attraction between [8]annulene dianion and a

lanthanide(I11) ion.
Bis([8)annulene)lanthanate(Il) dianions

Bis([8]lannulene)lanthanate(l]) dianions are the subject of the
second chapter of this thesis and are not discussed in this chap-

ter.
Mono([8]annulene)actinate(IV) complexes

The ([8]annulene)thorate(lV) "half-sandwich" complexes are by
far the most extensivly studied of the mono([8J]annulene) com-
plexes. ([B]Annulene)thorate(lV) dichloride can be synthesized as
3 bis-THF adduct by the stoichiometric reaction of [8]annulene

dianion with thorium tetrachloride (1.14) or by the reaction

equilibrium reaction between ThCl4 and Th(CBHB)2 (1.15).22’ 46

[1.14]

K_C_H, + ThCl

2tghs 4 THF (C8H8)ThCl + 2 KCI

2
(1.15]

>
ThCl4 + Th(CsH ) 2 (C8H8)ThCI

8°2 THF 2
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The related compounds from alkyl substituted cyclboctatetraenes

can be bést brepared by refluxing bis(alkyl[8]anhuléne)— |

vthorium(lV) with excess fhorium tétfachloride in THF or DﬂE until

the yellow color of the bis(alkyl[8]annulene)thorium(IV) disap- *
pears. ([S]Annulene)thoraté(IV) dichlorides can élso be pfepared

. "

by reaction of bis([8]lannulene)thorium(1V) with anhydrous

hydrogen chioride (1.16),22

(i1.16]

, ‘Th(CaHB)Z + 2 HCI (CgHg)ThCT . + CgH ¢
Tﬁe preparation o? ([8]annu1ene)thoréte(IV) bis—hydfoborates
'have been achieved by several routes;47'The alkyl substituted
complex, (h—butyl[B]annulene)thorate(IV)vbis-hydroborate,‘is».
prepared by the reaction of thorium tetrahydroborate with
bis(n-butyl[8]annulene)th6rium(IV) in refluxing THF (1.17). Due
to the. low solubility of the unsubstituted bjs([S]annulene)—
thorium(I1V) in THF, the unsubstituted mono-ring compliex is best
prepared by the reaction of thOrium.tetrahydroborate.with an

equimolar amount of dipotassium [8)annulene in THF at room tem-

perature (1.18).

[(1.17]

Th(BH4)4 + Th(n—BuCBH-,)2 ----- > 2 (n-BuC_H,)ThCI

87 2

[1.18] .V

KZCSHB + Th(BH4)4 ————— > (CBHB)Th(BH4)2 + 2 KBH4
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Similar reactions to those shown above on the analogous uranium

systems gives poorly characterized products which suggest the ex-

istence of ([8)annulene)uranate(lV) bis—borohydride.47

The structure of the bis-THF adduct of ([8]annulene)-

thorate(lV) dichloride is known (Figure 1.13).46

Figure 1.13: Structure of (CeHa)ThCIZ' 2THF
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The mono-ring dichloridevcrystallizes in two modifications. In
both the a and 8 forms the thorium atom is éomplexed by one
[B8lannulene ring, two chlorine atoms and two THF molecules. The
{8Jannuiene ring is centrally located on the thorium atom. The
chlorine atoms and THF molecules are in trans-configuration on
the side of the thorium atom opposite the ring. The a form of the
complex crystallizes in space gréup P21/n and the 8 Form crystal-
lizes in space group P21/c. The only significant geometrical diF4
Ferencevbetween'these.two forms is the larger C1-Th-Cl and smali-
ler 0-Th-0 angles that the a form exhibits relative to the B8
form. The existence of two forms of mono-ring thorium complex is

adequately explained by crystal packing forces.
Hono([8]annu1ene)lanthanate(III) complexes

There are several types oF’lanthanide(III) complexes which
contain only one [8]annulené ligand. The cléss-of complexes
[(CBHB)LnC15C4HBO]2. which was shown earfier as an isolable in-
termediate in the formation of the bis([8]annulene)f
lanthanate(111) anion.47 is made'in.good yield.From the addition
. of one equivalent of [8]annuiene dianion in THF to a suspension
.oF one equivalent of anhydrous lanthanide trichloride in THF

36, 48

(1.19). Good yields of the mono-ring cerium complex product

were obtained by the reaction of bis([8]annulene)cerate(ll])

anion with one equivalent of cerium trichloride (1.20).36
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[(1.19]

K.C.H, + LNnCl

2Celg 3 THF 1/2 [(CaHe)LnCl ZTHF]2

[1.20]

K[Ce(C 3 THF

> .
8H8)2] + CeCl [(CBHB)LnCI 2THF]2 + KC1

The mono-THF adduct of ([Blannulene)scandate(ll!) chioride {s ob-

tained from the addition of [8]annulene dianfon to scandium
trichloride.49 Reaction of ([8]annulene)scandate(lll) chloride

with one equivalent of [BJ]annulene dianion gives bis([8]annu-

lene)scandate(l11l) anlon.49

50

The structure (CBH )CeCl.'2THF s known and shows that

8 3
([8lannulene)cerate(lll) chioride exists as a chloride bridged

dimer of the THF adduct (Figure 1.14).

Figure 1.14: Structure of [(CBHB)CeCl'ZTHF]2
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The ([BJannulene)lanthanate(lll) alkyls have been ﬁrepared
Ffom the corresponding chlorides by reaction QF the chloride with
'alkyl\itﬁium reagents (l.21).5l |
{r.211

1/2 [(CBHB)LnC1 ZTHF]2 + LiR -=-—- > (CBHB)LnR xTHF

The alkyl derivatives were characterized by elemental analysis,

infrared.'lH—NHR and 13C—NMR. The infrared spectra of the alkyls

indicate thaf the planar [8lannulene is present in these com-
plexes. It is not known whether the ([8J]annulene)lanthanate(lll])

alkyls exist as monomers, dimers or as polymers.

A bimetallic ([8]annuiene) complex containing cerium(l]l1l) and

52

aluminum(I11) ha$ been synthesized. ([8)annulene)cerate(l1l])-

: di—u—isopropoxydiethylaluminum was synthesized from the. reaction
of cerium(lV) isopropoxide with triethyla]uminum_in,the presence

of cyclooctatetraene and toluene as the solvent (1.22).

[1.22]

CgMg ‘
Ce(OR), + Al(CHg), —2-2- > (CgHg)Ce(OR) " Al (C H
. Mg

52

This bimetal\iﬁ complex is charactefized Sy elemental analysis,

infrared spectrumvénd mass spectrum. The infrared spectrum indi-

cates that the eight-membered ring is present as [8]annulene. It W
was suggested from mass spectrum and lH—NHR studies that this

complex exists with the isopropoxide |igands bridging between the

cerium and aluminum fons. (Figure 1.15)52
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Figure 1.15: Proposed structure of (CBHB)Ce(OR)2 AI(CZHS)2

The bimetallic [8]annulene complex has also been made as its

acetonitrile adduct.52

The only other class of compounds which contain a
janthanide(l11) lon and one [B]annulene ligand is the "mixed
sandwich™ complex, ([8Jannulene)lanthanate(ll])
cyclopentadienides.53 This class of complexes can be made by
efther the addition of cyclopentadienide to the ([8]annuiene)-
lanthanate(ll1) chliorides of the addition of [8]annulene dianion
to (cyclopentadienyl)lanthanate(lll) dichloride (1.23). The

5

yttrium 3 and scandium49 members of this class have also been

reported.

[1.23]

(CgHgILNCT, + K CgHg —===== 5

(CBHB)Ln(CSHS)

(CBHB)LnCI + Na(CSHS) ------ >
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These complexes are initially obtained as THF adducts, but lose
THF, in vacuo, at 50 °C. The mass spéctrum of the complexes con-

tain the parent [MC as well as the fragments [HC8H8]+ and

FUIPS
'[HC5H5]+. The infrared spectrum of each complex contains absor-
banées which are attributable to [8]annulene and cyclopenta-
dienide anfon and the lH—NHR of the diamagnetic yttrium complex
of this series contains resonances which caﬁ be assigned to the
protons of [B8l}annulene dianion ahd cyclopentadienide anién; In
addition to characterization of the THF adduct, the complexes.
have alsé been characterized as l:1 adducts with pyridine, am-

monia, and cyclohexylisonitrile.53

([8]annulene)lanthanate(II) complexes

The ([8]annulene)lanthanate(l1l) complexes, Ln(CaHB) (Ln = Eu,

Yb), are discussed in the next chapter.
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CHAPTER THWO

[8]Annulene Complexes of Ytterbium(1l) and Calcium(lil)

Introduction

The lanthanide elements are the series of fourteen elements
with atomic numbers 58-71. They constitute half of the "f-biock"
transition metal elements in the periodic table; the fourteen
actinide elements éonstitute the other half. Lanthanum (Z = 57)
is not, strictly, a Ianthanide;l in its ground state lanthanum
contains no f-electrons (Ln° = [Xe]5d652).2 However, the
chemistry and physical properties of lanthanum and the fourth row
element, yttrium (Y° = [Kr]4d552). are lanthanide~like; these
elements are almost always treated as lanthanides. Scandium (Sc°®
= (Ar]3d4sz). due to fts small fonic radii (relative to the lan-
fhanides). has properties intermediate between the lanthanides
and aluminum, yet the chemistry of scandium is often included in

reviews of the lanthanides.
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The common oxidation state for the lanthanides is the
trivalent state. In fact, all of the lanthanides have the
trivalent state as the most thermodynamically stable oxidation
state. The chemistry of trivalent lanthanide compounds and or-

3,4

ganometal lic complexes is well reviewed, and is not reviewed

in this work.
The Divalent Lanthanides

One might expect that the_thermodynamically stable oxidation
state of the lanthanides is the\divalent state.‘noting thé
similarity of the grOund-state configuration of most of the lan-
thanides ([Xelf"s? for Pr-Eu, Tb-Yb), and the ground state con-
figuration of the alkaline eérth eléments ([core]sz).-ln fact,
the divalent $tate.of ngarly-all the-[anthanides has beeh

reported. Table 2.1 gives the oxidation potentials for the

Ln(lIl)/Ln(ll) couple.5

As one can-cénclude from inspection of Table 2.1, the
trivalent state of the lanthanides is more stable fﬁan the
diva[ent state. Consideration of ionization energfes, atoﬁization
~energies, solyation energies and/or lattice energies of the lén—
thanide elements in, for exémple. Born-Haber cycles, show that
the trivalént state is the most stable state for the lanthanides

1,6

in both solids and solutions. ' The values_For Ln(IID)/Ln(1}) in
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Table 2.1: Standard Oxidation Potential of Ln(III)/Ln(II)a

Lh  Ln(IID/Lncin)® Ln  LnCIID)/La(1n)P
Ce ~2.92 Tb ~2.83
Pr ~-2.84 Dy -2.56
Nd -2.62 Ho -2.79
Pm -2.44 Er ~2.87
Sm -1.50 Tm -2.22
Eu -0.34 Yb -1.18

Gd -2.85 Lu unknown

(a) ref. S. (b) in volts.

Table 2.1 are determined from the energy of the third ionization
potentials (AG°1p)and the energies of hydration (AG°hyd) for the

divalent and trivalent state for the lanthanides (2.1).5

[2.1]

2+

3 (Ln™")

+ - [ ]
(Ln™ ") AG hy

hyd

F(Eo(lllb/(ll) + 4.43) = AG°ip + AG® d

where 4.43 is the standard thermodynamic electrode potential of

the hydrogen electrode.7

As one might predict, the divalent lanthanides are similar to
the alkaline earth elements. Europium and ytterbium compare with
the alkaline earth elements strontium and calcium, respectively.
In Table 2.2, various comparisons are shown between these ele-

ments.
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Table 2.2: Comparisoné of Some. Divalent Metal lons (Ca,Eu,Sr,Yb).

M lonic a.b Ionizationc d Me/M(II) couplee
Radius™ ' Potentials ™’
(C.N.=8) (Ist, 2nd)

Eu  1.39 5.67, 11.25 -3.44f

Sr 1.40 '5.70, 11.03 -2.91 s

Yo 1.28 6.25, 12.17  -2.80

Ca 1.26 6.11, 11.87 -2.86

(a) in A . (b) ref. 8. (c) in eV (d) ref. 9. (e) in volts. (f)
calculated from M(III)/M(I1) and M°/M(II]) couples from ref. 6.

One important similarity of the divalent oxidation states of
europium(11) and ytterbium(Il) with the alkaline earth elements
js the solubility of the metal in fiquid ammonia. Warf and Korst
were the first to observe that europium and ytterbiumthetals
dissolve in liquid ammonia to give blue solutions.‘0 Subseqqeht
measurement of the electrical cohductivity of these solutions led
to the suggestfon that ytterbidm is.divélent in liquid ammonia

and can be considered as Ybe (2e7).!!
Orgénometallic Complexes of the Divalent Lanthanidés

‘Organqmetalliclcomplexes involving diQélent lanthanide metals
‘ére now known for samafjuh, eurdpium and ytterbium fnvolving a
variety of organic ligands. These complexes have been recently
‘reQiewed by Schumann4 and by the Gmelin series3 and will not be
reviewed here. Following is a brief review emphasizing complexes

which are pertainent to [8]annulenelanthanide(ll) complexes.
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Cyclopentadienide Complexes

The solubility of europium and ytterbium in liquid ammonia was
utilized in the synthesis of the first organometallic complexes
involving divalent lanthanides. Fischer and Fischer reported
Eu(CsHs)2 and Yb(CsHs)2 from the addition of two equivalents of
neutral cyclopentadiene to one equivalent of lanthanide metal in
liquid ammonia.12 The lanthanide complexes were compared with
their alkaline earth analogs. The comparison of the infrared

spectra of EU(CSHS)Z with Sr(CsH and Yb(C_H_), with Ca(C_H.)

502 51502 5Hs) 5

(Table 2.3) suggest that the complexes have similar structures.
Comparison of the x-ray powder pattern of Eu(CsHS)2 with

Sr(C5H5)2 also indicates that the divalent lanthanide and

alkaline earth cyclopentadienides have similar structure.12

Table 2.3: Compagigog of Infrared Spectra of H(CSHS)2
(M=Eu,Sr,Yb,Ca).” "’ :
Eu(CsHs)2 Sr(CsHS)2 Yb(CSHS)Z Ca(CsHS)2
3077 m 3077 m 3086 m 3049 m
2933 m
2681 w 2667 w 2681 w
1724 w 1724 w
1621 w 1621 w 1658 w
1590 w 1590 w 1590 w 1590 w
1435 m 1435 m 1433 m 1433 m
1346 w 1344 w 1362 w
1119 w 1119 w . 1120 w 1119 2
1057 m 1057 m 1053 m
1007 s 1008 s 1006 s 1006 s
880 m 891 w 890 w 889 w
863 m 865 m 870 m
838 m 840 m 841 m
782 s 784 s 774 s 778 s
739 vs 739 vs 752 vs 750 vs
(a) ref. 12.

(b) vs, very strong; s, strong; m, medium; w, weak.
(c) nujol/fluorolube mulls.
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Since the ring-metal interaction in the alkaline earth com-
plexes is surely ionic, then the similarity of structures sug-
gests that the ring-metal interaction in the lanthanide complexes

is also ionic. Additional support for the ionicity of the ring-

1

metal bond in'Eu(CsHs)2 is from Mossbauer spectroscopy. The Eul3

shift (6= -1.32 cm/s relative to EuF3) invEu(CsHs)2 is comparable
to the shift meésured for the ionic _species.EuCl2 |
12 |

(6=-1.34 cm/s).

The crystal structure of the class LnCp2 is not known, but the

13 This moleéule'exists_as a

structure of Can2 has been reported.
polymer, with each calcium atom'associated with four cyclopen-

tadienide rings (figure 2.1).

Subsequent work on the'bis(cyclopentadienyl)lanthanide com-
plexes has led to the synthesis and structural characterization
of many substituted cyclopentadienide complexes. Most of these
divalent lanthanide qomplexes exist és monomers of their base-
adducts; the base is coordinated to the lanthanide atom.3
Recently, Evans has synthesized and characterizéd'thevfirst base-
free, nbn—polymeric-complex of a diyélént lanthanide with a
.cyclqpentadienide ligaﬁd,

bis(-pentamethyl—cyclopehtadienide)samarate(II).14 The structure

of this complex is similar to the structure shown in figure 2.2.

There is no explanation at this time for the non—coplanarity

of the ligands in this complex; however, it is unlikely that
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&

Figure 2.1: Structure of Bis(cyclopentadieny!)calcate(ll])
(hydrogen atoms omitted).

Figure 2.2: Structure of Bis(pentamethylcyclopentadienide)-
samarate(il) (hydrogen atoms omitted).
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orbital interactions between the rings and the metals play a

major role in the ring-tilting. -
[8]Annulene Dianion Cdmplexes

The first lanthanide [8]annulene complexes reported,'Ln(CeHe)
15

(Ln = Eu.‘Yb). are the only {8]annulene complexgs which have
been shown to contain a divalent laﬁthanide. Thésé_cbmpleXes
were syntﬁesfzed by.the addition of one equivalent.oF_neutral cy-
cJooctatetraene to ope equivalent of europium’or ytterbfum metal

in liquid ammonia (2.2).

[2.2]

CoHg + M (M=Eu,Yb) --—-—- > M(CgHg)

The pyrophoric powders, Ln(CBHB) (greeﬁ. Ln=Eu; pink, Ln=Yb) are
insoluble in hydrocarbons, ethers and liquid ammonia; the ytter-
bium complex gives a dark red soiutlon in eqUilibrium with a dark
solidvin'pyridine. Yb(CeHa) has also been synthesized by fhe
reaction of cyclooctatetraene vapor with ytterbium metal atoms

(2.3).18

[2.3]

CgHg + YDB® ===--- > Yb(CgHg)

The crude reaction product was purified by Soxhlet extraction

with pyrfdine for three days.
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Further characterization of the [8]annulenelanthanide com-
plexes is limited. The divalent nature of the metal in the
complexes was illustrated by EPR 15( Eu(CéHe) has an EPR spectrum
at 77 K which is consistent with the presence of Eu2+ ) or mag-
netic susceptibility15 (Yb2+ is diamagnetic). No reactions of the
divalent lanthanide complexes have been reported, except for

their violent reaction with oxygen.ls

The structure of the class Ln(C8H8) has not been elucidated.
The infrared spectrum of Yb(CaHe)17 (figure 2.3) suggests a
highly symmetric complex fnvolving the [8]annulene dianionl8 {the
only bands present between 1000 and 600 <:m.l occur at 888 and 678
_cm-l). and the low solubility of the compliexes in hydrocarbons,
ethers and liquid ammonia suggests that the'class Ln(CBHe) is

polymeric.

The report of synthesis of KZ[Ce(CeHe)ZJ from the reduction of
Ce(CBHB)Z by two equivalents of potassium in
l.2-dimethoxyethane19 is the only example of a bis([8]annulene)
compound with a central metal atom in a formal 2+ oxidation
state. The cerium complex as its di(l,2-dimethoxyethane) adduct
was characterized by elemental analysis and infrared spectrum.
The structure of [K(C4H1002)]2[Ce(C8H8)2] is not known, but the
infrared spectrum of the cerium complex does contain bands (887
and 682 cm_l) which are ponsistent with the presence of an [8]an-

nulene dianion.18 Although there are reports of Ce(ll) from the
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Figure 2.3: Infrared specta (nujo! mull) of Yb(C.H.).
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reduction of Ce(lIl) in other systems.5 the presence of the

cerium(1ll) ion in [K(C4H1002)]2[Ce(C8H8

chemical or spectroscopic methods.

)2] has not been shown by

In order to study a bis-[8]annulene compound with a divalent
central metal atom, the divalent ytterbium complex,

KZ[Yb(C ], and its calcium analogue, KZ[Ca(C8H8)2] have now

88’2
synthesized and characterized. The determination of the struc-
ture of the di(l,2-dimethoxyethane) adduct of KZ[Yb(CBHB)Z] by
single crystal x-ray diffraction is the first structure solved
for a complex of {8]annulene dianion with a divalent lanthanide.
The crystal structure and characterization of the bis([8]annu-

lene) lanthanate(Il) complexes is in the Results and Discussion

section of this chapter.
Electron Exchange in Sandwich Complexes

Along with the information obtained on the nature of the ring-
metal interaction in the bis([8]annulene)metal (II) complexes, the
lH-NHR studies on bis([8]annulene)ytterbate(ll) and bis([8]annu-
lene)ytterbate(lll) indicate that a dynamic electron exchange is
occuring between these two complexes on the NMR timescale. The
observation of a dynamic electron exchange between bis([8]annu-
lene) complexes has no literature precedence. There is only one

example of dynamic electron exchange (measurable by lH—NHR)

between two sandwich complexes that differ only in the formal
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oxidation state of their central metal atoms and that is the

dynamic electron exchangevbetween ferrocene and ferricenium
20

fon.

Bis(cyclopentadienyl)iron(ll), ferrocene, can undergo a one
electron oxidation to form bis{cyclopentadienyl)iron(lll), fer-
ricenium ion (2.4). These two complexes can equilibrate by the
" exchange of an electron.

[2.4]

_TeT, .
Fellghg)y (.- Fellghg)y
+e :

Due to the position of the rings, the iron atom in the
sandwichdcomplékes is shielded from interacfion with the'<
solvent:'.zl Thus, the Ferrocene/Ferricenium'syétem is close to the
‘the simple model for electron exchange proposed by Hachs.22
Marcus’ theoretical model bredicts that:

(2.5]
»
k = xkpZ(exp(-AG RT))
and
[2.6]
. - ® -*
AG = w_ + AG_ + AG,
r o i
where
[2.7]
.

AGO = e (l/Dop - l/Ds)

4R
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The coulombic repulsion between the reactants is small (the work

required to bring the reactants together (wr is minimal) and the

24 + 25
structures of Fe(CsHs)2 and Fe(CsHs)2

*»
the energy involved in rearrangement (AGi) after electron trans-

are similar so that

fer is small. The free energy of activation for the electron
»
exchange should then be AGO (the terms in the Marcus equation are

defined in footnote 23).

The study, by lH-NHR. of the electron exchange in the
ferrocene/ferricenium $ystem was first reported by Wahl in 1963.
In this study it was found that the addition of a small amount of
ferricenium fon (or more precisely, the addition of a small
amount of oxidizing agent) caused the ferrocene resonance to
broaden. Assumming that the electron exchange reaction was first

order with respect to each reactant (2.8).20

[2.8]

rate = k[Fe(CgHg),][Fe(CoH )7

5 55°2

and that the electron exchange is fast relative to the spin-spin
relaxation of the paramagnetic species, it was found that
k> 1x10° M 's7! at 250 c.

In further studies by Hahl.26 it was found that the line width

of the coalescence peak in the ferrocene/ferricenium system (NDP)

was given by equation 2.9.



50
[2.9]

Wop = FoW

- 2
= + (J-Fp)ND + Fp(l-Fp)4ﬂ(6v) /ke

p
is the mole fraction of FeCp;. dv is the diFFerence in chemical .

where HD and HP are the linewidths of the individual species, f

shift between the two species, ¢ is the total concentration and k
is thé secbnd order'raté constant given fn équation 2.8. From
equation 2.9 it is seeh'that the line'width of the coalesced
species ‘arises Frqm,the line widths éf the individual species and
from avline-broaaéﬁfng depéhdent on the rate of exchange between

the two species. In Wahl’s experiments, the plotting of W p VS

D
1/c, for various concentrations of the sandwich complexes, gave a

straight line whose slope gives k = 5.3x106 M—ls-l at 25° C in-
acetonitrile-d

3
6,1 -1
M s from Marcus theory.

. This rate constant is consistent with k =

22,25 Subsequent studies'21 have

5.7x10
shown that the solvent has little effect on the rate of electron
exchange in the ferrocene/ferricenium system. Shown in table 2.4

are the rate constants for the electron exchange in various

solvents.



Table 2.4: Rate of Ferrocene/Ferrocenium Electron Exchange at

25° C as a Function of Solvent.a

6 1 -1 6 1

Solvent kK (x10 )M 's Solvent k (x10 )M 's~
CDBOD 6.0 CGDSNOZ 2.3

CDBCN 5.3 CDZCIZ 4.3

CD3N02 5.8 (C02C|)2 4.3

(CD3)2C0 4.6 CD3COZD 7.0

(CD3)250 1.6

(a) ref. 21
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Results and Discussion

Synthesis of Bis([8]annulene)Metal(II) Complexes

The synthesis of'dipofassium_bis(fB]annulene)ytterbate(II) and
calcate(ll) is straightforward in liquid ammonia. These complexes
were synthesized by the addition of fwo equivalents of cycioocta—
tetraene,to!a‘blue liquid ammonfa solutisn of two‘equivalents of
potassium and one equivalént of ytterbium or calcium mstal.

{2.10]

Mca, yo) ¥ 2 Cgfg * 2 K ———==- > KyIn(G

gg)2]

When a 2:1:1 ratio of cyclooétatetraene:potassium:ytterbiqm was
used in the liquid ammonia reaction, the ytterbium(lil) éomplex
-K[Yb(CSHe)Z] was obtained (2.11). In this reaction a ytter-
bium([l) species is probably formed first, followed by oxidation
to the ytterbium(ill) by cyclooctatetraene.

[(2.11]

Yo + 2 C.H, + K —=—==- > K[Yb(C

s gMg)2]



53

Bis(t-butyl[8lannuliene)ytterbate(ll) dianion and -ytterbate(III])
anion were prepared from t-—butyl—cyclooctatetraene27 fn reactions

similar to 2.10 and 2.11

The utility of the ytterbium in liquid ammonia reaction is
fllustrated by the synthesis of (2-cyclopentadienylethyl)([8]annu-
leneytterbate(lll). (2-Cyclopentadienylethy!l)cycliooctatetraene,
synthesized by Halpern.28 is a ligand involving both a cyclopen-
tadiene and cyclooctatetraene mofety bridged by an ethyl group.
Addition of a THF solution of the one equivalent of the neutral
ligand to a blue liquid ammonia solution containing one equiv-
alent of ytterbium metal resulted in an instant color change of
the solution, followed by a vigorous evolution of bubbles. Ap-

2*(2¢”) in liquid smmonia reacts with the cyclo-

parentiy, the Yb
octatetraene moiety of the ligand (the color change) to form a
ytterbium(l]) species which can undergo oxidation (with the
evolution of hydrogen) to the ytterbium(l1l) species by reaction

with the cyclopentadiene moiety (figure 2.4).

Fiqure 2.4: Reaction of (2-cyclopentadienylethyl)cyclooctatetra-
ene with ytterbium in liquid ammonia.

@,
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The liquid amménia system was aiso used in the_attempted
~synthesis of bis(benzo-[8]annulene)calcate(ll) dianidn. When a
THF solution of two equivalents onbenzocyclooctatetraene29vwas
added to a liquid ammonia solution of two equivalents of potas-
sium and one eqdivalent célcium. a pyrobhoric ted powder was
Fofmed. The diffusion of hexane ihto a diglyme solution 6F this
red powderAcaused two distinct compounds to crystaliize; the
analysis of these two compléxes indicatéd that they are the
diglyme adducts of (benzo[e]annulené)calCate(jl) and dibotassium
benzo[B]annuleqe.

-The unsuécessful attempt to brepare KZ[Ca(benzo—CeHs)] can be
rationalized by considering the equilibriUm.sthn in equafion..
2.12.

[2.12]

-——=>
[KS J,0ML,] <2

[KS_IL + S ML
X b4

-where L = {8]annulene ligand
M = divalent metal
S = ethereal solvent

In the benzo-{8]annulene system, the solvent coordinated (benzo-
| [8lannulene)calcate(l]l) is favored over the bis(benzo-[8]annu-

lene)calcate(ll) dianion.

In the unsubstituted [B8lannulene system in ethereal solvents,
the equilibrium shown in equation 2.12 does not exist. Yb(CBHB)

ifs insoluble in ethereal solvents, so that if the bis-[8)annulene
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dianion were in equilibrium with the mono~-[8J]annuiene complex,
the insolubility of ML would drive the equilibrium totally to the

right.
Physical Properties:

The physical properties for KZ[Yb(CBHB)Z] and KZ[Ca(C8H8)2]

are similar to the properties reported for the trivalent lantha-
nide complexes, K[Ln(CBHB)Z].30 The most noticeable similarity is

the air-sensitivity of the compounds KZ["(CBHB)ZJ;_KZ[YD(CBHB)ZJ

and KZ[Ca(CaHe)Z] enfiame in contact with air.

Compounds KZ[Yb(C ),] and Kz[Ca(C H,),] are thermally

ga’2 g's’2
stable, showing no sign of decomposition when heated to 360 °C

sealed under one atm of argon or to 200 °C in vacuo. A mass
spectrum of KZ[Yb(CeHa)Z] shows no m/z that can be attributed to

the ionization of the sandwich compound.

In THF solution, Kz[Yb(CaHa)z] is oxidized to K[Yb(C8H8)2] by

0., CCI4. COT, and U(C,H,.),: the presence of the bright blue

2 882
ytterbium(l1]l) complex was indicated by its visible spectrum.

Compound K[Yb(CsHe)z] is thermally unstable and is converted to

KZ[Yb(C ),] (by the loss of COT, eq. 2.13) when heated at 310

ghg’2
°C sealed under one atm of argon, or to 200 °C in vacuo.

[(2.13]

2 K[Yb(CBHe)Z] ———> KZ[Yb(CBHB)Z] + Yb(CBHB) + C8H8
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Surprisingly, the reaction of K[Yb(CgHg),

refluxing THF failed to produce any KZ[Yb(CBH

)] with potassium in
8)2]. This result
makes the reduction of Ce(CgHg), by potassium to form the

divalent cerium complex KZ[Ce(CeHe)Z]‘unlikely.lg

Bis([8]annulene)ytterbate(II) and -ytterbate(lil) can be
separated by crystallization. Diffusion of hexane into an ether

solution of a mixture of K,[Yb(CgHg),] and K[Yb(C ] results

g's)2
in the Formatfon of blue crystals df.the ytterbium(lll) comp ] ex
and a red-orange solution of the ytterbium(Ill) complex. However,
if an ethgr solution of KZ[YS(CéHaﬂz] and’K[Yb(CBHB)Z] is cooled,
orange crystals form out of the dark blue solution. The dif-
ference in condjﬁiqnslfor the cfystallization.of the ytter—
bium(ll)'or ytterbium(I11) complex can be readily rationalized.
‘The symmetric fKL]z[Yb(CBHa)Z] kLv='éthereal ligand or ]igénds)
haéva relatively htghervlattice energy and will, as a result,
crystallize at higher tehperatures than the yttérbium(lll)
'specfes° The ether adduct [KL][Yb(CaHB)Zj. however, is less
soluble in a hexane-ethef solution, and .falls out of solution
preferentially to the ytterbium(ll)vcomplex. These‘crysta]-
lization processes aid in obtaining the yfterbium(ll) or ytter-
bium(lli)vcomplexes in pure form.

Compounds KZ[Yb(C ] and KZ[Ca(CeHa)Z] have the same

g's’2 ,
solubility pfopertles; they are insoluble in hydrocarbon solvents

such as. hexane, toluene and benzene, but soluble in ethers such
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as diethyl ether, THF, and DME. The slow cooling of a saturated
solution of K2[Yb(C8H8)2] or KZ[Ca(C8H8)2] in an ether gives
crystals of the ether adduct. The THF adducts of KZ[Yb(CeHa)Z]
and KZ[Ca(CBHB)Z] rapidly lose THF, in vacuo, or in an argon
atmosphere (ca. one hour), but the DME adducts are stable at
ambident temperatures. As with all of the lanthanide [8]annulene
complexes, KZ[Yb(CeHB)Z] and Kz[Ca(CBHe)Z] exist as powders in

the absence of coordinated ether molecules.

The t-buty! derivatives béhave similarly to the unsubstituted
complexes. One surprising result is that the bis~-diglyme adduct
of dipotassium bis(t-butyl[8lannulene)ytterbate(li) is relatively

stable to air. When a crystal of [K(C 11, [Yb(t-BuC.H,)..] was
2

872

exposed to air, no signs of decomposition were detected for at

671403

least five minutes; the total decomposition of a small crystal

took 30 min. The stability of [K(C6Hl403)]Z[Yb(t-BuC8H7)2] is
likely due to the steric bulk of the diglyme and the t-butyl
group and clearly illustrates why air stability is not a good

criterion for covalency in [8]annulene complexes.

Bis(t-butyl[8]annulene)ytterbate(ll]) proved difficult to
purify, due to contamination of the ytterbium(ll) complex. When
fhe crude reaction product was crystallized from diglyme, both a
blue powder and red crystals were formed. Repeated crystal-
1ization from hexane diffusion into diglyme solutions gave a

sample which contained very little ytterbium(ll) (as shown by
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'H-NMR at -70°C; see the NMR section of this chapter). The
visible spectrum of this sample showed the same complex spectrum
as for the unsubstituted bis({8]annulene)ytterbate(lIl) and was,

therefore, pressumed to be bis(t-butyl[8]annuilene)ytterbate(111).

The difficulty in purifying
bis(t-butyl[8]annulene)ytterbate(lli)-is due to thevgreater
reduction potential of t-butyl[8lannulene dianion relative the

(8]annuiene dianion.

The presence of a t-butyl group on cyclooctatetraene makes the
. : ' . .l’ . [
compound harder to reduce (and the corresponding dianion more

reducing); A good measgre_of the efFect of the t-butyl group on
the aﬁility of cyclooctatetraene to héld a negative charge is;the
eduilibrium between’cyclogctétetréene'rédical anion and
t-butyl-cyclooctatetraene. In the equilibrium, shown in equation
2.14, the equilibrium lies far to the left such tﬁaf

2

K__=2.8 x 10 °. The same situation should occur for the equi-

eq _
1ibrium between {8]annulene dianion and

t-butyl-cyclooctatetraene.

[2.14]

- e ——— > -
C8H8 ,+ t—BuCeH7 pE— C8H8 + t—BuCBH7

lH—NHR of a system involving ytterbium(ll1l) and

t-butyl[8Jannulene dianion does indicate that some reduction of

the ytterbium(111) does occur.3!
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Visible Spectra

The bright orange Kz[Yb(C ] in THF solution has an in-

ghg)2
tense, broad absorbance in the visible region at 504 nm. In THF

solution, Kz[ca(CBHB)Z] has no absorbance in the visible region.

The pale green color of K2[Ca(C8H is due to trace impurities;

g)2]

repeated recrystallization of Kz[Ca(C ] from THF gives a pure

ghs’)2

white powder. The dark blue K[Yb(CBH in THF solution has a

g)2]
broad absorbance at 570 nm with a sharp shoulder at 649 nm.

The visible spectrum oF'KZ[Yb(C ),] in THF can be readily

g2
interpreted. Earlier studies on the class K[Ln(CBHe)Z] led to
the conclusion that the broad absorption bands in the visible

region of these compliexes are due to ligand-to-metal charge

transfer.30 The visible absorbance of KZ[Yb(C ),] can also be

ghg’2
assigned to a ligand-to-metal charge transfer band. The visible
spectrum of the di-t-butyl derivative of Kz[Yb(CaHe)zl.

KZ[Yb(t-BuC 1, show the visible absorbance red-shifted to 520

gh7)2
nm.26 Alkyl substituents on the [8]annulene dianion make the
ligand more reducing and would shift a 1igand-to-metal charge
transfer band to lower energy. Since the Yb(ll) ion in
KZ[YD(CBHS)Z] has completelylfilled 4f orbitals, n-f charge
transfer can be ruled out and the visible absorbance of

KZ[Yb(CBHB)Z] can be assigned as a ligand n-to-metal d charge

transfer.
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Figure 2.5: Visible spectra of KZ[Yb(C Ho),] (top) and -

, 88°2
K[Yb(CeHB)Z] (bottom) in THF. :
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X-ray Powder Pattern

The measured powder patterns of KZ[Yb(CBHe)Z]'ZDHE,

KZ[Ca(C ),]°2DME and the powder pattern calculated from the

g's)2

single crystal x-ray data of KZ[Yb(C ]1°2DME are shown in

g2

Table 2.5. The powder pattern of KZ[Yb(C

),]1 2DME was calcu-

g’z
lated (by Dr. Allan Zalkin) using the cell dimensions and the
structure factor of the single crystal structure determinations.

Only two weak lines out of 21 lines calculated for

Y.,] 2DME are not observed in the pattern of

]'20HE.30 Since the ytterbium(ll) complex contains 50

KZ[Yb(CBHB 2

KZ[Ca(C )

gla’ 2
more electrons than the calcium complex, one expects and finds
intensity differences in the measured powder patterns of
Kz[Yb(CBHB)Z] 2DME and KZ[Ca(CeHe)Z] 2DME. Nevertheless, the x-
ray powder patterns are sufficiently similiar that

KZ[Yb(C 17 2DME and KZ[Ca(CBHe)ZJ'ZDHE are clearly isostruc-

g's)2

tural.

Infrared Spectra: The infrared spectra of KZ[Yb(C ),] and

ghg’2
] as Nujol mulls are shown in Fiqure 2.6 The in-

Kz[Ca(C )

g"s)2
frared spectra of KZ[Yb(CBHB)Z] 2DME and KZ[Ca(CBHB)Z] 2DME are

shown in figure 2.7.

The infrared spectra of Kz[Yb(C ),] and KZ[Ca(C H,),] are

gfs)2 gls’ 2

identical; the infrared spectra of KZ[Yb(CBHe)Z]'ZDHE and

Kz[Ca(CaHe)ZJ'ZDHE are also identical. This similarity of
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Table 2.5: X-ray powder diffraction data on KZ[M(CBHB)Z]'ZDHE

M=1Yb : v Yb Ca

calculateda_ found found

ach® 1 ah 19 gk i

- 9.75 282 9.83(5) w+ . .
8.81 140 8.80(4) w 8.76(4) w
7.31 747  7.31(3) s- 7.33(3) s-
6.76 1282 6.73(2) s 6.74(2) s
6.35 229 6.36(2) w+ 6.37(2) w-
5.79 1125 5.76(2) s- 5.76(2) s-
5.46 77 5.45(2) w-

4,89 174 + 4.87(1) w+ " 4.90(1) w-
4.45 392 4.42(1) m 4.47(1) m
4.33 4 ' 4.34(1) w
4.14 99. 4.15(1) w- 4.15(1) w-
4,06 119 4.07(1) w- 4.07(1) w-
3.95 13 o - 3.93(1)  w-
3.85 273 3.85(1) m 3.85(1) m
3.65 17 . 3.61(1) w-
3.51 19 : 3.52(1) w-
‘3.41 235 3.43(1) w+t 3.43(1) w -
3.31 131 - 3.31(1) w- 3.31(1)  w-
3.24 129 3.25(1) w- 3.25(1) w-
3.17 155 3.17(1) w 3.17(1) m
3.10 227 . 3.10(1)  w 3.10(1) w

(a) The complete calculated powder pattern for M = Yb is at the
end of this chapter. (b) Adjacent lines combined where 20 values
are less than 0.50° apart. The position of the combined 1ine is
calculated as '

D =2(Di * Ii)

tli A

(c) The number in brackets is the extimated error in the least
significant digit. (d) Estimated relative intensity.
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infrared spectra was anticipated, since ytterbium(ll) and cal-
cium(ll) have almost identical ijonic radii8 and previous work had
shown that the infrared spectra of ca(c5H5)2 and Yb(C5H5)2 are

simi!ar,12 even though the sample of Yb(CsHs)2 may have been

contaminated with Yb(C5H5)3.32

Infrared spectra for the 600-1000 cm-l region of some bis-
[8]annulene complexes are compared in Table 2.6. [t has been
noted previously that the infrared spectra of all of the bis-
[8]lannulene sandwich complexes of the f-transition metals are
similar as a result of their similar stl;'uctures.30 The assignment

of the infrared absorbances of these complexes is still in ques-

33

tion; a recent assignment (shown in Table 2.6) is additionally

-consistent with the fact that KZ[Yb(C ),] and KZ[Ca(C H

gHa’2 ghg’ 2]
have the same infrared spectra. An earlier assignment attributed

3

the strong band at 698 cm-l to a ring-metal-ring tilt. 4 Such an

assignment could not give identical spectra for KZ[Yb(CsHa)Z] and

KZ[Ca(C ], since the difference in mass of ytterbium and

gha)2
calcium would cause a3 difference in energy for any absorbances
which involve the central metal. Since the infrared spectra of

KZ[Yb(CaHB)Z] and KZ(Ca(C ] are identical in the 400-4000

gls’2
cm.l region, then any absorbance involving the central metal must
occur outside of this range. A further discussion of the infrared

spectra of bis([8]annulene) sandwich complexes is in Chapter 4.
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Table 2.6. Comparison of infrared spectraa’b

U(C8H8)2c K[La(C8H8)2]d K[Yb(caHe)Z]e_Kz(Yb(ceHe)zje’F Assignment’
698 vs 680 vs 690 vs 683 vs p(CH), AZu
746 s 740 m 741 s 740 m v(CC), A2u
777 m 771 W 770 w P(CH), E7.
792 m .

, | 879 s :
900 s 892 s 899 s 888 s B(CH), E

(é) vs, very strong; s, strong; 'm, medium; w, weak. (b) nujol
mulls. (c) Ref. 34. (d) Ref. 33. (e) This work. (f) Infrared of
Kz[Yb(CBHB)Z] and KZ[Ca(CBHB)Z] are fdentical.

Discussion of the Structure of [K(C4H1002)]2[Yb(c The

ghg) 21
atomic parameters and distances are listed in Tables 2.7 and 2.8.
“Figure‘2.8 shoW§ an ORTEP view of a formula unit with the number-

ing scheme used for the atoms in Table 1l. Additional atomic

distances are given at the end of this chapter.

The [8]annulene rings;of KZ[Yb(CeHB)é]fZDHE are planar with
all.the cafbbn—carbbn bond lengths equivalent. Thé maxihum devia-
tion from tﬁe Ieast squares plane of"the ring for any carbon atom
fs 0.01 Aa. The.cafbon¥cafbon distances within the ring range %rom '
1.40 to 1.42 A with an average of 1.41 + .01 A . The bond angles

within the ring are all within their standard deviations of 135°.



(hydrogen atoms omitted for clarity)

Figure 2.8: ORTEP drawing and atomic numbering scheme for

[K(CH, 0, 1,[YD(CgHg) )
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Table 2.7: Positional_parameters for [K(C

Atom

Yb
K-
o(1)
0(2)
C(1)
C(2)
C(3)
C(4)
C(5)
c(e)
C(7)
c(8)
C(9)
- C(10)
c(tl)
C(12)

(a8) In this Table and in
number in parentheses is

least significant digits.
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a
410020 1,0 Yb(CgHg) 5]
X y p4

0 0 - 0

0.35199(13) -0.34073(12) 0.09645(17)
0.5266(4)  -0.5865(4) 0.2003(5)

0.6346(4)  -0.3377(4) 0.3517(6)

0.2982(6)  -0.0479(6) 0.1970(8)

0.2208(7)  -0.1188(6) 0.2916(7)

0.1084(7)  -0.2140(6) 0.2420(8)

0.0252(7)  -0.2787(6) 0.0758(10)
0.0200(6)  -0.2717(6)  -0.1077(9)

0.0944(7)  -0.1982(6)  -0.2010(7)

0.2084(6)  -0.1027(6)  -0.1517(8)
0.2936(6)  -0.0416(6) 0.0138(9)

0.4371(9)  -0.7001(7) 0.1946(12)
0.6448(7)  -0.5787(6) 0.3691(8)

0.7322(7)  -0.4573(7) 0.3771(9)

0.7098(8)  -0.2143(7) 0.3748(10)

Table 2.8, 2.9, 2.10 and 2.11, the
the estimated standard deviation in the

| Table 2.8: Selected interatomic distances (& )

Atom l-Atonm

Yb-C(1)
-C(2)
=-C(3)
~C(4)
-C(5)
-C(6)
=C(7)
-C(8)

0(1)-C(9)
-C(10)

0(2)-C(11)
-C(12)

C(11)-C(10)

(a) Atom at position

2 Distance
.719(5)
.7136(5)
.760(5)
.183(5)
.773(5)
.729(5)
L711(5)
.715(5)

[ASIUASIN AN T AN B AN I AN B N I o)

e

.425(8)

1.411(7)

1.415(7)
1.414(8)

1.481(10)

Atom 1-Atom 2

K-C(1)
=C(2)
-C(3)
-C(4)
=-C(5)
-C(6)

- =C(7)
-C(8)

K-0(1)
=0(2)

K-0(1)2

l1-x, -1-y, =-2z.

Distance

.998(6)
.026(6)
.036(6)
.027(6)
.025(6)
.025(6)
.012(6)
.989(6)

NWwWWwwwwwN

.796(4)
.731(4)

[AS IV

.928(4)
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The ytterbium atom is on the center of symmetry and is
sandwiched by two planar [8lannulene ligands; the potassium atoms
are each coordinated to one dimethoxyethane ligand and a

(Yb(C ),] dianion. The average ytterbium-to-carbon distance is

g's’2
2.74 * 0.03 X ; the distance of the ytterbium atom to the least
squares plane of the [8]annulene is 2.03 A . The two sandwiching
[8]annulene rings are parallel-planar and exactly eclipsed (beiné
related to each other through the center of symmetry), making the

symmetry of the [Yb(C },] dianion D

ghs’2 gh gha’?2
only bis-[8]annulene compliex of a lanthanide that exhibits

Kz[Yb(C ),]1 is the

eclipsed rings. In K(C )][Ce(C8H8)2]35 the [8]annulene rings

611403
are in a staggered conformation (i.e., the symmetry of the

]l6

[Ce(C )2] anion is D d) and in [NA(THF) (C8H8)][Nd(C

8''s 8 2 s''s)2
the [8lannulene rings are nearly eclipsed, but not parallel-
planar. The eclipsed vs. staggered arrangement of bis-{8]annulene
rings is not considered to be indicative of the type of ring-
metaf bond for these complexes. Wideline NMR studies on crystals
of U(C8H8)2 indicate that the barrier to ring rotation is essen-
tially 0 kecal mole.l.36 Any conformational preferéncé for the
rings in the bis-[8]annulene complexes is more than likely due to
crystal packing forces, and not due to orbital interactions

between the metal and ligands.

The average potassium-to-carbon distance is 3.02 + 0.02 & ; the
distance of the potassium atom to the least squares plane of the
[8]annulene ring is 2.39 & . The potassium atom is also coor-

dinated to two oxygen atoms of a DME ligand at 2.796(4) A and
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2.731(4) & and to an oxygen atom of an adjacent DME ligand at a

distance of 2.928(4) A .

+

The average Yb-C distance (2.74 + .03 A ) in | 2DME is the same
as the averagé Ce-C diétancé (2.74 + .02 &) in
{K(C_H

)][Ce(C These equal distances are consistent

6 14 3 88 2]
with Raymond’s arguments on the ionic nature of the metal-carbon
“bond in [8]annulenelanthanidefcomplexeé;37 since the ionic radii
oF‘Ce(III) and Yb(I1) are the same.38 Note that the addition of
the'ca|CUlated ionic radids of carbon in [8]annulene dianion,

1.49 A ?3 to the extrapolated ionic radius for a 10-coordinate

. divalent ytterbium cation, 1.25 A ?9 gives a Yb-C distance of
2.74 & . |

Discussion of the Structure oF [K(C6 1 4 3)] [Yb(t- BuC 2]; The
ORTEP drawing of this molecule and the atomic numbering scheme is
given in figure 2.9. fhe pbsjfional parameters are given in table
2.9. Sélected interatomic distances and distances of selected

atoms from the least squares plane’of the ring are given in

vtables-Z.lO and 2.11 respectively.

The ytterbium atom is centrally sandwiched between the two
substituted [8]annulene rings at a distance of 2.055 A from the
ring centers. The potassium atoms are also centered on the sub-

stituted [8]annulene rings, opposite the ytterbium atom, at a
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Table 2.9: Positional parameters for

[K(C

61403

AYON -

ve

K1)
{2
ol
al2)
at3
0(s)
0(35)
oté)
ctn
c
Ctn
Ci4)
cts
cter
cwn
clal
cs

c(100

c(11s
€12}

CL13¢

C(le)
c(13)
C416)
ciumn
ct1s)
€19
€20}
ci2n
€e22)
ci2n
cltas
€125
cl26)
czn
c(as)
€299
€130}

€i31)

c2)
€13
Ci34)
ciiss
Ci36)

)]Z[Yb(t-BuC8H7)2].

x
e 046544(3)

- «349061(18)
=e 26406(16)

«4529(5)
«3451(6)
‘e 3212LT)
=+366315)
-o252616)
=-,2512L7)
«147119)
«0682(9)
«0602(10)
e12646(11)

- «2251(10)

«304518)
e3165(8)
«2532(8)
« 309319}
«4548(10)

«3052(11)

«2329(12)
-p 22410 8)
=e2159(8)
-+ 1388110)
-« 0375110}

0 026419)

«8173(9}
-, 0568(9)
-$1589(9)

- =e 2320( 90

-+3623(10)
-o 2045110}

-o 14244110 -

«4333(10)
0 3666(9)
+3841(9)
« 3351131}
e 2546(1s)
e2543(16)
-.3517110)
-e 2846(9)
-9 3034(9)
- 23930100
-o2686110)
o 2009( 14}

Y
«18694(2)
e19628(10)

«18968(10)

«32715(3)
«2295(3)
«0963(4)
«3170(3)
«2208(3)
«0862(3)
«1051(5)
o1533(6)
0221416}
e2731(6)
«2T48(S5)
e2284(5)
«1602(5)
" 01067(4)
«03821(4)
«032115)
«0317(5)
=.0209(5)
o1565(S)
«2258(5)
«271TL S

«2681(5)
" og16206)

ol479(5) -
«1014(5) -
«1022(5)

. <0356 (4)

«0285(5)
 «0297(5)
-e0239(5)

*3T749(5)

«3408(5)

'«2908(5)

«1813(6)

«1262(6)

~8378(7)

°3642(5)

«3319(4)

©2815(5)

e1725(5)

*1152(5)

826516)

4
«2656312)

o #4T4618)

«044465(8)
«50844(29)
«37997128)
«3%09(3)

~e01679(28)

-+ 08799127

=e060513)
«3523(4)
37861 4)
«3804(5)
e3546(5)
317704}
02949(4)
02965 (4)
«317504)
«3015(4)
«3429(6)
e2245(5)
«3196(6)
199014}
«1979(4)
«173215)
«1353(5)
21090 (4}
«1125(8)
140114}
«176TL4)
o194 T(4)
e1541(5)
«2712(35)
«1726(6)

" «4539(S)

«53541(5)
+«809T(S)
o$2931(5)
5956 (6)
e 3240160
«037915)
=.0633(5)
-11T7TT(5)
-=21372(4)
=+1000(5)
-e0324(%)

72



Table 2.10: Selected Interatomic distances.

Atom 1-Atom 2 Distance Atom 1-Atom 2 Distance

Yb-C(1) 2.733(8) Yb-C(13) 2.788(8)
=-C(2) 2.710(8) -C(14) 2.758(8)
-C(3) 2.762(10) -C(15) 2.735(8)
-C(4) 2.786(10) -C(16) 2.746(8)
=-C(5) 2.747(9) -C(17) 2.766(8)
-C(6) 2.758(8) -C(18) 2.737(8)
-C(7) 2.791(8) -C(19) 2.767(8)
-C(8) 2.821(7) -C(20) 2

.836(8)

Table 2.11: Selected interatomic distances and distances of
selected atoms from the least squares plane of the ring.

Plane 1: C(l) - C(8) Plane 2: C(13) - C(20)
Atom Distance Atom Distance
Yb -2.054 Yb 2.056
K(1) 2.456 K(2) -2.468
C(1) -0.022 C(13) -0.022
C(2) -0.004 C(14) -0.011
C(3) 0.025 ' C(15) 0.024
C(4) 0.003 c(16) 0.009
C(5) -0.030 C(17) -0.024
C(6) 0.007 C(18) -0.005
C(7) 0.018 C(19) 0.018
c(8) 0.003 C(20) 0.011

C(9) 0.007 c2n 0.010
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mean potassium-ring distance of 2.46 A . The K-Yb-K angle is 176°
and the planes of the two [B8]annulene rings intersect at én angle
of 2.7°. In addition to coordination to the [8]annulene ring,
each pqtassium atdm is coordinated by four oxygenvatoms from the
diglyme.rBoth o(l) and-0(4) aré inyolved in coofdinétjng to two
potéssium atoms from two adjacent molecules; fn the crystaline

state the compound is polymeric.'.

Thé central carﬁon atoms of the t;butyl groups (C9 and C21)
are iﬁ the plane of the [B]annulenejrihg. One methy!l group (Cl12
or C24) is nearly in the plane of the ring suéh thatuthe other
methyl carbons (C10,11 orlC22.23) are Hearly equidistant‘éboye
and below the plane of the ring (see Figure'Z.lOi._Thisaorienta-A'
tibn for a t-buty! group on an [8]anhulene ring_&as‘predicted by
calculations by Schiliihg;40
The conformation of the two rings is nearly eclipsed (figure

2.10); the distance between Ci12 and C24 is 4.21 A .

The distance for a Van der Waal’s interaction between methyl

groups . is = 4.0 A ?l

The question arises whether ﬁhe closeness of
the two t—butyl groups in the crystal structure of
[K(diglyme)]Z[Yb(t—BuC8H7)2] is due to a Van dér Waal’s attrac-
tioh'betweén the alkyl groups'or due to crystal packing forces.

Since there are no other crystal stuctures determined for any

other bis(alkyi{8lannuiene) sandwich complexes, it is impossible,



Figure 2.10: ORTEP of the "Side" and "Top" View of

[Yb(t—BuC8H7)2] Dianion.
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Figure 2.11: Energy diagram for the ring rotation in
bis(mesityl[8]annulene)uran1um(lV).
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at this time, to determine the forces responsible for the confor-
mation found in [K(diglyme)]Z[Yb(t-BuC8H7)2]. [t is, however,
interesting to note that in bis(mesityl[8]annulene)uranium(lV),
an unusual temperature-dependent ]H—NHR spectrum has been ex-

plained by the preference of the mesityl groups on the two

[8lannulene rings to be close to each other (figure 2.11).42

1 1
H-NMR: The "H-NMR of KZ[Yb(CBHe)ZJ and KZ[Ca(CBHS)Z] were

determined in THF-d8 solutions. The sixteen equivalent protons

of Kz[Ca(C ] occur as a singlet at 6§ = 5.47 ppm. This

g’
resonance is observed upfield from the resonances reported for

KL{Y(C ),] and K[{La(C_H,),] which occur at 5.75 and 5.90 ppm,

ghal2 88’2
respectively, relative to external THS.30 The ring proton

resonance of KZ[Yb(CBHB)Z] is observed at &§ = 5.47 ppm (figure
2.12). In its ground state, the ytterbium(Il) fon has no un-
paired electrons43 and is diamagnetic; the lack of a shift in the

observed ring proton resonance of KZ[Yb(C },] relative to

ghs)2

Kz[Ca(CsHe)z] shows that KZ[Yb(C ] contains the diamagnetic

g’
lanthanide(ll) fon. No resonance is observed for the paramagnetic

13

K[Yb(C ),] (Yb(I]]) is 4f ~ and has one unpaired electron), due

gla’ 2
to paramagnetic |ine-broadening.

The 'H-NMR of K,[Yb(t-BuCgH,),] in THF-d8 is straightforward
(figure 2.13). The seven ring protons occur as a multiplet at
8=5.26. The nine equivalent t-butyl methyl group protons occur as

a sharp singlet at §=1.52. For the analogous ytterbium(I11lI])
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H-NMR of [K(DHE)]Z[Yb(CBHe)Z] in THF-d8.
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Figure 2.13: lH-NHR of [K(C6H1403)]2[Yb(t—BuC 1 in THF-d8.
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figure 2.14: "H-NMR of [K(C6H14O3)][Yb(t BuC8H7)2] fn THF-d8.
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complex, the ring proton resonances are again too broad to be
located, but the t-butyl! methy! protons are far enough removed

from the paramagnetic central atom that their resonance occurs as

®

a broad singlet at é6=-14 (line-width 300 Hz, figure 2.14).

Electron Exchange between [Yb(CBHa)ZJ and [Yb(CBHe)ZJ .

When the lH-NHR spectrum of KZ[Yb(CaHa)Z] was first recorded,
there was no signal found at 6=5.47 at room temperature. The only
major peaks observed could be assigned as stopcock grease, and
the residual proton peaks of THF-d8. Upon cooling the solution, a
resonance at &8=5.5 appeared and sharpened as the sample became
colder (figure 2.15). It was postulated at that time that the
temperature—dependent phenomenon observed was an exchange process

involving the diamagnetic Kz[Yb(C )2] and the paramagnetic

gs

K[Yb(CBH At room temperature, this exchange process was

8)2].
occurring at a rate such that the ring-proton resonance was time-
averaged between the Yb(Il) and the Yb(IIIl) environment and was
too broad to be observed due to the combinatién of exchange and
paramagnetic broadening effects. At colder temperatures, the
exchange was slow enough that the resonance for the diamagnetic
species could be observed. Later experiments were successful at

] and the l—NHR of this complex was as

isolating pure KZ[Yb(C )

gfa)2
expected for the diamagnetic complexes. Addition of K[Yb(CeHa)Z]

to THF-d8 solution of the diamagnetic ytterbium(Il) compliex



82

<50

=30

Figure 2.15: Temperature dependent lH--NHR of bis([8]annulene)-
ytterbate(I1) and -ytterbate(l11l) anions (potassium-DME adducts).
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verified that the phenomenon observed in the earlier experiment
was due to the presence of [Yb(CeHB)Z] in the Kz[Yb(CBHB)Z]
sample.

There are two processes which can occur which will average the
ring-protons’ environment between Yb(ll) and Yb(III). One such
process is the [8]annulene ring exchange between [Yb(C8H8)2]= and
[Yb(CaHa)z]_. From exberiments involving the reaction of

- 30
8H8)2] with UC|4 or CeC13. it is known that the [8]annu-

[Ce(C
lene rings of the lanthanide(l1l) complexes are quite labile
(2.15, 2.16). No experiments had been performed to determine if

the ring exchange was fast on the NMR timescale.

[2.15]

K[Ce(C8H8)2]+ UCI4 ------ > U(C HB)2 + CeCl, + KCI

8 3
[2.16]

K[Ce(C8H8)2]+ CeCl3 ------ > [(CBHB)CeCI THF]2 + KCI

The other process that can time-average the ring environment
between the Yb(Il) and Yb(lIIl) atoms is an electron exchange
between the two sandwich complexes, by a process analogous to the
ferrocene/ferricenium exchange illustrated earlier in this chap-

tern (2.17).
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[2.17]

[Yb(C.H.).T

8)

The temperature-dependent lH-NHR of the'bis([S]annulene)ytter—
bate(Il) and: -ytterbate(lll) system could be due to efither or

both of the exchange processes discuSsed above.

The ca)ciuh anaiogvoF,the ytterbium(ll) cdmplexvserved_as an
excellentvtool for determining the-exchange process responsible
in the observed lH -NMR oF the [Yb(C8 8)2] /[Yb(C8H8)2] mixture.
Since‘Kz[Ca(CBHB)Z] had been.shpyn to be identical in structure
‘and physical. properties to the ytterbium(fl) analog and since
calcium does not have a trivalent oxldatlon state. the only
process that can result in a ttme averaging of the ring protons
is

environment in a mixture of [Ca(CBH and [Yb(C

82) ghs2)

[8lannulene ring exchange.

The temperature-dependent lH-NHR spectrum of abproxfmately
equal- ammounts of KZ[Ca(C8 8)2] and K[Yb(CaHe)Z] indicate that
ring exchange does not occur between these two comp]exes on the
NMR timescale. Figure 2.16 shows that the ring resonance of

K [Ca(C8 8 2] remains sharp and unshiFted throughout a tempera-

ture range between -60 to 40 °C.
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Figure 2.16: Temperature Dependent ll-l-NHR Spectrum of a Mixture

of [K(DHE)]Z[Ca(CeHa)ZJ and [K(DHE)][YD(CBHB)Z] in THF-d8.
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The NMR experiment shown above indicates that the ring ex-

in THF-d8 is either

),] and K[Yb(C_H

gHg’ 2 gfg) 2]

slow on the NMR timescale or does not occur at all. In order to

change between KZ[Ca(C

show whether or not the [8]annulene rings of Kz[Ca(CBHB)Z] are as

labile as the [8]annulene rings on the class‘K[Ln(CeHa)Z].

8H7)2] were mixed in THF-d8. Although

slow compared to the NMR timescale,’ ring exchange does occur

KZ[Ca(CBHB)Z]_and K[{Yb(t-BuC

between the calcium(ll) and ytterbium(lIl) bis-[{8]annulene com-

plexes. The 'H-NMR of a THF-d8 solution made from K,[Ca(CgHg) ,]

and K[Yb(t—BuC8H7)2] has resonances that can be assigned as

Kz[Ca(C ),] and Kz[Ca(t—BuC Hy),]1 (figure 2.17). The

ghg’2 g2
bis(t-butyl—[B]annulene)caicate(lI) can come only as a result of

ring exchange between'the unsubstituted calcium complex with the
substituted ytferbium(lll) complex (2.18).
| [2.18]

KZ[Ca(C )

] + K[Yb(t-BuC8H7)2]'-*-—>

KZ[Ca(t-BgC8H7)2] + K[YD(CBHS)Z]

88’2
The sharpness of the resonances o#-the calcium compléxes again
indicate that rihg.exchange between the calcium(l!) and ytter-
bium(l1[) species is slow on the NMR timescale; the above experi-
ments clearly rule out ring-exchange as the source of the
phenomenon observed in the bis([8]annulehe)ytterbaté(iI) and

-ytterbate(lIl) system.

In the NMR spectrum shown in figure 2.17, there is a resonance

at 8=1.03 that can be assigned as the methyl proton resonance for



: My- -
Figure 2.17: "H-NMR of KZ[Ca(CBHB)Z] + K[Yb(t BuC8H7)2].
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neutral t-butyl-cyclooctatetraene. The presence of this neutral
species (and the lack of any neutral unsubstituted cycloocta-
tetraene can be explained by the reducing-ability of

t-butyl[8]lannuiene dianion.

Since the ring environment in the‘[YP(CBHB)Z] /[Yb(CSHS)Z]
system. is not averaged by [8]annulene ring:exchange. then the
only other phenomenon poésible to average the ring’s environment
between a ytterbium(ll) and a ytterbium(1I]) atom is electron

exchange of the type shown in equation 2.17.

The equation used by HarF26 for the electron exchange (eq.
- 2.9) greatly simplifies when applied to a two-site exchange on
one molecule at coalescence (for derivation of eq. 2.19 from the

equation given by Warf, see the end of this chapter).

[2.19]

ke = n(§V)/Jz

In the two-site exchange'inyolving second-order kinetics, the

" rate éonstant in the above expression is actually kapp such that
the true rate constant for the system is Eapp over some con-
centration.

In the [Yb(C ) ]=/[Yb(C HB)Z]_ system the rate law of the

gfg)2 |
electron exchange reaction is

{2.20]
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Since in the ]H—NHR, the resonance of the diamagnetic species
is monitored, it is useful to express the lifetime of the diamag-

netic species, 1, as:

0
[2.21]

s 1/k [Yb(C8H8)2]
At coalescence, the rate of exchange is then:
[2.22]

’

kc = n(6v)/¢2[Yb(C8H8)2]
and

[2.23]

kC[Yb(CeHa)z] = kapp

Equation 2.23, however, neélects the effects of the concentra-
tions of the two individual species in a two-site exchange in-
volving two different molecules, such as the electron exchange
between [Yb(C8H8)2]= and [Yb(CgHg),] .

The equation for the rate of reactioh at coalescence for the
exchange between two molecules is somewhat moré involved than
equation 2.19. For the exchange between two molecules, the mole
fractions of each component (Fx) are not equal, so that the
individual mole fractions and the total concentration (c) of the
NMR sample must be considered, since the exchange is second order
(first order in each component). Deriving the rate of exchange
for a second order reaction from equation 2.9, taking into ac-
count the individual component mole fractions (Fx) and total

concentration (c) gives:
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Y, [2.24]

i 2 2
ke = 14 fyprifybrrr ™ (8V)

C[Yb(C8H8)2]

The derivation of equation 2.24 from equation 2.9 is also shown

at the end of this chapter.

In order to estimate the rate constant at coalescence for the

electron exchange between [Yb(CeHe)zl and [Yb(CaHs)Z] an NMR
sample tube was prepared containing a THF-d8 solution that was

-2 . . | -3
3.7 x 10 Min KZ[Yb(CBHe)Z] and 3 x 10 The

M in K[Yb(CgHg), 1.

,tehperature dependent lH—'NHR-of’ this sample indicated that the

BHB)Z] and [Yb(CBHB)ZJ

exchange was = -10°€. At 30°C, a broad peak (1ine-width = 300 Hz)

coalescence temperature for the [Yb(C

peak was-obserVed_ét § = 2 (figure 2.18). If this peak is assumed
to be the time averaged resonancejbetween [Yb(c8H8)2]= and
[Yb(CBHB)ZJ-’ then the chemical shift of the paramagnetic species

at 30°C is calculated as 6§ = =50 from equation_Z.ZS.

[2.25]

=6 (8

Syorrr = % 7 Fyor1Cvbrr)

Fyort

Since the chemical shift of the ring proton resonance of

K[Yb(CeH fs for T = 30°C, then it {s assumed that this

g)2]
resonance f{s ’,’55 ppm at the coalescence temperature of the



Fiqure 2.18: Time-averaged,resonance peak in the

[Yb(Cgg) ) /[YD(CgHg), ] IH-NMR spectrum (at 30°C).

o©
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system.“:4 In this case, the §v for equations 2.19 and 2.24 is
= 5400 Hz and the rate of exchange at coalescence (which is the

rate of the electron exchange reaction at -10°C) from equation

> motes !s7! (if the concentrations of the

indiyidual components are ignored, a rate of kl = 5 x 106

moles_‘s-l is calculated from eq. 2.19). A rate constant of

k = 10°-10° !

2.24 isk =8 x 10

moles 's™! at -10°C for the exchange between

bis([B]annulene)ytterbate(II)vahd -ytterbate(lI1) is consistent
with a rate of 5.7 x 10° moles™'s™! (at 25°C) found for the

eleCtron'exchange between ferrocene and ferricenium ion.

" 'The addition of NOBFA to a THF-d8 solution of

 [K(diglyme)]2[Yb(t-Bu(C ),] causes the resonance at §=1.54 to

gh7)2
disappear and a new, broad resonance to appear upfield of 1.54
PPm (expefimeﬁfvat RT). As this solufion>is cooled, the peak
broadens and dissappeafs_(at -10 - -20°C). By the time the solu-
tion is éooled to -40°C, a broad resdnancé appears ét 5=1.54
which sharpens as the éolution is cooled further (figure 2.18).
It is apparent thét the electron exchange between
[Yb(t-BuC8H7)2]= and [Yp(t-BuC8H7)2]f occurs in this system,
Since the coalesced t-buty! methyl proton peak is easiiy observ-

" able in this system, a study similar to Wahl’s can be undertaken

fn future research.
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Conclusion

Except for the differences that can be attributed to either
the difference in the number of electrons between ytterbium and ;
calcfum, or to the availability‘of a trivalent state for the

ytterbium complex. K [Yb(C8 g 2] and K [Ca(C ] behave as

8 8
fdent)cal comp]exes. Since it is highly unlikely that the 4f and
5d orbitals are involved in the ring-metal interaction of
‘Kz[Ca(CSHB)ZJ.'these orbitals also play no major role in the

ring—metal interaction oF K [Yb(C The agreement of the

ring—metél distance in Kz[Yb(CeHs)z] ZDHE'with the sum of the
fonic radius of carbon in [8]annulene dianion and ﬁhe.iOnic‘
radius oF_lO-coordinatevytterbium(lI) also suggests the lack of »
siganicanf covalent interaction between the ring and metél in |

K. [Yb(C The results reported in this péper further em—

ghg) 2]
phasize the unimportance of the 4f and 5d orbitals in ytter-
bium(11]) chemistry§ e.g., the ring-metal fnteraction in

KZ[Yb(CBHB)Z] is.essenﬁially fonic.

Althoﬁgh the ring-metal interactipn in the bis([8]annulene)
dianioné is fonic and the [8]annulene rings are labile, the rings
- of the complexes do not exchange on the NMR timescale. However, a
fast electrbn exchaﬁge (k = 106 moles-l s-l) occurs between
bfs([8]annulene)ytterbate(Il) dianiqn and bis([8]annulene)ytter- ‘ .
bate(lli) anion. This is the first example of a dynamic electron

exchange for a bis({8lannulene) complex and suggests that other
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[8lannuiene sandwich compiexes, which contain a central metal
atom that can exist in more than one oxidation state, will un-

dergo the same type of electron exchange.
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Exper imental Section

General : Unless otherwise noted, materia{s were obtained from
commercial suppliers and used without further purification,
- Ytterbium metal turnings were purchased from Alfa/Ventron.
. Tetrahydrofuran (THF) was distilled from sodium/benzophenone.
l.ZQDimethoxyethane (DHEjlwas distilled from Na/K alloy. Cyclo-_
octatetraéne (CoT) (BASF) was vacuum distilled and stored over
Molecular Sieves 38 . Liquid ammonia was vacuum transferred'into
the reathon'Vessels from a solution of sodium in fiquid
ammdnia.- All air-sensitive compoﬁnds were handied in a helium or
argon atmosphere glovebox or by -standard Schlenk techniques.
Unless otherwise indicated, all weights are *+ .01 g. Iﬁfrared
spectra were determined with a Perkin-Elmer Hédei 283 infrared
recording spectrophotometer. Samples for infrared determination
were prepared in a glovebox as Nujol muils. Visiblevspectra of
THF solutions of the ofganometallic compounds were determined
with a Cary Model 18 spectrophotometer; results are expre§sed as
xmax in nm (e). lH—NHR of the organometallic compounds were
determined in sealed tubes of THF-d8 solutions on a JOEL FX-90Q.
The chemical shifts of the proton resonances are referenced to
the Tow field residual proton resonance of THF-d8 (set aé 3.58
ppm). Samples for x-ray powder pattern determination were
prepared by grinding the crystalline sample to a fine powder and
seal ing the powder into a quartz capillaryvunder argon. X-ray
powder pattern data were taken with & Debye-Scherrer camera using

nickel filtered copper Ka x-rays.
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Elemental analyses were performed by the Microanalytical
Laboratory of the College of Chemistry, University of California,

Berkeley.

Reactions in liquid ammonia: The reaction vessel used for the
syntheses in liquid ammonia was a two-necked 100 mL round bottom
flask with sidearm. During the reactions, the flask was con-
nected through one neck to a Schlenk line and cooled in a Dry
lce/isopropanol bath. While transferring the liquid ammonia into
the reaction vessel and during the course of the reaction, the
vacuum manifold was isolated from the vacuum pump. The vacuum
manifold was protected from developing high ammonia pressure by a
mercury bubbler. After the metals were added to the ammonia, a
septum was plaéed on the free neck of tﬁe flask (under argon
purge) and cyclooctatetraene was added to the blue solution via
syringe. Since cyclooctatetraene freezes on contact with liquid
ammonia at that low temperature, the Dry Ice bath was removed to
facilitate reaction. When the reaction was.complete. the ammonia
was allowed to evaporate through the mercury bubbler, leaving the

pyrophoric material behinq.

Preparation of Kz[Yb(CeHe)Z] and_Kz[Ca(CsHa)Z]. The procedure
for the synthesis of the divalent ytterbium complex follows with
differences for the procedure for the calcium complex noted.
Cyclooctatetraene (1.79 g, 17 mmol) was added to a Dry-

Ice/isopropanol-cooled liquid ammonia solution of 0.67 g
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(17 mmol) of potassium metal and 1.49 g (8.6 mmol) of ytterbium
metal. The Dry-Ice/isopropanol bath was removed from the reac-
tioh vessel at this time to aflow the ammonia solutfon to warm.
As the reaction began, the so]qtion turned greeﬁ as a bright
orange precipitate appeared (the solution and precipitate were
bright yellow'For the calcium reaction). The ammonia was allowed
to evaporate and é bright 6range solid was left in the fe;btion
vessel (bright yellow for calcium). Qhen the reactiohvvessel was
wafmed with a heat.gun. the'solia turned bright pink (paie green
for calcium). The yield of the solid was 3.57 g (90%). Yields
from. the quuid annDnia reactiéns were typically about 9b$;
SHB)ZJ

| Crystals of the THF adducts of K,[YB(CgHg) ] and K, [Ca(C
- were obtained by the slow cooling of a saturated solution of

8H
KZ[Yb(CeHa)Z] and Kz[Ca(C

Kz[Yb(CBHB)Z] or KZLCa(C 8)2]'in the ether.‘_The THFv?dducts of

8H8)2] rapidly logt THF of solvatlon
(ca. one hour in an argon atmosphere or ca. 5 minutes, in vacuo)
and decomposed to unsolvated:powders. Analysis of KZ[Ca(CeHB)Z]
as a THF complex was not satisfactory, but the analysis does
suggest that there are two THF molecules per potassium atom.

8H8 2] 4THF: Calcd. for C32H4804K2Ca: C, 62.49;
H, 7.87; K, 12.71. Found: C, 61.73; H, 7.40; K, 11.8.

Anal. of Kz[Ca(C )

The unsolvated powders were heated at 200°C, in vacuo, for one

hour to insure the complete removal of solvated THF. The yield of

v

8HB)Z]) from the

first crop of crystals. The infrared spectra of KZ[Yb(CeHB)ZJ and

powder was 577 for Kz[Yb(CBHS)ZJ (67% for Kz[Ca(C
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. . 1
KZ[Ca(c8H8)2] are shown in figure 2.5. "H-NMR of KZ[Yb(CBHB)Z] é

= 5.47 * .03, singlet (KZ[Ca(C ] 6§ = 5.47 ¢ .03, singlet).

glg)2
Visible spectrum of KZ[Yb(CBHB)Z] 504 nm (850). Satisfactory
analyses of the powders were difficult to obtain, especially in
the case of the ytterbium complex. Anal. Kz[Yb(CBHa)Z]: Calcd.

for C16H16K2Yb: C, 41.82; H, 3.51; K, 17.01. Found: C, 39.66; H,

3.64; K, 19.2. KZ[Ca(C Caled. for C, H, K.Ca: C, 58.85; H,

ghg’21* 16M6%2
4.94; K, 23.94. Found: C, 58.47; H, 5.22; K, 23.4.

The slow cooling of a saturated solution of Kz[Yb(CaHS)ZJ or
Kz[Ca(CaHa)ZJ in DME gave crystals of the complexes as DME
adducts. The DME adducts of Kz[Yb(C

]4and KZ[Ca(C ] were

gha’2 ghg’2
stable and gave satisfactory analyses for one DME molecule per

potassium. Anal. Kz[Yb(CaHa)Z]'ZDHE: Calcd. for C 0 K,Yb: C,

24136045
45.06; H, 5.67; K, 12.22. Found: C, 44.79; H, 5.59; K, 12.4.

KZ[Ca(CBHe)Z]’ZDME: Caled. for C 0 K,Ca: C, 56.88; H, 7.16;

24360452
K, 15.43. Found: C, 57.113 H, 7.07; K, 16.07.

* Preparation of K[Yb(CBHe)Z]. In a procedure which is analogous
to the procedure used to synthesis Kz[Yb(CaHe)Zl and
Kz[Ca(CBHe)Z], the potassium salt of bis([8]annulene)ytter-
bate(111) was prepared by the addition of 0.88 g (8.4 mmoles) of
cyclooctatetraene to a Dry-lce/isopropanaol cooled liquid ammonia
solution of 0.73 g (4.2 mmoles) of ytterbium metal aﬁd 0.16 g
(4.2 mmoles) potassium metal. When the reaction was complete and

the solvent had evaporated, a bright orange powder was left in
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the reaction vessel. This powder turned bright blue when the
reaction vessel was warmed with a heat gun and exposed to a
vacuum. The crude yield of this powder was 1.50 g (86 %4). Satis-

Factory analysis could not be obtained for K[Yb(C H ) but the

2].
infrared spectrum of K[Yb(C8 8)2] (the major absorbances in the
600 to 1000 cm—}-region are gxyen in Table IIIl) is similar to the
lnfrared spectra of the other bls—[B]annulene lanthanide .salts,
and and indicated that the crude material contained ammonia.
Anal. Calcd for C16H19NKYb c, 40 33; H, 4.02; N, 2.94. Found:

C, 37.79; H, 4.02; N, 2.19. Mpax OF KIYD(CgHa) ] in THF is 574 Am

(1400).

A portion of this powdar was dissolved in.anhydrous, degassed
THF to give a dark blue solutlon Nhen anhydrous, degassed hexane
was allowed to diffuse into thls.solution dark blue crystals
appeared. The crystalsvwere isolated by filtration and washed
with anhydrous, degassed hexane. The crystals were placed, in
vacdo. Fdr ca. one hour at room temperature to remove solQent.
The dark blue powder changes to a lighter blue when heated to
100 °C sealed undar one atm. of argon gas, probably from loss of
THF of solvation. Analysis of the dark blue powder indicated that
there arevtwo THF molecules per_potasslum atom in the ytter-
bfum(I1l) complex. Anal. Calecd. for C, H 2OZKYb: C, 51.06; H,

243
5.71. Found: C, 51.37; H, 6.01.
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Another portion of Kz[Yb(CeHe)Z] powder was crystallized from
DME by allowing hexane to diffuse into a saturated solution of

K{Yb(C ] in DME. Analysis indicated that the compliex con-

gha’2
tained one DME molecule per potassium. Anal. Calcd. for
CZOHZGOZYbK: C, 47.05; H, 5.13; K, 7.66. Found: C, 46.51; H,

4.91; K, 8.27; N, 0.28.

* Preparation of Yb(CaHe). Degassed, anhydrous CBHB (0.32 g, 3.1
mmol) was added fo a blue solution of 0.53 g (3.1 mmol) of ytter-
bium metal in mL of liquid ammonia. As the solution warmed, on
orange precipitate began to appear. When all the ammonia had been
removed a lavender solid was left behind. When a portion of this
~ lavender solid was heated to 200 °C, it turned bright pink. The
crude yield of the powder was .74 g (87 %). Infrared (nujol
mull): 3322 w, 3229 w, 3038 w, 1835 w, 1720 w, 1590 w, 1310 m,
1301 w, 888 s, 674 vs. Anal. Calcd. for C8H8Yb (contaminated with
17 % YB(NH;) )i C, 29.665 H, 3.43; N, 4.41. Found: C, 29.60, H;

3.38, N; 3.91.

* Preparation of KZ[Yb(t—BuC8H7)2]. Anhydrous
t—butyl—cyclooctatetréene (0.57 g, 3.6 mmol) was added to a blue
solution of 0.14 g (3.6 mmol) potassium and 0.31 g (1.8 mmol)
ytterbium metal in liquid ammonia at -78 °C. Five minutes after
removing the Dry [ce bath, the reaction mixture was green and

then underwent a rapid color change to orange and then back to
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green. After the ammonia allowed to evaporate, a-blge-pOwder was
left behind. When the blue powder was heated to 200 °C, in vacuo,
it turned bright pink. The yield of the pink powder was 0.93 g

(91 ).

A portion of the pink powder (0.73 g) was dissolved in 10 mL
of anhydrous, degassed dig}yme. The suspension was heated to
140 °C and filtered. When the solution cooled to room tempera-
ﬁure. 50 mL of anhydrous, degassed hexane was carefully added via
syringe such that two layerS fa'lower orange layer and an upper
ciear layef) formed. As the hexane slowly diffused into the
digyime solgtion. Iafge reactangﬁlar crystals formed (§ome crys-—
_ tals formed almost iﬁhediat\y.‘but complete crystallization took
.fhreé days). Thejsoivent Qas_removed by filtration and the crys—'
Fals were washed three timesewith 50 mL of ﬁexane. A second crop
a &Eystals was grown from the filtrate and the hexaﬁe wash. Thé
yield of crysfals Qas 0.77 g (0.4l g Ist cfop and 0.36. g 2nd
crop) or 72 1. UV—vis; Xméx(THF) = 521 nm. 'H-NMR: (THF-d8) 5.26
m (7), 3.58 m (8), 3.46 s (6), 1.52 s (9). Anal. Calcd. for

C O K.,Yb: C, 51.47; H, 7.20. Found: C, 51.60; H, 7.39.

36M60%"2

* Preparation of Yb(C5H4—C2H4-C8H7). Ytterbium metal (0.26 g, 1.7

mmol) was dissolved in 40 mL of liquid NH (at -78 °C) to give a

3
blue solution. After two hinutes. a solution 0.34 g of (2-
cyclopentadienylethyl)cyclooqtatetraene in three mL of anhydrous,

degassed THF was added to the ammonia solution via sYringe;
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The solution immediatly turned dark yellow with a dark
precipitate forming. After five minutes, the solution grew darker
in color and began to bubble vigorously. After fifteen minutes,
the solution had a definite green color. After the ammonia was
allowed to evaporate and the THF had been removed, in vacuo, a
dark green powder was left in the reaction vessel. Anhydrous,
degassed THF was added to a portion of this solid and the result-
ing dark green solution was filtered. Anhydrous, degassed pentane
was allowed to diffuse into the dark green solution causing a
dark green precipitate to appear. The solid was isolated by
filtration and washed with pentane, and all traces of solvent
were removed, in vacuo. The dark green solid was characterized as
Yb(C5H4—C2H4-C8H7) by its mass spectrum. Mass Spec.(peaks shown
for ions which include ytterbium; m/z listed for the most abun-
174

dant ytterbium isotope, Yb ): 369 (Yb(C5H4-C2H4—C8H7)}, 343

(369 - CZHZ}. 291 (369 - CGHG}' 265 {369 - CBHB}' 239 (265 - CZHZ

and 343 - CBHB}' 213 (239 - CZHZ and 291 - C6H6}.

Reaction of Benzocyclooctatetraene with Potassium and Calcium.
Benzocyclooctatetraene (0.31 g 2.1 mmoles) in 10 mL of dry,
degassed THF was syringed into a 50 mL solution of 0.04 g (1.0
mmoles) calcium and 0.08 g (2.0 mmoles) potassium metal. After
half of the THF solution was added, the solution turned from dark
blue to dark red. After completion of the reaction, the removal

of solvent, in vacuo, left 0.39 g (91% crude yield) of a light
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orange, pyrophoric powder. This powder was dissolvéd in diglyme
and a layer of hexane was placed on top of thelred—orange'diglyme
solution. The slow diffusion of hexane intg the diglyme solution
caused a micro-fine yellow powder and red-orange platiets fo
form. The solvent.was removed by filtration, and the mixed
product was washed with hexane. The powder and the crystals were
carefully separated by hand. Efeméntal.analysis of the redforange

platelets suggést that they are [K(diglymé)lzbenzoc Calc. for

8H_6.
C24H3806K2: C, 57.57; H, 7.65; K, 15.61; O, 19.17. Found: C,

56.45; H, 7.94; K, 15.4; O (by difference), 20.21. Analysis of
thg yellow-powdef.was_consistent with [Ca(diglyme)]benzoC8H6,

Calc. for C  H,,0,Ca: C, 65.82; H, 7.37; Ca-0, 26.81. Found: C,

63.62; H, 7.79; K, 0.97; Ca-0 (by differénce), 27,6?.
Reactioh'of Potasélum wifh k[Yb(CBHB)Z). In an argon atmos-
phere'g[ovébox. potassiﬁm metal (0.02 g, 0.5 mmol) was added to a
soﬁQtion of 0.35 g[K(THF)é][Yb(CBHB)Zl (0<62 mmoli inleOme_oF

_dry. degéssed THF in a urénocene,reactor.45 The reactér with
solution was removed from the glovebox, connected to a Schlenk
line and the soiution was héated at reflux under a slightly
positive argon presﬁure. After two days'oF’heating. no potassium
bremained and the solution was still blue » although a bright pink

solid had formed (this solid was probably Yb(C,H.) ). The solu-

g's
- tion degassed by freeze-thawing and taken into an argon atmos-
phere glovebox. A visible spectrum of the blue solution indicated

only the starting material, and no KZ[Yb(CBHB)Z]. glovebox.
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Appendix A: X-ray Analysis:

The crystal structures of both ytterbium(il) complexes reported
in this chapter were solved by Dr. Allan Zalkin at Lawrence
Berkeley Laboratory. With the exception of the ORTEP program, all
computer programs used for the structural determinations were

written by Dr. Zalkin for a CDC 7600 computer.

Structure of-[K(C4H1002)]Z[Yb(CBHB)Z]. An irregular, orange-red
single crystal fragment of Kz[Yb(CeHB)ZJ’ZDHE with maximum dimen-
sions of 0.2 mm was sealed inside a quartz capillary in an argon
atmosphere and examined with a modified Picker FACS-1 Automated
diffractometer equipped with a graphite monochromator and a Mo x-
ray tube. Least squares refinement of the setting angles of 24
centered refiections (27° > 28 > 20°) using Mo Ka (A = 0.7i073 & )

radiation gave a = 9.346(4) A , b = 9.775(4), ¢ = 7.740(4) A , a =

666.5 A5 at 23

91.72(4)°, B8 = 109.16(4)°, y = 86.22(4)°, and V
°C. The space group of the crystal is triclinic, Pl, with one
formula unit in the unit cell. The calculated density of the
crystal (molecular weight of [K(C4H

is 1.59 g cm_a.

)]Z[Yb(C Hy),]1 = 639.80)

1002 g’ 2

Intensities were collected to a maximum 26 value of 50° using
a 8 - 29 scan technique. Three standard reflections were
measured at every 250th measurement; the three sfandards showed

an isotropic decay of about 5% and the data were adjusted
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accordingly. A total of 4729 intensities were measured and
averaged to give 2361 unique data of which 2312 were used in the

least squares with F2

>la(F2). The data were not corrected for
absorption because of the difficulty of seeing the faces and
measuring the crystal’s irregular dimensions. The absorption

coefficient calculates to 38..cm-l and an error of approximately

5% in the intensities is éstimated.

Trial boéitions for the ytterbium and potassium atoms were
obtained from a three-dimensional Patterson function and .were
refined by least squares, An electron density_map.reyéaled all
of the non-hydrogen atoms. All of the non-hydrogen atoms were
refined wfth'anisotrOpic tempefature factors. and the hydrbgen
atoms were included at fhéir estimated positions, but not
reFined. The F magnitude was used in the full-matrix re?inement.

6 | 2

The final weighted R f"ac_tor4 was 0.034 for 2312 data with F 5

o(Fz). and the goodness of fit was 1.33. The assigned weights w
2,1/2

= (c(F))fl, were derived from o(Fz) = [c + (QFZ) » where ¢ is

- the varifance due to counting statistics and p = 0.05. 'An empiri-

cal extinction correctiqn of the Form'Fcorr = Fobs(l + k1), where

k = 2.13 x 1077, was applied to the data. Scattering factors

were taken from- literature sources47 and anomalous scattering

terms were applied.48
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Table of Anisotropic Thermal Paramenters in

Cl12) e<1,18(27)

[K(C4H1002)2[Yb(C8H8)2].
ATON 11 g22 833
Y8 3.800€(16) J.3260025) 3,317(16)
[ 4TS 3.57(5) 6.28185)
o) 8 26118) J.39(16) 885501 8)
oty 3.87(L1) 3.62(17) 6.15(22)
ci) S 61 120) J.70(20) S.08t20?
ct2) 8o 36 (25) 8.66(27) 2.75020)
ety 6. 65 (27) &S7(27) Je88(24)
€y 3, 69(2%) 2.75021) 6.9%(8)
c(s) 3. 41 123) J.07122) $.5(7
Cts) 8. 21 (25) 4.51126) 2.%0128)
cn 3. 96 (2%) 8.50(26) 6.30(2%5)
c) . 63(28) JoT72(20) 6e5(3)
ety 6.0 (0) Qeb1l3) 9.2($)
c(te) s. 28 (29) 3.93125) h.06(2%5)
cti1) 30 27 (20) $.7(3) S.83120)
ct12) QW 7(I) $.41(3) $.3(0)
ATON 812 013 823
¥s 1267(18) 2.,283011) o 594(1 D)
K Le16(H) o811(n) 028 (6)
o(1) 37(LN) 1.05(14) 0 82(1 1)
ot2) o8 6(10) o88(15) e eH(19)
cty) 092(18) o 28(1Y) *y32(21)
€2 2.16(23) o1 3(1L0) 081 (19)
ety 1.98¢23) 2820221 2438€21)
C(s) o1 D) L0720 1¢57(22)
ey o 6(18) 056(21) og1,01(2¢)
€(5) Le?6¢€22) e8(28) e (12)
cn Le77822) SeTAI2Y) e89(210)
cts) o82€20) e10(20) e82(22)
(44 }) oe58(248) 3e9(0) o I
C(18) 2021220 126(22) o81(20)
c(11) e981(22) o37(2%) oo 83(24)
e 87(27) ®e33(28)



Estimated Positional Paramenters for the Hydrogen Atoms in

[K(C4H1002]2[YD(C

Hi1)
$¥(2)
1(3)
Y (W)
H(s)
Hi6)
(7
-nis)
1{9)
Hi18)
H(11)
H{12)
H(13)
Hi1k)
H(15)
41(16)
HiL7)
H(18)

8“8)2]'

e37h
02535
00733
*e08435
q,0522
00585
02338
e367s
e 390
e %998

0359

oe7113
06003
o 817

o 7735

o761 56
o785
6360

«811
0968
2619
% 11YA
©e 3333
2175
-.0?19

e8203

505’17

e, 7861
..’. 33
eebb23
5698

*.0519

’05537

 ®e2887
'-02103

*s1353

2789
oh23

e346S
S EIYY

el89

3334
.02576
eel418
029908
02097

o743

o317§
obT708
ob 8568

02691

020838

8982

3602

' These parameters were included at these calculated positions but not.

refined in the least-squares ﬁroceduresf' H(1-8) and H(9-18) were

assigncd.1so£ropic thermal parameters of 8.0 and 10.0 respectively; the

{sotropic thermal parameters were 2130 not refined. AN C-H distances
are between 0.98 and 1.00 A.

108
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Cyclooctatetraene Least Squares Plane.

Atom

cQ1)
c(2)
c(3)
c(4)
c(s)
c(s)
c(7)
c(8)
Yb

' [ ]
Distances to Plane (A)

0.006
=0.010
-0.008
0.0M1
0.009
<0.012
=0.008
0.012
-2.032
2.391

Plane equation with respect to crysta‘l'lographic axes:

6.00SX - 6.898Y - 0.425C = 2.032



Selected angles in K,Yb{C.Hqa),“(CH,0CH,CH,O0CH,)
8’2 kSl - el

c(1)-c(2)-c(3)
€(2)-c(3)-c(4)
c(3)-c(4)-C(5)
C(4)-C(5)-C(6)
c(5)-c(6)-¢(7)
c(6)-C{(7)-c(8)
C(7)-c(8)-C(1)
c(8)-c(1)-c(2) -
0(1)- & -0(2)
K -0(1)-C(9)
K -0(1)-c(10)
K -0(2)-c(12)
K -0(2)-C(11)

©g(9)-0(1)-c(10)

€(12)-0(2)-c(1)
0(1)-c(10)-c(11)

0(2)-c(11)-c(10) .

C-C Distances 1n cyclooctatetraene 1igand

c(1)-c(2)
- €(2)-c(3)
C(3)-c(4)
c(4)-c(5)
€(s)-c(6)
€(6)-¢(7)
c{7)-c(8)
c(8)-c(1)

ol ol ol od wd o wd b

134.8(5)
135.0(5)
134.9(5)
134.9(5)
135.5(5)
. 134.6(5)
135.0(5)
135.2(5)
92.8(2)
112,9(4)
114,0(3)
117.4(4)
118.1(4)

1M1.4(5)
113.9(5)
109.6(5)

109.0(5)

-409(9)
.400(10)
.421(10)
-409(9)
.395(9)
413(9)
.407(9)
.408(9)

110
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Appendix B: Structure of [K(C6H )]Z[Yb(t-BuC H

14°3 ghy)2!

The crystals were sealed inside thin walled quartz capillaries
under argon and mounted on a modified Picker FACS-I Automatic
diffractometer equipped with a Mo-Ka x-ray tube and graphite
monochromater. Sets of 6-28 scan data were collécted and cor-
rected for crystal decay, absorption (analytical method)49 and
Lorentz and polarization effects. Experimental details are shown

in Table 1.

The ytterbium and potassium atoms were located with 3-
dimensional Patterson maps, and subsequent least-squares and
glectron density maps revealed the locations of the other atoms.
All of the non-hydrogen atoms were refined with anisotrobic
temperature factors.

The positions of fourteen hydrogen atoms of the [8]annulene
rings were also refined, but with isotropic temperature factors.
The remaining hydrogen atom positions were included in the least-
squares at their calculated locations and with an assigned
isotropic thermal parameter, but not refined..

Atomic scattering factors of Doyle and Turner50 were used and

anomalous dispersion corrections were applied.51 With the excep-
tion of the ORTEP program all of the computer programs used are
written by Dr. Zalkin. Details of the refinements and the

residuals follow.
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Anisotropic Thermal Parameters.

ATOR 811 822 833 812 . B13 823

¥8 3.297116) 3.,8171(17) 2.788(15) «143(21) ~4o239(10) «0%0(19)
(1) 4.1718) $.30(11) 3.05(M «50(8) . 02246) -o2718)
&2 - 3.89(8) 4.79(9) 3.20(7) ~a14(9) 024161} +06( 8
o1} - A.6A(28) Se814) 4.90(29) ~ L63(2T) «93(24) e T3(27)
ot2) Tebls) $.3(3) 3.48128) =e1(3) 1.75(26) -+ 38(27)
0t 3) 89150 S.4(4) S.5(4) 1.9(3) - 1e6(3) «1(3)
o4 . 4e43(26) 5.2(3) S TTL2TH:  =o25(29) eTOl22) o413}
o5 S5.713) 4.913) 3.31(26) -e18(27). «901(23) «40(25)
o6 T3(4) 4.904) 6. 2(4) 6L 3) 265130 o 4(3}
ct1) 4.2(5) 3.0(5) 29(4) ‘ ol 4) - -aT(4) 2+3(4)
ct2) Je2(4) T l1.8(4) «3L5) o6(3) e9(4)
Ci3) 4,515 5.3t 3.215) e9(5) - 0(4) =1.3(5)
Cté) 4.6(5) 4.2(6) 3.9(5) A4S =,2(4) =l.6(4)
CtS5s. . 4«4(5)  3.,015) 3.6(5) -o204) ~ob(4) - 0(4)
ctéy 250460 3,915} 3. 740  =cBl4) -o5(3) «1(4)
amn 2e2(8). 4.8(5) 34(4) «2(3) «1(3 « 33
cis) 2.414) 3.6(5) b PR YT 3 A o813} - =e8(3) e 7431}
€t 9) 4.9(4) 3.504) 4.7(5) 1ebl4) -o1(4) eltée)
ct 10} 5.TL5) T006) " 9:TLT) 3.7(5) «2.7T(5) -lsT161}
C(11) g.286} 6.Tl6) S.9(6) 1.5(5) Le6(S) L =2s3L5)
12y 9.7(8) 4.1106) 8.0(7) «8(5) . 96} e 2(5)
ct13) 1.9(4) 6.0(6) 3.214) =lell®) «0(3) e3(4}
Cl14) 2604 5.3(6) 3.4(4) eT{ &) -e2(3} ~o0(%)
ci1se - 4015 3.506) . 4e4(S) 2.5(5) =]l.6(4) 94}
Ctler 5.0(5) - 3.4(5) . 3.504) el(4) - 5L 4) - 1e5(4&)
ct11) 3.914) S.8L6) 2.2(4) -5 4) T3} obils)
ct1o 4.5(51 44050 2:10(4) ~obl( 4! Akl - T(4)
clt19 4,0(93) 3.4(5) 3.40(4) o9l &) © ell&) - 6({4)
ct 20) 340410 4.3(3) 225140 =1.104) ~ol(M «3(3)
cL21 4.3(40 4.3(% 4.5(5) =leb{4) b {4} obl4)
cL22) 6106} S«5(6) 8.4 T) -1.8(5) le#l(S)  =41(5)
ct23) T0(6) 6.91(6) S.4(5) =2+.3(5) «8(4) 1.7(5)
Cl 24} T306) 4.206) ) .o“" =$3(5) © 10(5) «T(5)
cL25) 6.,0(5) - Te386) S.515) -o8(5) 014 10151}
cl26) S5.2(5) S.616) S.4(5) «0( 4) 1e9(4) =100(4}
(AFa]) S.T(5) b.21(6) 4.4(5) =s2(4) le2(4) -le2(4)
cl 28 .97 GeTlb) 3.9(4) 96} . 1e8(&)  =,2(5)
clL29) 12.,0(9) _4e9(6) T T) 2.006) $.7T(T 1.1(5)
C130)  16.1(12) 6.0(7) T.0(7)  <NT) 1547 oT16)
Ci31)  l.lted S.Te? $.6(5)  1.0(5) -o1(5) =1.0(5%
Ci32) | GeBl4) 4o0l6) 6.2(5) -oll &) Re3( ) 1.7{s)
ct33) 2.1(8) 6516} 4.1(5) el 4} 10(4} «8(4&)
Cl 34} 6o4(5) - 63T 4.0(6) = =1.1(S5) 1.5(4) - 9(4}
i3 6306 $.906) $.T(5) -o0(5) 2015} «1.3(5)

CL36) 14.2110) $.MM S.6(6) lebl o) 2.416) -2 2051}



Hydrogen Positional and lsotropic Thermal Parameters,

LIy
Hi2s
“idn
His)
His)
H{s)
“en
nsl
H{9}
w10l
Wills
W12}
Hiin
niw
Hil1s
Hil6)
namn
Hil1ss
H19
H{ 200
Hi21
Hi22)
ni2n
H{24)
Hi251
He26)
nian
H2s)
Hi29)
neon
wiln
Hi{l2y
L1EE])
Hnils)
H(35s
ni36)
W
®iasy
W9
1L 1]
HN{alY
MHi42)
Hi{4d)
Hias)
nias)
H(ae)
LTy
LI )
LIL L))
H{301
His1y
His2y
L]
NS4}
nissy
Nise)
LI1{]
nise
M9 £
fNisd) €

L N N N N N Y N Y Y N L L e L N N o E L R Lo N o N N Y o N N o N L N R N N N N N Y R o W L R T N N Y X T

e126(6)
«014(8)
-+ 803(9)
«090{12)
e 244(8)
3740 8)
«395(80
-2 301(T)
-o2%92(8)
-2 1591 8)
-,018¢ T}
«093(9)
« 09519}
-,827(8)
e 27134
3857
«4%02
o348
2918
04244
«2423
1679
-21907
-+ 3099
-e3985
-e2550
-+1873
- 3277
-e 1497
-e 0843
«4573
« 5085
4907
«3599
2129
03404
o140
236
02745
=23670
-+41%3
-e 3972
-9259
-s1116
- 2304

C-o §462

-+ 1528
-e1818
4535
* 3402
8926
1655
2954
« 3062
-93772
- 25084
-y 4093
-21121
-e 1943
-o 2009

«9606(3)
«130(4)
o262( 4)
«313L 6)
3201 4)
o2608(4)
«169( &)
o144 3)
2521 &)
231004}
«315(4)
e231{4)
«127( &)
«0352(5)
3383
3841}
2878
«3025
«200
166
0949
1419
«3329
3744
o277
2941
1992
1595
«0836
1291
«0353
0669
=-.0101
«0660
03

T =s0109

-o0187
-,0204
- 0607
<0313
«0636
-o0135
«0638
0344
-o0130
-o0226
-o0232
-.06137
4183
3735
3651
oS4 T4
-8078
«0181
o071
% 1]
«3521
833
=083
D08

v36813)
o061 4}
s D3 4)
35716}
«305(4)
o 2781 4)
«265(4)
e 21413)
0228( 4)
o180t &)
e120(4}
«079(S)
«088(4)
el3614)
5291
«5742
«$5293
o &457
6637
«6S517
« 6305
5701
-.0384
-e0841
-e139
-s1524
-,1683
-.1635
-s1331
=, 0696
3917
3296
333
«2108
1982
2158
2936
3687
3077
«1047
«167S
o 5647
« 2853
e 2966
«2009
1950
1227
«1859
4738
o428
«423%
8992
5619
4929
oB1l8
9635
20684
=.0025
=+.069%
=,0058

2.1(14)
S.5123)
5.8(26)
10.3143)
5.,2123)
4.,0(20)
6.4(22)
3.3(17)
6.3122)
4.1(21)
4.9(19)
6.9(25)
655(24)
6.6(25)
10. 000
10.000
10.000
10.000
10.000
10.000
10.000
10.000
16.000
10.000
18.800
10.000
10,000
10.000
10.000
10.600
12,000
12.000
12.000
12.000
12,000
12,000
12,000
12.000
12.000
12.8000
12,000
12.000
12.000
12,000
12,000
12.000
12.000
12.000
12.000
12.000
12.800
12.000
12.800
12.000
12,000
12.800
312.800
12.000
12 .000
12.800
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Interatomic Distances

Distance (A )

Atoms
Yb-C(1) 2.733(8)
Yb-C(2) 2.710(8)
Yb-C(3) 2.762(10)
Yb-C(4) 2.786(10)
Yb-C(5) 2.747(9)
Yb-C(6) 2.758(8)
Yb=C(7) 2.791(8)
Yb-C(8) 2.821(7). -
S mean Yb-C '
K(1)=-C(1) 3.107(9)
K(1)-C(2) 3.034(9)
K(1)-C(3) 3.012(10)
K(1)-C(4) 3.054(11)
K{1)-C(5) 3.077(9)
K(1)-C(6) "3.057(9)
K(1)-C(7) 3.096(9)
K(1)-C(8) 3.158(8).
mean K -C '
K(1)-0(1) - 3.056(6)
K(1)-0(2) 2.751(6)
K(1)-0(3) 2.981(6)
K(1)-0(4) 2.865(6)
C(1Y-C(2) 1.455(13)
“C(2)-C(3)- 1.404(12)
C(3)-C(4) 1.413(15)
C(4)-C(5) 1.403(14)
C(5)-C(6) ©1.400(12)
C(6e)-C(7n “1.410(12)
C(7)-C(8) . 1.409(11)
C(8)-C(1) 1-.425(12)
C(8)-C(9) 1.584(11)
C(9)-C(10) 1.542(12)
C(9)-C(1H 1.538(12)
C(9)-C(12) 1.538(13)
C(26)-C(27) 1.495(13)
C(28)-C(29) 1.474(15)
0(1)-C(25) 1.444(10)
0(1)-C26) 1.441(10) .
- 0(2)-C(27 1.437(10)
0(2)-C(28) 1.420(12)
0(3)-C(29) ©1.388(11)
0(3)-C(30) 1.422(14)

Atoms

Yb-C(13).
Yb-C(14)
Yb-C(15)
Yb-C(16) .
Yb-C(17)
Yb-C(18)
Yb-C(19)
Yb-C(20)
2.77(4) :
K(2)-C(13).
K(2)-C(14)
K(2)-C(15)
K(2)-C(16)
K(2)-C(17)
K(2)-C(18)
K(2)-C(19)
K(2)-C(20)
3.08(5)
K(2)-0(1)
K(2)-0(4)
K(2)~0(5)
- K(2)-0(6)

C(13)-C(14)

C(14)-C(15)

C(15)-C(16)

C(16)-C(17)
C(17)-C(18)
C(18)-C(19)
C(19)-C(20)
C(20)-C(13)
C(20)-C(21)
C(21)-C(22)
C(21)-C(23)

C(21)-C(24)

C(32)-C(33)
C(34)-C(35)
0(4)-C(31)
0(4)-C(32)
0(5)-C(33)
0(5)-C(34)
0(6)-C(35)
0(6)-C(36)

TN NRNRN NN N
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Distance (& )

.788(8)
.758(8)
.735(8)
.746(8)
.766(8)
.737(8)
.767(8)
.836(8)

.101(9)
.087(9)
.102(10)
.066(9)
.021(9)
.027(9)
.105(9)
.178(8)

WWwwwwwww

.857(6)
.984(7)

.762(6)

.020(7)
<429(12)
.396(13)
.426(14)

-418(13) -

.415(11)
.412(12)
.427(12)
.549(11)
.581(12)
.522(12)
.536(13)
.485(13)
.493(13)
.445(10)
.424(11)

L431(11)-

.429(10)

2
2
2
3
1
1
1
1
1.412(11)
1
1
1
1
I
1
1
l
1
1
1
1
1
1.419(11)

1.400(12)



Interatomic Angles

C(8)-C(1)-C(2)
C(1)-C(2)-C(3)
C(2)-C(3)-C(4)
C(3)-C(4)-C(5)
C(4)-C(5)-C(6)
C(5)-C(6)-C(7)
C(6)-C(7)-C(8)
C(7)-C(8)-C(1)
C(1)-C(8)-C(9)
C(7)-C(8)-C(9)
C(8)-C(9)-C(10)
C(8)-C(9)-C(11)
C(8)-C(9)-C(12)
C(25)-0(1)-C(26)
0(1)-C(26)-C(27)
C(26)-C(27)-0(2)
C(27)-0(2)-C(28)
0(2)-C(28)-C(29)
C(28)-C(29)-0(3)
C(29)-0(3)-C(30)

135.
136.
135.
132.
135.
137.
136.
129.
115,
114,
108.
110.
115,
110.
107.
108.
113.
110.
109.
111,

7(9)
9(11)
0(12)
S5(11)
4(10)
7(10)
8(10)
9(9)
8(8)
3(8)
5(8)
7(7)
3(8)
7(7)
7(8)
0(8)
6(8)
0(8)
1(11)
2(10)

C(20)-C(13)-C(14)
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)
C(15)-C(16)-C(17)
C(16)-C(17)-C(18)
C(17T)-C(18)-C(19)
C(18)-C(19)-C(20)
C(19)-C(20)-C(13)
C(19)-C(20)-C(21)
C(13)-C(20)-C(21)
C(20)-C(21)-C(22)
C(20)-C(21)-C(23)
C(20)-C(21)-C(24)
C(31)-0(4)-C(32)

0(4)-C(32)-C(33)

C(32)-C(33)-0(5)

C(33)-0(5)-C(34)

0(5)-C(34)-C(35)

C(34)-C(35)-0(6)

C(35)-0(6)-C(36)

Deviations (A ) from Least Squares Planes

Plane 1: C(1)-C(8)

Atom Distance
C(1) -0.022
C(2) -0.004
C(3) 0.025
C(4) 0.003
C(5) -0.030
C(6) 0.007
c(n 0.018
c(8) 0.003
C(9) 0.007
Yb -2.054
K 2.456
H(1) 0.065
H(2) 0.119
H(3) 0.058
H(4) - -0.117
H(5) -0.098
" H(6) 0.124
H(7) -0.028

Plane 2: C(13)-C(20)

Atom Distance
C(13) -0.022
C(14) -0.011
C(15) 0.024
C(16) 0.009
c(17) -0.024
c(18) -0.005
c(19) 0.018
C(20) 0.011
c(21) 0.010
Yb 2.056
K ~2.468
H(8) -0.199
H(9) 0.012
H(10) 0.006
H(1l1) -0.120
H(12) -0.108
H(13) 0.050
H(14) 0.118

138.
136.
134,
134,
133.
137.
136.
129.
117,
113.
108.
111
115.
112.
109.
109.
113.
108.
109.
112.
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0(10)
2(10)
3(10)
1(10)
6(10)
9(10)
7(9)
1{9)
1(9)
8(8)
5(8)

.6(8)

2(8)
2(8)
5(8)
4(8)
9(T)
5(8)
0(9)
3(9)
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Crystallographic Summary and Data Processing

. a8, A 10.292(4)
b, A 20.588(6)
. Cc, A 20.036(6)
‘alpha, deg 90.00(0)
beta, deg 103.28(4)
.'gamma, deg 90.00(0)
cryst syst monoclinic
- space grogp P21/c
volume, A _ 4131.9
d(calc), g/cm 1.350
Z _ ) 4
- temp (°C) 1 23.0
empirical Formula ,C(36)H(60)0(6)K(2)Yb(1)
fw » 840.12
color red

wavelength (Kal.Kaz)s A
crystal size (Tm)

abs coeff, cm

abs corr range

cryst decay corr range
26 limits, deg

hkl limits

scan width, deg

0.70930,0. 71359
0.130 x 0.160 x 0. 360
16.50
1.19-1.39
0.96-1.06
4.1-45.1
h ‘ll'll; k 0'22; ]
1.5 + 0.693 * tan(e)

“21021

- no. of standards _ 3
no. refiections between stds 250
no. scan data 10798
n unique reflections 5413
Pt 0.030 )
no. non-zero weighted data 3212 (F™ 30)
o] 0.040
extinction k 0.165E-06
max % extinction corr 11.8 2
. no. parameters 462
R (non-zero wtd dat) 0.032
Rw 0.038:
R (all data) 0.076
goodness of fit 1.34
max shift/esd in least-square 0.03
- max/min in diff map 0.72,-0.76.
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Appendix C: Derivation of the Rate of Exchange at Coalescence

For general reading on dynamic NMR see:

Jackman, L.M.; Cotton, F.A. "Dynamic Nuclear Magnetic Resonance
Spectroscopy," Academic Press, New York, N.Y., 1975.

Becker, E.D. "High Resolution Nuclear Magnetic Resonance,"
Academic Press, New York, N.Y., 1980.

Carrington, A.; Mclachlian, A.D. "Introduction to Magnetic
Resonance, " Harper and Row, New York, N.Y., 1967.

When a two-site exchange is occuring betweén sites on the same
molecule, equation 2.9 greatly simplifies. Since the exchange is
first-order the expression simplifies as follows for the first

order exchange process:
rate = k{X]
and

2
HI.Z = flwl + (l-Fl)Nl +.F1(1 Fl)4n(6v) /K
Since the line widths of the protons in the individual sites is
considered to be small compared with the line width coalesced

peak, then Hl x wz = 0 and

2
Hl.Z = fl(l-Fl)4ﬂ(6v) /K
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At coalescence, the populafion of bbth sites is assumed to be

equal so that f = I-f = .5 and f,(1-f) = 1/4.

1

at coalescence is now given as;

) .
”1.2 = n(8v) /K

The 1ine width

Since the line width is related to the reciprocal of the

" transverse relaxation time-as

"1.2 = l/“Tl.Z

then

VAL 1(8v)2/k

Upon rearrangement

/7 = wn (8v) /k

1,2

At coalescence, the transverse relaxation time of the coalesced

peak is the lifetime of the proton spin in one site then,
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/T
and
1/1 = 2k
then

2k = nl(ev)Z/k

Rearranging and simplifying the equation above one obtains the
simple equation for the rate of a chemical exchange at coales-
cence.

k = w(é8v)/v2
when the exchange is occuring between two sites on different
molecules, the mole fractions of each component and the total
concentration of both species must be considered. For the ytter-
bium(IIl) species, the rate of exchange is still assumed to be
faster than the transverse relaxation time of the paramagnetic

species such that

l/ﬂtP = l/T2P 194 l/"Tl,Z = ”1.2

so again the line widths of the individual species are essen-

tially 0 when compared with the line width of the coalesced peak.
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In this case

_ 2
“1,2 = FIFZ 4n(8v)
kc
Since ”1,2 = l/ﬂT_l,2 then
VT, = L an’ (6v) 2
’ ‘ ke

At coalescence l/Tl'2'= l/ID = k[Yb(CBHB)Z] then

2

v -5 - 2

Upon rearranging and simplifying the above equatjon.ohe obtains

equation 2.24

. 2,12 Y
Ke = <4 Fvorifyprrr ™ 82 > 2

c(Yb(CBH

g2l



121

References and Notes .

10.

11.

Cotton, F.A.; Wilkinson, G. "Advanced Inorganic Chemistry"

4th Ed., Wiley and Sons, New York, 1980.
Sullivan, G.0.; Carroil, P.K. Phys. Rev, A. 1982, 25, 275.

Forsberg, J.H.; Moeller, T. in: Gmelin Handbook of Inorganic
Chemistry, Part D6, Sc, Y, La-Lu, Rare Earth Elements, 8th

E.; Springer, Berlin, 1983.
Schumann, H. Angew. Chem. Int. Ed. Eng. 1984, 23, 474.
Mikheev, N.B. Inorg. Chim. Acta 1984, 94, 241.

Huheey, J. "lnorganic Chemistry," 2nd. Ed., Harper and Row,

New York, 1978.
As given in reference 5.
Shannon, R.D. Acta Crystal. 1976, A32, 751.

Weast, R.C. "CRC Handbook of Chemistry and Physics" 60th Ed.

CRC Press, Baca Raton, Florida, 1980.
Warf, J.C.; Korst, W. J. Phys. Chem. 1956, 60, 1590.

Schroeder, R.L; Thompson, J.C.; Oertel, P.L. Phys. Rev.

1969, 178, 298.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

122

Fischer, E.O.; Fischer, H. Angew. Chem. Int. Ed. Eng. 1964,
3, 132. Fischer, E.O.; Fischer, H. J. Organometal. Chem.

1965, 3, 181.
Zerger, R.; Stucky, G. J. Organometal. Chem. 1974, 80, 7.

Evans, W.J.; Hughes, L.A.; Hanusa, T.P. J. Am. Chem. Soc.

1984, 106, 4270.

Hayes, R.G.; Thomas, J.L. J. Am. Chem. Soc. 1969, 91, 6876.

.

DeKock, C.W.; Ely, S.R.; Hopkins, T.E.; Brault, M.A. Inorg.

Chem. 1978, 17, 625. .

The infrared spectrum of Yb(CBHB) is reported in reference

16,

Greco, A.; Cesca, S.; Bertolini, G. J. Organometal. Chenm.

1976, 113, 321.

The dipotassium salt of [B]annulene dianion has absorbances
fn the 1000 to 600 cm ' region at 880 and 684 cm | as
reported in Fritz, H.P., Keller, H. Chem. Ber. 1962, 95,

158.
Dietrich, M.W.; Wahl, A.C. J. Phys. Chem. 1963, 38, 1591.

Yang, E.S.; Chan, M.; Wahl. A.C. J. Phys. Chem. 1980, 84,

3094.

Marcus, R.A. J. Chem. Phys. 1956, 24, 966. Marcus, R.A. J.

Chem. Phys. 1965, 43, 679.



23.

24.

25.

26.

27.

28.

29.

123

In equations 2.5, 2.6 and 2.7; Z is the bimolecular colli-

sfon number (=1011 H—ls-l. Dop and D_ are the optical and

static dielectric constants (Dop

ndz). e is the electronic
charge, R' is the distance between the reactant centers in
the transition state (assumed to be the touching of two
spheres), ¢k is the transmission coefficient (usually assumed
as equal to 1), and p is the square root of the ratio of the
mean square deviation in reaction distaﬁce to the mean
square deviation in perpendicular distance above the reac-
tion hypersuface and is usually assumed to be = 1. See

reference 21.

Rosenblum, M. "Chemistry of the Iron Group Metallocenes,"

Interscience, New York, 1965, p. 31l.

3: Bernstein, T.; Herbstein, F.H. Acta Crys.

Sect. B. 1968, 24, 1640.

For Fe(Cp)zl

Yang, E.S.; Chun, M.; Wahl, A.C. J. Phys. Chem. 1975, 19,

2049.

Prepared by M. Miller, see: Miller, M. Ph.D. Thesis, Univer-

sity of California, Berkeley, 1978.
Halpern, M. unpublished results.

Prepared by R. Kluttz, see: Streitwieser, A., Jr.; Kiuttz,

R.Q.; Smith, K.A.; Luke, W.D. Organometallics 1983, 2, 1873.



30.

31,

32.

33.

34.

35.
36.

37.

38.

39.

‘that the band at 698 e in ucc

124

Méres; F.; Hodgson, K.; Streitwieser, A., Jr. J. Organome-
tal. Chem._l970. 24, C68. Hodgson, K.; Mares, F.; Starks,

D.; Streitwieser, A., Jr. J. Am. Chem. Soc. 1973, 95, 8650.

Stevenson, G.R.; Forsch, B.E. J. Phys. Chem. 1981, 85, 378.

'Calderazzo, F.; Pappalardo, R.; Losi, S; J. Inorg. Nucl.

Chem. 1966, 28, 987.

Aleksanyan, V.T.; Garbusova, l. A.; Chernyshova, T.M.;

Todres, Z.V. J. Organometal. Chem. 1981, 217, 169.

Hocks.‘L.;-GofFart, J.; Duyckaerts, G.; Teyssie, P.

Spectrochim. Acta 1974, 30A, 907. These authors comment

BHB)Z,‘S unusually high for

ring-metal-ring tilt;

Hodgson, K.O.; Raymond, K.N. Inbrg. Cheﬁ;'l972. 11, 3030.

Anderson, S.E. J. Organometal. Chem. 1974, 71, 263.

Raymond, K.N.é Eigenbrot, C.Hw.dr. Acc. Chem. Res. 1980, 13,
276; Baker, E.C.; Ha]stead. G.W.; Raymond, K.N. Struct.

Bonding (Berlin) 1976, 25, 23.

.ln this type of [B]annuleng complex, Raymond employs a

radius of 1.49 & for a ring carbon atom; see reference 37.

See reference 8. Each [Blannulene dianion is considered to
be a ten- electron donor so that each ring Formalli donates

five electron pairs.



40.

41.

42.

43.

44,

45.

46.

47,

48.

49.

125

Schilling, B. unpublished results.

Pauling, L. "The Nature of the Chemical Bond," 3rd. Ed.,

Cornell University Preess, [thaca, New York, 1960, p. 260.

Lyttle, M. Ph.D. Thesis, University of California, Berkeiley,

1982.
Ytterbium(I!l) has a ground state configuration of [Xe]AFlA.

Estimated from the temperature-dependent lH-NHR spectrum of
K[Yb(C8H4He4)2] as reported in; Metz, T. Masters Thesis,

University of California, Davis, 1974.

Streitwieser, A., Jr.; Miller-Westerhoff, U.; Sonnichsen,
G.; Mares, F.; Morell, D.G.; Hodgson, K.0O. J. Am. Chem. Soc.

1973, 95, 8644,

R= ! IF ! = IF 1! /E iF!

for Yb, K, 0, and C atoms: International Tables for X-ray
Crystallography (1974), Vol. 1V, Kynoch Press, Birmingham.
For H atoms: Stewart, R.F.; Davidson, E.R.; Simpson, W.T. J.

Chem. Phys. 1965, 42, 3175.
Cromer, D.T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891.

Templeton, L.K.; Templeton, D.H. Abstract, American Crystal-
lographic Association Procedings, Storrs, Conn. 1973, 1,

143.



126

50. Doyle, P.A.; Turner, P.S. Acta Crystallogr. 1968. A24, 390.

S1. Cromer, D.T.; Liberman, D. J. Chem. Phys. 1970, 1891.



127

CHAPTER THREE

New Studies on Bis{([8]annulene)cerium(lV)

Introduction

The synthesis of bis([B]annulene)uranium(lV) and other
actinide(lV) organometallic compéunds has led to considerable
controversy on the nature of the ring-metal bond in f-block
element organometallic complexes.l The description of ring-metal
bond in bis([8]annulene)uranium(lV) as "ionic" or "covalent" is
difficult, due, in part, to the difficulty in applying the
simple, classical bond definitions to the uranium compiex. The
molecular orbital description for a covalent bond in the bis-
([8lannulene complexes is the involvement of both metal and
ligand orbitals in the ring-metal interaction. One type of inter-
action involving the uranium f and [8lannulene p orbitals was
shown in Figure 1.1 (in chapter 1). The controversy for bis-
({8Jannulene)uranium(lV) is whether interactions, especially f-

orbital interactions as the ones in Figure 1.1, are significant;
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in other words, which, if any, physical properties or reactions
of bis({B8Jannulene)uranium(1V) can be explained by the effect of

a covalent ring-metal interaction.

As shown in the preQious chapter, one method of ascertaining
the orbital involvement in an f-block element organometallic
complgx’s.ring-metal'bond is by comparfson with similar "ionic"
organometallic compliex. The comparison of the fonic calcium

complex, K [Ca(C o], in which it is very unlikely that d and f

88
orbitals play a.major role in bonding, with the analogous ytter-
bium(ll)’complex'strongly suggests that in [8]annul¢he lantha-

nide(l1) organometallic complexes, the rinngetal interaction is

essentially ionic.

Comparzson of Bls([8]annulene)act1n1de(IV) and st([B]annulene)—
lanthanate(III) Complexes

The series of bis([B]aanIenéSlahthénate(lIf) complexes were
synthesfzed to provide an "ionic" bis([8]annulene compiex for
comparison with the bis([8)annuiene)actinide(lV) comb]exes.2 If
is well-established that the eFFect:oF f and d orbitals in lan-
thanide(111) chemistry is»smail.s'4 A simple example of this isv
seen by the lack of effect of most ligand_Fielés on the enéfgies
of the f-f transitions of the lantl’manides..4 As is the case for
the bis([8lannulene)lanthanate(ll) éomplex dianion, the relative
"jonicity" of the bis([8]annulene) lanthanate(l11) anions can be

shown by comparison with non-f-block bis([8]lannulene) complexes.
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The similarity in propertiésiand structure between bis([{8J]annu-
lene)yttrate(ll]l) anion and the bis([8]annulene)lanthanate(l11])
anions clearly suggests that f and d orbitals on the metals play
no major role in the ring-metal bond in the bis([8]annulene)lan-
thanide(111) ions, since the 4f and 5d orbitals are energetically

unfavorable for the fourth row element.2

The class of bis([{8]annulene)lanthanide(lll) complex anions is
reviewed in chapter one of this work. These complexes are non-
volatile and show high thermal stability; bis({8]annulene)-
thorium(1V) and uranium(IV) can be sublimed at < 200°C, in vacuo.
Unlike bis({8]Jannulene)uranium(IV), which has solubilities of

1073

moles/liter in a variety of polar and non-polar solvents,
the lanthanide(l1l) complexes are soluble only in polar ethereal
solvents. The bis([8)annulene)lanthanate(l11) anions also
hydrolyze much more rapidly than bis([8]annulene)uranium(lV).
Although solubilities. volatility and thermal stability are not
sufficient to classify compounds as ionic or covalent, these
properties are suggestive that the bis([{8]annuiene)lantha-
nate(lll) complexes are highly ionic. The comparisons between
bis([8]annulene)lanthanate(l1l) anions and bis([8]annulene)-

uranium(iV) indicate that the lanthanide compliexes are con-

siderably more "salt-like" than bis([{8]annulene)uranium(iV).

A clear indication of the relative bond strengths of the lan-

thanide(11l) and uranium(lV) compiexes is shown by a ligand
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exchange éxperimentQ Bis([8]annulene)cerate(lll) anion was shown
to Qndefgo rapid ligand exchange with‘uranium téﬁrachloride to
form bis([8]annulene)uraﬁium(IV).2 This'expériment indiéates not
only the relative thermodynamic stabilities of the bis([8]annu-
lene) lanthanate(111) -and —acfinidé(lV) complexés. but that the
ligand exchange is kinetically rapid. Note that in the similar

' eiqhange experfment.between bis([B]annuiene)thorium(fV) and
uranium fetrach]oride. tﬁe ekchangé_equilibrium also favors the
formation of bis([elannuleﬁe)uranium(IV). but the exchange is

much slower.>

*The fonic'lanthanide(lf!f complexes are cleariy moré "sglt-

- like" than the correspondiﬁg actinide(1lV) cémplexes. Unfor-
‘tunately, the comparfson,of a potgssium bis({8lannulene)lantha-
nate(lll) salt with a bis([a]annuene);ctinide(lV) compiex is
"b°°r' since in the:Former case, the bis([a]annulene) complex is
én anion; in fhe latter. the sahdwith moiety is neutral. The
"salt-1ike" propertfes of the lanthanide(l1]1) complexes could be
dQé only to the effects of the ionic interaction between the
potagsium ¢ationband the sandwich, and indépendént of the ring-
metal intefactions in thevséndwich moiety. The bis([{8]annulene)-
lanthanide(111) anions afe a poor choicé for comparison with bis-

([8lannulene)uranium(lVv).

A far better lanthanide analogy for the actinide complexes is
the bis([8]annulene)lanthanide(lV) complexes. R8sch and Streit-

wieser have carried out SCF-Xa calculations on the bis([8]annu-
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lene)cerium(lV) complex.6 Shown in Figure 3.1 are some of the

results of their calculations.

In Figure 3.1, the orbital energy levels for the series
H(C8H8)2 are comparéd. One method of deducing the relative in-
volvement of metal f-orbitals in the bis([{8lannuliene)complexes is
by looking at the effects of the eZU(F)-eZU(v) interaction on the
relative orbital energy levels of the three complexes.

The SCF-Xa calculations indicate an unusually large HOMO-LUMO
( ezu(n)—e3u(F) ) for bis([8lannulene)thorium(IV). From examina-
tion of Figure 3.1, this large gap (relative to the cerium(IV)
and uranium(lV) analogs) is partially due to the relatively
higher energy of the e3u(F) orbital of bis([8]annulene)thorium.
fF the strong visible absorption of bis([8]annulene)thorium(1V)
and -uranium(lV) is aﬁsigned as the charge transfer band,
ezg(n)-e3u(F). the calculated vs measured values for this gap are
3.03 eV vs 2.75 eV for bis([8lannulene)thorium(iV) and 1.97 vs
2.01 eV for bis([8]annulene)uranium(lV). Prior to this thesis,
the optical spectrum of bis([a]annulehe)cerium(IV) had not been
reported, thus the calculated vs measured(assigned) ezg(n)—e3u(F)
energy difference could not be determined for this molecule.

The splitting oF the metal orbitals, the ezu(F) and e3u(F). is

indicative of an interaction of the metal e and ligand e

2u 2u
orbitals. In Figure 3.2, the simplified cases of no ligand metal
interaction and some ligand metal interaction is shown. In this

simple example, the relative position of the e3u(F) orbital is
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Figure 3.):;Orbital Energy Diagrams for H(CBHB)Z (M=Ce,Th,U)
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considered to be unaffected by any interaction with the 1igand

e3u(n); the ligand e u(n) orbital is too high in energy.

3
Figure 3.2 clearly shows that the eau(F)—eZU(F) can be indicative
of f-orbital interaction in the ring-metal bond; the greater
interaction being indicated by the Iarger energy gap. Using the
criterion of the e3u(F)-e2u(F), one predicts that the order of f-
orbital covalency is Ce ¢ Th < U for the ring-metal! interaction
in H(CBHB)Z.
The electron populations of the ezu(n). ezg(n), elu(") and
elg(") orbitals can also be used as a criterion for ring-metal
interaction in the bis{([8]annulene) cbmplexes. All of these
ligand orbitals have the proper symmetry to interact with metal d
(the gerade) and f (the ungerade) orbitals. In Table 3.1, the |
and e, orbitals in the

2 I
bis([8]annulene)complexes. In this table.'the higher fraction of

sphere populations are shown for the e

electrons in the metal sphere indicate a more covalent interac-
tion, since any fraction of electrons in the metal sphere is from

donation from the ligand.

As can be seen from Table 3.1, the sphere populations predict

an order of covalent ring metal interaction for H(C8H8)2 as

Th ¢ Ce = U. Since the retlative population distribution between

| igand and metal for the eZg and elg orbitals is roughly the same

for all the complexes, then the difference in covalency is due to

f-orbital interactions in the cerium(lV) and uranium(I1V). This
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Figure 3.2: Result of e, (m)-e, (f) interaction on the

eZU(F)—e3u(F) energy gap in bis({8]Jannulene) sandwich complexes.

’/ \
Sl
3u’ \\
\\\ \
€y —----- _— N ,\—*-eZU
\, r'd
N ,’
1 igand metal 1 igand
orbitals orbitals . orbitals
no metal- some metal- '
1igand - _ 1 igand
interaction . interaction
Table,3.l: Sphere Populations for H(CaHe)Z.a
Ce Th o U
Mo I L oM L
e2U ~321 .437 .203 .512 .3283 .430
ezg .207 . 408 211 .403 .197 L411
e . 065 .55 . 104 .85
lu
elg .098 .58 .096 .58

(a) from ref. 6b.
(b) electrons in metal sphere.
.(c) electrons in ligand sphere.
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result is, of course the opposite of that predicted by the com-
parison of the ezg(F)-e3u(F) energy differences.

Since the metal d-orbital involvement is roughly egqual for the
three complexes, one may also 1ook at the ezu(n)—ezg(n) energy
difference as a measure of f-orbital covalency. In Figure 3.3,
the gqualitative result of an eZU(n)—eZU(F) interaction on the

e u(n)-ezg(n) gap is shown. In this example, the energy level of

2
the eZg(") is held constant.

Examination of Figure 3.3 indicates that an order of covalency

Th ¢ Ce < U is predicted by consideration of the ezu(n)-e (m)

2g
energy difference.

The calculations of Rosch and Streitwieser indicate sig-
nificant involvement of metal d and f orbitals bis({8]annulene)-
uranium(lV) and d orbital involvement equal to that of the
uranium complex in bis([8lannulene)thorium(lV); these conclusions
are supported experimentally by the photoelectron spectra (PES)
of the complexes.7 Since the relativistic Xa calculations indi-
cate some ligand-metal orbital interactions for bis([8]annulene)-
uyranium(lV) and -thorium(iV), it is important that the PES
results agree with the relative energy level differences for the
thorium and uranium complexes. Both caiculation and experiment
~-e, difference in bis-

2u 29

([8lannulene)thorium(IV) vs bis([8lannulene)uranium(lV). It now

indicate a larger e

becomes important to observe whether the Xa calculations are as
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Figure 3.3: Result of ezu(n)erU(F) interaction on the

ezu(n)—ezg(n) energy‘gap in bis([8]annulene} sandwich complexés.
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satisfactory in prediction of the relative orbital energy levels
of bis([8]annulene)cerium(IV), especially since these calcula-

tions predict that the eZU(ﬂ)—e g(n) energy difference for the

2
cerium(lV) complex is less than that of bis([8]annulene)-
thorium(1V) and greater than that of bis([8]annulene)uranium(iV).
It is interesting indeed that the relativistic SCF-Xa calcula-

tions indicate some f-orbital involvement in the ring-metal

interaction in bis([8]annulene)cerium(lV).
Cerium(IV) Chemistry

Given that calculations can be carried out on bis([8]annu-
lene)cerium(1V), the next question is, does the molecule exist?
There are two reports of bis([8]annulene)cerium(IV) in the chemi-
cal literature. The first of these reports is by an Indian re-
search group; Kalsotra, Multani and Jain,8 and the secona by an
Italian research group; Greco, Cesca and Bertolini.9 These
reports are striking in that the method of synthesis, the physi-
cal properties and spectral characterization of the complex
reported as bis({8]annulene)cerium(lV) differ in every detail. A
brief backround on cerium{lV) chemistry and the attempts (one of
them successful) in duplicating the l|iterature preparations of

bis([8]annulene)cerium(]V) follows.

Cerium §s the only lanthanide element that has a tetrapositive

oxidation state that exists in both aqueous solution and in
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solids.3 Praseodymium(IV) and_terbium(IV) have also been shown to
exist in solid compounds, but only as the oxides and Fluorides.3
Alkali metal fluorides of dysprosium(lV) and neodymium(IV)'have

10,11,12

also beéen reported; however, reports of higher oxides of

Dy and Nd are incorrect.B'12

All of the tetrapositive lanthanide ions are'strohg oxidizing
agents; cerium(lV) complexes are employed in both organic (e.g.,
oxidations of ketones, alcohols and phenols) and inorganic
chemistry as an 6xidizing agent. The litérature on oxidation by
cerium(lV)_is_%ar\tbo extensive to be reviewed here; shown below
(3.1-3.3) are a few recent examples ofisynthesis or kinetic

studies using oxidation by cerium(IV) in inorganic or or-

ganometallic systems.la'M’15
[3.1]
| ————-> |
[(bpy)ZClRu(Dy)](PFé) Ce(1V) [(byp)ZClRu(DY)](CIO4)2
_ CIO4 aq.
(3.2]
------ >
UEIVY ceqrvy , UOVD)
F~ aaq.
(3.3]
------ >
Se(lv) Ce(1V) aq. Se(Vl])

The oxidation potential of Ce(lV) in aqueous, acidic condi-

tions varies significantly depending on the type of ‘acid and acid
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strength. Shown in Table 3.2 are the values of the Ce(lV)/Ce(lll)

coupte in various aqueous solutions.

Table 3.2: Oxidation Potential of Ce(IV)/Ce(lIl)

8M HC10, 1.87 V2
1M HC1O, 1.70 VP
1M HNO, 1.61 V¢
1M H,S0, 1.44 VO
3M HCI 1.27 V&
catechol -0.4 VF'g

(a) ref. 16. (b) ref. 17. (c) ref. 18. (d) ref. 19. (e) ref. 20.
(f) basic solution (g) ref. 21.

As a result of thé dependence of the Ce(IV)/Ce(lll) couple on
the aqueous medium, dilute solutions of manganese(ll) perchlorate
are oxidiied to permanganate by Ce(lV) in dilute perchloric acid,
but permanganate is reduced to manganese(ll) by Ce(lll)vin dilute
sulfuric acid.12 |

Work by Raymond21 has indicated that the Ce(1V)/Ce(ll]l) couple
is negative in basic solution with catechol present as a complex-
ing agént. Table 3.2 illustrates that the reduction potential of
Ce(lv)/Ce(lll) varies dependent on the complexing reagent in
solution. The value of the Ce(iV)/Ce(ll]l) couple can then be
looked on as a function of the ratio of the stability constants
of the Ce(lV) and Ce(ll]l) complexes. Raymond’s catechol results

clearly show that the couple is driven toward Ce(lV) due to the

strong complexation of Ce(lV) relative to Ce(lll).



140

" Due to the oxidation potentials of the tetravalent lahthanide

jons, the existence of organometallic complexes involving lantha-

nide(1lV) iohs. Suéh‘as_cerium. with stfongly reducing 1igands,
suqh as cyclopentadieny)l anion or [8Jannulene dianidn haQe been
thought to be unlikely. In support QF this; the reaétion of
cerium metai atoms with cyc]ooctatetraene, in vacuo, gives only

the cerium(111) complex, Ce,(C ) 2 whereas the reaction of

) (Colg) 30
cyclooctatetraene with uranium orvthorium metal gives the bis-
([8]annuéne)actinide(lV) complex.23 The lack of formation of bis-
([8lannulene)cerium(1V) under the metal atomization[cbnditibns
sugéests that either the cerium(1V) complex cannpt'be formed at

all, or that under the experimentalgcdnditions, the cerium(lV)

complex is formed, but decomposes to the cerium(lll) complex.

One of the major problems fn the synthesis of cerium(1V)
organometallic complexes, asi&é From the oxidation potential of
cerium, is thevavailibility of cefium(lV) containing starting
materials. For example, Advanced Inorganic Chemistrg3_lists only

two binary solids which contain cerium(1V), CeO ~and CeF4. Com-

2
. plex anions which cbntain cerfum(IV) are somewhat more common.
One familar example of a cerium(iV) complex anion is the common
oxidizing agent, ceric ammonium nitraté. (NH#)Z[Ce(NO3)6].

The cerium(IV) starting materials in the Indian and italian
preparations of bis([8]annulene)cerium(1V) are pyridinium

hexachlorocerate(lV)24 and cerium(lV) isopropoxide.24
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Although ceric ion oxidizes concentrated HC! to Cl, in aqueous

2
solution, the reaction of HCl with Ce(OH)4 in absolute ethanol

6]2'. This dianion can be iso-

lated as the corresponding pyridinium salt. pyridinium hexa-

produces the complex anion [CeCl

[+
chlorocerate(iV) can be made anhydrous at 120 C, in vacuo.3

[3.4]

> . :
Ce(OH)4 + 6 HCI [HZCeCls] + 4 HZO

[3.5]

[H2ceC]6] + 2 C.HoN ~——=—- > (CSHSNH)ZCeCl

55 6

Reaction of the anhydrous pyridinium hexachlorocerate(lV)

hexachloride with alcohols and ammonia in benzene give cerium(1V)

alkoxides.24

[3.6]

NH).CeCi, + 4 ROH + 6 NH

(CSH 6 3 benzene

572

Ce(OR)4 + 2 CSHSN + 6 NH4C1

Cerium(IV) isopropoxide can be crystallized as a mono-adduct of

pyridine or isopropyl alcohol.24
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False Reports of Cerium(IV) Organometallic Complexes

The first report of bis([8]annulene)cerium(lV) was in 1972 by
Kalsotra, Multani and Jain. In fact, most of the cerium(IV)
organometallic complexes,have,been reported by research groups
invoiving Kaisotra. In all of their work, the Indian researchers
emp loyed pyridjnium he#achlorocerate(IV) as a starting material.
62- is a strong oxfdizing aéent and
that the syhthesis.of cerium(1lVv) organbmetallics complexes from

this starting material is doubtful.zs

[t has been noted that CeCl

The Indian group has

reported cerium(IlV) complexes with cyclopentadienide(Cp) (both

i6band'CeCp§7X);'indénide,28 Fluorenide(Fl),28

cycloheptatrienidezg‘and [S]annulene dianioh.e One is impressed

CeCp

both by the'alhoét'perfect chemiéal‘analyses»and'the physical
descrfptions of these complexes. Fof example, the cyclopen-
tadienide complex, Cng4. and the bis({8]annulene)cerium(1V)
complex anaiyze perfectly and are reported as stable to water and
dilute acid, (althoﬁgh they decompose in hot conc. nftrié acid!)
properties which are incredible and totally inconsistenf with any

known [8]annulene complexes.

The work of Kalsotra, Multani aﬁd Jain on CeCpA. not surpris-
ingly, has been recently refuted.vDeacon, Tuong and Vince?0
followed the lhdian preparation and obtained only the known
cerium(lIll) complex, CeCp3.31 There are reports of other work,

namely thevsyntheses of Ce(Fl)428 and Ce(C7H7)C12.29 by the
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Indian researchers which could not be repeated.25 In Tight of
these reports, the work by Kalsotra, Multani and Jain on bis-
([8]lannulene)cerium(1V) was also doubted. Indeed, all of the
attempts to duplicate the Indian work were unsuccesful; the
reaction of [8lannulene dianion and di(pyridinium)cerium(IV)
hexachloride does not lead to a singular characterizable or-
ganometallic complex. No material was obtained which matched the

reported bis([8)annulene)cerium(iV) complex.

Bis([8]annulene)cerium(IV): Synthesis and Characterization

Greco, Cesca, and Bertolini reported bis([8]annuiene)-
cerium(lV) from the reaction of certum(IV)_isopropoxide.
triethylaluminum and the solvent in cyclooctatetraene. This same

synthetic method was employed by Wilke for the synthesis of

32
Ti(CeHe)2 and TSZ(C8H8)3.
{3.7]
Ti(OR)4 + Al(CZHs)3 —E-;-—> Ti(CBHe)2
878400
[3.8]
Ti(OR)4 + AI(CZHS)3 —————— > TiZ(CBHe)3

Unlike the work of Kalsotra, Multani and Jain, the ltalian

workers report a bis({8]annulene)cerium(IV) whose characteriza-
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tion is completely consistent with wﬁat one would expect for the
cerium complex. Their bis([é]énnulene)cerium(IV) complex was

decomposed by air, wéter and alcohols, had only 6ne'$ignal in the
NMR which waé consfstent with the absence of a paramégnetic metal

ion, and gave correct analysis and mass-spectrum for Ce(C )

g's

The crystal powder pattefn of bis([8]annulene)cerium(lV) was

2"

reported by the [talian group; this,pattefn compéreS'closeJy with
the otherbpatterﬁs of bis([8]annuene)actinide(lV) complexes and
suggests that the‘cerium(IV)lcomplex is isostructurél with the
actinide(IV) complexes. Shown in Table 3.3 Is the comparison of.
the x-ray powder patterns of the bis({8]annulene) f—blockvmetal

complexes.

The only questionable aspect of the Italianvpréparation of bis-
({8Jannulene)cerium(lV) is the synthésis of a cerium(lV) complex
under reducing conditions; triethylaluminum is a sufficientiy

strong reducing agent to reduce cerium(lv)-to cerium(lIll).

- Upon following the procedures of the ltalian group for the
preparation of bisf[B]annulene)cerium(lV), The product obtained
is an air-sensitive, brown-black, microcrystalline compound, as
reported. This cdmpound has a single signal in lH—NHR'at 5.9 ppm
in THF-d8 or at 5.75 ppm in toluene-d8. When the toluene solution
of the complex was exposed to air, the brown solution became palg
yellow and the lH—NHR contained only one peak at 5.61 ppm, which

‘is the resonance For neutral cyclooctatetraene. The infrared
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’

Table _3.3: X-ray powder pattern data on H(C8H8)2 complexesa

Thd Pad Ud Npe Pu’ CeF
¢“ 1 ¢ 1 4 1 4 I a4 1 d 1
6.78 s 6.67 s 6.70 s 6.73 s 6.73 s 6.75 s
6.27m 6.26 m 6.29 m 6.30 m 6.28 s 6.21 s
5S.47*s 5.47 s 5.46% s 5.49 s 5.47 s 5.45 s
5.29 w 5.26 m 5.25 w 5.26 v 5.25 m
4.61 v
4,41 w 4,38 m 4,36 w 4.37T m 4.35 v
4.05w 4,04 m 4.03 w 4.0] v 4,04 m 4.02 m
3.61*w 3.59 m 3.58* w 3.60 v 3.57 m 3.5 m
3.35 v 3.36 w 3.34 v
3.29 w 3.25 w 3.25* w 3.2 m 3.24 w
3.23 w
2.99"w 2.98 w 2.98% w 2.98 m 2.98 m
2.83 w 2.8 w 2.80 w 2.79 m 2.8 w
2.74%w 2.73 w 2.73* w 2.73 m  2.72 m

* Combined lines with d-spacing iess that .04

(a8) For comparison of x-ray data, any intensities(i) listed
in the original papers as I+ or |- are listed in this Table
as 1. :
(b) Calculated. Numerical intensities calculated are given
as: within 30% of strongest band = s; 30~-60% = m; 60-90% = w;
90% = v.

(c) in A . (d) ref. 33. (e) ref. 34. (f) ref. 9.
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spectrum of this brown-black microcyStalline compound is the same
as the one reported by the Italian gfoup and is also similaf to
the infrared spectrum reported.For'bis([B]annulene)urahium(IV).
Shown in Table 3.4 is a comparison of the infrared spectrum of

Ce(CBHB)2 and U(CSHB)

, in the 600-1000 em ! region..

Table 3.4: Infrared spectra of H(CéHa)2 M= Ce, U®

b c s
Ce(CaHB)2 Ce(CBHB)2 : U(CBHB)Z
692 vs 687 vs 698 vs
746 m 740 m 746 s

770 w 777 m
790 w 785 w 792 m
902 s 896 s 900 s

(a) values in_cm_l. vs, very strong; s, strong; m, medium;
W weak. . :
(b) ref. 9. (c) this work. (d) ref. 35.

The mass spectrum of the micfocyStalline compound also
.veriFies the Itatian report; the parent and fraément peaks in the
_ MS are exactly what one would expect for bis([S]annulene)-
ceriuﬁ(lV). Shown in Figure 3.4'is.the comparison of the mass-
spectrum of the cerium(fvf complex with the mass—spectrum of

bis([8]annu|ene)uranium(IV).36

From the above data one can conclude that the cerium complex
contains only one type of proton and is diamagnetic. The complex
is also isostructural with bis([S]annulene)uranium(IV) as sug-

gested by infrared and x-ray bowder pattern data. The MS further
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Figure 3.4: Mass Spectra of bis([8lannulene)uranium(1lV) and
-cerium(lV). :
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supports that the parent peak of the complex contains only one
cerium ion and two C8H8 moieties. These results indicate that the
report of bis([8]annulene)cerium(lV) by Greco, Cesca, and Ber-

tolini is correct, and that the cerium(IV) complex is a bié—

([8lannulene)uranium(iV) analog.

st([S]annulene)cerfum(lV)-is further characterized by this
work. fhe brown-black complex can be sublimed, in vacuo, but with
ektensiQevdecomposition to the greenvcerium(lll) complex,
Ce,(CgHg) 3, due to the loss of cyclooctatetraene (3.9). This
manner of reductive‘decompositibn by Ioss.of-cyclooctatetraene is
ané}ogous to the thermal reduction of K[Yb(CBHé)Z] to
K,[YB(CgHg) 1. | |

{3.9]

-+ Ce,(C

2 Ce(CH,), =—==== > C 5

gha’>2 ghs g's’3

This thermal instability of the cerium(1V) to the cerium(111])
complex was predicted from results of the metal atomization

experiment reported reported earlier in this chapter.

R8sch and Steitwieser report good agreement of the calculated
ezg(n)‘eBU(F) charge transfer band for bis([8]annulene)-~

uranfum(IiV) and -thofium(IV) with the observed strong visible
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absorptions of the actinide complexes. The calculated charge
transfer band for bis([8]annulene)cerium(IV) could not, at that
time, be compared with the actual compound, since the Italian
group did not include visible spectra in their report of bis-
({8lannulene)cerium(iV}). The visible spectrum of bis([8]annu-
lene)cerium is now known. In THF solution, bis([8]lannuiene)-
cerium(lV) has a strong absorbance at 469.nm with €=8000. This
absorption band is more intense than the band for bis([8]annu-

lene)uranium(IV), which has an extinction coefficient ¢ = 1800.

Rusch and Streitwieser calculate a value of 1.92 eV for the
difference in energy between the ezg(n) and e3U(F) in bis-
([8lannulene)cerium(1V). If the strong absorption of the
cerium(lV) complex is assigned as the ezg(n)—e3u(F) charge trans-
fer band, then the calculated vs observed value is 1.92 vs
2.63 eV. Not only does result indicate poor agreement between the
calculation and experiment; the result also suggests that the
calculations did not predict the trend in eZg(")-e3u(") energy

differences correctly (predicted trend Ce = U << Th; found

U << Ce = Th).

A closer examination of the bis([8]annulene)cerium(lV) optical
spectrum (Figure 3.5) indicates a shoulder on the broad peak at
469 nm. Rigsbee and Gronert, of this research group, have decon-
voluted the bis([8]annulene)cerium(lV) spectrum and found that

the shoulder is an absorption at 570 nm, € = 1000. fF this
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+

7008

Figure 3.5: Visible Spectrum of Bis([8]annu|ene)ceriun(lV) (with
deconvuluted spectrum shown).
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shoulder is assigned as the ezg(n)—e u(f') charge-transfer for

3
bis{[8lannulene)cerium(IV) then the measured value of 2.18 eV is

in better agreement with the calculated value of 1.92 eV.

The structure of bis([8Jannulene)cerium(iV), although not vet
elucidated by single crystal x-ray diffraction, is the same as
the structures of bis([8]annulene)uranium(lV) and -thorium(IlV).
Comparison of the calculated x-ray powder pattern from single
crystal data for the bis({8]annuene)actinide(lV) complexes with
the observed pattern for bis([{8Jannulene)cerium(lV), shown ear-
lier in Table 3.2, clearly show that the lanthanide complex_is
isomorphous with the actinide(lV) complexes. Bis([8]annulene)-
cerium(IV)}clearly has little structural similarity with the
group IVb complexes, H(CBHB)2 M= Ti.37 Zr.38 Although the
preparations of bis([8}annulene)cerium(IV) and the titanium(IV)
complex are quite similar, their structures are radically dif-
ferent; the cerium(lV) complex is the symmetrical sandwich whilé

the titanium(lV) complex structure shows that Ti{(C annot be

ghglz ¢
classified as a bis([8]annulene) complex, Figure 3.6, since in

this structure one of the eight-membered rings is not planar.

The structure of bis([8Jlannulene)cerium(iV) is illustrative of
the differences between d- and f-block bis([8}annulene) com-

plexes. The smaller d-transition metals, which usually conform
with the i8-electron rule.4 cannot accomadate two ten-electron

moieties in . their coordination sphere, whereas for the larger
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E:gu:: ?.6: Structure of Ti(CaHe)2 (hydrogen atoms omitted for
rity,. ,
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lanthanide(lV) and actinide(lV), for which there is no 18-
electron rule4, the coordination of two ten-electron ligandé is

not a problem.

The Nature of the Ring-Metal Interaction in
bis([8]annulenecerium(1IV)

The NMR, IR, MS, and x-ray powder patterns of bis([8]annu-
lene)cerium(1V) are not indicative of the type of bonding in the
cerium complex. Information on fhe nature of the ring-metal bond
" in the cerium(lV) complex must be elucidated in another manner.
One indication of a8 thermodynamically stronger ring-metal bond in
bis([8lannulene)uranium(iV) as compared with bis{{8]annulene)-
thorium(lV) is the aforementioned exchange reaction of bis-
([8lannulene)thorium(lV) with uranium tetrachloride to form bis-

([8lannulene)uranium(IV). The reverse reaction does not occur.

The calculations by ROsch and Streitwieser indicate that bis-
([Blannulene)cerium(lV) is more ionic than the uranium(lV) analog
and that the ranking of these complexes in order of increasing
metal orbital involvement in the ring-metal interaction is
Th(CeHe)2 < Ce(CBHB)2 < U(CBHB 2

cerium(lV) complex should have properties that are more similar

) This ordering predicts that the
to the bis([8]annutlene)thorium(lV) complex than to the bis-
([8]annulene)uranium complex; hence, bis([8]annulene)cerium(IV)

should undergo exchange with uranium tetrachloride to form
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bis([8]annulene)ufanium(IV). Indeed, upon carrying out the bis-
(tB]annulene)cerfum(IV):uranium tetrachloride‘excﬁange experiment
in an NMR tube (thf-d8), the slow formation of bis([Bjannulene)-
uranium(I1V) (days) can be monitored by the appearance of a
sing]et at -36 ppm and the disappearance of the bis([8)annulene)-
cerium(IV) complexes resonance of 5.9 ppm. This experiment, |
unfortunately, is not as straightfoward as the analogous experi-
ment involving the thorium(1V) species and does not indicate the
relative stability of thevbis([s]annulene)ceriUm(IV)_complex as
compared with bis([8]annulene)urénium(IV); One of the products of
the balanced exchange reaction, shown below; is CeCl4.'CeriQm
tgtrachloride is-so]ution»uhstable, disproportiohafing to CeCl

3

and Clz. If the disproportionation occurs in the exchange reac-
tion.vthen the reaction is hot reversible and the‘dispropoftiona—

~ tion could be the driving force of the reaction.

(3.10]

Ce(CBHB 2 + UC]4

> U(CHg), + tCeCI4]

Clearly, the simple ligand e*change experiment cannot be used
to estimate thé ring-metal bond strength for the cerium(lV)
complex relative to the uranium and thorium.complexes. It is
important, however, that tﬁé exchange between bis([8]annulene)-
cerium(lV) and uranium tetréchloride is relatively slow; thfs

result is in direct contrast with the immediate reaction of bis-~

({8]lannulene)cerium(lIl) anion with uranium tetrachloride.
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Hydrolysis of bis([8]Jannulene)uranium(lV) to give a mixture of
1,3,5- and 1,3,6-cyclooctatrienes is a relatively slow reaction
with a half-life of 20 hours in a 10-3 M solution of water in
THF.39 The hydrolysis of bis([8]annulene)thorium(1V) is rapid
with a half-11fe of <60 seconds.*! Since bis([8]annulene)-
cerium(lV) is predicted to be more similar to the thorium(1V)
complex, one expects a rapid hydrolysis for the cerium(lV) com-
plex. Addition of a 10-3 M solution of bis([8lannuiene)cerium(1V)
in THF to a 10—3 M solution of water in THF decomposes at ap-
proximately the same rate as the bis([8]annulene)thorium(1V)
complex. The I[talian research group reported that the organic
products of the reaction of bis([8]annuiene)cerium(IV) with
isopropyl alcohol were 80 % cyclooctatetraene, and 20 % {,3,5~
and l.3.6—cyclooctatriene.9 This result suggests that there is a
redox reaction occuring in this experiment in addition to the
simple altholysis. which would be one explanétion of the faster
reaction of bis([8]annulene)cerium(iV) than the actinide(lV)
complexes, since electron transfer reactions are faster than
proton transfer reactions. Moore, however, has carefully repeated
the Italian work and found that the only organic products of this
reaction were the expected mixture of trienes in a 80 to 20 ratio
of 1,3,5- to l.3.6—cyclooctatriene.40 Additional work by Moore
shows that the hydrolysis of bis({8]annulene)cerium(lV) also

gives a mixture of 1,3,5- and l.3.6-cyclooctatrienes.40
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A sample of bis([8]annulene)cerium(iV) was given to Dr..
Fragala for the'determination of its photo electron spectra. The
PES results are are shown in Figure 3.7 and are tabulated in

Table 3.5.%1

In Table 3.6, the results from the PES are .compared with fhe
predictions from the calculations of Rosch and Stfeitwieser. It
is difficult to calculate total energfes for molecules such as
bié({&]annufene)cefium(IV). Thevrelative energieS‘oF orbitais
cén.,however. be caicu}ated with reasonable accuracy. Table 3.6
2g orbital
is set as zero with the other orbital energy levels listed rela-

shows only relative energy levels; the energy of the e

tive tb the eZg'
The agreement of experimentaf to-calculated values is remark-
_ able. The éalculations oF.Rcsch and Streitwieser correctly as-
vsigned the ordering of the e2 ligand orbitals in bis([{8]annu-
iene)thorium(IV) and —urahium(IV). This same Qrdering,

ezg(ﬁ) > e, (m), was predicted and‘observed for the pis([S]annu—
lene)cerium(lV)vcompound. The calculations also indicated that
the eég(n)-ezu(ﬂ) splitting in bis([8)annulene)cerium(1V) should
be smaller than the splitting of those same orbitals in bis-
([8]ahnulene)thorium(lV) or'—uranium(lV). Again, this predictjon
iérverified by the expgriment, although experimentally, the
relative energy differences for the ezg(n)—eZU(n) orbitals in

uranium(IV) and cerium(lV) complexes are quite similar. In every.
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Figure 3.7: Photo-Electron Spectra of Bis([8]annulene)cerium(1lV)}.
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Table 3.5: Tabulated Data from the Photo-electron spectra of

Ce(C8H8)° :
band lonization Assignment®
label Energy (eV)
a ' 6.75
, e, -
3’ 6.92 2u
b 7.68
' , e
b’ 7.81 29
e 9.98 e
v lu
e’ 10.32

(a) The band assignments are by Dr. Fragala.

Table 3.6: Comparison of the calculated and measured ionization energy
differences with respect to the ligand derived e U(n) molecular '
orbital for (C.H.), dimer (empty sandwich) and t%e

series M(C,H )8,8H2= Ce, Th, U. Oniy the

'e‘

experimentgl?yZaSsigned peaks are shown. :
i;;ed. »(CBHS)Z Ce(CeHB)2 Th(CeHs)2 . _U(C8H8)2

' calc. exp. calc. exp calc. exp
e3u(F) : | | . -0.82 -0.70

2U(n) Q 0 0 v0 0 0 Q

eZg(") 0.62 0.89 0.90 0.98 1.12 0.71 0.95
e (M 416 3.1l 3.15  2.91 3.11 . 2.86 3.05
e, (m) 3.62 3.53 3.50 3.58 3.86 | 3.37 3.66

lg
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instance, the calculations of ROsch and Streitwieser correctly
predict the relative energies of the orbitals in bis([8]annu-
lene)cerium(IV) as compared with the bis([8]annuene)actinide(1V)
complexes. Although some of the closeness in fit of the calcu-
lated to experimental results for bis([8]annulene)cerium(iV) is
undoubtedly fortuitous, the results clearly support the
relativistic SCF~Xa methods for assigning the relative orbital

energy levels in bis([8]annulene) complexes.
Further Studies on bis([8]annulene)cerium(IV)

- The verification of the Italian work on bis([8]annulene)-
cerium(lV) suggests many other studies involving cerium(lV)
organometalliics. One important study is the synthesis of other
cerium(1V) 6rganometallic complexes. Since it was generally
believed that cerium(lV) complexes wifh n-anions could not exist,
there is only one method contained in the literature for the
synthesis of cerium(lV) organometallic methods, that of Greco,
Cesca and Bertolini.9 In addition t§ the synthesis of bis-
([Sjannulene)cerium(lV). these authors also reported the syn-
thesis of Cp3Ce(0-i—C3H7) in low yield (4%) from the reaction of
bis(cyctopentadienyl)magnesium(il) with cerium(1lVv) isopropoxide.9
It is doubtful that any of the reports of cerium(lV) organometal-

lic compiexes from (C_H NH)ZCeCl are correct.

55 6
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The Italian preparation'of bis([8lannulene)cerium(lV) is not a
general one. Since this method employs cyciooctatetraene as a
solvent, the preparation of tefium(IV) complexesvwith substituted
[8]anhulene ligands is prohibitively expensive, both in man-hours .
and money. Many of the mono-alkyl-substituted cyclooctatetraenes

are prepared from cyclooctatetraene (= $1/gram, BASF), typically

in 40-70% yield.*?

With other [8]annulene ligand systems addi-
tional problems arise. For example, bis(l;3.5.7—teframethyl—
(8]annulene)cerium, because of itSYSymmetry and potential com-
parisons wifhvtﬁe known uranium(1V) énalog; is a desirable
defivétive to obtain. UnFortunétely. 1,3.5.74tetramethy1cyclo-
octatetraene is difficult'to synthesize.(see chapter 1) and a.

solid at room temperature. Clearly, an alternative synthesis to

the Itafién methoq is needed.

The chemiéalvoxidation of "' the bfs([B]annulene)terate(lII)
anion is a potentiai method for the.Synthesis of bis([{8]annu-
lene)cerium(IV) complexes. The synthesis of éérium(IV) or-
ganometal lic complexes by the oxidation of cerium(lll) Or?
ganohetallic complexes is:unpreéedented. The are many methodsvfor

'the oxidation of cerium(Ill) to cerium(lV). Some of the oxidizing

agents employed in the cerium(11l) oxidatign include Agz+.43
- 44 2- 45 . 46 . 47 - 48 3+ 49 - 50
Hn04 ° 5208 v HOZ ’ N03 o Br‘03 ° CU 0 and C) 02 . All of

this work is in aqueous medium, and most of the oxfidations were
carried out at a pH < 7. Bis([8]annulene)cerium(iV) and bis-

([8)annulene)cerate(ll1) hydrolyze rapidly in water;
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therefore, the oxidation of bis([8)annulene)cerium(IIl) anion in

aqueous medium is not feasible.

One possible oxfdizing agent, in addition to those listed
above, for bis([8lannulene)cerium(lV) is the nitrosyl cation.
Nitrosyl salts, such as the chloride, have been employed as
oxidizing agents in a variety of systems.51 Nitrosyl
tetrafiuoroborate is commercially available; the following reac-
-tion was envisioned for the oxidation of bis{([8]annulene)-
cerium(IIl) anion.

[3.11]

K[Ce(CaHB)]2 + NOBF Ce(C.H,), + KBF4 + NO

4 THF 88’2
An oxidation method, 1ike the one shown above, should be ap-
plicable for the synthesis of any bis([8]annulene)cerium(lV)

complex.
Results

Prior to the attempts to oxidize the bis([8]annulene)-
cerate(lll) anion, a very simple "test-tube" experiment was
carried out. A solution of bis([Blannulene)cerate(lil) in THF was
briefly exposed to air. The solution turned brown and had an
absorbance in it visible spectrum that corresponded to that of
the bis([8]annulene)cerium(IV) complex. This result suggested

that the oxidation of cerium(Illl) complexes is feasible.
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The first step toward the synthesis of bis([8]annulene)-
cerate(iV) was an improvement in the synthesis 6F bis([B]annuf

_lene)cerate(lll) anion. The literature method2

is by the addition
of a suspension of lanthanide trichloride in THF to a solution of
-l.5~eqqi9alents of»[8]annulene dianion and 0.5 equivalents of
cyclooctatetraene in THF. The removal of solvent leftvé green
pqwdér which waé pufifiéd by Soxhlet extraction with THF. The
yje]d by this method was 51.2%. The major drawback in this methéd
‘is that the lanthanide tfichloridé is added to the reducing
solution of the dianion. The bis([8]annulene)ytterbate(lll) anion

éould not be made by this method; presumably due to_the reduction

of the ytterbium(I11) by the dianion.’

A superior method is the dropwise addition of the dianion
solution to the suspensioﬁvof,lanthanide trichlioride. In this.
hanner of additiqn, the lanthanide £rich|oride is never exposed
to an excess of the reducfng dianion. The effect éf this is
clearly seen in the successful synthesis'of bis([8]annulene)-
ytterbate(I1]) anfon. By this method, bis([B]annulene)ytfer-
bafe(lll) was synthésized in greater than 40% yield. The yield of

bis([8]anhulene)cerate(lIl) by this method was 63%.

The dropwise addition of the dianion solution to the suspen-

sion of lanthanide trichloride indicates how rapidly the reaction
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occurs. As the dianion solution is added to the suspension of
lanthanide chloride, the solution changed color, pale yellow-
green for Ce or robin’s egg blue for Yb. After approximately one-
third of the dianion solution was added there was an immediate
color change, which corresponds to the color of the respective
bis([8]annulene) lanthanate(ll]) complex. The addition method is
essentially a titration; the dianion reacts immediately with the
lanthanide trichloride, probably to form the intermediate mono-
ring complex (for cerium, the mono-ring complex is yellow-green),
which subsequently reacts with more [8]annulene dianion to form
the bis(complex. The abrupt color change occurs at the time in
the reaction when the concentrat}on of the mono-ring sandwich is
sufficient to compete with unreacted lanthanide trichloridelfor

the [8)lannulene dianion.

The chemical oxidation 6F bis([ejannulene)cerate(lII) anion
was accomplished by the addition of nitrosy! tetrafluoroborate to
a solution of the sandwich anion in THF. The best isolated yield
at this time is only 3%. In a series of simple experiments, where
an oxidizing agent was added to a THF solution of bis([8]annu-
lene)cerate(111) in a glass cuvette and the formation of bis-
([8]annulene)cerium(lV) was monitored by visiblé spectroscopy,
benzoy! peroxide.52 peroxidisulfate,52 br§mine. and ceric am-
monium nitrate were tested as potential oxidizing agents.

Bis([8Jannulene)cerium(lV) was not detected in any of these
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experiments, but the oxidizing agent did decompose the bis-

{([8)annuiene)cerate(lll) anion in every case.

One problem in the oxidation reaction is thé possibility of
further oxidation by the oxidizihg agent,”For example; the
" reduced product from the hitrosyl cation oxidation reaction is
nitric oxide,.whifh is itself an oxidizing agent. Another example
is the oxidation‘Bf bis([8]annulene)cerate(llf) anfoﬁ with
oxygen; in.this reaction. the Fifst reduced product fs presumably
potassium oxide, which is, again. an oxidizing agent. In order to
determine the stoichiometry of the reaction of bis({8]annulene)-
cefate([ll) with nitrosyl tetrafluoroborate, an experiment was
carfied>out us{ng one-half equivalents of oxidfzing agent to one
equivalent of sandwich comblex; After comp1eti6n of the reaction,
only 20% 6F starting Material rehafned. This experiment shows -
that nitrosyl tetrafiuoroborate fﬁnctions as at least a tﬁo-step
oxidizing agent.;

.Rigsbee53 has recently measuredvthe Ce(lV)/Ce(l1]) couple in
THF for the bis([8]ahnulene) sandwich complexés and found that
the value of the reduction couple is -1.3 2 .1 V. This result
fndicates significént'stablilization of the tetfavalent state of
cerium by complexation with th {8lannulene rings. The cyclic-
voltametry work by Rigsbee indicates that the oxidizing agents
used thus far are too strong, so that the (8]annulene complex is

decomposed. In the examples where no bis([B]annu\ené)cerium(IV)
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was observed. the oxidizing agent was a two electron oxidizing
agent. The negative value of the Ce(lV)/Ce(lll) couple suggests
that weaker, one electron, oxidizing agents should be used for
the oxidation of bis([8]annulene)cefate(lII) to bis([8]annulene)-

cerium(IV).
Electron Exchange in the Bis([8]annulene)cerium(III)/(IV) System

Since the electron exchange reaction between bis({8]annulene)-
ytterbate(lll) anion and bis([8]annulene)ytterbate(ll) dianion
was known, it was postulated that the same type of reaction would
occur between bis([8]annulene)cerium(lV) and bis([8]annulene)-
cerfum(111) (3.15).

[3.15]

Ce(CgHg) <:____i [Ce(CgHg) )

In THF-d8, bis([8]annulene)cerium(lV) exhibits a sharp signal
at 5.9 ppm which can be assigned as the ring proton resonance.
For the bis([8]annu|ene)cerate(flI) complex, no resonance can be
found that can be attributed to the ring protons. When the solu-
tions of bis([8]annulene)cerate(lll) and -cerium(IV) were mixed,
a broad resonance was observed which was shifted upfield relative
to the position of the resonance for bis([8]annulene)cerium(IV).
As this solution was qooled, the peak broadens such that at -70°
C, the peak was no longer detectable. Through the course of the

reaction, no peak was observed at 5.9 ppm.
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Figure 3.8: lH-NHR of Bis([8]annulene)cerate(11l) and -cerium(IV)
T = -70 - 30°C
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At this time, no further NMR experiments on the bis([8]annu-
lene)cerate(Il1)/(IV) system have been attempted, but it is
postulated from the behavior of the mixed system experiment
described above, that electron exchange similar to that seen in
the ytterbium(1l)/ytterbium(lil) system is occuring between bis-
([8]annuiene)cerate(lll) and -cerium(lV). However, in the cerium
system, the exchange is never slow enough such that a resonance
is observed for the diamagnetic species. This does not imply that
the electron exchange in the bis({8]annulene)cerium(l1l)/(1V)
system is occuring at a faster rate. If the ring proton
resonances (which is not observed for [Ce(C8H8)2]-) for the
diamagnetic and paramagnetic species are, for example, 20 ppm
apart, then the rate of reaction at coalescence would be =104
moles 's™! (from equation 2.19). It is possible, therefore, that
the bis([8]annulene)cerium(Il1)/(IV) system cannot be cooled to a
low enough temperature to observe coalescence. The étudy of the

electron exchange in bis([8]annulene) systems is cleariy a can-

didate for future research.



168
Experimental

Preparation of (CSH N) CeCl Hydrogen chloride gas was added

6 "2 6
tQ an ice-cooled suspension of 8.32 g (40.0 mmol) o? Ce(OH)4 in
250 mL of absolute ethanol until the solution was saturated with
HCL gas. Thé suspension was stifred.over thévnext 20 hrs to allow
thé feactioh to occur. Over this time. the yellow suspension was
reblaced with an orange solution. At the end of 20 hrs, the
solution was Filtered and 7.30 mL (90.6 mmol) of pyridine (dried
over Sieves 3K')'was carefully added. The addition of pyridine
éaused é‘vigorous reaction and the precipitation of a yellow
solid. Hydfogen chlorfde gas was then bubblied through the solu-
tion until no more yellow solid precipitated. The bright yellow
sond was‘collécted by suction filtration and dried, in vacuo, at
120 °C for three hours. The yield of the yellow powder was 16.6 g
(80.1 % based on Cg(OH)4.‘Ana|. Calcd. for C,H N,CeClc: Cy
23.41; W, 2.36; N, 5.46; Cl, 41.46. Found: C, 23.50; H, 2.43; N,

5.43; C1, 42.46.

7)4'1-C3H70H. To a solution of 0.42 g

(0.8 mmol) in S0 mL of benzene was added 0.13 mL

* Preparation of Ce(O-i—C3H
of (C5H6N)2CeCI6 .
of anhydrous 2-propanol. Anhydrous ammonia gas was bubbled into

this solution causing a8 white precipitate to appear (this ppt. is
NH4CI)° The solution was filtered and the removal of the solvent

from thé yellow Fiitrate left a yellow powder. This powder was

crystallized from anhydrous 2-propanol by cooling a saturated
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room temperature solution to 0 °C in a refrigerator. The crystals
were collected on a Schlenk filter. The analysis and NMR of this
complex indicated that some Ce was present in the trivalent state
(the proton resonances of the alkoxy moiety were broadened) and
that there was some pyriding present in the complex. Yield of
yellow crystals 0.9 g (30 %). Anal. Calcd. for C15H3605Ce: C,

41.27; H, 8.31. Found: C, 42.21; H, 7.84; N, 1.15.

* Preparation of Ce(CBHe)Z: Method A. Anhydrous, degassed C8H8 (5
mL) was added via syringe to 0.49 (1.1 mmol) of
Ce(O°I—C3H7)4'i—C3H7OH in @ 25 mL round-bottom flask equiped with
a condensor, septum and argon inlet in the three §-14/20 necks.
To the stirring yellow solution was added 2.3 mL of 25 %
AI(CZHS)3 in toluene. After the addition of thevtriethylalﬁminum.
the septum was replaced with a stopper. The reaction vessel was
then heated over a two hour period to 140 °C and held at this
temperature for one hour. The solution turned very dark brown
over this time. After one hour, the solution was allowed to cool
to room temperature over a period of three hours. When the solu-
tion had cooled, the stopper was replaced with a Schlenk filter
and the solution was filtered. Black needles were collected on
the glass frit. The crystals were washed with 30 mL of hexane.
The yield of crystals was 0.15 g (38.5 % based on the cerium
alkoxide). lH—NHR: toiuene~-d8, 5.75 (s); tetrahydrofuran-d8, 5.90

{(s). UV-Vis: Amax = 471 nm, € = 7900 + 400. Mass spec. (listed as

m/z, relative abundance): 348, 1.6 (Ce(CBHB)Z}:'ZAA, 27.6
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{Ce(CBHB)}; 242, 3.4; 218, 2.2; 207, 3.0; 205, 3.1, 104, 9.2.

!

Infrared (nujol mull; major peaks in range 600-1000 cm '): 688,

vs; 740, m; 785, w; 897, s. Anal. Calcd. for C16H16Ce: C, 55.15;

H, 4.63. Found: C, 53.32; H, 4.84.

* Preparation.bf Ce(C8H8)2: ﬂethod B. Potassium bis([8]annulene)-
- cerium(IIl) (0.77 g 2.0vmmof) was dissolved in 200 mL of dry,.
degassed THF'inla SdO.mL rb Schlenk %lask. The solution was then
cooled in a -78°C Dry lce/2-propanol bath. To the brightvgreen |
solution was added, undgr argoﬁ pﬁ}ge. 0.21 g (1.8 mmol) of
NOBFA. which Had been weighed into a Schlenk addition flask in an
_argon atmoéphere gliovebox. Ovér the;next three minutes, the
reactfon mixture begah_to turn brown. The cold temperature'bath
was then removed and over the next 5 minutes, the reaction mix;
ture turned dark brown. After fifteen minutes, the solent was
.removed. in vacuo, Teaving 0.80 g of a brown, pyrophoric powder.
This powder was extraéféd with toluene in a Soxhlet ektractor
giving a dark brown solution of tolqene. The removal of solvent
from this solution gave 0.03 * .0l g of a black powder. lH-NHR:
toluene-d8, 5.75 (s); exposure of this solution to air
decolorized the solution and lH—Nné of the quenched material gave
a singlet at 5.6l ppﬁ. which is the chemical shift for cycloocta-
tetraene in toluene-ds. lR:'(nuJol mull, absorbances between 600-

1000 cm”') 687, 740, 769, 782, 89.
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Reaction of K[Ce(C ).] with 1/2 egq. NOBF4. A reaction iden-

ghg’2
tical to the previous reaction was carried by adding 0.13 g (1.1
mmol) of NOBF4 to a room-temperature THF solution of 0.85 g (2.2

mmol) of K[Ce(CBH Removal of the solvent from this reaction

8)2]'
mixture left 0.85 g of a brown-green powder. This powder was
extracted with toluene. The powder and extraction thimble were
placed in THF and hot filtered (60°C). The removal of solvent

from the green filtrate left 0.15 g of K[Ce(CSH )-]+ which was

2

identified by infrared spectra.

* Preparation of K[Ce(CBHs)Z]. Anhydrous THF (70 mL) was added to
a 250 mL round-bottom Schlenk flask which contained 0.63 g (16.2
mmol) of potassium metal which héd been cut and weighed in a
glovebox. The flask was then warmed with a3 water bath and stirred
when the potassium metal melted (63 °C) thus creating small beads
of potassium metal. When the beads %ormed..stirring was stopped
and the flask was immediately placed in a room temperature water
bath to keep the beads from melting together. When the THF had
cooled to room temperature, 0.85 g (8.16. mmol) of cyclooctate-
traene was added to the fiask via syringe. The reaction of the
potassium metal took three hours, the completion of the reaction
indicated by the disappearance of the potassium metal. The now
dark brown THF solution of dianion was added dropwise, by can-

3 in
30 mL of anhydrous, degassed THF in a 500 mL round-bottom Schlenk

nula, to a suspension of 1.00 g (4.1 mmol) of anhydrous CeCl

flask. After = one-third of the dianion solution was added, a
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1 ime greeh color appeared jn the reaction flask. After all the
dfanioh solutioh was added (ca. 20 min), the suspension was
heated to 60 °C and filtered, to give a dark green filtrate,
leaving a lime green powder behind.in the flask. The dark green
Fi]trate_was placed in a -78 °C refrigerator and overnight, large
gféen crysfals formed afvthe bottom of the solution. The solvent
Qas filtered from thése crystais at -78 °C and the crystals were
then allowed to warm to.rqom'temperature. As the crysfals warmed
they Fell'apart to give a lime green powder. The powder was
‘washed threé times with 50 mL hexane and heated with a heat gun
to insure the removaf of all traces‘of solvent. The yield of-this
bowder was 0.64-§. A second crop of crystals was grown by cooling
~the filtrate and hexane wash ?rom_the'First'crop to -78 °C. The
yield of crystals from the second cfob was 0.10 g. Overall yield

was 0.74 g (47% based on CeCl,).

3
In a similar experiment, 2.98 g of cyclooctatetraene, 2.23 g

of potassium and 3.52 g of CeCl, were reacted by the procedure

3
described above. At the end of the reaction, the solvent was
removed, In vacuo, and the crude, brown-green powder was Soxhlet

extracted with THF to give 3.47 g (62.7%) of the cerium(ill)

sandwich complex.

In both of the purification methods (crystallization or ex-
traction) the bright green powder obtained was heated at 200°C,

in vacuo, for =30 min to remove all traces of solvent.



173

The infrared spectra of these powders indicated that they con-
tained no THF. Infrared (oniy the region 600-1000 cm.l listed):
675 vs, 739 m, 775 w, 890 s. UV-Vis: Mmax(THF) 690 nm. Anal.

. Successful analysis of the unsolvated cerium complex (as shown by
the absence of THF absorbances in the infrared region) proved to

be impossible. Calcd. for C KCe: C, 49.59; H, 4.16. Found: C,

16116
40.47; H, 3.81.

K[(Ce(C )2] can be crystallized from diglyme as its diglyme

g's
adduct. Analysis of [K(diglyme)][Ce(CaHa)Z] was better, but still
unsatisfactory. Anal. Calcd. for C22H30)3KCe: C., 50.65; H, 5.80;

K, 7.49. Found: C, 48.02; H, 5.98; K, 9.15.

* Preparation of KZ(CBHB)'(CAHIOOZ)Z. Degassed, anhydrous C8H8
(0.49 g, 4.7 mmol) was added via syringe to a dispersion of
0.37 g (9.4 mmol) of potassium metal in 70 mL of anhydrous,

degassed THF in a Schienk tube. The reaction began immediately,
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but took ca.vtwo hours to go té completion (as indicated by the
disappearence of the.pdtassium). The solution was Schlenk fil-
tered, and the solvent was removed from the filtrate, §n vacuo.
The pale purple solid obtained yas”dissolved in boiling, an-
hydrous, degassed DME and the resulting solutfdn was filtered.
The filtrate was allowed to cool to room temperature and then was
place in a reFrigerator‘overnight; The golutjon was Filtered
leaving large, clear, white crystais with a faint purple color.
The purple color was removed by washfngbthe crystafs three times
with pentane (note that the first pentane wash had a purple
‘color). The yield of the white crystals was 0.75 g (44 %) Anal.
Calcd for C16H2804K2: C, 53.00; H, 7.78. Fognd: C, 52.91; H,

7.55. Potassium analysis was attempted on this complex, but it

was not successful: Caled. K, 21.56. Found: K, 28.5.
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CHAPTER FOUR

Vibrational Spectra of Bis-[8]annulene Complexes

Introduction

Although the determination of a molecule’s structure from
vibrational spectra (Raman and infrared) is difficult and truly
feasible only for simple molecules, information on a molecule’s
structure and bonding can be obtained from careful interpretation
of vibrational spectra. for example, Lippincottl correctly as-

signed the structure of ferrocene as a D d sandwich complex from

5

the analysis of the Raman and infrared spectra of Fe(CSHS)Z and

Fe(CSDS)Z.
The assignment of spectra by normal coordinate analysis2 has
never been reported for the 8-fold symmetric lanthanide and
actinide sandwich complexes; this type of analysis is difficult
and tedious for a molecule with as many atoms as bis{([8]annu-
lene)uranium(lV). Although not assigned by normal coordinate
analysis, the vibrational spectra of bis{[8]annulene)thorium(lV)

3,4

has been assigned in two different studies. The method used
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for these assignments was the éomparison of the vibrational
'spectra of the [B]annulene complex with the assigned vibrationél

spectra of other sandwich complexes involving planar hydrocarbon

ligands (e.q. f"errocenel and bis(benzene)chromium(O)5 ). Shown in

Table 4.1 is the vibrational spectra of bis([8lannulene)-

thorium(lV) ahd the assignments reported.

InSpection of Table 4.1 reveals that the major differences in
the assignments in the two reports are the assignment of a very
strong infrared absorption at 695‘cm-1 and a strong infrared

absorption at 744 cm” !,

Goffart et 31;3 assign the former as a
ring;metal tilt (Elu) and the latter as the out—of—plane hYdrogen
'bendiﬁg.(o(CH).Azg). whereas Aleksanyan et a1.4 assign the former
as the out-of-plane hydrogen bending (p(CH).AZU) and the fatter

as the r ing-carbon stretching (v(CC).A The assignment of the

2u)°
band at =695 cm-l as an out of plane ring-hydrogen bending is

consistent with an earlier assignment.6

Thé assignment by Goffart 3 Has been used to determihe infor-
mation on thé ring-metal'bond in ([8lannulene)actinide complexes.
Since the very strong infrared vibration of dipotaSSium
[8lannulene dianion. at 675 cm-l is assigned as p(CH).A2u Goffart .
et al. interpret the sﬁift of this vibration to =740 cm‘l in bis-
‘([8]annulene)thorium(IV) and -uranium(lV) as indicative of
- covalent bonding; in their words, "the normal ‘ouf of plane’

vibrétions are more difficult when metal orbitals interact with
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Table 4.1: Vibrational Spectrum of Bis([8]annulene)thorium(IV)
(from reference 4).

-1 .
Th(C8H8)2 (cm ) Assignment

(only assigned bands shown)

Infrared Raman ref 3. ref.4
250 vs 242 s v(H-L)as
391 m Y(CCC)Ezg
695 vs V(H—L)t”tElu p(CH)AZu
742 s 726 w p(CH))A . p(CH)EZu.Elg
775 s 775 s o(CH) 2u 1Y V(CCIA, A
895 s 901 vw ‘ B(CH)Elu B(CH)Elu’Elg
1315 m 1320 vw V(CC)AZU'EIU v(CC)Elu.Elg
1505 w | v(COE,
2920 m 2928 vw v(CH)
2982 w ,}AZU'EIU v(CH)EZg
3005 m v(CH) v(CH)ElU.Elg
3022 | V(CH)AZu'Alg

vw=very weak; w=weak; m=medium; s=strong; vs=very strong
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" ring orbitals.” It is clear that the correct assignment of the
infrared spectra of bis([8lannuliene) complexes in the
600-900 cm.l is important, since, if Aleksanyan‘et al. are cor-

1

rect, a shift of the p(CH),A, from 675 cm ' to 695 cm ! is less

2u
dramatic and more easily rationalized without inVoking'arguements

involving ring-metal orbital overiap.

As shown in Chapter Two, the infraréd spectra of KZ[Yb(CBHe)Z]

andez[Ca(C )., ] suggest that the assfgnment-by Aleksanyan is

8"g)2
cohsistent with the spectra of [8]annulene.comp1exes and also
indicates that the assTgnment by Goffart et al is incorrect.
Following is an interpretation of the infrared spectra in the
600—1000 cm-l‘fegion for [8]ahnulene éomplexes, by a method which
is sihifar to the method used by Aleksanyan for the assignment of
the vibrational spectra of bis([8]annulehe)thorium(IV) and bis-
({8]annulene)lanthanate(llI) anion. This méthoq illustrates that

similarities should be observed in_the infrared spéctra of

- [Bl]annulene dianion complexes.
Vibrational Modes of [8]annulene Complexes

The method of determining the normal vibrations for a molecule

2,7 and will not be

Fer group theory is outlined in textbooks
presented here. Given in Table 4.2 are the Mulliken symbolsB.For
the irreducible representations for .the infrared and'Raman al-

lowed vibrational modes for a series of [8]annulene complexes
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Table 4.2: Infrared and Raman allowed vibrational modes for
[8]annuiene complexes.

Complex HZCBH8 HCBH8 H(CBHB)2 H’[H(CBHB)Z] HZ[H(CBHB)Z]
Sym. (Den) (Cev) (Dah) (Cev) (Dah)
rRaman 3 Alg 4 Al 4 Alg 8 Al 5 Alg

2 Elg 5 E1 5 Elg 12 El 5 Elg

4 Ezg 6 E2 6 EZg 12 E2 ) 6 EZg
rIR 2 AZu 4 A1 4 A2u 8 Al 5 A2u

4 Elu 5 El ) Elu 12 El 7 Elu
HZCBH8 (Dah)' HCBH8 (Cev)’ H(CBHB)2 (Den)' H'[M(C8H8)2] (CBV) and
HZ[H(CBHB)ZJ (Deh). It should be noted here that the character

table59 used in this study differ from the character tables used

previously, specifically in the labelling of the B, and B2 repre-

1

sentations. Inspection of the D h and Cav character tables shows

8
that this difference has no effect on the assignment of the
vibrational spectra, since the B1 and 82 modes are neither Raman

nor infrared active.

In order to assign the "ligand only" vibrational modes for the
[8lannulene complexes, the following manipulations are performed.
First, the vibrational modes for a "free" [8]annulene dianion are
determined. In Table 4.3, the active normal vibrational modes and

their assigments are given for "free" [8]annulene dianion. -
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Table. 4.3: Infrared and Raman Correlation Chart ?or‘"Free"

a complexes.

[8lannulene dianion (Deh)'

frequency - Assignment
s A vCH

737 s Mgt Q(CC)
710 w ' Elg+ p(CH)
2979 m Ezg+ v(CH)
1492 m E2§+ v(CC)
not found Eég+ B(CH)
343 m E2g+ Y(CCC)

(675 vs - A, ¢ p(CH)
2994 s £, ¢+ v(CH)

1295 w £, ¥ v(CC)

| 880 s - E * 8(CH)
inactive E2u b(CH)

- inactive - E2U x(CCC)

a) from ref. 4. vs=very strong; s=strong; ‘m=medium; w=weak.
+=Raman active. #=Infrared active. .
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The assignment of the infrared and raman bands is consistent

with the assignments in other planar, cyclic hydrocarbons.4'lo

The normal vibrational modes for the free [8]annulene differ from

KoCgHg BY A g0 Eigr Ay

_can be assigned as vibrations that involve disptacement of the
4.10

» and Elu' Accordingly, these vibrations
entire ring relative to the metal atoms. The ring-metal
vibrations can be viewed as not involving the vibrations or
bending of the ligand CH or CC bonds.10

To determine the assignment of the ligand only vibrations for
the other types of {8]annulene complexes, one needs only to

consider the effects of changes in symmetry and/or presence of a

second [8]annulene ligand in a8 sandwich type arrangement.

First, consider the changes in the vibrational modes of a

"free" [B]annulene in a C v environment. Removal of the eight

8

perpendicular C2 axes and inversion center from the D8h point
group results in the loss of the classification of gerade or

ungerade. For example, the A and A representations in the D

2u ig 8nh
"point group are both A, in the Cav point group. This idea is
easily fllustrated by the consideration of a p-type orbital. In

the D8h point group, the pz orbital is symmetric with respect to

rotation by 2n/n about the principal axis (A), anti-symmetric

about a perpendicular C, axis (2) and is anti-symmetric with

2

respect to the inversion center (ungerade, u). In the C8v point
group, the pz orbital is symmetric with respect to rotation by
2n/n about the principal axis (A), but since in C8v symmetry

there are no perpendicular C., axes, then the pz orbital is sym-

2
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metric with respect to a vertical plane of symmetry (l).11 The is

no inversion center in C symmetry. The other changes in sym-

8v
metry are shown in}Table 4.4. If the results of simply consider-
ing thé e?FectsvoF restricting the free [8]annulene to Cevssym-
metry are compared with the resulfs from Table 4.2, it is seen

that the oniy differences can be assigned as displacement of the
entire ring and metal atoms. Therefore..by consideration of onfy
the changqs in the Mulliken symbols for fhe nofmal vibrational

modes as a the [B]annﬁlene dianion goesvfrom D

h to C v geometry,

8 8

the correct normal modes of vibration for a "free" [8]énnulene

dianion in CBV

When a free D

symmetry has been determined.

8h [Blannulene dianion is placed in a sandwich

arrangement with'another‘Free [B]annuiene dianion the following
changes occur. Although the symmetry of the sandwich is still

Dan' the horizontal plane of symmetry does not contain an

[8]annulene ring. The consequence of this change is that there is
a doubling of all observed normal vibrations for the molecule.

For example, the A, modes of two independent (8]annulene rings

Ig

become one A, and one A
} lg 2u

Again, this point is more easily demonstated by considering the

mode in the sandwich arrangement.

addition of atomic orbitals. If one considers the addition of two

s-type orbitals (Alg) in a mlecule with D symmetry, the addi-

8h

tion of two positive orbitals results in a new orbital that is

still Alg' whereas the addition of a positive s-type orbital with

a negative s-type orbital gives a new orbital that has the same
. symmetry properties of the pZ orbital. which as shown earlier, is

A. in the D

2u symmetry. Similar consideration of the other vibra-

8
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tional modes leads to the result shown in Table 4.4. Again, the
vibrational modes obtained by adding two [8]annulene differs from
the result obtained for H(CSHB)Z only by modes which can be

assigned to the displacement of the entire ring and metal atoms.

The last column of Table 4.4 contafns the result of constrict-
ing the bis([8]annulene) sandwich to Cev symmetry. Thus, by
considering only the allowed vibrational modes of a "free”
[8]annulene dianion, the "ligand only”™ vibrational modes have

been generated for the sandwich complexes.

What are the consequences of this treatment? First, ligand
vibfations that appear in the infrared spectra of dipotassium
[8lannulene, should also appear in the sandwich complexes. If the
band is strong for the dianion, it should also be strong for the
-sandwich compliex. Second, some of the bands which appear only in
the Raman spectrum of [8]annulene dianion (specifically the Alg

and the Elg) should appear in the infrared spectra of the

sandwich complex (as A u and Elu)'

2
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Jable 4.4: Infrared and Raman Correlation Chart for {8Jannulene
‘complexes. : :

Mono({B8]Jannulene) Bis({8]annulene) Assignment>
Dgn Cav Dgh Cav
A, _+ A +% A, + A +3 v(CH)
lg l A%8+ Ai+$
A, _+ A +% A, + A +4# v(CC)
lg l A%8+ A{*#
A, _* A,* A, * A5*
29 2 29 2
o ATd A2
£E,_.* E,* E,.* E,.*
SR {1
E, + E,+# £, .+ E,+# p(CH)
Ig 1 v E}ﬁ# Ef+¢ '
E, + E ¢ E, .+ Eo+ v(CH)
29 2 29 2
E2u £2*
E, ¢+ E,+ E,. .+ Eo+ v(CC)
29 2 29 2
E20 E2+
E, + £+ E- + E,+ 8(CH)
29 2 2 2
| ESS E3+
Er. + Eo+ £+ Es+ v(CCC)
2 2 29 2
s E2d B3+
A, ©® A A, + CA+%
2u 1 1Ga la
v A2u Al
A, # A +% A, _+ A +% p(CH)
2u -l Aég# Ai+¢
E, * E," E,.+ E,+%
lu 1 19« la
' Elg E|
E, * E,+% E, o+ E, +%* v(CH)
WooRT o hR g e
E, # €,+% £, .+ E.+2 v(CC)
fu : Eids CEles '
£, * E,.+% o E Nt E +% B(CH)
lu 1 E}E* Ei+$.
E Eo+ E, + E,+ o(CH)
2u 2 2 2
ESS E3+
E E,+ E, + £+ x(CCC)
2u 2 2 £2
ESS. E3+

*=translation or rotation. +=Raman active. #=|nfrared active.
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Applications

The Structure of KZ[H(CBHB)ZJ.

The D8h symmetry of the class K [H(C8 8 2] was predicted by

infrared spectra prior to the determination of the structure of

12

[K(C_H )] [Yb(C8 8 2] by single crystal x-ray diffraction.

6 14 3

In Table 4.5, the infrared spectrum of K [Yb(C is compared

ghg) 2]

with both the infrared and Raman spectra of K2C8H8 in the

600-1000 cm“l range.

As predicted, the strong infrared bands of dipotassium
[8]annulene are observed in the infrared of dipotassium bis-
({8]annuiene)ytterbium(ll). Also, the band in the Raman spectrum
of dipotassium [8]annulene at 737 em™ ! (A|g) is present in the
infrared spectrum of dipotassium bis([8]annulene)ytterbium(I1])
in the

(A, ). Thus, the infrared spectrum of KZ[H(C

2u ghg’ 2]
600-1000 t:m-l region is exactly what one would predict from

consideration of the free ligand vibrations.

Since the infrared spectra of KZ[Yb(C8 ] and K (Ca(C8 8 2]
are fdentical, then it is also obvious that the strong band at
=680 cm"l cannot be due to any vibrational mode involving the
metal, since the position of this band is not affected by the

change of the central metal atom. Any infrared active vibration

involving the central metal should occur at vastly different
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Table 4.5: Comparison of the vibrational spectra of K2C8H8 with
{

the infrared spectrum .of KZ[Yb(CBHa)Z] in the 600-1000 cm
range.
K2C8H8 Kz[Yb(CeHB)Z] Assignmeht
Raman Infrared Infrared
675 vs 683 vs ' ‘ p(CH) AZu
_ a '
710‘w not observed p(CH) Elg'Elu
737 s 740 m : v(CC) AlngZu
880 s ges s° B(CH) E

~ (a) Region obscured by Nujo! absorbance. (b) split peak 879,888.

frequencies due to the diFFerence in mass between calcium and
ytterbium. Comparison of the infrared spectra of bis([8)annu-

lene)uranium(IV) and bis([8]annulene)ytterbate(l1) dianion (Table

2.6) clearly indicates that the strong band at =690 cm-l in the

infrared spectrum of the actinide complex is also the out-of-

plane hydrogen bending, p(A, ).

2u

" The strbcture of,Yb(CBHB) Polymer

Although Yb(CSH is not crystalline, its structure can be

8)
deduced from its infrared spectrum. In Table 4.6, the infrared

spectrum of Yb(CBHB) is compared with'both the infrared spectrum

and the Raman spectrum of K,CoHg in the 600-1000 em™ ! range.
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In this case, the Raman active bands in the [8]annulene dianion
do not appear in the infrared spectrum of Yb(CeHB). The results

in table 4.4 predict that the Raman band at 737 cm !

(Alg) should
appear in the infrared spectrum of Yb(CBHB) (assuming C8v sym-

metry) as Al' This does not happen.

" Since the infrared spectra of KZCBHB and YszH8 are identical
(except for minor shifts in observed frequencies of the
vibrations), it is then assumed that these complexes have similar
structures. The only way that Yb(CeHe) can have the same struc-
ture as KZCSHB is for che“s to exist as a polymer, as shown in
Figure 4.1.

Jable 4.6: Comparison of the vibrational spectra of K2C8H8 with

the infrared spectrum of Yb(CeHB) in the 600-1000 cm—l range.

K2C8H8 Yb(CeHe) Assignment
Raman Infrared Infrared
675 vs 678 vs p(CH) AZU
710 w ‘ p{(CH) Elg
737 s v(CC) Alg

880 s 888 s B(CH) Elu
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ngure 4;1: Proposed Polymeric Structure for Yb(CSHB)'

<>

The Structure of K[Ln(CeHB)ZJ

6HMOa][Ce(CBHB)ZJ indicates that

the [8]anfhulene rings are in a staggered conformation making the

' The crystal structure of [K(C

symmetry of the bis([8)annulene)cerium(IV) anion D However,

8d’
since the barrier to ring rotation in the solid is essentially 0

kca_l/mole.l3 then it is not unexpected, depending on the infrared

N

sample preparation, that the rings could exist in an eclipsed

conformation, making the symmetry of the sandwich anion D h and

8

the symmetry of the molecule C I1f K[Ln{(C ] exists in C

| By 88’2
symmetry, then one would predict that there would be pairs of

8v

vibrations. Aé a case in point, consider the po(CH) A of

2u

dipotassium [8]annulene. This molecular vibration can be depicted

)
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as shown in Figure 4.2. The addition of two of these vibrations

(and still maintaining D symmetry) gives an A and an A

8h g 2u
vibrational mode for the sandwich compiex. The Alg should appear

at higher energy relative to the A InC symmetry, both of

2u’ 8v

these vibrations become Al and should occur as a pair of vibra-

tions in the infrared of Cav K[Ln(CBHB)Z]'
vibrations in the infrared spectra of the class K[Ln(C8H8)2]

There are no pairs of
(Table 4.7).

As is the case for Yb(CsHe). K[{Ln(C ] can obtain Deh by

gha’2
forming a poiymer like the one shown in Figure 4.3. This polymer
has the same symmetry properties of bis{[{8]annulene)uranium(IiV)

and bis([8]annulene)ytterbium(ll) dianion, so it is not unex-

pected that solvent-free K[Ln(C ),] should have the same in-

ghs’2

frared spectra as the D sandwich complexes. Since the classes

8h

"(CSHB)Z' K[H(CBHB)ZJ and KZ[H(CBHB)ZJ all appear to have similar

symmetry, the changes in infrared spectra as a result of changes

in the central metal atom can be studied.



Table 4.7: Infrared Spectra of K[Ln(CBH
range (Nujol mulls).
a

Ln = La Ce Pr
680 vs 675>vs 680 vs
740 m 740 m 740 m
17l w T3 w 775 w
892's 890 s 890 s

(a) from reference 4b.

8)2] in the 600-1000 cm

196

1

Yb
690 vs

741 s

T70 w

899 s

Figure 4.3: Proposed Polymeric Structure for K[L“‘Ca”e’2]°
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Effect of the Central Metal on the Infrared Spectra
(600-1000 cm_l) of [8]Annulene Complexes

The infrared spectra of Ce(CeHe)2 and K[Ce(C ] are shown

88’2
in Figure 4.4, As predicted, the two infrared spectra are almost
identical. The only major differences in the two spectra in the
600-1000 cm ! region are the positions of the strong bands. Table
4.8 lists the positions of the infrared bands for the bis-
([8]lannulene) complexes of cerium(iV) and cerium(lil), along with

the infrared spectra of the bis{[{8)annulene) complexes of

ytterbium(lIl) and ytterbium(ll).

In the pair of complexes involving different oxidation states
of the same element, the shift of the bands assigned as CH bend-
ing is toward higher energy as the oxidation state increases.
However, the band assigned to carbon-carbon vibration appears to
be unaffected by the change in central metal atom oxidation
state. The best expianation for these shifts is from the change
in fonic radius of the central metal atom. The higher oxidation
state for a given atom has a smaller jonic radius for a given
coordination number.‘Assuming that the metal-ring carbon distance
is determined by the addition of the ionic radii of the metal
atom (coordination number 10) to the ionic radii of carbon in
[8]annulene dianion results in the ring-ring distance becoming
smaller as the formal oxidation state of the central metal atom

increases. As suggested by figure 4.2, the out of plane CH
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20

ST T T K[Ce(CgHgdpl
do - —_——

——— ) - e - - - L ) - - - .-

Figure 4.4: Infrared Spectra of Ce(CeHB)Z'and K[Ce(C_H,), (Nujol
mulls) 88’2
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bending (AZu) should be greatly affected by the intra-ring dis-
tance. It also follows that the CH bending modes should be more

affected than the CC modes by intra and inter molecular forces.

The above arguements suggest that any differences in energies
for the infrared absorptions in the free ligand can be rational-
ized by changes in the inter-ring distance; which, as shown by
Raymond.14 are determined by the ionic radii of the central metal
atom and not by covalent interactions. Of course, the preparation
of infrared samples can affect the infrared spectrum of a com-
pound, but within the.constraintvof similar spectra indicating
similar geometries, the energies of the free~ligand vibrations
indicate nothing about ligand-metal orbital overlap in the bis-

([8lannulene) complexes.

Table 4.8: Infrared Spectra of Bis([8]annulene) Sandwich Com-
plexes with varying oxidation states of the central metal atom.

Ce(CBHB)2 K[Ce(C8HB)2] K([Yb(CBHB8)2] K2[YD(C8BHB)2]

687>vs 675 vs 690 vs 683 vs p(CH)
740 m 740 m 741 s 740 m v{(CC)
770 w 773 w 770 w

785 w

896 s 890 s 899 s 888 s° B(CH)

(a) split peak 879,888.
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Conclusion

The infrared spectra of [8]énﬁulene sandwich complexes in the
600-1000 cm“l region can be ‘indicative of an eclibsed arrangement
of the [Blénnulene rings. The vibrations in this fegion involve
only CH an CC movement, not ring—metaI'disp1acement$. as sug-
Qested by GoFFért. For two: [8]annulene sahdwich complexes  involv-
ing same central hetal atoms in different oxidation states, the
positfon of the p(CH),A

and the 8(CH), E are expected to

2u lu
occur at a higher freguency for the molecule with the central

metal étomvin the higher oxidation state. The shifts in frequency .

in the bands in the 600-1000 cm-l range can be explained in terms
of the ionic radii of-the central metal atom. fhus. no conclu-
sions on the amount of ring-metal orbital interactions in
bis([{8]annulene) sandwich complexes can'be‘drawn.by consideration

of their infrared spectra in the»600—1000 cm-l_range.

oy
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