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CHAPTER ONE 

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

Introduction 

Bis([8]annulene)uranlum(IV)I, uranocene, was prepared as an 

expected f-orbltal analoque to d-transitlon 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 ligand HOs (e
19

) of two cyclopentadienyl 

2+ anions with the unoccupied 3d±! orbitals on Fe • By analogy, a 

ring-metal Interaction Is symmetry permitted between the interac-

tion of the highest occupied HOs 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 1.1. In 

this example, the central metal ion shown, uranium(IV), has two 

electrons remaining In metal f-orbitals; thus, the HOHO of uran-

ium(IV) Is located on the metal. 



---

8 10 --II- -+-
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5f 

Figure 1.1: e2u orbital interactions in and bis([8]annulene)uran-

lum(IV). 

, 
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Since the synthesis of bis([8]annulene)uranium(IV),2 there have 

been 'many other complexes synthesized involving a lanthanide or 

actinide element and one or more [8]annulene dianions. All of 

these complexes are unstable towards air (most are pyrophoric) 

and water; al I 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 metal (+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 alkylated,3-7 

8-10 11-13 arylated and annulated derivatives constitute the 

majority of the (8]annulene complexes known for the tetravalent 

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

actinide(IV) complexes is similar to that of the uranium systems. 
'r 

The most utilized reaction for the synthesis of bis([8]annu-

lene)actinide(IV) complexes is the reaction of a tetrahydrofuran 

(THF) solution of [8]annulene dian ion with a stoichiometric 



amount of the actinide tetrachloride in THF (1.1). This method 

has been emp I oyed for' the synthes is of b is ( [8 ]annu I en'e)

thorium(IV) (thorocene),14 -protactinium()V) (protactinoCene),lS 

-uranium(IV)2 and -neptunium(IV) (neptunocene) ,16 however. the 

4 

yield of bis([8]annulene)protactinium by this method is low. Bis-

([8]annulene)plutonium(IV), plutonocene, is synthesized by the 

reaction of tetraethylalTlllOnium hexachloroplutonate(IV) suspended 

in THF with a stoichiometric amount of [8]annulene dianion in THF 

(1.2).16 

[ 1. 1 ] 

------) 
THF 

[ 1. 2] 

Curiously, attempts to synthesize bls([8]annulene)plutonium(IV) 

using cesium- or pyri~inlum hexachloroplutonate(IV), Cs 2PuCl 6 or 

(CSHSNH)2PuCI6' were unsuccessful, but the synthesis of bis([8]-

16 annulene)uranium(IV) from (CSHSNH)2UCI6 was successful. 

Bis([8]annulene)thorium(IV), -uranium(IV) and -plutonium(IV) 

can also be synthesized by the reaction of cyclooctatetraene with 

the finely divided metals obtained by heating the metal hydrides 

(1.3).17 In this reaction, a sealed Pyrex tube containing the 

actlnlde-cyclooctatetraene mixture is heated in a tube furnance 

\" 

, 
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at 150-160° C. The reaction product is isolated by subl fmation. 

This preparative method provides demonstration of the thermo-

dynamic stability of the bis([8]annulene)actinide complexes. 

[ 1. 3] 

The bls(I,3,5,7-tetramethyl[8]annulene)actinide(IV) complexes 

made from 1,3.5.7-tetramethyl-cyclooctatetraene have been syn-

thesized for many of the actinide elements. The synthesis of 

1.3.5.7-tetramethyl-cyclooctatetraene is shown in Figure 

1.2.18. 19 

FIgure 1.2: Synthetic scheme for 1.3,5.7-tetramethyl-cyclooctate
traene 

hv -

2 K 



Treatment of 1.3.5.7-tetramethyl-cyclooctatetraene with two 

equivalents of potassium gives the corresponding [8]annulene 

dianion. Bis(1.3.5.7.tetramethyl[8]annulene)thorium(IV),20 

6 

. 19 19 21 21 -uranlum( IV), -neptunium( IV)' and -protactinium( IV) have 

all been synthesized by the addition of 1,3,5,7-tetramethyl[8]-

annulene dianion to the appropriate actinide salt (1.4). 

[ 1. 4] 

Attempts to make the bfs(1,3,S.7-tetramethyl[8]annulene)pluton-

ium(IV) derivative by addition of tetramethyl[8]annulene dianion 

to plutonium tetrachloride resulted in the reduction of Pu(IV) by 

19 the tetramethyl[8]annulene dianion to Pu(III). When the 

borohydride complexes of neptunium and plutonium are used in 

plate of the halide salts acceptable yields of the bis(tetra-

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

[ 1.5] 

Other substituted bfs([8]annulene)actinfde(IV) complexes fOr 

uranfum3- 13 thorium20 • neptunfum4 and plutonium4 have been 

prepared by the reaction of the substituted [8]annulene dianion 

with the appropriate actinlde(IV) salt. X-ray diffraction data 

suggest that the alkyl-substituted neptunium(IV) and 

plutonlum(IV) complexes are isomorphous with the corresponding 

". 

.. , 

, 
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uranium(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(IV) 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 IH-NMR, 

a resonance was observed which cannot be attributed to the 

bis([8]annulene) complex. 22 Further experiments showed that this 

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

([8]annulene)thorate(IV) dichloride. 22 The mechanism for the for-

mation of bis([8]annulene)thorium(IV) evidently involves 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: React ions for the format i on of. b is ( [8 ]annu
lene)thorium(IV) . 



Uranium, unlike thorium, has an accesible trivalent oxidation 

state. It has been shown that bis([8]annulene)uranium({V) can be 

reduced by lithium naphtha I ide to the bis([8]annulene)uran-
23 . . 

ate(III) anion (1.6). The same complex can be synthesized by 

the reaction of two equivalents of [8]annulene dianion with one 

equivalent of uranium trichloride (1.6).23 

8 

[ 1. 6] 

or 

It has been found that [8]annulene dianion reduces uranium 

tetrachloride to uranium trichloride when the reaction is carried 

out at -78 0 C. 24 When two equivalents of (8]annulene dianion in 

THF are added to one equivalent of uranium tetrachloride in THF 

at -78 0 C, the green color of uranium tetrachloride changes to 

the purple color of the trichloride. As this reaction mixture is 

warmed slowly to room tempera~ure, the color of the reaction 

changes to the dark green color of bis-([8]annulene)uranium(IV). 

The yield of bls~([8]annulene)uranium(IV) is not affected in this 

method of reaction. These reactions Indicate that the first step 

of the reaction to form bls([8]annulene)uranium{IV) is the reduc-

tion of the uranium tetrachloride. 

Based on the existence of the bis([8]annulene)uranate(III) 

anion and the reduction of U(IV) to U(III) by (8]annulene 

, 



dianion. the fol lowing mechanism (Figure 1.4) has been proposed. 

as an alternative to simple ligand substitution. for the forma

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

Figure 1.4: A Proposed Mechanism for the Formation of eis
([e]annulene)uranium(IV). 

-UCl 4 L + K2CeHe ------) UCl 3 Lx + KCeHe x 

UCl 3 Lx + K2CeHe ------) (CeHe)UCI Lx 

(CeHe)UCI Lx + K2CeHe ------) (CeHe )2U(III) 

(CeHe ) 2 U ( I I I ) + UCl 4 L ------) (CeHe )2U + UCl 3 
L x x 

(CeHe )2 U(III) + CeHe ------) (CeHe )2U + KCeH~ 

9 

Clearly. more work Is needed on the mechanism of the formation of 

bis([e]annulene)actinide(IV) complexes. 

Structures of the Bis([81annulene)actlnide(IV) complexes 

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

complexes are known. eis([e]annulene)uranium(IV)25.26 and 

-thorlum(IV)26 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 Deh symmetry; the carb

on atoms of the [e]annulene rings are eclfpsed. X-ray diffraction 

data and infrared spectra data on bis([e]annulene)neptunfum and 

-plutonium suggest that these complexes are Isostructural with 

bis([e]annulene)uranium and -thorium. 15 
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The crystal structure of bis(I,3,s,7-tetramethyl[8]annulene)

uranium(IV) is also known. 28 This complex crystal Ifzes as 

molecules in two rotomeric configurations (Figure 1.6). 

Ffgure 1.5: Structure of Bis([8]annulene)uranium(IV). 

.. 
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.. 

-.u>&.I • 

• 

Ffgure 1.6: Structure of Bis(I,3,5,7-tetramethyl[B]annulene)-

uranfum(IV) (hydrogen atoms omitted). 
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In the A form the methyl groups are essentially eclipsed and in 

the B form the methyl groups are essentially staggered. The 

methyl groups on the [8]annulene rings are bent out of the plane 

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" as a 

result of this bending; this distance is within the Van der Waals 

contact distance for two methyl groups (4.0 A )~9 One possible 

explanation for the bending of the methyl groups is the change in 

hybridization of the ring carbons to achieve better orbital over-

lap with the uranium 6d and Sf orbitals. This bending of the 

methyl group toward the uranium would result from such a change 

in hybridization (Figure 1.7). 

Figure 1.7: Methyl Group Bending In Bis(l ,3,5,7-tettamethyl [8]-

annu I ene} uran I um(J V} • 

, 



X-ray powder pattern data on bis(I,3,S,7-tetramethyl[8]annu-

lene}protactinium(IV}, -neptunium(IV} and -plutonium(IV} 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, 

13 

bls([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 bls([8]annulene)actinide(IV} 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 ligand 

v 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 HO calculations (LeAO) by Hayes and Edelstein30 on bis-

([8]annulene)actlnlde(IV) complexes did indeed indicate that 

there was significant interaction between the ligand e2u orbitals 

and the metal Sf±2 orbitals. In these calculations, only the 

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

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

ligand HOs. 

One Important consequence of the early model of bonding is 

that the interaction of the metal f±2 orbitals with the e2 ligand 

v-HOs leads to the energy level ordering e2g > e2u (as shown in 

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

first photoelectron spectra (PES) bls([8]annulene}thorium(IV) and 

-uran i um(l V )31, 32 were Interpreted on th i s bas is, but I ater work 

by Clark and Green,33 in which the spectral changes due to He-I 

or He-II ·ionizing light were compared, led to the assignment of 

e2u > e2g . This assignment suggests that there is participation 

of the metal d orbitals in the bonding scheme. 

A more complete bonding model from the Xa scattered-wave (SW) 

treatment of bfs([8]annulene)uranium(IV) and -thorium(IV) was 

proposed by Rosch and Streitwieser. 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 Ionization potentials by Clark and Green and 

verified that the contribution of the metal d orbitals to the 

ring metal bond In these complexes Is at least as Important as 

the contribution of the metal f orbitals. 

Recently, the quasfrelatlvistlc Xa SW HO calculations on bls

([8]annulene)uranlum(IV), -thorium(IV) and -cerium(IV) were 

reported. 35 These calculations show remarkably good agreement 
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with the PES spectra of bis([S]annulene)uranium(IV) and -thor-

ium(IV). As is the case for non-relativistic calculations, the 

calculated level ordering (e2u > e2g ) 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 ROsch and Streitwieser is in chapter three of this 

thesis. 

The calculations by ROsch and Streitwieser indicate that bis-

([S]annulene)thorlum(IV) Is more Ionic than 

. bls([S]annulene)uranium(IV).34, 35 One experiment that supports 

this Idea is the slow reaction of 

bls(n-butyl[S]annulene)thorlum(IV) with uranium tetrachloride to 

form bis(n-butyl[S]annulene)uranfum(IV).20 The reverse reaction 

does not occur. As an indication of the.relative ionicity of bis-

([S]annulene)thorlum(IV) as compared to bfs([S]annulene)uran-

lum(IV), the slow formation of bls([S]annulene)uranium(IV) in the 

above examples can be contrasted with the immediate reaction of 

the highly Ionic bis([S]annulene)cerate(III) anion with UCl 4 to 

form bis([S]annulene)uranlum(IV).36 

Figure I.S: Reactions of Sis([S]annulene) complexes with UCI 4 . 

where k' » k 
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Bis([B]annulene)actinate(III) anions 

When two [a]annulene dianion rings complex a trivalent metal 

atom. the result is a bis([a]annulene) sandwich anion. There is 

one class of complexes involving the actinides and two classes of 

complexes for the lanthanide(lll) ions that contain two [a]annu-

lene dianions sandwiching a trivalent central metal ion. 

. 23 The potassium salts of bis([a]annulene)uranate(lIl), 

-nePtunate(III),37 ~plutonate(III)37 and -americate(III)3a have 

all been reported. These complexes have been synthesized by the 
.' . 

reaction of two equivalents of [a]annulene dianion with one 

equivalent of the actinide trihalide (1.7). 

[ 1 .7] 

The physical properties of these complexes are similar to those 

. 36 39 . 
of the class K[Ln(CaHa)Z].' Small amounts of oxidizing 

agents oxidize the trivalent central metal complexes to the cor-

37 responding tetravalent central metal complex (l.a). 

[ 1.8] 

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

The two classes of complexes containing a bis([a]annulene)lan-

thanate(III) anion are those that contain an alkali cation and 
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those that contain the complex ([8]annulene)lanthanate(III) cat-

ion. One of the classes, the alkali salts of the bis([8]annu-

lene)lanthanate(III) 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-alkal ine 

salt of [8]annulene dianion with the anhydrous lanthanide 

trichloride (1.9). The synthesis can be accompl ished by the ad-

dition of a suspension of the lanthanide salt in THF to a THF 

solution of the dianion,36, 39 

[ 1. 9] 

The bls([8]annulene)lanthanate(III) anion complexes from 

1,3,S,7-tetramethyl-cyclooctatetraene have also been prepared the 

reaction of the substituted dianion with the lanthanide 

trichloride. 40 

Although the mechanism for the formation of the bis([8]annu-

lene)lanthanate(III) complexes Is not known, the following equi-

I ibria (figure 1.9) have been establ ished involving the lan-

thanlde trichlorldes, [8]annulene dianion, the ([8]annulene)-

lanthanate(III) chloride and the bis([8]annulene) lanthanate(I I I) 

anion. 36 It is postulated from these equilibria that in the reac-

tlon of [8]annulene dianion with a lanthanide trichloride the 

«(8]annulene)lanthanate(III) chloride Is formed initially as a 

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

([8]annulene) complexes. 

Figure 1.9: Equi I ibrium equations involving ([8]annulene) lan
thanate(III) complexes and lanthanide trichlorides. 

The other preparat ions of the al ka 1 I b Is ([ 8] annu 1 ene)-

lanthanate(III) salts are methods which are useful only for 

specific lanthanide elements. For example, the bis([8]annulene)-

cerate ( I I I) an I on can be pre.pared by the reduct i on of b Is ( [8]

annulene)cerlum(IV) with one equivalent of potassium (1.10).41 

Ce(C H) + K -~----> K[Ce(C H ) ] 88288 2 

[1.10] 

This method is only feasible for complexes that contain lan-

thanide ions that can exist ina 4+ oxidation state and thus only 

the cerium complex can be made in this manner. 

The bis([8]annulene) lanthanate(I I I) anions which are complexed 

by an ([8]annulene)lanthanate(II.I) cation are the only other 

class of complexes which contain two [8]annulene dianions in a 

sandw i ch arrangement about a I anthan f de ( I I 1) f on. Th f scI ass was 
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first reported for the cerium(lll) ion. from the reduction of 

ce~ium(IV) isopropoxide with triethylaluminum in the presence of 

41 cyclooctatetraene (1.11). 

[1.11] 

The green cerium complex was characterized by elemental analysis 

and infrared spectrum. The structure of this complex is not 

known. but Its infrared spectrum indicates that all of the 

I igands are present as the planar [e]annulene. Reaction of 

Ce2 (CeHe )3 with cyclooctatetraene using a catalytic amount of 

triethylaluminum gave bis([e]annulene)cerlum(lV) (1.12).41 

(C2HS)3AI 
Ce2 (CeHe )3 ----------) Ce(C H ) 

C H e e 2 
e e 

A more general synthetic procedure for the synthesis of 

[1.12] 

Ln2 (CeHe )3 is by the reaction of neutral cyclooctatetraene with 

lanthanide atom vapor at -1ge °c (1.13).42 

[1.13] 

Lno + C H ------) Ln (C H ) e e 2 e e 3 

Crystallization of Ln2(CeHe )3 from THF gives the complex as its 

42 
bis-THF adduct. [(CeHe)Ln(OC4He)2][Ln(CeHe)2]. The crystal 



structure of the THF adduct of the neodymium complex (discussed 

later) clearly shows that the biS([S]annulene)neodymate(III) 

anion is present in this structure. 42 

20 

The structures of both classes of compounds involving bis([S]-

annulene)lanthanate(III) anions have been elucidated from single 

crystal x-ray diffraction studies on etherate adducts of the com-

43 plexes. The structure of the diglyme adduct of K[Ce(CsHS)2] 

shows a bis([S]annulene)cerate(III) anion which has the [S]annu-

lene rings parallel planar and with a local syrrmetry ·of DSd about 

the central metal atom. The anion Is In a tight ion pair with a 

diglyme solvated potassium cation. 

Thesyrrmetryof [K(diglyme)][Ce(CSHS)2] is Cs ; the potassium ion. 

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

Iyme all lie on the mirror plane of this molecule. 

42 The structure of the bfs-THF adduct of Nd2(CSHS)3 shows a 

bis([S]annulene)neodymate(III) anion where the local syrrmetryof 

the anion is Cl. The carbon atoms of the two [S]annulene rings (A 

and B) are almost eclipsed, but the rings are not parallel planar 

and these planes intersect at an angle of 7.2S 0. The complex 

anion Is an ion pair with a bls-THF solvated [S]annulene)neo-

dymate cation. The metal-ring carbon distances shown in Figure 

1.11 Illustrate the effect of the presence of two trivalent atoms 

In this molecule. 

.•. 

~} 
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Figure 1.10: Structure of [K(C6H1403)][Ce(CeHe>2] (hydrogen atoms 
omitted) . 

Figure 1.11: Structure of [(CeHe)Nd· 2THF][Nd(CeHe )2] (hydrogen 
atoms omi tted) . 



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

[(CeHe)Nd· ZTHF][Nd(CeHe)zl is within bonding distance of both 

neodymiums. The presence of two neodymium atoms does not break 

ZZ 

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

bis([8]annulene)neodymate anion. 

The structure of [(CeHe )Nd(OC4He )Z] [Nd(CeHe1z1 can be con-

. 44 45 trasted with the structure of "Ti z(CeHe)3. ' In the titanium 

structure, both titaniums arecomplexed by one [e]annulene, but 

they share a third cyclooctatetraene (Figure 1.lZ). 
r 

Figure 1.1Z: Structure of Ti z(CeHe )3 (hydrogen atoms omitted). 
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In the neodymium complex, the presence of a second lantha-

nide(III) only distorts the bis([S]annulene)lanthanate(III) ion. 

The thermodynamic driving force for neodymium to form a covalent 

w-bond with cyclooctatetraene is not sufficient to overcome the 

coulombic attraction between [S]annulene dlanion and a 

lanthanide(III) ion. 

Bis([8]annulene)lanthanate(II) dianions 

Bis«(S]annulene)lanthanate(II) dianions are the subject of the 

second chapter of this thesis and are not discussed in this chap-

ter. 

nono([81annul~ne)actinate(IV) complexes 

The ([S]annulene)thorate(IV) "half-sandwich" complexes are by 

far the most extensivly studied of the mono([S]annulene) com-

plexes. «(S]Annulene)thorate(IV) dichloride can be synthesized as 

a bls-THF adduct by the stoichiometric reaction of [S]annulene 

dianion with thorium tetrachloride (1.14) or by the reaction 

22 46 equil ibrium reaction between ThCI 4 and Th(CSHS)2 (1.15). ' 

[1.14] 

[1.15] 
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The related compounds from alkyl substituted cyclooctatetraenes 

can be best prepared by refluxing bis(alkyl[S]annulene)-

thorium(IV) with excess thorium tetrachloride in THF or DHE until 

the yellow color of the bis(alkyl[S]annulene)thorium(IV) disap-

pears. ([S]Annulene)thorate(IV) dichlorides can also be prepared 

by reaction of bfs([S]annulene)thorium(IV) with anhydrous 

hydrogen chlorfde (1.16)~22 

[1.16] 

The preparation of ([S]annulene)thorate(IV) bis-hydroborates 

have been achieved by several routes. 41 The alkyl substituted 

complex, (n-butyl[S)annulene)thorate(IV) bis-hydroborate,. is 

prepared by the reaction of thorium tetrahydroborate with 

bis(n-butyl[S]annulene)thorium(IV) in refluxing THF (1.1'). Due 

to the low solubil fty of the unsubstitutedbis([S]annulene)-

thorium(IV) In THF, the unsubstituted mono-ring complex is best 

prepared by the reaction of thorium tetrahydroborate with an 

equimolar amount of dipotassium [S]annulene in THF at room tem-

perature (I.IS). 

[ 1.1'] 

Th(SH4 )4 + Th(n-BuCSH,)2 -----) 2 (n-BuCSH,)ThCI 2 

[LIS] 

.' 



25 

Similar reactions to those shown above on the analogous uranium 

systems gives poorly characterized products which suggest the ex

istence of ([S]annulene)uranate(IV) bis-borOhydride. 47 

The structure of the bfs-THF adduct of ([S]annulene)

thorate(IV) dichloride Is known (Figure 1.13).46 

Figure 1.13: Structure of (CSHS)ThCI 2' 2THF 
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The mono-ring dichloride crystallizes in two modifications. In 

both the Q and a forms the thorium atom is complexed by one 

[8]annulene ring, two chlorine atoms and two THF molecules. The 

(8]annulene 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 Q form of the 

complex crystal I izes in space group P2
1
/n and the 6 form crystal

lizes in space group P2
1
/c. The only significant geometrical dif

ference between these two forms is the larger Cl-Th-Cl and smal-

ler O-Th-O angles that the Q form exhibits relative to the 6 

form. The existence of two forms of mono-ring thorium complex is 

adequately explained by crystal packing forces. 

nono([8]annulene)1~nthanate(III) complexes 

There are several types of-lanthanide(lll) complexes which 

contain only one (8]annuleneligand. The class of complexes 

(C8H8}LnCI ·C4H80]2' which was shown earlier as an isolable in

termediate in the formation of the bis([8]annulene)

lanthanate(III) anion,47 is made In good yield from the addition 

of one equivalent of (8]annulene 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(III) 

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

., 

J 
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[1.19] 

[1.20] 

The mono-THF adduct of ([S]annulene)scandate(lll) chloride fs ob-

tafned from the addition of [S]annulene dianfon to scandium 

trfchlorfde. 49 Reactfon of ([S]annulene)scandate(lll) chloride 

with one equivalent of [S]annulene dfanfon gfves bis([S]annu-

49 lene)scandate(lll) anIon. 

The structure (CSHS)CeCI 3°2THF fs knownSO and shows that 

([S]annulene)cerate(lll) chlorfde exists as a chlorIde brfdged 

dfmer of the THF adduct (Ffgure 1.14). 

Ffgure 1.14: Structure of [(CSHS)CeCI·2THF]2 
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The ([8]annulene)lanthanate(III) alkyls have been prepared 

from the corresponding chlorides by reaction of the chloride with 

alkyllithium reagents (1.21),51 

(1.21] 

The a 1 ky 1 der i vat i ves we.re character i zed by e I ementa 1 ana I ys is, 

1 . 13 infrared. H-NMR and C-NMR. The infrared spectra of the alkyls 

indicate that the planar [8}annulene is present in these com-

plexes. It is not known whether the ([8]annulene)lanthanate(III) 

alkyls exist as monomers,. dimers or as polymers. 

A bimetal I Ic ([8]annulene) complex containing cerium{I I I) and 

aluminum( I II) has been synthesized. 52 f[S)annulene)cerate( I I 1)-

d 1-\.1-1 sopropoxyd i ethy I sl urn i num was synthes i .zed from the react ion 

of cerium(IV) Isopropoxide with triethylaluminum In the presence 

of cyclooctatetraene and toluene as the solvent (1.22). 

[ 1. 22) 

This bimetal I ic complex Is characterized by elemental analysis, 

infrared spectrum and mass spectrum. The infrared spectrum indi-

cates that the eight-membered ring is present as [8]annulene. It 

was suggested from mass spectrum and IH- NMR studies that this 

complex exists with the Isopropoxide ligands bridging between the 

cerium and aluminum ions. (Figure 1.15)52 

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

acetonitrile adduct. 52 

The only other class of compounds which contain a 

lanthanide(lll) Ion and one [8]annulene ligand Is the "mixed 

sandwich" complex, ([8]annulene)lanthanate(lll) 

cyclOpentadienides. 53 This class of complexes can be made by 

either the addition of cyclopentadlenlde to the ([8]annulene)-

29 

lanthanate(III) chlorides of the addition of [8]annulene dlanion 

to (cyclopentadienyl)lanthanate(III) dichloride (1.23). The 

yttrium53 and scandium49 members of this class have also been 

report-ed. 

[ 1. 23] 

(C H )LnCI + K C H ------) 
5 5 2 288 

(C H )LnCI + Na(C H ) ------) 
8 8 5 5 
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These complexes are initially obtained as THF adducts, but lose 

THF, in vacuo, at SO DC. The mass spectrum of the complexes con

tain the parent [MC 13H13 ]+ as well as the fragments [MCSHS]+ and 

[MCSHS]+. The infrared spectrum of each complex contains absor

bances which are attributable to [S]annulene and cyclopenta

dienide anion and the lH-NMR of the diamagnetic yttrium complex 
~ 

of this series contains resonances which can be assigned to the 

protons of [S]annulene dianion and cyclopentadienide anion. In 

addition to characterization of the THF adduct, the complexes 

have also been characte,rlzed as 1: 1 adducts with pyridine, am

monia, and CYClohexylisonitrile. S3 

([8]annulene)lanthanate(II) complexes 

The ([S]annulene)lanthanate(lI) complexes, Ln(CSHS) (Ln = Eu, 

Vb), are discussed In the next chapter. 

i>' 
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CHAPTER TWO 

[8]Annulene Complexes of Ytterblum(II) and Calclum(II) 

Introduction 

The lanthanide elements are the series of fourteen elements 

with atomic numbers 58-71. They constitute half of the "f-block" 

transition metal elements In the periodic table; the fourteen 

actinide elements constitute the other half. Lanthanum (Z = 57) 

1 Is not. strictly. a lanthanide; In Its ground state lanthanum 

2 2 contains no f-electrons (Ln O = [Xe]5d6s). However, the 

chemistry and physical properties of lanthanum and the fourth row 

. 2 element. yttrium (yo = [Kr]4d5s ), are lanthanide-like; these 

elements are almost always treated as lanthanides. Scandium (Sc Q 

= (Ar]3d4S2), due to Its small Ionic radii (relative to the lan-

thanides), has properties Intermediate between the lanthanides 

and aluminum. yet the chemistry of scandium Is often Included in 

reviews of the lanthanides. 



The coomon 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

ganometal 1 Ic complexes3•4 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 the 

38 

similarity of the ground state configuration of most of the lan

thanides «(Xe]fns 2 for Pr-Eu, Tb-Yb), and the ground state con

figuration of the alkaline earth elements ([core]s2). In fact, 

the divalent state of nearly all the lanthanides has been 

reported. Table 2.1 gives the oxidation potentials for the 

Ln(IIl}/Ln(ll) couple. 5 

As one can conclude from inspection of Table 2.1, the 

trivalent state of the lanthanides is more stable than the 

divalent state. Consideration of ionization energies, atomization 

energies, solvation energies and/or lattice energies of the lan-

thanlde elements in. for example, Born-Haber cycles, show that 

the trivalent state Is the most stable state for the lanthanides 

I n 'both so 1 ids and so 1 ut ions. 1 ,6 The va I ues for Ln ( I I 1) /Ln ( I I) in 
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Table 2.1: Standard Oxidation Potential of Ln(III)/Ln(ll)a 

Ln Ln ( III ) /Ln ( I I ) b Ln Ln ( I I I ) /Ln ( I I ) b 

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. 5. (b) In volts. 

Table 2.1 are determined from the energy of the third ionization 

potentials (AGO'p>and the energies of hydration (AGohYd) for the 

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

[2. 1 ] 

where 4.43 Is the standard thermodynamic electrode potehtlal of 

7 the hydrogen electrode. 

As one might predict. the divalent lanthanides are similar to 

the alkaline earth elements. Europium and ytterbium compare with 

the alkal ine 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: Comparisons of Some Divalent Hetal Ions (Ca,Eu,Sr,Yb). 

H 

Eu 
Sr 

Yb 
Ca 

Ionic b 
Radiusa , 
(C.N.=8) 

1.39 
1.40 

1.28 
1.26 

Ionization d 
Potentialsc , 
( 1 st, 2nd) 

5.67, 11.25 
5.70, 11.03 

6.25,12.17 
6.11, 11.87 

-3.44f 

-2.91 

-2.80
f 

-2.86 

(a) in A • (b) ref. 8. (c) In eV (d) ref. 9. (e) In volts. (f) 
calculated from H(lID/H(lI) and HO/H(III) couples from ref. 6. 

One Important similarity of the divalent oxidation states of 

europlum(ll) and ytterblum(II) with the alkaline earth elements 

is the solubility of the metal In liquid anmonia. Warfand Korst 

were the first to observe that europium and ytterbium-metals 

dissolve In liquid anmonia to give blue solutions. 10 Subsequent 

measurement of the electrical conductivity of these solutions led 

to the suggestion that ytterbium is divalent in liquid anmonia 

2+ - 11 and can be considered as Yb (2e). 

Organometallic Complexes of the Divalent Lanthanides 

Organometal lic c~lexes Involving divalent lanthanide metals 

are now known for samarium, europium and ytterbium Involving a 

variety of organic ligands. These c~lexes have been recently 

reviewed by Schumann4 and by the Gmelin series3 and will not be 

reviewed here. Following Is a brief review emphasizing c~lexes 

wh l'ch are perta I nent to [8 ]annu I ene I anthan i de ( I I) comp I exes. 

.. 

"'. 
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Cyclopentadienide Complexes 

The solubility of europium and ytterbium In liquid ammonia was 

u.t i I I zed in the synthes I s of the first organometa I I i c comp I exes 

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)2 with Sr(CSHS)2 and Yb(CSHS)2 with Ca(CSHS>2 

(Table 2.3) suggest that the complexes have similar structures. 

Comparison of the x-ray powder pattern of Eu(CSHS)2 with 

Sr(CSHS)2 also Indicates that the divalent lanthanide and 

alkaline earth cyclopentadienides have similar structure. 12 

Table 2.3: Compari 50n of Infrared Spectra 
(M=Eu,Sr,Yb,Ca).a, ,c .. 

of M(CSHS)2 

Eu(CSHS)2 Sr(CSHS)2 Yb(CSHS)2 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 16S8 w 
IS90 w IS90 w IS90 w IS90 w 
143S m 143S m 1433 m 1433 m 
1346 w 1344 w 1362 w 
1119 w 1119 w 1120 w 1119 2 
10S7 m 10S7 m 10S3 m 
1007 s 1008 s 1006 s 1006 s 
880 m 891 w 890 w 889 w 
863 m 86S m 870 m 
838 m 840 m 841 m 
782 s 784 s 774 s 778 s 
739 vs 739 vs 7S2 vs 7S0 vs 

(a) ref. 12. 
(b) vs, very strong; s, strong; m, medium; w, weak. 
(c) nujol/fluoroJube mulls. 
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Since the ring-meta I interact ion in. the a.1 ka line 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-

131 metal bond in Eu(CSHS)2 Is ~rom HOssbauer spectroscopy. The Eu 

shift (<5= -1.32cm/s relativ·e to EuF 3) in Eu(C
S

HS)2 is comparable 

to the shift measured for .the ionic species EuCI
2 

12 (<5=-1.34 cm/s). 

The crystal structure Of the class LnCP2 Is not known, but the 

~tructure of CaCP2 has been reported. 13 This molecule exists as a 

polymer. with each calcium atom associated with fourcyclopen-

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. Host of these 

divalent lanthanide complexes exist as monomers of their base-

3 adducts; the base is coordinated to the lanthanide atom. 

Recently, Evans has synthesized and characterized the first base-

free, non-polymeric complex of a divalent lanthanide with a 

cyclopentadienide ligand. 

bis(pentamethyl-cyclopentadlenlde)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-coplanarlty 

of the ligands in this complex; however. it Is unlikely that 



o 

Ffgure 2.1: Structure of Bis(cyclopentadienyl)calcate(II) 
(hydrogen atoms omitted). 

o 

Ffgure 2.2: Structure of Bis(pentamethylcyclopentadfenfde)
samarate(ll) (hydrogen atoms omitted). 
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orbital interactions between the rings and the metals playa 

major role In the ring-tilting. 

[81Annulene Dianion Complexes 

The first lanthanide [S]annulene complexes reported; Ln(CSHS) 

(Ln = Eu,' Yb),15 are the only [S]anhulerie complexes which have 

been shown to contain a divalent lanthanide. These complexes 

were synthesized by the addition of one equivalent of neutral cy-

clooctatetraene to one equivalent of europium or ytterbium metal 

in liquid ammonia (2.2). 

[2.2] 

The pyrophoric powders, Ln(CeHS) ('green, Ln=Eu; pink, Ln=Yb) are 

Insoluble In hydrocarbons, ethers and liquid ammonia; the ytter-

bium complex gives a dark red solution In equilibrium with a dark 

solid in pyridine. Yb(CSHS) has also been synthesized by the 

reaction of cyclooctatetraene vapor with ytterbium metal atoms 

(2.3).16 

[2.3] 

The crude reaction product was purified by Soxhlet extraction 

with pyridine for three days. 
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Further characterization of the [S]annulenelanthanlde com-

plexes is limited. The divalent nature of the metal in the 

15 . 
complexes was illustrated by EPR (Eu(CSHS) has an EPR spectrum 

2+ at 77 K which Is consistent with the presence of Eu ) or mag-

netic susceptibllityl5 (Yb2+ is diamagnetic). No reactions of the 

divalent lanthanide complexes have been reported, except for 

their violent reaction with oxygen. 15 

The structure of the class Ln(CSHS) has not been elucidated. 

17 The Infrared spectrum of Yb(CSHS) (figure 2.3) suggests a 

highly symmetric complex Involving the [S]annulene dlanion lS (the 

only bands present between 1000 and 600 cm- 1 occur at SSS and 67S 

-I cm l, and the low solubility of the complexes in hydrocarbons. 

ethers and liquid ammonia suggests that the class Ln(CSHS) is 

polymeric. 

The report of synthesis of K2[Ce(CSHS)2] from the reduction of 

Ce(CSHSl2 by two equivalents of potassium in 

1.2-dlmethOxyethane I9 Is the only example of a bls«(S]annulene) 

compound with a central metal atom In a formal 2+ oxidation 

state. The cerium complex as its di(I.2-dfmethoxyethane) adduct 

was characterized by elemental analysis and Infrared spectrum. 

The structure of [K(C4Hl002)]2[Ce(CSHS)2] is not known. but the 

Infrared spectrum of the cerium complex does contain bands (SS7 

and 6S2 cm- I ) which are consistent with the presence of an [S]an

nulene dianlon. IS Although there are reports of Ce(II) from the 
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Ffgure2.3: Infrared specta (nujol mull) of Yb(CaH
a
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reduction of Ce(IIl) in other systems,S the presence of the 

cerium(II) ion in [K(C4HI002)]2[Ce(CSHS)2] has not been shown by 

chemical or spectroscopic methods. 

In order to study a bis-[S]annulene compound with a divalent 

central metal atom, the divalent ytterbium complex, 

K2[Yb(CSHS)2]' and its calcium analogue. K2[Ca(CSHS)2] have now 

synthesized and characterized. The determination of the struc

ture of the di(1.2-dlmethoxyethane) adduct of K2[Yb(CSHS)2] by 

single crystal x-ray diffraction is the first structure solved 

for a complex of [S]annulene dianion with a divalent lanthanide. 

The crystal structure and characterization of the bis([S]annu

lene)lanthanate(II) 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 rlng

metal Interaction In the bls([S]annulene)metal (II) complexes. the 

IH-NHR studies on bls([S]annulene)ytterbate(II) and bls([S]annu

lene)ytterbate(III) Indicate that a dynamic electron exchange is 

occurlng between these two complexes on the NMR timescale. The 

observation of a dynamic electron exchange between bis([S]annu

lene) complexes has no literature precedence. There Is only one 

example of dynamic electron exchange (measurable by IH-NMR) 

between two sandwich complexes that differ only In the formal 



oxidation state of their central metal atoms and that is the 

dynamic electron exchange between ferrocene and ferricenium 

20 fon. 
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Bis(cyclopentadienyl)iron(ll), ferrocene, can undergo a one 

electron oxIdation to form bfs(cyclopentadienyl)iron(III), fer-

ricenium ion (2.4). These two complexes can equilibrate by the 

exchange of an electron. 

[2.4] 

Due to the position of the rings, the Iron atom in the 

sandwIch c~lexes Is shielded from fnteraction with the 

solvent. 21 Thus, the ferrocene/ferrlcenlumsystem Is close to the 

the sfmple model for electron exchange proposed by Harcus. 22 

Marcus' theoretical model predicts that: 

[2.5] 

• 
k = ~pZ(exp(-6G RT» 

and 

[2.6] 

". • • 6G = w + 6G + 6G. r 0 1 

where 

[2.7] 

'. 2 6Go = e (1/0 - l/Ds) - op 
• 

4R 

.. 

.f' 
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The coulombic repulsion between the reactants is sma I I (the work 

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

24 + 25 structures of Fe(CSH5)2 and Fe(CSHS)2 are similar so that 

• the energy involved in rearrangement (6G.) after electron trans-
1 

fer is small. The free energy of activation for the electron 

• exchange should then be 6G (the terms In the Marcus equation are 
o 

defined- In footnote 23). 

The study, by IH- NMR , of the electron exchange in the 

ferrocene/ferrlcenium system was first reported by Wahl in 1963. 

In t~ls study It was found that the addition of a small amount of 

ferrfcenium Ion (or more precisely, the addition of a sma I I 

amount of oxidizing agent) caused the ferrocene resonance to 

broaden. Assumming that the electron exchange reaction was first 

20 order with respect to each reactant (2.8). 

[2.8] 

rate 

and that the electron exchange Is fast relative to the spin-spin 

relaxation of the paramagnetic species, it was found that 

k > lxl0S M- 1s- 1 at 2So C. 

In further studies by Wahl ,26 It was found that the I ine width 

of the coalescence peak In the ferrocene/ferrlcenium system (WOp) 

was given by equation 2.9. 
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[2.9] 

where Wo and Wp are the. linewidths of the individual species, fp 

+ is the mole fraction of FeCP2' 6v is the difference in chemical 

shift between the two species, c is the total concentration and k 

is the second order rate constant given in equation 2.8. From 

equation 2.9 It is seen that the line width of the coalesced 

species 'arises from the line widths of the Individual species and 

from a line-broadening dependent on the rate of exchange between 

the two species. In Wahl's experiments, the plotting of WOP vs 

llc, for various concentrations of the sandwich complexes, gave a 

straight line whose slope gives k = 5.3x106 H-Is- I at 25° C in 

acetonitrlle-d3. This rate constant Is ~onsistent with k = 

5.7xl06H- 1s- 1 from Harcus theory.22,25 Subsequent studies21 have 

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. 

.... 
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Table 2.4: Rate of Ferrocene/Ferrocenium Electron Exchange at 

25° C as a Function of Solvent. a 

Solvent k (Xl0-6 )H- 1s- l Solvent k (xl0-6 )H- 1s- 1 

• CD30D 6.0 C6DSN02 2.3 

CD3CN 5.3 CD2Cl 2 4.3 

CD3N02 5.8 (CD 2CI)2 4.3 

(CD3)2CO 4.6 CD3C02D 7.0 

(CD3)2S0 1.6 

(a) ref. 21 

.. 
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Results and Discussion 

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

The synthesis of dipotassium bis([S]annulene)ytterbate(II) and 

calcate(II) is straightforward in liquid anmonia. These complexes 

were synthesized by the addition of two equivalents of cycloocta-

tetraene to a blue liquid anrnonia solution of two equivalents of 

potassium and one equivalent of ytterbium or calcium metal. 

[2.10] 

When a2:1:1 ratio of cyclooctatetr~ene:potassium:ytterbium was 

used in the liquid anmonia reaction, the ytterbium(III) complex 

K[Yb(CsHa)2] was obtained (2.11). In this reaction a ytter

bium(ll) species Is probably formed first, fol lowed by oxidation 

to the ytterblum(ll!) by cyclooctatetraene. 

[2.11] 

.. 
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B is (t-buty I [8 ]annu I ene) ytterbate ( I I) d I an i on and -ytterbate ( I I I ) 

anion were prepared from t-butyl-Cyclooctatetraene27 In reactions 

similar to 2.10 and 2.11 

The utility of the ytterbium In liquid ammonia reaction Is 

Illustrated by the synthesis of (2-cyclopentadlenylethyl)[8]annu-

leneytterbate(III). (2-Cyclopentadlenylethyl)cyclooctatetraene, 

synthesized by Halpern,28 Is a ligand Involving both a cyclopen-

tadlene and cyclooctatetraene moiety 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 equlv-

alent of ytterbium metal resulted In an Instant color change of 

the solution, fol lowed by a vigorous evolution of bubbles. Ap

parently, the Yb2+(2e-) In liquid ammonia reacts with the cyclo-

octatetraene moiety of the ligand (the color change) to form a 

ytterblum(II) species which can undergo oxidation (with the 

evolution of hydrogen) to the ytterblum(III) species by reaction 

with the cyclopentadlene moiety (figure 2.4). 

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

Yb 
NH > 

3 

~ 
~Y~· 



The liquid arrmonla system was also used in the attempted 

. synthesis of bls(benzo-[S]annulene)calcate(II) dianion. When a 

THF solution of two equivalents of benZocyclooctatetraene29 was 

added to a liquid ammonia solution of two equivalents of potas-

slum and one equivalent calcium. a pyrophoric red powder was 

formed. The d i ffus I on of hexane I nto a d i g.1 yme so I ut i on of th is 

red powder caused two distinct compounds to crystallize; the 

analysis of these two complexes Indicated that they are the 

54 

diglyme adducts of (benzo[S]annulene)calcate(l I) and dipotassium 

benzo(S]annulene • 

. The ·unsuccessful attempt to prepare K2[Ca(benZo-CSH6)] can be 

rationalized by considering the equilibrium .shown in equation 

2. 12. 

[KS ] [ML ] ----) [KS ]L + 5 ML 
x2 2 (---- x y 

where L = [S]annulene ligand 
M = divalent metal 
5 = ethereal solvent 

[2.12] 

In the benzo-[S]annulene system. the solvent coordinated (benzo-

[S]annulene)calcate(II) Is favored over the bls(benzo-[S]annu-

lene)calcate(Il) dlanlon. 

In the unsubstituted [S]annulene system In ethereal solvents. 

the equilibrium shown in equation 2.12 does not exist. Yb(CSHS) 

Is Insoluble In ethereal solvents. so that if the bls-[S]annulene 

~. 
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dlanion were in equilibrium with the mono-[a]annulene complex, 

the insolubility of HL would drive the equilibrium totally to the 

right. 

Physical Properties: 

The physical properties for K2[Yb(CaHa )2] and K2[Ca(CaHa )2] 

are sfmflar to the propertfes reported for the trivalent lantha

nfde complexes, K[Ln(CaHa )2].30 The most noticeable similarity is 

the afr-sensftlvlty of the compounds K2[H(CaHa)2];K2[Yb(CaHa)2] 

and K2[Ca(CaHa )2] enflame in contact with air. 

Compounds K2[Yb(CaHa )2] and K2[Ca(CaHa )2] are thermally 

stable, showfng 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 K2[Yb(CaHa )2] shows no m/z that can be attrfbuted to 

the fonization of the sandwich compound. 

In THF solutfon, Kz[Yb(CaHa )2] fs oxidized to K[Yb(CaHa )2] by 

0Z' CCI 4 , COT, and U(CaHa )2; the presence of the bright blue 

ytterbium(lll) complex was indfcated by fts visible spectrum. 

Compound K[Yb(CaHa )2 J fs thermally unstable and fs converted to 

Kz[Yb(CaHa )2] (by the loss of COT, eq. 2.13) when heated at 310 

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

[2.13] 



Surprisingly, the reaction of K[Yb(CaHa )2] with potassium in 

refluxing THF failed to produce any K2[Yb(Ca Ha )2]. This result 

makes the reduction of Ce(CaHa )2 by potassium to form the 

19 divalent cerium complex K2[Ce(CaHa )2] unlikely. 

Bis([a]annulene)ytterbate(II) and -ytterbate(III) can be 

separated by crystallization. DiffuSion of hexane into an ether 

solution of a mixture of K2(Yb(CaHa )i] and K[Yb(CaHa )2] results 

in the formation of blue crystals of.the ytterbium(III) complex 
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and a red-orange solution of the ytterbium(II) complex. However, 

If an ether solution of K2(Yb(CeHe') 2] and K(Yb(CaHa) 2) i scoo led. 

orange crystals form out of the dark blue solution. The dif-

f erence in cond I t ions for the crysta 11 i zat i on of the ytter-

bium( I I) or ytterblum( I I I) complex can be readi ly rational ized. 

The symnetric [KL]2[Yb(CaHa )2] (L= ethereal ligand or ligands) 

has a relatively higher lattice energ~ and will. as a result. 

crystallize at higher temperatures than the yt~erbium(III) 

species~ The ether adduct (KL](Yb(CaHa )2]' however. is less 

soluble In a hexane-ether solution, and falls out of solution 

preferentially to the ytterblum(II) complex. These. crystal

lization processes aid In obtaining the ytterbium(ll) or ytter-

blum(IIl) complexes In pure form. 

Compounds K2[Yb(CaHa )2] and K2[Ca(CaHa )2) have the same 

solubility properties; they are Insoluble in hydrocarbon solvents 

such as hexane, tolu~ne.and benzene. but soluble in ethers such 
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as dlethyl ether, THF, and DHE. The slow cooling of a saturated 

solution of K2[Yb(CSHS)2] or K2[Ca(CSHS)2] In an ether gives 

crystals of the ether adduct. The THF adducts of K2[Yb(CSHS)2] 

and K2[Ca(CSHS)2] rapidly lose THF, in vacuo, or In an argon 

atmosphere (ca. one hour), but the DHE adducts are stable at 

ambident temperatures. As with all of the lanthanide [S]annulene 

complexes, K2[Yb(CSHS)2] and K2[Ca(CsHS)2] exist as powders in 

the absence of coordinated ether molecules. 

The t-butyl derivatives behave similarly to the unsubstituted 

complexes. One surprising result Is that the bis-diglyme adduct 

of dipotassium bls(t-butyl[S]annulene)ytterbate(II) Is relatively 

stable to air. When a crystal of [K(C6H1403)]2[Yb(t-BuCSH7)2] was 

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

least five minutes; the total decomposition of a sma I I crystal 

took 30 min. The stability of [K(C6H1403)]2[Yb(t-BuCSH7)2] is 

likely due to the sterlc bulk of the diglyme and the t-butyl 

group and clearly Illustrates why air stability Is not a good 

criterion for covalency In [S]annulene complexes. 

Bis(t-butyl[S]annulene)ytterbate(III) proved difficult to 

purify, due to contamination of the ytterbium(II) complex. When 

the crude reaction product was crystallized from diglyme, both a 

blue powder and red crystals were formed. Repeated crystal

lization from hexane diffusion Into dlglyme solutions gave a 

sample which contained very little ytterbium(II) (as shown by 
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IH- 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(III) and was, 

therefore, pressumed to be bls(t-butyl[8]annulene)ytterbate(III). 

The difficulty in purifying 

bis(t-butyl(8]annulene)ytterbate(IIl) is due to the greater 

reduction potential of t-butyl[8]annulene dianion relative the 

[8]annulene dianion. 

The presence of a t-butyl group on cyclooctatetraene makes the 
, 

compound harder to reduce (and the corresponding dianion more 

reducing). A good measure of the effect of the t-butyl group on 

the ability of cyclooctatetraene to hold a negative charge is the 

equilibrium between cyclooctatetraene radical anion and 

t-butyl-cyclooctatetraene. In the equil ibrium, shown in equation 

2.14. the equilibrium lies far to the left such that 

K - 2.8 x 10-2. The same situation should occur for the equieq 

I Ibr i urn between (8 ]annu.l ene dian i on and 

t-butyl-cyclooctatetraene. 

(2.14] 

IH- NMR of a system Involving ytterbium(III) and 

t-butyl(8]annulene dianlon does Indicate that some reduction of 

31 the ytterblum(III) does occur. 
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Visible Spectra 

The bright orange K2[YbCCaHa )2] in THF solution has an In

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

solution, K2[CaCCaHa )2] has no absorbance in the visible region. 

The pale green color of K2[Ca(CaHa )2] is due to trace impurities; 

repeated recrystallization of K2[CaCCaHa )2] from THF gives a pure 

white powder. The dark blue K[YbCCaHa )2] in THF solution has a 

broad absorbance at 570 nm with a sharp shoulder at 649 nm. 

The visible spectrum of' K2[YbCCaHa )2] In THF can be readily 

interpreted. Earlier studies on the class K[Ln(CaHa )2] led to 

the conclusion that the broad absorption bands in the visible 

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

transfer. 30 The visible absorbance of K2[YbCCaHa )2] can also be 

assigned to a ligand-to-metal charge transfer band. The visible 

spectrum of the dl-t-butyl derivative of K2[Yb(CaHa )2]' 

K2[YbCt-BuCaH7)2]' show the visible absorbance red-shifted to 520 

nm. 26 Alkyl substituents on the [a]annulene dlanion make the 

ligand more reducing and would shift a ligand-to-metal charge 

transfer band to lower energy. Since the Yb(II) ion in 

K2[YbCCaHa )2] has completely filled 4f orbitals, n-f charge 

transfer can be ruled out and the visible absorbance of 

K2[Yb(CaHa )2] can be assigned as a ligand n-to-metal d charge 

transfer. 
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Figure 2.5: Visible spectra of K2[Yb(CSHS)2] (top) and 
K[Yb(CSHS)2] (bottom) In THF. 
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X-ray Powder Pattern 

The measured powder patterns of K2[Yb(CaHa )2]·2DHE, 

K2[Ca(CaHa )2]·2DHE and the powder pattern calculated from the 

single crystal x-ray data of K2[Yb(CaHa )2]·2DHE are shown in 

Table 2.5. The powder pattern of K2[Yb(CaHa )2]·2DHE was calcu

lated (by Dr. Al Ian Zalkfn) using the cell dimensions and the 
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structure factor of the single crystal structure determinations. 

Only two weak lines out of 21 lines calculated for 

K2[Yb(CaHa )2]·2DHE are not observed in the pattern of 

K2[Ca(CaHa)2]·2DHE.30 Since the ytterblum(ll) complex contains 50 

more electrons than the calcium complex, one expects and finds 

Intensity differences In the measured powder patterns of 

K2[Yb(CaHa )2]·2DHE and K2[Ca(Ca Ha )2]·2DHE. Nevertheless, the x

ray powder patterns are sufficiently simil iar that 

K2[Yb(CaHa )2]·2DHE and K2[Ca(CaHa )2]·2DHE are clearly Isostruc

tural. 

Infrared Spectra: The infrared spectra of K2[Yb(CaHa )2] and 

K2[Ca(CaHa )2] as Nujol mulls are shown In Flqure 2.6 The In

frared spectra of K2[Yb(CaHa )2]·2DHE and K2[Ca(CaHa )2]02DHE are 

shown In figure 2.7. 

The Infrared spectra of K2[Yb(CaHa )21 and K2[Ca(CaHa )2] are 

Identical; the Infrared spectra of K2[Yb(CaHa )2]·2DHE and 

K2[Ca(CaHa )2]·2DHE are also Identical. This similarity of 
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Table 2.5: X-ray powder diffraction data on K2[M(C8H8 )2]·2DME 

M = Yb Yb Ca 
calculateda found found 

d(~)b d(A)c Id d(A)c Id 
~ 

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- 4.1.5(1) w-
4.06 119 4.07(1) w- 4.07(1) w-
3.95 13 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+ 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 1'1= Yb is at the 
end of this chapter. (b) Adjacent lines combined where 28 values 
are less than 0.50 0 apart. The position of the combined line is 
calculated as 

D=t(Oi· Ii) 
t Ii 

(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(!!, and cal

cium(!!' have almost identical ionic radii a and previous work had 

shown that the Infrared spectra of Ca(CSHS'2 and Yb(CSHS'2 are 

similar,12 even though the sample of Yb(CSHS'2 may have been 

contaminated with Yb(CSHS'3. 32 

Infrared spectra for the 600-1000 cm- 1 region of some bis-

[S]annulene complexes are compared in Table 2.6. It has been 

noted previously that the Infrared spectra of all of the bis-

[a]annulene sandwich complexes of the f-transition metals are 

similar as a result of their similar structures. 30 The assignment 

of the infrared absorbances of these complexes is stil I In ques

tion; a recent assignment 33 (shown in Table 2.6' is additionally 

consistent with the fact that K2[Yb(CaHa '2] and K2[Ca(CSHa )2] 

have the same Infrared spectra. An earl ier assignment attributed 

the strong band at 69a cm- I to a ring-metal-ring tilt. 34 Such an 

assignment could not give Identical spectra for K2[Yb(CaHs'2] and 

K2[Ca(CSHS'2]' since the difference in mass of ytterbium and 

calcium would cause a difference In energy for any absorbances 

which involve the central metal. Since the Infrared spectra of 

K2[Yb(CSHS)2 J and K2[Ca(CaHS'2 J are identical in the 400-4000 

-1 cm region. then any absorbance involving the central metal must 

occur outside of this range. A further discussion of the infrared 

spectra of bls([S]annulene) sandwich complexes is In Chapter 4. 
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'2(C8(C S"S>2 1 - top. 

'2(Yb(C S"S)2)' - botto •. - ~ .. ... -.. ..!. • .• ~ • ..J_ 

Figure 2.6: Infra·red Spectra (nujol mull) of K
2

(1'1(CaHa)2] (I'1=Ca. 
Vb) 
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Table 2.6. Comparison of infrared spectraa,b 

U(CSHS)2c K[La(CsHs)2]d K[Yb(C
S

H
S

)2]e K2[Yb(CsHS)2]e,f Assignmentf 

69S vs 
746 s 
177m 
792 m 

6S0 vs 
740 m 
771 w 

690 vs 
741 s 
170w 

6S3 vs 
740 m 

p(CH), A 
v(CC), A2u 

p(CH), E2u 
lu 

900 s S92 s S99 s 
S79 s 
SSS 5 ~ (CH), E 1 u 

(a) vs, very strong; s, strong; 'm, 'medium; w, weak. (b) nuJol 
mulls. (c) Ref. 3.4. (d) Ref. 33. (e) This work. (f) Infrared of 
K2[Yb(CSHS)2] ~nd K2[Ca(CSHS)2] are Identical. 

Discussion of the Structure of (K(C4Hl002)]2[Yb(CSHS)2]: The 

atomic parameters and distances are listed in Tables 2.7 and 2.S. 

Figure 2.S shows an ORTEP view of a formula unit with the number-

ing scheme used for the atoms in Table II. Additional atomic 

distances are given at the end of this chapter. 

The [S]annulene rings of K2[Yb(CSHS)2]~2DHE are planar with 

al I the carbon-carbon bond lengths equivalent. The maximum devia-

tfon from the least squares plane of the ring for any carbon atom 

Is 0.01 A • The carbon-carbon distances within the ring range from 

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 z.a: ORTEP drawing and atomic numbering scheme for 
[K(C4HIOOZ)]z[Yb(CaHa)z] 
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Table 2.1: 

Atom 

Yb 
K 
0(1) 
0(2) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(1) 
C(8) 
C(9) 
C(10) 
C(11 ) 
C(l2) 

x 

o 
0035199(13) 
0.5266(4) 
0.6346(4) 
0.2982(6) 
0.2208(1) 
0.1084(1) 
0 • .0252(1) 
0.0200(6) 
0.0944 (1) 
0.2084(6) 
0.2936(6) 
0.4311 (9) 
0.6448(1) 
001322(1) 
0.1098(8) 

y 

o 
-0.34013(12) 
-0.5865(4) 
-0.3311 (4) 
-0.0479(6) 
-0. 1.188 ( 6 ) 
-0.2140(6) 
-0.2181(6) 
-0.2711(6) 
-0.1982(6) 
-0.1021(6) 
-0.0416(6) 
-0.1001(7) 
-005787(6) 
-004573(7) 
-0.2143 (7) 

Z 

o 
0.09645(17) 
0.2003(5) 
0.3517(6) 
0.1970(8) 
0.2916 (1) 
0.2420(8) 
0.0758(10) 

-0.1077(9) 
-0.2010(7) 
-0.1511(8) 

0.0138(9) 
O. 1946( 12) 
003691 (8) 
003771 (9) 
0.3748 ( 10) 
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(a) In this Table and in Table 2.8.2.9.2.10 and 2.11. the 
number f n parentheses ·i s the est i mated standard dey i at ion in the 
least significant digits. 

Table 2.8: Selected interatomic distances (.J. 

AtOll I-Atom 2 Distance Atom I-Atom 2 Distance 

Yb-C( 1) 2.719(5) K-C ( 1 ) 2.998(6) 
-C(2) 2.736(5) -C(2) 3.026(6) 
-C(3) 2. 160 (5) -C(3) 3.036(6) 
-C(4) 2.183(5) -C(4) 3.021(6) 
-C(5) 2.713 (5) -C(5) 3.025(6) 
-C(6) 2. 129( 5) -C(6) 3.025 (6) 
~C(1) 2.111(5) -C(1) 3.012(6) 
-C(8) 2.115(5) -C(8) 2.989(6) 

o ( 1 ) -C (9) 1.425(8) K-o( 1 ) 2.796(4) 
-C ( 10) 1.411(1) -0(2) 2.131 (4) 

o (2) -C ( 11 ) 1.415(1) K-O( l)a 2.928(4) 
-C( 12) 1. 414 (8) 

C ( 1 1 ) -C ( 1 0 ) 1 .481 ( 10) 

(a) Atom at position I-x. -1-y, -Zo 

.. 

'" 
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The ytterbium atom is on the center of symmetry and is 

sandwiched by two planar [S]annulene ligands; the potassium atoms 

are each coordinated to one dimethoxyethane ligand and a 

[Yb(CSHS)2] dianion. The average ytterbium-to-carbon distance is 

2.74 ± 0.03 A ; the distance of the ytterbium atom to the least 

squares plane of the [S]annulene Is 2.03 A . The two sandwiching 

[S]annulene rings are para I leI-planar and exactly ecl ipsed (being 

related to each other through the center of symmetry), making the 

symmetry of the [Yb(CSHS)2] dianion DSh . K2[Yb(CSHS)2] is the 

only bis-[S]annulene complex of a lanthanide that exhibits 

35 ecl ipsed rings. In K(C6H1403)][Ce(CSHS)2] the [S]annulene rings 

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

the [S]annulene rings are nearly eclipsed, but not para I lel-

planar. The ecl ipsed vs. staggered. arrangement of bis-[S]annulene 

rings Is not considered to be indicative of the type of ring-

metal bond for these complexes. Wideline NHR studies on crystals 

of U(CSHS)2 Indicate that the barrier to ring rotation is essen

tially 0 kcal mole- 1. 36 Any conformational preference for the 

rings in the bis-[S]annulene complexes is more than I ikely 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 A ; the 

distance of the potassium atom to the least squares plane of the 

[S]annulene ring Is 2.39 A . The potassium atom Is also coor-

dlnated to two oxygen atoms of a DHE ligand at 2.796(4) A and 
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2.731(4) A. and. to an oxygen atom of an adjacent DME ligand at a 

distance of 2.92S(4) A. • 

The average Yb-C distance (2.74 ± .03 A. In 1 2DME is the same 

as the average Ce-C distance (2.74 ± .02 A. in 

[K(C6H1403)][ce(CsHS)2].35 These equal distances are consistent 

with Raymond's arguments on the ionic nature of the metal-carbon 

bond In [S]annulenelanthanide-comPlexes,37 since the ionic radii 

of Ce(III) and Yb(II) are the same. 3S Note that the addition of 

the calculated ionic radius of carbon in [S]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 A. • 

Discussion of the Structure of [K(C6H1403)]2[Yb(t-BuCSH7)2]. The 

ORTEP drawing of this molecule and the atomic numbering scheme is 

given I,n figure 2.9. The pOs f tiona I parameters are gi ven I n tab I e 

2.9. Selected Interatomic distances and distances of selected 

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

tables 2.10 and 2.11 respectively. 

The ytterbium atom Is centrally sandwiched between the two 

substituted [S]annulene rings at a distance of 2.055 A. from the 

ring centers. The potassium atoms are also centered on the sub

stituted [S]annulene rings, opposite the ytterbium atom, at a 
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Table 2.9: Posftionai parameters for 
[K(C6H1403)]2[Yb(t-BuCaH7)2]· 

.TOM J Y 
YI .I~54~U. .1869412. 
KIU • 14906111. .196Z •• 10. 
KCZ. -.26406116. .1196 •• 10. 
OU. • 412915. .3ZUUI 
ou. • 14'IC6. .2Z9513. 
OUt .IZlZl1. .096.)(4' 
014. -.1663(5. .311013. 
015. -.252616. .221ac). 
016. -.251211. • ... ZI3. 
CI1' • 141119' .105115 • 
CU. • 1612.9. .15ne6' 
CU. .160ZUO' .2214." 
CC41 • U4611 11 .21Jl (6. 
CU, • 2251110. • 2141( 5 • 
ce6. • IIM511' .22 .... 5 • 
en. .'l65ea. .160Z. St 
CU. .2'12ell .106114. 
CC •• .1093e9. .03IZI4. 
CUO' .4541C10. • OJ2lC 'I 
CUll .1052111. .0ll1C 51 
CU21 • 2lZ9U2. -.02091' • 
e113. -.22~1I1t • 1565e5. 
C1l4' -.21591" .22sa« ,. 
CIU' -.13""0. .271115' 
CU •• -.OJ15UO. • 26.1&51 
CUll • 12Me9. • fuze 6 • 
CilIl • llllI9, • 41915 •. 
CU9. - •• 56 .. 9. .101415. 
cuo. -.U.9.9. .1022e 5. 
CUll -.21Z019. .0356.4. 
CU2. -.'62,.10. •• 21515' 
CUlt -.1O~5UO' •• 29115. 
C124. -.1424111' -.023915. 
CCZ5I • ..,nuo. .114915. 
CU6I • '66619, .J4O.15 • 
CU1. .3941191 .• Z901( 51 
cu •• .JJnUIi .lIU161 
CCH' .25461141 • 1262.61 
CCJO. • 256JU •• .. llln • 
CI'li -.151111.' .5642ISt 
CU2. -.21461., ."19(4. 
eUJ' -.MM'.' .211515. 
ceM. -.230110' • nZ515' 
ce,,, -.16161101 .115215. 
C.,., -. zoo 91 14. "265&6. 
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I 
.2U63CZI 
..... 146 ••• 
.""'6511. 
.50'4~129 • 
.51991121 • 
.5509'" 

-.016191211 
- •• '19.cn. 
-.060513. 
.J523(4' 
.J1I614 • 
.JI04(5' 
.J54615 • 
.llll(4 • 
.294914' 
.2945(4' 
.J115(4' 
.JOl5(41 
.M29C6 • 
.2245151 
.'196.6. 
.1990U • 
.191914' 
.113Z 151 
.U5J15 • 
.1090.~ • 
.112514 • 
.140114' 
.1761&41 
.194114. 
.154115' 
.Z1121'. 
.l1i.16. 
.453915 • 
.554115. 
.6091e51 
.6Z93151 
.595616 • 
.5240.6 • 
.031915. 

-.06]l15' 
-.111715. 
-.U1214 • 
-.100015' 
-.0124(5' 

.. 



Table 2.10: Selected Interatomic distances. 

Atom l-Atom 2 Distance Atom l-Atom 2 Distance 

Yb-C ( I ) 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(I) - 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(l) -0.022 C ( 13) -0.022 
C(2) -0.004 C ( 14) -0. Oil 
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) 0.01 1 

C(9) 0.007 C (21 ) 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 (8]annulene rings intersect at an angle 

of 2.7°. In addition to coordination to the [8]annulene ring, 

each potassium atom is coordinated by four oxygen atoms from the 

diglyme. Both 0(1) and 0(4) are involved in coordinating to two 

potassium atoms from two adjacent molecules; in the crystal ine 

state the compound is polymeric. 

The central carbon atoms of the t-butyl groups (C9 and C21) 

are in the plane of the [8]annulene ring. One methyl group (C12 

or C24) is nearly in the plane of the ring such that the other 

methyl carbons (CIa, 11 or ,C22,23) ate nearly equidistant above 

and below the plane of the ring (see figure 2.10). This orienta

tion for a t-butyl group on an [8]annulene ring was predicted by 

calculations by ~chilling.40 

The conformation of the two rings is nearly eclipsed (figure 

2.10); the distance between C12 and C24 Is 4.21 A . 

The distance for a Van der Waal's Interaction between methyl 

groups is ~ 4.0 A ~1 The question arises whether the closeness of 

the two t-butyl groups In the crystal structure of 

[K(dlglyme)]2(Yb(t-BuC8H7)2] Is due to a Van der Waal's attrac

tlon·between th~ alkyl groups or due to crystal packing forces. 

Since there are no other crystal stuctures determined for any 

other bls(alkyl(8]annulene) sandwich complexes, It Is Impossible, 



Figure 2.10: ORTEP of the "Side" and "Top" View of 
[Yb<t-BuCSH7)Z] Dlanlon. 
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Ffgure 2.11: Energy diagram for the ring rotation In 
bl s (mes f ty 1 (8]annul ene}uran I urn ( I V). 
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at this time, to determine the forces responsible for the confor-

mation found In [K(diglyme)]2[Yb(t-BuCSH7)2]. It is, however, 

interesting to note that in bis(mesityl[S]annulene)uranium(IV), 

1 an unusual temperature-dependent H-NHR spectrum has been ex-

plained by the preference of the mesityl groups on the two 

[S]annulene rings to be close to each other (figure 2.11).42 

1 1 H-NMR: The H-NMR of K2[Yb(CSHS}2] and K2[Ca(CSHS)2] were 

determined In THF-d8 solutions. The sixteen equivalent protons 

of K2[Ca(CSHS}2] occur as a singlet at ~ = 5.47 ppm. This 

resonance is observed upfield from the resonances reported for 

K[Y(CSHS}2] and K[La(CSHS}2] which occur at 5.75 and 5.90 ppm, 

respectively, relative to external TMS. 30 The ring proton 

resonance of K2[Yb(CSHS}2] is observed at ~ = 5.47 ppm (figure 

2.12). In Its ground state, the ytterbium(!!) Ion has no un

paired electrons 43 and is diamagnetic; the lack of a shift in the 

observed ring proton resonance of K2[Yb(CSHS)2] relative to 

K2[Ca(CSHS)2] shows that K2[Yb(CSHS)2] contains the diamagnetic 

lanthanlde(II) Ion. No resonance Is observed for the paramagnetic 

K[Yb{CSHS)2] (Yb(!!!) Is 4f l3 and has one unpaired electron), due 

to paramagnetic line-broadening. 

The IH- NMR of K2[Yb(t-BuCSH7)2] In THF-d8 Is straightforward 

(figure 2.13). The seven ring protons occur as a multiplet at 

~=5.26. The nine equivalent t-butyl methyl group protons occur as 

a sharp singlet at ~=1.52. For the analogous ytterblum(!II) 
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complex, the ring proton resonances are again too broad to be 

located, but the t-butyl methyl protons are far enough removed 

from the paramagnetic central atom that their resonance occurs as 

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

When the IH- NHR spectrum of K2[Yb(CaHa)2] was first recorded, 

there was no signal found at ~=5.47 at room temperature. The only 

major peaks observed could be assigned as stopcock grease, and 

the residual proton peaks of THF-dB. Upon cooling the solution, a 

resonance at ~=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 K2[Yb(CaHa)2] and the paramagnetic 

K[Yb(CaHa)2]. At room temperature, this exchange process was 

occurring at a rate such that the ring-proton resonance was time-

averaged between the Yb(II) and the Yb(III) environment and was 

too broad to be observed due to the combination 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 

I Isolating pure K2[Yb(CaHa)2] and the -NHR of this complex was as 

expected for the diamagnetic complexes. Addition of K[Yb(CaHa)2] 

to THF-d8 solution of the diamagnetic ytterblum(II) complex 
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Ffgure 2.15: Temperature dependent IH- NHR of bis([8]annulene)
ytterbate(ll) and -ytterbate(III) anions (potassfum-OHE adducts). 
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verified that the phenomenon observed in the earlier experiment 

was due to the presence of [Yb(CaHa )2] in the K2[Yb(CaHa )2] 

sample. 

There are two processes which can occur which will average the 

ring-protons' environment between Yb(II) and Yb(III). One such 

process is the [a]annulene ring exchange between [Yb(CaHa )2]- and 

[Yb(CaHa )2]-. from experiments involving the reaction of 

30 [Ce(CaHa )2] with UCl 4 or CeCl 3 , it is known that the [a]annu-

lene rings of the lanthanide(III) complexes are quite labile 

(2.15, 2.16). No experiments had been performed to determine if 

the ring exchange was fast on the NHR timescale. 

[2.15] 

[2.16] 

The other process that can time-average the ring environment 

between the Yb(ll) and Yb(III) 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) . 



a4 

[2.17] 

-+e ------) 
(------

-e 

The temperature-dependent IH-NHR of the bis{[8]annulene)ytter-

bate{ll) and-ytterbate{lll) system could 'be due to either or 

both of the exchange processes discussed above. 

The calcium analog of the ytterblum{ll) complex served as an 

excellent tool for determining the exchange process responsible 

1 _ = -In the observed H-NHR of the [Yb{CaHa )2] /[Yb{CaHa)z] mixture. 

SlnceK2[Ca(CeHe )2] had beenshowh to be identical in structure 

and phys.i ca I propert i es to the ytterb lum (I I) analog and si nce 

calcium does not have a trivalent oxidation s1;ate, the only 

process that ·can result ina time averaging of the ring protons' 

environment in a mixture of [Ca(Celie>2 1= and [Yb{CeHa )2] Is 

[e]annulene ring exchange. 

The temperature-dependent IH- NHR spectrum of approximately 

equal-anmounts of K2[Ca{CeHe )2] and K[Yb(CeHa )2] Indicate that 

ring exchange does not occur between these two complexes on the 

NHR timescale. Figure 2.16 shows that the ring resonance of 

KZ[Ca{CaHe)2] remains sharp and unshlfted throughout a tempera

ture range between -60 to 40°C. 
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1 Figure 2.16: Temperature Dependent H-NMR Spectrum of a Mixture 
of [K(DME)]2[Ca(CaHa)2] and [K(DME)][Yb(CaHa)2] In THF-d8. 
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The NHR experiment shown above indicates that the ring ex-

change between K2[Ca(CSHS)2] and K[Yb(CSHS)2] in THF-d8 is either 

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

show whether or not the [S]annulene rings of K
2

[Ca(CSHS)2] are as 

labile as the [S]annulene rings on the class K[Ln(CSHS)2]' 

K2[Ca(CSHS)2] and K[Yb(t-BuCSH7 )2] were mixed In THF-d8. Although 

slow compared to the NHR timescale,' ring exchange does occur 

between the calcium(ll) and ytterbium(lll) bis-[S]annulene com-

1 ~ 
plexes. The H-NI'1R of a THF-d8solution made from K2[Ca(CSHS)2] 

and K[Yb(t-BuCSH7 )2] has resonances that can be assigned as 

K2[Ca(CSHS)2] and KZ[Ca(t-BuCSH7 )2] (figure 2.17). The 

bls(t-butyl-[S]annulene)calcate(ll) can come only as a result of 

ring exchange between the unsubstituted calcium complex with the 

substituted ytterbium( I I I) complex (2.1S). 

[2. IS] 

K2[Ca(CSHS)2] + K[Yb(t-BuCSH7)2] ----) 

K2[Ca(t-BuCSH7)2] + K[Yb(CSHS)2] 

The sharpness of the resonances of the calcium complexes again 

Indicate that ring exchange between the calcium(ll) and ytter-

blum(III) species Is sJow on the NHR timescale; the above experi-

ments clearly rule out ring-exchange as the source of the 

phenomenon observed in the bls([S]annulene)ytterbate(II) and 

-ytterbate(lll) system. 

In the NHR spectrum shown In figure 2.17, there Is a resonance 

at 6=1.03 that can be assigned as the methyl proton resonance for 

.' 

.. 
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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[S]annulene dianion. 

Since the ring environment in the [Yb(CSHS)2]-/[Yb(CsHa)2] 

system is not averaged by [S]annulene ring exchange, then the 

SS 

only other phenomenon possible to average the ring's environment 

between a ytterblum(II) and a ytterbium(III) atom is electron 

exchange of the type shown in equation 2.17. 

The equation used by Warf26 for the electron exchange (eq. 

2.9) greatly slrllJlifies 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). 

k = w(&v)/./2 c. 

[2.19] 

In the two-site exchange involving second order kinetics. the 

rate constant In the above expression Is actually k . such that app 

the true rate constant for the system Is k over some con-.app 

centratfon. 
• 

electron exchange react i on Is·. 

[2.20] 
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Since in the 1H- NHR , the resonance of the diamagnetic species 

Is monitored, it Is useful to express the lifetime of the diamag-

netic species, '0 as: 

At coalescence, the rate of exchange is then: 

and 

k app 

[2.21] 

[2.22] 

[2.23] 

Equation 2.23, however, neglects the effects of the concentra-

tlons of the two Individual species in a two-site exchange in-

volving two different molecules, such as the electron exchange 

The equation for the rate of reaction at coalescence for the 

exchange between two molecules Is somewhat more involved than 

equation 2.19. For the exchange between two molecules, the mole 

fractions of each component (f ) are not equal, so that the x 

individual mole fractions and the total concentration (c) of the 

NHR 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 (f ) and total x 

concentration (c) gives: 
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[2.24] 

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(CaHa )2]- and [Yb(CaHa )2] an NHR 

sample tube was prepared containing a THF-d8 solution that was 

3.7 x 10-2 H in K2[Yb(CaHa )21 amd 3 x 10-3 H In K[Yb(CaHa )2]. The 

. temperature dependent IH-NHRof this sample Indicated that the 

coalescence temperature for the [Yb(CaHa )2]- and [Yb(CaHa )2) 

exchange was:. -10°C. At 30°C. a broad peak (line-width :. 300 Hz) 

peak was observed at ~ :. 2 (figure 2.la). If this peak is assumed 

to be the time averaged resonance between [Yb(CaHa )2)- and 

[Yb(CaHa )2J-. then the chemical shift of the paramagnetic species 

at 30°C is calculated as ~ :. -50 from equation 2.25. 

~YbIII :. ~c - fYbII(dYbll) 

f YbI I I 

Since the chemical shift of the ring proton resonance of 

(2.25] 

K[Yb(CaHa )2] Is for T = 30°C. then It Is assumed that this 

resonance Is :. -55 ppm at the coalescence temperature of the 

.. 
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FIgure 2.1e~ Time-averaged 1resonance peak in the 
[Yb(CeHe)2] /[Yb(CeHe)2] H-NMR spectrum (at 30°C). 

I 
e 
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system. 44 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 

2.24 is k' = S x 105 moles- 1s- l (if the concentrations of the 

Individual components are ignored, a rate of k l = 5 x 106 

mo I es -Is -1 Is ca lcul ated from eq. 2. 19)' A rate constant of 

k' = 105-106 moles- ls- 1'at -10°C for the exchange between 

bis([S]annulene)ytterbate(II) and -ytterbate(III) is consistent 

with a rate of 5.7 x 106 moles- l s- 1 (at 25°C) found for the 

electron exchange between ferrocene-and ferrlcenium ion. 

The addition ~f NOBF4 to a THF-d8 solution of 

[K (dl 91 yme)] 2[Yb( t-9u (CSH7) 2] causes the resonance at ~= 1. 54 to 

disappear and a new, broad resonance to appear upfield of 1.54 

ppm (experiment at RT). As this solution is cooled, the peak 
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broadens and dlssappears (at -10 - -20°C). By the time the solu-

tion Is cooled to -40°C, a broad resonance appears at 6=1.54 

which sharpens as the solution is cooled further (figure 2.1S). 

It is apparent that the electron exchange between 

[Yb(t-BuCSH7)2]- and [Yb(t-BuCSH7)2] occurs In this system. 

SinCe the coalesced t~butylmethyl proton peak is easily observ-

able In this system, a study similar to Wahl's can be undertaken 

In future research. 
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Figure 2.IS: T~erature dependent IH- NHR of (Yb<t-BuCSH7)2]= and 
(Yb<t-BuCSH7)Z] . 
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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 

calcium. or to the availability of a trivalent state for the 

ytterbium complex, KZ[Yb(CSHS)Z] and KZ[Ca(CSHS)Z] behave as 

Identical complexes. Since It Is highly unlikely that the 4f and 

Sd orbitals are involved In the ring-metal Interaction of 

Kz[CafCSHS)Z], these orbitals also play no major role in the 

ring-metal interaction of KZ[Yb(CSHS)Z]' The agreement of the 

ring-metal distance In KZ[Yb(CsHa)Z]OZDHE with the sum of the 

ionic radius of carbon In [S]annulene dian ion and the Ionic 

rad I us of .1 O-coord i nate ytterb I urn (J I) a I so suggests the I ack of 

significant covalent interaction between the ring and metal in 

K2[Yb(CSHS)Z]' The results reported In this paper further em

phasize the unimportance of the 4f and Sd orbitals In ytter-

blum(II) chemistry; e.go, the ring-metal Interaction in 

Although the rlng~metal Interaction in the bis([S]annulene) 

dlanfons Is fonlcand the [S]annulene rings are labile. the rings 

of the complexes do not exchange on the NHR timescale. However, a 

6 -1-1 fast electron exchange (k ~ 10 moles s ) occurs between 

bfs([S]annulene)ytterbate(II) dlanion and bis([S]annulene)ytter-

bate(lll) anion. This is the first example of a dynamic electron 

exchange fora bls([S]annulene) complex and suggests that other 



[8]annulene sandwich complexes, which contain a central metal 

atom that can exist in more than one oxidation state, will un

dergo the same type of electron exchange. 

95 
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Experimental Section 

General : Unless otherwise noted. materials were obtained from 

conrnercial suppliers and used without further purification . 

. Ytterbium metal turnings were purchased from Alfa/Ventron. 

Tetrahydrofuran (THF) was distil led from sodium/benzophenone. 

1,2-0imethoxyethane (OHE) was distilled from Na/K alloy. Cyclo-

octatetraene (COT) (BASF) was vacuum distilled and stored over 

l10lecular Sieves 3A. Liquid anrnoniawas vacuum transferred into 

the reaction vessels from a solution of sodium in liquid 

anmanla. All air-sensitive compounds were handled In a helium or 

argon atmosphere glovebox or by standard Schlenk techniques. 

Unless otherwise indicated. all weights are ± .01 g. Infrared 

spectra were determined with a Perkin-Elmer Hodel 283 Infrared 

recording spectrophotometer. Samples for infrared determination 

were prepared In a glovebox as NuJol mulls. Visible spectra of 

THF solutions of the organometallic compounds were determined 

with a Cary Hodel 118 spectrophotometer; results are expressed as 

A In nm (&). max 
1 H-NHR of the organometallic compounds were 

determined In sealed tubes of THF-d8 solutions ona JOEL FX-90Q. 

The chemical shifts of the proton resonances are referenced to 

the low field residual proton resonance of THF-d8 (set as 3.58 

ppm). Samples for x-ray powder pattern determination were 

prepared by grinding the crystalline sample to a fine powder and 

sealing the powder Into a quartz capillary under argon. X-ray 

powder pattern data were taken with a Oebye-Scherrer camera using 

nIckel filtered copper Ka x-rays. 
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Elemental analyses were performed by the Microanalytical 

Laboratory of the Col lege of Chemistry, University of California, 

Berkeley. 

Reactions fn lfqufd ammonfa: 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 I ine and cooled in a Dry 

Ice/Isopropanol bath. While transferring the I iquid 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 placed on the free neck of the flask (under argon 

purge) and cyclooctatetraene was added ~o 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 behind. 

Preparation of K2[Yb(CeHe)2] and K2[Ca(CeHe)ir. 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 I iquld ammonia solution of 0.67 g 
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(17 rTITlOl) of potassium metal and 1.49 g (a.6 rTITlOl) of ytterbium 

metal. The Dry-Ice/isopropanol bath was removed from the reac

tion vessel at this time to allow the ammonia solution to warm. 

As the reaction began, the solution turned green as a bright 

orange prec i pi tate appeared (the so 1 ut f on and prec i p i tat.e were 

bright yellow for the calcium reaction). The arTlTlOnla was allowed 

to evaporate and a bright orange solid was left in the reaction 

vessel (bright yellow for calcium). When the reaction vessel was 

warmed with a heat gun, the solid turned bright pink (pale green 

for calcium). The yield of the sol id was 3.57 g (90~). Yields 

from.· the 1 I qU I dammon I a react Ions were typically about 90~. 

Crystals of the THF adducts of K2[Yb(CaHa )2] and K2[C~(CaHa)2] 

were obtained by the slow cooling of a saturated solution of 

K2[Yb(CaHa )2] or K2[Ca(CaHa )2] in the ether. The THF adducts of 

K2(Yb(CaHa )2] and K2(Ca(CaHa )2] rapidly lost THF of solvation 

(ca. one hour in an argon atmosphere or ca. 5 minutes, in vacuo) 

and decomposed to unsolvated powders. An~lysis of K2(Ca(CaHa )2] 

as a THF complex was not satisfactory, but the analysis does 

suggest that there are two THF molecules per potassium atom. 

Anal. of K2(Ca(CaHa )2]·4THF: Calcd. for C32H4ao4K2Ca: C, 62.49; 

H. 7.a7; K, 12.71. Found: C, 61.73; H, 7.40; K, 11.a. 

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

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

powder was 571. for K2[Yb(CaHa )2] (671. for K2[Ca(CaHa )2]) from -the 

first crop of crystals. The Infrared spectra of K2[Yb(CaHa )2] and 
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1 K2[Ca(CaHa )2] are shown in figure 2.5. H-NHR of K2[Yb(CaHa )2] 0 

= 5.47 ± .03. singlet (K2[Ca(CaHa )2] 0 = 5.47 ± .03, singlet). 

Visible spectrum of K2[Yb(CaHa )2] 504 nm (a50). Satisfactory 

analyses of the powders were difficult to obtain. especially in 

the case of the ytterbium complex. Anal. K2[Yb(CaHa )2]: Calcd. 

for CI6HI6K2Yb: C, 41. a2; H, 3.51; K, 17.01. Found: C. 39.66; 

3.64; K, 19.2. K2[Ca(CaHa )2]: Cal cd. for CI6HI6K2Ca: C. 5a.a5; 

4.94; K, 23.94. Found: C, 5a.47; H, 5.22; K, 23.4. 

H. 

H. 

The slow cooling of a saturated solution of K2[Yb(CaHa )2] or 

K2[Ca(CaHa )2] In DHE gave crystals of the .complexes as DHE 

adducts. The DHE adducts of K2[Yb(CaHa )2] and K2[Ca(CaHa )2] were 

stable and gave satisfactory analyses for one DHE molecule per 

potassium. Anal. K2[Yb(CaHa )2]'2DHE: Calcd. for C24H3604K2Yb: C. 

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

K2[Ca(CaHa )2]'2DHE: Calcd. for C24H3604K2Ca: C, 56.aa; H, 7.16; 

K, 15.43. Found: C, 57.11; H, 7.07; K, 16.07. 

• Preparation of K[Yb(CaHa )2]' In a procedure which is analogous 

to the procedure used to synthesis K2[Yb(CaHa )2] and 

K2[Ca(CaHa )2]' the potassium salt of bis([a]annulene)ytter

bate(!!!) was prepared by the addition of o.aa g (a.4 mmoles) of 

cyclooctatetraene to a Dry-!ce/lsopropanaol cooled liquid ammonia 

solution of 0.73 g (4.2 mnoles) of ytterbium metal and 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 (S6 ~). Satis-

factory analysis could not be obtained for K[Yb(CSHS)2]' but the 

Infrared spectrum ofK[Yb(CSHS)2] (the major absorbances in the. 

600 to 1000 cm-~ region are given in Table III) is sImilar to the 

Infrared spectra of the other bfs-[S]annulene lanthanide.salts, 

and and Indicated that the crude material contained anmonia. 

Anal. Calcd. for C16HI9NKYb: C, 40.33; H, 4.02; N, 2.94. Found: 

C, 37.19; H, 4.02,; N, 2.19. "max of K[Yb(CSHS)2] In THF is 514 nm· 

( 1400) • 

A port I on of th I s powder was dl sso,l ved in anhydrous, degassed 

THF to give a dark blue solution. When anhydrous, degassed hexane 

was allowed to diffuse into this .solution dark blue crystals 

appeared. The crystals were Isolated by filtration and washed 

with anhydrous, degassed hexane. The crystals were placed, in 

vacuo, for ca. one hour at room temperature to remove solvent. 

The dark blue powder changes to a lighter blue when heated to 

100°C sealed under one atm. of argon gas, probably from loss of 

THF of solvation. Analysis of the dark blue powder indicated that 

there are two THF molecules per potassium atom In the ytter-

blum(III) complex. Anal. Calcd. for C24Hn 02KYb: C, 51.06; H, 

5. 11 . Found: C, 51.31; H, 6.01. 
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Another portion of K2[Yb(CSHS)2] powder was crystallized from 

DHE by allowing hexane to diffuse into a saturated solution of 

K[Yb(CSHS)Z] in DHE. Analysis indicated that the complex con

tained one DHE molecule per potassium. Anal. Calcd. for 

CZOHZ602YbK: C, 47.05; H, 5.13; K, 7.66. Found: C, 46.51; H, 

4.91; K, S.27; N, 0.2S. 

• Preparation of Yb(CSHS)' Degassed, anhydrous CSHS (0.32 g, 3.1 

mmol) was added to 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 sol id 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 (S7 ~). Infrared (nujol 

mull): 3322w, 3229w, 303Sw, IS35w, 1720w, 1590w, 1310m, 

1301 w, SSS s, 674 vs. Anal. Calcd. for CSHSYb (contaminated with 

17 ~ Yb(NH 3)6): C. 29.66; H, 3.43; N, 4.41. Found: C, 29.60, H; 

3 . 3S , N; 3.91. 

• Preparation of K2[Yb(t-BuCSH7)Z]' Anhydrous 

t-butyl-cyclooctatetraene (0.57 g, 3.6 mmol) was added to a blue 

solution of 0.14 g (3.6 mmol) potassium and 0.31 g (l.S mmol) 

ytterbium metal In liquid ammonia at -7S °C. Five minutes after 

removing the Dry Ice 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 blue 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 diglyme. The suspension was heated to 

140 °C and filtered. When the solution cooled to room tempera

ture, 50 mL of anhydrous, degassed hexane was carefully added via 

syringe such that two layers (a lower orange layer and an upper 

clear layer) formed. As the hexane slowly diffused into the 

digylme solution, large reactangular crystals formed (some crys

tals formed almost inYTIediatly, but complete crystallization took 

three days). The solvent was removed by filtration and the crys

tals were washed three times with 50 mL of hexane. A second crop 

a crystals was grown from the filtrate and the hexane wash. The 

yield of crystals was 0.77 g (0.41 g 1st crop and 0.36 g 2nd 

crop) or 72 1.. UV-v is: Amax (THF) = 521 nm. I H-NMR: (THF -dB) 5.26 

m (7), 3.58 m (8)' 3.46 s (6), 1.52 s (9). Anal. Calcd. for 

C36H6006K2Yb: C, 51.47; H, 7.20. Found: C, 51.60; H, 7.39. 

• Preparation of Yb(C5H4-C2H4-C8H7)' Ytterbium metal (0.26 g, 1.7 

mmol) was dissolved in 40 mL of liquid NH 3(at -78 oC) to give a 

blue solution. After two minutes, a solution 0.34 g of (2-

cyclopentadlenylethyl)cyclooctatetraene in three mL of anhydrous, 

degassed THF was added to the ammonia solution via syringe. 



103 

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 sol id and the result-

ing dark green solution was filtered. Anhydrous, degassed pentane 

was al lowed 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 al I traces of solvent 

were removed, in vacuo. The dark green sol id was characterized as 

Yb(CSH4-C2H4-CaH7) by Its mass spectrum. "ass Spec. (peaks shown 

for Ions which Include ytterbium; m/z listed for the most abun-

174 
dant ytterbium Isotope, Yb ): 369 (Yb(CSH4-C2H4-CaH7)}, 343 

{369 - C2H2}, 291 {369 - C6H6} , 265 {369 - CaHa}' 239 {26S - C2H2 

and 343 - CaHa}' 213 {239 - C2H2 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 o.oa 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 dissolved in diglyme 

and a layer of hexane was placed on top of the red-orange diglyme 

solution. The slow diffusion of hexane into the diglyme solution 

caused a micro-fine yellow powder and red-orange platlets to 

form. The solvent was removed by filtration, and the mixed 

product was waShed with hexane. The powder and the crystals were 

carefu 11 y separated by hand. E 1 ementa 1 ana 1 ys i s of the red-.orange 

platelets suggest that they are [K(diglyme)]2benzoCSH6' Calc. for 

C24H3S06K2: C, 57.57; H, 7.65; K, 15.61; 0,19.17. Found: C, 

56.45; H. 7.94; K, 15.4; ° (by difference), 20.21. Analysis of 

the yellow powder was consistent wl~h [Ca(diglyme}]benzoCSH6. 

Calc. for C1SH2403Ca: C, 65.S2; H, 7.37; ea-o, 26.S1. Found: C, 

63.62; H, 7.79; K, 0.97; Ca-O (by difference), 27.62. 

Reaction of Potassium with K[Yb(CSHS}2]' In an argon atmos

phere glovebox, potassium metal (0.02 g,.0.5 rrrnol) was added to a 

solution of 0.35 g.IK(THF)2][Yb(CSHS}2] (0.62 rrrnol) in 100 mL of 

dry, degassed THF in a uranocene reactor. 45 The reactor with 

solution was removed from the glovebox, connected to a Schlenk 

line and the solution was heated at reflux under a slightly 

positive argon pressure. After two days of heating, no potassium 

remained and the solution was still blue, although a bright pink 

so 11 d had formed (th i s so lid was probab 1 y Yb(CSHS) ). The sol u

tlon 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 K2[Yb(CSHS)2]' glovebox. 

.. 
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Appendix A: X-ray Analysis: 

The crystal structures of both ytterbium(II} complexes reported 

In this chapter were solved by Dr. Allan Zalkin at Lawrence 

Berkeley Laboratory. With the exception of the ORTEP program, al I 

computer programs used for the structural determinations were 

written by Dr. Zalkin for a CDC 1600 computer. 

Structure of (K(C4H1002}]2(Yb(CaHa}2]. An irregular, orange-red 

single crystal fragment of K2(Yb(Ca Ha )2]·2DHE 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-I Automated 

diffractometer equipped with a graphite monochromator and a Mo x-

ray tube. Least squares refinement of the setting angles of 24 

centered reflections (27° > 28 > 20°) using Mo Ka (~ = 0.71073 A 

radiation gave ~ = 9.346(4) A , Q = 9.775(4), £ = 1.740(4) A , a = 
3 91.72(4)°, S = 109.16(4}0, y = a6.22(4}0, and V = 666.5 A at 23 

°C. The space group of the crystal is trlclinic. Pl. with one 

formula unit In the unit cell. The calculated density of the 

crystal (molecular weight of (K(C4H1002)]2(Yb(CaHa)2] = 639.aO) 

-3 Is 1.59 g cm 

Intensities were collected to a maximum 28 value of 50° using 

a 8 - 28 scan technique. Three standard reflections were 

measured at every 250th measurement; the three standards showed 

an Isotropic decay of about S~ 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 >lo(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- 1 and an error of approximately 

5~ in the intensities is estimated. 

Trial positions for the ytterbium and potaSSium atoms were 

obtained from a three-dimensional Patterson function and·were 

refined by least squares. An electron densitymap.revealed all 

of the non-hydrogen atoms. All of the non-hydrogen atoms were 

refined with anisotropic temperature factors and the hydrogen 

atoms were included at their estimated positions. but not 

refined. The F magnitude was used in the full-matrix refinement. 

46 2 The final weighted R factor was 0.034 for 2312 data with F > 
, 2 

o(F ). and the goodness of fit was 1.33. The assigned weights w 

= (o(F» -1. wer.e derived from o(F2) = [c + (EF2)2] 1/2. where £ is 

the variance due to counting statistics and E = 0.05. An empiri-

cal extinction correction of the form F = F b (1 + ~I). where corr 0 s 

~ = 2.13 X 10-7• was applied to the data. Scattering factors 

47 were taken from, literature sources ana anomalous scattering 

terms were applied. 48 
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ce" 1.'7eZl' 2.7,.'211 •• 9 ez.) ee., .IZU.' l.llt'Zit •• ,ezz, 
ce., -.J.erl. I •• elt. -. Ie 31 
cell' 1.ltZI'Z' 1.r6'zz, • II IZ.I 
Cell) .""2' .311211 - •• 3ez,., 
CI1Z) -1.'.'Z7' .'7(27) -.33 CZ., 



Estimated Positional Paramenters for the Hydrogen Atoms fn 

"'1' .311t .111 .!1'~ 

"'2' .2S3& -.0968 ... 23 
Ife3' .071) -.2 .. 1 C) .3 .. 65 
.. elt' -. alt35 -.3 .... 2 .1 ..... 
H e5' -.OI$2!. -.3333 -.11C) 
"'6' .ass; -.2175 -.333 .. 
.. e1, .2338 -. or 1 ~ -.2S76 
.. (8' .367~ .1203 -.1811 

"'9' .390 -."'17 .290' 
He 18' ... 99S -. '161 .2'~7 
H Cl1' .35 .. , -.1133 ." .. 3 
He12' • 7113 -.&i23 .3., • 
.. C13' .6 ODS -.5 •• 8 .it' •• 
H Cllt' • 817 .- ... S19 .... , . 
H C15' .7735 - .... 31 .2691 
If e16' .761i -.2187 .2138 
HC17' .7as. -.21 03 .'9.2 
"Cll' .63&11 -.1353 .3602 

a These plrameters.were included at these calculated positions but not 

refined in the leist-squires procedures. "(1-8) Ind H(9-18) were 

assfgned,isotropic thermAl parlmeters of'8.0 and 10.0 resPtctive'1~ the 

isotropic thtMftll parameters were 11so not refined. All C-H distances . 
• Ire bebfHn 0.98 and 1.00 A. 
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Cyclooctatetraene least Squares Plane. 

• Atom Distances to Plane tAl 
e(1) 0.006 

e(2) -0.010 
e(3) -0.008 
e(4) o.on 
e(5) 0.009 
C(6) -0.012 
C(7} -0.008 
C(8) 0.012 
Yb -2.032 
K 2.391 

Plane equation .ith respect to crystallographic axes: 
6.005X - 6.898Y - 0.425C • 2.032 
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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(B) 

C(7)-C(8)-C(1) 

C(B)-C(1)-e(2) 

0(1)- l -0(2) 

It -0(1 )-C(9) 

It -O( 1)-C(10) 

It -0(2)-C(12) 

It -0(2)-C(11) 

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

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

0(1 )-C(10)-C(11) 

0(2)-C( 11 )-C( 10) 

134.8(5) 

135.0(5) 

134.9(5) 

134 .1(5) 

135.5(5) 

130'.6(5) 

135.0(5) 

135.2(5) 

12.8(2) 

112.9(4) 

114.0(3) 

111.4(4) 

118.1 (4) 

1 h.4(5) 

113.9(5) 

109.&(5) 

109.0(5) 

C-CD1Iunces in cycloocutetrlene l1glnd 

C(1 )-C(2) 

C(2)-C(3) 

C(3)-C(4) 

C(4)-C(5) 

C(5)-C(6) 

C(&)-C(7) 

C(7)-C(8) 

C(8)-C(1) 

1.409(9) 

1.400(10) 

1.421 (10) 

1.409(9) 

1.395(9) 

1.413(9) 

1.407(9) 

1.408(9) 
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11 I 

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 9-29 scan data were collected 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 atems were located with 3-

dimensional Patterson maps, and subsequent least-squares and 

electron density maps revealed the locations of the other atoms. 

AI I of the non-hydrogen atoms were refined with anisotropic 

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. Zalkln. Details of the refinements and the 

residuals follow. 
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Anisotropic Thermal Parameters. 

ATOM III 122 In 112 113 123 
Y8 !.Z4J7t16' l.lnl171 Z.1I8( 15. .1431211 -.2391101 .04JO (191 
lUll 4.17C 8. 5.301111 l.05( 11 .50181 .22(61 -.27C8. 
~ZI 

.. !.19( 8 i 4.79&9. l.20e 11 -.1419. .Z4(6' .06( 8. 
OIU 4.64121. 5.IC4. 4.tO( 29. .61121. .93(Z4. • 73e 27. 
ou. 1.4(41 5.3(3., 1.481 21. -.U31 1.15126. -.)1( 271 
OUI 1.915' 5.4(4. 5.514. 1.913. 1.613. .U31 
0&4. 4.43(26' 5.2(31 4.neu. -.Z5(29' .1.&221 .4C31 
0151 5.713' 4.913' 1.111 26. -.11(27. .90eZ)' .4O(2S) 
016. t.JC4. 4.9(4. •• 2C4' .613. Z.5UI .4131 
cell 4.Z15. J.II 51 Z.9C4' -.U4. -.1&4. Z. '14. 
cu. l.ze4. 1.7&7' 1.114. .115. .61l' .9(41 
CUI 4.515. 5.117. •• 2C5' .9(5, -.OC'" -1.315' 
CH. 4.6«51 4.2C6' 1.9(51 .4C5. -.2(4' -1.614' 
ce 5. 4.4151 •• 01S1 1 •• 15. -.2141 -.6141 -.0(4. 
CC61 2.5(4. l.91S. l.lC4. -.114' -.5U' .U4. 
a.,. Z.Zl41 4.1151 1.414. .ZC'I .1U' .In. 
CCI. Z.4(4' 1.61S' I.U4' .IC 3. -.113' .7C31 
CI9. 4.9C4. l.5C41 4.11S. .1.6141 -.114' .1141 
a 101 5.71S • 1.016' 9.Tn. •• TU. -z. T15 • -1. T(6. 
ce 111 '.2C6' •• TC61 5.9(6. 1.515 • I •• '" -2.315. 
alZ' 9.TII' 4.lC6' l.oeT' •• 15. ... 6. .21S1 
ell,. 1.9(4 • • .oC6' 1.2C4. -1.lC4. .Oll • • '(4. 
ce 14. 2.6( 4. 5.3(6' '.4(4' .1.4' -.zu. ....OC4. 
C.151 4.015 • 1.516. 4.41S1 Z.5U' -1.4'4' .ge41 

"16' 5.0C5' •• 4(51 " 1.514. .U4' -.5141 1. SC4. 
" 11. 1.9(4. 5.116. 2.ZC4. -.514. .lll' .4(4 • 
CUll 4.515' 4."U. Z.U4. -.6( ... " .lll' -. T.4. 

"19' 4.0". l."IS. 1.4 .... -...... .u ... -.6C4. 
azo. I ....... 4.JU. Z.S14t -1.U4' -.In. .3l3 • 
"211 4.1( ... 4.JU. ".515. -1 •• '''1 .4C ... .6C'" 
aZ2. •• 1I6t 5.SC6' .... n. -1.1". 1."151 -.115 • 
au. 1 •• C6. •• "6' 1."15' -Z.JU' ...... 1.115 • 
aZ"1 1.1.6. 4.216. I .. Ul. -.115. 1.015. .1C5 • 
C;CZ5J •• 0(5' "1.3C6' 5.515. - •• 151 .OC4. 1.0C 5. 

"26' 5.2U. 5.6C6. '."15' .OC4. 1 ...... -1.0C". 
CC 21. 5.11S. •• Z(6' 4.""1 -.2C4. 1.2''' • -1.2C". 
ceZIl , •• n. •• T'.' ....... ."6' 1.114 • -.2CS) 
C1291 lZe019 I 4.9C •• 1.9CT' Z.0I61 1.1CT' 1.US. 
asal U.Ulz. •• 0(71 1.OClt .7111 1.5111 • TC6. a ... 1.lC.' ,.1C •• s •• ,,' I.OC5. -.115. -1.0CS • 
ce IZ. 4.11 ... 4 ••••• 6.Z15' -.114' 1 •• C'" l.lC ... 
ce13. J.lC5t •• 516' 4.U5. .U4 • 1.OC'" .IC" • 
ceM. .... C,. •• )n • 4.0C4. -l.U5I 1.5C4 • -.914. 
CIlII . ." .. s ..... '.115' -.0"1 z.onl -1.)(5· 
el3.1 14.Z( 10. I.lnl 1 •• '.1 1 •• '61 2.4 ••• -.2es. 
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Hydrogen Positional and Isotropic Thermal Parameters. 

HU' t -.12 .... .860U. .,.8131 2.1U41 
HI2I t .014181 .13GC4' .406141 5.5&23 I 
HU' t -.'OJ(" .242(41 • 403( 41 5.'1261 
H(41 t .090U2. .311161 .357U' 11.3(43 I 
HUI t .24418' .120(4' .J05e41 5.l1Z3 » 
H'6' e • n4'" .241(4. .l7.(4' 4.0CZO • 
HCTI e .195181 .14ge4' .265(4' 6.4IZl. 
HUt e -.JOl17' .144el' .2141J' I.JU71 
H'91 e -.29l'" .25214' .ZlI(4' 6.J1221 
HUO. e -.U"I' .110(4' .1.14. 4.1(lll 
HI1l1 t -.olln. • J15(4' .UO(4' 4.9U9 • 
HU2. t .1.,C9. .ZJ1C4. .07915. 6.9CZ5' 
H(U' t .095&9' .121(4' .0.1C4' 6.5124' 
H(14. t -.12111' .052( 5. .1,.e4. 6.6125' 
H'15' e .2lJ4 .J183 .5291 10.000 
HU6. t .J.57 .'141 .1742 10.000 
HU7. t .4902 .Z118 .629l 10.000 

"'18' t .,... .1025 .6457 10.000 
HU91 t .2911 .zOG .66l1 10.000 
H'ZO' t ... 2 .... .166 .6511 10.000 
HUll e .2423 •• 949 .6305 lA.OOO 
HU2. e .1679 .1419 .5701 10.000 
H'2l' t -.n07 .IJ29 -.Ol84 10.000 
H'241 t -.J099 .J744 -.014' 10.000 
H125. e -.1"5 .217 -.119 10." 
HU6. e -.2550 .2941 -.1524 10.000 
HU7. e -.1113 .1902 -.1611 10.000 
H'21' t -.un .1595 -.1635 10.000 
H'29t e -.1497 .0136 -.nJl 10.000 
H')o' e -.0143 .1HI -.8696 1 .... 
HUll e .,.,73 .OJS] .H17 12.000 
HU2. t .5015 ."69 .1294 lZ.OOO 
HUll e .4'907 -.0101 .113 12.000 
.. ',..1 e ." .. .0660 .Zl08 12.000 
HU" e .2U9 "1M .1912 12.000 
.. ,,.1 t .1404 -.0109 .2151 12.000 
"Ul' e .140 -.0117 .2936 12.000 
"'l" e .Z16 -.0204 .16.' 12.000 
HU9. t .2145 -.0607 .J017 12.000 
.. C4O. e -.3670 "313 .1Ml 12.100 
"'411 t -.4U] ... ,. .1615 u.ooo 
"C42. e -.1912 -"U5 .1641 12.000 
H'431 e -.Z59O .0611 .21S3 U.ooo .. , ..... e -.1116 ..144 .1966 12.000 
.. '45t t -.2JI4 -"UD .2809 12.000 
H' .... e . -.1 .... - •• 226 .1950 12.000 
HC4}, C -.1528 -"212 .UZ1 12.000 
"'411 e -.1111 -"'31 .1.59 12.000 
"'491 t .4'" .41.1 .4n8 12.000 
tlUO' C .14e2 .1715 .421 12.000 
'''511 t • 49l6 .1651 .4115 12 .... 
MU2. t .1655 .... '4 .4"2 12.000 
MUI. e .2'~ .-11 .1619 12.100 .. (~. e • 1M2 •• Ul .4929 12.000 

"'HI e -.1112 .... n •• 11 12.000 

"'56' t -.1514 .165 ... J5 12.100 
MUT. e -.4091 d5Z1 ...... U.IOO 
.n •• ~ -.IIZI ~l -.802S 1.1.100 
.Me,., -c -.1.., --.-15 -.8695 12.100 ...... ~ -.bOt ...... -.805' 12.100 
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Interatomic Distances 

Atoms Distance (A ) Atoms Distance (.8. ) 

Yb-C ( 1 ) 2.733(8) Yb-C( 13) 2.788(8) 
Yb-C(2) 2.710(8) Yb-C ( 14) 2.758(8) 
Yb-C(3) 2.762(10) Yb-C( 15) 2.735(8) 
Yb-C(4) 2.786(10) Yb-C(16) 2.746(8) 
Yb-C(5) 2.747(9) Yb-C ( 17) 2.766(8) 
Yb-C'( 6) 2.758(8) Yb-C( 18) 2.737(8) • 
Yb':'C(7 ) 2.791 (8) Yb-C( 19) 2.767(8) 
Yb-C(8) 2.821 (7) Yb-C(20) 2.836(8) 

mean Yb-C 2.77(4) 
K(1 )-C(1) 3.107(9) K(2)-C(13) 3.101(9) 
K(I)-C(2) 3.034(9) K (2) -C ( 14) 3.087(9) 
K ( 1 ) -C (3) 3.012(10) K (2) -C ( 15) 3. 102 ( 10) 
K(1)-C(4) 3.054(11) K (2) -C ( 16) 3.066(9) 
K ( 1 ) -C (5) 3.077(9) K(2)-C(17) 3.021(9) 
K(I)-C(6) ·3.057(9) K (2) -C ( 18) 3.027(9) 
K ( 1 ) -C (7) 3.096(9) K(2)-C (19) 3.105(9) 
K ( 1 ) -C(8) 3.158 (8) K(2)-C(20) 3.178(8) 

mean K -C 3.08(5) 
K(I)-Q(I) 3.056(6) K(2)-Q(I) 2.857(6) 
K ( 1 ) -0 (2) 2. 151( 6) K (2) -0(4) 2.984(1) 
K(I)-Q(3) 2.981 (6) K(2)-Q(5) 2.762(6) 
K(I)-0(4) 2.865(6) K(2)-0(6) 3.020(7) 
C(I)-C(2) 1.45S( 13) C ( 1 3 ) -C ( 1 4 ) 1~429(12) 
C(2)-C(3) 1 .404 ( 12) C ( 14) -C ( 15 ) 1.396 ( 13) 
C(3)-C(4) 1.413( IS) C ( 1 5 ) -C (16 ) 1. 426( 14) 
C(4)-C(5) 1 .403 ( 14) C ( 1 6 ) -C ( 1 7) 1.418(13) 
C(5)-C{6) 1.400( 12) C{ 17)-C(18) 1.412(11) 
C(6)-C(7) 1.410( 12) C ( 18) -C ( 1 9 ) 1.415(11) 
C(7)-C(8) 1.409( 11) C(19)-C(20) 1.412( 12) 
C(8)-C(I) L42S( 12) C (20) -C (13) 1.42i(12) 
C(8)"':C(9) 1. 584{l1 ) C(20)-C(21) 1.549 ( 11 ) 
C(9)-C( 10) 1. 542 (12) C(21)-C(22) 1 .581 ( 12) 
C(9)-C(11) 1. 538 ( 12) C(21 )-C(23) I.S22( 12) 
C (9) -C ( 12) 1. 538 ( 13) C(21)-C(24) 1 .536 ( 13 ) 
C(26)-C(27) 1.49S( 13) C(32)-C(33) 1.485(13) 
C(28)-C{29) 1.474( 15) C(34)-C{35) 1.493{ 13) 
O{ 1 ) -C (25) 1. 444 ( 10) 0(4)-C(31) 1 .445 ( 10) 
o ( 1 ) -C26) 1 .441 ( 10) 0(4)-:C(32) 1.424(11) 
0(2)-C(27) 1.437(10) 0(S)-C(33) 1 • 43 1 ( 11 ) 
O(2)-C(28) 1.420(12) 0(5)-C(34) 1.429(10) 
(0)-C(29) 1. 388(11 ) 0(6)-C(35) 1.419(11) 
0(3)-C(30) 1.422(14) 0(6)-C(36) 1 .400 ( 12) 
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Interatomic Angles 

C(8)-C(I)-C(2) 135.7(9) C{20}-C(13)-C(14} 138.0 ( 10) 
C ( 1 ) -C (2) -C (3) 136.9(11} C(13)-C(14)-C(15) 136.2(10) 
C(2)-C(3)-C(4) 135.0(12) C{14}-C(15)-C(16) 134.3(10) 
C(3)-C(4)-C(S) 132.S(11) C(15)-C(16)-C(17) 134.1(10) 
C(4)-C(5)-C(6) 135.4(10) C{16)-C(17)-C(18) 133.6(10) 
C(S)-C{6)-C{7) 137. 7( 10) C(17)-C(18)-C(19) 137.9(10) .. C(6)-C(7)-C(8) 136.8(10) C(18)-C(19)-C(20) 136.7(9) 
C(7)-C(8)-C(1) 129.9(9) C(19)-C(20)-C(13) 129.1(9) 
C(1)-C(8)-C(9) 115.8(8) C{19)-C(20)-C(21) 117.1(9) 
C(7)-C(8)-C(9) 114.3(8) C(13)-C(20)-C(21) 113.8(8) 
C(8)-C(9)-C(10) 108.S(8} C(20)-C(21)-C(22) 108.S(8) 
C(8)-C(9)-C{11) 110.7(7) C(20)-C(21)-C(23) 111.6(8) 
C(8)-C(9)-C(12) 11S.3{8) C(20)-C(21)-C(24) 11S.2(8) 
C(2S)-0{1)-C(26) 110.7(7) C(31)-Q(4)-C(32) 112.2(8) 
O(1)-C(26)-C(27) 107.7(8) O{4)-C(32)-C(33) 109.S(8) 
C(26)-C(27)-0(2) 108.0(8) C(32)-C(33)-Q(S) 109.4(8) 
C(27)-O(2)-C(28) 113.6(8) C(33)-O(5)-C(34) 113.9(7) 
O(2)-C(28)-C(29) 110.0(8) O(5)-C(34)-C(35) 108.S(8) 
C(28)-C(29)-O(3) 109. 1 ( 1 1 ) C(34)-C(35)-O(6) 109.0(9) 
C(29)-Q(3)-C(30) 111.2(10) C(3S)-Q(6)-C(36) 112.3(9) 

Deviations (A ) from Least Squares Planes 

Plane 1: C ( 1 ) -C ( 8 ) Plane 2: C(13)-C(20) 
Atom Distance Atom Distance 

C ( 1 ) -0.022 C{13) -0.022 
C{2) -0.004 C ( 14) -0.011 
C(3) 0.02S C( 15) 0.024 
C(4) 0.003 C ( 16) 0.009 
C(5) -0.030 C(1?) -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 C (21 ) 0.010 
Yb -2.054 Yb 2.056 
K 2.456 K -2.468 
H(1) 0.06S H(8) -0. 199 
H(2) 0.119 H{9) 0.012 
H(3) 0.058 H ( 10) 0.006 

• H (4) . -0.117 H ( 11 ) -0. 120 
H(5) -0.098 H(12) -0.108 
H(6) 0.124 H ( 13) O.OSO 
H(7) -0.028 H ( 14) O. 118 



Crystallographic Surrtnary and Data Processing 

a, A 
b, A 
c. l 
alpha. deg 
beta. deg 

.·.·ganma. deg 
cryst syst 
space gro~p 
volume. l -3 
d(calc), g/cm 
Z 
temp (OC) 
empirical formula 
fw 

10.292(4) 
20.588(6) 
20.036(6) 

90.00(0) 
103.28(4) 
90.00(0) 
monoclinic 
P21/c 

4131.9 
1.350 

4 
23.0 
C(36)H(60)O(6)K(2)Yb(l) 
840; 12 

color 1 2 red 
wavelength (Ka ,Ka ), A 0.70930,0.71359 
crystal size 1~) 0.130 x 0.160 x 0.360 
abs coeff, cm 16.50 
abs corr range 1.19-1.39 
cryst decay corr range 0.96-1.06 
2S limits. deg 4.1-45.1 
hkl limits h -11,11; k 0.22; 1-21,21 
scan width. deg 1.5 + 0.693 • tan(S) 
no. of standards 3 
no. reflections between stds 250 
no. scan data 10798 
n~~tunique reflections 5413 
R 0.030 2 
no. non-zero weighted data 3212 (F 30) 
p 0.040 
extinction k 0.165E-06 
max 1. ext i nct ion corr 11.8 1. 
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.; McLachlan, A.D. "Introduction to Magnetic 
Resonance," Harper and Row, New York, N.Y., 1967. 

When a two-site exchange Is occuring between sites on the same 

molecule, equation 2.9 greatly simplifies. Sin.ce the exchange is 

first-order the expression simplifies as follows for the first 

order exchange process: 

rate = k[X] 

and 

Since the I ine widths of the protons in the individual sites is 

considered to be small compared with the line width coalesced 

peak, then WI = W2 = 0 and 
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At coalescence, the population of both sites is assumed to be 

equal so that fl = 1-f 1 = .5 and f 1(I-f 1) = 1/4. The line width 

at coalescence is now given as; 

2 = lI'(c5v) /k 

Since the line width Is related to the reciprocal of the 

transverse relaxation time as 

then 

Upon rearrangement 

o· 

At coalescence, the transverse relaxation time of the coalesced 

peak is the I ffetfme of the proton spin In one site then, 



,. . 

'. 
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1 IT 1 ,2 = 1 It 

and 

lit = 2k 

then 

2 2 2k = 1T «($v) Ik 

Rearranging and simplifying the equation above one obtains the 

simple equation for the rate of a chemical exchange at coales-

cence. 

k = 1T(ov)/.J2 

When the eXGhange 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(III) species. the rate of exchange is stili assumed to be 

faster than the transverse relaxation time of the paramagnetic 

species such that 

so again the I ine 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 

Since Wl ,2 = I/nT1 ,2 then 

At coalescence 1/T1,2 ',= lIto = k[Yb(C8H8)~] then 

Upon rearranging and sifT1:)lifying the above equation one obtains 

equatfon2.24 

k = c 

.. 

• 
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CHAPTER THREE 

New Studies on Bis([8]annulene)cerium(IV) 

Introduction 

,The synthesis of bis([8]annulene)uranium(IV) and other 

actinide(IV) organometal I ic compounds has led to considerable 

controversy on the nature of the ring-metal bond in f-block 

element organometallic complexes. 1 The description of ring-metal 

bond In bis([8]annulene)uranium(IV) as "ionic" or "covalent" is 

difficult. due. in part. to the difficulty in applying the 

simple. classical bond definitions to the uranium complex. The 

molecular orbital description for a covalent bond in the bis

([8)annulene 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 [8]annulene p orbitals was 

shown in Figure 1.1 (in chapter 1). The controversy for bis

([8]annulene)uranium(IV) 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([S]annulene)uranium(IV) can be explained by the effect of 

a covalent ring-metal interaction. 

As shown in the previous chapter, one method of ascertaining 

the orbital involvement in an f-block element organometallic 

comp I ex's ring-meta.l bond is by compar i son wi th simi I ar "i on i,c" 

organometal I ic complex. The comparison of the ionic calcium 

complex, K2[Ca(CSHS)2]' in which it is very unlikely that d and f 

orbi tal s p,1 ay a major role in bond i ng, with the ana logous ytter-

bium(lI) complex strongly suggests that in [S]annulene lantha-

nide(II) organometallic complexes, the ring-metal interaction is 

essentially ionic. 

Comparison of Bis([8]annulene)actinide(IV) and Bis([8]annulene)
lanthanate(III) Complexes 

The series of bis([S]annulene)lanthanate(III) complexes were 

synthesized to provide an "ionic" bis([S]annulene complex for 

comparison with the bis([S]annulene)actinide(IV) comPlexes. 2 It 

Is weI I-established that, the effect of f and d orbitals in lan

thanlde(III) chemistry is small. 3,4 A simple example of this is 

seen by the lack of effect of most ligand fields on the energies 

of the f-f transitions of the lanthanides. 4 As Is the case for 

the bls([S]annulene)lanthanate(1I) complex dianion, the relative 

"ionicity" of the bis([S]annulene)lantha~ate(III) anions can be 

shown by comparison with non-f-block bis([S]annulene) complexes. 
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The similarity in properties and structure between bis([8]annu-

lene)yttrate(III) anion and the bis([8]annulene)lanthanate(III) 

anions clearly suggests that f and d orbitals on the metals play 

no major role in the ring-metal bond in the bls([8]annulene)lan-

thanlde(III) ions, since the 4f and 5d orbitals are energetically 

2 unfavorable for the fourth row element. 

The class of bis([8]annulene)lanthanide(III) complex anions is 

reviewed In chapter one of this work. These complexes are non-

volatile and show high thermal stability; bis([8]annulene)-

thorium(IV) and uranium(IV) can be sublimed at < 200 0 C, in vacuo. 

Unlike bls([8]annulene)uranium(IV), which has solubil ities of 

10-3 moles/liter In a variety of polar and non-polar solvents, 

the lanthanlde(III) complexes are soluble only in polar ethereal 

solvents. The bis([8]annulene)lanthanate(III) anions also 

hydrolyze much more rapidly than bis([8]annulene)uranium(IV). 

Although solubilities, volatility and thermal stability are not 

sufficient to classify compounds as ionic or covalent, these 

properties are suggestive that the bis([8]annulene) lantha-

nate(III) complexes are highly ionic. The comparisons between 

bis([8]annulene)lanthanate(III) anions and bis([8]annulene)-

uranium(IV) Indicate that the lanthanide complexes are con

siderably more "salt-l ike" than bis([8]annulene)uranium(IV).2 

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

thanide(III) and uranium(IV) complexes is shown by a ligand 
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exchange experiment. Bis([8]annulene)cerate(III) anion was shown 

to undergo rapid ligand exchange with uranium tetrachloride to 

form bis([8]annulene)uranium(IV).2 This experiment indicates not 

only the relative thermodynamic stabil ities of the bis([8]annu

I ene) I anthanate ( I I I ) and -act i n i de ( IV). complexes, but that the 

1 igand exchange is kinetically rapid. Note that in the simi Jar 

exchange experiment between bis([8]annulene)thorium(IV) and 

uranium tetrachloride, the exchange equilibrium also favors the 

formation of bis([8]annulene)uranium(lV), but the exchange is 

much slower. 5 

The ionic lanthanide(III} complexes are clearly more "salt-

I ike" than the corresponding actinide(IV) complexes. Unfor

tunately. the comparison of a potassium bis([8]annulene) lantha

nate( I I I) salt with a bis([8)annuene)actinide( IV) complex is 

poor, since in the former case, the bis([8]annulene) complex is 

an anion; in the latter, the sandwich moiety is neutral. The 

"salt-I ike" properties of the lanthanide(III) complexes could be 

due only to the effects of the ionic interaction between the 

potassium cation and the sandwich, and independent of the ring

metal interactions in the sandwich moiety. The bis([8]annulene)-

1 ant han i de ( I I I) an ions are a poor cho i ce for compa.r i son with b i s

([8]annulene)uranium(IV). 

A far better lanthanide analogy for the actinide complexes is 

the bls([8)annulene)lanthanide(IV) complexes. ROsch and Streit

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

results of their calculations. 
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In Figure 3. I. the orbital energy levels for the series 

M(CSHS)2 are compared. One method of deducing the relative in

volvement of metal f-orbitals in the bis([S]annulene)complexes is 

by looking at the effects of the e2u (f)-e2u (w) interaction on the 

relative orbital energy levels of the three complexes. 

The SCF-Xa calculations indicate an unusually large HOMO-LUHO 

e2u (w)-e3u (f) ) for bis([S]annulene)thorium(IV). From examina

tion of Figure 3.1. this large gap (relative to the cerium(IV) 

and uranlum(IV) analogs) is partially due to the relatively 

higher energy of the e3u (f) orbital of bis([S]annulene)thorium. 

If the strong visible absorption of bis([S]annulene)thorium(IV) 

and -uranium(IV) is assigned as the charge transfer band, 

e
29

(w)-e3u (f). the calculated vs measured values for this gap are 

3.03 eV vs 2.75 eV for bis([S]annulene)thorium(IV) and 1.97 vs 

Z.OI eV for bis([S]annulene)uranium(IV). Prior to this thesis, 

the optical spectrum of bis«(S]annulene)cerium(IV) had not been 

reported, thus the calculated vs measured(assigned) eZg (w)-e3u (f) 

energy difference could not be determined for this molecule. 

The spl itting of the metal orbitals. the e2u (f) and e3u (f), is 

Indicative of an Interaction of the metal e2u and ligand eZu 

orbitals. In Figure 3.Z, 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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considered to be unaffected by any interaction with the ligand 

e3u (n); the ligand e3u (n) orbital is too high in energy. 
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figure 3.2 clearly shows that the e3u (f)-e2u (f) can be indicative 

of f-orbital interaction in the ring-metal bond; the greater 

interaction being indicated by the larger 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 M(CSHS)2. 

The electron populations of the e2u (n), e2g (n), eIU(n) and 

eI9(n) orbitals can also be used as a criterion for ring-metal 

interaction in the bis([S]annulene) complexes. Al I of these 

1 igand orbitals have the proper symmetry to interact with metal d 

(the gerade) and f (the ungerade) orbitals. In Table 3.1, the 

sphere populations are shown for the e2 and e l orbitals in the 

bis([S]annulene)complexes. In this table, the higher fraction of 

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 1 igand. 

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

an order of covalent ring metal interaction for M(CSHS)2 as 

Th < Ce ~ U. Since the relative population distribution between 

1 igand and metal for the e2g and e 1g orbitals is roughly the same 

for al I the complexes, then the difference in covalency is due to 

f-orbital interactions in the cerium(IV) and uranium(IV). This 
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Figure 3.2: Result of e2u (n)-e2u (f) interaction on the 

e2u (f)-e3u (f) energy gap in bis«(8]annulene) sandwich complexes. 
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result is, of course the opposite of that predicted by the com

parison of the e2u (f)-e3u (f) energy differences. 

Since the metal d-orbital involvement is roughly equal for the 

three complexes, one may also look at the e2u (n)-e
29

(n) energy 

difference as a measure of f-orbital covalency. In Figure 3.3, 

the qualitative result of an e2u (n)-e2u (f) interaction on the 

e2u (n)-e2g (n) gap is shown. In this example, the energy level of 

the e2g (n) is held constant. 

Examination of Figure 3.3 indicates that an order of covalency 

Th < Ce < U is predicted by consideration of the e2u (n)-e2g (n) 

energy difference. 

The calculations of Resch and Streitwieser indicate sig

nificant involvement of metal d and f orbitals bis([8]annulene)

uranlum(IV) and d orbital involvement equal to that of the 

uranium complex in bis([8]annulene)thorium(IV); these conclusions 

are supported experimentally by the photoelectron spectra (PES) 

of the comPlexes. 7 Since the relativistic Xa calculations indi

cate some I igand-metal orbital interactions for bis([8]annulene)

uranium(IV) and -thorium(IV), it is important that the PES 

results agree with the relative energy level differences for the 

thorium and uranium complexes. Both calculation and experiment 

indicate a larger e2u-e2g difference in bis

([8]annulene)thorlum(IV) vs bls([8]annulene)uranium(IV). It now 

becomes important to observe whether the Xa calculations are as 
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Figure 3.3: Result of eZu(n)-eZu(f) interaction on the 

eZ (n)-eZ (n) energy gap in bis([8)annulene) sandwich complexes. 
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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 e2u (n)-e2g (n) energy difference for the 

cerium(IV) complex is less than that of bis([8]annulene)

thorium(IV) and greater than that of bis([8]annuJene)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(IV). 

Cerium(IV) Chemistry 

Given that calculations can be carried out on bis([8]annu

Jene)cerium(IV), the next question is, does the molecule exist? 

There are two reports of bis([8]annuJene)cerium(IV) in the chemi

cal literature. The first of these reports is by an Indian re

search group; Kalsotra, Hultani and Jain,8 and the second by an 

Ital Ian research group; Greco, Cesca and Bertol Ini. 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]annuJene)cerium(IV) differ in every detai I. A 

brief backround on cerium(IV) chemistry and the attempts (one of 

them successful) In duplicating the I iterature preparations of 

bis([8]annulene)cerfum(IV) fol lows. 

Cerium Is the only lanthanide element that has a tetrapositive 

oxidation state that exists in both aqueous solution and in 
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so lids. 3 Praseodym i um ( 1 V) and terb i um ( 1 V) have a I so been shown to 

exist In solid compounds, but only as the oxides and fluorides. 3 

Alkal i metal fluorides of dysprosium(IV) and neodymium(IV) have 

also been reported;IQ,II.12 however. reports of higher oxides of 

Dy and Nd are incorrect. 3• 12 

All of the tetrapositive lanthanide ions are strong oxidizing 

agents; cerium(IV) complexes are erriployed in both organic (e.g., 

oxidations of ketones, alcohols and phenols) and inorganic 

chemistry as an oxidizing agent. The literature on oxidation by 

cerium(IV) is far too extensive to be reviewed here; shown below 

(3.1-3.3) are a few recent examples of synthesis or kinetic 

studi es us i ng ox i dat i on by cer i um( I V) I n I norgan ie or or

ganometal llc systems. 13 ,14,15 

------) 
U (1 V) Ce ( I V) u (V I ) 

X- aq. 

------) 
Se(IV) Ce(IV) aq. Se(VI) 

[3. 1 ] 

[3.2] 

[3.3] 

The oxidation potential of Ce(IV) 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(IV)/Ce(III) 

couple in various aqueous solutions . 

Table 3.2: Oxidation Potential of Ce ( I V) ICe ( II I ) 

81'1 HC104 1.87 Va 

11'1 HC104 1. 70 Vb 

111 HN0
3 1. 61 VC 

111 H2SO4 1. 44 vd 

311 HCl 1.27 Ve 

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 the dependence of the Ce(IV)/Ce(lll) couple on 

the aqueous medium, dilute solutions of manganese(ll) perchlorate 

are oxidized to permanganate by Ce(lV) in dilute perchloric acid, 

but permanganate is reduced to manganese(Il) by Ce(III) in dilute 

sulfuric acld. 12 

Work by Raymond21 has indicated that the Ce(IV)/Ce(III) couple 

is negative in basic solution with catechol present as a complex-

Ing agent. Table 3.2 Illustrates that the reduction potential of 

Ce(IV)/Ce(III) varies dependent on the complexing reagent in 

solution. The value of the Ce(lV)/Ce(lII) couple can then be 

looked on as a function of the ratio of the stability constants 

of the Ce(IV) and Ce(III) complexes. Raymond's catechol results 

clearly show that the couple Is driven toward Ce(IV) due to the 

strong complexation of Ce(IV) relative to Ce(III). 
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Due to the oXIdation potentials of the tetravalent lanthanide 

ions, the existence of organometallic complexes inv~lving lantha-

nide(IV) ions, suCh as cerium, with strongly reducing ligands, 

such as cyclopentadienyl anion or [S]annulene dianion have been 

thought to be unlikely. In support of this, the reaction of 

cerium metal atoms with cyclooctatetraene, in vacuo, gives only 

the cerium(lll) complex, Ce2(CsHe)3,22 whereas the reaction of 

cyclooctatetraene with uranium or thorium metal gives the bis

([S]annuene)actinide(IV) complex. 23 The lack of formation of bis-

([S]annulene)cerium(lV) under the metal atomization. conditions 

suggests that either the cerium(IV) complex cannot be formed at 

all, or that under the experimental conditions, the cerium(IV) 

comp I ex I sformed, but decomposes to the cer i um(l I I) comp I ex. 

One of the major problems in the synthesis of cerium(IV) 

organometallic complexes, aside from the oxidation potential of 

cerium, I.s the availibility of cetium(IV) containing starting 

materials. For example, Advanced Inorganic Chemistry3 lists only 

two binary solids which contain cerium(IV), Ce02 and CeF 4. Com

plex anions which contain cerium(IV) are somewhat more comnon. 

One fam i I ar examp I e of a cer i urn (I V) coop I ex an i on is the comnon 

oxidizing agent, cerlc ammonium nitrate, (NH4)2[Ce(N03)6). 

The cer I urn (I V) start i ng materi a Is f n the Indian and f ta I ian 

preparations of bis([S]annulene)cetium(IV) are pyrldinlum 

hexachlorocerate(IV)24 and cerlum(IV) Isopropoxlde. 24 
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Although ceric ion oxidizes concentrated HCl to Cl 2 in aqueous 

solution, the reaction of HCl with Ce(OH)4 in absolute ethanol 

produces the complex anion 2-[CeC 16] • This dianion can be iso-

lated as the corresponding pyridinium salt. pyridinium hexa-
o 3 

chlorocerate(IV) can be made anhydrous at 120 C, in vacuo. 

[3.4] 

[3.5] 

Reaction of the anhydrous pyridinium hexachlorocerate(IV) 

hexachloride with alcohols and ammonia in benzene give cerium(IV) 

alkoxides. 24 

[3.6] 

Cerium(IV) fsopropoxide can be crystal Ifzed as a mono-adduct of 

pyrfdine or isopropyl alcohol. 24 
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False Reports of Cerium(IV) Organometa~lic Complexes 

The first report of bis([8]annulene)cerium(IV) was in 1972 by 

Kalsotra, Hultani and Jain. In fact, most of the cerium(IV) 

organometal I ic complexes have.been reported by research groups 

involving Kalsotra. In al I of their work, the Indian researchers 

emplo·yed pyridinium hexachlorocerate( IV) as a starting material . 

It has been noted that CeC1 6
2- is a ~tr6ng oxidizing agent and 

that the synthesiS of cerium(IV) organometal lics complexes from 

this starting material is doubtful. 25 The Indian group has 

reported cerium(IV) complexes with cyclopentadienide(Cp) (both 

cecp:6 and cecp~7x), indenide,28 fluorenide(FI),28 

cyclOheptatrienide29 and [8]annulene dianion.8 One is impressed 

both by the almost perfect chemical analyses and the physical 

descriptions of these complexes. For example, the cyclopen-

tadienide complex, CeCP4' and the bis([8]annulene)cerium(IV) 

complex analyze perfectly and are reported as stable to water and 

di lute acid, (although they decompose in hot conc. nitric acid!) 

properties which are Incredible and totally inconsistent with any 

known [8]annulene complexes. 

The work of Kalsotra, Hultani and Jain on CeCP4' not surpris

ingly, has been recently refuted. Deacon, Tuong and Vince30 

fol lowed the Indian preparation and obtained only the known 

31 cerium(III) complex, CeCP3. There are reports of other work, 

namely the syntheses of Ce(FI)428 and Ce(C7H7)CI 2 ,29 by the 
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Indian researchers which could not be repeated. 25 In light of 

these reports, the work by Kalsotra, Hultani and Jain on bis-

([8]annulene)cerium(IV) was also doubted. Indeed, all of the 

attempts to duplicate the Indian work were unsuccesful; the 

reaction of [8]annulene dianion and di(pyridinium)cerium(IV) 

hexachloride does not lead to a singular characterizable or-

ganometal lie 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]annulene)-

cer i urn ( I V) from the react i on of cer !,um ( I V) f sopropox i de, 

triethylaluminum and the solvent in cyclooctatetraene. This same 

synthetic method was employed by Wilke for the synthesis of 

32 TI(C8H8 )2 and Ti 2 (C8H8 )3. 

Unlike the work of Kalsotra, Hultani and Jain, the Ital ian 

[3.7] 

[3.8] 

workers report a bis([8]annulene)cerium(IV) whose characteriza-
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tlon is completely consistent with what one would expect for the 

cerium complex. Their bis([S]annulene)cerium(IV) complex was 

decomposed by air, water and alcohols, had only one signal in the 

NMR which was consistent with the absence of a paramagnetic metal 

ion, and gave correct analysis and mass-spectrum for Ce(CSHS)2. 

The crystal powder pattern of bis([S]annulene)cerium(IV) was 

reported by the Italian group; this pattern compares closely with 

the other patterns of bis([S]annuene)actlnide(IV) complexes and 

suggests that thecerium(IV) complex is isostructural with the 

actinide(IV) complexes. Shown in Table 3.3 Is the comparison of. 

the x-ray powder patterns of the bis([S]annulene) f-block metal 

complexes. 

The only questionable aspect of the Italian preparation of bis-

([S]annulene)cerium(IV) is the synthesis of a cerium(IV) complex 

under reducing conditions; triethylaluminum is a sufficiently 

strong reducing agent to reduce cerium(IV) to cerium(III). 

Upon following the procedures of the Italian group for the 

preparation of bl s ([S]annu I ene) cer I um( 1 V). The product obta.i ned 

is an air-sensitive, brown-black, microcrystal line compound, as 

reported. This compound has a single signal in IH-NMR at 5.9 ppm 

in THF-dB or at 5.75 ppm In toluene-dB. When the toluene solution 

of the complex was exposed to air, the brown solution became pale 

1 . ' , 
yel low and the H-NMR contained only one peak at 5.61 ppm, which 

Is the resonance for neutral cyclooctatetraene. The infrared 



a b Table 3.3: X-ray powder pattern data on M(C8H8 )2 complexes' 

d d d d d 

6.78 s 6.67 s 6.70 s 6.73 s 6.73 s 6.75 s 
6.27 m 6.26 m 6.29 m 6.30 m 6.28 s 6.21 s 
5.47·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 4.37 m 4.35 v 
4.05 w 4.04 m 4.03 w 4.01 v 4.04 m 4.02 m 
3.61·w 3.59 m 3.58· w 3.60 v 3.57 m 3.58 m 

3.35 v 3.36 w 3.34 v 
3.29 w 3.25 w 3.25· w 3.24 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 2.81 w 2.80 w 2.79 m 2.81 w 
2.74·w 2.73 w 2.73· w 2.73 m 2.72 m 

• Combined lines with d-spacing less that .04 

(a)· For comparison of x-ray data, any intensities(i) listed 
In the original papers as 1+ or 1- are listed in this Table 
as I. 
(b) Calculated. Numerical intensities calculated are given 
as: within 30~ of strongest band = s; 30-60~ = m; 60-90~ = w; 
90~ = v. 
(c) in " . (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 Ital ian group and is also similar to 

the infrared spectrum reported for bis([8]annulene)uranium(IV). 

Shown In Table 3.4 is a comparison of the infrared spectrum of 

Ce(C8H8 )2 and U(C8H8 )2 in the 600-1000 ~m-l region. 

Table 3.4: Infrared spectra of ~{C8H8)2 H = Ce, Ua 

ce(C8H8)~ ce(C8H8)~ U(C8H8)~ 

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 -1 strong; strong; m, medium; cm vs, very s, 
w. weak. 

(b) ref. 9. (c) this work. (d) ref. 35. 

The mass spectrum of the microcystal line compound also 

verifies the Italian report; the parent and fragment peaks in the 

HS are exactly what onewoLild expect for bis([8]annulene)-

cerium(IV). Shown in Figure 3.4 is the comparison of the mass-

spectrum of the cerium(IV) complex with the mass-spectrum of 

bis([8]annulene)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 bfs([8]annulene)uranfum(IV) as sug-

gested by infrared and x-ray powder pattern data. The HS further 



.. 
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Ffgure 3.4: "ass Spectra of bls([8]annulene)uranfum(IV) and 
-cer i urn ( I V) • 
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supports that the parent peak of the complex contains only one 

cerium ion and two CSHS moieties. These results indicate that the 

report of bis([S]annulene)cerium(IV) by Greco, Cesca, and Ber-

tol ini is correct, and that the cerium( IV) complex is a bis-

([S]annulene)uranium(IV) analog. 

Bis([S]annulene)cerium(IV) is further characterized by this 

work. The brown-black complex can be sublimed, in vacOo, but with 

extensive decomposition to the green cerium(II!) complex, 

Ce2 (CSHS)3' due to the loss of cyclooctatetraene (3.9). This 

manner of reductive decomposition by loss of cyclooctatetraene is 

analogous to the thermal reduction of K[Yb(CSHS)2] to 

K2[Yb(CSHS)2]· 

[3.9] 

This thermal instabi I fty of the cerium( IV) to the cerium( 1 I I) 

complex was predicted from results of the metal atomization 

experiment reported reported earl ier in this chapter. 

ROsch and Steltwieser report good agreement of the calculated 

e2 (w)-e3 (f) charge transfer band for bis([S]annulene)-g u . 

uranlum(IV) and -thorium(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 Ital ian 

group did not include visible spectra in their report of bis

([8]annulene)cerium(IV). The visible spectrum of bis([8]annu

lene)cerium is now known. In THF solution, bis([8]annulene)

cerium(IV) has a strong absorbance at 469 nm with e~8000. This 

absorption band is more intense than the band for bis([8]annu

lene)uranium(IV). which has an extinction coefficient e ~ 1800. 

ROsch and Streitwieser calculate a value of 1.92 eV for the 

difference in energy between the e2g (w) and e3u (f) in bis

([8]annulene)cerium(IV). If the strong absorption of the 

cerlum(IV) complex is assigned as the e2g (w)-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 e2g (w)-e3u (w) energy 

differences correctly (predicted trend Ce ~ U « Th; found 

U « Ce ~ Th). 

A closer examination of the bis([8]annulene)cerium(IV) 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)cerlum(IV) spectrum and found that 

the shoulder is an absorption at 570 nm. e ~ 1000. If this 
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7. 

Figure 3.5: Vfslble Spectrum of Bis([8]annulene)cerfum(IV) (with 
deconvulutedspectrum shown). 
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shoulder is assigned as the e2g (n)-e3u (f) charge-transfer for 

bis([S]annulene)cerlum(IV) then the measured value of 2.IS eV is 

in better agreement with the calculated value of 1.92 eVe 

The structure of bis([S]annulene)cerium(IV), although not yet 

elucidated by single crystal x-ray diffraction, is the same as 

the structures of bis([S]annulene)uranium(lV) and -thorium(IV). 

Comparison of the calculated x-ray powder pattern from single 

crystal data for the bis([S]annuene)actinlde(IV) complexes with 

the observed pattern for bis([S]annulene)cerium(IV), shown ear-

lier In Table 3.2. clearly show that the lanthanide complex is 

isomorphous with the actinide(IV) complexes. Bis([S]annulene)-

cerium(IV) clearly has little structural similarity with the 

37 3S group IVb complexes, M(CSHS)2 M = TI. Zr. Although the 

preparations of bls([S]annulene)cerium(IV) and the titanium(IV) 

complex are quite similar. their structures are radically dif-

ferent; the cerium(IV) complex is the symmetrical sandwich while 

the tltanium(IV) complex structure shows that Ti(CSHS)2 cannot be 

classified as a bis([S]annulene) complex. Figure 3.6. since in 

this structure one of the eight-membered rings is not planar. 

The structure of bis([S]annulene)cerium(IV) is illustrative of 

the differences between d- and f-block bis([S]annulene) com-

plexes. The sma 1 ler d-transition metals. which usually conform 

4 with the IS-electron rule. cannot accomadate two ten-electron 

moieties In,thelr coordination sphere. whereas for the larger 



o 

Figure 3.6: Structure of Ti(CaHa)2 (hydrogen atoms omitted for 
clarity). 
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lanthanide(IV) and actinide(IV), for which there is no IS-

4 electron rule, the coordination of two ten-electron ligands is 

not a problem. 

The Nature of the Ring-netal Interaction in 
bis([8]annulenecerium(IV) 

The NMR. IR, MS. and x-ray powder patterns of bis([S]annu-

lene)cerium(IV) are not indicative of the type of bOnding in the 

cerium complex. Information on the nature of the ring-metal bond 

In the cerium(IV) complex must be elucidated in another manner. 

One Indication of a thermodynamically stronger ring-metal bond in 

bls([S]annulene)uranium(IV) as compared with bis([S]annulene)-

thorlum(IV) Is the aforementioned exchange reaction of bis-

([S]annulene)thorlum(IV) with uranium tetrachloride to form bls-

([S]annulene)uranlum(IV). The reverse reaction does not occur. 

The calculations by ROsch and Streitwieser indicate that bis-

([S]annulene)cerium(IV) is more ionic than the uranium(IV) analog 

and that the ranking of these complexes in order of Increasing 

metal orbital Involvement in the ring-metal interaction is 

cerium(IV) complex should have properties that are more simi lar 

to the bis([S]annulene)thorium(IV) complex than to the bis-

([8]annulene)uranium complex; hence. bis([S]annulene)cerium(IV) 

should undergo exchange with uranium tetrachloride to form 
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bis([8]annulene)uranium(IV). Indeed, upon carrying out the bis-

([8]annulene)cerium(IV):uranium tetrachloride exchange experiment 

in an NHR tube (thf-d8), the slow formation of bis([8]annulene)-

u.ranium(IV) (days) can be monitored by the appearance of a 

singlet 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 stabil ity of the bis([8]annulene)cerium(IV) complex as 

compared with bis([8]annulene)uranium(IV). One of the products of 

the balanced exchange reaction, shown below, is CeCI 4 . Cerium 

tetrachloride is solution unstable, disproportionating to CeCl 3 

and C1 2• If the dlsproportionation occurs in the exchange reac

tion, then the reaction is not reversible and the disproportiona-

tion could be the driving force of the reaction. 

[3.10] 

Clearly, the sitnple ligand exchange experiment cannot be used 

to estimate the ring-metal bond strength for the cerium(IV) 

complex relative to the uranium and thorium complexes. It is 

important, however, that the exchange between bis([8]annulene)-

cerlum(IV) and uranium tetrachloride is relatively slow; this 

result is In direct contrast with the Immediate reaction of bis-

([8]annulene)cerlum(III) anion with uranium tetrachloride. 
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Hydrolysis of bis([8]annu1ene)uranium(IV) to give a mixture of 

1,3,5- and 1,3,6-cyc100ctatrienes 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]annu1ene)thorium(IV) Is rapid 

41 with a half-life of <60 seconds. Since bis([8]annu1ene)-

cerium(IV) is predicted to be more similar to the thorium(IV) 

complex. one expects a rapid hydrolysis for the cerium(IV) com

plex. Addition of a 10-3 H solution of bis([8]annu1ene)cerium(IV) 

In THF to a 10-3 M solution of water in THF decomposes at ap-

proximately the same rate as the bls([8]annu1ene)thorium(IV) 

complex. The Ita1 ian research group reported that the organic 

products of the reaction of bis([8]annu1ene)cerlum(IV) with 

Isopropyl alcohol were 80 ~ cyc1ooctatetraene. and 20 ~ 1.3,5-

and 1.3.6-cyc1ooctatriene. 9 This result suggests that there is a 

redox reaction occuring in this experiment In addition to the 

simple alcoholysis. which would be one explanation of the faster 

reaction of bis([8]annu1ene)cerlum(IV) than the actinide(IV) 

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 1,3,6-cyc1ooctatriene. 40 Additional work by Moore 

shows that the hydrolysis of bis([8]annu1ene)cerlum(IV) also 

gives a mixture of 1,3,5- and 1,3,6-Cyc1ooctatrienes. 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. 41 

In Table 3.6, the results from the PES are 'compared. with the 

predictions from the calculations of Rosch and Streitwieser. It 

is difficult to calculate total energies for molecules such as 

bis([8]annulene)cerium(IV). The relative energies'of orbitals 

can, however, be calculated with reasonable accuracy. Table 3.6 

shows only ~elative energy levels; the energy of the e2g orbital 

is set as zero with the other brbital energy level$. listed rela

tive to the e2g • 

The agreement of experimental to· calculated values is remark-

able. The calculations of ROsch and Streitwi~ser correctly as-

signed the ordering of the e2 ligand orbitals in bis([8]annu

lene)thorium( IV) and -uranlum( IV). This same ordering, 

e2g (n) > e 2u (n), was predicted and observed for the bis([8]annu

lene)cerlum(IV) compound. The calculations also indicated that 

the e2g (n)-e2u (n) spl ittlng in bls([8]annulerie}cerlum(IV) should 

be sma 11 er than the sp I itt I ng of those same orbi ta 1 sin b i s

([8]annulene)thorium(IV) or -uranium(IV). Again, this prediction 

is verified by the experiment, although experimentally, the 

relative energy differences for the e2g(n)~e2u(n) orbitals in 

uranlum(IV) and cerlum(IV) complexes are quite similar. In every 
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FIgure 3.7: Photo-Electron Spectra of Bfs([8]annulene)cerfum(IV). 
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Table 3.5: Tabulated Data from the Photo-electron spectra of 
Ce(CSHS)· 

band Ionization Assignmenta 

label Energy (eV) 

a 6.75 

a' 6.92 
e2u 

.b 7.6S 

b' 7.S1 
e2g 

e 9.9S e 1u 

e' 10.32 

(a) The band assignments are by Dr. Fragaltt. 

Table 3.6: Comparison of the calculated and measured ionization energy 
differences with respect to the ligand derivede (n) molecular 
orbital for (CsHa)2 dimer (empty sandwich) and t~~ 
series M(CsHa )2' M = Ce, Th, U. Only the 
experimentally assigned peaks are shown. 
lrred. (CaHs)2 Ce(CSHS)2 Th(CSHS)2 U(CSHS )2 
rep. 

calc. expo calc. exp calc. exp 

e3u (f) -0.S2 -0.70 

e2u (lT) a a a a 0 a 0 

e2g (lT) 0.62 0.S9 0.90 0.9S 1. 12 0.71 0.95 

el~(lT) 4.16 3. 11 3.15 2.91 3. 11 2.S6 3.05 

e19(lT) 3.62 3.53 3.50 3.5S 3.S6 3.37 3.66· 

• 

'" 
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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(IV) 

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)-

cerlum(IV) suggests many other studies involving cerlum(IV) 

organometal I Ics. One Important study Is the synthesis of other 

cerium(IV) organometal I ic complexes. Since it was generally 

bel ieved that cerium(IV) complexes with n-anions could not exist. 

there Is only one method contained In the literature for the 

synthesis of cerlum(IV) organometallic methods. that of Greco. 

Cesca and Bertol ini. 9 In addition to the syntheSis of bis-

([8]annulene)cerlum(IV), these authors also reported the syn-

thesis of CP3Ce(O-i-C3H7) in low yield (4~) from the reaction of 

bls(cyclopentadienyl )magnesium(ll) with cerium(IV) isopropoxide. 9 

It is doubtful that any of the reports of cerium(IV) organometal-
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The Italian preparation of bis([8]annulene)cerium(IV) is not a 

general one. Since this method employs cyclooctatetraene as a 

solvent, the preparation of cerium(IV) complexes with substituted 

[8]annulene ligands is prohibitively expensive, both in man-hours 

and money. Many of the mono-alkyl-substituted cyclooctatetraenes 

are prepared from cyclooctatetraene(= $1/gram, BA5F), typically 

in 40-701. yield. 42 With other [8]annulene ligand systems addi-

tional problems arise. For example, bis(1.3,5,7-tetramethyl-

[8]annulene)cerium, because of its symnetry and potential com-

pari sons with the known uranium(lV) analog, is a desirable 

derivative to obtain. Unfortunately, 1,3,5,7-tetramethylcyclo-

octatetraene Is difficult to synthesize (see chapter 1) and a 

solid at room temperature. Clearly, an alternative synthesis to 

the I ta Ii an method is needed. 

The chemical oxidation of'the bls([8]annulene}cerate(111) 

anion Is a potential method for the synthesis ofbis([8]annu-

lene)cerlum(IV) complexes. The synthesis ofcerium(IV) or-

ganometa 11 f c cornp 1 exes by the ox f dat i on of cer fun\{ III) Or-

ganometallic complexes Is unprecedented. The ate many methods for 

the ox I dat i on of cer i urn ( I I I) to cer i ·um ( I V). Some of the ox i d izi ng 

agents employed in the cerlum(!II) oxidation include Ag2+,43 

- 44 2- 45 . 46 • 47 - 48 3+ 49 - 50 Mn04 , 52°8 , H02 , N03 , Br03 , Cu • and C102. All of 

this work Is In aqueous medium. and most of the oxidations were 

carried out at a pH < 7. Bis([8]annulene)cerium(IV) and bis-

([8]annulene)cerate(lll) hydrolyze rapidly in water; 
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therefore, the oxidation of bis([8]annulene)cerium(III) anion in 

aqueous medium is not feasible. 

One possible oxidizing agent, in addition to those listed 

above, for bis([8]annulene)cerium(IV) is the nitrosyl cation. 

Nitrosyl salts, such as the chloride, have been employed as 

oxidizing agents in a variety of systems. 51 Nitrosyl 

tetrafluoroborate is commercially available; the following reac-

tion was envisioned for the oxidation of bis([8]annulene)-

cerium(III) anion. 

[3.11] 

An oxidation method, like the one shown above, should be ap-

pI icable for the synthesis of any bis([8]annulene)cerium(IV) 

complex. 

Results 

Prior to the attempts to oxidize the bis((8]annulene)-

cerate(III) anion, a very simple "test-tube" experiment was 

carried out. A solution of bis((8]annulene)cerate(III) 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(III) complexes is feasible. 



The first step toward the synthesis of bis([8]annulene)

cerate(IV) was an Improvement in the synthesis of bis([8]annu-
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. lene)cerate(III) anion. The literature method2 is by the addition 

of a suspension of lanthanide trichloride in THF to a solution of 

1.5, equivalents of [8]annulene dianion and 0.5 equivalents of 

cyclooctatetraene in THF. The removal of solvent left a green 

powder which was purified by Soxhlet extraction with THF. The 

y i e J d by th is method was 51. 210. The major drawback i nth is method 

is that the lanthanide trichlorid~ Is added to the reducing 

solution of the dianion. The bis([8]annulene)ytt,erbate(IIl) anion 

could not be made by this method; presumably due to the reduction 

of the ytterbium(III) by the dlanfon. 2 

A superior method is the dropwise addition of the dianion 

solution to the suspension of lanthanide trichloride. In this· 

manner of addition, the lanthanide trichloride is never exposed 

to an excess of the reducing dianion. The effect of this is 

clearly seen In the successful synthesis of bis([8]annulene)

ytterbate(III) anion. By this method, bls([8]annulene)ytter

bate{III) was synthesized In greater than 4010 yield. The yield of 

b is ([ 8 ]annu I ene) cerate ( I I I) by th is method was 6310. 

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 Vb. 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(III) 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 yel low-green), 

which subsequently reacts with more [8]annulene dianion to form 

the bls(complex. The abrupt color change occurs at the time in 

the reaction when the concentration of the mono-ring sandwich is 

sufficient to compete with unreacted lanthanide trichloride for 

the [8]annulene dian ion. 

The chemical oxidation of bls([8]annulene)cerate(III) anion 

was accomplished by the addition of nitrosyl 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(III) In a glass cuvette and the formation of bis

([8]annulene)cerlum(IV) was monitored by visible spectroscopy, 

benzoyl peroxide,52 peroxidisulfate,52 bromine, and ceric am

monium nitrate were tested as potential oxidizing agents. 

Bis([8]annulene)cerium(IV) was not detected in any of these 
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experiments. but the oxidizing agent did decompose the bis-

([8]annulene)cerate(III) anion in every case. 

One problem in the oxidation reaction is the possibility of 

further oxidation by the oxidizing agent. for example. the 

reduced product from the nitrosyl cation oxidation reaction is 

nitric oxide. which is Itself an oxidizing agent. Another example 

< 
is the oxidation of bls([8]annulene}cerate(III) anion with 

oxygen; in this reaction, the first reduced product is presumably 

potassium oxide, which is. again, an oxidizing agent. In order to 

determine the stoichiometry of the reacti?n of bis([8]annulene)-

cerate(III) with nitrosyl tetrafluoroborate. an experiment was 

carried out using one-half equivalents of oxidizing agent to one 

equivalent of sandwich complex. After completion of the reaction. 

only 20~ of starting material remained. This experiment shows 

that nitrosyl tetrafluoroborate functions as at least a two-step 

oxi dl zing agent •. 

RigSbee53 has recently measured the Ce(IV)/Ce(lll) couple in 

THf for the bis([8]annulene) ~andwich complexes and found that 

the value of the reduction couple is -1.3 ± .1 V. This result 

indicates significant' stablilization of the tetravalent state of 

cerium by complexation with two [8]annulene 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 bls([8]annulene)cerium(IV) 
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was observed, the oxidizing agent was a two electron oxidizing 

agent. The negative value of the Ce(IV)/Ce(lll) couple suggests 

that weaker, one electron, oxidizing agents should be used for 

the oxidation of bis([8]annulene)cerate(lll) 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(II) dianion 

was known, it was postulated that the same type of reaction would 

occur between bis([8]annulene)cerium(IV) and bis([8]annulene)-

cer f urn ( 1 I I) (3. 15) . 

[3.15] 

In THF-d8, bis([8]annulene)cerium(IV) exhibits a sharp signal 

at 5.9 ppm which can be assigned as the ring proton resonance. 

For the bis([8]annulene)cerate(III) complex, no resonance can be 

found that can be attributed to the ring protons. When the solu-

tions of bis([8]annulene)terate(III) 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 cooled, the peak broadens such that at -70 0 

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: IH-NHR of Bis([8]annulene}cerate(lll} and -cerium(IV) 
T = -70.;.. 30°C 
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At this time, no further NMR experiments on the bis([S]annu

lene)cerate(III)/(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{II)/ytterbium(III) system is occuring between bis

([8]annulene)cerate{III) and -cerium{IV). 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([S]annulene)cerium(III)/(IV) 

system is occurlng at a faster rate. If the ring proton 

resonances (which is not observed for [Ce(CSHS)2]-) for the 

diamagnetic and paramagnetic species are, for example, 20 ppm 

apart, then the rate of reaction at coalescence would be ~104 

moles- 1s- 1 (from equation 2.19). It is possible, therefore, that 

the bls([S]annulene)cerlum(Ill)/(IV) system cannot be cooled to a 

low enough temperature to observe coalescence. The study of the 

electron exchange In bls([S]annulene) systems is clearly a can

didate for future research. 
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Experimental 

Preparation of (C5H6N)2CeCI6' Hydrogen chloride gas was added 

to an ice-cooled suspension of 8.32 g (40.0 rrmol) of Ce(OH)4 in 

250 mL of absolute ethanol until the solution was saturated with 

HCL gas. The suspension was stirred over the next 20 hrs to allow 

the reaction to occur. Over this time, the yellow suspension was 

replaced with an orange solution. At the end of 20 hrs, the 

solution was filtered and 7.30 mL (90.6 rrmol) of pyridine (dried 

over Sieves 3A ) was carefully added. The addition of pyridine 

caused a vigorous reaction and the precipitation of a yellow 

sol id.Hydrogen chloride gas was then bubbled through the solu

tion until no more yellow solid precipitated. The bright yellow 

sol id was col lected 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 Ce(OH)4.Anal. Calcd. for C10H12N2ceC16: C, 

23.41; H, 2.36; N, 5.46; Cl, 41.46. Found: C, 23.50; H, 2.43; N, 

5.43; C 1, 42.46. 

• Preparation of Ce(O-I-C3H7)4·j-C3H70H. To a solution of 0.42 g 

of (C5H6N)2CeCI6 (0.8 mmol) in 50 mL of benzene was added 0.13 mL 

of anhydrous 2-propanol. Anhydrous arrmonia gas was bubbled into 

this solution causing a white precipitate to appear (this ppt. is 

NHll). The solution was filtered and the removal of the solvent 

from the yel low filtrate 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 

yel low crystals 0.9 g (30 ~). Anal. Calcd. for CISH360SCe: C, 

41.27; H, S.31. Found: C, 42.21; H, 7.S4; N, 1.15. 

• Preparation of Ce(CSHS)2: Method A. Anhydrous, degassed CSHS (5 

mL) was added via syringe to 0.49 (1.1 mmol) of 

Ce(O-i-C3H7)4·i-C3H70H in a 25 mL round-bottom flask equiped with 

a condensor, septum and argon inlet in the three s-14/20 necks. 

To the stirring yel low solution was added 2.3 mL of 25 ~ 

AI(C 2H5)3 In toluene. After the addition of the triethylaluminum, 

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 al lowed 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 (3S.5 ~ based on the cerium 

alkoxide). IH- NMR : toluene-d8, 5.75 (s); tetrahydrofuran-d8, 5.90 

(s). UV-Vfs: ~max = 471 nm, E = 7900 ± 400. Mass spec. (listed as 

m/z, relative abundance): 34S, 1.6 {Ce(CSHS)2};244, 27.6 
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(Ce(C8H8 )}; 242, 3.4; 218. 2.2; 207, 3.0; 205, 3.1, 104, 9.2. 

-I Infrared (nujol mull; major peaks in range 600-1000 cm ): 688, 

vs; 740, m; 785, w; 897, s. Anal. Calcd. for CI6HI6Ce: C, 55.15; 

H, 4.63. Found: C, 53.32; H, 4.84. 

• Preparation of Ce(CeH8)2: Method B. Potassium bis([8]annulene)

cerium(III) (0.77 g 2.0 rMlOl) was dissolved in 200 mL of dry, 

degassed THF in a 500 mL rb Schlenk flask. The solution was then 

cooled in a -78°C Dry Ice!2~propanol bath. To the bright green 

solution was added, under argon purge, 0.21 g (1.8 mmol) of 

NOBF 4, which had been weighed into a Schlenk addition flask in an 

argon atmosphere glovebox. Over the next three minutes, the 

reaction mixture began 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, leaving 0.80 g of a brown, pyrophoric powder. 

This powder was extracted with toluene in a Soxhlet extractor 

giving a dark brown solution of toluene. The removal of solvent 

from this solution gave 0.03 ± .01 g of a black powder. IH- NI'1R: 

toluene-dB, 5.75 (s); exposu.re of this solution to air 

decolorized the solution and IH- NHR of the quenched material gave 

a singlet at, 5.61 ppm, which is the chemical shift for cycloocta-

tetraene in toluene-dB. lR: (nujol mull, absorbances between 600-

1000 cm- I ) 687, 740, 769, 782, 896. 
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Reaction of K[Ce(CSHS>2] with 1/2 eq. NOBF 4• A reaction iden

tical to the previous reaction was carried by adding 0.13 g (1.1 

mmol) of NOBF 4 to a room-temperature THF solution of 0.S5 g (2.2 

mmol) of K[Ce(CSHS)2]. Removal of the solvent from this reaction 

mixture left 0.S5 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(CSHS)2]' which was 

identified by infrared spectra. 

• Preparation of K[Ce(CSHS)2]' 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 had been cut and weighed in a 

glovebox. The flask was then warmed with a water bath and stirred 

when the potassium metal melted (63 °C) thus creating sma I I beads 

of potassium metal. When the beads formed, 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.S5 g (S.16. mmol) of cyclooctate

traene was added to the flask 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

nula, to a suspension of 1.00 g (4.1 mmol) of anhydrous CeCl 3 in 

30 mL of anhydrous, degassed THF in a 500 mL round-bottom Schlenk 

flask. After ~ one-third of the dianion solution was added, a 
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I ime green color appeared in the reaction flask. After al I the 

dianion solution 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 

filtrate was placed in a -78°C refrigerator and overnight, large 

green crystals formed at the bottom of the solution. The solvent 

was filtered from these crystals at -78 °C and the crystals were 

then allowed to warm to room temperature. As the crystals warmed 

they fell apart to give a lime green powder. The powder was 

washed three times with 50 mL hexane and heated with a heat gun 

to insure the removal of all traces of solvent. The yield of this 

powder was 0.64 g. A second crop of crystals was grown by cooling 

the filtrate and hexane wash from the first crop to -78°C. The 

yield of crystals from the second crop was 0.10 g. Overal I yield 

was 0.74 g (471. based on CeCI 3). 

In a similar experiment, 2.98 g of cyclooctatetraene, 2.23 g 

of potassium and 3.52 g of CeCl 3 were reacted by the procedure 

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 (62.71.) of the cerium(III) 

sandwich complex. 

In both of the purification methods (crystal I ization or ex

traction) the bright green powder obtained was heated at 200°C, 

in vacuo, for =30 min to remove al I traces of solvent. 

.. 
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The infrared spectra of these powders indicated that they con

tained no THF. Infrared (only the region 600-1000 cm- 1 listed): 

675 vs. 739 m. 775 w. a90 s. UV-Vis: Xmax(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 C16H16KCe: C. 49.59; H. 4.16. Found: C, 

40.47; H. 3.a1. 

K[Ce(CaHa)Z] can be crystallized from diglyme as Its diglyme 

adduct. Analysis of [K(diglyme)][Ce(CaHa)Z] was better. but sti I I 

unsatisfactory. Anal. Calcd. for CZZH30)3KCe: C. 50.65; H. 5.aO; 

K. 7.49. Found: C. 4a.02; H. 5.9a; K. 9.15. 

• Preparation of Kz(CaHa)·(C4H100Z)2. Degassed, anhydrous CaHa 

(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 Schlenk tube. The reaction began immediately, 
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but took ca. two hours to go to completion (as indicated by the 

d i sappearence of the potass i urn). The so I ut i on was Sch I enk f·i 1-

tered. and the solvent was removed from the filtrate. in vacuo. 

The pale purple solid obtained was dissolved in boiling. an

hydrous. degassed DME and the resulting solution was filtered. 

The filtrate was allowed to cool to room temperature and then was 

place in a refrigerator overnight. The solut.ion was fi ltered 

leaving large. clear. whfte crystals with a faint purple color. 

The purple color was removed by washing the crystals 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. 7.7a. Found: C, 52.91; ~. 

7.55. Potassfum analysis was attempted on this complex. but it 

was not successful: Calcd. 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, Lippincott l correctly as

signed the structure of ferrocene as a DSd sandwich complex from 

the analysis of the Raman and infrared spectra of Fe(CSHS)2 and 

Fe(CSDS)2· 

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)uranlum(IV). Although not assigned by normal coordinate 

analysis. the vibrational spectra of bis([8]annulene)thorium(IV) 

has been assigned In two different studies. 3•4 The method used 
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for these ass i gnments was the compa,r i son of the v i brat i ona I 

spectra of the [8]annulene complex with the assigned vibrational 

spectra of other sandwich complexes involving planar hydrocarbon 

ligands (e.g. ferrocene l and bis(benZene)Chromium(0)5 ). Shown in 

Table 4.1 is the vibrational spectra of bis([8]annulene)-

thorium(IV) and 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 

-I strong infrared absorption at 695 cm and a strong infrared 

absorption at 744 cm- I . Goffart et a1. 3 assign the former as a 

ring-metal tilt (E lu ) and the latter as the out-of-plane hydrogen 

bending (p(CH).A2u )' whereas .Aleksanyan et a1. 4 a.ssign the former 

as the out-of-plane hydrogen bending (p(CH).A2u ) and the latter 

as the ring-carbon stretching (v(CC).A2u ). The assignment of the 

band at ~695 cm- I as an out of plane ring-hydrogen bending is 

consistent with an earlier aSSignment. 6 

The assignment by Goffart 3 has been used to determine infor-

mation on the ring-metal bond in ([8]annulene)actinide complexes. 

Since the very strong infrared vibration of dipotassium 

-I [8]annulene dianion at 675 cm is assigned as p(CH).A2u Goffart 

et al. interpret the shift of this vibration to =740 cm- 1 in bis-

([8]annulene)thorium(IV) and -uranium(IV) as indicative of 

covalent bonding; in their words. "the normal 'out of plane' 

vibrations are more difficult .when metal orbitals interact with 
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Table 4.1: Vibrational Spectrum of Bis([S]annulene)thorium(IV) 
(from reference 4). 

-1 Th(CSHS)2 (cm ) 

(only assigned bands shown) 

Infrared Raman 

250 liS 242 s 

391 m 

695 vs 

742 s 726 w 

775s 775 s 

S95 s 901 vw 

1315 m 1320 vw 

1505 w 

2920 m 2928 vw 

2982 w 

3005 m 

3022 

Assignment 

ref 3. ref.4 

v( M-L) as 

y(CCC)E2g 

v(M-L)ti ItElu p(CH)A2u 

p(CH) p(CH)E2u ,E
I9 }A2 ,E 1 p(CH) u u v(CC)A2u ·A 19 

S(CH)E 1u S(CH)E 1u ,E 1g 

v(CC)A2u ,E 1u v(CC)E 1u ·E 1g 

v(CC)E2g 

v(CH) 

}A2u ·E 1u v(CH)E 2g 

v(CH) v(CH)E 1u ,E
I9 

v(CH)A2u ,A
I9 

vW=lIery weak; w=weak; m=medium; s=strong; vs=very strong 

IS3 
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ring orbitals." It is clear that the correct assignment of the 

infrared spectra of bis([S]annulene) complexes in the 

600-900 cm- I is important. since, if Aleksanyan et ale are cor-

-1 -1 rect, a shift of the p(CH),A2u from 675 cm to 695 cm is less 

dramatic and more easily rationalized without invoking arguements 

involving ring-metal orbital overlap. 

As shown in Chapter Two, the infrared spectra of K2[Yb(CSHS)2] 

and K2[Ca(C8HS)2] suggest that the assignment by Aleksanyan is 

consistent with the spectra of [S]annulene complexes and also 

Indicates that the assignment by Goffart et al is incorrect. 

Following is an interpretation of the infrared spectra in the 

-1 600-1000 cm region for [8]annulene complexes, by a method which 

is similar to the method used by Aleksanyan for the assignment of 

the vibrational spectra of bis([S]annulene)thorium(IV) and bis-

«(8]annulene)lanthanate{III) anion. This method illustrates that 

similarities should be observed In the Infrared spectra of 

[8]annulene dian Ion complexes. 

Vibrational nodes of [8]annulene Complexes 

The method of determining the normal vibrations for a molecule 

from group theory is outlined In textbooks 2•1 and wil I not be 

presented here. Given in Tab Ie 4.2 are the Hu 11 i ken symbo IsS for 

the irreducible representations for the Infrared and Raman al-

lowed vibrational modes for a series of [S]annulene complexes 

.iii 

" 
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Table 4.2: Infrared and Raman allowed vibrational modes for 
[S]annulene complexes. 

, 
Complex M2CSHS MCSHS M(CSHS)2 M'[M(CSHS)2] M2[M(CSHS)2] 

Sym. (Dah ) (CSv ) (DSh ) (Cav ) (DSh ) 

rRaman 3 A
I9 4 Al 4 Aig S Al 5 AI9 

2 Eig 5 EI 5 EI9 12 EI 5 EI9 

4 E2g 6 E2 6 E2g 12 E2 6 E29 

r IR 2 A2u 4 Al 4 A2u S Al 5 A2u 

4 Elu 5 EI 6 Elu 12 EI 7 Elu 

M2CaHa (Dah)' MCsHa (CaY>' M(CaHa )2 (DSh) , H' [M(Cs Ha )2 J (CSv ) and 
, 

H2(M(CSHS)2] (DSh ). It should be noted here that the character 

tables9 used in this study differ from the character tables used 

previously, specifically In the labell ing of the BI and B2 repre

sentations. Inspection of the DSh and CSv character tables shows 

that this difference has no effect on the assignment of the 

vibrational spectra, since the BI and B2 modes are neither Raman 

nor Infrared active. 

I n order to ass i gn the "I I gand on I y" v i brat i ona I modes for the 

[S]annulene complexes, the following manipulations are performed. 

First, the vibrational modes for a "free" [S]annulene dianion are 

determined. In Table 4.3, the active normal vibrational modes and 

their assigments are given for "free" [S]annulene dianion. 



Table 4.3: Infrared and Raman Correlation Chart for "free" 

a [S]annulene dianion (OSh). complexes. 

frequency Assignment 

30 II s A19+ v(CH) 

737 s A
19

+ v(CC) 

710 w E
19

+ p(CH) 

2979 m E2g+ v{CH) 

1492 m E2g+ v{CC) 

not found E2g+ a{CH) 

343 m E2g+ y(CCC) 

675 vs A2u* p{CH) 

2994 s "E. * lu v(CH) 

1295 w Elu* v{CC) 

880 s Elu* a(CH) 

inactive E2u p(CH) 

inactive E2u x{CCC) 

a) from ref. 4. vs=very strong; s=strong; "m=medium; w=weak. 
+=Raman active. *=Infrared active. ' 

IS6 
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The assignment of the infrared and raman bands is consistent 

with the assignments in other planar, cycl ic hydrOCarbons. 4,10 

The normal vibrational modes for the free [S]annulene differ from 

K2CSH8 by A19 , E19 , A2u ' and Elu . Accordingly. these vibrations 

can be assigned as vibrations that involve displacement of the 

entire ring relative to the metal atoms. 4• 10 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 [S]annulene complexes. one needs only to 

consider the effects of changes in symmetry and/or presence of a 

second [8]annulene ligand in a sandwich type arrangement. 

First, consider the changes in the vibrational modes of a 

"free" [8]annulene in a C8v environment. Removal of the eight 

perpendicular C2 axes and inversion center from the DSh point 

group results in the loss of the classification of gerade or 

ungerade. For example. the A2u and A
I9 

representations in the DSh 

point group are both AI in the CSv point group. This idea is 

easily Illustrated by the consideration of a p-type orbital. In 

the DSh point group. the Pz orbital Is symmetric with respect to 

rotation by 2n/n about the principal axis (A), anti-symmetric 

about a perpendicular C2 axis (2) and is anti-symmetric with 

respect to the Inversion center (ungerade. u). In the CSv point 

group. the p orbital is symmetric with respect to rotation by z 
2n/n about the principal axis (A). but since in CSv symmetry 

there are no perpendicular C2 axes. then the Pz orbital is sym-
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metric with respect to a vertical plane of synmetry (1).11 The is 

no inversion center in CSv synmetry. The other changes in sym

metry are shown in Table 4.4. If the results of simply consider-

ing the effects of restricting the free [S]annulene to CSv sym

metry are compared with the results from Table 4.2, it is seen 

that the only differences can be assigned as displacement of the 

entire ring and metal atoms. Therefore, by consideration of only 

the changes in the Mulliken symbols for the normal vibrational 

modes as a the [S]annulene dlanion goes from 0Sh to CSv geometry, 

the correct normal modes of vibration for a "free" [S]annulene 

dian ion in CSv synmetry has been determined. 

When a free 0Sh [S]annulene .dianion is placed in a sandwich 

arrangement with another free [S]annulene dianion the following 

changes·occur. Although the synmetry of the sandwich is stil I 

0Sh' the horizontal plane of synmetry does not contain an 

[S]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
19 

modes of two independent [S]annulene rings 

become one A
I9 

and one A2u mode In the sandwich arrangement. 

Again, this point is more easily demonstated by considering the 

addition of atomic orbitals. If one considers the addition of two 

s-type orbitals (A I9 ) in a molecule with 0Sh synmetry, the addi

tion of two positive orbitals results in a ·new orbital that is 

still A
19

, whereas the addition of a positive s-type orbital with 

a negative s-type orbital gives a new orbital that has the same 

synmetry properties of the Pz orbital, which as shown earlier, is 

A2u in the Os synmetry. Similar consideration of the other vibra-
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tional modes leads to the result shown in Table 4.4. Again, the 

vibrational modes obtained by adding two [S]annulene differs from 

the result obtained for M(CSHS)2 only by modes which can be 

assigned to the displacement of the entire ring and metal atoms. 

The last column of Table 4.4 contains the result of constrict

ing the bis([S]annulene) sandwich to CSv symmetry. Thus, by 

considering only the allowed vibrational mode.s 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 

vibrations that appear in the infrared spectra of dipotassium 

[S]annulene, should also appear in the sandwich complexes. If the 

band is strong for the dianion, it should also be strong for the 

sandwich complex. Second, some of the bands which appear only in 

the Raman spectrum of (S]annulene dianion (specifically the A
I9 

and the E
19

) should appear in the infrared spectra of the 

sandwich complex (as A2u and Elu ). 
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Table 4.4: Infrared 
complexes. 

and Raman Correlation Chart for [8]annulene 

"ono«(S]annulenel Bis«(S)annulenel Assignment >i 

°ah CSv DSh Cav 
,-i 

A19+ A1+* A19+ A1+* v(CHI 
A., + A1+* ,u 

A1g+ A1+* A + A (+* v(CC) 
A1g+ 

Zu A 1-+ * 
AZg - A - A"g- A • Z . ., 

A1u A'" z 
EI9- E - E - E • 1 E Ig* . EIH lu 1 
E19+ E1+* E19+ E1+* ~(CHI 

Elu* E1+* 

E2g+ E2+ E2g+ Ez+ v(CH) 
EZu Ez+ 

EZg+ E2+ EZg+ E2+ v(CC) 
EZu E2+ 

EZg+ Ez+ E2g+ E2+ S(CHI 
EZu E2+ 

EZg+ E2+ EZg+ 
EZu 

E+ y(CCC) 
[z+ 

Z 
'A G A • A19! A1+* Zu 1 

A • AZu 1 

AZu• 
AI+* A1g+ A1+* p(CH) 

AZu• 
A1+* 

Elu- E • E19! E1+* 1 E1u 
[ . 

1 

Elu• 
E1+* E19+ E1+* v(CH) 

Elu• 
E1+* 

Elu* E1+* Elg+ EI+* v(CC) 

Elu• 
E1+* 

Elu* E1+* E19+ E1+* S(CHI 
[lu* E1+* 

EZU Ez+ EZg+ E2+ ~(CHI 
EZu Ez+ 

EZu Ez+ E2g+ E + x(CCC) 
EZ+ EZu ' 2 

·=translation or rotation. +=Raman active. *=Infrared active. 
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Applications 

The Dah symmetry of the class K2[M(CaHa )2] was predicted by 

infrared spectra prior to the determination of the structure of 

[K(C6HI403)]2[Yb(CaHa)2] by single crystal x-ray diffraction. 12 

In Table 4.5, the Infrared spectrum of K2[Yb(CaHa )2] is compared 

with both the Infrared and Raman spectra of K2CaHa in the 

-I 600-1000 cm range. 

As predicted, the strong infrared bands of dipotassium 

[a]annulene are observed In the infrared of dipotassium bis-

([a]annulene)ytterbium(II). Also, the band in the Raman spectrum 

-I of dipotassium [a]annulene at 131 cm (A I9 ) is present in the 

Infrared spectrum of dipotassium bis([a]annulene)ytterbium(II) 

(A2u )' Thus, the Infrared spectrum of K2[M(CaHa )2] in the 

-I 600-1000 cm region is exactly what one would predict from 

consideration of the free I igand vibrations. 

Since the infrared spectra of K2[Yb(CaHa )2] and K2[Ca(CaHa )2] 

are Identical, then it Is also obvious that the strong band at 

~6aO cm- I 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 K2CSHS with 

-1 the infrared spectrum of K2[Yb(CSHS)2] in the 600-1000 cm 

range. 

K2CSHS K2[Yb(CSHS)2] Assignment 

Raman Infrared Infrared 

675 vs 6S3 vs p(CH) A2u 

710 w not observeda p(CH) E
19

,E 1u 

737 5 740 m v(CC) A1g ,A2u 

SSO 5 SSS b 
5 S(CH) E1u 

(a) Region obscured by Nujol absorbance. (b) split peak S79,SSS. 

frequencies due to the difference In mass between calcium and 

ytterbium. Comparison of the infrared spectra of bis([S]annu-

lene)uranium(IV) and bis([S]annulene)ytterbate(II) dianion (Table 

2.6) clearly Indicates that the strong band at ==690 cm- 1 in the 

infrared spectrum of the actinide complex is also the out-of-

plane hydrogen bending, p(A2u ). 

The structure of Yb(CaHa ) Poll/mer 

Although Yb(CaHs ) Is not crystalline, it~ structure can be 

deduced from Its infrared spectrum. In Table 4.6, the infrared 

spectrum of Yb(CaHs ) is compared with both the Infrared spectrum 
-1 . 

and the Raman spectrum of K2CsHa in the 600-1000 cm range. 

\l 
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In this case, the Raman active bands in the [a]annulene dianion 

do not appear in the infrared spectrum of Yb(CaHa ). The results 

-I in table 4.4 predict that the Raman band at 737 cm (A
I9

) should 

appear in the infrared spectrum of Yb(CaHa ) (assuming Cav sym

metry) as AI. This does not happen. 

Since the infrared spectra of K2CaHa and YbCaHa 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(CaHa ) can have the same struc

ture as K2CaHa is for YbCaHa to exist as a polymer, as shown in 

Figure 4.1. 

Table 4.6: Comparison of the vibrational spectra of K2CaHa with 

the Infrared spectrum of Yb(CaHa ) in the 600-1000 cm -1 range. 

K2CaHa Yb(CaHa ) Assignment 

Raman Infrared Infrared 

675 vs 67a vs p(CH) A2u 

710 w p(CH) E1g 

737 s v(CC) A
I9 

aao s aaa s S(CH) Elu 
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Figure 4.1: Proposed Polymeric Structure for Yb(CSHS)' 

The crystal structure of (K(C6H1403](CeCCSHS)Z] Indicates that 

the [8]annulene rings are in a staggered conformation making the 

synynetry of the bls([S]annulene)cerium(IV) anion DSd ' However, 

since the barrier to ring rotation in the solid is essentially 0 

kcal/mole, 13 the~ it is not unexpected. depending on the infrared 

sample preparation. that the rings could exist in an ecl ipsed 

conformation. making the synynetry of the sandwich anion DSh and 

the synynetry of the molecule Cav ' IfK[Ln(CSHS)2] exists in Cav 

synynetry. then one would predict that there would be pairs of 

vibrations. As a case in point, consider the Q(CH) AZu of 

dipotassium [S]annulene. This molecular vibration can be depicted 

1\ 

~I 
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as shown in Figure 4.2. The addition of two of these vibrations 

(and stil I maintaining DSh symmetry) gives an A
19 

and an A2u 

vibrational mode for the sandwich complex. The A
19 

should appear 

at higher energy relative to the A2u • In CSv symmetry, both of 

these vibrations become AI and should occur as a pair of vibra

tions in the Infrared of CSv K[Ln(CSHS)2]. There are no pairs of 

vibrations in the Infrared spectra of the class K[Ln(CSHS)2] 

(Tab 1 e 4. 7) • 

As Is the case for Yb(CSHS), K[Ln(CSHS)2] can obtain DSh by 

forming a polymer like the one shown in Figure 4.3. This polymer 

has the same symmetry properties of bis([S]annulene)uranium(IV) 

and bis([S]annulene)ytterbium(II) dianion, so it is not unex-

pected that solvent-free K[Ln(CSHS)2] should have the same in

frared spectra as the DSh sandwich complexes. Since the classes 

M(CSHS)2' K[M(CSHS)2] and K2[H(CSHS)2] all appear to have similar 

symmetry. the changes in infrared spectra as a result of changes 

In the central metal atom can be studied. 

Figure 4.2 
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Table 4.7: Infrared Spectra of K(Ln(C8H8 )2 J in the 600-1000 cm- 1 

range (Nujol mulls). 

Ln = Laa Ce Pr Yb 

680 vs 675 vs 680 vs 690 vs 

740 m 740 m 740 m 741 s 

771 w 173w 775 w 770 w 

892 s 890 s 890 s 899 s 

(a) from reference 4b. 

FIgure 4.3: Proposed Polymeric Structure for K(Ln(C8H8)Z]. 

'"\, 
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The Infrared spectra of Ce(CSHS)2 and K[Ce(CSHS)2] are shown 

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- 1 region are the positions of the strong bands. Table 

4.S lists the positions of the Infrared bands for the bis-

([S]annulene) complexes of cerium(IV) and cerium(lll). along with 

the Infrared spectra of the bis([S]annulene) complexes of 

ytterblum(lll) and ytterbium(II). 

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 explanation for these shifts Is from the change 

in Ionic radius of the central metal atom. The higher oxidation 

state for a given atom has a sma I ler Ionic radius for a given 

coordination number. Assuming that the metal-ring carbon distance 

Is determined by the addition of the ionic radi i of the metal 

atom (coordination number 10) to the ionic radii of carbon in 

[S]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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19S 

Figure 4.4: Infrared Spectra of Ce(CSHS>2 and K[Ce(CSHS>2 (Nujol 
mull s) 
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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 I igand 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 constraint of similar spectra indicating 

similar geometries. the energies of the free-ligand vibrations 

Indicate nothing about ligand-metal orbital overlap in the bis-

([8]annulene) complexes. 

Table 4.8: Infrared Spectra of Bis([8]annulene) Sandwich Com
plexes with varying oxidation states of the central metal atom. 

Ce(C8H8)Z K[Ce(C8H8)Z] K[Yb(C8H8)Z] KZ(Yb(C8H8)Z] 

681 vs 675 vs 690 vs 683 vs P (,CH) 

140 m 740 m 741 s 740 m v(CC) 

770 w 773w 770 w 

785 w 

896 s 890 5 899 s 888 a S(CH) s 

(a) spl it peak 879.888. 
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Conclusion 

The infrared spectra of [8]annulene sandwich .complexes in the 

600-1000 cm- l region can be indicative of an eclipsed arrangement 

of the [8]annulene rings. The vibrations in this region involve 

only CH anCCmovement, not ring-metal displacements, as sug-

gested by Gofrart. For two [8]annulene sandwich complexes involv-

ing same central metal atoms in different oxidation states. the 

position of the p(CH).A2u and the 8(CH). E1u are expected to 

occur at a higher frequency for the molecule with the central 

metal atom in 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. Thus. no conclu-

sions on the amount of ring-metal orbital interactions in 

bis([8]annulene) sandwich complexes can be drawn by consideration 

-1' of their infrared spectra in the 600-1000 cm range. 

,~ I 
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